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Abstract

Osteogenesis imperfecta (Ol) is most often caused by mutations in the type I procollagen genes
(COL1A1/COL1A2). We identified two children with substitutions in the type I procollagen C-
propeptide cleavage site, which disrupt a unique processing step in collagen maturation and define
a novel phenotype within Ol. The patients have mild Ol caused by mutations in COL1A1 (Patient
1: p.Asp1219Asn) or COL1A2 (Patient 2: p.Alal119Thr), respectively. Patient 1 L1-L4 DXA z-
score was +3.9 and pQCT vBMD was +3.1; Patient 2 had L1-L4 DXA z-score of 0.0 and pQCT
vBMD of —1.8. Patient BMD contrasts with radiographic osteopenia and histomorphometry
without osteosclerosis. Mutant procollagen processing is impaired in pericellular and in vitro
assays. Patient dermal collagen fibrils have irregular borders. Incorporation of pC-collagen into
matrix leads to increased bone mineralization. FT-IR imaging confirms elevated mineral/matrix
ratios in both patients, along with increased collagen maturation in trabecular bone, compared to
normal or Ol controls. Bone mineralization density distribution revealed a marked shift toward
increased mineralization density for both patients. Patient 1 has areas of higher and lower bone
mineralization than controls; Patient 2’s bone matrix has a mineral content exceeding even
classical Ol bone. These patients define a new phenotype of high BMD OI and demonstrate that
procollagen C-propeptide cleavage is crucial to normal bone mineralization.
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Introduction

Autosomal dominant osteogenesis imperfecta (Ol; MIM#s 166200, 166210, 259420,
166220) is caused by mutations within either of the type | procollagen genes, COL1A1
(MIM# 120150) or COL1A2 (MIM# 120160) (Marini, et al., 2007). Mild cases of Ol are
generally due to a COL1A1 null allele, whereas moderate, progressively deforming, and
perinatal lethal Ol are caused by mutations that result in structural defects of one of the
collagen a-chains. Affected individuals have bone fragility and low bone mass, often
accompanied by short stature, blue sclerae, dentinogenesis imperfecta, and hearing loss
(Marini, 2004), as well as increased mineralization density of bone matrix and impaired
material properties (Boyde, et al., 1999; Roschger, et al., 2008b).

Type | collagen is a heterotrimer composed of two al(l) and one a2(l) chains. The chains
are synthesized as promolecules, with globular extensions at the amino (N-) and carboxyl
(C-) ends. Chain selection and alignment occur in the C-propeptide region, followed by the
folding of the triple helix from C- to N- end (Khoshnoodi, et al., 2006). The C-propeptide
contains two intra- and four inter-chain disulfide bonds. After procollagen is secreted from
the cell, it is processed by specific N- and C-proteinases in the pericellular space, releasing
the mature collagen triple helical monomer. Normally, neither propeptide is incorporated
into the higher order collagen fibril in the extracellular matrix.

The N-propeptide cleavage site consists of proal(l) p.Pro161GIn162 and proa2(l)
p.Ala79GIn80. Deficiency of N-propeptide cleavage results in a distinctive phenotype
(Byers, et al., 1997; Cabral, et al., 2005). Impaired splicing of exon 6, which encodes the
cleavage site, leads to retention of the N-propeptide and defective collagen cross-linking and
results in Ehlers-Danlos Syndrome (EDS) VIIA (a1(1)) or B (a2(1)) (Byers, etal., 1997). In
fact, some individuals with EDS V11 also suffer fractures, as the retained N-propeptide may
block mineral deposition (Byers, et al., 1997). In EDS VI, collagen fibrils have very
irregular borders, high variability in diameter, and are more randomly spaced (Giunta, et al.,
2008). A special subset of mutations in the first 90 residues of the a1(1) helical region
prevent or delay N-propeptide removal by unfolding the cleavage site and lead to a
combined OI/EDS phenotype (Cabral, et al., 2005). In OI/EDS patients, incorporation of the
N-propeptide into matrix significantly reduces collagen fibril diameter (Cabral, et al., 2005).
The Ol component of OI/EDS has typical clinical findings of varying severity, including
short stature and low bone density, intensely blue sclerae and early scoliosis.

Heterozygous mutations have been identified in the C-propeptide regions of both type |
collagen alpha chains, with phenotypes ranging from mild to lethal Ol; these rare mutations
account for less than 5% of dominant Ol (Chessler, et al., 1993; Pace, et al., 2008).
Clinically, almost all of these individuals have typical Ol with short stature and reduced
bone mass. The intriguing exception is an atypical perinatal lethal case with radiographically
dense bone, narrow marrow cavities and decreased osteoclasts associated with a
heterozygous mutation (p.D1441Y) near the carboxyl end of the C-propeptide (Pace, et al.,
2002). Although it is clear that these mutations delay chain incorporation into procollagen
fibers (Chessler, et al., 1993; Pace, et al., 2008), the pathogenesis of their Ol is not well
understood. In the dense bone case, the authors speculated that increased mineralization or
abnormal C-propeptide signaling might contribute to the phenotype.
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Procollagen C-proteinase (PCP) activity for removal of the C-propeptide is provided by a
number of tolloid-like proteinases, including bone morphogenic protein 1 (BMP1), which is
the major PCP (Hopkins, et al., 2007; Kessler, et al., 1996; Li, et al., 1996), mammalian
tolloid (mTId; an alternatively spliced form of BMP1) and two closely related homologs
known as mammalian tolloid-like 1 and 2 (mTII1 and 2). In concert with enhancer proteins
(PCPEL1 and 2), PCP cleavage of the C-propeptides of types I-11l procollagen by BMP1 is
increased up to 10-fold (Kessler, et al., 1996; Moali, et al., 2005; Steiglitz, et al., 2002). The
cleavage reaction occurs at the Ala-Asp (a1(1) p.Alal218Asp1219; a2(1)
p.Alal119Asp1120) bonds that separate the C-telopeptide from the C-propeptide (Fig. 1).
Bmp1 knock-out mice are perinatal lethal (Suzuki, et al., 1996), as are Bmp1 7 /TII1 7~ mice
(Pappano, et al., 2003), in which redundancy for the BMP1 cleavage activity is eliminated.
Of note, knock-out mice for Pcolce, which encodes PCPEL, survive and have a distinctive
phenotype of massive bones yet with inferior material properties and altered mineral phase
morphology by puCT (Steiglitz, et al., 2006).

We characterize here a novel form of Ol, due to defects in the C-proteinase cleavage site.
Two children, with mutations in either the proal(l) or proa2(l) C-terminal cleavage site,
have a distinctive Ol phenotype in which bone fragility is associated with a counterintuitive
increase of bone mass on DXA with respect to controls and/or other Ol patients. Our
investigations indicate that impaired type | collagen C-propeptide cleavage leads to
increased bone matrix mineralization and modified collagen fibril structure.

Material and Methods

Mutation identification

COL1A1 (RefSeq NG_007400.1) and COL1A2 (RefSeq NG_007405.1) of patient and
parental leukocyte gDNA was sequenced as previously described (Matrix DNA Diagnostics,
New Orleans, LA). For confirmation of the mutations, patient COL1A1 (RefSeq
NM_000088.3) and COL1A2 (RefSeq NM_000089.3) cDNA was sequenced. The cDNA
(c.) numbering is in accordance with journal guidelines (www.hgvs.org/mutnomen), with +1
corresponding to the first nucleotide of the ATG start codon and * representing sequence in
the 3’UTR. Total RNA from patient fibroblasts was harvested with TriReagent (Molecular
Research Center, Cincinnati, OH) and reverse-transcribed using a 3' UTR anti-sense primer
from COL1AL (c.*17-46, 5-GGAAAGTTGGTTGGGTGGGAGGGAGCCAGG-3') or
COL1A2 (c.*177-206, 5'-GGGGGAGCGGGGGAAGGAGTTAATGAAACT-3'). The
region surrounding the C-propeptide cleavage site of both collagen chains was amplified by
PCR (al1(l) exons 44 (c.3171-3200, 5'-
TGGCCCTGCTGGCAAGAGTGGTGATCGTGG-3') and 49 (c.3730-3759, 5'-
CTTGCGGCTTCCCTCTGGGCTCCGGATGTT-3") and a2(l) exons 48 (c.3195-3224, 5'-
TGGTCGCACTGGACATCCTGGTACGGTTGG-3') and 51 (c.3755-3784, 5'-
TGGCCAGCAGGCGCATGAAGGCAAGTTGGG-3') and the RT-PCR products were
sequenced using a CEQ2000 DNA Sequencer (Beckman, Fullerton, CA). Patient 2 and
control gDNA was digested with CviKI-1 for 4 hours at 37 °C and restriction fragments
were resolved on a 10% polyacrylamide gel (PAGE).

Exons 2, 3, and 4 of the LRP5 gene (RefSeq NM_002335.2) were amplified by PCR and
sequenced for both patients, as previously described (Rickels, et al., 2005).

Collagen biochemical studies

For all collagen studies, control and patient fibroblasts were grown to confluence in 6-well
culture dishes. Steady-state collagen analysis and pericellular processing were conducted as
previously described (Cabral, et al., 2005). Cells were incubated with 437.5 pCi/ml of 3.96
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TBg/mmol L-[2,3,4,5-3H] proline for 16—18 hours or 24 hours for the steady-state and
processing assays, respectively. The chain incorporation assay used the method of Chessler,
et al (Chessler, et al., 1993). Briefly, procollagen alpha chains were labeled with a pulse of
140 pCi/ml of 3.96 TBg/mmol L-[2,3,4,5-3H] proline for 80 minutes, then chased with
DMEM containing 10% serum, 50 pg/ml ascorbic acid and 10 mM proline for the time
intervals specified in the incorporation curve. Samples were ethanol precipitated and
procollagens were separated by 5.5% SDS-Urea-PAGE. Differential scanning calorimetry
(DSC) was performed in buffer containing 0.2 M sodium phosphate and 0.5M glycerol at
pH 7.4, and analyzed from 10 to 55 °C in a Nano 111 DSC instrument (Calorimetry Sciences
Corporation, Lindon, UT), as previously described (Makareeva, et al., 2008).

Preparation of 3H-labelled Procollagen Substrate

To selectively label the C-propeptides, control and patient fibroblasts were grown to
confluence in triple flasks (Nalge Nunc International, Rochester, NY) before labeling

with 3H-tryptophan. The day before labeling, cells were incubated with DMEM containing
10% serum, 50 pg/ml ascorbic acid, plus penicillin/streptomycin. Cells were labeled in
serum-free DMEM containing 0.76 mg/L tryptophan, 75 ug/ml ascorbic acid and 2.4 uCi/
mL 3H-tryptophan overnight and media was collected with protease inhibitors.
Radioactively labeled procollagen was precipitated in 6.25% Polyethylene glycol
(PEG)4000. The pellets were dissolved in 0.1 M Tris-HCI, 0.4 M NaCl, pH 7.4. Insoluble
material was removed by centrifugation and the supernatants were dialyzed against the Tris
buffer. Radiolabeled fibronectin was removed by adsorption to Gelatin-Sepharose as
described (Kessler, et al., 1986). Unbound procollagen samples were dialyzed against 0.1 M
Tris-HCI, 0.4 M NaCl, pH 7.4. Procollagen concentrations were determined using the
Sircol™ reagent (Biocolor, Carrickfergus, UK), with type | collagen as a standard. A
procollagen:collagen ratio of 1.5:1 was used to calculated procollagen concentrations. The
specific activities of the three procollagen preparations studied were 7.7 (control), 6.5
(Patient 1) and 7.2 (Patient 2) x108 cpm/mg, respectively. Procollagen was stored at —80 °C.

In vitro Assays of Procollagen C-proteinase Activity

To eliminate enhancing activity of endogenous PCPEs, procollagen samples were acidified
(0.2 M acetic acid; 2 hrs at 4°C) and the pH was adjusted to 7.5 using 1 M Tris-HCI, pH 8.5,
before conducting the assay. PCP activity was determined by measuring the amount of
radioactively labeled C-propeptide released from control and patient procollagens, as
described (Kessler, et al., 1986). Briefly, procollagen (15,000 cpm; 2 pg in 200 pl of 0.05 M
Tris-HCI, 0.15 M NaCl, 5 mM CaCl,) was incubated with BMP1 (37 ng) for either 60 min
(control) or 120 min (patients). The reaction was stopped with EDTA and the free
radioactive C-propeptide was separated from un/partially digested procollagen by selective
ethanol precipitation (Kessler, et al., 1986). Radioactivity in the supernatants (containing the
C-propeptide) was measured using a Packard Tri-carb 1600 CA B-counter. In another
experiment, procollagen (8000 cpm, 1 ug) was incubated with BMP1 (5 ng) with or without
PCPE1 (50 ng) for 120 mins in 40 pl of buffer. The reaction was stopped by heating in SDS
sample buffer and electrophoresed on 5.5% SDS-Urea-PAGE. Radioactive proteins were
visualized by autoradiography and relative band intensities were determined after scanning
on optimized, non-edited images, using TINA image analysis software (ver.2.07d, Raytest
isotopenmessgerete, GmBH), after background subtraction. Recombinant BMP1 and PCPE1
used in the in vitro assay were expressed in HEK-293 cells and purified as described (Moali,
et al., 2005).

Transmission Electron Microscopy of Dermal Fibrils

Dermal punch biopsies from both patients and an age-matched control were fixed in 2.5%
glutaraldehyde for 24 hours, then transferred to phosphate buffer. Fixed specimens were
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treated with 1% osmium tetroxide, then 2% uranyl acetate, followed by infiltration by
Spurr’s plastic resin. Sections 600-800 A in thickness were analyzed and photographed by
transmission electron microscopy, as described (Cabral, et al., 2005).

Bone Histomorphometry

Both patients had iliac crest bone biopsies under anesthesia, following declomycin double
labeling for kinetic analysis. Samples were fixed in 70% ethanol and embedded in
polymethylmethacrylate (PMMA). Consecutive 3 um thick sections were cut from the tissue
block with a hard microtome (Leica SM2500, Nusslock, Germany). Sections were
deplasticized with 2-methoxyethyl-acetate before staining with modified Goldner’s
Trichrome. Bone histomorphometric analysis was performed according to Parfitt, et al.
(Parfitt, et al., 1987) on the whole area of the bone sections. A light microscope equipped
with a Zeiss AxioCam videocamera was used to obtain digital images of the section which
were analyzed used NIH Image software version 1.63 on a Power Macintosh G4.

Fourier transform infrared spectroscopy (FT-IR) analysis of bone

A portion of each iliac crest specimen was embedded in PMMA, sectioned at 2 um, and
mounted on barium fluoride spectral windows. FT-IR spectral images of three to five
sections were recorded on a SpotLight 300 infrared imaging system (Perkin Elmer
Instruments, Shelton, CT, USA). The spectral resolution was 4 cm™1, and the pixel
resolution was ~7 um. Spectra were transferred to yield images corresponding to infrared
band areas, peak height ratios and integrated area ratios by a combination of instrument
software and ISYS chemical imaging software (v. 3.1, Spectral Dimensions Inc., Olney,
MD, USA). Background spectra were collected under identical conditions from the same
BaF, windows. After acquisition, spectra were truncated to allow analysis of the regions of
interest, zero-corrected for baseline, and the spectral contribution of PMMA embedding
media subtracted using ISYS software. Cortical and cancellous bone were examined
separately in each section, and compared to 2 normal and 2 classical Ol age-matched
controls.

The parameters calculated for each image were i) mineral/matrix ratio (related to mineral
content), calculated as the ratio of the integrated area under the phosphate band (920-1180
cm™1) to that of the amide | band (1585-1720 cm™1), and ii) carbonate-to-phosphate ratio
(level of carbonate substitution in the hydroxyapatite crystal), calculated as the ratio of the
integrated area of the carbonate peak (855-890 cm™1) to the phosphate area. The
crystallinity (related to crystallite size/perfection) was calculated from the intensity ratio of
phosphate subbands at 1030 and 1020 cm™2. The collagen maturity was calculated as the
intensity ratio of amide | subbands at 1660 and 1690 cm™1. Means and standard deviations
for the three to five images in trabecular and cortical bone were calculated and compared.
Heterogeneity of each image was calculated based on the full-width at half maximum of the
pixel distribution.

Bone Mineralization Density Distribution (BMDD)

BMDDs were determined in the trabecular bone compartment of the transiliac biopsies
using quantitative backscattered electron imaging (qBEI). Full details of the technique have
been published (Roschger, et al., 1998; Roschger, et al., 2003). Blocks containing PMMA-
embedded undecalcified iliac bone were prepared for gBEI by grinding and polishing to
obtain plane parallel surfaces. qBEI makes use of the fact that the intensity of electrons
backscattered from a depth of 1.5 microns from the surface-layer of a sectioned bone area is
proportional to the weight concentration of calcium and thus mineral (hydroxyapatite) and
calcium in bone. A digital electron microscope (DSM 962, Zeiss, Oberkochen, Germany)
equipped with a four quadrant semiconductor backscattered electron BE detector was used.
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The BE-signal (gray scale) was calibrated using the “atomic number contrast” between
carbon (C, Z=6) and aluminum (Al, Z=13) as reference materials. Carbon was set to gray
level index 25 and Al to 225, respectively. This allows a scaling also into weight % (wt%)
Ca, whereby, osteoid (Z~6) has 0 wt% Ca and pure hydroxyapatite (Z=14.06) has 39.86 wt
% Ca according to its composition. Thus, one gray level step corresponds to 0.17 wt% Ca
after this calibration. Digital calibrated BE-images with a nominal 50x magnification
(resolution 4 microns/pixel) were acquired, reflecting the spatial distribution of Ca-content.
From these images, gray-level histograms (frequency distributions) were generated
indicating the percentage of mineralized bone area (y axis) corresponding to the number of
pixels with a certain gray level (x axis). The BE-image gray-level distribution can be
interpreted as a wt% Ca bone mineralization density distribution (BMDD) for bone tissue or
as mineralization density distribution for mineralized tissue in general.

Five parameters were deduced from the BMDD curve (Roschger, et al., 2008b): i) Capean:
the weighted mean Ca concentration of the mineralized tissue area obtained from the
integrated area under the BMDD curve; ii) Capegi, the peak position of the histogram, which
indicates the most frequently measured Ca concentration (Ca value with the highest number
of pixels) in the measured bone area; iii) Cayigin, the full width at half of the maximum
distribution of the BMDD histogram curve describing the heterogeneity of mineralization
caused by the co-existence of bone packets of different tissue age and therefore of different
degrees of mineralization; iv) Caj o, the percentage of bone area that is mineralized below
the fifth percentile in the reference range, i.e., below 17.68 wt% Ca (this parameter
corresponds, therefore, also to the portion of bone area undergoing primary mineralization),
and v) Canjgn, the percentage of bone area that is mineralized above the 95th percentile of
the adult reference range (25.30 wt % Ca), and corresponds to the portion of highly
mineralized bone matrix (Roschger, et al., 2008b).

Clinical Descriptions of C-propeptide Cleavage Site Patients

Patient 1 (P1), a 13.5 yr old girl, was the 2950 g product of an uneventful pregnancy to a 39
yr old G5P3 Swedish woman. She was delivered vaginally at full term and had a normal
newborn exam. Her developmental history was normal. At age 3.5 years, she incurred her
first fractures (right tibia and fibula) after mild trauma. In subsequent years, the patient
suffered 2-5 fractures/yr, including 3 upper extremity long bone, 3 olecranon, 4 tibial, 4
fibular and 4 small bone fractures of hands and feet. She has never been treated with an anti-
resorptive drug. Clinical exam at age 12 years revealed white sclerae, normal dentition on
inspection and radiographs, normal joint extensibility, straight spine and normal hearing and
cardio-pulmonary evaluations. Bruising was slightly increased. Her growth and body habitus
were normal, with height age of 161 cm at age 12 years (+1 SD compared to Swedish
reference data), head circumference of 54 cm at 12 years (501 percentile for age) and
normal proportions (span:height ratio= 1.03; upper segment:lower segment ratio = 1.08).

Multiple evaluations of serum Ca, Mg, Vitamin D, phosphate and PTH were normal. L1-L4
DXA (Lunar Prodigy, GE Medical Systems) spine Z-scores at ages 8, 9.5, 11.5 and 12.5
years were +3.4, +2.8, +3.3, and +3.9; radial pQCT (XCT 2000, Stratec Medizintechnik
GmbH, Pforzheim, Germany) at age 11.5 yielded a z-score = +3.1 total vBMD. Family
members, including both parents, have lumbar spine DXA z-scores between +0.1 to +1.5,
ruling out familial high bone mass. Despite Patient 1’s elevated spine and wrist BMD,
radiographic examination did not reveal signs of dense bone (Fig. 2). Long bones, especially
fibulae, were not gracile, as would be common in Ol. Radiographically, bone mass was
diminished, appearing more osteopenic over time. Trabeculation was coarse throughout the
skeleton, with persistence of larger trabeculae and loss of smaller trabeculae. There was a
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loss of modeling in the distal ulna and radius; in the tibia/fibula there was periosteal reactive
change. The lumbar and cervical vertebrae had a “bone-in-bone” appearance, despite no
prior bisphosphonate therapy. The lumbar vertebrae were not expanded in a way that might
artificially increase the BMD z-score. Mineralization of the skull appeared normal, with
only a few wormian bones but without basilar invagination.

Patient 2 (P2), a 14 year old bay, is the offspring of non-consanguineous Caucasian
American parents. He was the 3690 g product, delivered vaginally, of a full term pregnancy
in a 32 year old G2P2 mother. Prenatal ultrasounds showed normal fetal development; post-
natal development was normal. Starting at age 2 years, he sustained 8 long bone fractures in
addition to several small bone fractures. At age 4.5 years, he was referred to a geneticist to
rule out Ol after osteopenia was noted during assessment of a metatarsal fracture. He has
undergone three orthopaedic procedures, the first at age 5 years to stabilize an olecranon
fracture with a pin, the second at age 10 for placement of intramedullary rods in the right
femur, and the third at age 12 for placement of plate and screws on the distal left ulna.

On clinical exam at age 11.5 years, he had normal facies with light grey scleral hue, normal
dentition, and unremarkable audiological and cardiovascular (ECHO/EKG) exams. He
exhibited generalized joint hyperextensibility, with a Beighton score of 4/9 for bilateral
elbows, the left knee and the ability to place the palms of has hands flat on the ground while
bending down at the waist. His spine was straight. There was no bruising. Patient 2 had
above average stature, with length that is 50% for a normal 12.5 year old boy, weight is 50%
for an 11 year old and head circumference that is 50% for a 16 year old. There were no
dysmorphic facial features. Dentinogenesis imperfecta was absent. Mild S-curve scoliosis
has recently developed.

Serum Ca, Mg, Vitamin D, phosphate and PTH were normal. Patient 2 had received 6 cyles
of bisphosphonate between ages 6-8 yr. His L1-L4 DXA (Hologic QDR 4500) z-score at
age 12 years was average (0.00), while L1-L2 volumetric QCT (GE LightSpeed Ultra) z-
score is —1.8. Radiographs of his lower extremity showed evidence of mild osteopenia (Fig.
2) but no evidence of dense bones. Lower limb long bones had dense metaphyseal transverse
lines from cycled bisphosphonate, genu valgum, and tibial bowing. No vertebral
compressions were seen, only mild concavity of lumbar vertebrae. Cervical spine CT
showed no platybasia or basilar invagination.

Identification of C-propeptide Cleavage Site Mutations

The coding regions of the type | collagen genes, COL1A1 and COL1A2, were completely
sequenced. Patient 1 was found to have a heterozygous ¢.3655G>A substitution, causing an
aspartic acid>asparagine change (p.Asp1219Asn) at the C-propeptide cleavage site in
COL1A1 (Figs. 1 and 3A). Her mutation was confirmed by cDNA sequencing. Sequencing
of Patient 2 COL1A1 and COL1A2 genes (The Center for Gene Therapy, Tulane University)
revealed a heterozygous ¢.3355G>A substitution causing an alanine>threonine change
(p.Alal119Thr) at the cleavage site of COL1A2. (Figs. 1 and 3B) We confirmed the
mutation, which eliminated a CviKI-I restriction site, by amplification and digestion of
patient gDNA. The collagen sequence changes were not found in either set of parents.

Mutations near the N-terminus of LDL-receptor related protein 5 (LRP5) cause both a
benign high bone mass phenotype and high bone mass disease (Van Wesenbeeck, et al.,
2003). Accordingly, we sequenced LRP5 exons 2, 3 and 4, where all high bone mass
mutations have been detected, but did not find any defects in our patients.
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Collagen biochemistry is minimally altered

Procollagen

The steady-state fibroblast collagen from both children (Fig. 3C) had minimal
electrophoretic abnormalities. Patient 1 had slightly delayed gel migration in the cell and
media fractions, while Patient 2 collagen chains had normal mobility. Both patients had
slight backstreaking of a1(l) and a2(l) cellular collagen, suggesting only a slight delay in the
folding of the chains. Differential scanning calorimetry confirmed that collagen of both
patients had normal thermal stability (Fig. 3D).

Incorporation of proal(l) and proa2(l) chains into triple helices was measured (Fig. 3E), to
determine whether C-propeptide cleavage site mutations delayed chain incorporation, as
previously demonstrated for mutations in the C-propeptides (Chessler, et al., 1993). Patient
1 had normal chain incorporation, compared to control cells, while Patient 2 had a 20-40
minute delay in chain incorporation, suggesting the cleavage site substitution in proa2(l)
may alter the structure of the chain recognition or alignment regions.

pericellular and in vitro processing is delayed

Processing of the C-propeptide of patient procollagen was examined by pericellular and in
vitro assays (Fig. 4). Patients 1 and 2 both had a substantial delay in pericellular procollagen
processing compared to controls. (Fig. 4A) Patient 1 had a severe processing defect, with
minimal cleavage of either a chain and accumulation of only a small amount of mature
collagen in the media. Although Patient 2 appeared to be able to cleave al1(l) chains, only a
minor amount of mature a2(1) chains was detected. In addition, increased amounts of
uncleaved procollagen and pC-collagens (procollagen with N- but not C- end processed)
were seen in both patients.

Pericellular procollagen processing assays reflect the combined activities of the various
PCPs and their enhancer proteins, PCPE1 and 2. To examine the effect of the mutation on
the activity of BMP1 and PCPEL separately, in vitro quantitative assays were performed in
which the 3H-tryptophan labeled procollagen substrates were incubated with purified BMP1,
with or without addition of PCPE1, and the amount of radioactivity in the released C-
propeptide trimer was measured. The results of these assays revealed that the activity of
BMP1 on Patient 1 and 2 procollagen was about 30% and 46% of control (data not shown),
in good agreement with the 25 and 50% cleavage expected if the amino acid substitutions
interfered with C-propeptide cleavage. Enhancing activity of PCPE1 was about half of
normal toward Patient 1 procollagen, but comparable to control (~ 4 fold) with Patient 2
procollagen. A marked reduction in C- terminal procollagen processing by BMP1 is also
seen on the autoradiogram (Fig. 4B, right), with relatively lower amounts of free C1 and C2
in Patients 1 and 2, respectively, suggesting impaired cleavage of the mutant chains. Once
again, enhancing activity of PCPE1 toward procollagen from Patient 1 but not from Patient
2, appeared to be reduced. Data obtained by densitometry revealed that processing of the
mutant proa chain in both Patient 1 (a1(1)) and Patient 2 (a2(1)) was ~2 fold slower than that
of the respective normal chains, seen with and without addition of PCPE1 (Table 1). This is
also evident from the C1/C2 ratios: ~2:1, 1.5:1 and 4.9:1 for control, Patient 1 and Patient 2
procollagens, respectively (Table 1, Fig. 4B, right).

Incorporation of pC-collagen alters matrix fibrils

In Bmp1~/~ and Bmp1~/~/TI11~/~ mice, which cannot cleave the type I collagen C-
propeptide because the processing enzyme is absent, incorporation of pC-collagen into
fibrils results in a "barbed-wire" like appearance (Pappano, et al., 2003; Suzuki, et al., 1996).
The dermal collagen fibrils of our patients have an irregular border on cross-section,
compared to the smooth cross-sectional borders of fibrils from an age-matched control (Fig.
5). This is especially seen in Patient 2 fibrils, many of which have blebs protruding from the
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surface. Fibril diameters were normal in Patient 1(88.3 £ 7.4), but with significantly
increased variance compared to control (p=0.032). Patient 2 (71.2 + 6.9) fibril diameters
were significantly smaller than control (89.0 = 6.4, p = <0.001) without higher diameter
variability. The longitudinal views of patient collagen fibrils did not have an obvious
"barbed-wire" appearance.

Histomorphometry of patient bone samples

Each patient underwent an iliac crest biopsy after declomycin labeling. The analyses of
static and kinetic parameters revealed distinct patterns in each child, compared with those
found in type | Ol (Glorieux, et al., 2000) and in a reference population of 11-13.9 year old
children (Table 2) (Rauch, et al., 2000).

Unlike type | Ol patients, Patient 1 has normal ratio of bone volume to bone tissue, with
increased trabecular number and reduced trabecular thickness. Osteoid seams, with and
without osteoblasts, appeared several fold thicker than normal or type 1 Ol, covering a
greater portion of the trabecular surface and giving a picture of osteoidosis. (Fig. 6A)
Osteoclast surface and number and eroded surface were increased. Mineral apposition
(MAR) and bone formation (BFR/BS) rates were elevated compared to controls, suggesting
that osteoblasts produced a greater amount of matrix which was incompletely mineralized.

For Patient 2, all structural indices were decreased compared to controls. However, bone
volume/total volume (BV/TV) and trabecular number (Th.N.) were increased compared to
type | Ol, while trabecular thickness (Th.Th.) was normal. The osteoid thickness was within
normal range, and thus markedly thinner than in Patient 1. Interestingly, most of the
trabeculae appeared to be covered by thin osteoid seams without osteoblasts (Fig. 6B). In
occasional areas, active osteoblasts and relatively thick osteoid were found. The osteoblast
surface and eroded surface were normal in Patient 2. However, no active osteoclasts were
seen in the sections. The portion of surface undergoing mineralization (MS/BS) was much
smaller in Patient 2 than in Patient 1 and controls. MAR was elevated resulting in normal
range BFR/BS, and indicating less brisk remodelling than in type I Ol. Neither child had
signs of osteosclerosis.

Increased mineralization of cortical and trabecular bone

To understand the unexpectedly normal or high BMD of our patients, we examined sections
of their iliac crest bone by Fourier transform infrared (FT-IR) imaging. The mineral/ matrix
ratio was significantly increased in both cortical and trabecular bone of Patient 1 and Patient
2, compared not only to two age-matched samples of control bone but also to bone from
patients with classical Ol caused by helical mutations in COL1A2 (p.Gly280Val,
a2()G190V; p.Gly1030Asp, a2(1)G940D)(Fig. 7A). The crystal size and perfection
(crystallinity) of patient mineral was reduced in cortical bone, comparable to the crystallinity
of classical Ol cortical bone samples (Fig. 7B). The matrix phase of patient trabecular bone
had a significant increase in collagen maturity compared to normal or classical Ol bone (Fig.
7C), which may reflect increased proximity of cross-link sites due to altered folding of
incorporated pC-collagen; the increase in maturity was not significant in patient cortical
bone. The carbonate/phosphate ratio, a parameter indicative of carbonate substitution in the
hydroxyapatite crystal, did not differ significantly among all Ol or control samples (Fig.
7D). The heterogeneity of the mineral and crystallinity distribution was increased in the two
patients for mineral/matrix ratio relative to both classic Ol and the controls demonstrating
the wide variation in mineral content across the sample in both cortical and trabecular
regions. The greatest spread in the data was seen in the mineral/matrix ratio and collagen
maturity in Patient 1. This distribution can be seen in the representative images for Patient 1
and classic Ol (Fig. 7A-D).
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Patient BMDDs show increased matrix mineralization

The BMDDs of the patients were measured using quantitative backscattered electron
imaging (qBEI). Both patients exhibited BMDDs with a significant shift towards increased
matrix mineralization compared to a young reference cohort (Fratzl-Zelman, et al., 2009) but
their mineralization patterns were different. For Patient 1, the BMDD peak was remarkably
broadened although the peak was shifted to a lesser extent than for Patient 2 (Fig. 8C).
Patient 1 had matrix areas of both higher (black arrow) and lower mineral content (white
arrows) (Fig. 8A), while Patient 2 had a more uniformly higher mineral content throughout
the bone sample (Fig. 8B).

The patient BMDDs were compared to two classical Ol bone samples and to a previously
published cohort of type | Ol cases (Fratzl-Zelman, et al., 2010) (Fig. 8C and Table 3).
Patient 1 had increased Capean, Capeak, and Cagign, similar to classical Ol bone, in which
increased mineral content compared to normal pediatric bone was previously demonstrated
(Roschger, et al., 2008a; Weber, et al., 2006). However, Patient 1 also had a distinctive
increase in Cayyiqh, reflecting an increase in heterogeneity of mineralization. Patient 2 had a
higher Capjean than all other Ol and control samples, demonstrating uniformly high bone
mineralization. Furthermore, the bone area undergoing primary mineralization (Cay g,) Was
approximately doubled in Patient 1 compared to control and Ol samples, while the portion
of highly mineralized areas (Capjgp) in Patient 2 was increased 50-fold compared to control
and about 3-fold compared to classical Ol bone. These findings have not been noted in other
Ol children before or after bisphosphonate treatment (Weber, et al., 2006).

Discussion

We report here the first studies of patients with collagen mutations causing defective
processing at the type | procollagen C-propeptide cleavage site. The two affected children
have substitutions which block removal of the C-propeptide and cause Ol with a distinctive
high bone mass phenotype. The patients have elevated DXA measurements with respect to
controls and/or other Ol patients, which is caused by increased bone mineralization. FT-IR
and BMDD demonstrate that these patients have elevated mineral/bone matrix, compared to
Ol cases with structural defects in the collagen helix and age-matched controls. The
pamidronate infusions received by Patient 2 had been completed 4 years before our studies
and would not have affected the distinctive bone findings. Specifically, although
bisphosphonate increases the mineral/matrix ratio detected by FT-IR (Gourion-Arsiquaud, et
al., 2010), Patient 2’s normal growth rate in the years since treatment would have replaced
most of the iliac bone (Glorieux, et al., 2000) with his baseline bone composition. In
addition, BMDD results have been shown to be unchanged by bisphosphonate treatment
(Weber, et al., 2006).

Clinically our patients have mild phenotypes with normal growth, white or light grey
sclerae, straight spines and normal dentition, hearing and cardiopulmonary exams. Their
type | collagen has minimal biochemical abnormality. Pericellular processing, however, is
significantly delayed, especially for procollagen with a proal(l) p.Asp1219Asn substitution,
from which only a small amount of mature collagen was detected. The minimal cleavage of
either the proal(l) or proa2(l) chain in Patient 1 was consistent with studies using purified
C-proteinase which showed that both proal(l) chains were cleaved from the heterotrimer
before proa2(l) cleavage occurs (Njieha, et al., 1982). The proa2(l) p.Alal119Thr
substitution allows the majority of al(l) chains to be cleaved, but interferes with proa2(l)
processing. In vitro processing of our patients’ procollagen with purified BMP1 supports the
interpretation that the C-propeptide trimer can be processed normally only if the cleavage
site is intact in all three chains. PCPEL activity depends on its binding to the procollagen C-
propeptide (Kessler, et al., 1996). Although PCPE1 bound normally to Patient 1 procollagen
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(data not shown), its enhancing activity toward cleavage was about half of control. The
marked reduction in pericellular processing of Patient 1 procollagen may reflect the
combined effect of the patient’s mutation on both BMP1 and PCPEL1 activity.

Several other individuals with mutations affecting the C-propeptide cleavage site have been
identified, but their collagen biochemistry and bone mineralization have not been studied
(Fig. 1). High bone mass is a consistent finding in these individuals. At the same Asp
residue in the proal(l) cleavage site (p.Asp1219) at which our Patient 1 has an Asn
substitution, a Glu substitution was associated with “type | OI” in several generations
(Pollitt, et al., 2006). Affected individuals had fractures, normal teeth and normal hearing. A
Thr substitution at the Ala residue in the proal(l) cleavage site (p.Alal218) was reported in
two adult siblings with scoliosis, who had incurred dozens of long bone fractures (Cundy, et
al., 2008). These adults had elevated DXA BMD z-scores, as well as normal stature, white
sclerae, and normal dentition. Unlike our pediatric patients, they have a significant
conductive hearing loss. A defect in the remaining cleavage site residue, proa2(l)
p.Aspl1120, was recently identified in a large Iraqgi pedigree with DXA z-scores elevated up
to +3.5 SD, severe joint laxity and blue sclerae (Li, 2009).

Histomorphometry of our patients’ bone revealed near normal trabecular bone volume,
although their bone appeared osteopenic on radiographs. Trabecular thickness but not
trabecular number was reduced. The bone of Patient 1 had thick osteoid seams, as was also
found with the al(l) p.Alal218Thr substitution (Cundy, et al., 2008), suggesting this finding
may be related to failure to cleave proal(l). The majority of proal(l) C-propeptides are
cleaved in Patient 2, and he had only occasional areas with thick osteoid seams. Neither
child had signs of osteosclerosis as reported for the adults with the proal(l) p.Ala1218
substitution. Accordingly, we propose that osteosclerosis may develop with age, as turnover
of abnormal bone becomes more difficult.

Patients with defects in the C-propeptide cleavage site can be compared to murine defects in
the C-proteinase and its enhancer protein. Homozygous knock-out mutations in procollagen
C-proteinase alone (Bmp1~~ mice) (Suzuki, et al., 1996), or in combination with a null
mutation in Tolloid-like protein 1 (Bmp1 7 /TII17") to eliminate redundant cleavage
activity (Pappano, et al., 2003), are perinatal lethal and result in thin collagen fibrils with a
“barbed-wire” appearance. The barbs were hypothesized to be retained C-propeptide on the
fibril surface, and C-propeptide retention was demonstrated by immunofluorescence
(Steiglitz, et al., 2006). In contrast, fibrils in our patients have a normal longitudinal
appearance, but are abnormal on cross-section. Blebs (Fig. 5) are detected on the surface of
many fibrils, especially in Patient 2. We speculate that more blebs are seen in Patient 2 than
Patient 1 because retained C-propeptide in Patient 1 may be in a configuration that favors
non-specific cleavage. Fibril diameters in Patient 1 are normal, whereas those of Patient 2
are small. The patient fibrils resemble those from mice with null mutations in the
procollagen C-proteinase enhancer (Pcolce ), which have irregular scalloped borders on
cross-section. These mice survive and have massive bones with excess bone deposition and
increased trabecular number, but inferior material properties (Steiglitz, et al., 2006) which
the authors hypothesized might be due to abnormal interactions of collagen matrix and
mineral. The greater severity of Pcolce ”~bone and fibril findings compared to our patients
is likely to be related to diminished cleavage of multiple fibrillar procollagens in the absence
of the enhancer protein, including types I, 11, 11l and V procollagen (Moali, et al., 2005;
Steiglitz, et al., 2006), versus partial failure to cleave type I procollagen in our patients.

Retention of the type | procollagen C-propeptide in our two patients has the distinctive
effect of increasing bone mineralization, although with a different distribution in each child.
While Patient 1 shows a broadened BMDD peak, indicating increased heterogeneity of
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mineralization and bone packets of different ages, Patient 2’s narrow peak indicates more
homogenous mineralization. Patient 2’s peak is shifted to an even higher average
mineralization than found in children with classical Ol. Both bone remodeling and
mineralization kinetics of newly deposited bone are reflected in BMDD. Therefore, the
distinct broadening of the BMDD peak in Patient 1 suggests a high number of active sites
for new bone formation, resulting in incompletely mineralized matrix, as seen in the BEI
images and consistent with the thick osteoid seams on trabecular surfaces, and the elevated
BFR/BS and MAR found on histomorphometry. Patient 2 has a lower number of active bone
formation sites than Patient 1. However, the thin osteoid seams covering 80% of trabecular
surfaces, the marked increase in MAR and reduced resorptive activity suggest that his
osteoblasts synthesize larger amounts of matrix than do control or classical Ol children and
that the bone packets have time for secondary mineralization.

Furthermore, since the bone matrix in both children can be mineralized more highly than in
controls, their mineralization process is profoundly altered. Given the location of the C-
terminal end of type | collagen on the surface of the heterotypic collagen fibril (Orgel, et al.,
2006; Orgel, et al., 2000; Perumal, et al., 2008), we hypothesize that their C-propeptides are
retained on the fibril surface long enough to affect the mineralization process. They may do
this by increasing the intra-fibrillar spacing, or by directly serving as nucleators of
mineralization. Both the excess mineral per se and the discontinuities in the bone material
may increase bone fragility.
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Figure 1.

Schematic diagram showing mutations identified at the four conserved C-propeptide
cleavage site residues of COL1A1 and COL1A2. &(Cundy, et al., 2008), (Pollitt, et al.,
2006), (Li, 2009)
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Figure 2.

Patient radiographs show a generalized decrease in bone mass. The skull radiograph of
Patient 1 shows few wormian bones, while her vertebral bodies have os en os without
compressions. Patient 2 also has os en os vertebral bodies, perhaps a reflection of prior
bisphosphonate therapy, but without compressions. The lower extremities show genu
valgum, gracile midshafts of the femora, dense traverse lines from cycled bisphosphonate
therapy, tibial bowing and a healed left fibular fracture. His thorax is long and narrow.

Hum Mutat. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lindahl et al.

Page 17

Figure 3.

Sequence and biochemistry of type | collagen. (A) Sequence tracings of Patient 1 cDNA and
gDNA show the heterozygous G>A change in the a1(l) cleavage site. (B) The sequence
tracing of Patient 2 cDNA shows the heterozygous G>A mutation in the a2(I) C-propeptide
cleavage site (left) and a CviKI-I restriction enzyme digest of Patient 2 gDNA confirms the
presence of the mutation (right). (C) The steady-state type | collagen protein from Patient 1
and Patient 2 dermal fibroblasts has slight backstreaking of the a1(1) and a2(l) chains in the
cell fraction. (D) Differential scanning calorimetry reveals that the secreted procollagen of
both patients has normal thermal stability. (E) A chain incorporation assay demonstrates that
Patient 1 procollagen was incorporated normally into heterotrimers, while the incorporation
of Patient 2 procollagen was only slightly delayed.
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Figure 4.

Procollagen with a cleavage site mutation has delayed C-propeptide processing. (A)

Page 18

Pericellular processing of type I collagen from Patient 1 shows delayed processing kinetics,
increased pro-al1(l) and pCal(l) and much less mature collagen formation than control.
Patient 2 has slightly delayed processing kinetics, increased pro-al1(l), pCal(l), and slightly

increased pro-a2(1) and pCa2(I) forms with less mature a2(I) collagen formed than in

control fibroblasts. (B) Autoradiograms show that processing of the mutated pro-o chains

from Patient 1 and Patient 2 by BMP1 is markedly reduced (left panel). The enhancing

activity of PCPEL is reduced only toward Patient 1 procollagen. Processing of the mutant
proa chain (pro-a1(l) in Patient 1 and pro-a2(l) in Patient 2) appears to be preferentially
affected, as evident in the right panel, showing the C-propeptide subunit bands, C1 and C2.
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Figure 5.

Fibrils with a cleavage site mutation have irregular cross-sections and normal or decreased
diameter. Dermal collagen fibrils from skin punch biopsies were examined by transmission
electron microscopy. The fibril diameter was measured (n = 200) and compared with an age-
appropriate control. Both Patient 1 and Patient 2 have irregular cross-sections with some
blebs, while Patient 1 fibrils were normal in diameter and Patient 2 fibrils were decreased in
size. Longitudinal cross-sections were normal with no appearance of branching or barbs.
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Figure 6

. Patients have abnormal osteoid formation. Light microscopic analysis of transiliac bone
sections. Goldner’s trichrome staining represents mineralized bone matrix in green and
osteoid in purple. (A) Patient 1 has thick osteoid seams in purple (asterix) on the mineralized
bone surface (bar represents 50 um). (B) Patient 2 has generally thin osteoid, covering the
mineralized (green) trabecular surface (bar represents 100 um). (C) Patient 2: a focal area at
higher magnification showing a thicker osteoid (asterix) with active osteoblasts (arrows)
(bar represents 50 um).

Hum Mutat. Author manuscript; available in PMC 2012 June 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Lindahl et al.

A Mineral/Matrix B

Or NWAGMON®

Cortical

Crystailinity

Trabecular

o N W A GO oo

Cortical

Trabecular

C cColiagen Maturity/Crosslinks D

0.01

0.008

0.006

0.004

0.002

Page 21

Carbonate/Phosphate

wP1
P2

m Control
Classical Ol

P1

0
£y
10
.
gm
Sx
£ 23
0|
39|
[]

Ol

L

i W 2 W 0w o aw
mEDmeteE G mErmeEE micpmete s

Figure 7.

Composition of iliac crest bone from patients with the C-propeptide cleavage site mutation,
classical Ol, and age-matched controls as determined by Fourier-Transform Infrared
Imaging (FT-IR) Spectroscopy. The four parameters listed in the top row were measured for
all cases and mean +/— SD for 3 areas of cortical and 3 areas of trabecular bone are shown,
with * representing significant differences relative to the bracketed group, p<0.05 based on a
t-test. Typical images from P1 and from a classic Ol case are shown for each parameter. (A)
Both C-propeptide mutation patients had an elevated mineral to matrix ratio in cortical and
trabecular bone, compared to both two normal control and two classical Ol samples. The
mineral to matrix ratio as determined by FT-IR is directly related to the mineral content of
the tissue. (B) Cortical crystallinity, a parameter related to the crystal size and perfection in
the c-axis direction of the apatite crystals, was significantly decreased in the patients relative
to controls and comparable to classic Ol samples. (C) Cleavage site patients had an increase
of trabecular collagen cross-links and a trend toward increased cortical cross-links. The
collagen cross-link ratio is an indication of the maturity of the collagen, and does not
provide information on the nature of the cross-links. (D) Carbonate to phosphate ratio
(mineral composition), which indicates the extent of carbonate substitution in the apatites,
did not vary significantly among samples.
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Figure 8.

Mineral content and organization of patient bone is altered. (A) Backscattered electron
imaging (BEI) of Patient 1 bone samples demonstrates abnormal structure of mineralized
bone matrix, both areas of higher (black arrow) and lower (white arrows) mineral content
(see insets). (B) BEI of Patient 2 bone samples reveal a more homogenous and higher
mineralized bone matrix. Black arrow (see inset) indicates an interstitial bone area of
extremely high mineral content. (C) Bone mineralization density distribution (BMDD)
demonstrates that for both patients BMDD is shifted towards higher mineral content
compared to 54 normal pediatric bone samples from Young’s reference. While Patient 1
shows a strong broadening of the BMDD peak width, Patient 2 shows a narrow peak width
and the BMDD peak position shows a distinctly higher mineralization than even that of
classical Ol. The single control sample and the two classical Ol samples showed similar
results compared to the previously published controls (Fratzl-Zelman et al., 2009) and
classical Ol sample data (Roschger, et al., 2008a; Roschger, et al., 2008b; Weber, et al.,
2006). Scale bar: overview - 1 mm; insets - 100 pm.
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Table 1
Procollagen Processing
Control P1 P2
(% Processed)
BMP1 alone
Proal 144+14 13.3+0.3 11.7+15
Proa2 178+1.0 285+21 45%0.7
Proa2/Proal 1.24 2.2 0.4
BMP1+PCPE1
Proal 55.0+7.0 31.0+1.0 53.7+4.0
Proa2 60.0+2.8 68.0+14 29412
Proa2/Proal 11 2.2 0.55
PCPEL1 Fold Enhancement
Proal 38+0.1 21+03 45%0.7
Proa2 34+03 1.8+0.1 53+£04
CL/C2 ratio” 1.9 15 4.9

Values represent mean + SD (n=2-3)

*
based on results obtained in the presence of PCPE1 shown in the right panel of Fig. 4B.
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