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Post-translationally Abnormal Collagens of Prolyl
3-Hydroxylase-2 Null Mice Offer a Pathobiological Mechanism
for the High Myopia Linked to Human LEPREL 1 Mutations™
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(Bacl(ground: Mutations in LEPRELI, the gene encoding prolyl 3-hydroxylase-2 (P3H2), cause severe nonsyndromic
Results: Collagens I and IV from P3h2-null mouse eye tissues were significantly reduced in 3-hydroxylation compared with

Conclusion: Loss of P3h2 causes altered collagen prolyl 3-hydroxylation from multiple tissues.
Significance: Improved understanding of molecular mechanisms of myopia could aid in early diagnosis and treatment of
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Myopia, the leading cause of visual impairment worldwide,
results from an increase in the axial length of the eyeball. Muta-
tions in LEPRELI, the gene encoding prolyl 3-hydroxylase-2
(P3H2), have recently been identified in individuals with reces-
sively inherited nonsyndromic severe myopia. P3H2 is a mem-
ber of a family of genes that includes three isoenzymes of prolyl
3-hydroxylase (P3H), P3H1, P3H2, and P3H3. Fundamentally, it
is understood that P3H1 is responsible for converting proline to
3-hydroxyproline. This limited additional knowledge also suggests
that each isoenzyme has evolved different collagen sequence-pre-
ferred substrate specificities. In this study, differences in prolyl
3-hydroxylation were screened in eye tissues from P3h2-null
(P3h2™™) and wild-type mice to seek tissue-specific effects due the
lack of P3H2 activity on post-translational collagen chemistry that
could explain myopia. The mice were viable and had no gross mus-
culoskeletal phenotypes. Tissues from sclera and cornea (type I col-
lagen) and lens capsule (type IV collagen) were dissected from
mouse eyes, and multiple sites of prolyl 3-hydroxylation were iden-
tified by mass spectrometry. The level of prolyl 3-hydroxylation at
multiple substrate sites from type I collagen chains was high in
sclera, similar to tendon. Almost every known site of prolyl 3-hy-
droxylation in types I and IV collagen from P3/42"* mouse eye tis-
sues was significantly under-hydroxylated compared with their
wild-type littermates. We conclude that altered collagen prolyl
3-hydroxylation is caused by loss of P3H2. We hypothesize that this
leads to structural abnormalities in multiple eye tissues, but partic-
ularly sclera, causing progressive myopia.
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Collagen post-translational modifications are essential to
animal life. Most have evolved to impart a structural stability to
the collagen triple helix and subsequent higher order assem-
blies. Indeed, one in four amino acids in mammalian fibrillar
collagen a-chains are prolyl residues, about 40% of which are
4-hydroxylated. This modification has been shown to add
structural stability to the collagen triple helix through hydrogen
bonding (1). Although 3-hydroxyproline (3Hyp)* was discov-
ered in collagens more than a half-century ago (2), no clear
function is yet known for this unique modification (3). Prolyl
3-hydroxylation is a quantitatively minor yet highly conserved
collagen post-translational modification found throughout the
animal kingdom (4, 5). Only 1 or 2 3Hyp residues occur per
a-chain in collagen types I and II of most tissues, compared
with 3—6 residues per a-chain of collagen types V and XI (5)
and over 10 residues per a-chain of collagen type IV in base-
ment membranes (6, 7). In type I collagen, the one primary
3Hyp residue is formed by an enzyme complex composed of
prolyl 3-hydroxylase-1 (P3H1), cartilage-associated protein,
and peptidyl prolyl isomerase B. Gene mutations that disrupt
expression of any protein in this complex can cause recessive
osteogenesis imperfecta (8 —13). The roles of cartilage-associ-
ated protein and P3H1 in collagen homeostasis and osteogen-
esis imperfecta pathology have been thoroughly investigated
over the last decade (14). However, P3H1 is one of a family of
genes that includes three isoenzymes, P3H1 (LEPREI), P3H2
(LEPRELI), and P3H3 (LEPREL2) (15). It is believed these
isoenzymes have evolved differences in their preferred collagen
substrate and tissue specificities (16). Indeed, P3H2 mutations
have recently been associated with autosomally recessive non-
syndromic severe myopia in humans (17, 18). The first study
described individuals with a homozygous mutation of a highly
conserved residue (p.Gly508Val) in LEPRELI (18). A second

2 The abbreviations used are: 3Hyp, 35,25-L-hydroxyproline; P3H, prolyl 3-hy-
droxylase; 4Hyp, 4R,25-L.-hydroxyproline; EUCOMM, European conditional
mouse mutagenesis.
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study identified individuals with a homozygous loss-of-func-
tion mutation in LEPREL I resulting in a premature termination
codon after the fourth translated amino acid of P3H2 (17).
These data suggest that loss of function of P3H2 in humans
produces a highly selective and tissue-specific phenotype.

Myopia, a condition believed to result from an increase in the
axial diameter of the eye, is the leading cause of visual impair-
ment worldwide (19). High myopia is quantitatively defined as
having an optical power of = —6 diopters and an eye diameter
of =26 mm (20). The cause of increased eye length is not fully
understood but is believed to be associated with altered tissue
properties in the eye. Indeed, the mechanical properties of
scleral tissue were shown to be significantly altered in a myopic
animal model (21). Sclera is a unique structural tissue that can
regulate physiological eye distortions that occur during eye
movement and intraocular pressure changes (22). In a myopic
animal model, the scleral walls were observed to thin and
weaken, which resulted in the inability to accommodate normal
intraocular pressure fluctuations (23).

Several syndromic forms of high myopia exist, including
Stickler syndrome, Marshall syndrome, and Weissenbacher-
Zweymuller syndrome, which also present clinically with other
connective tissue disorders and deafness. These conditions are
all caused by mutations in Col2A1 and/or Coll11Al. Interest-
ingly, until quite recently very few cases of severe nonsyn-
dromic myopias have been identified (24—27), and any patho-
biological understanding behind the observed phenotypes is
still unclear.

A recent report by Pokidysheva et al. (28) suggested that loss
of P3h2 in mice may be associated with embryonic lethality. In
this study, a new line of P3h2-null (P342"") mice was generated
to address the apparent divergent observations between the
Pokidysheva mouse model and the reported human cases of
LEPRELI-associated high myopia (17, 18). The biochemical
phenotype of the P342"" mice from this study was character-
ized as a model to help study potential pathomechanisms lead-
ing to human high myopia. The P342""* mice were viable and
morphologically indistinguishable from wild-type littermates.
Collagens were solubilized from the lens capsule, sclera, cornea,
and vitreous and screened for prolyl 3-hydroxylation abnor-
malities. We hypothesize that loss of P3h2 results in altered
collagen prolyl 3-hydroxylation, which cause structural abnor-
malities in eye tissues that drive early onset and progressive
myopia.

MATERIALS AND METHODS

Production of Knock-out Mice—Embryonic stem cells were
obtained from the European conditional mouse mutagenesis
(EUCOMM) resource and injected in-house to generate the
knock-out allele mice (P342"/"). Briefly, a floxed allele mouse
(P3h2°") was generated by removing a lacZ expression cas-
sette, using Rosa26-Flipase mice (Fig. 14). The null allele mouse
(P3h2™") was also generated by removing exon 3 using the
CMV-Cre mouse line. Mice were maintained on a C57/BL6]J
background and were housed at the Baylor College of Medicine
vivarium.

Genotyping was performed using primers flanking exon 3 for
the wild-type allele (5'-CTTTTGACTCCCTCTCCCC-3’) and
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(5'"-GCTTTACCTGCGATTGCCTC-3'). The mutant allele
was identified by primers in the Bactin/neo cassette (5'-GCA-
CAGAGCCTCGCCTTTG-3') and (5'-TCATTCAGGGCAC-
CGGACAG-3’) as well as primers specific for the last loxP site
(5"-CGATACCACGATATCAACAAG-3') and (5'-CCTG-
GGCAACTTAGTGGAG-3').

Western Blot—Whole mouse kidneys were homogenized in
RIPA buffer containing inhibitors (complete inhibitor with
PMSEF, Roche Applied Science). The supernatant was collected,
and protein concentration was measured using a Bio-Rad Brad-
ford assay kit. Total protein was resolved on a 4—15% gradient
gel (Bio-Rad) and transblotted to a PVDF membrane. Mem-
branes were blocked in 5% BSA, probed with Leprell polyclonal
antibody (1:500 dilution, ProteinTech), and detected with an
HRP-conjugated secondary antibody (1:5000, anti-rabbit).
Blots were developed using SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Scientific) and exposed on autora-
diography film.

Expression Analysis—The EUCOMM allele contains a splice
acceptor with a B-galactosidase cassette (Fig. 1A4), allowing for
expression characterization of P3h2 by (3-galactosidase stain-
ing. Homozygous mice and their wild-type littermates were
collected after timed mating at PO. Samples were then fixed for
2 h in 4.0% paraformaldehyde. For whole-mount studies, the
samples were then rinsed in PBS and stained in X-Gal buffer for
24 h (2 mm MgCl,, 5 mMm potassium ferrocyanide, 5 mm potas-
sium ferricyanide, 1 mg/ml X-Gal in 1X PBS). Samples were
washed in PBS, fixed in formalin, rinsed, and then stored and
imaged in 50% glycerol/PBS. For sectioned samples, fixed sam-
ples were rinsed in PBS, soaked in 30% sucrose overnight, and
then embedded in OCT media. Frozen sections were collected
at 12 um thickness and stored at —80 °C. Slides were then fixed
in 0.2% glutaraldehyde at room temperature for 10 min. Sam-
ples were washed three times for 5 min at room temperature in
2 mm MgCl,, 0.01% sodium deoxycholate, 0.02% Nonidet P-40,
and PBS. Slides were stained overnight at 37 °C in staining solu-
tion (above) in the dark. Slides were rinsed with PBS and then
with water, and counterstained with Nuclear Fast Red for 2
min. They were washed three times in water, dehydrated in
ethanol, cleared in xylenes, and then mounted. Slides were
imaged using a Zeiss Axioplan 2 microscope.

Collagen Extraction and Separation—Bovine tissues were
purchased from Sierra for Medical Science (Whittier, CA).
Bovine (18 months) and mouse (9 months) eye tissues were
isolated using a dissecting microscope. Mouse eyes were pre-
pared using a dissecting microscope. Cornea (transparent ante-
rior region) and sclera (opaque posterior region) were easily
distinguished using this approach. Vitreous (transparent inner
gel) was collected upon the initial excision in the eye. The lens
capsule collagen was directly isolated from the crystalline lens
by pepsin digestion of the whole lens. Type I collagen was sol-
ubilized from tendon, sclera, and cornea by heat denaturation
for 5 min at 100 °C in Laemmli buffer (SDS extraction), 3%
acetic acid at 4 °C for 24 h, or cyanogen bromide digestion in
70% formic acid at room temperature for 24 h (5). Type II (vit-
reous) and type IV (lens capsule) collagen a-chains were solu-
bilized by pepsin digestion or cyanogen bromide digestion as
described previously (7). Collagen a-chains were resolved by
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SDS-PAGE and stained with Coomassie Blue R-250 (Sigma).
Bovine sclera and cornea were isolated and collagenase-di-
gested as described previously (29). Total collagenase digests
were resolved into peptide fractions on a C8 column by reverse-
phase HPLC and monitored at 220 nm.

Mass Spectrometry—Mass spectrometric analysis of 3Hyp
content within collagen a-chains was performed as described
previously (5, 30). Collagen a-chains were cut from SDS-poly-
acrylamide gels and subjected to in-gel trypsin digestion. Elec-
trospray mass spectrometry was carried out on the tryptic pep-
tides using an LTQ XL linear quadrupole ion-trap mass
spectrometer equipped with in-line Accela 1250 liquid chro-
matography and automated sample injection (ThermoFisher
Scientific). Proteome Discoverer software (ThermoFisher Sci-
entific) was used for peptide identification. Tryptic peptides
were also identified manually by calculating the possible
MS/MS ions and matching these to the actual MS/MS spec-
trum using Thermo Xcalibur software. Hydroxyl differences
were determined manually by averaging the full scan MS over
several minutes to include all the post-translational variations
of a given peptide. Protein sequences used for MS analysis were
obtained from the Ensembl genome database. Mass spectral
quantitation of 3Hyp residues was based on 16-Da mass
increases at known sites of prolyl 3-hydroxylation at the Xaa
position of Gly-Xaa-4Hyp sequences previously confirmed by
Edman degradation (5, 28, 30, 31).

RESULTS

Phenotypic Characterization of P3h2"" Mouse—Recent
descriptions of two families presenting with recessively inher-
ited nonsyndromic high myopia caused by LEPRELI gene
mutations (17, 18) prompted us to examine post-translational
variations in eye tissues from the P342"" mouse. The P3h2""
mice were viable and indistinguishable from their wild-type
littermates by gross physical appearance at birth (Fig. 1B).
Micro-computed tomography analysis showed similar skeletal
phenotypes for the P342"" and control littermates (data not
shown).

Expression Analysis of P3H2—The B-gal cassette in the
knock-out mouse construct serves to replace the Leprell tran-
script with B-galactosidase in a targeted manner (Fig. 1A).
Therefore, in the knock-out mice positive B-galactosidase
staining will identify those tissues that normally express P3h2.
Staining for B-galactosidase activity was performed in both
whole-mount and sectioned kidney samples at PO from knock-
out mice using wild-type littermates that lack the B-galactosi-
dase cassette as controls. In whole-mount animals, 3-galactosi-
dase staining for P3h2 was found in prehypertrophic regions of
long bone throughout the whole animal (Fig. 1B). In kidney
sections, P3h2 expression was localized to the glomeruli as
determined by 3-galactosidase staining (Fig. 1C). Immunoblot
analysis using a polyclonal Leprell antibody against total renal
protein extracts showed the absence of protein expression in
the P3h2"" mice (Fig. 1D). The expression pattern of P3h2
generated from this approach correlated with multiple previ-
ously reported expression analysis studies (15, 32, 33).

P3h2-positive B-galactosidase staining was localized to the
cornea and sclera of 2-month-old mice (Fig. 24). At higher
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FIGURE 1. Generation and expression analysis of P3h2-null (P3h2"")
mice. A, knock-out first allele mice (—, P3h2"/~) were generated using embry-
onic stem cells obtained from EUCOMM. Conditional wild-type mice (c,
P3h29") were generated by removing the lacZ expression cassette, using
Rosa26-Flipase. Null mice (n, P3h2"*) were generated by removing exon 3
using CMV-Cre. Mice were maintained on a C57/BL6J background. P3h2
expression was found throughout multiple tissues of the whole-mount
mouse (B) but was localized to the glomeruli of kidney sections (C) as deter-
mined by B-galactosidase staining. D, immunoblot analysis using a poly-
clonal P3h2 antibody against total protein extracts from whole kidneys of
wild-type (WT) and P3h2~/~ (KO) mice supported the knock-out of protein
expression in the P3h2™" mice.
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magnification (X40), the B-galactosidase staining was observed
to be specific to the outer basement membrane-lined epithelial
layer of the cornea (Fig. 2B). No P3h2 expression was evident in
the corneal stroma, which is primarily extracellular matrix-rich
in types I and V collagens (Fig. 2B). At the posterior region of
the eye, a weak staining signal appeared to be specific to the
sclera, which also has primarily a type I collagen-based matrix
(Fig. 2C).

Prolyl 3-Hydroxylation in Sclera—Sclera, lens capsule, and
vitreous collagens were selected as collagen sources to analyze
for potential P3h2 sites. Type I collagen was extracted from
mouse scleral tissue by SDS extraction or pepsin extraction and
digested in-gel with trypsin. Mass spectral analysis of peptides
containing the wild-type mouse scleral «1(I)Pro-986 and
a2(I)Pro-707 sites revealed prolyl 3-hydroxylation levels simi-
lar to those from mouse tail tendon (Table 1) (34). It has been
previously shown, using genetically engineered P3h1-null mice,
that both these hydroxylation sites are P3h1 substrates (34, 35).
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Indeed, the Pro-986 site was fully 3-hydroxylated in both wild-
type and P3h2"" mouse sclera (Fig. 3A). Hydroxylation of the
a2(I)Pro-707 site dropped from 70 to 20% in the null mouse
compared with wild type, suggesting that this site is a substrate
for both P3h1 and P3h2 (Fig. 3B).

Interestingly, wild-type mouse sclera exhibited moderate
levels of 3-hydroxylation at al(I)Pro-707 (Fig. 44), a tissue-
specific prolyl 3-hydroxylation site that had previously been
shown to be significantly hydroxylated only in type I collagen of
tendon and bone but not skin (34, 36). Neither sclera nor ten-
don contained detectable levels of prolyl 3-hydroxylation at this
site in P3h2" mice (Fig. 4B). Type I collagen also has additional
tendon-specific prolyl 3-hydroxylation sites in the C-termi-
nal (GPP),, sequence of the triple helix (30, 31). From the

\_f’{:_,y*f;‘f?- -

X I
mexmits Ao 40X A
FIGURE 2. P3h2 expression in the mouse eye. A, 3-galactosidase staining
revealed P3h2 expression in the cornea (B) and sclera (C) of mouse eye sec-
tions. B, at the anterior of the eye, staining was localized to the corneal epi-
thelium (CE) with no P3h2 expression observed in the corneal stroma (CS). C,
at the posterior of the eye, staining was localized exclusively to the sclera (S).
The red inset box displays a digitally magnified image of sclera. The black
arrows indicate positive staining in sclera. The following abbreviations were
used: Ch, choroid; PE, pigment epithelium; and RL, receptor layer.

e

TABLE 1

present findings it is clear that as in tendon, scleral type I
collagen from wild-type mice exhibits this characteristic
“hydroxylation ladder” (Fig. 5A4). Prolyl 3-hydroxylation lev-
els were similar in the (GPP),, site of tendon (70%) and sclera
(65%) from the wild-type mouse (Fig. 54 and Table 1). The
hydroxylation ladder was absent in collagens isolated from
P3h2"" mouse tissues (Fig. 5B), supporting previous cell cul-
ture knockdown assays that suggested the (GPP),, motif was
a P3H2 substrate (16).

Prolyl 3-Hydroxylation in Vitreous—The collagen of vitreous
is a post-translational variant of type Il collagen that has unusu-
ally high levels of prolyl 3-hydroxylation (5). Wild-type mouse
vitreous type II collagen was found to have similarly high levels
of 3Hyp at Pro-944 as shown previously in bovine vitreous (70%
occupancy, data not shown). We tried but were unable to iso-
late sufficient type II collagen from P342"™” mouse vitreous for
analysis. It is unclear at this point whether this was due to a lack
of collagen deposition in the vitreal matrix.

Prolyl 3-Hydroxylation in Lens Capsule—Although it is well
established that type IV collagen contains more prolyl 3-hy-
droxylation sites than any other collagen types (~10 3Hyp per
a-chain), it remains to be unequivocally determined which
isoenzyme(s) are responsible. In vitro analysis with synthetic
substrates using recombinant P3Hs has supported a role for
P3H2 in collagen IV prolyl 3-hydroxylation (33). Collagen IV is
found in many tissues in the eye, including lens capsule, epider-
mal and endodermal membranes of the cornea, and the inner
limiting membrane and Bruch’s membrane of the retina. Here,
by using mass spectrometry, we identified peptides from two
sites of prolyl 3-hydroxylation in type IV collagen from wild-
type mouse lens capsule (Pro-602 from a1(IV) (Fig. 6, A and
B) and Pro-197 from «2(IV) (mass spectral data not shown).
Prolyl 3-hydroxylation was completely missing from the
same peptides isolated from P3kh2"” mouse lens capsule
(Fig. 6, Cand D). These 3Hyp sites were initially identified in
type IV collagen isolated from wild-type mouse kidney and,
consistent with lens capsule, were also unhydroxylated in the
al(IV) and a2(IV) chains of P34#2"" mouse kidney (data not
shown).

Prolyl 3-Hydroxylation in Cornea—Potentially equally sig-
nificant to the unique post-translational similarities between
sclera and tendon type I collagens was a marked difference
between type I collagens from sclera and cornea from
18-month-old steer (bovine) eyes. Bovine type I collagen from

Summary of 3Hyp occupancy in collagens from bovine and mouse tissues

Percentage of 3Hyp at each major substrate site in type I collagen in tendon (T), sclera (S), and cornea (C); type Il collagen in vitreous (V), and type IV collagen in lens capsule
(LC) and kidney (K). The percentages were determined based on the ratio the m/z peaks of each post-translational variant as described previously (31). No notable
differences were observed in type I collagen 3Hyp occupancy between mouse sclera and cornea (cornea not shown).

ai(l) 986 a1(l) 707 a2(l) 707 a1(l) (GPP), al(ll) 944 | a1(IV) 602 | a2(1V) 197
Mouse S T S T S S T \Y LC LC
Wild-type 99% 95% 45% 65% 70% 80% 65% 70% 40% 55% 40%
P3h2"" 99% | 95% 0% 0% 20% | 10% 0% 0% n/a 0% 0%
Bovine S c S c S S c Y K K
99% | 99% | 50% | 25% | 85% | 80% | 55% 0% 85% 100% 50%
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FIGURE 3. P3h1 substrate sites in type | collagen from mouse eye scleral tissue. LC-MS profiles of in-gel trypsin digests of the type | collagen a-chains from
wild-type and P3h2™" mouse sclera. A, MS profile of the a1-chain from the P3h2™" mouse confirms no effect on Pro-986 3-hydroxylation (782.5>%). B, MS
spectrum from the a2-chain shows significant reduction of 3-hydroxylation at Pro-707 (895.0>*) in the P3h2™" mouse. A similar phenomenon was observed in
type | collagen from cornea and tendon (data not shown). The trypsin-digested peptide is shown with P* indicating 3Hyp and P* indicating 4Hyp.

. #x * %
A Wild-type a1(1)707 VGPPGPSGNAGPPGPPGPVGK
Tendon 3Hyp, Sclera Pro
100 929.72+ 100 921.72+
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FIGURE 4. Pro-707 site in a1(1) is a tissue-specific substrate unique to P3h2. LC-MS profiles of in-gel trypsin digests of the collagen a1(l) chain from tendon
and sclera of wild-type and P3h2™" mice. A, wild-type mouse tendon and sclera show 65 and 45% 3-hydroxylation at Pro-707 (929.0° "), respectively; B, P3h2™"
mouse tendon and sclera show an almost complete loss of prolyl 3-hydroxylation at Pro-707 (922.02*). The trypsin digested peptide is shown with P* indicating

3Hyp and P* indicating 4Hyp.

cornea and sclera differed in prolyl 3-hydroxylation of their
C-terminal (GPP),, sequences (Fig. 7). Bovine scleral type I col-
lagen gives the same characteristic C-terminal (GPP),, hydroxy-
lation ladder as bovine tendon type I collagen (Fig. 7B) (30, 31),
whereas type I collagen from bovine cornea has no C-terminal
(GPP),, 3Hyp (Fig. 7A). This finding is consistent with the lack
of P3h2 expression by mouse corneal stroma (Fig. 2B). In con-
trast, the level of wild-type mouse corneal type I collagen prolyl
3-hydroxylation was indistinguishable from that of wild-type
mouse sclera (data not shown). Accordingly, these known P3h2
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substrate sites completely lacked 3Hyp in P342"" mouse cor-
neal type I collagen (data not shown).

Another striking post-translational difference was observed
between cornea and sclera in type I collagen cross-linking. The
helical cross-linking site (Lys-87) in bovine cornea al(I) and
a2(I) was found to be completely hydroxylated and glycosylated
as either glucosyl-galactosyl-hydroxylysine or galactosyl-hy-
droxylysine, whereas the same site from bovine sclera was
found to be fully hydroxylated but not glycosylated (Fig. 8). This
difference between cornea and sclera is also seen between skin
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FIGURE 5. Post-translational similarities between sclera and tendon at the C-terminal (GPP),, motif from type | collagen. LC-MS profiles of in-gel trypsin
digests of the collagen «1(l) chain from tendon and sclera of wild-type and P3h2™" mice. A, MS profiles from mouse tendon and sclera reveal a similar
hydroxylation ladder. B, complete loss of prolyl 3-hydroxylation is observed in the a1(I) - digested peptide is shown with P* indicating 3Hyp, P*indicating 4Hyp,
and K* indicating Hyl at the C terminus where trypsin cleaves in the C-telopeptide.

and tendon, respectively. Both sclera and cornea collagens are
known to be exclusively cross-linked by the lysine aldehyde
pathway. Neither tissue contains detectable levels of pyridino-
line cross-links (37), so it is noteworthy that in addition to a
distinctive prolyl 3-hydroxylation profile, sclera and tendon
also share a distinctive lack of glycosylation of the Lys-87 cross-
linking site for the a1(I) C-telopeptide® (38).

DISCUSSION

P3h2"" mice and their wild-type littermates were indistin-
guishable by outward physical appearance. Furthermore, no
discernible bone phenotype was observed in the null mice at
birth or during later growth to 12 months by micro-computed
tomography analysis. The lack of an obvious skeletal phenotype
in these mice is consistent with the nonsyndromic high myopia
caused by human LEPRELI mutations (17, 18). Eye tissue col-
lagens from P3h2"" and wild-type mice were screened for
known sites of prolyl 3-hydroxylation using tandem mass spec-
trometry. Previously identified novel sites of 3Hyp at Pro-707
and in the C-terminal (GPP),, of the type I collagen molecule,
both peculiar to tendon type I collagen, were also found to be
hydroxylated in normal scleral type I collagen. From P342""
mice, these sites in al(I) and «2(I) chains from tendon and
scleral tissue had no 3Hyp. Isolated type IV collagen from lens
capsule also showed missing 3Hyp in P342"" compared with
wild-type lens capsule collagen IV.

In a recent report, P3h2-null mice were created in which the
neomycin selection cassette was retained (28). Embryos died by
day 8.5, which was caused by abnormal maternal blood clotting.
The mechanism proposed was clotting triggered by glycopro-
tein VI binding to 3Hyp-deficient type IV collagen of the
embryos. The present P342"" mice and an additional P3/2~"~
hypomorphic strain* showed no such pathological clotting dur-
ing embryogenesis or in postnatal mice. One plausible explana-
tion for the more severe phenotype reported by Pokidysheva et
al. (28) is the differences in the two targeting constructs.
Although there is no doubt it generates a loss of P3h2 as in our
mice, it may also have long distance transcriptional inhibitory
effects or a bystander gene effect due to the strong promoter
inserted by the neomycin selection cassette. This is a well rec-
ognized phenomenon (39). Several earlier gene knock-outs
have been reported to have such neighborhood gene effects
from retained neomycin selection cassettes (40, 41). The
reported rescue of the phenotype by crossing mouse lines to
create a double P3h2/glycoprotein VI knock-out is consistent
with a pathology driven by glycoprotein VI interacting with
perhaps another gene product, not necessarily underhydroxy-
lated type IV as proposed by Pokidysheva et al. (28). It is notable
in the two mouse strains we studied, P32 and P3h2~/~, that
3Hyp was missing from all sites we could access in types [, II,
and IV collagen with no apparent overactive clotting disorder.

A key question is how a deficiency in collagen prolyl 3-hy-
droxylation could lead to high myopia. The current findings

3 D.R. Eyre, unpublished data.
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4B.H. Lee and D. R. Eyre, unpublished observations.
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FIGURE 6. Prolyl 3-hydroxylation absent in collagen IV from lens capsule of P3h2""" mice. LC-MS profiles of in-gel trypsin digests of the collagen a1(IV)
chain from the lens capsule of wild-type and P3h2™™ mice. A, MS profile reveals a hydroxylation ladder containing partial prolyl 3-hydroxylation at Pro-602 and
Pro-605. B, MS/MS fragmentation spectrum of the parent ion (1149.1%") from mouse lens capsule. The b and y ion breakages establish the added 16 Da on
Pro-602. C, complete loss of prolyl 3-hydroxylation is observed at Pro-602 and Pro-605 in a1(1V) from P2h2™" lens capsule. D, MS/MS fragmentation spectrum
of the parent ion (1144.9*") from mouse lens capsule. The b and y ion breakages confirm the loss of 16 Da on Pro-602. The trypsin-digested peptide is shown
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A TGDAGPAGPPGPPGPPGPPGPPSGCGYDLSFLPOPPOEK

Bovine cornea

8 100 /1218.83*' no 3Hyp, four 4Hyp, no Hyl

C

S 80

S 50 122423+ partial 3Hyp, four/five 4Hyp, no Hyl

3 -

<

v 40

'E 20 | ‘

CGCJ 0 L || A | | : ; : ,
1180 1210 1240 1270 1300 1330

m/z

#x #Fx % % %
B TGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEK
%

. Hyl
Bovine sclera 122453+ no 3Hyp, four 4Hyp, one Hyl
-

3 100

c 1229.93+one 3Hyp, four 4Hyp, one Hyl

< 80 34 -

° 1218.5

2 604 no3Hyp, \ 1235.33+ two 3Hyp, four 4Hyp, one Hyl

< 40 four 4Hyp,

2 partial Hyl 3

|| sl

Dq:) [ m ol I || y || ..J|| L § | L. |'| L .
1180 1210 1240 1270 1300 1330

m/z

FIGURE 7. Tissue-specific hydroxylation patterns in type | collagen from
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suggest that a defective structure or turnover of collagen types I,
11, and/or IV underlies the pathogenesis of the high myopia in
the families previously reported to be caused by autosomal
recessive mutations in P3H2. The mechanism for eye elonga-
tion is still unknown, but it may involve a disturbance in or
remodeling of collagens within the sclera (collagen type I), vit-
reous body (collagen type II), or various basement membranes
of the retina, cornea, and/or lens capsule (type IV collagen) (42)
rather than simply a structural collagen defect affecting anat-
omy during development. Our P342""* mouse model supports
an effect on multiple basement membrane-containing tissues
as we found complete loss of multiple 3Hyp sites in basement
membrane type IV collagens from lens capsule, kidney, and
aorta (data not shown). Unfortunately, sufficient levels of type
II collagen could not be isolated from P3/42"” mouse vitreous
to confirm that 3Hyp is missing at P3h2-specific sites as appears
likely. The uniquely high level of Pro-944 and C-terminal
(GPP),, 3-hydroxylation of vitreous type II collagen compared
with non-eye cartilage type II makes it a candidate source of an
eye-specific pathology caused by a P3H2 mutation.
Mammalian myopia is associated with scleral thinning, tissue
loss, and altered tissue morphology (22). Furthermore, matrix
remodeling within the sclera has been demonstrated to con-
tribute to the development of myopia in mammals and birds
(43, 44). In the mammalian myopic eye, scleral thinning is
greatest at the posterior pole of the eye, where the retinal pho-
toreceptors are of the highest density (22). In this study, bovine
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FIGURE 8. Post-translational variances in cross-linking lysines between cornea and sclera type | collagen. A, profile of collagenase-digested whole tissue
separated on C8 column (bovine sclera shown). B, LC-MS profile of C8 fraction 28 from bovine sclera reveals no glycosylation at cross-linking a1(l) Lys-87
(502.1%%).C, MS/MS fragmentation spectrum of the parention (501.8**) from bovine sclera. The b and y ion breakages confirm no glycosylation on a1(1) Hyl87.
D, LC-MS profile of C8 fraction 28 from bovine cornea reveals complete glycosylation of cross-linking «1(l) Hyl87 as glucosyl-galactosyl (galglc) (582.8*"). E,
MS/MS fragmentation spectrum of the parention (583.1*") from bovine cornea. The b and y ion breakages reveal gain of 340 Da (glucosyl-galactosyl) on «1()

Hyl87. The trypsin-digested peptide is shown with K* indicating Hyl, K*' indicating partial Hyl and galglc indicating glucosyl-galactosyl.

scleral tissue was also found to have reduced collagen hydroxyla-
tion toward the posterior regions of the eye (data not shown). It is
predicted that alterations in scleral matrix properties have a func-
tion in the pathobiology of myopia (21). For example, collagen and
proteoglycan expression is reduced in the sclera of a myopic ani-
mal model (45), and collagen fibril ultrastructure is altered with an
increased number of smaller diameter collagen fibrils (23). This
loss of matrix was shown to result from reduced collagen and pro-
teoglycan production as well as increased collagen degradation by
matrix metalloproteinases (44, 45). Interestingly, only type I colla-
gen (not type III or type V) has exhibited reduced mRNA expres-
sion levels in studies of myopic sclera (45).

No obvious function has yet emerged for the novel sites of
3Hyp occupancy that collagen types L, II, or IV from eye tissues
share with various musculoskeletal tissues. As yet, the P3h2"
mice have shown no musculoskeletal abnormalities. Likewise,
in the description of the patients with high myopia caused by
P3H2 recessive mutations, no skeletal or other abnormalities

8620 JOURNAL OF BIOLOGICAL CHEMISTRY

were noted, only severe progressive myopia (17, 18). We pro-
pose that the aberrantly modified collagens identified in this
study could yield defective supramolecular structures that con-
tribute to the pathogenic mechanism behind the high myopia in
these families. It could be that the collagens are laid down nor-
mally, but the post-translational abnormality affects some aspect
of subsequent turnover or tissue remodeling related to cross-link-
ing or other higher order interaction of the fibril polymers. Abnor-
malities may then only appear during mature tissue remodeling in
response to the mechanical stresses the mature eye experiences.
Further studies are needed to test this concept.

Acknowledgment—We thank Geoffrey Traeger for help with figure
preparation.
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