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Elevated homocysteine (Hcys) serum levels represent a
risk factor for several chronic pathologies, including cardio-
vascular disease, atherosclerosis, and chronic renal failure,
and affect bone development, quality, and homeostasis.
Hcys influences the formation of a stable bone matrix di-
rectly through the inhibition of the collagen cross-linking
enzyme lysyl oxidase (Lox) and, as we have shown recently,
by repressing its mRNA expression. The aim of this study
was to investigate the mechanisms involved in this process.
Through evaluation of gene arrays, quantitative RT-PCR,
immunoblots, and ELISA, we identified a Hcys-dependent
stimulation of interleukin 6 (IL-6) and genes involved in
IL-6/Janus kinase 2 (JAK2)-dependent signal transduction
pathways in pre-osteoblastic MC3T3-E1 cells. Moreover,
up-regulation of genes essential for epigenetic DNA methyl-
ation (DNA (cytosine-5)-methyltransferases and helicase
lymphoid-specific (Hells) was observed. Further investiga-
tions demonstrated that Hcys increased via IL-6/JAK2 the
expression of Flil (Friend leukemia virus integration 1), a
transcription factor, which we found essential for IL-6-de-
pendent Dnmtl stimulation. CpG methylation analysis of
CpG-rich Lox proximal promoter revealed an increased
CpG methylation status after treatment of the cells with
Hcys indicating an epigenetic origin for Hcys-dependent
Lox repression. Inhibition of the IL-6/JAK2 pathway or of
CpG methylation reversed the repressive effect of Hcys on
Lox expression. In conclusion, we demonstrate that Hcys
stimulates IL-6 synthesis in osteoblasts, which is known to
affect bone metabolism via osteoclasts. Furthermore, IL-6
stimulation results via JAK2, Fli1, and Dnmtl1 in down-reg-
ulation of Lox expression by epigenetic CpG methylation
revealing a new mechanism negatively affecting bone matrix
formation.
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Epidemiological studies have shown that high homocys-
teine (Hcys)” serum levels represent a risk factor for several
chronic disorders such as cardiovascular disease, atheroscle-
rosis, chronic renal failure, diabetes, or the metabolic syn-
drome (1, 2). Moreover, hyperhomocysteinemia is known to
affect bone development and homeostasis (3—6). Heys has
been shown to interfere with post-translational modifications
of collagen directly by inhibiting lysyl oxidase (Lox) (7) and
indirectly by down-regulation of its mRNA expression and of
other genes involved in collagen cross-linking. Enzymatic in-
hibition or mRNA down-regulation of Lox results in changes
in collagen cross-linking pattern in vitro (8 —=10) and in vivo
resulting in decreased bone quality (11-13). In this context,
we have recently reported a correlation between plasma Hcys
levels and a collagen cross-link ratio in forming trabecular
surfaces in human bone (14).

Lysyl oxidase was also identified as a phenotypic suppressor
of the ras oncogene in H-ras-transformed NIH3T3 fibro-
blasts. In this transformed cell line, H-ras participates in an
elaborate pathway attenuating the expression of Lox and of
many other genes by CpG methylation on DNA. These genes
are reactivated by treatment with azacytidine, an inhibitor of
DNA (cytosine-5)-methyltransferases. Methylation of cyto-
sine-guanine dinucleotides (CpGs) on DNA is an important
epigenetic mechanism involved in the selective regulation of
gene expression and in the stabilization of chromatin, thus
controlling tissue development and pathogenesis. Aberrant
CpG methylation of specific genes is often found in many tu-
mors and tumorigenic cell lines (15).

Besides its role as inhibitor of collagen cross-linking, Hcys
is also known to play a role in epigenetic gene regulation be-
ing directly involved in the DNA methylation process. Hcys
represents a methyl group carrier involved in the S-adenosyl-
methionine-S-adenosylhomocysteine methylation cycle. Here,
Hcys is remethylated to methionine, which is further acti-
vated to S-adenosylmethionine, the methyl donor in DNA
methylation. S-Adenosylmethionine converts to S-adenosyl-
homocysteine after DNA methylation. Hydrolysis of S-adeno-
sylhomocysteine to homocysteine completes the cycle (16).

2 The abbreviations used are: Hcys, homocysteine; Lox, lysyl oxidase; qRT,
quantitative RT; Hells, helicase, lymphoid-specific; STAT, signal trans-
ducer and activator of transcription.
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Nevertheless, in contrast to other cells and tissues, to date
sparse research has been performed regarding the significance
of epigenetic gene regulation for bone development and
pathogenesis. We have recently demonstrated that mainte-
nance of global and specific DNA methylation by collagen
type L, the main component of extracellular matrix in the
bone, plays an important role in osteoblastic survival (17).
Furthermore, we have shown that Hcys affects osteoblastic
development and differentiation by altering the expression of
osteoblastic genes already at the mRNA level (9).

Assuming an epigenetic cause, in this study we demon-
strate the mechanisms involved in suppression of Hcys of Lox
mRNA expression in pre-osteoblastic MC3T3-E1 cells. Be-
sides the known role of Hcys as a metabolite in the DNA
methylation cycle (16), we investigated if Hcys has an impact
on the expression of genes involved in DNA methylation such
as DNA methyltransferases and helicase, lymphoid-specific
(Hells). Thereby we found that Hcys regulates the expression
of DNA methyltransferase 1 (Dnmt1) by inducing a signaling
pathway where interleukin 6 (IL-6), Janus kinase 2 (Jak2), and
Friend leukemia virus integration 1 (F/i1) transcription factors
were involved. These findings suggest a key role of epigenetic
DNA methylation in Hcys-mediated Lox suppression.

MATERIALS AND METHODS

Cell Culture—MC3T3-E1 cells (kindly donated by Dr. Ku-
megawa, Department of Oral Anatomy, Meikai University,
Sakado, Japan), a clonal pre-osteoblastic cell line derived from
newborn mouse calvariae, were cultured in humidified air
under 5% CO, at 37 °C. a-Minimum essential medium (Bio-
chrom, Berlin, Germany) was supplemented with 5% fetal calf
serum (Biochrom, Germany), 50 wg/ml ascorbic acid (Sigma),
and 10 ug/ml gentamycin (Sigma). For propagation, cells
were subcultured twice a week using 0.001% Pronase E
(Roche Applied Science) and 0.02% EDTA in Ca**- and
Mg® " -free phosphate-buffered saline (PBS) before achieving
confluence. For experiments, MC3T3-E1 cells were seeded in
culture dishes at a density of 20,000/cm? and cultured over-
night. The next day, the medium was changed, and the cells
were treated with Hcys (Sigma) at the indicated concentra-
tions for 3, 6, or 14 days.

To demonstrate the effect of Hcys on the JAK2 pathway or
on DNA methylation, cells were treated with 3.6 mm Hcys for
3 days; thereafter, 30 um of the specific JAK2 inhibitor AG490
(Calbiochem) or 50 um of the DNA methylation inhibitor
zebularine (Sigma) was added to the medium for a further 3
days. To test the effects of recombinant mouse IL-6 protein
(PeproTech, United Kingdom) on the cells, they where cul-
tured with increasing concentrations (3—-30 ng/ml) for 36
and 48 h. To demonstrate the IL-6-dependent activation of
the JAK2 pathway by Hcys, cells were treated with 3.6 mm
Hcys for 3 days; thereafter, 4 ug/ml IL-6 antibody (Ab)
(PeproTech) was added to the medium for a further 3 days.

Isolation of Nucleic Acids and mRNA Expression Analysis by
qRT-PCR—DNA and RNA were extracted using a DNA/RNA
isolation kit (Qiagen). cDNA was synthesized from about 0.5
g of RNA using the First Strand cDNA synthesis kit as de-
scribed by the supplier (Roche Applied Science). The ob-
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tained cDNA was subjected to PCR amplification with a real
time cycler using FastStart SYBR Green master mix (Roche
Applied Science) for the genes Dnmt1, Dnmt3b, Hells, and
Flil (for primer design see Table 1). SYBR Green PCR was
started with 10 min of an initial denaturation step at 95 °C
and then continued with 45 cycles consisting of 30 s of dena-
turation at 95 °C, 30 s annealing at primer-specific tempera-
tures, and extension at 72 °C. For Lox expression, we used a
TagqMan probe (MmO00495386_m1, Applied Biosystems), and
for normalization we used the 18 S RNA TaqMan probe
(4319413E, Applied Biosystems), both in combination with
TaqMan gene expression master mix (Applied Biosystems)
with an initial denaturation at 95 °C for 10 min followed by 45
cycles alternating between 60 and 90 °C. All PCRs were per-
formed in triplicate, and expression was evaluated using the
comparative quantitation method (18). For each experiment,
the triplicate results of the qRT-PCR were averaged, and this
mean value was treated as a single statistical unit. The data of
the experimental results are presented as means * S.D.

Affymetrix GeneChip Analysis—Total RNA was isolated
using an RNA isolation kit (Qiagen). Quality control of the
RNAs as well as labeling, hybridization, and scanning of the
hybridized arrays was performed by the Kompetenzzentrum
fuer Fluoreszente Bioanalytik (KFB) (Regensburg, Germany)
using the mouse 430 2.0 chip (Affymetrix).

IL-6 Quantification by ELISA—For IL-6 ELISA, MC3T3-E1
cells were seeded in triplicate and treated with or without the
indicated Hcys concentrations for 14 days as described above.
After 3, 6, and 14 days of Hcys treatment, 1 ml of culture su-
pernatant was saved and stored at —80 °C. For IL-6 quantifi-
cation, 96-well ELISA plates (Iwaki) were prepared by using
the murine IL-6 ELISA development kit as described by the
supplier (PeproTech). IL-6 concentration was monitored by
color development of 2,2"-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) liquid substrate (Sigma) with an ELISA plate
reader (Glomax, Promega) at 405 nm with wavelength correc-
tion set at 650 nm. Every cultured well was measured in tripli-
cate; these triplicate results were averaged, and the mean
value was treated as a single statistical unit. The complete
experiment was performed twice.

Protein Isolation and Immunoblotting—For protein extrac-
tion, cell layers were washed two times with PBS and scraped
in SDS sample buffer (2% SDS, 100 mm 3-mercaptoethanol,
125 mm Tris-HCI, pH 6.8) and heated at 95 °C for 5 min. 30
pg of protein extracts were fractionated on 8 or 10% SDS-
PAGE for Dnmt1 or the other proteins, respectively. Follow-
ing SDS-gel electrophoresis, the proteins were transferred to
nitrocellulose filters (Millipore) and blocked overnight with
10% blocking reagent (Roche Applied Science) in TN Buffer
(50 mm Tris, 125 mm NaCl, pH 8). Subsequently, the filters
were incubated for 1 h at room temperature with antibodies
against FLI1 ((C19), HELLS (Lsh, H-240)), LOX (H-140),
DNMT1 (K-18, all Santa Cruz Biotechnology) diluted 1:200 in
blocking buffer. Afterward, all filters were washed three times
with immunoblot wash buffer (TN buffer containing 0.01%
Tween) and the FLI1, HELLS, and LOX blots were incubated
for an additional hour with an anti-mouse IgG/anti-rabbit IgG
horseradish peroxidase (HRP)-labeled secondary antibody
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FIGURE 1. Schematic diagram depicting Dnmt1 (a) and Lox (b) promoter. a, exon representing the somatic transcription start (marked with 7) is repre-
sented as small open box (untranslated region) and large black arrow (translated region). The three putative FLI1-binding sites are shown as gray boxes.
Forward (fw) cloning primers annotated with the resulting amplicon size and reverse (rv) cloning primer are marked as white arrows. Binding sites of amplifi-
cation primers for Fli1 ChIP analysis are marked as black arrows. The numbers below the gene line denote the distance to the transcription start. b, represen-
tation of Lox proximal promoter and the first exon showing the fragment used for methylation analysis (gray line). Lox genomic structure shows a part of
the first exon (475 bp), including 374 bp of the 5’-untranslated region (open box) and the first 101 bp of the coding region (black arrow). To generate a suita-
ble fragment (gray line) for methylation analysis by “Methyl Miner” assay, DNA was restricted by Mboll restriction enzyme (M). Forward (fw) and reverse (rv)
primers for subsequent amplification by qRT-PCR are marked as white arrows. The vertical bars indicate the CpGs in the DNA strand, and the numbers below

the gene line denote the distance to the transcription start.

(Roche Applied Science) diluted 1:20,000 in blocking buffer.
The Dnmt1 blot was incubated for 1 h with an anti-goat IgG
HRP-labeled secondary antibody (Sigma) diluted 1:160,000 in
blocking buffer. Finally, the blots were washed again three
times with immunoblot washing buffer before detection of
light emission with the BM chemiluminescence Western blot-
ting kit (Roche Applied Science) as described by the supplier.
Chemiluminescence was measured with an image acquisition
system (Vilber Lourmat, France).

Cloning of Mouse Dnmt1 Promoter—To study the effect of
IL-6 on Dnmtl promoter activity, four fragments of the
mouse Dnmt1 promoter (NC_000075.5) were cloned from
MC3T3-E1 genomic DNA into the pGEM T-easy vector (Pro-
mega) by using the following 5'-primers elongated to contain
a BgllI restriction site (underlined): TCG AGA TCT GCC
TTC GGG CAT AGC ATG GTC for a 220-bp fragment car-
rying three putative Flil-binding sites (as suggested in Ref.
19), at —30, —60, and —96 bp from the somatic transcrip-
tional start site (20); TCG AGA TCT GCC TGT GTG GTA
CAT GCT GC for the 190-bp fragment carrying two putative
Flil-binding sites (at —30 and —60 bp); TCG AGA TCT GGC
CGC CCC CTC CCA ATT GG for the 160-bp fragment car-
rying one putative Flil-binding site (at —30 bp); and TCG
AGA TCT GCG AAA AAG CCG GGG TCT CGT TC for the
150-bp fragment carrying no FLI1-binding sites. As 3'-primer
we used GCC TGC GGA CAT GGT CCG GGA GCG AGC
CTG. These fragments were subsequently cloned into the
secreted alkaline phosphatase 2 (SEAP2) reporter vector
(Clontech) by using Bglll and EcoRI restriction enzymes
(Fig. 1a).

To generate mutated Dnmt1-SEAP2 fragments, as de-
scribed previously (19), the following primers with modified
putative FLI1-binding sites were designed (mutation sites
form 5’- TTCC to TTAA are underlined): 5 CGG GCA TAG
CAT GGT CTT AAC CCA CTC TCT TGC CCT G and com-
plementary 3’ CAG GGC AAG AGA GTG GGT TAA GAC
CAT GCT ATG CCC G for the putative FLI1-binding site at
—96 bp from the somatic transcriptional start site; 5° GTG
GTA CAT GCT GCT TAA GCT TGC GCC GCC CC and
complementary 3" GGG GCG GCG CAA GCT TAA GCA
GCA TGT ACC AC for the putative FLI1-binding site at —60
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bp from the somatic transcriptional start site; and 5" CTC
CAA ATT GGT TTA AGC GCG CGC GAA AAA GCCG
and 3' CGG CTT TTT CGC GCG CGC TTA AAC CAA
TTG GGA G for the putative FLI1-binding site at —30 bp
from the somatic transcriptional start site.

For transfection experiments with the various SEAP2-
Dnmtl vectors, SEAP2-control vector and the SEAP2-basic
vector, MC3T3-E1 cells were seeded at 20,000 cells/cm? in 48
multiwell plates. Six hours after seeding, cells were trans-
fected with 0.15 pg/cm?® vector construct using 1 pg/cm®
DOSPER transfection reagent (Roche Applied Science)
following the suppliers’ protocol. After 2 days, cells were
treated for a further 3 days with 30 ng/ml of murine IL-6
(PeproTech), and finally, SEAP2 activity was measured in 50
wl of culture supernatant using the SEAP2 bioluminescence
kit (Roche Applied Science) following the supplier’s instruc-
tions. Each experiment was run in quadruplicate and was re-
peated at least twice.

Chromatin Immunoprecipitation of Flil Bound on Dnmtl
Promoter—As numerous members of the E-twenty six tran-
scription factor family can bind to GGAA (TTCC) sequence
in vitro, chromatin immunoprecipitation (ChIP) assay
were performed to demonstrate FLI1 TTCC occupancy at the
Dnmtl locus in vivo. For this purpose, MC3T3-E1 cells were
treated for 6 days with or without 3.6 mm Hcys. Subsequent
chromatin cross-linking, cell lysis, chromatin sharing, FLI1
immunoprecipitation, and DNA clean-up were performed
with the ChampionChip one-day kit (SABiosciences, MD)
following the manufacturer’s instructions. Chromatin from
untreated as well as from Hcys-treated cells was incubated
overnight on a rotor at 4 °C with 4 pg of anti-FLI1 antibody
(C-19, Santa Cruz Biotechnology) or with 4 pg of nonimmune
serum as negative control. Before immunoprecipitation, 1%
(10 ul) of the chromatin was saved and stored at 4 °C for fur-
ther use as reference. For quantitation of the qRT-PCR values,
for each sample, DNA signal of the FLI1-precipitated chroma-
tin was normalized to the unprecipitated chromatin (for
ChIP-Dnmtl promoter primer design see Table 1).

Lox Promoter Methylation—To test if down-regulation of
Lox by Hcys is due to CpG methylation, CpG content on Lox
promoter was analyzed. A CpG-rich region starting from ap-
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TABLE 1
qRT-PCR primer for mRNA expression and Lox CpG methylation analysis (SYBR Green)
Gene Forward primer (5'-3") Reverse primer (5'-3") T,,
°C
Dnmtl ACCGCTTCTACTTCCTCGAGGCCTA GTTGCAGTCCTCTGTGAACACTGTGG 62
Dnmt3b GGAGAAAGCCAGGGT AAGAGGGGGTGGAAGGA 63
Hells TGAGGATGAAAGCTCTTCCACT ACATTTCCGAACTGGGTCAAAA 63
Flil ATGGACGGGACTATTAAGGAGG GAAGCAGTCATATCTGCCTTGG 62
Primer for Lox CpG methylation analysis
Promoter/first exon GCATGTTCGGCCCAGATTAAGTCG CAGAGTCTGGAGTAGAAGGAGGAGG 65
Primer for FLI1 ChIP analysis on Dumtl promoter
Dnmtl ChIP-FLI1 CTTCCCCCACTCTCTTGC GAACAGCTCTGAACGAGAC 63

proximately —600 bp 5’ from the transcriptional start site and
spanning over the first exon was selected. An appropriate
fragment of the targeted Lox region was generated by diges-
tion of 1 ug of genomic DNA with 40 units of the CpG meth-
ylation-insensitive restriction enzyme Mboll (New England
Biolabs) for 20 min at 37 °C from cells cultured for 6 and 14
days with or without 3.6 mm Hcys. Subsequently, the enzyme
was heat-inactivated at 65 °C for 20 min. As shown in Fig. 15,
the generated fragment has 627 bp and contains 30 CpG sites.
It includes 243 bp of the proximal promoter region and 312
bp of the untranslated part of the first exon of Lox. After
MbolI digestion, DNA was purified using a commercially
available PCR clean-up kit following supplier’s instructions. In
the next step, methylated DNA fragments were captured with
the “Methyl Miner methylated DNA enrichment kit” (Invitro-
gen) following the supplier’s instructions. In brief, methylated
DNA was captured by methyl-binding protein 2 (MBD2) cou-
pled to magnetic beads and subsequently separated from the
unmethylated DNA fraction. Methylated DNA was eluted
from the MBD2 beads with 200 ul of a 2 M NaCl solution as a
single fraction and concentrated by ethanol precipitation. Fi-
nally, the mean methylation status of the fragments was de-
termined by amplifying the fragments by quantitative real
time PCR. Amplification ratios of the bound (methylated)
DNA fraction to unbound (unmethylated) DNA fraction were
calculated (for primer design see Table 1).

Statistical Analysis—Statistical analyses were performed
using either analysis of variance or Student’s ¢ test using
Prism 4.03 (GraphPad Software, San Diego). p = 0.05 was
considered as significant. Results are presented as mean *
S.D.

RESULTS

Homocysteine Stimulates IL-6 Expression thus Affecting
JAK2-dependent Signaling Pathways in MC3T3-E1 Cells—As
we already have demonstrated by genome-wide expression
studies, Hcys affects the expression of genes of the osteoblas-
tic phenotype (9). Further analysis of the data suggested that
Hcys regulated the mRNA expression of IL-6 and of genes
involved in JAK2 signal transduction pathways (Table 2),
which are activated by this cytokine (21, 22).

To understand the temporal dynamics, time and dose de-
pendence of Hcys on MC3T3-E1 cells was studied. Because of
variation of basal expression of IL-6 mRNA expression as
measured by qRT-PCR, by ELISA, we measured IL-6 protein,
which accumulates in the culture medium. Generally, the pri-
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TABLE 2
Regulation of genes involved in the JAK/STAT signal transduction
pathway as suggested by genome-wide expression analysis

Fold regulation means change in expression level at a given concentration divided
by that of the untreated cultures.

Fold regulation to untreated control

Gene symbol 0.108 mMm 3.6 mm 10.8 mMm
Ii6 —1.06 1.51 2.37
Ii6ra —1.01 —1.06 1.09
1l6st 1.04 1.21 1.31
Jakl —1.22 1.12 1.08
Jak2 —1.74 1.61 1.74
Jak3 —1.30 —1.16 —1.29
Statl 1.59 3.06 3.44
Stat2 2.52 3.97 3.31
Stat3 —1.21 —1.08 —1.14
Statd —1.11 —1.28 —1.10
StatSa 1.24 1.10 1.03
Stat5b 1.09 1.03 1.07
Stat6 1.20 1.15 1.41
Cbl 1.41 1.96 2.02
Cblb —1.28 —1.16 —1.35
Cblc —1.11 —1.39 —1.56
*kk
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FIGURE 2. Hcys up-regulates IL-6 in MC3T3-E1 pre-osteoblasts. After 6
days (d) of treatment with 3.6 mm Hcys, expression of the JAK2 activator IL-6
was significantly enhanced in the MC3T3-E1 pre-osteoblastic cell line when
compared with untreated cultures (Co). After 14 days of treatment, the up-
regulative effect of Hcys on IL-6 expression was reduced but remained sig-
nificant at the highest concentration used. No effects were observed after 3
days of culture with Hcys. To analyze IL-6 expression, cell medium superna-
tant was saved, and IL-6 expression was measured by ELISA. Values are rep-
resented as mean =+ S.D.; untreated control is set to 1, and treated probes
are referred as fold change to control. *, p < 0.05; **, p < 0.01; ***,p <
0.001;n = 6.

mary data measured by ELISA showed a decreasing trend for
the basal IL-6 expression (from 0.56 ng/ml IL-6 expression
after 3 days to 0.33 ng/ml IL-6 expression after 14 days, data
not shown). As shown in Fig. 2, after 3 days of Hcys treat-
ment, no significant changes in IL-6 expression could be ob-
served in the pre-osteoblastic cell line. However, after 6 days
of Hcys treatment, IL-6 expression strongly increased in a
concentration-dependent manner showing a maximal up-
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regulation of 4.4-fold (corresponding to 1.83 ng/ml IL-6) at
3.6 mMm Hcys (p =< 0.001) in the culture medium when com-
pared with untreated cultures. After 14 days of treatment, the
Hcys effect on IL-6 expression was attenuated but was still
significant at 3.6 mMm (p = 0.01). In Table 3, we present the
regulation of those genes that will be described in more detail
later to demonstrate the epigenetic influence of Hcys on Lox
regulation.

Dnmtl mRNA Expression Is Up-regulated by IL-6 via Puta-
tive FLI1-binding Sites on Dnmt1 Promoter in MC3T3-E1
Cells—Recently, it was demonstrated that IL-6 activates the
transcription of DNMT1I via FLI1 in human erythroleukemia
cells (19, 23). Fig. 3 demonstrates that a comparable pathway
exists in mouse osteoblasts as well. IL-6 significantly in-
creased Flil after 36 h and tended to stimulate expression
after 48 h (Fig. 3a), although Dnmtl mRNA expression did
not increase significantly until after 48 h of treatment (Fig.
3b). Dose dependence of the expression of both genes at the

TABLE 3

Regulation of genes involved in the DNA methylation process as
suggested by genome-wide expression analysis

Regulation of these genes was verified by qRT-PCR and, except for Dnmt3b, by
ELISA or immunoblots. Fold regulation means change in expression level at a
given concentration divided by that of the untreated cultures.

Fold regulation to untreated control
Gene symbol 0.108 mMm 10.8 mm

Ii6 —1.06 2.37
Flil 1.18 1.40
Dnmtl 1.09 1.76
Dnmt3b 1.34 1.25
Hells —1.04 3.60
Lox —-1.07 —1.64

3.6 mMm

1.51
1.15
151
1.09
2.45
—1.67

o)

*%k
/Co

1.75+
1.50+
1.25+
1.004

i

0.75+
0.50+
0.25+
36h 48h

normalized to 18sRNA

Relative Fli1t mRNA expression

o

1.754 = & s
1.50
1.254
1.004
0.75+
0.50+
0.25-
0.00

Relative Fli1 mRNA expression
normalized to 18sRNA

Co  3ng/ml 10ng/ml 30ng/ml

L6

time when expression was significantly increased demon-
strates that a maximum effect was found already at 3 ng/ml
IL-6 (Fig. 3, ¢ and d); this value was in the same order of mag-
nitude as found in the culture medium after Hcys treatment
of MC3T3-E1 cells as mentioned above (1.83 ng/ml).

Fig. 1a depicts three putative FLI1-binding sites (sequence
GGAA) in the first 220 bp of the somatic DnmtI promoter
(20), which are similarly organized in the human counterpart
(19). To test if IL-6 mediated the increase of Dnumtl1 transcrip
tion via these binding sites, reporter-vector constructs of the
Dnmtl gene with different lengths were constructed and
transfected into MC3T3-EL1 cells. As depicted in Fig. 1a, four
different truncations were created as follows: a 150-bp frag-
ment without any putative FLI1-binding site and three other
fragments with 160, 190, and 220 bps containing one, two, or
three putative FLI1-binding sites at —30, —60, or —96 bp,
respectively. After 72 h of IL-6 treatment, SEAP2 activity was
measured in the culture supernatant. As shown in Fig. 44,
when compared with the respective untreated promoter vec-
tors, an IL-6-dependent increase of Dnmtl promoter activity
correlated with an increasing promoter length and/or an in-
creasing number of GGAA sites in the promoter. The stron-
gest IL-6 effect was observed for the vector containing an in-
sert of 220 bp (3 GGAA sites) of Dnmtl promoter with an
increase of 2.2-fold (p = 0.05) when compared with the un-
treated vector.

To ensure that the IL-6-mediated effect on the activity of
the Dnmtl promoter was due the predicted sites, in the
220-bp Dnmtl promoter-reporter construct these sites were
mutated. After transfection into MC3T3-E1 cells and treat-

0.25-

"
[Co
L6
0.00: T ‘ T

36h 48h

[

1.751
1.50
1.25
1.004
0.75+
0.50+

normalized to 18sRNA

Relative Dnmt1 mRNA expression (on

1.75+ *ok Hke ek
1.504
1.254
1.004
0.75+
0.50+
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FIGURE 3. Fli1 (a) and Dnmt1 (b) mRNA expression after treatment of MC3T3-E1 cells with 30 ng/ml recombinant murine IL-6 for 36 and 48 h. Com-
pared with untreated control (Co), FliT mRNA expression is significantly up-regulated after 36 h of IL-6 treatment, whereas Dnmt1 mRNA expression remains
unaffected at this time. After 48 h, 12 h after Fli1 stimulation, Dnmt1 also shows a significant increase in mRNA expression by IL-6 treatment. At this time,
FliT mRNA expression is still increased by IL-6; however, the regulation is not significant. As shown in c and d, treatment of the cells with increasing concen-
trations of IL-6 at the times showing significant mRNA stimulation for FliT and Dnmt1 revealed a significant up-regulation for both genes already at 3 ng/ml
IL-6 in culture medium. The up-regulative effect of the cytokine was already reached at this concentration saturation for both genes. To analyze mRNA ex-
pression of FliT and Dnmt1, RNA was isolated and analyzed by qRT-PCR. Gene expression was normalized to 18 S rRNA. Treated probes are referred as fold
change to untreated control; ¥, p =< 0.05; **, p < 0.01; ***, p < 0.001. For all graphs n = 3.

5582 JOURNAL OF BIOLOGICAL CHEMISTRY YASHMB\  VOLUME 286-NUMBER 7+FEBRUARY 18, 2011



Homocysteine Suppresses Lox Expression by DNA Methylation

a b
2 * g
- 34
§ 18 ? * T
E— * 8 = + o+ JIL-6
= O i e
[T L s *kk kK
% € 1.0 T B 5§ 27
E 8 €0 ++ ++ o+
S5 oo
52 ] ++ +++
c g =i
€ 5 0.5 €5 17
cc c S
o= a3
B gol—/= | | : . 5 ol ML
[}
"4 150bp 160bp 190bp 220 bp & NM 1 2 3 142 143 243 1+2+3

FIGURE 4. a, as measured by reporter gene assay, Fli1-binding sites/promoter length correlated with the IL-6-dependent activation of the Dnmt1 promoter.
A significant increase in promoter activity by IL-6 was seen when the putative FLI1-binding sites at —60 bp (190-bp fragment) and at —96 bp (220-bp frag-
ment) from the somatic transcriptional start site were included in the Dnmt1 promoter. Point mutation at one or more putative FLI1-binding sites in the
220-bp Dnmt1 promoter fragment reduced IL-6 (30 ng/ml) responsiveness of the Dnmt1 promoter. Mutation at all putative FLI1 sites decreased significantly
IL-6-dependent Dnmt1 promoter activation (b). Promoter activity was measured by SEAP2 reporter gene assay. Values are represented as mean = S.D., and
untreated controls are set to 0 in aand to 1 in b. b depicts one representative result of total three experiments. Treated probes are referred as fold change
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FIGURE 5. Hcys-stimulated Fli1 expression is inhibited by an IL-6 Ab. After 6 days (d) of treatment, a significant up-regulation of Fli1T mRNA expression was ob-
served at 3.6 mm Hcys in medium when compared with the untreated control (Co) (a). This effect was slightly decreased after 14 days. No effect on Fli1 mRNA ex-
pression was seen after 3 days of Hcys treatment. After 6 days of Hcys treatment, inhibition of IL-6 activity by an IL-6 Ab (4 n.g/ml) abrogated the effect of Heys (3.6
mm) on up-regulation of Fli1 (b). To analyze Fli1 mRNA expression, RNA was isolated and analyzed by qRT-PCR. Gene expression was normalized to 18 S rRNA.
Values are represented as mean = S.D.; untreated control (Co) is set to 1, and treated probes are referred to as fold change to control. *, p =< 0.05; **, p =
0.01; +, p = 0.05 refers to significance to Hcys-treated probes; for all graphs n = 3. Lane M refers to protein molecular weight standards.

ment with IL-6 for 72 h, SEAP2 activity was measured in cul- Hcys Stimulates the Expression of Genes Involved in Epige-
ture supernatant again. As shown in Fig. 4b, mutation of these  netic DNA Methylation—Gene chip analysis indicated an
binding sites reduced transcription of the Dumt1 promoter- Hcys-dependent mRNA up-regulation of genes involved in
reporter construct, where mutation of site 3 (see Fig. 1) DNA methylation (Table 3). The results on the regulation of
showed the strongest effect. DNA methylation-related genes obtained by gene chip analy-

Hcys Up-regulates the Transcription Factor Flil via IL-6  sis were confirmed by qRT-PCR. Furthermore, Dnmt1 and
and JAK2 in MC3T3-E1 Cells—Hcys regulated Flil mRNA  Hells expressions were also studied by immunoblot analysis.
expression similarly to IL-6. After 3 days of Hcys treat- As shown, when compared with untreated controls, after 3
ment, no effect on mRNA expression of FliI was observed.  days of culture 3.6 mm Hcys slightly induced the mRNA ex-
Subsequently, the highest Hcys-mediated increase of Flil pression of Dnmt1 (Fig. 7a) and Dnmt3b (Fig. 9) and signifi-

mRNA expression was observed after 6 days of treatment cantly induced (p = 0.05) the mRNA expression of Hells (Fig.
reaching a 2.1-fold (p = 0.01) up-regulation when compared 8a). However, after 6 days of treatment, Hcys up-regulated
with control. After 14 days of treatment, the Hcys effect on the mRNA expression of all three genes significantly. At this
Flil expression was attenuated but was still significant (p = time, Hcys increased the mRNA expression of Dnmt1 1.80-
0.01, Fig. 5a). fold (p = 0.01, Fig. 7a), the DNMT1 protein expression 3.13-

Addition of anti-IL-6 antibody (Fig. 5b) or of the JAK2 in- fold (p =< 0.05, Fig. 7, b and c¢), the mRNA expression of Hells
hibitor AG490 (Fig. 6) for the last three culture days to 6 days  3.1-fold (p = 0.05, Fig. 8a), the protein expression of HELLS
Hcys (3.6 mm)-treated MC3T3-E1 cells abrogated the Hcys 1.78-fold (p = 0.05, Fig. 8, b and c), and the mRNA expression

effect on Flil mRNA and protein expression (Fig. 6, a—c). of Dnmt3b 1.84-fold (p = 0.001, Fig. 9) when compared with
This indicates that Hcys regulates Flil expression via IL-6/ untreated control. After 14 days of Hcys treatment, the
JAK2. No effect of the Ab or of AG490 was found on basal mRNA expression of all three genes was still significantly in-
Flil expression. creased (Figs. 7a, 8, and 9).
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FIGURE 6. Hcys stimulated Fli1 expression is inhibited by AG490, an in-
hibitor of JAK2 activity. After 6 days of Hcys treatment, inhibition of JAK2
by AG490 (AG) (30 um) abrogated the effect of Hcys (3.6 mm) on up-regula-
tion of Fli1 on the mRNA (a) as well as on the protein level (b and ¢). To ana-
lyze Fli1 mRNA expression, RNA was isolated and analyzed by qRT-PCR.
Gene expression was normalized to 18 S rRNA. 30 ug of protein of each
sample were fractionated by SDS-gel electrophoresis and immunoblotted.
Values are represented as mean = S.D.; untreated control (Co) is set to 1,
and treated probes are referred as fold change to control. *, p = 0.05; +,

p = 0.05 refers to significance to Hcys-treated probes; for all graphs n = 3.
One representative immunoblot is shown. Lane M refers to protein molecu-
lar weight standards.

Hcys-mediated Up-regulation of Dnmtl Is IL-6- and
FLI1-dependent—To demonstrate that IL-6 is involved in
Hcys-dependent up-regulation of Dumtl, as for Flil, we co-
treated MC3T3-E1 cells with Hcys and IL-6 antibody. As
shown in Fig. 104, Hcys up-regulation of Dnmt1 was abro-
gated by co-treatment of the cells with an IL-6 antibody. This
demonstrates that the increase of Dumtl expression by Hcys
is IL-6-dependent.

Results of our experiments shown in Fig. 3¢ and at 3 days
suggest the involvement of a transcription factor belonging to
the E-twenty six (ETS) transcription factor family because
deletion or mutation of the GGAA sites in the DnmtI pro-
moter abrogated IL-6-dependent promoter activation. After 6
days of Hcys treatment, chromatin immunoprecipitation with
an antibody against FLI1 transcription factor was used to
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FIGURE 7. mRNA expression of Dnmt1, a gene involved in DNA methyla-
tion, is enhanced by Hcys in MC3T3-E1 cells. As demonstrated in a, when
compared with untreated control (Co), mRNA expression of the DNA methyl-
ation-related gene Dnmt1 was significantly enhanced by 3.6 mm Hcys after
6 and 14 days (d) of treatment. Hcys-dependent up-regulation of DNMT1
was confirmed at the protein level after 6 days of treatment (b and ¢). To
analyze mRNA expressions, RNA was isolated and analyzed by qRT-PCR.
Gene expression was normalized to 18 S rRNA. 30 ug of protein of each
sample were fractionated by SDS-gel electrophoresis and immunoblotted.
Values are represented as mean = S.D.; untreated control (Co) is setto 1,
and treated probes are referred as fold change to control. ¥, p < 0.05; ***,

p = 0.001; for all graphs n = 3. One representative immunoblot is shown.
Lane M refers to protein molecular weight standards.

demonstrate the interaction of this transcription factor with
the Dnmtl promoter in vivo.

Fig. 10b clearly shows that FLI1 bound to the DnmtI pro-
moter sequence exhibiting three GGAA sites. This demon-
strates FLI1 occupancy on the Dumtl proximal promoter in
MC3T3-E1 cells. Moreover, Hcys treatment of MC3T3-E1
cells increased FLI1 binding to this DnmtI promoter area by
1.97-fold (p = 0.05) proving involvement of FLI1 in Hcys-
mediated Dnmt1 up-regulation. These results demonstrate
that in Hcys-dependent stimulation of Dumt1 expression in
mouse pre-osteoblasts, IL-6 as well as the transcription factor
FLI1 play a main role.

Hcys Suppressed Lox Expression by CpG Methylation—As
we have already shown before, Hcys suppresses the mRNA
expression of Lox (9). Fig. 11a demonstrates that Lox mRNA
expression was not affected after 3 days of Hcys treatment but
was significantly decreased after 6 days (1.82-fold, p < 0.05)
and after 14 days (1.71-fold, p = 0.05) at 3.6 mm Hcys. Analy-
sis of the Lox promoter showed a CpG-rich region ranging
from the proximal Lox promoter into the first exon (Fig. 15),
which was used to study CpG methylation. As shown in Fig.
110, inversely to Lox mRNA expression, Lox promoter meth-
ylation of the investigated region was significantly increased

AC:EVON
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FIGURE 8. mRNA expression of Hells, a co-regulator of DNA methylation,
is enhanced by Hcys in MC3T3-E1 cells. As demonstrated in a, when com-
pared with untreated control (Co), mRNA expression of the DNA methyla-
tion-related gene Hells was significantly enhanced at all times measured.
Hcys-dependent up-regulation of HELLS was confirmed at the protein level
after 6 days (d) of treatment (b and c). To analyze mRNA expressions, RNA
was isolated and analyzed by qRT-PCR. Gene expression was normalized to
18 S rRNA. 30 pg of protein of each sample were fractionated by SDS-gel
electrophoresis and immunoblotted. Values are represented as mean =
S.D.; untreated control (Co) is set to 1, and treated probes are referred as
fold change to control. *, p = 0.05; **, p < 0.01; for all graphs n = 3. One
representative immunoblot is shown. Lane M refers to protein molecular
weight standards.
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FIGURE 9. mRNA expression of Dnmt3b, a gene involved in DNA methyl-
ation, is enhanced by Hcys in MC3T3-E1 cells. As demonstrated, when
compared with untreated control (Co), mRNA expression of the DNA methyl-
ation-related gene Dnmt3b was significantly enhanced by 3.6 mm Hcys after
6 and 14 days (d) of treatment. To analyze mRNA expressions, RNA was iso-
lated and analyzed by qRT-PCR. Gene expression was normalized to 18 S
rRNA. Values are represented as mean = S.D.; untreated control is set to 1,
and treated probes are referred as fold change to control. ¥, p = 0.05; ***,
p=0.001;n=3.

Relative Dnmt3b mRNA expression
normalized to 18sRNA

after 6 days (1.8-fold, p =< 0.05) and after 14 days (2.1-fold,

p = 0.05) of treatment with Hcys; although the difference in
Hcys-mediated CpG methylation between 6 and 14 days was
not significantly different.
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To prove the role of DNA methylation in Hcys-dependent
down-regulation of Lox expression, MC3T3-E1 cells were
cultured for 6 days with or without 3.6 mm Hcys in the pres-
ence or absence of 50 um zebularine, an inhibitor of DNA
CpG methylation. As shown in Fig. 11¢, Heys again attenu-
ated expression of Lox mRNA expression significantly. Zebu-
larine when added to the Hcys-treated cells significantly in-
creased Lox expression, even above the expression level of
untreated cells, thus indicating a prevalent basal CpG
methylation.

To test whether the IL-6-JAK2-FLI1 pathway was a pre-
requisite for Lox suppression, MC3T3-E1 cells were treated
for 6 days with or without Hcys and for the last 3 culture
days in the absence or presence of the JAK2 inhibitor
AG490. As shown in Fig. 124, Hcys down-regulated the
mRNA expression of Lox, whereas AG490, having no effect
on basal expression, abolished the Hcys-dependent repres-
sion of Lox. Very similar effects were observed on the pro-
tein level by immunoblot analysis (Fig. 12, b and ¢). At the
protein level, again, Hcys down-regulated LOX protein ex-
pression, whereas AG490 treatment induced Lox expres-
sions when compared with control; however, only the dif-
ference between Hcys and Heys + AG490 was statistically
significant.

DISCUSSION

Genome-wide mRNA expression analysis of Hcys-treated
MC3T3-E1 cells revealed a strong up-regulation of IL-6 and
of several genes involved in IL-6/JAK2-dependent signal
transduction pathways. The up-regulation of IL-6 by Hcys
was confirmed at the protein level by measurements with an
ELISA. The IL-6 concentrations were in the range expected to
permit the stimulation of Flil and Dnmtl via JAK2.

The stimulation of IL-6 expression by Hcys in the pre-os-
teoblastic MC3T3-E1 cell line per se was an unexpected find-
ing of these experiments; it suggests that Hcys affects via IL-6
both osteoblasts, the bone-forming cells, and osteoclasts, the
bone-resorbing cells (24).

The published reports concerning the effects of IL-6 on
bone cells are conflicting (24 —26). IL-6-deficient mice have
no obvious bone phenotype, but they are protected from bone
loss caused by estrogen depletion (27). In bone marrow cul-
tures from ovariectomized mice, the increased osteoclast for-
mation could be prevented by 173-estradiol or by a neutraliz-
ing IL-6-antibody (28, 29). It was also reported that IL-6
stimulates RANKL expression in osteoblasts (30), which in-
duces osteoclastogenesis. On the other hand, it was shown
that IL-6 inhibits RANKL-induced osteoclast formation and
bone resorption (31). These contradictory effects of IL-6
might be attributed to the ambivalent character of this cyto-
kine. IL-6 activates via Jak1/2 several intracellular pathways.
Activation of STAT protein pathways induces expression of
genes implicated in growth inhibition, apoptosis, and differ-
entiation, whereas activation of MAPK, protein-kinase B
(Akt), or PKC8 counterbalances these signals (24, 26). As we
have shown previously, Hcys weakly down-regulates cell mul-
tiplication, triggers cell differentiation (9), and favors the ex-
pression of the pro-apoptotic gene Fas (data not shown). The
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FIGURE 10. Hcys-mediated up-regulation of Dnmt1 is IL-6- and Fli1-dependent. After 1 week of Hcys treatment, IL-6 Ab significantly abrogated the ef-
fect of Hcys on Dnmt1 expression while leaving Dnmt1 mRNA expression in Hcys-untreated cells unaffected (a). Involvement of FLI1 transcription factor in
Hcys-driven Dnmt1 up-regulation was shown by chromatin immunoprecipitation analysis (ChIP) (b). After 1T week, Hcys-treated cells showed a significant
increase of FLI1 binding affinity to the selected Dnmt1 promoter sequence. mRNA expressions as well as ChIP-DNA were analyzed by qRT-PCR. Gene expres-
sion was normalized to 18 S rRNA. For ChIP quantitation, DNA signals of the FLI1-precipitated chromatin were normalized to the unprecipitated chromatin
fraction (1% of the total chromatin). Values are represented as mean = S.D.; untreated control (Co) is set to 1, and treated probes are referred as fold change

to control. *, p =< 0.05; ++, p =< 0.01 refers to significance to Hcys-treated probes; for all graphs n = 3.
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FIGURE 11. Hcys affects Lox mRNA expression by promoter methylation in pre-osteoblastic MC3T3-E1 cells. After 6 and 14 days of treatment with 3.6
mM Hceys in the culture medium, a significant (p = 0.05) decrease of Lox mRNA expression was observed when compared with control (Co) (a). To the con-
trary, CpG methylation of Lox promoter and the first untranslated exon was significantly (p =< 0.05) increased after 6 and 14 days of treatment with 3.6 mm
Hcys (b). Addition of the CpG methylation inhibitor zebularine (50 um) to Hcys-treated MC3T3-E1 cells (3.6 mm) abrogated the repressive effect of Hcys on
Lox mRNA expression (c). To analyze mRNA expression of Lox (a and c), RNA was isolated and analyzed by qRT-PCR. Gene expression was normalized to 18 S
rRNA. For promoter methylation (b), DNA was isolated, and the ratio of methylated to unmethylated CpGs was analyzed by MECP2 binding. Values are rep-
resented as mean * S.D.; untreated controls (Co) are set to 1, and treated probes are referred as fold change to controls for *, p < 0.05; **, p < 0.01; + +,

p = 0.01 refers to significance to Hcys-treated probes. For all graphs n = 3.

stimulation of Flil expression by IL-6, as described in this
work, was shown to be STAT3-dependent but MAPK-inde-
pendent in erythroleukemia cells (23), suggesting that Hcys-
dependent up-regulation of Flil and Dnmt1 in MC3T3-E1
cells depends on the STAT pathway.

Analysis of the mouse Dnmt1 promoter revealed three pu-
tative binding sites for FLI1 with identical sequence and a
structure comparable with the human promoter (19). Trunca-
tion of the promoter as well as mutation of the putative FLI1-
binding sites demonstrated that all three binding sites were
necessary for full expression. As already mentioned, IL-6 acti-
vates several intracellular signaling pathways, which can stim-

5586 JOURNAL OF BIOLOGICAL CHEMISTRY

ulate transcription of DNMT1. In colon cancer cells, IL-6 was
also shown to mediate gene silencing via epigenetic DNA
methylation by DNMT1I involving STAT signaling (32). In
malignant T-lymphocytes, DNMTI1 was stimulated by
STATS3, which binds to the promoter of DNMT1 (33). Simi-
larly to human erythroleukemia cells (19), in MC3T3-E1 cells
we clearly show that IL-6 stimulates Dumt1 via FLI1. Never-
theless, we cannot fully exclude STAT3-binding sites up-
stream of the used Dnmtl promoter fragment, which may
regulate Dnmtl directly. All those data support our finding of
an IL-6-induced expression of Dnmtl by Hcys, which in turn
mediates Lox down-regulation (Fig. 13).
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FIGURE 12. Hcys-attenuated Lox mRNA expression is abrogated by the
JAK2 inhibitor AG490. Co-treatment of MC3T3-E1 cells with Hcys (3.6 mm)
and the JAK2 inhibitor AG490 (AG) (30 uMm) erased the suppressive effect of
Hcys (3.6 mm) on Lox mRNA expression. Treatment of AG490 alone did not
influence Lox mRNA expression in the pre-osteoblasts (a). A similar effect
was observed when protein expression was analyzed (b and c). RNA was
isolated and analyzed by qRT-PCR. Gene expression was normalized to 18 S
rRNA. 30 ng of protein of each sample were fractionated by SDS-gel elec-
trophoresis and immunoblotted. Values are represented as mean =+ S.D.,
untreated controls (Co) are set to 1, and treated probes are referred to as
fold change to controls for *, p < 0.05; **, p =< 0.01; +,p =< 0.05; ++,p =
0.01 refers to significance to Hcys-treated probes. For all graphs n = 3. One
representative immunoblot is shown. Lane M refers to protein molecular
weight standards.

Epigenetic DNA methylation controls important cellular
events like apoptosis (17, 34) or cell differentiation (35). The
influence of Hcys on epigenetic CpG methylation is mainly
discussed in light of the role of Hcys as metabolite in the DNA
methylation cycle (16). As presented in this study, in pre-os-
teoblastic MC3T3-E1 cells Hcys increases the expression of
genes involved in DNA methylation, namely Dumt1, Dnmt3b,
and Hells, but no regulation was found for the gene Dnmt3a.
Hells was suggested to play an important role in bone cells as
Hells-depleted mice develop osteopenia and osteoporosis
(36). These are interesting aspects as Hells was shown to play
a crucial role for a proper CpG methylation by recruiting
Dnmtl and Dnmt3b to promoters (37).

According to the literature, Dnmtl is mainly related to
maintenance of DNA global methylation, whereas Dnmt3a
and Dnmt3b are described as de novo DNA methyltrans-
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FIGURE 13. Schematic representation of the suggested pathway for the
down-regulation of Lox by Hcys. Hcys stimulates IL-6 expression, which in
turn activates JAK2 kinase (IL-6 as well as JAK2 kinase can be blocked by an
IL-6 Ab as well as by the inhibitor AG490, respectively), leading to an up-
regulation of the Dnmt1 transcription factor Fli1. This increases Dnmt1
expression, which provokes promoter methylation of Lox and thus its tran-
scriptional depletion (co-treatment of the cells with the DNA (cytosine-5)-
methyltransferase (Dnmt) inhibitor zebularine abrogates Hcys Lox promoter
methylation). Consequently, the post-translational collagen cross-link for-
mation is reduced. Abbreviations used are as follows: Hcys, homocysteine;
IL-6, interleukin 6; IL-6 Ab, interleukin 6 antibody; IL-6R, interleukin 6 recep-
tor; Fli1, Friend leukemia virus integration 1; Dnmt1, DNA methyltransferase
1; Lox, lysyl oxidase; CH3, methyl group.

ferases (38). However, it was shown that for efficient CpG
island methylation of the gene HOXB13, a transcription factor
indispensable for vertebrate embryonic development, cooper-
ation of DNMT1 with DNMT3b is essential (39). As we have
shown here, inhibition of JAK2 eliminates Hcys-dependent
Fli1 and thus Dnmtl1 stimulation and abolishes Hcys-medi-
ated Lox down-regulation. These results underline the neces-
sity of both JAK2 and DnmtI for Heys-dependent Lox methyl-
ation. Therefore, we hypothesize that besides the role of
Dnmtl as keeper of global DNA methylation, under certain
circumstances specific DNA methylation involves DnmtI.

As already mentioned, Hcys inhibits LOX (7) enzymatic
activity similarly to lathyrogens like B-aminopropionitrile
and affects bone quality because of disturbed cross-linking
(14). As shown previously (9, 10) and as demonstrated here,
the effect of Hcys on collagen cross-link formation does not
exclusively rely on Hcys enzymatic inhibition of LOX. Besides
its function in collagen cross-linking, the N-terminal peptide
of Lox acts as a tumor suppressor. In tumors, Lox expression
is prevented by CpG methylation of the promoter as shown in
humans (40 —42) and mice (34). Treatment of MC3T3-E1
cells with zebularine, an inhibitor of DNA methyltransferases,
prevented attenuation of Lox by Hcys. Methylation analysis of
the Lox promoter revealed that treatment of MC3T3-E1 cells
with Hcys increased promoter methylation of a CpG-rich re-
gion around the transcription start, which represents a com-
mon epigenetic mechanism involved in silencing of gene ex-
pression (17, 34).

In conclusion, we demonstrate that Hcys stimulates IL-6
synthesis, which could modulate osteoclast development and
differentiation via a general inflammatory response or by
direct activation resulting in increased bone resorption.
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Moreover, Hcys inhibits proper collagen cross-linking
biochemically by inhibiting LOX enzymatic activity, and as
demonstrated here, it attenuates Lox expression epigenetically
via IL-6, JAK2, Fli, and Dnmt1 leading to decreased bone ma-
trix quality (14). All these findings, including accelerated dif-
ferentiation of osteoblasts by Hcys (9, 10), could explain high
bone turnover in some patients with elevated Hcys serum
levels (43). This also has significant implications for other
cells and tissues. Silencing of Lox in skin and blood vessels, for
example, could reduce tissue strength. Finally, this gene acts
as a tumor suppressor in several tissues. Our findings add new
mechanistic insights to the role of Hcys as a risk factor for
bone health.
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