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Summary
With aging, there is a decline in bone mass and in osteoblast differentiation of human
mesenchymal stem cells (hMSCs) in vitro. Osteoblastogenesis can be stimulated with 1,25-
dihydroxyvitamin D3 [1,25(OH)2D3] and, in some hMSCs, by the precursor 25-hydroxyvitamin
D3 (25OHD3). CYP27B1/1α-hydroxylase activates 25OHD3 and, to a variable degree, hMSCs
express CYP27B1. In this study, we tested the hypotheses 1) that age affects responsiveness to
25OHD3 and expression/activity of CYP27B1 in hMSCs, and 2) that parathyroid hormone (PTH)
upregulates CYP27B1 in hMSCs, as it does in renal cells. There were age-related declines in
osteoblastogenesis (n=8, p=0.0286) and in CYP27B1 gene expression (n=27, r=−0.498; p=0.008)
in hMSCs. Unlike hMSCs from young subjects (≤ 50-years), hMSCs from older subjects (≥ 55-
years) were resistant to 25OHD3 stimulation of osteoblastogenesis. PTH1-34 (100 nM) provided
hMSCs with responsiveness to 25OHD3 (p=0.0313, Wilcoxon matched pairs test) and with two
episodes of increased 1,25(OH)2D3 synthesis, of CREB activation, and of CYP27B1 upregulation.
Both increases in CYP27B1 expression by PTH were obliterated by CREB-siRNA or KG-501
(which specifically inhibits the downstream binding of activated CREB). Only the second period
of CREB signaling was diminished by AG1024, an inhibitor of insulin-like growth factor-I
receptor kinase. Thus, PTH stimulated hMSCs from elders with responsiveness to 25OHD3 by
upregulating expression/activity of CYP27B1 and did so through CREB and IGF-I pathways.
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Introduction
In humans, peak bone mass is attained during the third decade of life. With advancing age,
there is a decline in bone mass and an increase in fracture risk (Hui et al. 1988). Human
bone marrow contains cells, called human mesenchymal stem cells or marrow stromal cells
(hMSCs), that are progenitors of several lineages, including osteoblasts, chondrocytes, and
adipocytes (Prockop 1997; Pittenger et al. 1999). We and others, however, showed that there
is an age-related decline in osteoblast potential in hMSCs (D'Ippolito et al. 1999; Mueller &
Glowacki 2001).

In vitro, the differentiation of hMSCs to osteoblasts is enhanced by 1,25-dihydroxyvitamin
D3 [1,25(OH)2D3], the activated form of vitamin D3 (Liu et al. 1999). We recently reported
that osteoblast differentiation was also stimulated by 25-hydroxyvitamin D3 (25OHD3) in
some hMSCs (Zhou et al. 2010). That led to the discovery that hMSCs have the capacity to
enzymatically activate 25OHD3 to 1,25(OH)2D3 with CYP27B1 (the gene that encodes the
enzyme 1α-hydroxylase) (Zhou et al. 2010). We reported that the constitutive level of
expression of CYP27B1 in hMSCs was related to the vitamin D status of the subject from
whom the cells were obtained and can be upregulated in vitro by the substrate 25OHD3 as
well as by insulin-like growth factor-I (IGF-I) (Zhou et al. 2010), but effects of age were not
determined. Subsequently, we reported that experimental reduction of CYP27B1 by
ketoconazole or CYP27B1-siRNA in hMSCs from young subjects prevented the
osteoblastogenic response to 25OHD3, (Geng et al. 2011). Those data provided evidence
that 1α-hydroxylation is required for pro-differentiation effects of 25OHD3. Thus, one goal
of this study was to assess the effects of age on the expression/activity of CYP27B1 and on
stimulation of osteoblast differentiation by 25OHD3.

Parathyroid hormone (PTH) peptides have been used clinically as osteoanabolic therapies
for osteoporosis and fracture prevention (Neer et al. 2001; Lane & Silverman 2010). In vivo
and in vitro evidence indicates that PTH induces IGF-I (Canalis et al. 1989; Pfeilschifter et
al. 1995; Watson et al. 1995; Shinoda et al. 2010). We determined that PTH peptides
upregulated both IGF-I and IGF-II in hMSCs (Zhou et al. 2011) and that rhIGF-I induced
CYP27B1 expression and 1α-hydroxylase activity in hMSCs (Zhou et al. 2010). Recently,
Jilka et al. showed that PTH has greater bone anabolic effects in older mice because in
addition to its stimulation of bone formation, it antagonized the age-associated increase in
oxidative stress and adverse effects on birth and survival of osteoblasts (Jilka et al. 2010).
Further, PTH in vitro (50 nM) protected osteoblasts from acute oxidative-stress-related
effects. We recently demonstrated by genetic and pharmacological means that some effects
of age on hMSCs were reproduced by experimental blocking of PTH signaling (Zhou et al.
2011). In addition, PTH is the major stimulus for renal production of 1,25(OH)2D3
(Haussler et al. 1976; Brenza et al. 1998; Brenza & DeLuca 2000). This reasoning suggested
the possibility that PTH could restore functions of human MSCs.

In this study, we tested the hypotheses 1) that age affects responsiveness to 25OHD3 and
expression/activity of CYP27B1 in hMSCs, and 2) that PTH could stimulate hMSCs from
older subjects with responsiveness to 25OHD3 by upregulating expression/activity of
CYP27B1, as it does in renal cells. Further, we sought to identify the intermediary roles of
CREB and IGF-I, and to determine whether effects of age on vitamin D metabolism in
hMSCs could be corrected with PTH.
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Results
Age-related decline in osteoblastogenesis and CYP27B1 gene expression in hMSCs

As a test of reproducibility of previous findings, we evaluated osteoblast potential in hMSCs
from 4 young (≤ 50 years, mean age 36 ± 14 years) and 4 older (≥ 55 years, mean age 74 ±
4 years) subjects. After 7 days in osteoblastogenic medium, the mean level of alkaline
phosphatase enzymatic activity (ALP activity, Fig. 1A) in hMSCs from older subjects (57 ±
17 µmole/min/g protein) was 23% of that for hMSCs from young subjects (253 ± 35 µmole/
min/g protein, p=0.0286, Mann-Whitney test).

A larger cohort of hMSCs obtained from 27 subjects (41 to 87 years, mean age 57±12 years)
was used to determine the effect of age on constitutive expression of CYP27B1/1α-
hydroxylase. There was an inverse correlation between CYP27B1 expression and age (r=
−0.498; p=0.008; Fig. 1B). The mean level of expression of CYP27B1 in the older group (≥
55 years, n=15, p=0.007) was 56% of that for the younger group (≤ 50 years, n=12, Fig. 1B
inset). Another series of hMSCs was available from 14 subjects (64 ± 12 years) for whom
serum 25OHD levels had been determined. Trios of young and old hMSCs from subjects
known to be vitamin D-sufficient (serum 25OHD >32 ng/ml) were selected for further
studies (Fig. 1C). There was lower constitutive expression of CYP27B1 in hMSCs from the
older than the young subjects, with similar expression of 24-hydroxylase/CYP24A1,
parathyroid hormone receptor type 1 (PTHR1), and vitamin D receptor (VDR).

PTH1-34 stimulated the effects of 25OHD3 on osteoblastogenesis in hMSCs from elders
In hMSCs from young subjects (≤ 50 years), osteoblast differentiation, as assessed by
osteoblast signature genes, bone sialoprotein (BSP) and alkaline phosphatase (ALP), was
stimulated by 25OHD3, 1,25(OH)2D3, PTH1-34, and the combination treatment (Fig. 2A).
In contrast, hMSCs from elders (≥ 55 years) were refractory to 25OHD3 and were
stimulated by 1,25(OH)2D3, PTH1-34, and the combination treatment. Three samples from
elders were not responsive to 25OHD3 (Fig. 2B; ALP/GAPDH, 0.95 ± 0.12, fold relative to
control), compared with three samples from young subjects (1.95 ± 0.40, p = 0.05). With the
numbers available, the effects of 1,25(OH)2D3 (p=0.40) and combination treatments
(p>0.999) were statistically similar for the two age groups. For the hMSCs from elders, the
combination of PTH and 25OHD resulted in greater ALP expression (2.74 ± 0.50) than for
25OH alone (0.95 ± 0.12, p=0.050). Results for BSP expression were similar.

Osteoblast differentiation was also quantified by ALP enzymatic activity 7 days after
transfer to osteoblastogenic medium (Fig. 2C). The ALP activity in hMSCs from an older
subject (83 Y) was 48% of that for hMSCs from a young subject (42 Y) (p<0.0001). In
hMSCs from a young subject (42 Y), there was equivalent stimulation of osteoblast
differentiation by 25OHD3 (1.50-fold, compared with control level, p<0.001) and by
1,25(OH)2D3 (1.63-fold, p<0.001). In striking contrast, hMSCs (83 Y) were not stimulated
by 25OHD3 (1.03-fold), yet they were stimulated by 1,25(OH)2D3 (1.51 fold, p<0.001).
PTH1-34 stimulated osteoblast differentiation in both specimens (42 Y: 1.82-fold, p<0.001;
and 83 Y: 1.79-fold, p<0.001). Pre-treatment of the hMSCs (42 Y) with PTH1-34 stimulated
differentiation with 25OHD3 (2.22-fold, p<0.001) and with 1,25(OH)2D3 (2.45-fold,
p<0.001). There was 48% more ALP with 25OHD3 and PTH pre-treatment than without
(p<0.001), and 50% more ALP with 1,25(OH)2D3 and PTH pre-treatment than without
(p<0.001). It was striking that ALP in hMSCs (83 Y) was stimulated by 25OHD3 after pre-
treatment with PTH1-34 (2.23-fold, p<0.001), with a magnitude equivalent to stimulation by
1,25(OH)2D3 (2.44-fold, p<0.001). In these cells, there was 118% more ALP stimulated by
25OHD3 with PTH pre-treatment than without (p<0.001), and there was 62% more ALP
stimulated by 1,25(OH)2D3 with PTH pre-treatment than without (p<0.001).
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In addition, osteoblast differentiation with combined treatments was greater than with
PTH1-34 alone. With hMSCs (42 Y), ALP levels with PTH1-34 and 25OHD3 (122%,
p<0.001) and with PTH1-34 and 1,25(OH)2D3 (134%, p<0.001) were greater than PTH1-34
alone. Likewise, with hMSCs (83 Y), PTH1-34 with 25OHD3 (125%, p<0.001) and
PTH1-34 with 1,25(OH)2D3 (136%, p<0.001) were greater than PTH1-34 alone. For the
hMSCs from the elder (83 Y), the combined PTH and 25OHD3 treatment resulted in ALP
activity (1,350 ± 17 µmole/min/g protein) similar to control level of hMSCs (42 Y) (1,262 ±
25 µmole/min/g protein, 0.1% BSA in 1% FBS-HI osteogenic medium).

These unexpected results indicate that PTH pre-treatment provided hMSCs from older
subjects with responsiveness to 25OHD3. These cells were used in subsequent experiments
to determine the mechanism by which PTH "restores" responsiveness to 25OHD3 in hMSCs.

PTH1-34 upregulated 1α-hydroxylase activity and expression in hMSCs from elders
We tested the effects of pretreatment with PTH1-34 on 1α-hydroxylase enzymatic activity
(in vitro synthesis of 1,25(OH)2D3) in hMSCs from young and old subjects. In baseline
conditions, there was greater synthesis of 1,25(OH)2D3 in hMSCs (42 Y: 4,320 ± 146 fmol/
mg protein/hr) than in hMSCs from an older subject (83 Y: 1,593 ± 52, p=0.0011, t-test with
Welch correction, Fig. 3A). Pre-treatment with 100 nM PTH1-34 for 1 to 12 hours had little
effect on synthesis of 1,25(OH)2D3 in hMSCs (42 Y), but for hMSCs (83 Y) there was 63%
more at 4 hours (p<0.001) and 251% more at 12 hours (p<0.001, Fig. 3A). Synthesis of
1,25(OH)2D3 in hMSCs (83 Y) after 12 hours exposure to PTH (5,589 ± 162 fmol/mg
protein/hr) was similar to that synthesized by hMSCs from a younger subject (42 Y; 4,407 ±
181, p=0.0011, t-test with Welch correction, Fig. 3A). There was the appearance of two
episodes of stimulation, with an early (4–6 hours) and a later (12 hours) greater increase in
synthesis of 1,25(OH)2D3. In hMSCs (83 Y), there was a dose-dependent increase in PTH
stimulation of synthesis of 1,25(OH)2D3 (Fig. 3B). Analysis of gene expression showed that
there was a dose-dependent effect of PTH on expression of CYP27B1 in hMSCs (83 Y)
(Fig. 3C). The effect of 100 nM PTH to increase expression of CYP27B1 was reproduced in
two additional hMSCs (Fig. 3C; 62 Y and 65 Y). Subsequent studies were carried out to
determine the mechanisms by which PTH upregulates CYP27B1 in hMSCs from older
subjects.

Two episodes of PTH upregulation of CYP27B1/1α-hydroxylase and CREB
phosphorylation

Similar to the appearance of two periods of PTH stimulation of 1,25(OH)2D3 synthesis,
there were two increases in CYP27B1 gene expression, one peaking at 1–2 hours and one at
6–8 hours (Fig. 4A) and two periods of increases in CYP27B1 protein levels, at 2 and 8–12
hours (Fig. 4B). We investigated whether there were distinct mechanisms by which PTH had
two episodes of upregulation of CYP27B1. The kinetics of phosphorylation of the PTH
signaling molecule, the nuclear transcription factor, cAMP response element binding protein
(CREB), were assessed. Similar to effects on its target gene CYP27B1, PTH1-34 stimulated
two increases in CREB phosphorylation, one at 2 hours and the other at 6–8 hours.

CREB signaling was required for PTH upregulation of CYP27B1/1α-hydroxylase
The hMSCs from an older subject (83 Y) were engineered to have reduced constitutive
expression of CREB. There were no noticeable differences in cell density or appearance of
control cells (electroporated with PBS, C), cells treated with non-silencing control siRNA
(NC), and cells treated with 100 pmole CREB-siRNA (Fig. 5A). Transient transfection of
CREB-siRNA into hMSCs resulted in reductions in basal levels of phosphorylated CREB
(p-CREB) and total CREB protein (ratio of p-CREB/total CREB, 1% of control), but did not
affect insulin-like growth factor I receptor (IGF-IR) or CYP27B1 expression (Fig. 5B). No
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effect was shown with a non-silencing, scrambled siRNA sequence (lane NC in Fig. 5B).
After transfection, hMSCs were treated with PTH1-34. At both 2 hours and 8 hours, PTH
stimulation of p-CREB and CYP27B1 was abrogated by CREB-silencing. At 8 hours,
phosphorylation of IGF-IR (p-IGF-IR) and total IGF-IR were not affected (Fig. 5C). Similar
results were obtained from a replicate experiment with cells from a 65-year-old subject (data
not shown).

Other hMSCs were treated with KG-501, an inhibitor of the downstream binding of
activated phospho-CREB to CBP/p300. KG-501 abrogated PTH1-34 upregulation of
CYP27B1 at both 2 hours and 8 hours, and, as expected, had small effects on CREB
phosphorylation (Fig. 5D).

PTH induced IGF-I and IGF-I signaling, and treatment with rhIGF-I upregulated
CYP27B1/1α-hydroxylase

Because IGF-I is a known target of PTH, its role in upregulating CYP27B1 was
investigated. PTH1-34 upregulated IGF-I expression at 6 hours, but had no effect at 2 hours,
distinct from PTH's induction of CYP27B1 gene expression at both 2 and 6 hours (Fig 6A).
There was a dose-dependent upregulation of IGF-I expression by PTH1-34, evaluated at 6
hours (Fig. 6B).

We examined the direct effects of rhIGF-I on IGF-IR, CREB, and CYP27B1. Ten minutes
exposure to rhIGF-I resulted in a rapid 3.1-fold increase in IGF-IR phosphorylation and a
1.8-fold increase in CREB phosphorylation (Fig 6C). There was a more gradual increase in
CYP27B1 protein to 2.7-fold at 120 min (Fig. 6C). These results suggest that the second
episode of CREB signaling stimulated by PTH1-34 may be mediated by IGF-I.

IGF-I signaling of CREB mediated PTH’s second upregulation of CYP27B1/1α-hydroxylase
In the presence of AG1024, a specific inhibitor of IGF-IR kinase, IGF-I's rapid effects on
IGF-IR phosphorylation and CREB activation were abrogated (Fig. 7A). In the presence of
AG-1024, IGF-I's later upregulation of CYP27B1 (174%, relative to control) was blocked
(112%, Fig. 7B).

In the presence of AG1024, PTH1-34's induction of IGF-IR phosphorylation at 8 hours was
abolished. AG1024 had no effect on PTH stimulation of IGF-IR phosphorylation, CREB
phosphorylation, and CYP27B1 at 2 hours, but abolished those effects of PTH at 8 hours
(Fig. 7C).

Discussion
The recent discovery that human marrow stromal cells, which include osteoblast
progenitors, have the molecular machinery for regulated vitamin D metabolism (Zhou et al.
2010) suggested that vitamin D metabolites may serve autocrine/paracrine roles in osteoblast
differentiation. These studies provide new evidence that in hMSCs there is an age-related
decline in expression of CYP27B1, the gene that encodes the vitamin D-activating 1α-
hydroxylase. Diminished synthesis of 1,25(OH)2D3 can explain the resistance of hMSCs
from older subjects to 25OHD3 stimulation of osteoblast differentiation. This hypothesis is
supported by our recent report that experimental silencing or inhibition of CYP27B1 in
hMSCs from young subjects rendered them no longer responsive to 25OHD3 (Geng et al.
2011). The studies herein present evidence that PTH1-34 stimulated CYP27B1 expression
and enzymatic activity; this provided hMSCs from old subjects with responsiveness to
25OHD3. The effects of PTH were mediated directly by CREB signaling and indirectly by
IGF-I signaling. Thus, the regulation of CYP27B1 by PTH in hMSCs is similar to PTH
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stimulation of CYP27B1 in renal cells (Haussler et al. 1976; Brenza et al. 1998; Brenza &
DeLuca 2000).

A decline in the numbers of or differentiation potential of stem cell populations in adult
organs could contribute to human age and age-related disease (Rao & Mattson 2001;
Carrington 2005). A loss of progenitor cell functionality may in turn contribute to a number
of age-related musculoskeletal pathologies such as osteoporosis, arthritis, and tendinosis
(Stolzing & Scutt 2006). Although there has been research to define the pathophysiology of
bone loss associated with sex steroid deficiency and development of osteoporosis, there is
less information about the mechanism(s) by which aging influences bone loss. Data in this
report confirm other studies that show an age-related decline in osteoblast differentiation
(Mueller & Glowacki 2001; Zhou et al. 2008). Data from studies with colony assays are
variable, with some evidence for an age-related decline in colony number (D'Ippolito et al.
1999; Nishida et al. 1999), while others found no effects of age (Justesen et al. 2002).
Kassem and Marie recently declared that "impaired differentiation of MSC to osteoblasts
may contribute to the age-related bone loss" (Kassem & Marie 2011). A better
understanding of intrinsic age-related changes is needed to mitigate or avoid loss of bone
with age.

This study showed an age-related decline in CYP27B1 gene expression in hMSCs.
Previously, we reported that the level of expression of CYP27B1 in hMSCs was related to
the vitamin D status of the subject from whom the cells were obtained (Zhou et al. 2010),
but there was insufficient power to assess the influence of age. In a series of hMSCs from
vitamin D-sufficient subjects evaluated herein, there was lower constitutive expression of
CYP27B1 in the specimens from the older than the young subjects. A larger study and
multiple regression analysis will be needed to resolve the relative effects of age and serum
25OHD on constitutive expression of CYP27B1.

It is known that PTH is a major stimulus of renal CYP27B1 (Haussler et al. 1976; Brenza et
al. 1998; Brenza & DeLuca 2000) and that PTH1-34 positively regulates renal CYP27B1
gene expression through a PKA-dependent pathway (Murayama et al. 1999). Thus, we
tested whether PTH regulates CYP27B1 in hMSCs. Detecting lower expression of PTHR1
in hMSCs from older than younger subjects in this series is consistent with our previous
report of age-related declines in PTHR1 expression and signaling with 10 nM PTH1-34
(Zhou et al. 2011). In this project, however, a higher concentration (100 nM) of PTH1-34
was used and was shown to be effective in upregulating CYP27B1 in cells from elders.
Compared with cells from young subjects, osteoblast differentiation of hMSCs from older
subjects was resistant to stimulation by 25OHD3, but responsiveness to 25OHD3 became
evident after pre-treatment with PTH1-34. Stimulation of 1α-hydroxylation of 25OHD3 by
PTH1-34 pre-treatment explains the increase in osteoblast differentiation with the combined
treatments. These data indicate that PTH1-34 “restored” hMSCs from old subjects with
responsiveness to 25OHD3 by upregulation of CYP27B1 expression and enzymatic activity.
Samadfam et al. recently showed that intermittently administered PTH increased bone
density in 1α-hydroxylase−/− mice, but that there was a greater effect in mice with an active
1,25(OH)2D-synthesizing system (Samadfam et al. 2008). They concluded that PTH and
vitamin D may interact to potentiate osteoblast differentiation. This concept is also
supported by an analysis of factors associated with heterogeneity in skeletal response to
clinical PTH therapy for osteoporosis (Sellmeyer et al., 2007). Of all the variables tested,
only the change in serum 1,25(OH)2D explained larger gains in bone density in response to
PTH.

Kinetic analysis of synthesis of 1,25(OH)2D3 in hMSCs from an older subject revealed two
waves of stimulation by PTH1-34, such that 1,25(OH)2D3 production following 12 hours
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exposure to PTH1-34 was similar to the level synthesized by hMSCs from a young subject.
The levels of synthesis of 1,25(OH)2D3 by these cells were similar to those reported for
osteoblast-like cells (Atkins et al. 2007). Our studies do not shed light on whether
1,25(OH)2D that is synthesized in marrow enters the circulation.

To determine the mechanisms by which PTH1-34 stimulated two episodes of increased
CYP27B1 gene expression and protein levels, we monitored CREB activation, a well
characterized pathway for PTH action (Johannessen et al. 2004). Upon binding to its
receptor, PTH1-34 induces gene expression by its second messenger cAMP activating
protein kinase A (PKA), which subsequently phosphorylates CREB at Ser133. That
phosphorylation alters the affinity of the transactivation domain of CREB to the acceptor
domain of the CREB-binding protein (CBP) and p300, and eventually results in enhancing
transcription of CRE-dependent genes. In C-21 human kidney cells, three CRE-like
sequences were identified within the PTH-sensitive area of the CYP27B1 promoter; their
deletion reduced induction by 50%–95% (Flanagan et al. 2003). Thus, CYP27B1 is a CRE-
dependent gene in kidney cells. We used two experimental approaches to determine the
role(s) of CREB in PTH upregulation of CYP27B1 in hMSCs: targeted CREB silencing and
use of small molecule inhibitor of CREB signaling. In a previous analysis of the age-related
decline in PTH signaling in hMSCs, we showed that CREB-siRNA completely obliterated
PTH stimulation of osteoblast differentiation that was typical for hMSCs from young
subjects (Zhou et al. 2011). On the other hand, in this study with hMSCs from older
subjects, transfection with CREB-siRNA blocked PTH1-34 upregulation of CYP27B1 at
both 2 hours and 8 hours. The compound KG-501, which disrupts the downstream
interaction between phospho-CREB and CBP/p300, abrogated PTH1-34 upregulation of
CYP27B1 at both time periods. It is noted, however, that KG-501 also interferes with the
interaction with NF-κB (Best et al. 2004). Our studies indicate that intact CREB signaling is
necessary for PTH stimulation of osteoblast differentiation (Zhou et al. 2011) and, as shown
herein, for PTH upregulation of CYP27B1 which is required for responsiveness to 25OHD3.
Thus, for these cellular effects of PTH, experimental inhibition of CREB signaling can be
viewed as a model for the natural age-related decline in CREB signaling in hMSCs. The
CREB pathway is evolutionarily conserved and regulates many, diverse genes (Johannessen
et al. 2004) and is likely to be involved in aging. There is other literature on the central
importance of CREB-related genes in aging, in lifespan prediction, and in mediating lifespan
extension by dietary restriction (Zhang et al. 2009). Recent research shows the critical role
of the C. elegans orthologue of CREB in extension of longevity (Mair et al. 2011). The
hMSCs may be useful to test other strategies for rejuvenating CREB pathway status and
bone formation.

Evidence from a variety of systems indicates that osteoanabolic actions of PTH are mediated
through IGF-I (McCarthy et al. 1989; Watson et al. 1995; Bikle et al. 2002; Shinoda et al.
2010). We previously reported that PTH peptides upregulate both IGF-I and IGF-II in
hMSCs (Zhou et al. 2011) and that rhIGF-I upregulates CYP27B1 expression and 1α-
hydroxylase enzymatic activity in hMSCs from old subjects (Zhou et al. 2010). AG1024 is a
tyrphostin with specificity to inhibit activation of the IGF-I receptor (Parrizas et al., 1997).
Evidence in this study shows that the second episode of CREB phosphorylation and
upregulation of CYP27B1 at 6–8 hours is mediated by IGF-I. Other in vivo and in vitro
studies indicate that IGF-I regulates the renal production of 1,25(OH)2D3 (Nesbitt &
Drezner 1993; Menaa et al. 1995; Wong et al. 2000; Gomez 2006). Another important
concept that has emerged recently is the requirement of IGF-I and its receptor for bone-
building effects of PTH therapies (Bikle et al. 2002; Yamaguchi et al. 2005). Cao et al.
showed in mice that aging is associated with skeletal resistance to IGF-I signaling (Cao et
al. 2007). Furthermore, IGF activation of the IGF-IR is believed to stimulate CREB
phosphorylation and regulate the expression of CRE-target genes for growth and survival in
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malignant and normal cell types (Pugazhenthi et al. 1999; Liu et al. 2002; Zheng & Quirion
2006; Kim et al. 2010).

These studies begin to elucidate the role of IGF-I in PTH1-34 effects on differentiation of
hMSCs, but more information is needed. The regulation of IGF-I is important for many cell
functions; for example, in bone cultures, PTH stimulation of collagen synthesis requires
IGF-I, whereas its mitogenic effects do not (Canalis et al. 1989). Moreover, in osteoblastic
cells, there is crosstalk whereby PTH1-34 potentates effects of 1,25(OH)2D3 on induction of
c/EBPβ and target genes (Dhawan et al. 2005). Although the samples studied were obtained
from enrolled subjects known to be vitamin D-sufficient, it is possible that factors other than
age may contribute to the biology of the hMSCs.

In conclusion, there are age-related declines in osteoblastogenesis and expression/activity of
CYP27B1 in hMSCs, and an age-related resistance to 25OHD3. In vitro, PTH1-34 provided
hMSCs from old subjects with responsiveness to 25OHD3 by upregulation of CYP27B1
expression and activity through CREB and IGF-I mediated pathways. The stimulation of
CYP27B1 by PTH in hMSCs is similar to that in renal cells. Vitamin D sufficiency is
thought important to ensure proper mineralization of bone, but these studies indicate further
that PTH and vitamin D may interact to potentiate osteoblast differentiation in elders. It will
be clinically important to determine the proper vitamin D status needed to optimize PTH
osteoanabolic therapy, especially in elders.

Experimental procedures
Reagents

Recombinant human parathyroid hormone peptide 1–34 (PTH1-34) was purchased from
Bachem Americas, Inc. (Torrance, CA, USA) and recombinant human insulin-like growth
factor (rhIGF-I) was purchased from R&D Systems (Minneapolis, MN, USA); other
reagents such as 25OHD3, 1,25(OH)2D3, KG-501, AG1024 were purchased from Sigma (St.
Louis, MO, USA). PTH1-34 and rhIGF-I were prepared in 0.1% BSA; 25OHD3,
1,25(OH)2D3 were prepared in 0.1% ethanol; others was prepared as stock solutions at 10−3

M in DMSO and stored at −80°C.

Preparation of Human Marrow Stromal cells (hMSCs)
Bone marrow samples were obtained with IRB approval as femoral tissue discarded during
primary hip arthroplasty for osteoarthritis. A set of subjects scheduled for hip arthroplasty
was consented for research studies, including measurement of serum 25OHD. Criteria for
exclusion are rheumatoid arthritis, cancer, and other comorbid conditions that may influence
skeletal metabolism, i.e. renal disease, alcoholism, active liver disease, malabsorption,
hyperthyroidism, ankylosing spondylitis, aseptic necrosis, hyperparathyroidism, morbid
obesity, and diabetes. Also excluded were patients who were taking medications that may
influence skeletal metabolism (e.g. thyroid hormone, glucocorticoids, non-steroidal anti-
inflammatory drugs, bisphosphonates, and osteoanabolic drugs). Low-density marrow
mononuclear cells were isolated by centrifugation on Ficoll/Histopaque 1077 (Sigma, St.
Louis, MO, USA) (Zhou et al. 2005). This procedure removes differentiated cells and
enriches for undifferentiated, low-density marrow mononuclear cells that include a
population of non-adherent hematopoietic cells and a fraction capable of adherence and
differentiation into musculoskeletal cells. The non-adherent hematopoietic stem cells were
rinsed away 24 hours after seeding and the adherent hMSCs were expanded in monolayer
culture with standard growth medium, phenol red-free α-MEM, 10% fetal bovine serum-
heat inactivated (FBS-HI), 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen,
Carlsbad, CA, USA). For osteoblastogenic differentiation experiments, we lowered the
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serum of standard osteogenic medium (10% FBS-HI) to 1% FBS-HI to reduce possible
differences in proliferation and cell numbers for cells from young and old subjects (Zhou et
al. 2008). After transfection with siRNA, all medium used were without 100 U/ml penicillin,
100 µg/ml streptomycin. We used constant seeding density and constant splitting protocol,
regardless of the time to proliferate. Initially, 30×106 bone marrow mononuclear cells were
seeded per 100-mm dish. We define passage 0 as when the initial hMSCs proliferate to
~80% confluence. In each experiment, standardized conditions were used: same passage
(passage 2–3), identical seeding density, and identical reagents. This approach avoids
changes in cell behaviors that are associated with prolonged culture, such as in vitro
senescence or culture stress (Zhou et al. 2008). Like other normal mammalian cells, when
cultured for many passages, MSCs display what is termed “in vitro senescence”, i.e.
decreased proliferation, replicative quiescence, enlargement, increase in SA-β-gal activity,
and erosion of telomeres (Fehrer & Lepperdinger 2005; Sethe et al. 2006). Further, there is a
link between the accumulation of DNA damage and loss of multipotency of human MSCs
with time of culture (Alves et al. 2009). Cellular senescence can contribute to the
physiological processes of normal organismal age (Jeyapalan & Sedivy 2008). The results
obtained herein, however, should reflect the effects of in vivo age because cells from young
and old individuals were treated the same way and evaluated upon isolation or at early
passage.

RNA isolation and RT–PCR
Total RNA was isolated from human MSCs with TRIZOL reagent (Invitrogen, Carlsbad,
CA, USA). For RT–PCR, 2 µg of total RNA was reverse transcribed into cDNA with
SuperScript II (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s instructions.
Concentrations of cDNA and amplification conditions were optimized for each gene product
to reflect the exponential phase of amplification. One-twentieth of the cDNA was used in
each 50 µl PCR reaction (30–40 cycles of 94 °C for 1 min, 55–60 °C for 1 min, and 72 °C
for 2 min) as described (Zhou et al. 2005). Gene-specific primer pairs for CYP27B1 (Zhou
et al. 2010), CYP24A1 (Zhou et al. 2010), PTHR1 (Winn et al. 1999), VDR (Zhou et al.
2010), ALP (Zhou et al. 2008), BSP (Zhou et al. 2008), IGF-I (Zhou et al. 2010), GAPDH
(Zhou et al. 2008) were used for amplification. Polymerase chain reaction products were
separated by agarose gel electrophoresis and were quantified by densitometry of captured
gel images with KODAK Gel Logic 200 Imaging System and KODAK Molecular Imaging
Software, following the manufacturer’s instructions (KODAK, Molecular Imaging Systems,
New Haven, CT, USA). Data were expressed by normalizing the densitometric units to
GAPDH (internal control) and, in some cases, as treated relative to control.

Alkaline phosphatase (ALP) enzymatic activity assay
For ALP enzymatic activity assay, the concentration of serum in standard osteogenic
medium was reduced to 1% FBS-HI to minimize possible subsequent differences in
proliferation that could confound interpretation of effects of vitamin D metabolites on
osteoblastogenesis (Gregory et al. 2005; Zhou et al. 2008). ALP enzyme activity was
measured spectrophotometrically, as previously described (Zhou et al. 2008). Protein
concentration was determined with the BCA system (Thermo Fisher Scientific Inc.,
Rockford, IL, USA). The ALP enzyme activity was expressed as µmole/min/g protein and
calculated the fold change (treated relative to control). The standard curves are linear, but
values differ from experiment to experiment; we always compare the results within an
experiment due to the limitation of the assay. For the pre-treatment experiments, 100 nM
PTH1-34 was added to cells 12 hours prior to 10 nM 25OHD3 or 1,25(OH)2D3. Culture
medium was changed every 2 days.

Geng et al. Page 9

Aging Cell. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In vitro biosynthesis of 1, 25(OH)2D3 by hMSCs
In order to generate detectable levels of 1,25(OH)2D3, hMSCs were cultivated in 12-well
plates until confluence, preincubated for duration 0, 1, 2, 4, 6, 8 and 12 hours with 100 nM
PTH1-34 or for 12 hours with or without 0.1, 1, 10, 100 nM PTH1-34 in serum-free α-MEM
(Sigma, St. Louis, MO, USA), and then changed the medium to serum-free α-MEM
supplemented with 1% ITS+1, 10 µM 1, 2-Dianilinoethane (N, N’ -diphenylethylene-
diamine) (Sigma, St. Louis, MO, USA) and treated with or without 1,000 nM 25OHD3 for
another 24 hours. 1, 2-Dianilinoethane was added into the cultures as an antioxidant as
described (Zehnder et al. 2002). Supernatants were harvested and stored at −20 °C prior to
analysis for 1,25(OH)2D3 content. The 1, 25(OH)2D3 levels in medium were quantitatively
determined with a 1, 25(OH)2D3 ELISA kit (Immunodiagnostic systems Ltd., Scottsdale,
AZ, USA), according to the manufacturer’s instructions. The hMSCs were lysed with a
buffer containing 150 mM NaCl, 3 mM NaHCO3, 0.1% Triton X-100, and a mixture of
protease inhibitors (Roche Diagnostics, Indianapolis, IN, USA). Protein concentration was
determined with the BCA system (Thermo Fisher Scientific Inc., Rockford, IL, USA). The
CYP27B1 activity was expressed as biosynthesized 1,25(OH)2D3 in medium per milligram
protein per hour of 25OHD3 treatment (femtomoles per milligram protein per hour).

RNA interference with CREB-siRNA
Transient transfection of siRNA into hMSCs from old subjects were performed by
electroporation with the Human MSC Nucleofector Kit® (Lonza/Amaxa Biosystems) with
either CREB-siRNA (Stealth RNAi duplex siRNA, Invitrogen, Carlsbad, CA, USA), non-
silencing control siRNA (a non-homologous, scrambled sequence equivalent) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), or PBS according to the manufacturer’s
instructions and as our previous described (Zhou 2011; Shen et al., 2011). In brief, hMSCs
were harvested by trypsinization, and resuspended at 106 cells in 100 µl of Nucleofector
Solution with 100 pmole of CREB-siRNA. Electroporation was performed in Nucleofector
II® device with program U-23 (Lonza/Amaxa Biosystems, Walkersville, MD, USA).
Immediately after electroporation, the cells were transferred to 60-mm dishes in phenol red-
free α-MEM, 10% FBS-HI. Some cells were collected at 80% confluence for Western
immunoblot to determine the effect of CREB-siRNA. 24 hours after electroporation, some
cells were treated with either PTH1-34 (100 nM) or vehicle control (0.1% BSA) at 2 or 8
hours in standard growth medium (10% FBS-HI) for Western immunoblot.

Western immunoblot
Human MSCs were cultured in 100-mm dishes in standard growth medium (10% FBS-HI).
At 80% confluence, the cells were treated with 100 nM PTH1-34 for different time. The
whole-cell lysates were prepared with lysis buffer (150 mM NaCl, 3 mM NaHCO3, 2 mM
Na3VO4, 5 mM NaF, 0.1% Triton X-100, and a mixture of protease inhibitors, Roche
Diagnostics, Indianapolis, IN, USA) and were homogenized with a pestle (Kontes) and
centrifuged at 16,000 × g (Eppendorf centrifuge). Protein concentration was determined
(BCA system, Thermo Fisher Scientific Inc., Rockford, IL, USA). The Western blotting was
performed as previously described (Zhou et al. 2004). In brief, proteins were resolved on 4–
12% SDS-PAGE (NuPAGE Bis-Tris gel; Invitrogen, Carlsbad, CA, USA) and transferred
onto polyvinylidene fluoride membranes (PVDF, Amersham Biosciences, Piscataway, NJ,
USA). The membranes were blocked with 5% nonfat milk in PBS buffer containing 0.1%
Tween-20 (PBST) for 2–3 hours at room temperature and incubated at 4°C for overnight
with primary antibodies with 1:1000 Phospho-CREB (p-CREB), 1:3000 total CREB
(CREB), 1:1000 Phospho-IGF-I Receptor (p-IGF-IR) and 1:1000 IGF-I Receptor β (IGF-IR)
(Cell signaling Technology, Beverly, MA, USA); 1:1000 CYP27B1 and 1:8000 β-actin
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). After removal of the unbound
primary antibodies by three 5-minute washes with PBST, the membranes were incubated
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with horseradish peroxidase-conjugated secondary antibodies (1:5000) for 1 hour at room
temperature and washed 3 times for 5 minutes with PBST. The antibody-associated protein
bands were revealed with the ECL-plus Western blotting system (Amersham Biosciences,
Piscataway, NJ, USA).

Statistical analysis
All experiments were performed at least in triplicate. Group data are presented as Mean
values ± SEM. Unless otherwise indicated, quantitative data were analyzed by GraphPad
Instat® (GraphPad Software, Inc.) with non-parametric tools, either the Mann-Whitney test
for group comparisons or Spearman correlation test, or with parametric tools, ether group
comparisons by two-tailed unpaired t test with Welch correction or multiple comparisons by
one-way ANOVA followed by Tukey’s Post Hoc analysis. A value of p < 0.05 was
considered significant.
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FIG. 1. Age-related decline in osteoblast potential and in constitutive expression of CYP27B1 in
hMSCs
(A) The development of ALP enzymatic activity in hMSCs from 4 young (<50 years, mean
age 36 ± 14 years) and 4 old (>55 years, mean age 74 ± 4 years) subjects was determined.
The hMSCs from young and old subjects were incubated in 1% FBS-HI osteogenic medium
for 7 days. Results are expressed as Mean ± SEM (*p=0.0286, Mann-Whitney Test).
(B) The constitutive expression of CYP27B1 in hMSCs from 27 subjects (from 41 to 87
years, mean age 57 ± 12 years) was correlated with age (Spearman r=−0.498; p=0.008).
(Inset) the expression of CYP27B1 in hMSCs from young (<50 years, n=12) and old (>55
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years, n=15) subjects was determined, with each value normalized to GAPDH. Results are
expressed as Mean ± SEM (t-test, **p=0.007).
(C) Gel electrophoretogram shows RT-PCR products of CYP27B1, CYP24A1, PTHR1,
VDR and GAPDH in 6 hMSCs from 3 young (42, 47, 50 years of age) and 3 old (62, 65, 83
years of age) subjects.
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FIG. 2. Age-related effects of vitamin D metabolites and PTH on osteoblast differentiation
(A) Gel electrophoretograms of RT-PCR products for representative hMSCs from a 42-year-
old (42 Y) and an 83-year-old subject (83 Y) show Bone Sialoprotein (BSP), Alkaline
Phosphatase (ALP), and GAPDH in the absence or presence of 25OHD3 (10 nM),
1,25(OH)2D3 (10 nM), PTH1-34 (100 nM) or preincubated with PTH1-34 for 12 hours
followed by 25OHD3 or 1,25(OH)2D3 treatment in osteoblastogenic medium (1% FBS-HI)
for 3 days.
(B) Comparison of expression of Alkaline Phosphatase (ALP/GAPDH) in hMSCs from
Young (n=3) and Old (n=3) subjects in the absence or presence of 25OHD3 (10 nM),
1,25(OH)2D3 (10 nM), or preincubated with PTH1-34 for 12 hours followed by 25OHD3 or
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1,25(OH)2D3 treatment in osteoblastogenic medium (1% FBS-HI) for 3 days. Results are
expressed as Mean ± SEM for each treatment compared with control (*p=0.05).
(C) Alkaline phosphatase enzymatic activity (ALP Activity, 3 replicate wells) was measured
after 7 days in osteoblastogenic medium (1% FBS-HI) in two hMSCs (42 Y and 83 Y) in the
absence or presence of 25OHD3 (10 nM), 1,25(OH)2D3 (10 nM), PTH1-34 (100 nM) or
preincubated with PTH1-34 for 12 hours followed by 25OHD3 or 1,25(OH)2D3 treatment.
Results are expressed as Mean ± SEM. The fold differences of treatments compared with
corresponding control level (in 0.1% BSA in 1% FBS-HI osteogenic medium) are shown
(ANOVA, *** p< 0.001).
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FIG. 3. Dose- and time-dependent effects of PTH1-34 on vitamin D 1α-hydroxylase activity and
expression in hMSCs
(A) Comparison time-course of PTH1-34 effects on 1,25(OH)2D3 production in hMSCs
from two subjects (42 Y and 83 Y). Cells were treated with 100 nM PTH1-34 for 0, 1, 2, 4,
6, 8, 12 hours in serum-free α-MEM. For synthesis of 1,25(OH)2D3, they were changed to
serum-free α-MEM supplemented with 1% ITS+1, 10 µM 1,2-Dianilinoethane (N,N’-
diphenylethylene-diamine) with or without 1,000 nM 25OHD3 for another 24 hours.
Cellular 1,25(OH)2D3 production was determined by EIA. Results are presented as Mean ±
SEM (3 replicate wells).
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(B) Dose-response of PTH1-34 on 1,25(OH)2D3 production in hMSCs (83 Y). Cells were
treated with 0, 0.1, 1, 10, or 100 nM PTH1-34 for 12 hours in serum-free α-MEM, then
changed to serum-free α-MEM supplemented with 1% ITS+1, 10 µM 1,2-Dianilinoethane
(N,N’-diphenylethylene-diamine) with or without 1,000 nM 25OHD3 for another 24 hours.
Cellular 1,25(OH)2D3 production was determined by EIA. Results are presented as Mean ±
SEM (3 replicate wells, ANOVA, **p<0.01; ***p<0.001).
(C) Gel electrophoretograms show RT-PCR products of CYP27B1 and GAPDH in hMSCs
(83 Y) with 0, 0.1, 1, 10, or 100 nM PTH1-34 and hMSCs from 62, 65 years old subjects (62
Y and 65 Y) with 100 nM PTH1-34 for 8 hours in standard growth medium (10% FBS-HI).
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FIG. 4. Role of CREB signaling in mediating PTH upregulation of CYP27B1/1α-hydroxylase
(A) Gel electrophoretogram shows RT-PCR products of CYP27B1 and GAPDH in hMSCs
from 83-year-old subject after pre-treatment with 100 nM PTH1-34 for 0, 1, 2, 4, 6, 8, 12,
and 24 hours in standard growth medium (10% FBS-HI). Results are representative of 3
independent experiments.
(B) Western immunoblot shows phospho-CREB (p-CREB), total CREB (CREB),
CYP27B1, and β-actin in hMSCs from 83-year-old subject after 0, 1, 2, 4, 6, 8, and 12 hours
with 100 nM PTH1-34 in standard growth medium (10% FBS-HI). The ratios of p-CREB
relative to total CREB (p/CREB) and of CYP27B1 relative to β-actin (Ratio CYP/actin) are
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shown beneath the image of immunoblot. Results are representative of 3 independent
experiments.
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FIG. 5. Role of CREB signaling in mediating PTH upregulation of CYP27B1/1α-hydroxylase
Groups of hMSCs were treated by electroporation with PBS (C, control), with non-silencing
control siRNA (NC), or with 100 pmole of CREB-siRNA (CREB-siRNA).
(A) Photomicrographs show cultures of control (C), non-silencing control (NC) and hMSCs
transfected with 100 pmole of CREB-siRNA (CREB-siRNA 100 pmole) at 200 ×
magnification.
(B) Western immunoblot shows p-CREB, CREB, phospho-IGF-IR (p-IGF-IR), total IGF-IR
(IGF-IR), CYP27B1, and β-actin protein levels in controls and in transfected cells.
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(C) Western immunoblot shows p-CREB, CREB, CYP27B1, p-IGF-IR, IGF-IR, and β-actin
in transfected hMSCs after 2 hours or 8 hours in the absence or presence of 100 nM
PTH1-34.
(D) Western immunoblot shows p-CREB, CREB, CYP27B1, and β-actin in hMSCs after 2
hours or 8 hours in the absence or presence of 100 nM PTH1-34 ± 30 µM KG-501. Human
MSCs were incubated with the indicated concentration of KG-501 for 1 hour before
stimulation with PTH1-34. Results are representative of 3 independent experiments.
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FIG. 6. Effects of PTH on IGF-I and of rhIGF-I on CREB and CYP27B1/1α-hydroxylase
(A) Gel electrophoretogram shows RT-PCR products of CYP27B1, IGF-I, and GAPDH in
hMSCs after 0, 2, and 6 hours with 100 nM PTH1-34 in standard growth medium (10%
FBS-HI).
(B) Gel electrophoretogram shows RT-PCR products of IGF-I and GAPDH in hMSCs after
6 hours with 0, 0.1, 1, 10, or 100 nM PTH1-34 in standard growth medium (10% FBS-HI).
(C) Western immunoblot shows p-IGF-IR, IGF-IR, p-CREB, CREB, CYP27B1, and β-actin
in hMSCs after 0, 10, 30, 60, and 120 minutes with 100 ng/ml rhIGF-I in standard growth
medium (10% FBS-HI). Results are representative of 3 independent experiments.
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FIG. 7. Role of IGF-I signaling in mediating second episode of PTH1-34 upregulation of CREB
and CYP27B1/1α-hydroxylase
Human MSCs were incubated with AG1024 for 1 hour before stimulation with IGF-I or
PTH1-34.
(A) Western immunoblot shows p-IGF-IR, IGF-IR, p-CREB, CREB, and β-actin in hMSCs
after 10 minutes in the absence or presence of 100 ng/ml rhIGF-I ± 3 µM AG1024.
(B) Western immunoblot shows CYP27B1 and β-actin in hMSCs from old subjects after 120
minutes in the absence or presence of 100 ng/ml rhIGF-I ± 3 µM AG1024.
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(C) Western immunoblot shows p-IGF-IR, IGF-IR, p-CREB, CREB, CYP27B1, and β-actin
in hMSCs from old subjects after 2 hours or 8 hours in the absence or presence of 100 nM
PTH1-34 ± 3 µM AG1024. Results are representative of 3 independent experiments.

Geng et al. Page 27

Aging Cell. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


