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Abstract

Glycosylation in type I collagen occurs as O-linked galactosyl- (G-) lesser and glucosylgalactosyl-
hydrox-ylysine (GG-Hyl); however, its biological significance is still not well understood. To
investigate the function of this modification in bone, we have generated preosteoblast MC3T3-E1
(MC)-derived clones, short hairpin (Sh) clones, in which G/t25d1 gene expression was stably
suppressed. In Sh clones, the GLT25D1 protein levels were markedly diminished in comparison to
controls (MC and those transfected with the empty vector). In Sh collagen, levels of both G- and
GG-Hyl were significantly diminished with a concomitant increase in the level of free-Hyl. In
addition, the level of immature divalent cross-links significantly diminished while the level of the
mature trivalent cross-link increased. As determined by mass spectrometric analysis, seven
glycosylation sites were identified in type I collagen and the most predominant site was at the
helical cross-linking site, a1-87. At all of the glycosylation sites, the relative levels of G- and GG-
Hyl were markedly diminished, i.e., by ~50-75%, in Sh collagen, and at five of these sites, the
level of Lys hydroxylation was significantly increased. The collagen fibrils in Sh clones were
larger, and mineralization was impaired. These results indicate that GLT25D1 catalyzes
galactosylation of Hyl throughout the type I collagen molecule and that this modification may
regulate maturation of collagen cross-linking, fibrillogenesis, and mineralization.
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Collagens are the most abundant protein in vertebrates.> Among different types of collagen,
fibrillar type I collagen is the predominant type that provides tissues and organs with form
and mechanical strength. Type | collagen biosynthesis is a highly complex process involving
a number of post-translational modifications, association of three pro-a chains, folding into
a triple-helical procollagen molecule, secretion to the extracellular space, processing of
procollagen, self-assembly into a fibril, and stabilization via covalent intermolecular cross-
linking.1-2

The post-translational modifications of type | collagen that include hydroxylation of lysine
(Lys) and proline (Pro) residues, O-glycosylation of hydroxylysine (Hyl)3 residues, and
covalent intra- and intermolecular cross-linking are important for its structural functions.?
Inside the cell, a series of Lys modifications in the nascent proal(l) and 2(I) chains take
place in the rough endoplasmic reticulum (ER) prior to the formation of a triple-helical
procollagen molecule. Hydroxylation of Lys is catalyzed by lysyl hydroxylases 1-3 (LH1-
3)4° encoded by three respective genes (PLODI1-3). LH1 likely catalyzes this modification
in the helical domain of fibrillar collagens® and LH2 in the telopeptides.’ In the helical
domain of the molecule, Hyl residues in the sequence of Gly-X-Hyl can be further modified
by O-linked glycosylation.®:8 For this modification, two steps are involved. The first step is
to attach galactose to the 5-hydroxyl group of Hyl by hydroxylysyl galactosyltransferase
forming galactosyl-Hyl (G-Hyl)? (EC 2.4.1.50), and the second step is to attach glucose to
G-Hyl by galactosylhydroxylysyl glucosyltransferase (GGT) (EC 2.4.1.66) forming
glucosylgalactosyl-Hyl (GG-Hy!).19 It has been reported that LH3 is a multifunctional
enzyme possessing all LH, GT, and GGT activities.10-11 However, in type | collagen, it
mainly functions as GGT and the resulting modification may modulate collagen cross-
linking, fibrillo-genesis, and mineralization.12:13

As for the initial glycosylation step, i.e., galactosylation of Hyl, it has been reported that
glycosyltransferase 25 domains 1 and 2 (GLT25D1/2) encoded by G/t25d1 and Glt25d2
genes, respectively, likely catalyze this process.1* Of the two isoforms, the G/t25d1 gene is
highly expressed in many tissues while G/t25d2is expressed at low levels in a few cell
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types.14 We have also shown that G/£25a1 was highly expressed in the mouse osteoblast cell
line, whereas G/t2502was undetectable.12

To further investigate the function of collagen glycosylation in bone, we employed a loss-of-
function approach /n vitrot? and characterized collagen produced by MC3T3-E1 (MC)-
derived clones in which G/t25d1 expression was stably suppressed.

EXPERIMENTAL PROCEDURES

Cell Cultures.

MC3T3-E1 subclone 4, a mouse calvaria-derived osteoblastic cell line,1> was purchased
from American Type Culture Collection (CRL-2593) and grown as reported previously.12

Generation of the Short Hairpin RNA-Expressing Plasmid.

The target sequences for suppressing G/t25d1 were designed on the siDesign Center Web
site (Dharmacon RNAI Technologies). The three highest-ranked targets were chosen [si 1,
GGAATAATGAGCAGGTTAA (start position 1891); si 2, AGGCAGAGGTGCAAATGTA
(985); si 3, TGTCAGAATACAAGAGTCA (1762)], converted to short hairpin
oligonucleotide sequences, annealed with their complementary sequences, and cloned into
the pSilencer2.1-U6/neo vector (Ambion) as reported previously.12 After bacterial
transformation of the short hairpin plasmids, the clones with 100% nucleotide sequence
accuracy for each target (Sh1-Sh3) were evaluated for their G/t25d1 suppression efficiency
by transient transfection into MC cells.12 The nontransfected MC cells and those transfected
with the empty vector (EV) served as controls. Forty-eight hours following transfection,
total RNA was extracted and converted into cDNA and the mRNA expression levels of
GIt25d1 were assessed by quantitative real time polymerase chain reaction (PCR) with ABI
Prism 7000 (Applied Biosystems, Foster City, CA)12 using specific probes for GIt25d1
(GIt25d1; Applied Biosystems, ABI assay Mm06600638_m1) and type | collagen a2 chain
(Col1A2) Mm00483888_m1). The mRNA levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (ABI assay 4308313).16

MC Single-Cell-Derived Clones with Stable Suppression of GIt25d1.

The pSilencer2.1-U6/neo- G/t25d1 plasmid containing the Sh target with the most
suppression of G/t25d1, from transient tranfection described above, was transfected into MC
cells using the FUGENE 6 transfection reagent (Roche Applied Science). Single-cell-derived
short hairpin (Sh) clones were then generated with constant selection using 400 g/mL G418
sulfate (Mediatech, Inc., Manassas, VVA), and several Sh clones were isolated. Similarly,
single-cell-derived clones with stable transfection of EV were also generated, as previously
reported.12 The isolated Sh clones were characterized by comparing the G/t2541 expression
levels among the Sh, EV clones, and MC cells using quantitative real time PCR.12 Three to
six Sh clones with various G/t25d1 suppression levels were further characterized for their
effects on the mMRNA expression of LH1 (PlodZ; Mm00599925 m1), LH2 (PloaZ,
MmO00478767_m1), LH3 (Ploa3, Mm00478798_m1), lysyl oxidase (LOX) (Lox;
MmO00495386_m1), LOX-like 1 (LOXL1) (Lox/Z; Mm01145738_m1), LOXL2 (Lox/Z,
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MmO00804740_m1), LOXL3 (Lox/3, Mm00442953_m1), and LOXL4 (Lox/4,
MmO00446385_m1).

Western Blot Analysis.

Sh clones and control cells were cultured for 7 days, and the cell lysates were subjected to
Western blot analysis as previously reported.12:17 The following primary antibodies were
used: rabbit polyclonal GLT25D1 antibody (1:500, catalog no. 16768-1-AP, Proteintech),
rabbit monoclonal PLOD1 antibody (1:100, catalog no. sc-271640, Santa Cruz
Biotechnology), rabbit polyclonal PLOD2 antibody (1:100, catalog no. 21214-1-AP,
Proteintech), rabbit polyclonal PLOD3 antibody (1:200, catalog no. 11027-1-AP,
Proteintech), and anti-GAPDH rabbit monoclonal antibody (1:1000, catalog no. 14C10, Cell
Signaling Technology).

Collagen Preparation for Biochemical Analysis.

Cells were cultured for 2 weeks, and cell/matrix layers were washed and lyophilized for
collagen analysis as reported previously.12

Quantification of Collagen a Chains and Type | and Il Collagens by Mass Spectrometry.

Collagen was extracted from the lyophilized samples with 5 mg/mL pepsin (Sigma-Aldrich,
St. Louis, MO) in 0.5 N acetic acid for 24 h at 4 °C and subsequently purified by salt
precipitation with 0.7 M NaCl for 1 h on ice.12 The purified collagen samples were mixed
with stable isotope-labeled collagen (Sl-collagen).8 After denaturation at 60 °C for 30 min,
the samples were digested with sequencing grade modified trypsin (Promega, Madison, WI)
(1:50 enzyme:substrate ratio) in 100 mM Tris-HCI buffer containing 1 mM CaCl, (pH 7.6)
at 37 °C for 16 h. The digests were then analyzed by electrospray LC—triple-quadrupole
(QqQ)-MS on a hybrid QqQ/linear ion trap 3200 QTRAP mass spectrometer (AB Sciex,
Foster City, CA) with an Agilent 1200 Series HPLC system (Agilent Technologies, Palo
Alto, CA) using a C18 HPLC column (5 um particle size, 2.1 mm x 150 mm; Supelco,
Bellefonte, PA).18 The specific peptides derived from al(l), a2(1), and al(l11) chains (two
peptides for each chain) were analyzed by multiple-reaction monitoring mode as described
previously.818.19 The a1(1):a2-(1) ratio was determined by the molar concentrations of
al(l) and a2(l) chains based on the ratio of their marker peptides to stable isotopically
heavy ones derived from Sl-collagen in which the absolute concentrations of the a chains
were predetermined.2? The concentrations of type | and 111 collagens were calculated on the
basis of the light to heavy peak area ratio of al(l)/a2(l) and al(lll) marker peptides,
respectively.8

Site-Specific Lysine Modifications in Type | Collagen.

The purified collagen samples were treated with trypsin as described above and subjected to
electrospray LC-MS using an ultrahigh resolution (UHR) quadrupole time-of-flight (QTOF)
mass spectrometer (maXis Il, Bruker Daltonics, Bremen, Germany) with a Shimadzu
Prominence UFLC-XR system (Shimadzu, Kyoto, Japan). The samples were applied to an
Ascentis Express C18 HPLC column (5 um particle size, 2.1 mm x 150 mm; Supelco) with
a binary gradient of 0.1% formic acid and acetonitrile as described previously.1® The MS
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scan was obtained over the m/z range of 50-2500 with a frequency of 2 Hz in positive ion
mode. The relative extent of Lys hydroxylation and Hyl glycosylation (Lys, Hyl, G-Hyl, and
GG-Hyl) at the specific sites in type | collagen was calculated as reported previously.19:21

Reduction with NaB3H,.

Lyophilized cell/matrix samples (~2.0 mg) were reduced with standardized NaB3H,,
washed, and lyophilized.22

Analysis of Hyl Glycosylation by High-Performance Liquid Chromatography (HPLC).

Reduced samples were hydrolyzed with 6 N HCI and subjected to amino acid analysis, 3
and the total number of Hyl residues (i.e., a sum of Hyl, G-Hyl, and GG-Hyl) per collagen
molecule was calculated by normalizing the values to 300 residues of hydroxyproline (Hyp).
Samples were also hydrolyzed with 2 N NaOH, and nonglycosylated3 and glycosylated Hyl
(G- and GG-Hyl) were analyzed as described previously.12

Collagen Cross-Link Analysis.

Reduced samples hydrolyzed with 6 N HCI or 2 N NaOH were subjected to cross-link
analysis.23 Upon reduction, dehydrodihydroxylysinonorleucine (dehydro-DHLNL)/its
ketoamine and dehydrohydroxylysinonorleucine (dehydro-HLNL)/its ketoamine are reduced
to stable secondary amines, DHLNL and HLNL, respectively. These cross-links were
analyzed as their reduced forms, and the terms DHLNL and HLNL will be used for both
unreduced and reduced forms hereafter. The quantities of these reducible cross-links and a
mature nonreducible cross-link, pyridinoline (Pyr), were determined using the acid
hydrolysates and calculated as moles per mole of collagen.2324 The total number of
aldehydes involved in these cross-links was calculated as DHLNL + HLNL +; 2 x Pyr.2

The glycosylated reducible cross-links were analyzed using the base hydrolysates, and the
nonglycosylated and glycosylated (G- and GG-) cross-links were quantified as moles per
mole of collagen as reported previously.13 Because Pyr is labile in base hydrolysis, " its
glycosylation forms were not analyzed.

Characterization of Collagen Fibrils.

Cells were cultured for 2 weeks; cell/matrix layers were fixed, embedded, sectioned, and
stained,26 and collagen fibrils were observed under a LEO EM-910 transmission electron
microscope. The images were obtained at 25000% magnification, and the diameters of
collagen fibrils were measured (1200 fibrils/group) using ImageJ 1.44p software as
described previously.2”

Mineralization Assay.

Cells were plated at a density of 2 x 10° cells/35 mm dish, cultured in mineralization
medium?8 for >4 weeks. At the end of each week, the cell/matrix layer was stained with 1%
Alizarin Red S (Sigma-Aldrich) to assess mineralization.28:29 At the end of 4 weeks when
mineralization is apparent in control groups, the extent of mineralization in each group was
quantified by the triplicate measurements and compared.
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Generation and Characterization of GLT25D1 Sh Clones with Overexpression of Glt25d1

cDNA.

The pPM-C-His vector containing mouse G/t25d1 cDNA (anti-bodies-online Inc., catalog
no. ABIN4411012) was transfected into Sh clones to restore GLT25D1 using FUGENE 6
transfection reagent (Roche Applied Science). The transfected cells were selected with G418
sulfate (400 w/mL) for 7 days. Expression of GLT25D1 protein in the isolated clones was
confirmed by Western blot analysis. Then, the stably transfected cells were cultured for 2
weeks, and type | collagen was prepared and subjected to mass spectrometric analysis to
assess the extent of Hyl glycosylation as described above.

Statistical Analyses.

RESULTS

Data were statistically evaluated with Jmp8.0 software (SAS Institute Inc., Cary, NC).
Statistical differences were calculated by Kruskal-Wallis one-way analysis of variance and
means comparison by a Student's ztest. The results are shown as means + the standard
deviation (SD), and a p value of <0.05 was interpreted as being statistically significant.

Suppression of Glt25d1 by Sh RNA.

Following the transient transfection of pSilencer2.1-U6/Neo plasmids encoding hairpin
oligonucleotides targeting three different sites in G/t25d1 (Sh1-Sh3) into MC cells, the
levels of G/t25d1 and Col1AZ2 expression were evaluated by real time PCR. Relative to
Gapdh, all three Sh targets exhibited significant suppression of G/t25d1 expression. The
expression levels of G/t25d1 in Sh1-Sh3 were 37.7%, 39.5%, and 29.4%, respectively, while
it was ~89.5% in EV, when compared to that of the MC nontransfected cells (100%) (Figure
S1A). Suppression of Col/1AZexpression relative to Gapadhwas also evaluated in the cells
transfected with either Sh1, Sh2, or Sh3 constructs, and the results showed 27.9%, 91.8%,
and 82.1% downregulation of Co/1AZ, respectively (Figure S1B). The relative expression of
Glt25d1to Col1AZis an important factor for determining the gene manipulation effect on
the levels of collagen post-translational modification.1? In the study presented here,
transfection with the Sh1 construct led to a lower level of G/t25d1 relative to Col1A2 (p <
0.05 compared to those of MC and EV), while the Sh2 and Sh3 constructs indicated
significant off-target effects on Co/1AZ2expression (Figure S1C). On the basis of these
findings, short hairpin target sequence 1 (Sh1) was used to create single-cell-derived clones
with stable suppression of G/t25d1.

Sh1l-Derived Clones with Stable Suppression of Glt25d1.

Three representative clones (Shl-1, -2, and -3) exhibiting cell morphology and growth
patterns similar to those of the controls (MC and EV) were chosen for further
characterization. The expression levels of G/t25d1 were significantly suppressed in all Sh
clones in comparison to EV and MC (p< 0.01) (Figure 1). The possible effects of G/t25d1
suppression on the expression of Plod7-3 genes were further explored. Relative to Gapah,
the expression levels of Plod1 were slightly but significantly higher in Sh1-2 and -3 clones
(0 < 0.05), while that in Sh1-1 was not different from that of MC (Figure 1). Levels of Plod3
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expression in Sh1-1 and -2 were also slightly but significantly higher than those of controls
(MC and EV) (p < 0.05), whereas in Sh1-3, it was not significantly different from that of
EV. Levels of Plod2 expression were not significantly different between Sh clones and
controls (p> 0.05). Possible consequences of G/t25d1 suppression on the expression of Lox
and Lox/1-4 were also examined. The results demonstrated that the levels of Loxand
Lox/2-4in the Sh clones were comparable to those of controls (MC and EV), whereas the
level of expression of Lox/1 in Sh clones was slightly lower compared to those of controls
(Figure 1).

The GLT25D1 protein levels in cell lysates were assessed by Western blot analysis (Figure
2). An immunopositive band at ~72 kDa, the expected molecular weight of GLT25D1, was
observed in the controls and Sh clones, but the immunor-eactivities were significantly
decreased in all Sh clones (Figure 2A). When normalized to the protein levels of GAPDH,
GLT25D1 levels in Sh clones were 2.5% (Sh1-2), 4.7% (Sh1-1), and 35% (Sh1-3) of that of
MC (Figure 2B). Thus, GLT25D1 protein levels in Sh clones were effectively suppressed.

Protein Levels of Lysine-Modifying Enzymes by Western Blot Analysis.

Because Lys modifications of Sh type I collagen were significantly altered (see Figures 3
and 5 and Tables S2 and S3), we examined the protein levels of LH1-3. When normalized to
GAPDH, the level of LH1 was significantly increased in Sh clones, except for Sh1-1.
However, levels of both LH2 and -3 were decreased in all Sh clones (Figure 2).

Lysine Modifications of Collagen.

The extent of Lys modifications in collagen was also analyzed by HPLC2 (Figure 3). In Sh
clones, the level of Lys hydroxylation, including glycosylated and free Hyl, was slightly but
significantly increased compared with those from MC and EV (Figure 3A). A significant
decrease in the level of GG-Hyl was observed in all Sh clones compared to those of controls
(0 < 0.05), while the level of free Hyl tended to be higher than controls but did not reach
significant levels (Figure 3B). G-Hyl was not detected in Sh clones (Figure 3B). When
calculated as percentages of total Hyl (Figure 3C), levels of GG-Hyl in Sh clones (8.2%
Sh1-1, 6.4% Sh1-2, and 8.5% Sh1-3) were significantly lower compared to those of controls
(19.3% for MC and 17.3% for EV) (p < 0.05). The relative levels of free-Hyl in Sh clones
(91.8% Sh1-1, p<0.01; 93.6% Sh1-2, p<0.01; and 91.5% Sh1-3, p< 0.01) were
significantly higher than those of controls (76.2% for MC and 78.8% for EV) (Figure 3C).
When the extent of Hyl glycosylation (both G- and GG-) is calculated, it is 65-75% lower in
Sh collagens than those of controls.

a Chain and Collagen Type Ratios.

The ratio of type | collagen a chains and the relative abundance of type I and Il collagens
were determined by LC-QqQ-MS analysis.8 For all samples, the al(l):a2(1) ratio was 2.2—
2.3, which is consistent with the value for the type I collagen [a1(l)]oa2(l) heterotrimer
(Table S1). The [a1(l)]3 homotrimer was estimated as less than 10% of total type | collagen
in all groups, and there were no differences between controls (MC and EV) and Sh clones
(Table S1). This demonstrates that the severely suppressed level of G/t25d1 (Figures 1 and
2) or slightly suppressed level of Co/1AZ (Figure S1B) observed in Sh clones did not affect
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the a chain ratio. Also, the ratio of type I to Il collagen did not change with G/t25d1
suppression (Table S1). The results showing 95-98% type | collagen and 2-5% type Il
collagen in MC cells are consistent with previously published data.3°

Effect of GIt25d1 Suppression on Lysine Modifications of Type | Collagen.

Following trypsin digestion, Lys modifications at specific molecular sites of type I collagen
isolated from MC, EV, and Sh clones were analyzed by LC-MS on the maXis Il UHR-
QTOF system. Figure 4 presents the representative extracted ion chromatograms (EICs) of
tryptic peptides containing the major glycosylation site, a1-87.1319 The heterogeneity of
peptide peaks in LC-MS was observed due to its charge state, partial prolyl 4-hydroxylation,
and partial miscleavage by trypsin at Hyl and glycosylated Hyl;13 thus, the most intense
peaks were depicted to analyze and compare each modification form. In both MC and EV,
the Lys residue at a1-87 was almost fully hydroxylated and the Hyl residue was
predominantly diglycosylated (GG-Hyl). The monoglycosylated form, G-Hyl, and free
(nonglycosylated) Hyl were both detected but at low levels. In contrast, in Sh clones in
which G/t25d1 gene expression was stably suppressed, the nonglycosylated Hyl was the
major form at this site and levels of GG- and G-Hyl were both markedly decreased.

The site occupancy of modified Lys residues at specific molecular sites was
semiquantitatively calculated using the peak area ratio of all detected Lys-, Hyl-, G-Hyl-,
and GG-Hyl-containing peptide peaks (Figure 5A,; also see Table S2). As shown in Figure 4,
G-Hyl, a very minor form of glycosylation, was decreased by G/t25d1 suppression (3.3—
3.5% for MC and EV and 1.5-1.7% for Sh clones) at a1-87. In addition, the concomitant
decrease in 83.7% for MC and EV and 19.5-21.9% for Sh clones) and marked increases in
the level of free Hyl (12.1-12.6% for MC and EV and 76.3-78.7% for Sh clones) were
observed at this site. Similarly, the level of G-Hyl was decreased in Sh collagens at a1-99
(7.4-7.8% for MC and EV and 2.8-2.9% for Sh clones), al-174 (3.0-3.5% for MC and EV
and 0.9-1.0% for Sh clones), al-564 (4.5—4.7% for MC and EV and 1.4-1.5% for Sh
clones), a1-603 (0.9-1.4% for MC and EV and 0.4-0.6% for Sh clones), a2-174 (55.0-
62.1% for MC and EV and 25.6-27.8% for Sh clones), and a2-219 (2.2-3.4% for MC and
EV and 0.8-0.9% for Sh clones). Underglucosylation and overhydroxylation were also
observed at all of these sites. Glycopeptide containing a2—-87 was not detected, though trace
amounts of G-Hyl and/or GG-Hyl could be present as previously reported.13.21 Also,
glycosylation at a1-219 was not detected while that on an a2 chain was detectable (Figure
5A,; also see Table S2). The alterations in Lys hydroxylation/glycosylation were more
apparent when shown as percentages of GG-, G-, and nonglycosylated forms in total Hyl
(Figure 5B; also see values in parentheses in Table S2). Seven glycosylation sites, i.e., al-
87, al-99, al-/a2-174, al-564, al-603, and a2-219, were identified, among which the
predominant glycosylation site was the helical cross-linking site, al-87. At this site, the
relative levels of G- (3.4-3.7% for MC and EV and 1.5-1.7% for Sh clones) and GG-Hyl
(83.1-84.4% for MC and EV and 19.6-21.9% for Sh clones) were markedly diminished in
Sh collagens. Another major glycosylation site, a2-174, also showed significant decreases
in the levels of G- (71.5-72.3% for MC and EV and 27.7-30.2% for Sh clones) and GG-Hyl
(16.8-17.9% for MC and EV and 3.5-4.0% for Sh clones) with a concomitant increase in
the level of free-Hyl (10.6-10.8% for MC and EV and 65.9-68.8% for Sh clones). Due to
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the decreases in the levels of G- and GG-Hyl and the increase in the level of free Hyl, the
nonglycosylated form became the most dominant molecular species at all of the
glycosylation sites in Sh collagens.

Collagen Cross-Links.

In all samples, two immature reducible cross-links, DHLNL and HLNL, and a mature
nonreducible cross-link, Pyr, were detected. The levels of cross-link precursors, Hyl- and
Lys-aldehydes, were minimal (<0.01 mol/mol of collagen), and another mature cross-link,
deoxy-Pyr, was not detected in any of the samples analyzed. The amounts of DHLNL,
HLNL, Pyr, and total aldehydes involved in these cross-links are shown in Figure 6A and
Table S3A. The levels of DHLNL and HLNL cross-links were both significantly lower in Sh
clones than in controls (MC and EV) (p < 0.05). In Sh clones, the level of Pyr cross-link was
significantly higher than those of the controls (p < 0.05). The total number of aldehydes was
also lower in Sh clones in comparison to both controls (p < 0.05).

The HLNL cross-link did not significantly change between acid and base hydrolysates,
indicating that the majority of this cross-link was not glycosylated. The GG-, G-, and non-
glycosylated forms of DHLNL were quantified, and their relative abundance was calculated
as a percentage of total DHLNL (Figure 6B and Table S3B). In MC and EV, ~50% of total
DHLNL was glycosylated (40-41% GG- and 5-6% G-forms) and ~50% nonglycosylated. In
all Sh clones, however, >80% was free DHLNL (~81.6%) with significantly lower levels of
GG-DHLNL (~23.0%) (p < 0.05 compared to controls). G-DHLNL was undetectable in Sh
clones. This is consistent with the MS analysis described above. Namely, the residue at al—
87 (note that a2-87 of mouse type | collagen is not glycosylated),12 the major glycosylation
site (Figure 5; also see Table S2), is also the major cross-linking site for the formation of
DHLNL (a1-16€ x a1-87);3! thus, the results indicate that the level of free Hyl at this site
was increased with concomitant decreases in the levels of GG-Hyl in Sh clones (Figure 5;
also see Table S2). When cross-link maturation was assessed as a ratio of tri- to bivalent
cross-links, Pyr/DHLNL (i.e., the former is a maturational product of the latter),2® it was
significantly higher in all Sh clones (0.045-0.069) than in controls (0.013-0.018) (p < 0.05).
Thus, in Sh collagen, crosslink maturation was accelerated.

Characterization of Collagen Fibrils.

Typical images of collagen fibrils and the diameter distribution in Sh clones and controls are
presented in Figure 7. From these cross-sectional views, the shapes of the fibrils were
circular in general and did not differ among the groups. Within the control groups, EV
showed slightly but significantly smaller fibril diameters in comparison to MC (p < 0.05).
The mean and range of the fibril diameters were significantly larger in all Sh clones in
comparison to MC and EV controls (p < 0.0001). Among Sh clones, Sh1-3 that showed the
lowest suppression levels of both the G/t25d1 gene (Figure 1) and the GLT25D1 protein
(Figure 2) revealed the smallest difference in the fibril diameter in comparison to controls.
The means of fibril diameters increased in the following order: EV < MC < Sh1-3 < Sh1-1/
Sh1-2 clones. Therefore, the fibril diameter was inversely correlated with the G/t25d1 gene/
protein expression levels, suggesting that the glycosylation regulates growth of collagen
fibrils.
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In Vitro Mineralization.

To assess the ability to form mineralized nodules /n vitro, Sh clones and control cells were
cultured for up to 4 weeks and subjected to Alizarin Red S staining (Figure 8). The results
showed that, in the control groups (MC and EV), mineralized nodules were formed at 3
weeks, and the level was significantly increased at 4 weeks. However, no nodules were
observed in Sh clones for <4 weeks (Figure 8A). This was confirmed by the quantitative
measurement of Alizarin Red S content at week 4 showing that mineralization in Sh clones
was markedly diminished in comparison to MC and EV (p < 0.01) (Figure 8B). Thus, a
reduced level of glycosylation of Hyl affects matrix mineralization.

Overexpression of GLT25D1 in Sh Clones and Characterization of Hyl Glycosylation.

To validate the function of GLT25D1 observed above, we performed rescue experiments by
overexpressing the G/t25d1 gene in Sh clones and analyzing the collagen glycosylation. In
these transfected clones, the GLT25D1 protein levels were increased (Figure S2) and the
extents of Hyl glycosylation (G- and GG-Hyl) at the major glycosylation sites were all
significantly increased compared to those of Sh clones (Figure S3), thus confirming the
GLT25D1 function as glycosyltransferase.

DISCUSSION

It has been reported that O-linked glycosylation of collagen is catalyzed mainly by
GLT25D1 and LH3 for the initial galactosylation of Hyl4 and following glucosylation of G-
Hyl,12:32 respectively. Though these modifications have been implicated in collagen
fibrillogenesis,1219:33-37 jntermolecular cross-linking,19:22:38-41 collagen—cell interaction,
42:43 remodeling,3® and induction of vessel-like structures,** the specific effects of
GLT25D1-catalyzed galactosylation have not been well-defined.

To investigate the role of collagen glycosylation, we employed a loss-of-function approach
by generating MC-derived clones stably suppressing the G/t25d1 gene encoding GLT25D1
protein (Sh clones), a putative GT, and characterized its collagen phenotypes. Here we
demonstrated that a decrease in the level of GLT25D1 results in significantly decreased
levels of both G- and GG-Hyl at all glycosylation sites analyzed, and this appeared to affect
collagen crosslinking, fibril formation, and matrix mineralization. The glycosylation
phenotype seen in Sh clones was rescued when the G/t25d1 gene was overexpressed in the
Sh clones.

Baumann and Hennet have recently reported that inactivation of GL725D1 decreased the
level of diglycosylation of type I collagen by 42-60% in osteosarcoma cells, SaOS-2 cells,
and led to the accumulation of type | collagen in the ER.32 Though they took a loss-of-
function approach similar to that used in the study presented here, there are distinct
differences. First, in our study, we quantified the glycosylated (both GG- and G-) and
nonglycosylated forms of Hyl per collagen and then quantitatively analyzed the changes in
glycosylation pattern at the specific sites of the type I collagen molecule. This is important
because the glycosylation pattern varies in a site- and chain-specific manner in type |
collagen.13 Second, because the predominant glycosylation site in type I collagen, a1(l)-87,
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is also one of the major helical cross-linking sites,13 we investigated the impact on collagen
cross-linking. Third, we also characterized the effects of GLT25D1 suppression on collagen
fibrillogenesis and matrix mineralization using a nontransformed osteoblastic cell line, MC
cells.

The data from quantitative analysis of each form of glycosylation clearly indicated that
GIt25d1 functions as GT in osteoblastic MC cells. By utilizing UHR-QTOF-MS, seven
glycosylation sites were identified in type | collagen synthesized by osteoblastic MC cells,
al-87, al-99, al-/a2-174, al-564, al-603, and a2-219 (Table S2). Three glycosylation
sites, al-99, al-564, and a1-603, were newly identified in the MC culture system, though
the latter two sites were recently reported in type | collagen from mouse primary osteoblast
cultures and bone.?! Glycosylation of Hyl residue at a2—-87 that was previously reported as a
very minor glycosylation sitel3 was not detected in the study presented here. These minor
differences could be due to the cell culture conditions. Among the non-cross-linked peptides
in control groups, the highest degree of glycosylation was seen at the helical cross-linking
site, al-87 (~87.0% of total Lys), followed by a2-174 (~76.6% of total Lys). The rest of
the residues were glycosylated to a much lesser extent (<12%), especially, in a1-603 (Table
S2). The reason why G-Hyl was not detected in Sh collagen by biochemical analysis (Figure
3B,C) is due likely to its very low levels as it was analyzed in the whole protein hydrolysate,
not in the specific peptides as in the case of MS analysis. Of the two major glycosylation
sites at a1-87 and a2-174, GG-Hyl is the predominant form in the former while G-Hyl is in
the latter. This pattern is consistent with our previous report!3 and primary osteoblast
cultures?! as well as with mouse bone tissues.?! The reason for this distinct glycosylation
pattern between these two major glycosylation sites is not clear at present. However, it is
notable that there is a significant difference in the distribution of basic and acidic amino
acids adjacent to the respective Hyl residues, i.e., in the former PGMK(87)GHR and in the
latter VGAK(174)GEA (al chain, Uniprot accession number P11087; a2 chain, Uniprot
accession number Q01149). Considering the fact that the poly-aspartate sequence is critical
for the GGT activity of LH3,4546 the basic environment adjacent to the Hyl residue could be
important for the functionality of LH3 in MC cells.

The study presented here demonstrates that, though the extent of glycosylation varies at
different molecular sites (see above), the relative contents of GG- and G-Hyl were both
decreased at all of these sites by 50-75% with a concomitant increase in the level of
nonglycosylated (free) Hyl in Sh type | collagen. These results clearly indicate that (1)
suppression of GLT25D1 affects all glycosylation sites without significant site preference in
type | collagen and (2) because the effect did not show a significant difference in the ratio of
GG- to G-, GLT25D1 most likely functions as galactosyltransferase for all of these sites.

Collagen intermolecular cross-linking is initiated by the conversion of telopeptidyl Lys or
Hy! residues to the respective aldehydes (Lys?!d and Hyl2!d, respectively) through the action
of LOX/LOXL enzymes. The aldehyde can then condense with the e-amino group of the
juxtaposed helical Lys or Hyl on a neighboring molecule to form divalent cross-links that
can mature into trivalent cross-links.2 Though the amounts of cross-links were diminished in
Sh collagen due possibly to the impaired LOX/LOXL activity? (Figure 1), cross-link
maturation, i.e., from di- to trivalent cross-links (DHLNL to Pyr), was significantly
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enhanced (Figure 6B and Table S3B). These data indicate a possible role of GLT25D1-
mediated galactosylation in collagen cross-link formation and maturation. Previously, we
reported that suppression of LH3-catalyzed glucosylation resulted in a decrease in the level
of GG-Hyl with a concomitant increase in the level of G-Hyl, whereas the level of
nonglycosylated Hyl was unchanged.12:13 Thus, the effect of glucosylation was investigated
in these studies. Our study showed that suppressed GIt25d1 resulted in decreases in the
levels of both GG- and G-Hyl with a concomitant increase in the level of free Hyl.
Interestingly, in both cases, cross-link maturation from di- to trivalent crosslinks was
significantly accelerated. It is, thus, possible that the non- or monoglycosylation form of
divalent cross-links does not affect the maturation process but the diglycosylation form does
by steric hindrance in the condensation reaction. Further studies such as /n vitro incubation
studies!347 using high- resolution MS analysis may provide insights into the fate of
diglycosylated divalent cross-links.

Collagen fibrillogenesis can be controlled by many factors, e.g., the presence of minor
fibrillar collagens such as type V4849 and 111 collagen, fibril-associated collagens with
interrupted triple helices (FACITs),51 small leucine-rich proteoglycans (SLRPs),%2 and the
extent of the post-translational modifications within the major fibrillar collagens.12:13:53 The
study presented here indicates that the decreased level of GLT25D1-mediated
galactosylation also affects collagen fibrillogenesis, i.e., diameter and shape. At this point,
we cannot conclude that this effect [and that on mineralization (see below)] is exerted
directly by the suppressed collagen galactosylation or indirectly by altered interaction with
other noncollagenous proteins/SLRPs that controls fibrillogenesis or by other effects such as
increased type | collagen retention within the cells32 that may affect extracellular collagen
assembly.

The collagen fibril diameter of Sh clones was significantly larger than that of controls, and
the diameter appeared to be inversely correlated to the G/t25d1 gene and GLT25D1 protein
levels. It is possible that the collagen molecules with a low extent of glycosylation could
self-assemble faster, forming thicker fibrils because of the lower level of steric hindrance.
This is consistent with our previous reports}213 indicating that the extent of LH3-catalyzed
collagen glucosylation is inversely correlated with collagen fibril growth /n vitro.

The results presented here also showed that mineralization is significantly affected in Sh
clones. This could be due to the abnormal fibrils caused by low glycosylation levels and
consequently altered collagen cross-linking, which then could impair collagen
mineralization. Those fibrils may not be suitable as a functional template to support
mineralization. It is also possible that an interaction between collagen and noncollagenous
proteins (e.g., biglycan?® or decorin®¥) is altered resulting in impaired mineralization.
Overglycosylation of collagen in bone disorders, e.g., osteogenesis imperfecta®®56 and
osteoporosis,>’®8 is well-documented; however, the study presented here indicates that
underglycosylation of collagen may also affect bone mineralization, which is consistent with
our previous report.13 During the long process of collagen biosynthesis, the subtle changes
in collagen glycosylation may result in aberrant consequences by affecting cross-linking,
fibrillogenesis, and ultimately mineralization.
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In the study presented here, we found that the levels of PlodZ and —3 gene expression were
significantly increased by G/t25d/ suppression while that of Plod2 was unchanged (Figure
1). The protein level of LH1 (encoded by PlodZ) was also increased; however, those of LH2
(encoded by Plod?2) and LH3 (Plod3) were found to be decreased (Figure 2). A significant
increase in the total level of Lys hydroxylation of Sh collagen (Figure 3) is consistent with
higher LH1 activity as helical LH. Upregulation of Plod3expression in Sh clones could be
viewed as a compensatory activity as LH3 could also function as GT,%9 though this activity
of LH3 is very low under normal conditions. » At this point, it is not clear why the LH3
protein level was decreased in Sh clones. A possible explanation is that, because it forms a
complex with GLT25D1 in ER,%0 loss of GLT25D1 protein may lead to destabilization and
degradation of LH3. However, the fact that GG-Hyl is, though very low, present at all of the
analyzed sites in Sh type | collagen (Table S2) suggests that the activity of LH3 as GGT12.14
remained in Sh clones. For the decrease of LH2, though its interaction with GLT25D1 is not
known, a similar process may occur because it has also several binding partners within the
ER,19:61.62 some of which may interact with GLT25D1. However, the activity of LH2 as
telopeptidyl LH®3.64 appeared to be maintained in Sh clones as the LH2-mediated cross-
links (DHLNL and Pyr) were still formed in Sh collagen (Figure 6).

In conclusion, our loss-of-function study showed that the main function of GLT25D1 in
osteoblasts is to attach galactose to Hyl residues in type I collagen. The suppression of
G/t25d1 resulted in significant decreases in the level of collagen glycosylation at all
glycosylation sites analyzed that led to alterations in the formation and maturation of cross-
links, collagen fibrillogenesis, and mineralization. These findings indicate the critical role of
this modification in the formation and function of fibrillar collagens in bone.
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Lys lysine
Hyl hydroxylysine
ER endoplasmic reticulum
LH lysyl hydroxylase
TEM transmission electron microscopy
PBS phosphate-buffered saline
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G- galactosyl-
GG- glucosylgalactosyl-
Pro proline
Hyp hydroxyproline
L ox lysyl oxidase
Plod procollagen-lysine, 2-oxoglutarate 5-dioxygenase
Lox! lysyl oxidase-like
MC MC3T3-E1
GLT25D1 glycosyltransferase 25 domain 1
GLT25D2 glycosyltransferase 25 domain 2
Sh short hairpin
EV empty vector
GT hydroxylysyl galactosyltransferase
GGT galactosylhydroxylysyl glucosyltransferase
Sl-collagen stable isotope-labeled collagen
QqQ triple quadrupole
UHR ultrahigh resolution
QTOF quadrupole time-of-flight
HPLC high-performance liquid chromatography
EICs extracted ion chromatograms
DHLNL dihydroxylysinonor-leucine
HLNL hydroxylysinonorleucine
Pyr pyridinoline
d-Pyr deoxy-pyridinoline
ald aldehyde
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LoxI2

MC Shl-1 Shi-2 Shi-3

Gene expression of G/t25d1, Plod1-3, and Lox/Lox/1-4in Shl single-cell-derived clones
and controls. Following 48 h of culture, real time PCR was performed and their mMRNA
levels relative to the internal control (Gapdh) were calculated. Values represent means + SD
from three independent experiments. *p < 0.05 compared to MC and EV. #p < 0.05
compared to MC. &p < 0.05 compared to EV. Abbreviations: Lox, lysyl oxidase; G/t25d1,
glycosyltransferase 25 domain 1; Sh, short hairpin; Plod, procollagen-lysine, 2-oxoglutarate

5-dioxygenase; Lox/, Lox-like.
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GLT25D1 and LH1-3 protein levels in Sh1 single-cell-derived clones and controls. Western
blot analyses were performed with respective antibodies and the anti-GAPDH antibody.
Seven micrograms of protein per group was loaded, and the protein level was calculated by
the immunoreactivity relative to GAPDH. (A) GLT25D1, (B) LH1, (C) LH2, and (D) LH3.
Abbreviations: GLT25D1, glycosyltransferase 25 domain 1; LH, lysyl hydroxylase; Sh,
short hairpin; Ab, antibody. Compared to MC, *p < 0.05, **p < 0.01, ***p < 0.001, and
**xk < 0,0001.Compared to EV, #p < 0.01 and ##p < 0.0001.
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controls. (A) Lys hydroxylation is shown as the number of residues of Hyl per collagen

molecule. (B) Glycosylation of Hyl shown as the number of residues per collagen. (C)

Relative abundance of Hyl glycosylation shown as percentages (G- + GG- + free-Hyl =
100%). Values represent means + SD from three independent experiments. *Significantly
different (p < 0.05) compared to MC and EV. **Significantly different (v < 0.01) compared
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to MC and EV. Abbreviations: Lys, lysine; Hyl, hydroxylysine; res., residues; GG-,
glucosylgalactosyl-; G-, galactosyl-; Sh, short hairpin.
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Extracted ion chromatograms (EICs) of tryptic peptides that contained glycosylation sites in
type | collagen isolated from MC, EV, and Sh clones. Monoisotopic EICs of Lys-containing
(m/z565.7901 + 0.02; z=2) and Hyl-containing (/m/z573.7876 £ 0.02; z= 2) peptides were
extracted for al(l) [76-87] GLOGTAGLOGMK (O indicates 4-Hyp). In addition,
monoisotopic EICs of G-Hylcontaining (/7/2553.6030 + 0.02; z= 3) and GG-Hyl-
containing (m/z607.6207 + 0.02; z= 3) peptides were extracted for al(l) [76-90]
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GLOGTAGLOGMKGHR. Abbreviations: Lys, lysine; Hyl, hydroxylysine; GG-,
glucosylgalactosyl-; G-, galactosyl-; Sh, short hairpin.
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Site-specific Lys modifications in type I collagen determined by mass spectrometry. (A) Lys
+ Hyl + G-Hyl + GG-Hyl = 100%. (B) Glycosylation of Hyl (Hyl + G-Hyl + GG-Hyl =
100%). Abbreviations: Lys, lysine; Hyl, hydroxylysine; GG-, glucosylgalactosyl-; G-,
galactosyl-; Sh, short hairpin.
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Figure 6.
Collagen cross-links and cross-link glycosylation. (A) Collagen cross-links. Values (moles

per mole of collagen) represent means + SD from three independent experiments. DHLNL
(moles per mole of collagen) including GG- + G- + free-DHLNL, total aldehydes = total
DHLNL + HLNL + 2 x Pyr. (B) Glycosylation and maturation of the DHLNL cross-link.
Values represent means = SD from three independent experiments. DHLNL (100%) = GG-
(%) + G- (%) + free DHLNL (%). Abbreviations: DHLNL, dihydroxylysinonorleucing;
HLNL, hydroxylysinonorleucine; Pyr, pyridinoline; GG-, glucosylgalactosyl-; G-,
galactosyl-; Sh, short hairpin. * Significantly different (o < 0.05) compared to MC and EV.
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Figure7.
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Collagen fibrils in controls (MC and EV) and Sh clones. After 2 weeks of culture, cells
and/or matrices were processed and observed under a transmission electron microscope. (A)
Collagen fibrils at 25000x magnification. (B) Collagen fibril diameters were measured from
1200 fibrils per group, and the diameter distribution was plotted.
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Figure 8.
In vitromineralization. (A) Alizarin Red S staining of cells and/or matrices from controls

(MC and EV), and Sh clones at weeks 2-4. (B) Quantification of Alizarin Red S contents at
week 4. Error bars show the SD from triplicate measurements. *Significantly different (p <
0.01) compared to MC and EV. Abbreviations: WK, week; Sh, short hairpin.
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