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The fibrillar collagen types I, II, and V/XI have recently been
shown to have partially 3-hydroxylated proline (3Hyp) residues
at sites other than the established primary Pro-986 site in the
collagen triple helical domain. These sites showed tissue speci-
ficity in degree of hydroxylation and a pattern of D-periodic
spacing. This suggested a contributory role in fibril supramo-
lecular assembly. The sites in clade A fibrillar �1(II), �2(V), and
�1(I) collagen chains share common features with known prolyl
3-hydroxylase 2 (P3H2) substrate sites in �1(IV) chains imply-
ing a role for this enzyme.We pursued this possibility using the
Swarm rat chondrosarcoma cell line (RCS-LTC) found to
express high levels of P3H2 mRNA. Mass spectrometry deter-
mined that all the additional candidate 3Hyp substrate sites in
the pN type II collagenmade by these cells were highly hydroxy-
lated. InRNA interference experiments, P3H2protein synthesis
was suppressed coordinatelywith prolyl 3-hydroxylation at Pro-
944, Pro-707, and the C-terminal GPP repeat of the pN�1(II)
chain, but Pro-986 remained fully hydroxylated. Furthermore,
when P3H2 expression was turned off, as seen naturally in cul-
tured SAOS-2 osteosarcoma cells, full 3Hyp occupancy at Pro-
986 in �1(I) chains was unaffected, whereas 3-hydroxylation of
residue Pro-944 in the �2(V) chain was largely lost, and 3-hy-
droxylation of Pro-707 in �2(V) and �2(I) chains were sharply
reduced. The results imply that P3H2 has preferred substrate
sequences among the classes of 3Hyp sites in clade A collagen
chains.

Collagen, the major structural protein of vertebrates has
evolved a range of post-translational modifications that are
essential for triple helix assembly and stability, intermolecular
cross-linking, and strength of fibrils and tissue function.
Enzymes from the family of 2-oxo-glutarate-dependent dioxy-
genases are responsible for most of these modifications. For
example, prolyl 4-hydroxylase catalyzes proline 4-hydroxyla-
tion, a modification necessary for the secondary and tertiary
structure of collagen (1, 2), and the lysyl hydroxylase isoen-
zymes catalyze lysine hydroxylation, a modification essential
for the formation of intermolecular cross-links in collagen
(2–4).

Prolyl 3-hydroxlase 1 (P3H1),2 another member of the
2-oxo-glutarate-dependent dioxygenase family, catalyzes the
post-translational 3-hydroxylation of certain proline residues
in fibril-forming collagens. This enzyme was only recently
cloned from chicken tissues (5) after being partially purified
�25 years ago (6). P3H1 was identified as the chick homologue
of rat leprecan, a glycoprotein, which was first isolated from a
rat parietal yolk sac tumor cell line (7). Within the past few
years, novel mutations in the human P3H1 gene and genes
encoding P3H1-associated proteins were shown to cause reces-
sive forms of osteogenesis imperfecta (8–11). By mass spec-
trometry, we and other investigators have shown that Pro-986
in the �1(I) collagen chain of bone and skin from such patients
can be severely under-3-hydroxyated. The P3H1 enzyme there-
fore is required for the 3-hydroxylation of Pro-986 in the �1(I)
chain of type I collagen (8, 10). Although the presence of 3-hy-
droxyproline (3Hyp) in collagen was discovered �50 years ago
(12), the function of this relatively rare but important modifi-
cation in fibril-forming collagens is unknown. Jenkins et al. (13)
observed a small destabilizing effect of 3Hyp on the collagen
triple helix formed by synthetic peptides, but more recently,
further studies revised this to a slight increase in stability (14).
Genomic database analyses indicate the presence of three

isoenzymes in the vertebrate prolyl 3-hydroxylase family,
P3H1, P3H2, and P3H3, encoded by the genes LEPRE1, LEP-
REL1, and LEPREL2, respectively, in humans (15). The pres-
ence of conserved catalytic domains in the 2-oxo-glutarate-de-
pendent dioxygenase superfamily (cl01206, NCBI Conserved
Domain Database) suggest that P3H2 and P3H3 may well be
involved in the 3-hydroxylation of proline residues in addi-
tional chains of the collagen family, for example, type IV colla-
gen chains (16). Expression profiles of human andmouse P3H2
by Northern blots and quantitative PCR showed expression in
placenta, lung, heart, and kidney (15, 17). Immunoelectron
microscopy verified that P3H2 was expressed in mouse kidney
tubular cells, the acinar cells of the pancreas, and in the
Schawnn cells of nerve (16). Because these tissues were rich in
basement membranes containing type IV collagen, further in
vitro studies using recombinant P3H2 and synthetic peptides
corresponding to sequences in �1(IV) collagen chains showed
that these peptides can be 3-hydroxylatedmore efficiently than
synthetic peptides corresponding to the 3Hyp site (Pro-986) in
the �1(I) chain of type I collagen, implying that P3H2 could
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3-hydroxylate specific proline residues in the �1(IV) collagen
chain (16).
P3H2 is co-expressed with P3H1 and P3H3 in various tissues

of the developing mouse embryo coincident with regions of
fibrillar collagen expression. This is especially noticeable in
areas of mesenchymal cartilage condensation, cartilages of the
limbs, mandible, developing and adult eye, bone, and skin (17,
18). The widespread expression pattern of P3H isoenzymes in
collagen fibril-containing tissues ofmouse embryos rather than
just basementmembranes suggested amore general function in
processing fibrillar collagens (18). This premise is supported by
our recent findings that the fibrillar collagens I, II, and V/XI
have partiallymodified 3-hydroxyproline residues at sites other
than at the primary A1 site (Pro-986) in the collagen triple heli-
cal domain (19, 20). Furthermore, these sites are within three
residues of the collagenD-periodmolecular stagger (234 amino
acid residues) suggesting a role in collagen fibril assembly. For
example, in the evolutionary group of clade A collagen chains
(Fig. 1A), which includes�1(I),�2(I),�1(II), and�2(V), we have
shown that the A2 site at Pro-944, the A3 site at Pro-707, and
the A4 site at Pro-470 are all partially 3-hydroxylated (19).
These sites are candidate substrates for P3H2 and P3H3. We
pursued this experimentally using a Swarm rat chondrosar-
coma cell line (RCS-LTC) known to synthesize and post-trans-
lationally cross-link collagen types II, IX, and XI heteropoly-
meric fibrils in long term monolayer culture (21). Mass
spectrometry determined that in contrast to control cartilage
type II collagen, all of the candidate 3Hyp sites in the RCS-LTC
type II collagen chains were highly hydroxylated, providing a
system for studying the effects of manipulating P3H isoenzyme
activity on the prolyl 3-hydroxylation pattern. Using RNA
interference, we demonstrate that a knockdown of P3H2 pro-
tein coordinately reduces 3-hydroxylation at Pro-944, Pro-707,
and the GPP repeat at the C terminus of the triple helix but not
at Pro-986 of the clade A pN�1(II) collagen chain. We further
show that when P3H2 expression is turned off, 3-hydroxylation
at residue Pro-944 in the �2(V) chain is nearly completely lost,
and 3Hyp occupancy at Pro-707 in �2(V) and �2(I) chains is

significantly reduced. The results identify a role for P3H2 in
3-hydroxylation of non-A1 proline residues in clade A collagen
chains.

EXPERIMENTAL PROCEDURES

Cell Culture—The RCS-LTC cell line was maintained in
monolayer culture in high glucoseDMEM(Hyclone), 10% iron-
supplemented bovine calf serum (Hyclone), 10 �g/ml L-ascor-
bate at 37 °C, and 5% CO2 for 4 weeks (22). Some cultures were
additionally supplementedwith�-aminoproprionitrile (Sigma)
to inhibit lysyl oxidase. The SAOS-2 cell line (ATCCcatalog no.
HTB-85) was maintained as monolayer cultures for a month in
McCoy’s medium containing 10% FBS (Invitrogen) and 50
�g/ml ascorbate (23, 24). The human chondrosarcoma cell line,
CH1.2 (24), human breast cancer cell lines MDA 231 (ATCC
catalog no. HTB-26), and MDA 361 (ATCC catalog no. HTB-
27) were cultured in high glucose DMEM containing 10% FBS
and 50 �g/ml ascorbate.
Collagen Extraction and Purification—The RCS-LTC cell

layer was extracted with 1 MNaCl, 50mMTris, pH 7.5, contain-
ing, 1 mM PMSF, 1 mM benzamidine, and 5 mM EDTA for 20 h
at 4 °C, to solubilize newly synthesized, non-cross-linked colla-
gen. After centrifugation for 30 min at 4 °C and 25,000 � g, the
supernatant was adjusted to 4.5 M NaCl and stirred at 4 °C for
20 h. Following centrifugation, the pellet was denatured in
Laemmli sample buffer, and the collagen chains were run on
SDS-PAGE (25). After a month in culture, the SAOS-2 cell lay-
ers were extracted with 1 M NaCl, 50 mM Tris, pH 7.5, contain-
ing 1mMPMSF, 1mM benzamidine, and 5mMEDTA for 2 days
at 4 °C. The NaCl extract and the insoluble residue were sepa-
rated by centrifugation. The residue was further digested with
0.1mg/ml pepsin in 0.5M acetic acid for 24 h at 4 °C to solubilize
the cross-linked collagen. Type I and V collagens were precip-
itated from the pepsin digest at 0.8 M and 2.2 M NaCl, respec-
tively, and harvested by centrifugation.
Gel Electrophoresis andMass Spectrometry—Collagen chains

were resolved by SDS-PAGE gel electrophoresis under reduc-
ing conditions and identified by staining with Coomassie Blue.

FIGURE 1. Relative molecular positions of prolyl 3-hydroxylation sites in aligned procollagen molecules and a microfibril. A, occupied 3Hyp sites are
indicated by gray boxes within the triple helical regions of the molecule. From right to left, these are the C-terminal (GPP)4 repeat, A1 at Pro-986, A2 at Pro-944,
A3 at Pro-707, and A4 at Pro-470. The GPP repeat in the minor triple helix of the N-propeptide is indicated by an open box. B, axial relationships required for
trifunctional intermolecular cross-link formation in a pN type II collagen microfibril. Collagen molecules are aligned in the typical collagen D-periodic stagger
of 234 amino acid residues. Note the position of the N-propeptide GPP repeat (open box) relative to an A2 site in an adjacent pN type II collagen molecule and
alignment of D-staggered A2, A3, and A4 3Hyp sites.
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Individual collagen �-chains were cut out and subjected to in-
gel trypsin digestion (26). Electrospray MS was performed on
the tryptic peptides using an LCQDeca XP ion trap mass spec-
trometer equipped with in-line LC (ThermoFinnigan) using
a C8 capillary column (300 � 150 mm; Grace Vydac
208MS5.315) eluted at 4 �l/min. The LC mobile phase con-
sisted of Buffer A (0.1% formic acid inMilliQ water) and Buffer
B (0.1% formic acid in 3:1 acetonitrile:n-propanol, v/v). Sequest
search software (ThermoFinnigan) was used for peptide iden-
tification using the NCBI protein database. Many large collag-
enous peptides not found by Sequest had to be identified man-
ually by calculating the possible MS/MS ions and matching
these to the actual MS/MS. The percentage 3-hydroxylation at
a particular site was determined from the abundance of the
3Hyp-containing ion as a fraction of the sum of both 3Hyp and
Pro versions of the same tryptic peptide.
RT-PCR Analysis of PPIB, CRTAP, P3H1, P3H2, and P3H3

Gene Expression—Normal adult rat cartilage RNA was pur-
chased from Zyagen (San Diego, CA). SAOS-2 cell total RNA
was obtained from the cells using the RNeasy kit (Qiagen) as we
have described (27). For RCS-LTC cells, total cell RNA was
isolated using the PureLink RNAMini Kit (Invitrogen) accord-
ing to the manufacturer’s specifications. cDNA was generated
from 2 �g of RNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to the man-
ufacturer’s specifications in a thermocycler (Bio-Rad). cDNA,
as generated above from various rat and human cells or tissue
RNA samples, was used to generate gene products for prolyl
cis-trans isomerase, PPIB (rat, 100 bp; human, 171 bp); carti-
lage-associated protein, CRTAP (rat, 189 bp; human, 213 bp);
P3H1/LEPRE1 (rat, 178 bp; human, 226 bp); P3H2/LEPREL1
(rat, 233 bp; human, 164 bp); and P3H3/LEPREL2 (rat, 130 bp;
human, 270 bp). The primers used had sequences as follows
(from 5� to 3�): rat GAPDH (forward, ATGACTCTACCCAC-
GGCAAG; reverse, TACTCAGCACCAGCATCACC) and
human GAPDH (forward, GGCCTCCAAGGAGTAAGACC;
reverse, AGGGGTCTACATGGCAACTG), rat PPIB (forward,
GGTGGATGCTGCGCCTCTCG; reverse, ACGGAGGGTC-
CAGGCAGCAA) and human PPIB (forward, GCAAGATCG-
AGGTGGAGAAG; reverse, CTGTGGAATGTGAGGGG-
AGT), rat CRTAP (forward, GCGCGCAGTATGAGCGC-
TAC; reverse, AGTTGCGGTGGCAGAAGGCC), human
CRTAP (forward, GGTTTGAAGGGCAGTCTTCTCTGGC;
reverse, GTGAAGACCATTGTGAGGCTGGAG), rat P3H1
(forward, GTGAAGAGCTGGACCTGGAG; reverse, ACCC-
CAGACATGGTTTGGTA), human P3H1 (forward, GACTT-
CCTCCCATCGCATTA; reverse, TTTCCAGTAGGCTTCG-
CTGT), rat P3H2 (forward, AAGCCACACCTGGAAAGCTA;
reverse, TGCTGACAGACCAGAACCTG), human P3H2 (for-
ward, GTGCAACTGTCCTGAAAGCA; reverse, TCGGCAG-
ACCATGTGTGTAT), rat P3H3 (forward, CCCCTCATAGT-
CCTCACGAA; reverse, AAGGTGCGTACTCGCTCACT),
and human P3H3 (forward, CGGACTCCTCTACCTCAACG;
reverse, TCTTCCTCCTCCTCCTGTGA).
Each PCR amplification cycle consisted of 20 s of denatur-

ation at 94 °C, 20 s of annealing at 55 °C, and 1 min of exten-
sion at 72 °C for a total of 30 cycles. Samples were run on 2%
agarose gels (Research Products International Corp.) stained

in Tris acetate-EDTA buffer containing ethidium bromide
(Invitrogen).
Real-time PCR (Quantitative PCR) Analysis of P3H Gene

Expression—The identification of mRNA for rat P3H1, P3H2,
and P3H3 was performed in triplicate for each cDNA sample
using the TaqMan gene expression assay probe and primer
set (Applied Biosystems) for each respective gene, P3H1
(Rn01642789_m1), P3H2 (Rn01404939_m1), and P3H3
(Rn01459473_m1). Samples were analyzed using an Applied
Biosystems 7900HT real-time PCR system. The �� threshold
cycle (��CT) method was used to analyze gene amplification,
using eukaryotic 18 S rRNA (Hs03928990_g1, Applied Biosys-
tems) as the reference gene, with pooled cDNA from RCS-LTC
cells and normal adult rat cartilage serving as the calibrator.
Gene Silencing—Predesigned rat Stealth RNAiTM siRNA

Select RNAi constructs (Invitrogen) were used to specifically
knock down P3H1 (leprecan 1, catalogue no. RSS300139),
P3H2 (leprecan-like 1,catalogue no. RSS305239), P3H3 (lepre-
can-like 2, catalogue no. RSS355963) in RCS-LTC cells. The
Stealth RNAiTM siRNA Negative Control Med GC (catalogue
no. 12935-300, Invitrogen) was included as a control. RCS-LTC
cells in serum-free OptiMEM containing 25 �g/ml ascorbate
and 100�g/ml �APNwere transfected with 200 nM siRNA/5�
105 cells, using Lipofectamine 2000 (Invitrogen) as per the
manufacturer’s protocol for transfecting the Rat1 cell line.
Transfection was carried on for 72 h, with fresh medium and
siRNA added every 24 h. Following this period pN type II col-
lagenwas extracted from the cell layers and analyzed for proline
3-hydroxylation by mass spectrometry. P3H2 protein was
detected by Western blotting as described below.
Immunoblot Analysis—Total lysates from plates of cultured

cells were prepared by rinsing with D-PBS (Hyclone), adding
radioimmune precipitation assay buffer (Sigma) containing
protease inhibitors (Roche Applied Science) and freeze-thaw-
ing for three cycles with occasional vortexing. Lysates were
cleared of insoluble material by centrifugation at 10,000 � g.
Equal aliquots of protein in samples were separated by SDS-
PAGE on 6% polyacrylamide gels and transferred to PVDF
membranes. Blots were blocked and probed according to stan-
dard procedures using P3H2 antibody (Sigma HPA007890,
1:1000). A proliferating cell nuclear antigen antibody (Stress-
gen Biotechnologies, 1:1000) was used to control for protein
loading (28). Goat anti-rabbit or goat anti-mouse IgG-horse-
radish peroxidase (Bio-Rad, 1:5000) were used as secondary
antibody. Detection was by chemiluminescence using Super-
Signal West Pico substrate (Thermo Scientific) (21).

RESULTS

Gene Expression of P3H Isoenzymes and Prevalence of 3Hyp
in Clade A Collagen from RCS-LTC Cells—RT-PCR analyses
showed that all the components of the proline 3-hydroxlation
complex (P3H1, CRTAP, and PPIB) as well as the isoenzymes
P3H2 and P3H3 were expressed by both normal adult rat car-
tilage and the RCS-LTC cells (Fig. 2A). Quantitative PCR of
normal rat cartilage for the three P3H isoenzymes showed low-
est expression for P3H2, but the RCS-LTC cells expressed
8-fold higher P3H2 mRNA than normal rat cartilage. More-
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over, the RCS-LTC cells express all P3H isoenzymes at rela-
tively higher levels compared with rat cartilage (Fig. 2B).
To determine whether high P3H isoenzyme expression had

an effect on the 3-hydroxylation of proline residues in clade A
collagen synthesized by theRCS-LTCcells, thematrix pN�1(II)
collagen chains were analyzed by ion-trap tandem mass spec-
trometry after in-gel trypsin digestion. The primary (A1) site at
Pro-986 showed 100% 3Hyp occupancy (Fig. 3A) consistent
with the RT-PCRdata showing that all three components of the
P3H1 protein complexwere expressed. In addition, 3Hyp occu-
pancy was high at the A2 site, Pro-944 (56%), moderate at the
A3 site, Pro-707 (45%), and low at the A4 site Pro-470 (�10%).
The candidate proline residues in the (GPP)4-repeat containing
peptide from the C terminus of the collagen triple helix showed
masses indicating up to three 3Hyp residues per individual pep-
tide as seen in the bottom panel of Fig. 3A. Occupancy ranged
from zero to three residues of 3Hyp per individual peptide
based on the parent ion ladder. The estimatedmean occupancy
for this multiple site and the other individual sites is summa-
rized in Fig. 3B.

Because RCS-LTC cells fail to process pN type II collagen
molecules and deposit a pN type IImicrofibrillar polymer in the
matrix (22), this enabled a search for the presence of 3Hyp in
the N-propeptide minor helix (see Fig. 1A). The results showed
no detectable 3Hyp in any of the four candidate prolines within
the (GPP)4 repeat that occurs at the C terminus of the minor
helix.
Gene Silencing Provides Clues on Preferred Substrate for

P3H2—The high relative abundance of P3H2 in the RCS-LTC
cells and the abnormally high content of 3-hydroxylated proline
residues in the pN-�1(II) collagen chains suggested this enzyme
may be responsible for prolyl 3-hydroxylation at the non-A1
sites. To investigate this, RCS-LTC cells were cultured for 72 h
in the presence of siRNA oligonucleotides designed specifically
to interfere and silence the P3H2 isoenzyme. As seen in Fig. 4A,
a marked knockdown in P3H2 protein was observed when cell
lysates were probed with an antibody specific to P3H2. This
decrease is clear on comparing cultures treated with control
siRNAor P3H1 and P3H3 siRNA, which show nomajor change
in P3H2 levels.
SDS-PAGE of total collagen in extracts of P3H2 siRNA-

treated, control siRNA, P3H1, and P3H3 siRNA-treated cul-
tures showed no obvious differences in the amount of type II
collagen extracted from the cell layers (Fig. 4B). Mass spec-
trometry of tryptic digests of the pN-�1(II) collagen chains
showed a reduced degree of 3Hyp occupancy at all the substrate
proline other than Pro-986 residues from the P3H2-targeted
siRNA cultures compared with control cultures (Fig. 4C). Pro-
944, Pro-707, and the C-terminal GPP repeat were reduced
56–43%, 47–30%, and 64–43% respectively. All three peptide
ions at 1723.82�, 1730.82�, 1739.52�, for one, two, and three
3Hyp in the GPP repeat peptide were suppressed from the
P3H2-targeted siRNA cultures compared with control (Fig.
4C). P3H3-targeted siRNA cultures showed no change in 3Hyp
occupancy at Pro-944, Pro-470, and Pro-986 compared with
control cultures. Pro-707 and the C-terminal GPP repeat were
reduced 47–38% and 64–52%, respectively. Because Pro-986
(substrate of the P3H1 isoenzyme) remained unchanged from
the control, the effect of reduced P3H2 enzyme was exclusively
at non-A1 sites, implicating P3H2 in the 3-hydroxlation of Pro-
944, Pro-707, and the C-terminal GPP repeat.
P3H2 Is Responsible for 3-Hydroxylation of Specific Proline

Residues in �2(V) and �2(I) Collagen Chains—To confirm the
finding that P3H2 3-hydroxylated non-A1 sites, the other
clade A collagen chains were interrogated. Because RNAi
gene silencing was unable to completely knock-out P3H2
activity in RCS-LTC cells, a different approach was pursued.
Based on a recent report that P3H2 is epigenetically silenced in
some cancer cells (29), cell lysates of cultured human breast
cancer, chondrosarcoma, and osteosarcoma cells were
screened for P3H2 protein on Western blots. Fig. 5A shows
P3H2 protein detected in a lysate of the MB 231 breast cancer
cells as expected as these cells are reported to express this gene
(29). P3H2 was also detected in CH1.2 cells, a human chondro-
sarcoma cell line. Fig. 5A also shows that P3H2 protein was not
detected in a lysate of SAOS-2 osteosarcoma cells. The speci-
ficity of the antibody to P3H2 was confirmed when P3H2 was
not detected in a lysate of MB 361 breast cancer cells (Fig. 5A).

FIGURE 2. Expression of PPIB, CRTAP, P3H1, P3H2, and P3H3 in the RCS-
LTC cell line and rat cartilage. A, RCS-LTC cells transcribe a full complement
of the genes assayed. When compared with adult normal rat cartilage, the
RCS-LTC cells express an abundance of P3H2. B, quantitative comparison by
quantitative PCR of P3H1, P3H2, and P3H3 mRNA expression between RCS-
LTC cells and normal adult rat cartilage yielded modestly increased expres-
sion of P3H1, an �2-fold increase in P3H3 expression and an excess of 8-fold
increase in P3H2 in the RCS-LTC cells. Data represents n � 3 for each
isoenzyme.
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The P3H2 gene is reported to be epigenetically silenced in these
cells (29). RT-PCR confirmed the absence of P3H2 message in
SAOS-2 cells, whereas P3H1, PPIB, CRTAP and P3H3 were
robustly expressed (Fig. 5B).
Purified collagen from the matrix laid down by SAOS-2 cells

revealed type I and type V collagen chains on electrophoresis as
expected for an osteoblast phenotype (Fig. 5C). Because the
�2(V) collagen chain (from human bone) had the most com-
plete pattern of occupation of 3Hyp residues at sites A1, A2, A3,
and A4 of all clade A collagen chains (19), the pattern of occu-
pancy of �2(V) from SAOS-2 cultures was assessed. Fig. 6A
shows 12.5% 3-hydroxylation of Pro-944 and 18% of Pro-707
hydroxylated compared with �2(V) from normal human bone
(59 and 76%, respectively). Fig. 6B summarizes the results and
shows that Pro-986 and Pro-470 in �2(V) was unaffected com-
paredwith normal bone. As in normal bone�1(I) from SAOS-2
cells was fully hydroxylated at Pro-986, and no 3Hyp was
detected in the GPP repeat at its C terminus or that of �2(V)
chains. Only tendon �1(I) chains are heavily 3-hydroxylated at
this site (20).

DISCUSSION

The findings indicate that the P3H2 isoenzyme can 3-hy-
droxylate prolines at certain Gly-Pro-4Hyp sites in fibrillar col-
lagen chains. Previous studies using recombinant enzyme in
vitro had shown that P3H2 can 3-hydroxylate synthetic pep-
tidesmatching the sequences of known 3-hydroxylation sites in
�1(IV) collagen chains (16). Additional substrates for P3H2
were presumed to exist for two reasons. First, mRNA for this
isoenzyme is expressed in embryonic and adult tissues that
express fibrillar collagens as well as in basement membrane-
rich tissues (17, 18). Second, the recently discovered non-A1
sites in clade A fibrillar collagen chains share sequence features
with known prolyl 3-hydroxylation sites in type IV collagen
notably a phenylalanine N-terminal to the proline substrate
residue at sites A2 and A3. Similar 3Hyp-containing sequence
occurs in both �1(IV) and �2(IV) chains (30).

The results are consistent with P3H2 being responsible at
least in part for 3-hydroxylation of Pro-944, Pro-707, and the
C-terminal (GPP)4 repeat sites in the �1(II) chain. The high
level of expression of P3H2 by RCS-LTC cells, (eight times that
of normal rat chondrocytes; Fig. 2), supports that. Because the
level is so high, itmay explain why only amodest suppression of
3Hyp occupancy at the A2 site in pN�1(II) collagen was
achieved in knockdown experiments (Fig. 4C). The lack of
P3H2 protein in SAOS-2 cells, associated with low 3Hyp at the
A2 site in �2(V) (Fig. 6) is also consistent with P3H2 being
primarily responsible for �1(II) Pro-944 hydroxylation. The
residual 3Hyp presumably was produced by P3H1 or P3H3. It is
well documented that �1(I) collagen chainsmade by skin fibro-
blasts from patients with P3H1 null mutations have low but
significant 3Hyp occupancy at Pro-986 (8–10). The lack of
P3H2 enzyme expressed in SAOS-2 cells and low occupancy of

FIGURE 3. Tandem mass-spectrometric analysis of the RCS-LTC pN�1(II)
collagen chain. A, full scan mass spectra from the tryptic peptides LC-MS
profiles of pN�1(II) across the elution window of the post-translational vari-
ants containing Pro-986, Pro-944 and Pro-707, Pro-470, and the C-terminal
(GPP)4 repeat. The relative abundance of the ions shown provides an index of
the degree of 3-hydroxylation at the A1, A2, A3, A4, and C-terminal GPP

repeat sites. As shown, Pro-944 is 56% 3Hyp occupied and Pro-986 is 100%
3Hyp occupied. B, summary of the relative abundance (%) of 3-hydroxylation
of proline residues at sites in pN�1(II) collagen chains from RCS-LTC extracel-
lular matrix.
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3Hyp at Pro-707 in �2(V) and �2(I) collagen chains compared
with normal bone (Fig. 6) supports P3H2 being the primary
enzyme responsible for this hydroxylation. Similar 3Hyp levels

at �2(V) Pro-470 compared with bone suggests that P3H2 may
not modify this site. Unchanged 3Hyp levels at pN�1(II) Pro-
470 in the siRNA-treated RCS-LTC cultures (Fig. 4C) is con-
sistent with this. Residual 3Hyp at Pro-707 in SAOS-2 is prob-
ably due to P3H3. Marginally reduced 3Hyp levels at pN�1(II)
Pro-707 in P3H3 siRNA-treated RCS-LTC cultures is consis-
tent with this. The P3H1 enzyme in complex with CRTAP
and cyclophillin B appears to be solely responsible for
hydroxylation of Pro-986 in �1(I), �1(II), and �2(V) chains
(8, 11), whereas P3H2 and P3H3may only have activity at the
other sites. Also, the amino acid sequence motif of the A1
site is different from that of the non-A1 sites (19). The dif-
ferential substrate specificities of P3H2 and P3H3 and the
nature of any protein complexes that regulate their activities
are largely unexplored.
Because neither SAOS-2 nor RCS-LTC cells synthesize type

IV collagen, they provide no insight on the role of P3H2 in 3Hyp
formation in type IV collagen. The relative roles of P3H1, P3H2,
and P3H3 in collagen type IV prolyl 3-hydroxylation are
unknown, though all three are expressed in type IV collagen-

FIGURE 4. RNA interference of P3H2 in cultures of the RCS-LTC cell line.
A, Western blot of equal aliquots of cell lysates from siRNA-treated cultures
probed for P3H2 protein. The P3H2 antibody robustly reacted with an 80-kDa
band in siRNA-untreated and control siRNA-treated cultures. A clear reduction of
band intensity was specifically observed only in P3H2 siRNA-treated cultures.
Proliferating cell nuclear antigen protein was detected as a loading control. Glob-
ular protein molecular weight standards were used. B, Coomassie Blue stained
gel showing similar amounts of pN�1(II) collagen chains extracted from P3H2
siRNA-treated and untreated cultures. This band from control siRNA and P3H2
siRNA-treated lanes was analyzed by mass spectrometry. Cartilage oligomeric
matrix protein (COMP), �1(IX) collagen chain and cartilage matrix protein 1 (CMP)
synthesized by the cell line were also identified by mass spectrometry. Globular
protein molecular weight standards were run. C, degree (%) of 3-hydroxylation of
proline residues in pN�1(II) collagen chains determined by tandem mass
spectrometry. The pN�1(II) chains from P3H2 siRNA-treated and control
siRNA-treated lanes were subjected to in-gel trypsin digestion, and peptides con-
taining 3Hyp sites were analyzed. 3Hyp occupancy fell at all non-A1 sites on sup-
pression of P3H2 protein.

FIGURE 5. Expression of PPIB, CRTAP, P3H1, P3H2, and P3H3 in the SAOS-2
cell line. A, cell lysates from MBA 361 and MBA 231 human breast cancer cells,
CH1.2 human chondrosarcoma cells, and SAOS-2 human osteosarcoma cells
were probed with P3H2 antibody on Western blots. The antibody failed to
detect P3H2 protein in the MBA 361 and SAOS-2 cells. B, RT-PCR confirmed
the lack of expression of P3H2 by SAOS-2 cells. P3H1, CRTAP, PPIB, and P3H3
were strongly expressed. C, Coomassie Blue-stained gel showing type I colla-
gen (middle lane) and type V collagen (right lane) extracted from the extracel-
lular matrix of cultured SAOS-2 cells. Human bone type I collagen was run as
a control (left lane). The �1(I), �2(I), and the �2(V) bands were cut out and
analyzed for 3Hyp occupancy by mass spectrometry.
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rich basement membranes (7, 16, 17). In fact, P3H1 was first
isolated as leprecan, a basement membrane-associated pro-
teoglycan from a rat parietal yolk sac tumor cell line (7).

From normal mammalian cartilages, no 3Hyp is present at
Pro-707 or Pro-470 of �1(II) (19). Chicken cartilage �1(II) Pro-
707 was 18% 3-hydroxylated (31). The progressively higher
3Hyp levels going from Pro-470 to Pro-707 to Pro-944 in RCS
�1(II) chains, we conclude, is a consequence of overexpression
of P3H2 as is the 3Hyp of the (GPP)4 repeat at the C terminus.
The latter site has comparable levels with those in rat tail ten-
don �1(I) and �2(I) collagen chains (20).
The matrix deposition of entirely unprocessed pN type II

collagen by the RCS-LTC cells (22) allowed us to examine
whether candidate proline residues in the minor triple-helix of
the N-propeptide were 3-hydroxylated. In cartilage, this
domain is normally removed from the procollagenmolecule on
fibrillogenesis. Purifying the type II N-propepetide from nor-
mal cartilage is a challenge so we have not been able to examine
the (GPP)4 repeat at the C terminus of this domain for 3Hyp by
mass spectrometry until now. The results clearly showed no
prolyl 3-hydroxylation in this GPP-repeat despite high levels of
all three P3H isoenzymes in RCS-LTC cells as compared with
normal rat cartilage (Fig. 2B). The progressively lower 3Hyp
content observed from theC terminus to theN terminus at sites
in the main helix is consistent with 3-hydroxylation beginning
at the C terminus and shutting down as the triple helix folds
(Fig. 3).
We have reported that the variation in the degree of 3-hy-

droxylation at the A2 site (Pro-944) in �1(II) collagen is tissue-
specific, ranging from �10% in bovine articular cartilage, 40%
in nucleus pulposus of the intervertebral disc to 90% in vitreous
of the eye (19). In this study, we have observed that the level of
3Hyp at the A2 site in pN�1(II) from the RCS-LTC cells (57%)
is also high. Expression of P3H2 is also high in adult mouse eye
tissue (17). Because type II collagen processing by the RCS-LTC
cell line is arrested at the stage of pN type II collagen (22), and
the functional form of type II collagen in vitreous is mostly pN
type II collagen (32), it is tempting to speculate that retention of
the N-propeptide and the distinctive prolyl 3-hydroxylation
pattern may be related. It may be relevant that the N-propep-
tide is folded back on the main triple helix of the collagen mol-
ecule as a structural prerequisite for cleavage by ADAMTS-3,
the procollagen N-propeptidase for type II collagen in cartilage
(33–37). In such a conformation within a fibril, the N-propep-
tide cleavage site is likely to be closely aligned with Pro-944 in
an adjacent molecule staggered by 4D-periods, as illustrated in
Fig. 1B. Could prolyl 3-hydroxylation at Pro-944, Pro-707, and
Pro-470 modify susceptibility to N-propeptide cleavage or,
conversely, could failed removal ofN-propeptides result in con-
tinuing prolyl 3-hydroxylation of the triple-helical domains in a
nacent fibril? This is highly speculative but within the range of
possibilities given the scope of the current understanding of
regulatory mechanisms of collagen assembly and prolyl
3-hydroxylation.
In conclusion, the tumor-derived cell lines RCS-LTC and

SAOS-2 have proven to be useful systems in which to study
control mechanisms of collagen post-translational modifica-
tions. In addition to the prolyl 3-hydroxylations reported on
here, previous work has shown overexpression of PLOD1 (lysyl
hydroxylase 1) by SAOS-2 cells relative to normal osteoblasts

FIGURE 6. Tandem mass spectrometric analysis of 3Hyp in matrix colla-
gen deposited by SAOS-2 cells. A, B, �2(V) chains from the SAOS-2 cell line
were compared with human bone. Full scan mass spectra from the tryptic
peptide LC-MS profiles of �2(V) across the elution window of the post-trans-
lational variants containing Pro-986 (A1), Pro-944 (A2), and Pro-707 (A3) are
shown. C, summary of % prolyl 3-hydroxylation levels at sites in �2(V), �2(I),
and �1(I) collagen chains from SAOS-2 cells and normal human bone.
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(23) and high levels of hydroxylysyl pyridinoline cross-links in
the pN type II polymer deposited by RCS-LTC cells (21).
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