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Abstract
Mutations in Serpinf1 gene which encodes pigment epithelium-derived factor (PEDF) lead to osteogenesis imperfecta type 
VI whose hallmark is defective matrix mineralization. We reported previously that PEDF reduced expression and synthesis 
of Sost/Sclerostin as well as other osteocytes genes encoding proteins that regulate matrix mineralization [1]. To determine 
whether PEDF had an effect on osteocyte gene expression in bone, we used bone explant cultures. First, osteocytes were 
isolated from surgical waste of bone fragments obtained from patients undergoing elective foot surgeries under approved 
IRB protocol by Penn State College of Medicine IRB committee. Primary osteocytes treated with PEDF reduced expression 
and synthesis of Sost/Sclerostin and matrix phosphoglycoprotein (MEPE) as well as dentin matrix protein (DMP-1). On 
the whole, PEDF reduced osteocyte protein synthesis by 50% and by 75% on mRNA levels. For bone explants, following 
collagenase digestion, bone fragments were incubated in alpha-MEM supplemented with 250 ng/ml of PEDF or BSA. After 
7 days of incubation in a medium supplemented with PEDF, analysis of mRNA by PCR and protein by western blotting of 
encoded osteocyte proteins showed reduced Sclerostin synthesis by 39% and MEPE by 27% when compared to fragments 
incubated in medium supplemented with BSA. mRNA expression levels of osteocytes in bone fragments treated with PEDF 
were reduced by 50% for both SOST and MEPE when compared to BSA-treated bone fragments. Taken together, the data 
indicate that PEDF has an effect on osteocyte gene expression in bone and encourage further studies to examine effect of 
PEDF on bone formation indices in animal models and its effect on osteocyte gene expression in vivo following PEDF 
administration.
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Introduction

Pigment epithelium-derived factor (PEDF) encoded by ser-
pinf1 was originally identified in cultures of fetal pigment 
epithelial cells but is now known to be ubiquitously syn-
thesized by a variety of cell types including osteoblasts and 
osteocytes [2–5]. PEDF has been shown to possess a strong 
antiangiogenic activity and this property has heightened 
interest in understanding its potential to ameliorate metas-
tasis of some cancers and effects of diabetes like retinopathy 
[2, 6, 7]. The importance of PEDF in bone was revealed 
by the discovery that patients with a rare recessive form 
of osteogenesis imperfecta type VI carry mutations in ser-
pinf1 gene, a gene encoding PEDF. Serpinf1 gene mutations 
lead to excessive accumulation of osteoid in bone that fails 
to mineralize [8–10]. Mechanisms, by which PEDF regu-
lates bone matrix mineralization, remain undefined. We and 
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others reported that PEDF promoted human mesenchymal 
stem cell (MSC) differentiation and increased osteoblast 
mineralization [11–13]. We also reported that PEDF sup-
pressed Sost/Sclerostin expression by primary osteocytes 
harvested from human bone [1]. In addition to Sost/Scle-
rostin suppression, we also reported that PEDF had an 
effect on the expression of other osteocyte genes, MEPE, 
DMP-1 and PHEX [1]. PEDF inhibited expression of SOST/
Sclerostin, MEPE and to a lesser extent DMP-1 [1]. These 
osteocyte proteins play major roles in matrix mineralization 
and thus, PEDF may play a role in matrix mineralization by 
regulating genes involved in bone matrix mineralization [1].

Osteocytes are notoriously known to be difficult to isolate 
and maintain in culture and thus, various techniques have 
been developed to determine osteocyte activities in environ-
ments that mimic their natural habitat. To determine whether 
PEDF has an effect on osteocyte gene expression in bone, 
we developed a bone explant culture to assess the effect of 
PEDF on osteocyte gene expression in bone.

Materials and methods

Isolation of primary osteocytes

For isolation of primary osteocytes, methods that we 
described previously and established protocols were used 
[1, 14–16]. Briefly, foot bones were obtained from patients 
undergoing elective foot surgery under approved IRB pro-
tocol (protocol # 432612EM) by the Penn State College of 
Medicine. Fifteen bone fragments from patients ranging 
from 50- to 60-year old were extensively washed in PBS 
followed by treatment with 5 mM EDTA in PBS containing 
0.1% BSA at 37 °C for 45 min; this was followed by incuba-
tion in 0.2% type II collagenase in PBS for 45 min at 37 °C. 
The process was repeated two more times followed by cen-
trifugation at 200 g for 5 min. Cell pellets were suspended 
in a medium (alpha-MEM supplemented with 10% FBS and 
1% P/S) and seeded onto collagen-coated six-well plates. 
Cells in six-well plates were treated with PEDF at 50 ng/
ml or/and 250 ng/ml, and assessed for SOST, DMP-1 and 
MEPE expression by RT-PCR and western blotting essen-
tially as we described previously [1].

Ex vivo explant bone culture

To determine whether PEDF suppressed expression of Sost 
and other osteocyte-related genes in bone, ex vivo explant 
bone culture was employed using a modified method based 
on the previous reports examining osteocytes in bone 
[17–20]. Bone fragments from 12 patients aged 50–60 years 

who were undergoing elective foot surgeries were cut into 
4 × 4 × 2 mm cubes and washed in PBS. Following washing, 
each bone chip was placed into a conical tube and incubated 
in 2 ml of 0.2% (w/v) collagenase type II in a 37 °C water 
bath with shaking for 45 min. After 45 min of incubation, 
each bone chip was washed with PBS twice and placed into 
a 24-well plate, incubated in alpha-MEM supplemented with 
10% FBS, 1% P/S for 24 h. Bone chips were maintained 
in the medium in the presence or absence of 250 ng/ml of 
PEDF. Control bone chips were incubated in a medium sup-
plemented with BSA. Bone chips were maintained in the 
medium either supplemented with PEDF or BSA which was 
replaced every day for 7 days. After 7 days of incubation, 
bone chips were collected and washed in PBS twice fol-
lowed by extraction of mRNA or proteins within. For protein 
extraction, the chips were suspended in 500 μl lysis buffer 
(20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 1% Triton X-100, 2.5 mM Na4P2O7, 1 mM 
β-glycerophosphate, 1 mM Na3VO4, and 1 μg/ml leupep-
tin) with grinding for 5 min. The lysates were cleared by 
centrifugation at 20,000 g for 5 min. The supernatants were 
transferred into new tubes and protein concentrations were 
determined using the BCA method. Total lysates (30–60 μg 
protein/lane) were subjected to electrophoresis in 4–20% 
SDS-PAGE for western blotting. Some bone chips were 
treated with 1 ml of Trizol solution for mRNA isolation.

Effect of PEDF on osteocyte gene expression 
by primary osteocytes

Quantitative real‑time PCR

Quantitative PCR was carried out to determine the expres-
sion of osteocyte genes, SOST, dentin matrix protein (DMP-
1) and matrix extracellular phosphoglycoprotein (MEPE) 
by primary osteocytes or osteocytes in explant cultures. 
The cells were cultured in the presence or absence of 50 or 
250 ng/ml of PEDF prior to mRNA analysis. mRNA expres-
sion level was analyzed in a StepOnePlus™ RT PCR system 
(Applied Biosystems, CA). The primers and programs used 
for amplification of the genes were previously reported [1].

Western blotting

Total protein was harvested from primary osteocytes follow-
ing treatment with or without 50 or 250 ng/ml of PEDF for 
3 days. Cells were lysed in RIPA buffer supplemented with 
proteinase inhibitor cocktail (Sigma–Aldrich). The protein 
concentration was determined with a BCA protein assay kit 
(Sigma–Aldrich), and 10 μg of proteins from each sample 
was resolved by SDS-PAGE and transferred onto PVDF 
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membranes. Antibodies specific for Sclerostin (Abcam, 
ab63097),MEPE (Santa Cruz, SC-377035) and DMP-1 
(Santa Cruz, SC-73633) were used to detect expression of 
osteocyte proteins of interest.

Statistical analysis

For all experiments, data were compiled from at least three 
independent replicate experiments performed on separate 
cultures on separate occasions. Results were expressed as the 
mean ± SD. Comparative studies of means were performed 
using one-way ANOVA followed by a post hoc test (pro-
jected least significant difference, Fisher) with a significant 

value of p < 0.05. Expression level was analyzed in a StepO-
nePlus™ RT PCR system (Applied Biosystems, CA).

Results

PEDF reduced expression of Sost/Sclerostin, MEPE 
and DMP‑1 by primary osteocytes in culture

We first examined the effect of PEDF on suppressing expres-
sion of Sost/Sclerostin by primary osteocytes examining 
the effect of PEDF dose. In our previous report, we did not 
examine the effect of PEDF dose on osteocyte gene and pro-
tein expression [1]. The data showed that PEDF reduced 

Fig. 1   PEDF reduced expression of Sclerostin, MEPE and DMP-1 
proteins in human primary osteocytes. a, b, c Western blot and quan-
titative analysis of Sclerostin synthesis by primary osteocytes, and 
mRNA levels in osteocytes cultured in a medium supplemented with 
two different doses of PEDF. PEDF suppressed SOST/Sclerostin 
expression by osteocytes in a dose-dependent manner. d, e, f West-
ern blot and quantitative analysis of MEPE synthesis, and mRNA lev-
els by primary osteocytes cultured in a medium supplemented with 
two different doses of PEDF. PEDF suppressed MEPE synthesis in 

a dose-dependent manner but both 50  ng and 250  ng/ml of PEDF 
reduced expression of MEPE equally well. g, h, i Western blot and 
quantitative analysis of DMP-1 synthesis, and mRNA expression 
levels by osteocytes in a medium supplemented with PEDF; DMP-1 
synthesis and mRNA expression were reduced upon PEDF treat-
ment. In all the cases, 50 ng and 250 ng/ml of PEDF were effective 
in suppressing synthesis and expression of DMP-1. All samples were 
treated with/without PEDF for 72 h; N = 4 and each experiment was 
performed in triplicates. Data are presented as mean ± SD
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expression and synthesis of Sclerostin, MEPE and DMP-1 by 
primary osteocytes as shown by western blotting (Fig. 1a, b for 
Scl, Fig. 1d, e for MEPE and Fig. 1g, h for DMP-1). mRNA 
expression levels were also assessed by RT-PCR following 
PEDF treatment (Fig. 1c, f, i). Sost expression was reduced 
by PEDF in a dose-dependent manner (Fig. 1b, c) while for 
MEPE reduction dose dependency was only observed on its 
synthesis (Fig. 1d, e). For DMP-1, both PEDF doses were 
equally efficient in suppressing its expression and synthesis 
(Fig. 1g, h, i). Control osteocytes were cultured in a medium 
without PEDF supplement. Dose dependence of mRNA reduc-
tion by osteocytes upon PEDF treatment was seen for SOST 
expression while for MEPE and DMP-1 both doses of PEDF 
were equally effective (Fig. 1c, f, i). These findings go along 
with what we reported previously, but in this report, we exam-
ined the effect of PEDF dose on Sclerostin, MEPE and DMP-1 
expression. In addition, the data support a recent report in 
which we showed that long-term osteoblast culture contained 
osteocytes that responded to PEDF to regulate osteocyte gene 
expression [21].

PEDF suppressed synthesis and expression 
of Sclerostin/Sost and MEPE by osteocytes in bone

We next examined whether PEDF had an effect on osteocytes 
within bone tissue by examining the effect of PEDF on osteo-
cyte gene expression and protein synthesis in bone explants. 
Western blotting and PCR were used to determine the effect 
of PEDF on SOST/Scl, MEPE mRNA and protein levels. 
Western blot analysis of the proteins extracted from bone 
fragments incubated in PEDF showed that 7 of the 12 bone 
fragments treated with PEDF synthesized less Sclerostin when 
compared to bone fragments not treated with PEDF as shown 
by western blot and quantitative analysis (Fig. 2a– c). On an 
average, PEDF reduced 39% of Sclerostin synthesis by osteo-
cytes in bone fragments. Similarly, bone fragments incubated 
in PEDF for 7 days showed reduced MEPE synthesis as shown 
by western blotting and quantitation of the blots (Fig. 2a, d, 
e). Reduction in MEPE protein synthesis by PEDF was about 
27%; this is relatively modest when compared to reduction in 
Sclerostin synthesis. Because PEDF was exogenously added, 
it is not clear of the amount that was accessible to osteocytes 
in bone. The data nevertheless suggest that PEDF has an effect 
on osteocyte protein synthesis in bone.

In addition to examining the effect of PEDF on protein 
synthesis by PEDF, we also assessed its effect on SOST and 
MEPE gene expression by osteocytes in bone. Bone frag-
ments treated with or without PEDF were powdered and 
mRNA therein was extracted. Analysis of the mRNA levels 

revealed that bone fragments treated with PEDF expressed 
reduced mRNA levels for SOST (Fig.  3a) and MEPE 
(Fig. 3b). Overall, mRNA for SOST and MEPE expression 
by osteocytes in bone was reduced by 50% upon PEDF treat-
ment. Interestingly, human PEDF had no effect on osteocyte 
gene expression by mouse bones (data not shown). Use of 
BSA as a control was appropriate because cells treated with 
BSA showed stability in terms of GAPDH expression (Fig. 1 
supplement).

Discussion

PEDF is a multifunctional protein whose absence has been 
shown to lead to the development of OI type VI, thus, it 
plays an important role in bone; mechanisms of its action, 
however, remain undefined [8–10]. The hallmark of type 
VI OI is osteoid buildup that fails to mineralize [8–10]. 
The role of PEDF in bone mineralization is only a matter 
of speculation [1, 9, 13]. We and others reported that PEDF 
enhanced osteoblast differentiation and matrix minerali-
zation by enhancing the expression of osteoblast-related 
genes [1, 11–13]. We also reported that PEDF suppressed 
expression of osteocyte-related genes including Sost [1]. 
We speculated that suppression of osteocyte-related genes 
that play a role in regulating matrix mineralization may be 
part of the mechanisms by which PEDF regulates matrix 
mineralization. Indeed, several reports have shown that 
Sclerostin plays a role in bone mineralization [22–26]. In 
the present report, we have shown that in addition to Scle-
rostin inhibition, PEDF also reduced expression of MEPE 
and DMP-1, and these osteocyte proteins have been shown 
to play a role in bone mineralization [27–31].

We have shown that PEDF regulates Sclerostin in a 
dose-dependent manner. Our previous report on Sost/
Sclerostin suppression by PEDF was based on studies car-
ried out in primary osteocytes [1]; in the present report, 
we have extended the studies to examine osteocytes in 
bone. We used ex vivo explant bone culture to examine 
the effect of PEDF on regulating osteocyte gene expression 
and synthesis of encoded proteins. This approach has been 
used previously by other investigators examining various 
aspects of bone biology [17–20, 32]. Using this system, 
we have shown that PEDF regulates osteocytes expression 
in bone; the present findings provide an opportunity to 
test the effect of PEDF in suppressing Sost/Scl expression 
in bone using animal models. Because PEDF is a large 
molecule, bone fragments were first digested with colla-
genase to allow PEDF access to the osteocytes. There was 
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variability of osteocyte in different bone fragment response 
to PEDF; the reason is not clear but it could result from 
failure of exogenous PEDF to access osteocytes because 
of the presence of interfering matrix or osteocytes in bone 

of different patients which may respond differently. These 
speculations are beyond the studies reported in the pre-
sent manuscript. PEDF was supplied exogenously; it is 
likely that osteocytes may respond to PEDF via autocrine 

Fig. 2   PEDF reduced expression of Sclerostin and MEPE by human 
osteocytes in human bone fragments in ex  vivo explant culture. a 
Western blot of Sclerostin and MEPE synthesis by osteocytes in 
bone explants reveal suppression of their synthesis by treatment 
with PEDF. b, c Quantitation of the western blot for Sclerostin syn-
thesis in bone explants treated with PEDF showing its reduced syn-
thesis. d, e Quantitation of the western blot shown in a for MEPE 

synthesis in bone explants treated with PEDF showing reduced syn-
thesis of MEPE. Bone fragments were incubated in DMEM supple-
mented with or without 250 ng/ml of PEDF for 7 days. Proteins were 
extracted thereafter and subjected to gel electrophoresis and subse-
quent western blotting. Experiments were done in triplicates. Data are 
presented as mean ± SD
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mechanism since osteocytes produce PEDF thus, PEDF 
accessibility may not be a problem in vivo. Studies using 
live animals will resolve these issues.
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