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Osteogenesis imperfecta (OI) is a skeletal disorder primarily
caused by mutations in the type I collagen genes. However,
recent investigations have revealed that mutations in the genes
encoding for cartilage-associated protein (CRTAP) or prolyl
3-hydroxylase 1 (P3H1) can cause a severe, recessive form of OL.
These reports show minimal 3-hydroxylation of key proline res-
idues in type I collagen as a result of CRTAP or P3H1 deficiency
and demonstrate the importance of P3H1 and CRTAP to bone
structure and development. P3H1 and CRTAP have previously
been shown to form a stable complex with cyclophilin B, and
P3H1 was shown to catalyze the 3-hydroxylation of specific pro-
line residues in procollagen I in vitro. Here we describe a mouse
model in which the P3H1 gene has been inactivated. Our data
demonstrate abnormalities in collagen fibril ultrastructure in
tendons from P3H1 null mice by electron microscopy. Differ-
ences are also seen in skin architecture, as well as in developing
limbs by histology. Additionally bone mass and strength were
significantly lower in the P3H1 mice as compared with wild-type
littermates. Altogether these investigations demonstrate distur-
bances of collagen fiber architecture in tissues rich in fibrillar
collagen, including bone, tendon, and skin. This model system
presents a good opportunity to study the underlying mecha-
nisms of recessive OI and to better understand its effects in
humans.

Osteogenesis imperfecta (OI)* is an autosomal dominant
genetic disorder and is primarily caused by mutations in the
genes encoding for type I collagen (COL1A1 and COLIA2).1tis
characterized as a heterogeneous group of conditions with
varying degrees of severity, including bone fragility, low bone
mass, susceptibility to fracture, short stature, bowing of the
long bones, and moderate to severe kyphoscoliosis (1-3).
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Recessive OI cases have been reported more recently and have
been shown to be caused by mutations in the cartilage-associ-
ated protein (CRTAP), prolyl 3-hydroxylase 1 or leprecan
(LEPRE1) gene and cyclophilin B (CypB) (4-9). The majority of
these more recently described patients have been shown to
have severe to lethal forms of autosomal recessive OI with some
distinctive features (5— 6, 10). The 3-hydroxylation of key resi-
dues in collagen I from these patients was significantly reduced
indicating the importance of P3H1 and CRTAP in collagen sta-
bility, secretion, and ultimately in bone development. Addi-
tionally, the importance of CRTAP in bone development was
demonstrated in CRTAP knock-out mice, which show osteo-
chondrodysplasia characterized by severe osteoporosis and
decreased osteoid production (4). The CypB knock-out mouse
also shows severe OI (11). P3H1 has been shown to be respon-
sible for the modification of the proline into 3(S)-hydroxy-
proline in the Xaa position of the Gly-Xaa-Yaa repeating
sequence of the alpha 1 chain of type I procollagen (12). It is
likely that this enzyme also catalyzes modifications in types II
and III collagen as well, although this has not yet been shown
(13). P3H1 extracted from chick embryos was also shown to
form a stable multiprotein complex with CRTAP and CypB (4,
12). The importance of this protein complex has been demon-
strated with the reports of the severely affected phenotypes in
the CRTAP and CypB null mice and human mutations in P3H1,
CRTAP, and CypB (9). In addition, the P3H1-CRTAP-CypB
complex was recently shown to be not only responsible for the
3-hydroxylation of proline residues, but also to act as a potent
molecular chaperone (14). Mutations in P3H1, therefore, may
affect its various functions during collagen biosynthesis result-
ing in a net loss of 3-hydroxyproline in fibrillar collagen,
thereby leading to the autosomal recessive Ol disease pheno-
type mentioned above. In this report we characterize a novel
mouse model system in which the P3H1 gene has been inacti-
vated, to better understand the molecular mechanisms under-
lying the disease. We show that inactivation of the P3H1 gene in
mice causes abnormalities in collagen fibril ultrastructure in
multiple tissues, including bone, tendon, and skin. These
abnormalities are shown to be due to the loss of 3-hydroxypro-
line from key sites in collagen extracted from tissues, as well as
due to the loss of the functions of the P3H1-CRTAP-CypB com-
plex during active collagen biosynthesis. P3H1 therefore per-
forms multiple roles during collagen biosynthesis and, when
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absent, has a severe effect on bone formation and tissue integ-
rity of those tissues containing predominantly fibrillar collagen.

EXPERIMENTAL PROCEDURES

P3HI1 Null Mice—P3H1 null mice were purchased from
Deltagen (San Mateo, CA). Directed knockouts were created in
which exons 1-3 (nucleotides 15—-817) of the mouse P3H1
or leprecan 1 gene (NCBI Reference sequence number:
NM_019782.2) were deleted. Then a LacZ-Neo cassette was
inserted into the area of the target gene that was deleted. P3H1
or leprecan gene inactivation was verified in mice by RNA prep-
aration from tissues of null mice, followed by reverse transcrip-
tion and PCR with primer sets spanning the length of the target
gene. No P3H1 transcripts and gene expression were detected,
as compared with normal levels of the target gene expressed in
wild-type animals. Mice were bred multiple generations into a
C57B6 background prior to analysis to verify phenotype effects,
and data reported are from the fifth to eighth generations.

X-ray Scans and Bone Mineral Density—X-rays were per-
formed on adult mice using a Faxitron cabinet instrument
(model #43855B) made by Hewlett Packard. Voltages and expo-
sure times were optimized for best resolution images.

Bone mineral measurements were performed by dual energy
x-ray absorptiometry using the PIXImus instrument (Lunar
Corp., Madison, WI). Densitometric analysis of the whole body
(defined as the whole body image minus the calvarium, mandi-
ble, and teeth) was performed on freshly sacrificed mice. Food
was withheld the night prior to sacrifice (to eliminate con-
founding effects of undigested rodent chow on bone mineral
density assessment), and the mice were euthanized by CO,
inhalation. The animals were weighed to the nearest 0.1 g and
immediately underwent dual energy x-ray absorptiometry
scanning. Then the left femora were harvested, wrapped in ster-
ile gauze soaked in phosphate-buffered saline, and stored fro-
zen at = —20 °C for subsequent analyses.

Cortical femoral shaft bone geometry was examined by a
desktop x-ray microtomographic scanner (SkyScan Model
1074, Aartselaar, Belgium). For image acquisition the specimen
was mounted on a turntable to allow for three-dimensional
imaging with a scan width of 17 um. Images were stored in
three-dimensional arrays and subsequently analyzed with
Optimas software (version 6.2, Media Cybernetics, Silver
Spring, MD).

To determine femoral structural properties, the left femur
was tested to failure in three-point bending on a high resolution
materials test apparatus (Model 4442, Instron Corp., Canton,
MA). The loading fixture consisted of two fixed lower supports,
placed at a span length of ~7-mm, and an upper loading point
attached to a moving actuator. The femur was placed with its
posterior surface resting on the two lower supports. The upper
loading point contacted the specimen at its midpoint, which
was coincident with the center of the span. System software was
used to displace the actuator at a strain rate of 0.5%/s until
failure occurred. Load and displacement data were recorded,
and failure load and stiffness (calculated from the linear portion
of the load versus displacement curve) were determined using
system software.
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Electron Microscopy Analysis of Tendon and Skin—Freshly
obtained tissues were fixed in cacodylate-buffered 1.5% glutar-
aldehye/1.5% paraformaldehyde containing 0.05% tannic acid
(w/v), then rinsed, exposed to 1% osmium tetroxide, then dehy-
drated in a grade series of ethanol to 100%. Fixed tissues were
rinsed in propylene oxide and infiltrated and embedded in
Spurr’s epoxy. 80-nm ultrathin sections were mounted on
Formvar-coated single hole slot grids and stained in ethanolic
uranyl acetate followed by Reynold’s lead citrate. Stained sec-
tions were examined using an FEI Tecnai G2 electron micro-
scope operated at 120 kV and photographed using either an FEI
Eagle 2K camera or an AMT 2K camera. Magnifications were
calibrated using a grating replica (Ted Pella catalogue #603).
The tomography tilt series was acquired from a 350 nm thick
section at a magnification of 29,000X using an FEI Tecnai G2
transmission electron microscope operated at 200 KV. The
micrographs were recorded automatically using a bottom
mounted FEI Eagle 2K charge-coupled device camera. The
micrographs were taken in a tilt range with a 2° increment from
40° to +40° and a 1° increment from —40° to —60° and from
+40 to +65°. Images were aligned using FEI Inspect-3D
software.

Skeleton Preparation—Skeletal preparations were followed
as previously described (15) with the following changes. Briefly,
pups were transferred to 50-ml tubes and frozen until ready to
use, and then thawed and skin and internal organs up to the
diaphragm were removed. Skeletons were fixed in 95% ethanol
for 2 days, and lipids were subsequently removed in acetone for
2 days. Skeletons were then returned to 95% ethanol and soaked
overnight and then stained for 10 days at 37 °C in 0.015 g of
Alcian Blue 8GX, 0.005 g of Alizarin Red S, 5 ml of acetic acid,
75 ml of 95% ethanol, 20 ml of water. Stain was then replaced
with distilled water, and skeletons were incubated for ~30 min,
and then rinsed with one change of water. Clearing was started
by placing skeletons in 30% saturated sodium borate (borax),
1% trypsin (cell culture grade), and digesting at 37 °C for 4-6 h.
Skeletons were transferred to 1% KOH, 20% glycerol and incu-
bated at room temperature until cleared (2—3 weeks). Skeletons
were gradually transferred to 100% glycerol through 1% KOH,
50% glycerol and then 1% KOH, 80% glycerol, allowing a few
days in each until finally stored in glycerol.

Mouse Tissue Histology—The following stain kits were pur-
chased from Fisher Scientific: Von Kossa Stain kit for mineral-
ized tissues, the Shandon Rapid-Chrome Frozen Section Stain-
ing kit from Thermo Scientific for hematoxylin and eosin
staining of nuclei and cytoplasmic and extracellular protein
stain, and the Masson Trichrome Staining kit for differentiating
collagen from smooth muscle in tissue samples. Staining for
all kits was performed according to the manufacturer’s
instructions.

Collagen Extraction from Tissues—Tendons were extracted
from adult mouse tails and pepsinized in 0.5 M acetic acid.
Briefly, tendons were incubated at 4 °C in excess volumes of
0.5 M acetic acid with shaking for several hours. Pepsin was
added to a final concentration of ~1 mg/ml, and tendons were
digested at 4 °C overnight. Solution was centrifuged to remove
insoluble material, then NaCl was added to a final concentra-
tion of 0.7 M to precipitate collagen, and solution was incubated
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pH, and then NaCl was added to a

final concentration of 2.5 M NaCl to
preferentially precipitate type I col-
lagen. Solution was incubated at
4.°C for several hours and then cen-
trifuged at 20,000 X g for 40 min to
collect the collagen precipitate. Pel-
let was resolubilized in 0.1 M acetic
acid, analyzed on SDS-PAGE gels,
and lyophilized for further digestion
and analysis.

FIGURE 1.Reduced body size and x-ray analysis of mice. P3H1 knock-out mice typically appear smallerin size
(A). Wild-types (B, black curve), heterozygotes (B, red curve), and homozygotes (B, blue curve) weights are plotted
as a function of age with standard deviations shown. Null mice are considerably smaller already at 3 weeks of
age and stay smaller through the lifetime. Full body x-rays (C) show pronounced curvature of the vertebrae and
thinner skull of knock-out mice as compared with age- and sex-matched wild-type mice. The difference is
obvious at 3 month age but progresses further in life as seen in the x-rays of 12 month old mice (C, right side).
Hind limb x-rays (D) of P3H1 null mice show decreased bone mineral density as well as a foreshortening of the
proximal bone relative to the distal bone in comparison with wild-type hind limb.

TABLE 1
Ratios of proximal to distal bone lengths
Femurs Tibias Ratio
mm mm %
Wild type mice” 14.90 * 0.3 18.70 * 0.7 79.8
P3H1 null mice” 12.00 * 0.6 18.27 £ 0.4 66.7

“ Age- and sex-matched adult mice (z = 10), p < 0.0001.

TABLE 2
Whole body phenotype of adult mice

Values are mean = S.D., n = 8, 20-week-old and sex-matched mice. Differences
between null and wild type are statistically significant (p < 0.01). Differences
between wild-type and heterozygous mice are not statistically significant.

Wild types  Heterozygotes P3HI nulls

Weight (g) 37.94 £ 455 3756 £3.86 2581 *3.63

Whole body bone mineral 55.66 = 4.21 5559 = 1.71  48.87 £ 2.13
density

Whole body % Fat 27.85*3.67 2828*6.16 1929 *3.63

at 4°C 2—4 h. Precipitate was collected by centrifugation at
20,000 X g for 40 min and resuspended in 0.1 N acetic acid.
Saturated Tris was added to bring collagen solution to neutral
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Collagen Digestion and MS
Analysis—Pepsinized collagen was
resuspended in 70% formic acid and
digested overnight at room tem-
perature with cyanogen bromide
(Sigma) to generate fragments for
further analysis. The digested solu-
tion was lyophilized and then sub-
jected to sieve chromatography on
tandem Superose 12 columns using
the AKTA fplc system (Amersham
Biosciences) to separate the frag-
ments in 0.1 M sodium acetate
buffer, pH 4.5. The appropriate
cyanogen bromide peptide contain-
ing the putative 3-hydroxypro-
line site was selected based on frag-
ment size and time of elution and
was subjected to further digestion
with sequencing grade trypsin (Pro-
mega, Madison, WI) in 100 mm
ammonium bicarbonate at 37 °C
overnight. Additionally, tendon ex-
tracted and pepsinized type I colla-
gen was run on one-dimensional
SDS-PAGE, and the «1(I) and a2(I)
gel bands were subjected to in-gel
digestion with trypsin using a proto-
col similar to that described by Shevchenko et al. (16). Diges-
tion conditions were 13 ng/ul of sequencing grade trypsin (Pro-
mega) in 100 mm ammonium bicarbonate at 37 °C for 18 h.
Prior to analysis, digested proteins were desalted and purified
using C18 SPE columns. Liquid chromatography-tandem mass
spectrometry was performed on a Waters Q-TOF Micro mass
spectrometer with a LockSpray electrospray ionization source
coupled to a Waters CapLC high-performance liquid chroma-
tography system. Chromatographic separation took place by
gradient elution using a 75-um X 100-mm, 3-uwm Atlantis
dC18 analytical column. Tryptic peptides were identified from
all tandem mass spectrometry spectra by a Mascot search
(Matrixscience) against the NCBI nonredundant data base.

Secretion Rate Assay—Primary mouse skin fibroblasts at
early passage number (P1) were grown to confluence,
trypsinized, and counted. Cells were adjusted to equalize cell
number across different cell types and then resuspended in
serum-free medium and recounted. Cells were preincubated in
labeling medium (methionine-free Dulbecco’s modified Eagle’s
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TABLE 3
Structural properties of femoral bone of 20-week-old mice
Wild types Heterozygotes P3H1 nulls p value”

Length 16.57 £ 0.35 16.36 = 0.29 15.11 £ 0.10 <0.0001
Bone density 63.1 = 6.8 62.8 = 3.1 54.3 = 3.5 <0.01
Cortical area 0.819 = 0.079 0.799 = 0.058 0.768 * 0.062 NS
Cortical thickness 0.171 = 0.01 0.174 = 0.009 0.160 = 0.011 <0.01
Force to failure (newtons) 22.79 + 2.82 23.87 = 2.19 19.92 *+ 4.23 <0.05
Stiffness (newtons/mm) 108.44 + 8.75 117.11 = 8.71 95.51 + 10.42 <0.01

“ Statistical analysis Student’s ¢-test comparing P3H1 nulls with combined data from wild-type and heterozygote animals (NS is not significant).

medium without fetal bovine serum but with ascorbate at a final
concentration of 50 ug/ml at 37 °C with gentle shaking for at
least 20 min). Cells were briefly centrifuged, and medium was
removed and replaced with 10 ml of labeling medium contain-
ing 1 mCi of [2,3,4,5-°H]proline (90 Ci/mmol) and 1 mCi
[**S]methionine (1175 Ci/mmol) and incubated with shaking at
37 °C for 30 min. Cells were then spun out briefly and resus-
pended in chase medium (standard Dulbecco’s modified Eagle’s
medium with cold methionine and ascorbate) and aliquoted for
separate time points (i.e. 0 min, 15 min, 30 min, 60 min, and 2 h).
Cells were incubated at 37 °C with shaking, removed at each
time point, and spun out at high speed. Medium was trans-
ferred to labeled fresh tube, and cell pellet and medium were
frozen. After thawing 1 ml of lysis buffer (1% Nonidet P-40 and
10 mMm EDTA in phosphate-buffered saline) was added to each
cell pellet and mix. Cell lysates and medium were precipitated
with ammonium sulfate (200 mg per 1 ml of volume was added
to each tube, incubated 2—3 h with shaking at 4 °C.) Precipitates
were centrifuged at high speed for 20 -30 min at 4 °C and the
resultant pellet was resuspended in 0.5 M acetic acid with 0.4
mg/ml pepsin. Samples were digested overnight at 4 °C with
shaking. Pepsinized collagen extracts were precipitated with 0.7
M NacCl final concentration at 4 °C and spun out at high speed
for 30 min. Pellets were resuspended in 0.5 M acetic acid and
SDS-PAGE sample buffer, run on 6 — 8% acrylamide gels, dried,
and exposed to film for autoradiography.

Amino Acid Analysis—Acid hydrolysis was performed in 6 X
50 mm Pyrex culture tubes placed in Pico Tag reaction vessels
fitted with a sealable cap (Eldex Laboratories, Inc., Napa, CA).
Samples were placed in culture tubes, dried in a SpeedVac
(GML, Inc., Albertsville, MN), and then placed into a reaction
vessel, which contained 250 ml of 6 N HCI (Pierce) containing
2% phenol (Sigma-Aldrich, Milwaukee, WI). The vessel was
then purged with argon gas and vacuumed using an automated
evacuation Hydrolysis/Derivatization workstation (Eldex Lab-
oratories, Inc., Napa, CA). Closing the valve on the Pico Tag cap
maintains the vacuum during hydrolysis at 110 °C for 24 h. The
hydrolyzed samples were then dried in a Savant SpeedVac. The
dried samples were dissolved in 100 ml of 0.02 N HCI containing
an internal standard (100 micro M norvaline, Sigma). Appro-
priate further dilutions were made using the same dilution sol-
vent for concentrated samples. Analysis was performed by ion
exchange chromatography with postcolumn ninhydrin derivat-
ization and visible detection (440 nm/570 nm) with an Hitachi
L-8800A amino acid analyzer (Hitachi High Technologies
America, Inc., San Jose, CA) running EZChrom Elite software
(Scientific Software, Inc., Pleasanton, CA).

Base hydrolysis was performed in 1.7-ml polypropylene
tubes placed in Pico Tag reaction vessels fitted with a sealable
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cap. Lyophilized protein samples of ~0.8 mg for each were sus-
pended in 100 ml of 1 N NaOH. The vessel was purged with
argon gas and vacuumed as above. The vessels were kept at
110 °C for 24 h. The hydrolyzed sample was cooled down, and
the 800 ul of water was added, followed by the addition of 2 N
HCl to neutralize the solution. The sample solution 50 ul, 50 ul
of 0.2 M borate buffer, pH 9.5, and 50 ml of 10 mm 4-fluoro-7-
nitrobenzofurazan (CAS# 29270-56-2, Dojindo, Rockville,
MD) in acetonitrile were mixed and kept at room temperature
for 4—6 h, followed by the addition of 100 ul of tartrate buffer,
pH 2.0. The 7-nitro-1,2,3-benzoxadiazole labeled amino acids
were analyzed by the precolumn labeled method (17) with a
small modification. Cadenza CD-C18 (250 X 4.6 mm, inner
diameter, 3 wm, Imtakt Co., Kyoto, Japan) column was used for
the separation of the labeled amino acids. A Gilson Model 121
fluorometer (Middleton, WI) with two filters from Andover
Corp. (Salem, NH); edge filter short wave pass 450FL07-25, and
the standard bandpass filter 530FS10-12.5 were used as the
excitation and the emission filters, respectively. The eluted
peak analysis was performed with MassLynx software (Waters).

Circular Dichroism—Circular dichroism spectra were
recorded on an AVIV 202 spectropolarimeter (AVIV Bio-
medical, Inc., Lakewood, NJ) using a Peltier thermostatted
cell holder and a 1-mm path length rectangular quartz cell
(Starna Cells Inc., Atascadero, CA). Collagen samples were
dissolved in 50 mm Tris-HCI, pH 7.5, containing 10% (v/v)
glycerol. The temperature-scanning experiments were at 10
K/h. The ellipticity at 221 nm was monitored as a function of
time.

RESULTS

P3HI1 Null Mice Are Smaller, Grow Slower, and Have Bone
Defects—Heterozygous P3H1 mice do not have an observable
phenotype. The P3H1 null mice are fertile and viable. P3H1 null
and wild-type littermates were weighed weekly from 3 to 20
weeks of age to measure their growth rate. P3H1 null mice are
significantly smaller and never reach the size of their wild-type
and heterozygous littermates, even after reaching adulthood
(Fig. 1, A and B). P3H1 mice develop kyphoscoliosis (Fig. 1C),
which gets progressively worse with age. Bone density in the
skull, as well as in the limbs (Fig. 1D), is also decreased in the
P3H1 null mice as compared with their wild-type littermates.
The delay in their postnatal growth is characterized by short-
ening of the long bone segments. More specifically, hind limbs
were analyzed to determine differences in the femoral versus
the tibial lengths in P3H1 null versus wild-type mice (Table 1).
Rhizomelia is evident in the P3H1 null mice as measured by a
significant decrease in the ratio of the femoral length to the
tibial length (Table 1) by ~16%. Bone defects are also apparent
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FIGURE 2. Tendon fibrils of P3H1 null mice compared with wt mice. Electron microscope images of tail
tendon fibrils from adult wild-type (A and C) and adult P3H1 null mice (B and D). Cross-sections of the collagen
fibrils (A and B) show a more heterogeneous distribution of fibril diameters as well as some disturbances in the
overall shape of some of the fibrils in the P3H1 null mice as compared with the wild-type fibrils. Longitudinal
sections of the tendon collagen fibrils (C and D) show an alternating pattern of very small fibrils interspersed
with very large fibrils as well as abnormal branching at the ends of some of the P3H1 null fibrils as compared
with the wild-type fibrils. (Scale bar in D represents 500 nm and is the same for images A-D.) Tendon fibril size
versus number of fibrils measured was graphed (E) and demonstrates a shift in the size distribution from 100 nm
to 350 nm in the wild-type to primarily 0-100 nm in the null (n = 1000 for wt and n = 1000 for P3H1 null). F, a
projection through a 350 nm thick section of longitudinally sectioned P3H1 null tendon from which the
tomogram (supplemental Fig. S1) was collected. Arrows point to regions in the tendon in which thicker fibrils
branch into thinner fibrils and where axial twists are evident.

mineral density of the P3H1 null
mice was decreased by ~12.5% in
comparison with the bone mineral
density of the wild-type mice. Fem-
oral bone mineral density, as well as
femoral length, were also deter-
mined to be significantly lower in
the P3H1 null mice in comparison
to age- and sex-matched wild-type
mice (Table 3). Bone mineral den-
sity differences between wild-type
and heterozygous mice were not
statistically significant. P3H1 null
mice also show a significant
decrease in body fat (Table 2). The
stiffness and the force to failure of
the femurs of 20-week-old P3H1
null mice were significantly lower as
compared with heterozygous and
wild-type mice (Table 3).

Tendons of P3HI Mice Have
Abnormal Morphology—Transmis-
sion electron microscopy images
were taken of tail tendons from
wild-type and P3H1 null mice (Fig.
2). P3H1 null tendons show acute
ultrastructural defects in overall
shape and diameter as compared
with wild-type tendons (Fig. 2,
A-D). Cross-section images of
P3H1 null tendons demonstrate a
large increase in the number of
small diameter fibrils (Fig. 2, A and
B). Longitudinal sections of P3H1
null mouse tail tendons reveal het-
erogeneity in overall fibril contour
as compared with age-matched
wild-type tail tendons (Fig. 2, C and
D). There is also an axial twist noted
in many of the longitudinally sec-
tioned P3H1 null tendon collagen
fibrils, seen to best advantage in the
tomogram (supplemental Fig. S1).
Furthermore, larger collagen fibrils
within the P3H1 null tendons
appear to branch into numerous
smaller diameter fibrils (Fig. 2D),
again seen to best advantage in the
tomogram (supplemental Fig. S1).
Fibril diameters of tail tendon colla-
gen fibrils were measured and
graphed as a function of number.
P3H1 null mouse tendon fibrils
show an altered distribution of fibril
sizes in which the large majority are

by dual energy x-ray absorptiometry or micro-computed between 20 and 100 nm as compared with a more even distri-
tomography scans performed on wild-type, heterozygous, and  bution of fibrils across a much broader range of diameters (50 —

P3HI null mice at 20 weeks of age (Table 2). Whole body bone
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400 nm) in the wild-type mouse tendons (Fig. 2E). Tendon cells
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FIGURE 3. Skeleton preparations of E18 mice. Skeletons of E18 mice were
stained with alizarin red and Alcian blue to detect differences in mineralized
bone and cartilage, respectively (A and B). The primary difference detected at
this developmental stage is the lack of ossification in the parietal bone in the
skull of null mice (B) as compared with heterozygous mice (A) indicating a
delay in ossification in the P3H1 null mice. (Note: bone mineral density in
heterozygous mice was indistinguishable from that of wild-type mice (see
Table 2)).

from P3H1 null mouse tails were also analyzed by electron
microscopy and determined to have structural abnormalities in
terms of a decrease in the number and length of cell processes as
compared with wild-type tendons (data not shown). Fig. 2F
shows a projection through a 350 nm thick section of longitu-
dinally sectioned P3H1 null tendon from which the tomogram
was collected.

Staining of E18 Skeletons Shows Delay in Ossification—E18
skeletons of heterozygous (Fig. 34) and P3H1 null (Fig. 3B)
mice were stained with alizarin red (to detect bone) and Alcian
blue (to detect cartilage). The P3H1 null skeletons show a lack
of staining in the parietal bone of the skull indicating a delay in
ossification in this area. Other elements of the skeleton looked
relatively normal at this stage of development.

Histology of Newborn and Adult Limb Sections Shows Distur-
bances in Morphology—Cryosections of newborn limbs were
stained for collagen with Masson trichrome blue stain (Fig. 4, A
and B). P3H1 null skin (Fig. 4B) has less overall blue staining
indicating a less densely packed dermis with less collagen fibrils
present as compared with the wild-type skin (Fig. 44). P1 fore
limbs were also sectioned and stained with hematoxylin and
eosin to compare differences in cartilaginous elements of the
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FIGURE 4. Histochemistry of hind limbs. Newborn (P0) hind limbs were cryo-
sectioned and stained with Masson trichrome stain to detect collagen fibrils
(blue) in skin of wild-type (A) and P3H1 null mice (B). Collagen fibril staining in
the skin of newborn null mice was less intense and less dense suggesting an
overall decrease in the amount of collagen in the dermis. Sections of P1 fore
limbs were also stained with hematoxylin and eosin to look at the overall
organization of the chondrocytes in wild-type (C) and null (D) radial cartilage.
The hypertropiczone in the P3H1 null limb (D) appears to be severely affected
compared with the same region in the wild-type limb (C). Newborn hind limb
sections were also stained with Von Kossa stain to detect mineralized bone (Eand
F). P3H1 null femurs (F) have less mineralized bone in the trabeculae with more
spaces throughout as compared with wild-type femurs (scale bar = 120 um).

radius (Fig. 4, C and D). P3H1 null chondrocytes (Fig. 4D) in
the hypertrophic zone appear to be less organized than those in
the same region in the wild-type limb cartilage (Fig. 4C). Finally,
newborn hind limb sections were stained with Von Kossa stain
to detect mineralized bone (Fig. 4, E and F). P3H1 null femurs
(Fig. 4F) have significantly less mineralized bone in the trabec-
ular area with more spaces interspersed throughout suggesting
less density overall as compared with the wild-type femurs (Fig.
4E). This observation is in good agreement with the femoral
dual energy x-ray absorptiometry (DEXA) and micro-com-
puted tomography studies (Table 3) that demonstrate reduced
bone mineral density and cortical thickness of P3H1 null fem-
ora. Adult mouse skin sections were stained with Masson
trichrome stain to look at collagen differences between wild-
type and P3H1 null mice (Fig. 5, E and F). Although there was a
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FIGURE 5. Skin of P3H1 null mice. Electron microscope images of adult wild-type (A and C) and P3H1 null
mouse skin (B and D) were analyzed and show abnormalities in the reticular dermis of the null skin collagen
fibrils where many irregular, fused collagen fibrils are found (arrows in B), as well as more spaces between fibril
bundles (D) as compared with wild-type skin (scale bar = 2 um). Cryosections of adult skin were also stained
with Masson trichrome stain to detect collagen fibrils in wild-type (E) and null (F) dermis (scale bar = 120 um).
P3H1 null skin was overall thinner and slightly less dense than the wild-type skin.

similar intensity of blue staining, indicating similar amounts of
collagen present in the dermis, the null skin (Fig. 5F) was much
thinner than the wild type (Fig. 5E). Adult mouse skin from
wild-type and null mice was also analyzed by electron micros-
copy (Fig. 5, A and B). Abnormalities are present in the reticular

asEvie

collagen (Fig. 7).
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dermis of the null mice where bun-
dles of relatively normal looking
fibrils are interspersed with
clumped areas of collagen fibrils
(Fig. 5B) and some gaps and spaces
in between collagen fibrils (Fig. 5D)
that are not present in the wild-type
skin.

Collagen Extracted from P3HI
Mice Shows Differences from Wild-
type Collagen—Type I collagen was
extracted from the tendons of wild-
type and P3HI1 null mice and ana-
lyzed by SDS-PAGE. Slight differ-
ences in the gel mobility of the al
and a2 chains were seen indicating
overmodification of the collagen
(Fig. 6A). Extracted collagen from
the mice tendon was also subjected
to trypsin digestion and analysis by
mass spectrometry to identify the
peptide containing the single 3-hy-
droxyproline, Pro-986 in the wild-
type mouse collagen. As expected
the tryptic fragment from type I col-
lagen of P3H1 null mice was lacking
the 3-hydroxyproline as compared
with the same fragment from the
wild-type mice, which contained
the appropriate 3-hydroxyproline
residue (Fig. 6B). The type I collagen
extracted from wild-type and P3H1
null mice was also analyzed by
amino acid analysis to determine
the overall levels of 4-hydroxypro-
line and hydroxylysine. Table 4
shows the results in which the P3H1
null mouse tendon type I collagen
was determined to have a slight
increase in the percentage of 4-hy-
droxylation as compared with type I
collagen from wild-type mice. A
much more significant increase was
seen in the percentage of lysyl
hydroxylation in the P3H1 null
mouse collagen I (22.5%) as com-
pared with that from wild-type mice
(17.8%) (Table 4). An analysis of
base-hydrolyzed type I collagen
from tail tendon, bone, and skin of
normal and wild-type tissue indi-
cates a remarkable increase in
glucosyl galactosyl hydroxylysine

(Table 5). The highest amount of this modification was found in
bone. The increase in 4-hydroxyproline and glycosylation leads
to aslight increase in the melting temperature of type I collagen
extracted from mutant tail tendons as compared with wild-type

JOURNAL OF BIOLOGICAL CHEMISTRY 17259



Characterization of P3H1 Null Mice

A wt null wt null
< alpha 1
< alpha 2
Ly null i
«—— DGLNGLOGPIGPOGPR
ol
0L A T r T T 1 T r— Miz
100+ 7818
wild type
i «— DGLNGLOGPIGZOGPR
7738
0 T i b T T T M/z

750 755 760 765 770 775

FIGURE 6. 3-hydroxyproline in wt and P3H1 null mice. SDS-PAGE of
extracted and pepsin digested wild-type and P3H1 null collagen | from tail
tendon (A) shows a mobility shift in P3H1 null collagen as compared with
wild-type indicating overmodified collagen molecules. Mass spectrometry
data (B) of the trypsin fragment containing the single 3-hydroxyproline site in
the alpha 1 chain of collagen | show the presence of 3-hydroxyproline at
proline 986 in the wild type, but it is not present at the same location in the
P3H1 null mouse collagen. O, 4(R)-hydroxyproline; Z, 3(S)-hydroxyproline in
the indicated sequences.
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TABLE 4

Amino acid composition of type | collagen extracted from mouse tail
tendons (acid hydrolysis)

4Hyp/ Estimated number 4Hyp experimental/
(Pro+4Hyp)”  of 4Hyp residues  possible maximum”
Null 0.464 306 0.937 (306/327)
WT 0.450 297 0.909 (297/327)
Difference 0.014 9
cf. Human 0.463 313 0.951 (313/329)
placenta
Hyl/ Estimated number of  Hyl experimental/
(Lys+Hyl)* Hyl residues possible maximum®
Null 0.225 232 0.331 (23.2/70)
WT 0.178 18.3 0.262 (18.3/70)
Difference 0.047 4.9

“Values are averaged from experimentally determined amino acid compositions
done in triplicates at each of three different dilutions.

 Experimental value was divided by the calculated Pro residues in the Y
position (327).

TABLE 5

Amino acid analysis of type | collagen from different normal and
mutant mouse tissues (base hydrolysis)

Glucosyl galactosyl
Hyl/(Hyl+Lys) Hyl;gﬁ)’{;% ¥s) hydroxylysine ratio
null/WT
Tendon WT 0.15
Tendon null 0.16 1.08 1.28
Bone WT 0.19
Bone null 0.26 1.42 2.40
Skin WT 0.11
Skin null 0.15 1.32 1.49
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FIGURE 7. Thermal stability of type I collagen. Temperature scan of type |
collagen extracted from mutant and wild-type tail tendons. The circular
dichroism signal was monitored at 221 nm, and the rate of heating was 10 °C/
h. The curves for wild-type (solid line) and mutant (dashed line) type | collagen
are shown.

Collagen Secretion Rate Is Decreased in P3HI Null
Fibroblasts—The rate of collagen secretion in wild-type and
null primary mouse skin fibroblasts was measured. The rate of
secretion is delayed in the null mouse skin fibroblasts as com-
pared with wild-type skin fibroblasts (Fig. 8). The level of type
collagen synthesized from P3H1 null mouse skin fibroblasts is
~70% of the level from wild-type mice fibroblasts. This ratio is
roughly consistent with the amount of collagen precipitated
from wild-type and null mouse tendon after pepsin extraction,
when starting with the same wet weight of tissues.

DISCUSSION

Prolyl 3-hydroxylase 1 has been shown to be crucial for
proper bone formation as human mutations result in a severe
recessive bone disorder that resembles osteogenesis imperfecta
(5—-6, 10). Here we describe a mouse model in which the P3H1
gene has been inactivated in mice. We show thatloss of P3H1 in
mice causes a bone disorder that is characterized by a decrease
in overall bone density, kyphosis, rhizomelia, as well as a delay
in ossification in some bones in the developing null mice.
Although the observed phenotypes in CRTAP null mice and
human mutations in CRTAP and P3H1 have been shown pre-
viously to primarily affect bone, we show here that, in addition
to defects in bone, loss of P3H1 in mice causes disturbances in
other fibrillar collagen-rich tissues such as tendons and skin.
This was also found for the CypB null mice (11). In these tissues
the collagen fibril distribution and packing are affected and the
overall amount of extractable collagen is severely reduced in the
P3H1 null mice. It is interesting to note here that decorin and
biglycan knock-out mice have also been shown to have distur-
bances in their collagen fibril morphology in skin, tendon, and
bone suggesting a possible interaction site on the collagen that
may be dependent on the presence of 3-hydroxyproline (18).

Bone and energy metabolism have been shown to be bal-
anced with each other and are coregulated on a molecular basis
through a common signaling pathway in the brain (19, 20). Our
data show a significant decrease in total body fat in the P3H1
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FIGURE 8. Secretion of type I collagen. Collagen secretion rate assay was
performed using wild-type and P3H1 null primary mouse skin fibroblasts. Cell
numbers were equalized prior to labeling, and results demonstrate a delay in
collagen secretion in the null cells by at least 20 min and a lesser total amount
of labeled collagen in P3H1 null fibroblasts. The secretion rate of type | colla-
genis represented graphically and shows maximal secretion at 60 min for the
wild-type collagen (solid line with filled square) and 120 min for the null mouse
collagen (dotted line with open circle).

null mice that have decreased bone mineral density. This could
be related to the coordinated regulation of bone and energy
metabolism, but further metabolic phenotyping studies would
be required to delineate this effect.

3-Hydroxyproline is found in almost all collagens in the
sequence -Gly-3Hyp-4Hyp-Gly- (21-23), however, the extent
of 3-hydroxylation varies with the different types of collagens
and occurs in the largest amounts in collagen types IV and V
(13, 24-26). 3-Hydroxyproline occurs at a single site in the
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alpha I chain of type I collagen, at proline 986 (13). The in vivo
function of a single 3-hydroxyproline residue in the triple heli-
cal domain of fibrillar collagen is still unclear, however, it was
recently shown that, the conversion of a Pro to 3(S)-Hyp resi-
due in the Xaa position of a Gly-Xaa-Yaa synthetic peptide
slightly increases the stability of the triple helical structure (27).
Recent observations on the existence of additional conserved
3-hydroxyproline sites, sequence motif, and spacing indicate a
role for 3-hydroxyproline in the ordered self assembly of colla-
gen supramolecular structures (13).

P3H1 forms a stable complex with CRTAP and CypB and the
complex is now known to be important for both its enzymatic
activity as well as for its chaperone effects on the newly forming
collagen chain (12, 14). P3H1 null fibroblasts show a delay in
collagen secretion suggesting that, in the absence of P3H1, the
complex cannot form and results in a delay in collagen folding
and secretion. Mobility shifts of the collagen molecules on SDS-
PAGE gels, as well as overall amino acid compositions demon-
strate an overmodification of collagen as a result of the delay in
secretion. This appears to be primarily an excess of hydroxy-
lysine, as well as an increase in the number of glucosyl galactosyl
hydroxylysine per collagen molecule in the null mice. It is rea-
sonable to suggest that the increase in sugar residues may cause
packing problems in the assembly of collagen fibrils into higher
ordered molecular weight structures. We also have noticed an
increase in the cross-linking in the P3H null mouse collagen as
obtained by acid hydrolysis versus base hydrolysis indicating
the presence of acid labile cross-links that are not seen in base
hydrolysis. Taken together these data suggest a combined effect
in the P3H1 null mice whereby a delay in collagen secretion
results in overmodified collagen molecules that may be incor-
rectly assembled into the extracellular matrix of collagen-rich
tissues such as bone, tendon, and skin. This in turn has a severe
effect on the ultimate form and function of these tissues.

Acknowledgment—We thank Ruggero Tenni for a sample of glucosyl
galactosyl hydroxylysine.
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