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The bio log i cally most active hor monal form of vita min D3, 

1,25(OH)2D3, which is formed after two sequen tial hydrox yl ations 

in the liver and kid ney of cho le cal cif erol (VD3), has a broad range of 

phys i o log i cal effects includ ing cal cium homeo sta sis, bone metab-

o lism, immune sys tem and can cer [1]. These func tions are med i-

ated through a sin gle vita min D recep tor (VDR), a mem ber of the 

nuclear hor mone recep tor super fam ily [2]. The over all positive 

effect of vita min D on bone has been known for a cen tury since 

it pre vents and cures rick ets and os teo mal asia [3]. How ever, the 

direct role of 1,25(OH)2D3 in bone homeo sta sis is still not evi dent 

and the results from pre vi ous stud ies are not always con sis tent [4] 

pos si bly due to an involve ment of many mod u la tors of the vita min 

D3-induced sig nal ing at multiple lev els [5–7].

Fibril lar type I col la gen, the pre dom i nant organic matrix com po-

nent in bone, func tions as a three-dimen sional tem plate to con trol 

the spa tial aspect of min er al i za tion [8]. The cova lent inter mo lec-

u lar cross-link ing is the final col la gen post-trans la tional mod i fi-

ca tion cru cial for the sta bil ity of the fibrils. The type and quan tity 

of cross-links are pri mar ily deter mined by the extent of hydrox yl-

ation and oxi da tive deam i na tion of the spe cific lysine res i dues in 

col la gen cat a lyzed by lysyl hydrox y lases (LHs) and lysyl oxi dase(s) 

(LOX), respec tively. The spe cific cross-link ing pattern appears 

to be vitally impor tant for bone min er al i za tion as indi cated by 

in vitro stud ies [9,10], and its asso ci a tion with Bruck syn drome, 

a rare form of osteo gen e sis im per fec ta with con gen i tal con trac-

tures [11]. Though type I col la gen gene is con sid ered as one of the 

1,25(OH)2D3 respon sive genes in oste o blasts derived from var i ous 

spe cies [12–17], at pres ent, little is known about its effect on col-

la gen post-trans la tional mod i fi ca tions. The objec tives of this study 

were to inves ti gate the effects of 1,25(OH)2D3 on gene expres sion 

of LHs (LH1, 2a/b, 3) and LOX/LOX-like pro teins (LOXL1-4), lysine 

hydrox yl ation and cross-link ing of col la gen using an osteo blas tic 

cell cul ture sys tem.

Mate ri als and meth ods

Cell cul ture. MC3T3-E1 cells (sub clone 4) were pur chased from 

Amer i can Type Cul ture Col lec tion (CRL-2593). Cells were main-

tained in a-min i mum essen tial medium (a-MEM, Gib co, Carls bad, 

CA, USA) sup ple mented with 10% fetal bovine serum (FBS, Atlanta, 

Law rence ville, GA, USA), 100 U/ml pen i cil lin G sodium and 100 lg/

ml strep to my cin sul fate in a 5% CO2 atmo sphere at 37 °C. The 

medium was changed twice a week.

Cell growth. MC3T3-E1 cells were plated onto a 24-well plate in 

trip li cate at a den sity of 2 £ 104 cells/well, cul tured over night and 

treated with eth a nol (Et-OH), 10¡8 M VD3 or 10¡8 M 1,25(OH)2D3 for 

up to 14 days. The former two served as con trols. At days 2, 5, 7, 10, 

and 14 of cul ture, cell num ber was deter mined by cell count ing.

In a sep a rate set of exper i ments, cells were plated onto a 96-well 

plate in trip li cate at a den sity of 1 £ 104 cells/well, treated and sub-

jected to MTS cell pro lif er a tion assay (Cell Tier 96; Promega, Mad i son, 

WI, USA) at days 2, 5, and 7 of cul ture as reported pre vi ously [18].

Quan ti ta tive real-time poly mer ase chain reac tion (PCR). Cells 

are plated onto 35 mm dishes at a den sity of 2 £ 105 cells/dish. 

After reach ing con flu ence, the medium was replaced with that 
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The active form of vita min D, 1,25(OH)2D3, has a broad range of effects on bone, how ever, its role in the qual-

ity of bone matrix is not well under stood. In this study, using an osteo blas tic cell (MC3T3-E1) cul ture sys tem, 

the effects of 1,25(OH)2D3 on col la gen cross-link ing and related enzymes, [Green_Open i .e .  Green_Close][Red_Openi.e., Red_Close]lysyl hydrox y lases (LH1-3) 

and lysyl oxi dases (LOX, LOXL1-4), were exam ined and com pared to con trols where cells were treated with 

cho le cal cif erol or eth a nol. When com pared to the con trols, gene expres sions of LH1, LH2b and LOXL2 were 

sig nifi  cantly upreg u lated by 1,25(OH)2D3 up to 72[Green_Open hours Green_Close][Red_Open h Red_Close]of cul ture. In addi tion, hydrox y ly sine (Hyl), Hyl alde hyde 

(Hylald), Hylald-derived cross-links and a total num ber of cross-links of col la gen were sig nifi  cantly higher 

and the cross-link mat u ra tion was accel er ated in the 1,25(OH)2D3 treated group. These results dem on strate 

that 1,25(OH)2D3 directly reg u lates col la gen cross-link ing in this cul ture sys tem likely by upreg u lat ing gene 

expres sion of spe cific LH and LOX enzymes.
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con tain ing Et-OH, VD3 or 1,25(OH)2D3. At 12, 24, 48 and 72 h of 

cul ture, total RNA was iso lated using TRI zol reagent (Invit ro gen, 

Carls bad, CA, USA) and the first-strand cDNA was syn the sized 

using an Om ni script Reverse Trans crip tase kit (Qiagen, Valen cia, 

CA, USA). Real time PCR was per formed in trip li cate using the 

spe cific prim ers-probe for Cbfa1/Runx2 (Applied Bio sys tems, ABI 

assay num ber: Mm00501578_m1), Col1a2 (Mm00483888_m1),

LH1 (Mm 00599925_m1), LH2 (Mm 00478767_m1), LH3 (Mm 

00478798_m1), LOX (Mm 00495386_m1), LOXL1 (174595), LOXL2 

(Mm 00804740_m1), LOXL3 (Mm 00442953_m1) and LOXL4 (Mm 

00446385_m1) or glyc er al de hyde-3-phos phate dehy dro ge nase 

(GAP DH, ABI assay num ber: 4308313), and ana lyzed by the ABI 

Prism 7000 Sequence detec tion sys tem (Applied Bio sys tems, Fos ter 

City, CA, USA). The mean fold changes in gene expres sion rel a tive 

to GAP DH were cal cu lated using the val ues obtained from Et-OH 

treated MC3T3-E1 cells as a cal i bra tor by means of 2¡DDC
T method 

at each time point [19]. All anal y ses were done in trip li cate and the 

results were con firmed by three inde pen dent exper i ments.

Deter mi na tion of LH2 vari ants by reverse tran scrip tion (RT)-PCR. 

The expres sions of LH2 vari ants (LH2a and b) were ana lyzed using 

spe cific prim ers as described pre vi ously [9]. This set of prim-

ers ampli fies LH2a (with out an insert of 63 bp exon 13A) as a 

158 bp frag ment and LH2b (with the splice insert) a 221 bp frag-

ment, respec tively [20]. A set of GAP DH prim ers; for ward, 59AC C 

ACAGTCCATGC CAT CAC39, reverse, 59TCCACCACCCTGTTGCTGTA39 
were also designed to use as an inter nal con trol. MC3T3-E1 cells 

were cul tured and treated with Et-OH, VD3 or 1,25(OH)2D3 for 48 h 

as described above, and RT-PCR was per formed by Hot StarTaq DNA 

polyt mer ase (Qiagen, Valen cia, CA, USA) accord ing to the man u-

fac turer’s instruc tion. The opti mal num bers of PCR cycles selected 

were 35 cycles for LH2a and GAP DH, and 22 cycles for LH2b. The 

PCR prod ucts were then resolved by 12% poly acryl amide gel elec-

tro pho re sis and ana lyzed. Three inde pen dent exper i ments were 

per formed to con firm the results.

Amino acid anal y sis. MC3T3-E1 cells were main tained in the 

same man ner as described, cul tured in the medium con tain ing 

50 lg/ml ascor bic acid and treated with Et-OH, VD3 or 1,25(OH)2D3. 

After 14 days of cul ture, cells/matri ces were scraped, washed with 

phos phate buf fered saline (PBS) and lyoph i lized. Ali quots of dried 

sam ples (»2 mg) were reduced with stan dard ized NaB3H4, hydro-

lyzed with 6N HCl and an ali quot of each hydro ly sate was sub-

jected to amino acid anal y sis on a Var ian high-per for mance liquid 

chro ma tog ra phy (HPLC) sys tem (Pro star 240/310, Var ian, Wal nut 

Creek, CA, USA) with a strong cat ion exchange col umn (AA-911, 
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Fig. 1. Effect of 1,25(OH)2D3 on cell growth. The cell num ber of each group is shown in 

a log a rith mic scale at each time point indi cated. Et-OH: eth a nol, VD3: cho le cal cif erol.
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Fig. 2. (A) Effect of 1,25(OH)2D3 on the gene expres sion of oste o genic mark ers and col la gen mod i fy ing enzymes. After MC3T3-E1 cells were treated with Et-OH, VD3 or 

1,25(OH)2D3, the gene expres sion at var i ous time points (12–72 h) was ana lyzed by real-time PCR. Note that the gene expres sions of LH1 and 2, and LOXL2 were sig nifi  cantly 

upreg u lated by 1,25(OH)2D3 treat ment. (B) The expres sion of LH2 splic ing vari ants (LH2a and b) ana lyzed by RT-PCR at 48 h after treat ments (upper panel). The expres sion 

lev els were mea sured by Scion Image and are shown in the lower panel. Et-OH: eth a nol, VD3: cho le cal cif erol. *Indi cates sig nifi  cant dif fer ence (p < 0.05) (n = 3).
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