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Introduction: Cell-free DNA (cfDNA) methylation is an important molecular biomarker, which provides
information about the regulation of gene expression in the tissue of origin. There is an inverse correlation
between SOST methylation and expression levels.

Methods: Thus, we analyzed SOST promoter methylation in serum cfDNA and compared it with DNA from
blood and bone cells from patients undergoing hip replacement surgery. We also measured cfDNA methylation
in 28 osteoporotic patients at baseline and after 6 months of antiosteoporotic therapy (alendronate, teriparatide,
or denosumab).

Results: SOST methylation levels in serum cfDNA were very similar to those of bone-derived DNA
(79% — 12% and 82% — 7%, respectively), but lower than methylation levels in blood cell DNA (87% — 10%).
Furthermore, there was a positive correlation between individual values of DNA methylation in serum and
DNA methylation in bone. No differences in either serum sclerostin levels or SOST methylation were found
after 6-month therapy with antiosteoporotic drugs.

Conclusions: Our results suggest that serum cfDNA is not originated from blood cells, but from bone. How-
ever, since we did not confirm changes in this marker after therapy with bone-active drugs, further studies
showing a correlation between bone changes of SOST expression in bone and SOST methylation in cfDNA are
needed to confirm its potential role as a bone biomarker.
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Introduction DNA (cfDNA) has been identified in serum and is currently
used, in pregnant women, to detect fetal chromosomal ab-
normalities (Bir6 et al, 2018; Goldwaser and Klugman,

2018). cfDNA is also being actively investigated in neo-

iomarker research aims at finding substances that can
be measured in blood or other body fluids and would, in

some way, reflect the state of relevant organs, so that they can
be used as a noninvasive procedure to assess disease risk,
disease presence, or disease evolution, with or without ther-
apy. This is particularly useful for disorders of inner organs,
such as the skeleton, which cannot be easily sampled without
invasive interventions. A variety of proteins have been tra-
ditionally used as biomarkers. More recently, the discovery
of circulating nucleic acids has expanded the biomarker
landscape (Connolly et al., 2016). In this regard, cell-free

plastic diseases, as a mean to detect and follow up a variety of
cancers, and so the ‘‘liquid biopsy’’ is being rapidly intro-
duced in oncological clinical practice (Yamashita et al.,
2018). The utility of cfDNA in oncology is based upon two
facts. First, the amount of cfDNA is usually markedly in-
creased in the presence of tumors, thus facilitating the anal-
ysis. Second, tumors tend to accumulate mutations and
epimutations that allow to establish their signature in circu-
lating cfDNA. However, there are currently insufficient data
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about the potential use of cfDNA in non-neoplastic disorders,
with the exception of a few studies exploring its role in
monitoring transplant rejection (Zou et al., 2017; Lehmann-
Werman et al., 2018).

Sclerostin, encoded by the SOST gene, is a major regulator
of bone remodeling. Although low-level SOST expression is
detected in several tissues, sclerostin is considered a bone-
specific protein (Weivoda et al., 2017). In the bone micro-
environment, sclerostin synthesis is apparently limited to the
osteocytes (Delgado-Calle ef al., 2017). SOST is a relatively
small gene, with only two exons. Interestingly, there is an
enhancer region located about 50 kb apart from the promoter
and coding sequence, which mediates the effect of some
transcription factors, such as MEF2C. In a previous study, we
demonstrated an inverse correlation between SOST methyl-
ation and gene expression (Delgado-Calle et al., 2012). Also,
DNA methylation at the SOST promoter is related to gene
expression in human bone samples (Reppe et al., 2015).
Therefore, although the regulation of SOST transcription is
not completely understood, there is evidence that the meth-
ylation status of the SOST promoter plays a critical role in the
activation/repression of SOST transcription. Hence, we un-
dertook this study to explore whether SOST methylation
marks in cfDNA revealed a bone or a blood signature. Should
the former be the case, then it could represent a convenient
mean of exploring sclerostin synthesis in the skeleton.

Methods
Patient selection

Two groups of patients were studied. The first one included
33 patients undergoing hip replacement surgery due to os-
teoporotic hip fractures or hip osteoarthritis. From each pa-
tient, bone tissue, blood, and serum samples were obtained
for analysis (Table 1). The second group included 28 osteo-
porotic women (age = 74 — 8 years) who were to begin ther-
apy. Serum samples were obtained at baseline and 6 months
after the start of therapy with alendronate (n = 10; age =73
—7), denosumab (n=10; age="71 — 8), or teriparatide (n=8§;
age = 78 — 8), as prescribed by their physician, as clinically
indicated (Table 2). The study was approved by the IRB
(Comité de Etica en Investigacion Clinica de Cantabria; Acta
25/2012) and patients provided written informed consent.

DNA isolation

Trabecular bone samples from the central part of femoral
heads were obtained with a trephine. They were snap-frozen
in liquid nitrogen and homogenized with a polytron ho-
mogenizer in lysis buffer and proteinase K. After an over-
night incubation at 55°C, DNA was extracted with phenol:
chloroform:isoamyl alcohol, as previously described (Delgado-
Calle et al., 2012).

Serum cfDNA was isolated from two 1 mL aliquots of
serum, processed in parallel. So for each patient, 2 mL of
serum was used for the analysis. To each aliquot, we added
500 mL oflysis buffer (Tris-HCI1, EDTA, sodium acetate, and
SDS) and 5 mL of proteinase K (20 mg/mL)ina 15 mL falcon
tube. This mix was incubated for 1 h in a water bath at 56°C.
DNA isolation was performed with phenol:chloroform:
isoamyl alcohol (Fisher®), using PLG falcon tube (Qiagen®),
by centrifuging at 4500 rpm for 30 min. DNA was finally

DEL REAL ET AL.

Table 1. Patients Used for Baseline Analysis
of SOST Methylation

Patient  Disease  Sex Age  Serum  Bone Blood
1 OA F 66 Yes Yes Yes
2 OA F 70 Yes Yes Yes
3 FRX F 89 Yes Yes Yes
4 FRX F 84 Yes Yes Yes
5 FRX F 81 Yes Yes Yes
6 FRX F 91 Yes Yes Yes
7 FRX F 66 Yes Yes Yes
8 OA F 68 Yes Yes Yes
9 FRX F 91 Yes Yes Yes

10 FRX F 91 Yes Yes Yes

11 OA M 67 Yes — —

12 OA M 71 Yes — —

13 OA F 75 Yes — —

14 OA F 73 Yes — —

15 OA F 83 Yes — —

16 OA F 65 Yes — —

17 OA M 65 Yes — —

18 FRX F 80 Yes — —

19 OA F 84 Yes — —

20 OA M 83 Yes — —

21 FRX M 82 Yes — —

22 OA F 67 Yes — —

23 FRX F 86 Yes — —

24 OA F 64 Yes — —

25 FRX F 83 Yes — —

26 FRX F 78 Yes — —

27 OA F 73 Yes — —

28 OA M 68 Yes — —

29 OA M 68 Yes — —

30 OA M 62 Yes — —

31 FRX F 83 Yes — —

32 FRX F 90 Yes — —

33 FRX M 90 Yes — —

F, female; FRX, fractures; M, male; OA, osteoarthritis.

precipitated with 1 volume of isopropanol (**<1 mL) and 0.1
volumes of 3 M sodium acetate. Samples were then centri-
fuged for 1 h, at 13,000 rpm and 4°C. The pellet (not visible)
was cleaned with 70% of ethanol, followed by centrifugation
for 30 min, at 13,000 rpm and 4°C. Pellet was air dried at
room temperature and resuspended with 20 mL of distilled
water.

DNA was also extracted from 1 mL aliquots of whole
blood (drawn into EDTA-containing standard tubes) with the
same procedure.

DNA methylation analysis

The whole DNA volume (20 mL) was subjected to bi-

sulfite modification with EZ DNA Methylation-Gold Kit
(ZymoResearch®), following manufacturer’s instructions.
The methylation level of selected CpGs, at the SOST
promoter region, was analyzed by pyrosequencing (Pyr-
omarkQ24 Advanced System®). Primers used for PCR am-
plification and sequencing were designed with the PyroMark
assay designer (Primer Forward: 5¢-TGGTGGGGTGATAA
ATGAATT-3¢; Primer Reverse: 5¢-TGGTGGGGTGATAA
ATGAATT-3¢; and Primer Sequencing: S¢-ATTTGGTTTG
AGAAATGG-3¢). This procedure was used to examine the
methylation of 3 CpGs, situated about 300 base pairs from the
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Table 2. Patients Studied at Baseline and After Treatment

SFlc

Lumbar Femoral

Fragility spine neck
Patient Age Sex Disease Treatment fractures T-score T-score
Al 83 F Osteoporosis Alendronate Yes -0.9 -2.9
A2 65 F Osteoporosis Alendronate No -3.0 -3.4
A3 70 F Osteoporosis Alendronate Yes -3.3 2.3
A4 79 F Osteoporosis Alendronate Yes -2.8 2.9
AS 72 F Osteoporosis Alendronate Yes -3.5 —
A6 78 F Osteoporosis Alendronate Yes -3.3 -1.6
A7 72 F Osteoporosis Alendronate No -3.1 —
A8 82 F Osteoporosis Alendronate Yes -3.7 2.1
A9 65 F Osteoporosis Alendronate No — -2.8
Al10 67 F Osteoporosis Alendronate No -3.3 -3.7
D1 58 F Osteoporosis Denosumab No -2.6 -1.7
D2 79 F Osteoporosis Denosumab No -3.7 -3.1
D3 72 F Osteoporosis Denosumab No -3.2 -2.8
D4 63 F Osteoporosis Denosumab No -3.7 2.9
D5 69 F Osteoporosis Denosumab No -2.5 -2.0
D6 75 F Osteoporosis Denosumab No -4.5 -1.9
D7 60 F Osteoporosis Denosumab No -1.5 -2.8
D8 78 F Osteoporosis Denosumab No -2.6 2.3
D9 72 F Osteoporosis Denosumab Yes -2.6 2.2
D10 81 F Osteoporosis Denosumab Yes -1.5 2.9
P1 64 F Osteoporosis Teriparatide Yes — -0.8
P2 79 F Osteoporosis Teriparatide Yes -0.9 2.2
P3 81 F Osteoporosis Teriparatide Yes — —
P4 79 F Osteoporosis Teriparatide Yes -4.3 -2.7
P5 84 F Osteoporosis Teriparatide Yes -2.9 —
P6 91 F Osteoporosis Teriparatide Yes -3.3 -3.8
P7 77 F Osteoporosis Teriparatide Yes -1.4 -2.1
P8 71 F Osteoporosis Teriparatide Yes -4.5 -2.8

transcription start site (Supplementary Fig. S1). Overall, the
correlation between the methylation levels of the two serum
aliquots analyzed was r = 0.66. The coefficient of variation
was 17%. All samples from the same individual were run in
the same assay to minimize batch effects.

Serum sclerostin and bone turnover markers

Serum sclerostin levels were analyzed with an enzyme-
linked immunosorbent assay kit (Teco Medical Group).
Sensitivity was 0.05-3 ng/mL. Interassay coefficient of var-
iation (CV) was 16.8%.

The levels of the bone turnover markers N-terminal pro-
peptide of type I procollagen (P1NP) and C-terminal telo-
peptide of type I collagen (B-crosslaps) were measured with
automatized chemiluminescence assays (IDS-iSYS Multi-
Discipline Automated Analyzer) in serum samples taken
after overnight fasting. Sensitivity was 1 and 0.033 ng/mL,
respectively. The intra-assay CV was 2.9% and 4.6% for
P1NP and B-crosslaps assays, respectively. All samples from
the same individual were run in the same assay to minimize
batch effects.

Statistical analyses

Differences in the methylation levels of the different DNA
sources from the same patient were analyzed by paired #-test.
In addition, the correlation between these DNA methylation
levels was analyzed by Pearson correlation tests. DNA

methylation levels and bone turnover biomarkers before and
after antiosteoporotic therapies were compared by paired ¢-
test. p-Values <0.05 were considered statistically significant.

Results

SOST gene methylation in bone, blood cells,
and serum

In a preliminary exploratory analysis, we did not find
significant differences between patients with hip fractures
and those with hip osteoarthritis. Therefore, the results of
both groups were combined. The average methylation level
of the SOST promoter was very similar in serum cfDNA and
in bone-derived DNA (79% — 12% vs. 82% — 7%, n = 33).
However, the average methylation level was much higher in
blood cell DNA, 87% — 10% (n = 10). Pairwise comparisons
revealed statistically significant differences between blood
and serum cfDNA (p=0.0011) and between blood and bone
DNA (p=0.0106), but not between serum cfDNA and bone
DNA (p=0.11). The analysis of individual CpGs confirmed
higher methylation of CpG1 and CpG2 in blood cell DNA in
comparison with either serum or bone DNA, whereas CpG3
was similarly methylated in DNA from the three sources

(Fig. 1). Moreover, when all results were combined, there bF1

was a better correlation between the bone DNA and serum
cfDNA methylation levels (= 0.77; p = 8.4 - 107) than be-
tween bone DNA and blood cell DNA methylation levels
(r=0.59;p=5.1-10%.
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FIG. 1. The average and confidence interval of the DNA methylation levels from three CpG sites of the SOST promoter in
serum cfDNA, bone-derived, and blood cell DNA. In each CpG site, differential analysis (z-test) is shown between the three
different DNA sources. cfDNA, cell-free DNA.
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FIG. 2. (A) Serum levels of the bone turnover markers PINP and b-crosslaps after 6 months of antiosteoporotic therapy
with alendronate, denosumab, and teriparatide. (B) Serum levels of the SOST promoter methylation in cfDNA and serum
sclerostin levels after 6 months of antiosteoporotic therapy. PINP, propeptide of type I procollagen.
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Serum biomarkers and response to therapy

We found that serum P1NP and B-crosslaps levels de-
creased as expected after antiresorptive therapy with alen-
dronate (p=1.94- 10~ and p=3.13- 107, respectively)
and denosumab (p=2.99 - 10°andp=7.74- 10).Onthe
other hand, P1NP and crosslaps serum levels increased after 6
monthsofteriparatidetherapy (p=3.18-10-andp=1.25-
102, respectively) (Fig. 2A).

Although, bone turnover markers changed dramatically as
expected, we did not find significant changes in either SOST
methylation in ¢fDNA or serum sclerostin levels after 6
months of antiosteoporotic therapy (Fig. 2B).

Discussion

SOST expression is not detected in peripheral blood cells
(unpublished data). Consistent with that observation, in this
study, we found that SOST promoter was highly methylated
in DNA isolated from blood cells. However, SOST methyl-
ation in circulating cfDNA was significantly lower, thus
suggesting that blood cells are not the major source of that
cfDNA. In fact, we found similar levels of methylation at the
SOST promoter in serum cfDNA and bone-derived DNA.
Individually, there was a positive correlation between bone
and cfDNA methylation levels. In general, the methylation
level of bone DNA was better correlated with cfDNA
methylation than with blood cell methylation. Overall, those
results suggest that cfDNA in serum could mainly come from
bone, at least in our samples, which included patients with
skeletal abnormalities. Hence, our results point at cfDNA
methylation as an index of bone cell activity, and specifically
of bone sclerostin synthesis.

To further explore the association between cfDNA
methylation and bone status, we analyzed cfDNA in patients
treated with antiresorptive or anabolic drugs. Unfortunately,
we did not observe significant changes in serum sclerostin in
response to therapy, and, in line with that, we did not find
changes in cfDNA methylation either. These results were
not the consequence of lack of adherence or drug resistance,
as we observed marked changes in bone turnover markers
after therapy, as expected. Our results differ from other
studies showing a decrease in serum sclerostin following
teriparatide therapy (Drake et al., 2010). However, that is
not a universal finding and other investigators have reported
a lack of effect of treatment on serum sclerostin (Gossiel
et al., 2018). Differences in the assays used, the length of
therapy, or patients’ characteristics may explain those
conflicting results. We just found a statistically significant,
but quantitatively very small increase in serum sclerostin in
alendronate-treated patients, whose biological relevance is
unclear.

Our study has some limitations. First, the relative small
sample size limits the statistical power to find significant
differences. This is particularly relevant for the analysis of
changes in the methylation level after drug therapy or po-
tential differences between patients with osteoarthritis and
those with hip fractures. Also, we cannot exclude the possi-
bility of methylation changes in regions of the SOST gene
located outside the studied region. From the point of view of
its clinical application, the analysis of cfDNA methylation is
technically laborious and with higher coefficient of variation
than the currently used bone turnover markers. Thus, it is

unlikely to become a substitute for them, but it could add
some useful information about the regulation of some genes
at the bone tissue. Most cfDNA may be associated with
microvesicles formed during cell degeneration. However,
studies with cancer patients suggest that cfDNA is not a
simple marker of tumor burden or cell death and may in-
deed be determined by tumor metabolism by mechanisms
not elucidated yet (Kustanovich et al., 2019; Malkin and
Bratman, 2020). Thus, it is tempting to speculate that the
methylation pattern of bone-related genes could also re-
flect, at least in part, bone metabolism. However, further
larger studies are needed before to support its potential role
in research studies and clinical practice.

There are conflicting reports about the role of sclerostin in
the cardiovascular system, with some, but not all studies
showing an association between serum sclerostin and car-
diovascular risk (Mathold et al., 2018; Novo-Rodr'iguez
et al., 2018). Several investigators have reported sclerostin
expression in atherosclerotic, calcified lesions of the arterial
wall. This seems particularly clear for patients with advanced
kidney disease (Nitta et al., 2018). Thus, although we did not
include patients with renal failure, we cannot completely
exclude the possibility that unmethylated SOST DNA comes,
in part, from the vascular wall.

In conclusion, in this study, we showed that SOST meth-
ylation in serum cfDNA does not reflect the methylation level
in DNA from blood cells, which is consistent with an extra-
hematological origin of this cfDNA. Our results indicate that
methylation status of SOST cfDNA could reflect SOST
methylation levels in bone. To our knowledge, this is the first
study addressing the possibility of using serum cfDNA as a
““liquid biopsy’’ in non-neoplastic bone disorders. Further
studies showing a correlation between bone SOST changes
and SOST methylation in cfDNA are needed to confirm its
potential role as a bone biomarker.

Conclusions

DNA methylation levels of the SOST promoter in serum
cfDNA are lower than in blood cell DNA and similar to bone
DNA, suggesting that serum cfDNA originates, in part, in
bone cells. However, we did not find significant changes in
the levels of serum sclerostin or DNA methylation levels
after therapy with bone-active drugs. Interestingly, serum
cfDNA of the SOST promoter does not reflect the methyla-
tion level in peripheral blood cells. Thus, it is worth studying
the role of cfDNA as a bone biomarker.
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