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Abstract

Although localized to the mineralized matrix of bone, osteocytes are able to respond to systemic 

factors such as the calciotropic hormones 1,25(OH)2D3 and PTH. In the present studies, we 

examine the transcriptomic response to PTH in an osteocyte cell model and found that this 

hormone regulated an extensive panel of genes. Surprisingly, PTH uniquely modulated two 

cohorts of genes, one that was expressed and associated with the osteoblast to osteocyte transition 

and the other a cohort that was expressed only in the mature osteocyte. Interestingly, PTH’s 

effects were largely to oppose the expression of differentiation-related genes in the former cohort, 

while potentiating the expression of osteocyte-specific genes in the latter cohort. A comparison of 

the transcriptional effects of PTH with those obtained previously with 1,25(OH)2D3 revealed a 

subset of genes that was strongly overlapping. While 1,25(OH)2D3 potentiated the expression of 

osteocyte-specific genes similar to that seen with PTH, the overlap between the two hormones was 

more limited. Additional experiments identified the PKA-activated phospho-CREB (pCREB) 

cistrome, revealing that while many of the differentiation-related PTH regulated genes were 

apparent targets of a PKA-mediated signaling pathway, a reduction in pCREB binding at sites 

associated with osteocyte-specific PTH targets appeared to involve alternative PTH activation 

pathways. That pCREB binding activities positioned near important hormone-regulated gene 

cohorts were localized to control regions of genes was reinforced by the presence of epigenetic 

enhancer signatures exemplified by unique modifications at histones H3 and H4. These studies 
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suggest that both PTH and 1,25(OH)2D3 may play important and perhaps cooperative roles in 

limiting osteocyte differentiation from its precursors while simultaneously exerting distinct roles 

in regulating mature osteocyte function. Our results provide new insight into transcription factor-

associated mechanisms through which PTH and 1,25(OH)2D3 regulate a plethora of genes 

important to the osteoblast/osteocyte lineage.
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1. INTRODUCTION

Osteocytes are terminally differentiated cells descended from bone-forming osteoblasts that 

have become embedded in mineralized matrix [1–4]. These cells are distinct from their 

osteoblast precursors in morphology, function and in underlying patterns of gene expression 

[5, 6]. Osteocytes are critical mediators of bone metabolism, transducing the stimulant of 

mechanical stress into the expression and secretion of local regulatory factors that control 

features of bone remodelling [1]. In addition to being key regulators of bone metabolism, the 

capacity of the osteocyte to act as an endocrine cell extends its influence beyond bone to 

other tissues and organs [3]. Accordingly, secretion of FGF23 from the osteocyte has distant 

effects on the cardiovascular system and on the kidney [7–9]. In addition, although the 

mechanisms are unknown, ablation of osteocytes in mice results in lymphopenia and loss of 

white adipose tissue, suggesting a potential endocrine role for osteocytes in lymphopoiesis 

and fat metabolism [4]. A level of communication also appears to exist between osteocytes 

and muscle [10, 11]. Finally, osteocytes have been shown to be important for hematopoietic 

stem/progenitor cell mobilization as mice in which osteocytes have been ablated do not 

mobilize hematopoietic stem/progenitor cells in response to granulocyte colony-stimulating 

factor [12]. Based upon these associations, the osteocyte clearly represents a dynamic 

skeletal component whose myriad cellular and endocrine functions are of critical 

importance.

Analogous to their ability to affect distant tissues, osteocytes are also recipients of systemic 

endocrine action as well. Two of the major calciotropic hormones that act on osteocytes are 

PTH and 1,25-dihydroxyvitamin D3 (1,25(OH)2D3); the activities of these hormones are 

mediated through the PTH receptor type 1 (PTH1R) and the VDR, respectively [13, 14]. 

Both of these hormones are known to upregulate the expression of receptor activator of NF-

Kβ ligand (RANKL), encoded by Tnfsf11, from the osteocyte, which is now considered to 

be the principle mediator of bone remodeling in the skeleton [15]. RANKL acts in paracrine 

fashion on neighboring osteoclast precursors, both activating this class of bone resorbing 

cells and potentiating their differentiation [16–19]. Our recent studies show that in addition 

to a similar action by 1,25(OH)2D3 on this gene, the vitamin D hormone also mediates the 

regulation of many additional genes from the osteocyte including those directly involved in 

mineralization and resorption [20].

PTH, a polypeptide released by the parathyroid gland in response to low serum calcium 

levels, maintains serum calcium homeostasis primarily by promoting vitamin D 1α-
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hydroxylation in the kidney [21]. The 34 N-terminal amino-acids of the full length 84 

amino-acid single polypeptide of PTH can activate the PTH1R and several downstream 

pathways including cAMP/protein kinase A (PKA), phospholipase C (PLC)/protein kinase C 

(PKC), PLC-independent PKC and Ca2+ pathways, and perhaps other as well. For example, 

Sost is a known primary regulatory target of PTH action in osteocytes that encodes 

sclerostin, a negative regulator of bone formation [22]. Indeed, overexpression of a 

constitutively active PTH1R in osteocytes results in a suppression of sclerostin [23], 

increasing bone remodeling that culminates in an elevation in bone mass, whereas deletion 

of PTH1R in osteocytes results in a loss of PTH regulated expression of sclerostin [24] 

leading to osteopenia. Interestingly, recent studies both in cells and in genetically altered 

mice indicate that the mechanism through which PTH mediates Sost down-regulation may 

involve myocyte enhancer factor 2c (Mef2c) and occurs via a Sost-linked enhancer termed 

ECR5 [25, 26]. Indeed, a genetic deletion which removes a large portion of the Sost 

downstream region that includes ECR5 results in Van Buchem disease [26]. Importantly, 

this regulation involves the PKA pathway but not the transcription factor CREB [27]. 

Regardless, identifying additional important targets of PTH in osteocytes is critical to 

understanding more fully the molecular basis for PTH’s effects on bone resorption and 

remodeling.

In recent studies, we identified genetic targets of 1,25(OH)2D3 action in osteocytes and 

tracked the underlying transcriptomic and epigenetic changes that occur during the 

osteoblast to osteocyte transition using RNA-sequencing and ChIP-sequencing methods 

[20]. The results of this study provided new insight into the transcriptomic changes that 

occur during osteocyte differentiation and revealed how genetic and epigenetic changes that 

occur to the genome during this process alter response to 1,25(OH)2D3. In the present study, 

we examined the effects of PTH on the osteocyte transcriptome and then contrasted the 

properties of this cohort of regulated genes with those regulated during differentiation and in 

response to 1,25(OH)2D3. We found that PTH and 1,25(OH)2D3 manifested similar actions 

to oppose differentiation-mediated changes in gene expression that occurred during the 

osteoblast to osteocyte transition, yet complimented positive actions on osteocyte-specific 

genes that were expressed exclusively in mature osteocytes. The mechanism of the former 

appeared to be due largely to the PKA-activated signaling component of PTH1R by virtue of 

the presence of pCREB at many of these genes. In contrast, a deficiency of pCREB binding 

at genes that were regulated by PTH in the mature osteocyte suggested the presence of 

alternative PTH activation pathways. These data support potentially novel actions of both 

PTH and 1,25(OH)2D3 on osteocyte differentiation, and are likely to provide important 

mechanistic insight into the molecular actions of each of these hormones on a multitude of 

highly regulated osteocytic genes.

2. MATERIALS AND METHODS

2.1 Reagents

PTH (1–34) (H-4835.0001) was obtained from Bachem (Bubendorf, Switzerland) and 

forskolin (#F3917-10mg) was obtained from Sigma-Aldrich (St. Louis, MO). An antibody 

to pCREB (Ser 133, 06-519) was purchased from Millipore (Darmstadt, Germany). All 
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quantitative real-time PCR (qPCR) reagents (Fast Start SYBR Green Master Mix (with 

Rox)) were obtained from Roche (Indianapolis, IN) and TaqMan gene expression assays 

from Life Technologies (Applied Biosystems (ABI) Foster City, CA). All qPCR was 

conducted on the StepOnePlus from ABI. Primers for ChIP assays and recombineering were 

obtained from Integrated DNA Technologies, Inc (Coralville, IA) and TaqMan primers for 

gene expression were obtained from Life Technologies (ABI). Sequencing reagents for 

ChIP-seq (#11257047 RevA) were obtained from Illumina (San Diego, CA).

2.2 Cell Culture

IDG-SW3 osteoblast (d3) and IDG-SW3 osteocyte (d35) and MC3T3-E1 pre-osteoblast (d0) 

and MC3T3-E1 osteoblast (d15) cells were cultured as previously described [20, 28].

2.3 RNA-seq Library Preparation and Bioinformatic and Statistical Analyses

IDG-SW3 cells were differentiated for 35 days and treated 24 h prior with 100nM PTH in 

biological triplicate before RNA was isolated using the TRI-Reagent protocol (MRC). 

Subsequent preparation, bioinformatics processing, and statistical analyses have been 

described previously [20].

2.4 PTH Treatments and TaqMan Real Time PCR

IDG-SW3 cells were differentiated for 35 days and treated 24 hours (h) prior with 100nM 

PTH or vehicle before RNA was isolated using the TRI-Reagent protocol (MRC, Cincinnati, 

OH). RNA (1μg) was reverse transcribed with the High Capacity cDNA Reverse 

Transcription Kit (Life Technologies, ABI) and analyzed using TaqMan Real Time PCR as 

described above. Taqman Probes used are available in Supplemental (S.) Table 1, tab 1.

2.5 ChIP-seq Analyses

Chromatin immuno-precipitation (ChIP) was performed as described previously [29]. 

Briefly, samples were subjected to immuno-precipitation using either a control IgG antibody 

or experimental antibody (pCREB (ser 133)). The remainder of ChIP and ChIP-seq 

methodology including statistical information and data processing were performed as 

recently reported [28].

2.6 Data Access

All sequencing data is publically available in the GEO database: GSE62981

3. RESULTS

3.1 Identification of the PTH-Regulated Transcriptome

PTH plays a significant role in osteocyte function, down-regulating the expression of 

sclerostin to promote bone formation by sensitizing early osteoblasts to the growth-

promoting effects of Wnts and other osteogenic signaling pathways and up-regulating the 

expression of RANKL to facilitate the coupling of bone formation to bone resorption [22]. 

In an earlier study of the genetic and epigenetic determinants of osteocyte differentiation, we 

used the IDG-SW3 cell line as a unique in vitro cell culture model to identify the many 
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changes in gene expression that were associated with differentiation of osteocytes from their 

osteoblast precursors [20]. As documented in Fig. 1a, one of these up-regulated genes was 

Pth1r, suggesting that the osteocyte transition might be linked to a natural increase in 

responsiveness to PTH. We therefore explored the actions of this hormone on fully 

differentiated IDG-SW3 cells (osteocytes) by treating them for 24 hr with either vehicle or 

PTH in biological triplicate and then assessing their transcriptomic response using RNA-seq 

analysis. As illustrated in Fig. 1b, 2677 genes were affected >2-fold by this hormonal 

treatment (95% confidence, moderated T test), clustered using the Euclidean distance metric 

and visualized by heatmap. The top categories and a subset of representative genes from the 

global GO term analysis of these 2677 PTH-regulated genes are depicted in Fig. 1c. 

Enrichment for GO terms associated with skeletal system development, extracellular matrix, 

and ion transport were anticipated given previously characterized roles of PTH in 

osteocytes. Other cohorts of genes including those involved in vasculature development and 

cell adhesion were especially interesting and suggested that through these genes PTH could 

be involved in several novel functional aspects of osteocyte biology or in paracrine 

regulation of other cell types [3]. 1835 genes were up-regulated and 850 were down-

regulated at this time point as documented in Fig. 1d (the sum of these two numbers is 

greater than 2677 due to differences in the regulation of isoforms). Importantly, gene 

ontology (GO) term analyses of these two cohorts of genes revealed an enrichment for a 

series of distinct annotation clusters. As summarized in Fig. 1e, genes up-regulated by PTH 

were highly enriched for G-protein coupled receptor protein signaling pathways, while 

down-regulated genes were most associated with extracellular matrix, highlighting the 

specificity of the differential actions of PTH that were likely to affect functional output. 

Gene lists and extended GO term results for all analyses in Fig. 1 can be found in 

Supplemental (S.) Table 1, tabs 2–5.

PTH regulation of genes encoding sequence-specific transcription factors are also likely to 

contribute to the large PTH-regulated transcriptome in osteocytes, as modulation of these 

factors likely potentiates PTH’s secondary regulation of many additional genes. To explore 

this possibility, we identified PTH-regulated genes within these GO term categories that 

encoded sequence-specific transcription factors (GO:0003700) (Table 1). Among these was 

Hey1, a key transcription factor that was down-regulated by PTH ~17 fold and could 

influence the Notch signaling pathway [30]. Genes that encoded components of important 

signaling pathways in osteocytes were also of interest. PTH-regulated genes for Notch (GO:

0007219), Wnt (GO:0016055), BMP (GO:0030509), and transcription cofactors (GO: 

0003712) are shown in S. Table 1, tabs 6–7. Finally, as shown in S. Table 1, tab 8, PTH also 

regulated a series of genes whose products were associated with locomotion as well as 

immune function. Taken together, these results demonstrate that the regulation by PTH of 

transcription factors, signaling pathway components and elements whose products are 

capable of participating directly in cellular activity likely contribute to a highly robust and 

extensive hormone-modulated transcriptome that could have striking effects on the 

biological function of the osteocyte.
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3.2 Validation of Response to PTH in a Subset of Genes Expressed in Differentiated IDG-
SW3 Osteocytes

A more detailed examination of PTH-mediated transcriptional effects in IDG-SW3 

osteocytes was conducted by interrogating gene expression changes following a 3 hr or 24 

hr treatment with PTH, both to validate the RNA-seq data set that was acquired specifically 

at 24 hr and to probe the temporal nature of PTH response. As can be seen in Fig. 2, all 20 

of the genes selected for examination were appropriately validated for the regulation by PTH 

that was obtained at 24 hr through the genome-wide analyses. Interestingly, we observed 

striking temporal diversity of gene expression in response to PTH. Many of the genes 

showed a consistent (Dlx3) or exaggerated (Sp7, Phex, Mef2c, C3, Colec10, Bdkrb2, Smpd3, 

Dmp1, and Satb2) response to PTH at 24 hr compared to that at 3 hr. In contrast, others were 

regulated in the appropriate direction, but had returned (Msx2 and Mgp) or were returning 

(Tnfsf11, Pdpn, Il6, and Hdac4) to baseline levels. The regulation of Enpp3 and Pfdn5 was 

observed only at 24 hr. While Pdfn5 was not identified as a PTH target in the RNA-seq data 

set, it was shown to be modestly down-regulated ~1.2 fold at 24 hr. The most dynamic 

temporal regulation by PTH was exemplified by Fgf2 and Ptch1, which were up-regulated at 

3 hr but then down-regulated by 24 hr, suggesting the possibility of a precise, time-

dependent induction by PTH followed by a potential secondary inhibitory effect at 24 hr. 

While the selection of the 24 hr time point was appropriate for RNA-seq, it is clear that the 

transient regulation of several genes by PTH may have been missed, or that the dynamic 

regulation of some genes such as Fgf2 and Ptch1 might not have been captured 

appropriately using a single time point. Nevertheless, these results generally validate the 

RNA-seq data analysis and suggest that PTH manifests differential patterns of regulation at 

specific gene targets. This diversity may reflect the ability of PTH to regulate a number of 

secondary pathways.

3.3 PTH Regulates the Expression of Genes Associated with Osteocyte Differentiation and 
Function

Our previous studies revealed that the differentiation of IDG-SW3 cells from their osteoblast 

precursors to mature osteocytes was associated with striking changes in gene expression, 

and that many of these changes were linked to a large cohort of differentiation-related genes 

that was expressed in both cell types but up- or down-regulated during differentiation 

relative to the osteoblast precursor [20]. A second cohort of osteocyte-specific genes was 

also observed, however; this group was absent in the osteoblast precursor but uniquely 

expressed in the osteocyte. We therefore examined whether the PTH-regulated 

transcriptome might in some manner overlap these two gene subsets and thus provide insight 

into PTH action. As can be seen in Fig. 3a, 881 of the 2677 genes whose expression was 

regulated by PTH were also modulated during the osteoblast to osteocyte transition. GO 

term analysis of these genes as documented in Fig. 3b revealed subsets that were enriched 

for extracellular components, polysaccharide binding, and, notably, vasculature 

development. In contrast, the 1813 genes that were globally regulated by PTH yet 

unassociated with the course of osteocyte differentiation were most closely linked to G-

protein coupled receptor signaling pathways, suggesting similar PTH activities in both 

osteoblasts and osteocytes.
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Of the 881 PTH-regulated and osteocyte differentiation-regulated genes, 401 were up-

regulated and 481 were down-regulated by the hormone. Surprisingly, as seen in Fig. 3c, 

306 of the 401 genes up-regulated by PTH (76%) were down-regulated during the course of 

differentiation while 394 of the 481 genes that were down-regulated by PTH (82%) were up-

regulated during differentiation. The correlation beween PTH and this differentiation-

regulated gene subset is summarized in Table 1 for transcription factors and in S. Table 1, 

tab 7 for key signaling components. These results suggest that PTH may exert an opposite, 

and perhaps negative, regulatory impact on gene expression changes that occur during the 

osteoblast to osteocyte transition, as identified in this in vitro model. Interestingly, only 300 

of the 2677 PTH-regulated genes were found to overlap the second, osteocyte-specific 

cohort (S. Tab. 1, tab 9). Surprisingly, however, almost all of these (294) were up-regulated 

by PTH. Thus, PTH strongly reinforces rather than opposes expression of this cohort of 

genes which is uniquely up-regulated in the osteocyte. The expression of Saa2, for example, 

was largely undetectible in the IDG-SW3 osteoblast but significantly up-regulated in the 

IDG-SW3 osteocyte; it was then further induced ~43 fold by PTH. Interestingly, Saa2 

encodes serum amyloid A2, one of the two acute phase serum proteins that are induced in 

the cartilage of patients with osteoarthritis [31]. Of note in Fig. 3c, however, a minor but 

significant number of genes associated with the osteoblast to osteocyte transition were 

similarly up- or down-regulated by PTH in parallel, indicating that genetic reinforcement 

can be seen in both gene cohorts. These data involving the expression of both functional 

components as well as transcription factors and signaling pathway components suggest that 

PTH may be linked to osteocyte differentiation from its osteoblast precursors. On the other 

hand, the hormone may also positively regulate genes that are both unique to the mature 

osteocyte and perhaps essential for its distinct morphological and functional phenotype. 

Gene lists and extended GO term results for all analyses in Fig. 3 can be found in 

Supplemental (S.) Table 1, tabs 10–13.

3.4 PTH-Regulated Genes Associated with Osteocyte Differentiation Directionally Overlap 
Those Regulated by 1,25(OH)2D3

Our previous studies revealed that IDG-SW3 cell differentiation alters transcriptomic 

response to 1,25(OH)2D3 by restricting the 3870 genes that were regulated by the hormone 

in the osteoblast to 1135 genes in the osteocyte; 788 of these were unique to the osteocyte 

while 318 overlapped those regulated during the earlier stage of differentiation [20]. As 

previously stated, the sum of these two numbers is greater than 1135 due to differences in 

the regulation of isoforms. Interestingly, as can be seen in Fig. 4a, 444 of the 2677 genes 

that were regulated by PTH were also modulated by 1,25(OH)2D3 as well. Genes uniquely 

regulated by PTH or 1,25(OH)2D3 were associated with GO terms distinct from enriched 

categories for co-regulated genes, which included proteinaceous extracellular matrix, cell-

cell adhesion, and bone development as seen in Fig. 4b. Genes regulated by PTH or 

1,25(OH)2D3 ≥2 fold were clustered using the Euclidean distance metric (95% confidence, 

moderated T test) and visualized by heatmap (Fig. 4c). Interestingly, as summarized in Fig. 

4d, further delineation of the co-regulated gene cohort revealed a tight coupling between 

PTH and 1,25(OH)2D3 regulation. Accordingly, of the 444 PTH and 1,25(OH)2D3 co-

regulated genes, 208 of them were similarly up-regulated and 194 of them were similarly 

down-regulated by both hormones. Thus, only 43 were inversely regulated by the two 
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hormones; 40 of these were down-regulated by PTH and up-regulated by 1,25(OH)2D3, 

while 3 were regulated oppositely. Tnfsf11 (RANKL), for example, was up-regulated as 

anticipated by both PTH and 1,25(OH)2D3 [32, 33]. To further investigate the relationship 

between PTH and 1,25(OH)2D3 on co-regulated genes, we analyzed IDG-SW3 osteocytes 

(d35) with each hormone individually or in combination for 24 hr and analyzed gene 

expression via qPCR for a panel of ten genes (S. Fig. 2). For Tnfsf11, Sp7, Bdkrb1, Bdkrb2, 

and Klf4, co-treatment of PTH and 1,25(OH)2D3 acted in an additive or synergistic manner 

to affect gene expression more than either hormone alone. On other genes, such as Smpd3, 

the dramatic effects of PTH were attenuated by the comparably modest-effects of 

1,25(OH)2D3. Together, these data suggest that the majority of the genes that are regulated 

by the two hormones are regulated in a similar directional pattern to achieve precise levels 

of transcriptional regulation.

In a final transcriptome analysis, we examined whether genes regulated by 1,25(OH)2D3, 

like those controlled by PTH, were also modulated during the osteoblast to osteocyte 

transition. As can be seen in Fig. 3c, 156 genes that were up-regulated by 1,25(OH)2D3 were 

down-regulated during differentiation and 198 genes that were down-regulated by 

1,25(OH)2D3 were up-regulated by the differentiation process. These results suggest that 

like PTH, 1,25(OH)2D3 exerts an opposite, and perhaps inverse, regulatory impact on 

subsets of genes that are either up- or down-regulated during the osteoblast to osteocyte 

transition. In the mature osteocyte, however, only 57 genes that were specific to this cell 

type were also regulated by 1,25(OH)2D3; like PTH, the majority of the genes in this cohort 

were up-regulated (51) while the remainder (6) were down-regulated. Importantly, a strong 

overlap was present for the genes that were regulated by both hormones during 

differentiation. This correlation can be seen specifically for transcription factors in Table 1 

and signaling components in S. Table 1, tab 7. Of those regulated by 1,25(OH)2D3, 

however, only 24 overlapped those controlled by PTH. Differential regulation of osteocyte-

specific genes by PTH and 1,25(OH)2D3, including those that encode transcription factors 

and histone modifying enzymes such as Prmt8, may contribute to a broader transcriptional 

response to these two hormones. On the other hand, 1,25(OH)2D3 exhibited only a modest 

regulatory effect on PTH-regulated genes involved in motility and immune function, as seen 

in S. Table 1, tab 8, highlighting a distinct difference between the two systemic modulators. 

Gene lists and extended GO term results for all analyses in Fig. 4 can be found in 

Supplemental (S.) Table 1, tabs 14–17.

3.5 The pCREB Cistrome in Differentiating and Mature Osteocytes

PTH binds to PTH1R, triggering activation of both PKA and PKC signal transduction 

pathways and their associated downstream transcription factors; the former favors the 

catabolic actions of PTH while the latter favors more anabolic outcomes. Activation of the 

PKA pathway is known to result in stimulation of cyclic AMP response element binding 

protein (CREB) and the expression of pro-resorptive regulators such as RANKL, ENPP1 

and ENPP3 [34]. Based upon the central although not exclusive role of CREB in PTH action 

in osteoblasts, we utilized previously acquired genome-wide phospho-CREB (pCREB) 

cistromic data sets derived from ChIP-seq analyses in osteoblastic MC3T3-E1 cells to 

explore the relationship between pCREB binding and the two target gene cohorts described 
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above in the IDG-SW3 osteocyte. The pCREB cistrome was comprised of 9398 binding 

sites in the absence of inducer and 17496 occupied sites following a 1 hr treatment with 

forskolin, as summarized in S. Fig. 1a. Thus, while pCREB binding activity at the genome is 

substantial, it is increased by almost 2-fold following PKA activation. Additional properties 

of this cistrome can be seen in S. Fig. 1b and c, where pCREB binding sites have been 

validated through the de novo identification of a DNA sequence motif representative of a 

classic CREB responsive element (CRE) and quantification of the distribution of these 

pCREB-occupied sites across the genome relative to nearby genes. It is worth noting here 

that while many transcription factors are now known to bind abundantly to sites distal to 

gene promoters [35, 36], pCREB binding occurs much more frequently at promoter-

proximal sites (S. Fig. 1c).

We then explored the frequency through which pCREB binding sites were associated with 

genes that were regulated by PTH through the application of GREAT analysis [37]. As 

summarized in Fig. 5a, 1208 of the 2677 (45%) PTH-regulated genes using this algorithm 

were associated with pCREB peaks. These results are highlighted in Fig. 5b–e which depict 

pCREB binding ChIP-seq tracks for four selected genes that encode transcription factors or 

histone modifying enzymes. At the Id3 locus, five sites of pCREB binding can be found, one 

near the promoter and the others at -3kb, -9kb, -20kb, and -26kb (Fig. 5b). Inhibitor of DNA 

binding 3 (Id3) encodes a helix-loop-helix transcription factor first identified as a 

component of early transcriptional response to growth factors and is also involved in the 

differentiation of several cell types, including regulatory T cells and myoblasts [38–40]. The 

Bcl3 locus has several sites of enhancer/pCREB binding, including those at -8kb, -1kb, 

+4kb, and +5kb (Fig. 5c). B-cell leukemia/lymphoma 3 (Bcl3) encodes BCL-3, which 

contributes to regulation of diverse biological processes through its interaction with NF-κB 

subunit p50 [41, 42]. Interestingly, myocyte enhancer factor 2d (Mef2d), closely related to 

Mef2c that is involved in Sost regulation, retained a small pCREB peak at the promoter and 

a larger peak just upstream at -4kb (Fig. 5d). Finally, the main pCREB binding peak at the 

Kdam4a locus was located near the promoter with additional peaks present at +41kb and at 

the promoter of the nearby gene St3gal3 (Fig. 5e). Lysine demethylase 4a (Kdm4a) encodes 

JMJD2A, which associates with class I histone deacetylases (HDACs) and retinoblastoma 

protein (pRb) to mediate gene suppression [43]. These specific examples and the overall 

genome-wide data set identifies pCREB binding sites at almost half of the genes found to be 

regulated by PTH suggesting a strong linkage through PKA signaling. Genes that were both 

PTH- and differentiation-regulated as well as genes that were PTH- and 1,25(OH)2D3-

regulated also exhibited strong associations with 61% and 56% of these genes, respectively, 

having pCREB peaks located nearby. Interestingly, 78 genes that were regulated by both 

PTH and 1,25(OH)2D3 exhibited overlapping pCREB and VDR binding sites (S. Fig. 1d). In 

comparison, only 30 of the 300 osteocyte-specific and PTH-regulated genes were associated 

with pCREB occupied binding sites.

In a final analysis, we compared the pCREB cistrome to the published VDR cistrome in 

IDG-SW3 d35 osteocyte cells [20]. Strikingly, we found 1080 overlapping sites for the 

MC3T3-E1 pCREB (fsk) and IDG-SW3d35 (1,25(OH)2D3) cistromes, which were 

associated with 1485 genes through GREAT analysis (Fig. 6a; S. Tab. 1, tabs 19–20). We 
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next compared these genes associated with overlapping pCREB and VDR binding sites to 

the 444 genes regulated by both PTH and 1,25(OH)2D3 in osteocytes (d35) and found that 

over 10% (46 genes) of the PTH and 1,25(OH)2D3 co-regulated genes (Fig. 4a) had 

overlapping pCREB and VDR binding sites (Fig. 6a; S. Tab. 1, tab 20). As an example, 

ChIP-seq tracks for pCREB and VDR are shown for the gene encoding ectodysplasin A 

receptor, Edar in Fig. 6b. These results demonstrate the potential for overlap between PTH- 

and 1,25(OH)2D3- mediated transcriptional regulation through pCREB and VDR, 

respectively.

3.6 Epigenetic Enhancer Signature Marks Highlight pCREB Binding Sites Genome-wide

Our previous epigenetic studies have shown that regulatory enhancers are established as 

components of the genome early in the osteoblast lineage [20, 44]. Thus, while the 

enrichment levels of these marks are dynamic at specific genes as a function of either 

cellular differentiation or through regulation by secondary factors such as 1,25(OH)2D3, 

only a few of these marks appear or are removed de novo during osteocyte formation. This 

conclusion is supported by the results documented in Fig. 5b–e, which depicts the data 

tracks of histone 3 lysine 4 mono-methylation (H3K4me1), histone 3 lysine 9 acetylation 

(H3K9ac), and/or histone 4 lysine 5 acetylation (H4K5ac) enrichment across loci for Id3, 

Bcl3, Mef2d, and Kdm4a in IDG-SW3 osteoblasts and osteocytes as well as MC3T3-E1 

preosteoblasts and osteoblasts. These genes also highlight the tight epigenetic associations 

that are seen on a genome-wide scale across the several osteoblast genomes. Thus, as 

observed in S. Fig. 1e, histone enrichment for H3K4me1, H4K5ac, and H3K9ac is present in 

each of these four osteoblast lineage cells 76%, 79%, and 94% of the time as compared to 

that seen in MC3T3-E1 preosteoblasts, respectively. The results in Fig. 5b–e also document 

the close relationship that exists between these histone marks and binding sites for pCREB 

at the four representative target gene loci in the IDG-SW3 cell line as well. Importantly, this 

observation is similarly documented on a genome-wide scale, with enrichment for 

H3K4me1, H4K5ac, and H3K9ac in each of these four osteoblast lineage cells occurring in 

close association with pCREB binding 93%, 89% and 62% of the time as well (S. Fig. 1f). It 

should be noted, however, that pCREB binding sites may align directly over a histone-

marked enhancer, such as is seen at Id3 -26kb (Fig. 5b) and Kdm4a +41kb (Fig. 5e). or 

alternatively, can be flanked by an activating histone mark, such as can be seen at Id3 -20kb 

and -9kb (Fig. 5b) and Bcl3 -1kb and -8kb (Fig. 5c). It has been suggested that the latter 

profile is due to specific histone displacement. We conclude that these data clearly establish 

the locations of pCREB binding sites at genes that are regulated by PTH. As pCREB 

binding was found to be deficient at genes that were uniquely up-regulated by PTH in 

mature IDG-SW3 osteocytes, the histone marks that are found at these genes may reflect the 

presence of enhancers controlled by any one of the myriad of other transcription factors 

including the VDR that are likely active in this cell type at this time.

4. DISCUSSION

The studies described herein document the actions of PTH and 1,25(OH)2D3 on osteoblast 

differentiation and function as assessed on a genome-wide scale in the IDG-SW3 cell model. 

We show that PTH regulates an extensive transcriptome in differentiated IDG-SW3 
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osteocytes and that the genes sensitive to this hormone belong to two separate cohorts: those 

such as Slc1a1 and Phex that are up- or down-regulated during the differentiation process 

and those such as Prmt8 that are uniquely expressed only in the osteocyte. Further 

examination of the effects of PTH reveal that while PTH both stimulates and suppresses 

various members of the differentiation-associated transcriptome, these actions largely, 

although not exclusively, oppose changes in gene expression that highlight the transition. 

These genes include Satb1 and Hey1. In contrast, the majority of the genes that are up-

regulated and uniquely expressed in the osteocyte, such as Saa2, are not suppressed by PTH, 

but rather further up-regulated. These findings support an hypothesis in which PTH 

functions to retard not only osteoblast formation from mesenchymal precursors, but their 

further differentiation into osteocytes. PTH’s positive actions on genes that are expressed in 

fully differentiated osteocytes, on the other hand, could imply that in contrast, PTH may 

represent a direct positive modulator of mature osteocyte structure and function. Specific 

studies in vivo will be necessary to further substantiate or refute these hypotheses.

Interestingly, we found that 1,25(OH)2D3 exerted actions on the expression of genes 

regulated both during osteocyte differentiation as well as in an osteocyte-specific manner 

that were similar. Accordingly, 1,25(OH)2D3 opposed the expression of genes differentially 

regulated during the osteoblast to osteocyte transition similar to that of PTH, yet largely 

reinforced the expression of genes unique to the mature osteocyte. A direct comparison of 

the 1,25(OH)2D3- and PTH-regulated genes in the two cohorts indicated the presence of a 

significant overlap. This suggests that the two hormones may have similar functions to limit 

osteocyte differentiation from its osteoblast precursors. Like PTH, 1,25(OH)2D3 may play a 

negative role in osteoblast differentiation from its mesenchymal precursors as well. 

Surprisingly, while 1,25(OH)2D3 induced further a subset of the cohort of genes that were 

expressed in mature osteocytes, the majority of these genes were unrelated to those up-

regulated by PTH. Thus, we speculate that at least a subset of the actions of the two 

hormones to regulate mature osteocyte function may be different. Despite these potential 

differences, the two hormones are known to regulate in parallel the expression of sclerostin 

[20, 45], RANKL [46, 47] and Fgf23 [48]. Additional studies will be necessary to bolster the 

proposed diverse actions of these two hormones on osteocyte development and function in 

vivo. It is worth noting, of course, that despite the large number of genes whose expression 

levels are regulated by PTH and 1,25(OH)2D3 during the transition, the linkage betwee their 

expression and the process of osteocyte differentiation itself is unknown.

Interestingly, while Sost is a well known target of PTH [49], this gene was not identified 

through our RNA-seq analyses in the group of 2677 PTH-regulated genes (≥2-fold PTH 

regulation, 95% confidence, moderated T test) because the dramatic effects of PTH 

suppressed transcript abundanace to undetectable levels in two of three triplicate samples, 

thus preventing a statistical evaluation of the regulation. Thus, the small group of genes with 

either a) not statistically valid basal values upon sequencing, thus preventing a calculation of 

up-regulation by PTH or b) basal activities which are entirely suppressed by PTH, thus 

preventing a similar statistical assessment of PTH mediated down-regulation, such as Sost, 

needs to be explored further using qPCR.
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Despite the fact that the PKA-activated pCREB cistromes were obtained from MC3T3-E1 

derived osteoblasts and not from IDG-SW3 cells (due largely to the challenges of 

conducting ChIP-seq analysis with pCREB antibody in the latter cell line), a subset of these 

pCREB binding sites correlated directly with genes that were modulated by PTH during the 

osteoblast to osteocyte transition. That these binding sites are both functional and capable of 

regulating nearby genes is reinforced by the fact that 93% of these sites were enriched for 

the key histone mark H3K4me1, an epigenetic signature of a gene-regulating enhancer, in all 

four cell types (IDG-SW3 osteoblasts and osteocytes, and MC3T3-E1 preosteoblasts and 

osteoblasts). Perhaps as important, these data provide considerable insight into not only 

diverse gene targets, but the locations of the regulatory regions on a gene by gene basis that 

mediate PTH action. Thus, they provide the opportunity for future investigation of the 

mechanism(s) through which several hundreds genes could be explored for regulation by 

PTH. We interpret our findings to suggest further that the predominant actions of PTH on 

this cohort may be due largely, although not exlusively, to activation of the PKA signaling 

pathway initiated by this known arm of the receptor for PTH. Interestingly, a much smaller 

number of genes up-regulated uniquely by PTH in osteocytes contained pCREB binding 

sites. We speculate that this might reflect the fact that these genes are more frequently 

regulated through activation of alternative signaling pathways include ones initiated through 

PKC. Interestingly, one of several genes discussed earlier whose expression is down-

regulated by PTH and 1,25(OH)2D3 is Sost. While this suppression by PTH in particular is 

well established, the mechanism remains to be clarified, although it is known to involve 

activity of the transcription factor Mef2c [45]. The absence of pCREB at this site is 

consistent with the view that PTH activation involves PKA-mediated control of HDAC5 

translocation to the nucleus, where its interacts directly with Mef2c to downregulate Sost 

expression [27]. It is worth noting, however, that functional correlations such as those made 

here between active genes and the presence of DNA-bound regulatory factors are difficult, 

primarily because functional linkage between these two entities must be unequivocally 

established via additional experimental efforts [46, 50, 51].

We have concluded from our earlier studies as well as the present work that the evolution of 

enhancer elements begins early in the osteoblast lineage [20, 28, 44]. Thus, while the level 

of histone modifications at enhancers is potentially dynamic over a wide range of cellular 

conditions, the appearance of new enhancers associated with progressive stages of 

differentiation appear to be infrequent. Thus, for example, only a few novel H3K4me1 

marks appeared in the osteocyte that were not apparent in its osteoblast precursor [20]. 

These observations have led us to conclude that the osteoblast to osteocyte transition is 

driven largely by temporal and sequential activation of transcription factors and their ability 

to recruit chromatin regulators that participate in the modification of chromatin architecture 

necessary for altered gene output rather than the appearance of new regulatory components 

acting in cis. If this interpretation is correct, the impact of PTH as well as 1,25(OH)2D3 and 

perhaps other ligands on their cognate transcription factors would seem likely to play key 

roles not only in orchestrating osteocyte differentiation but in regulating the functional 

activity of the mature cells as well. An important question still remains, however, which 

relates to identification of the signaling pathway(s) and definition of its activating 

components that drive osteocyte differentiation. Some progress is being made in that regard 
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as factors that are associated with mineralization such as phosphate, DMP-1, and other 

phosphoproteins as well as the mineralization process itself are being considered. 

Elucidation of these regulatory components will be important in understanding osteocyte 

differentiation.

Although studies in the IDG-SW3 cell line may not reflect perfectly the process of osteocyte 

differentiation that occurs in vivo, our studies have identified several regulatory concepts 

that are important, but will require examination in vivo. This assessment is not likely to be 

trivial, however, due to the associated complexity of the stage-specific differentiation of 

osteocytes in bone from their osteoblast precursors, and their heterogeneity as well as 

location in highly mineralized matrix in the skeleton. The use of genetically modified mouse 

models wherein key genes are conditionally deleted will likely be required, as has been 

accomplished in studies of other signaling pathways and their activities of osteoblast 

differentiation. We anticipate, however, that these studies will be not only of considerable 

interest but also of value in understanding the complex regulatory nature of systemic 

hormones such as PTH and 1,25(OH)2D3 on osteoblast lineage cells.

In conclusion, we report the identification of a PTH-regulated transcriptome in IDG-SW3 

derived osteocytes. The major components of this transcriptome largely oppose the 

expression of genes that undergo change during osteocyte differentiation, but reinforce those 

that are uniquely up-regulated in the mature osteocyte. This suggests that PTH may play 

dual roles controlling both the differentiation of the osteocyte as well as its functional 

activity. We also find that the activity of 1,25(OH)2D3 parallels the actions of PTH during 

the differentiation process, but appears to positively regulate a unique set of genes in the 

mature osteocyte. These and the additional findings in this study provide clues for further 

research on the development and function of this interesting cell type.
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Highlights

• PTH regulated genes in IDG-SW3 osteocytes were identified by RNA-

sequencing analysis.

• The transcriptional effects of PTH largely opposed gene expression changes 

during differentiation.

• PTH and 1,25(OH)2D3 transcriptional regulation was highly correlated for co-

regulated genes.

• A pCREB cistrome was characterized using ChIP-sequencing.

• pCREB sites were associated with PTH regulated genes and marked by a stable 

epigenetic landscape.
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Figure 1. Osteocytes exhibit an extensive PTH-mediated transcriptome
(A) TaqMan gene expression analysis of Pth1r during IDG-SW3 osteocyte differentiation 

was normalized to β-actin. Samples were analyzed in triplicate ± SEM. (B) Genes with 

differential gene expression at 24 hr between vehicle (Veh) and 100nM PTH (≥ 2 fold, 95% 

confidence interval, moderated t test) treatment were clustered using the Euclidian distance 

metric and visualized as a heatmap. (C) Selected, regulated genes from (B) were manually 

grouped by category following DAVID GO term analysis and delineated based upon their 

degree of PTH-regulation (green, up-regulated; red, down-regulated). (D) PTH-regulated 

genes from (B) were classified based upon their direction of regulation by PTH as compared 
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to vehicle treatment. (E) Top GO term from the top 3 annotation clusters with associated P 

values from DAVID GO term analysis for gene groups from part (D).

St John et al. Page 19

Bone. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. qPCR validates the RNA-seq data and identifies complex response to PTH
Cells treated with vehicle (white), 3 hr PTH (grey), or 24 hr PTH (black) were evaluated for 

expression of the indicated gene and normalized to β-actin levels. Samples were analyzed in 

triplicate ± SEM (*, p<0.05 vs. vehicle).
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Figure 3. PTH opposes changes in gene expression that occur during the osteoblast to osteocyte 
transition
(A) Venn diagram of PTH-regulated (100nM PTH vs vehicle, 24 hr treatment) and 

differentiation-regulated genes. Genes in both cohorts are classified as regulated if their gene 

expression levels are affected ≥ 2 fold, 95% confidence interval, moderated t test. (B) Top 

GO term from the top 3 annotation clusters with associated P values from DAVID GO term 

analysis for gene groups from part (A). (C) Diagram comparing direction of regulation by 

PTH (purple) and 1,25(OH)2D3 (green) to regulation during differentiation (osteoblast vs 

osteocyte) (x-axis). Genes in all cohorts are classified as regulated if their gene expression 

levels are affected ≥ 2 fold, 95% confidence interval, moderated t test. The number of genes 

within each category are labeled and represented visually by the size of the circle.
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Figure 4. Regulation of gene expression by PTH and 1,25(OH)2D3 is highly correlated
(A) Venn diagram of PTH-regulated (100nM PTH vs vehicle, 24 hr treatment) and 

1,25(OH)2D3-regulated (100nM 1,25(OH)2D3 vs vehicle, 24 hr treatment) genes. Genes in 

both cohorts are classified as regulated if their gene expression levels are affected ≥ 2 fold, 

95% confidence interval, moderated t test. (B) Top GO term from the top 3 annotation 

clusters with associated P values from DAVID GO term analysis for gene groups from part 

(A). (C) Genes from (A) were clustered using the Euclidian distance metric and visualized 

as a heatmap. (D) Venn diagram of PTH (purple) and 1,25(OH)2D3 (green) up- and down- 

regulated genes.
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Figure 5. pCREB binding sites correlate with PTH-regulated genes and are located within 
epigenetically delineated enhancers
A) 17496 forskolin-induced pCREB binding sites were associated with 11993 genes as 

assessed using the GREAT algorithm. ≥ 1208 of the 2677 genes associated with the PTH-

regulated transcriptome in IDG-SW3 osteocytes (24 hr at 100nM PTH vs vehicle, 2 fold, 

95% confidence interval, moderated t test). contained pCREB. B) ChIP-seq tag density 

tracks (normalized to 107 tags) for pCREB binding in MC3T3-E1 preosteoblast and for 

selected histone modifications in IDG-SW3 osteoblasts (red), IDG-SW3 osteocytes (blue 

with overlap in purple), MC3T3-E1 preosteoblasts (yellow) and MC3T3-E1 preosteoblasts 

(blue with overlap in green) at the gene loci Id3 (B), Bcl3 (C), Mef2d (D) and Kdm4a (E) 

loci.
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Figure 6. pCREB and VDR exhibit overlapping cistromes
A) 17496 forskolin-induced pCREB binding sites in MC3T3-E1 cells were compared to 

2969 1,25(OH)2D3-induced VDR binding sites in IDG-SW3 d35 cells. 1080 sites 

overlapped and these were associated with 1485 genes through the GREAT algorithm. 46 of 

the 444 genes associated with the PTH- and 1,25(OH)2D3-regulated transcriptome in IDG-

SW3 osteocytes (24 hr at 100nM PTH or 1,25(OH)2D3 vs vehicle, ≥ 2 fold, 95% confidence 

interval, moderated t test) were among the associated genes. B) ChIP-seq tag density tracks 

(normalized to 107 tags) for pCREB binding in MC3T3-E1 preosteoblasts and VDR binding 

in IDG-SW3 d35 osteocytes at the gene locus for Edar.
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Table 1
PTH and 1,25(OH)2D3-mediated changes in expression of differentiation-related genes 

encoding specific transcription factors

Fold change values for regulation by PTH (100nM PTH vs vehicle, 24 hr treatment), differentiation (IDG-

SW3 osteocytes (day 35 vs osteoblasts (day 3), and 1,25D3 (100nM 1,25(OH)2D3 vs vehicle, 24 hr treatment 

for genes regulated by PTH by ≥ 2 fold (95% confidence, moderated t test) and present in GO category GO:

0003700 for sequence specific transcription factors.

Gene PTH (fold) Diff. (fold) 1,25D3 (fold)

Crx 18.1 0.4 11.4

Pou4f2 14.6 0.9 5.8

Nr5a2 12.6 0.1 6.5

Myt1l 12.1 6.0 2.0

Tbx22 11.8 0.7 6.9

Gata4 11.5 0.4

Tbr1 11.2 0.2 2.3

Esrrg 11.0 2.0 1.4

Zic3 9.9 0.5 4.0

Tal1 9.5 8.1

Myb 8.4 0.1 3.1

Six6 8.3 0.6 2.6

Hnf4g 8.1 0.3 2.4

Runx1t1 7.5 0.2 3.4

Csrnp3 6.5 1.4 2.5

Irf4 6.2 2.2

Tbx20 5.8 0.4 3.8

Fosl1 5.7 0.0 1.3

Hand2 5.7 0.3 1.8

Pou6f2 5.4 1.2 5.4

Sox17 5.1 9.6

Lmx1a 5.0 1.2 10.5

Vsx1 5.0 0.3 1.0

Lhx5 4.6 0.5 0.6

Pou2f2 4.6 0.0 2.2

Meox1 4.4 6.8 2.0

Pax7 4.1 0.4 2.1

Bcl3 4.0 0.4 0.8

Pbx1 3.8 0.5 2.0

Rarb 3.7 0.8 1.2

Ehf 3.7 9.2 0.8

Foxl1 3.7 0.5 2.5

Noto 3.3 1.1

Maff 3.2 0.1 2.0
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Gene PTH (fold) Diff. (fold) 1,25D3 (fold)

Hdx 2.9 0.4 2.1

Tbx3 2.8 0.4 1.2

Mafb 2.8 2.1 1.5

Foxc2 2.7 0.3 1.9

Irf1 2.7 0.4 0.9

Tsc22d1 2.7 1.2 2.3

Mecp2 2.6 0.8 1.5

Elf5 2.6 2.8 0.6

Lef1 2.5 2.4 0.7

Crem 2.4 0.4 1.6

Sox11 2.3 0.2 0.3

Batf 2.3 1.5 0.9

Arid3a 2.2 1.7 1.4

Foxf1a 2.2 1.5 3.2

Hsf2 2.1 1.3 1.0

Hopx 2.0 2.9 0.5

Nr1d2 2.0 1.2 1.2

Cbfa2t2 2.0 0.8 1.3

Shox2 0.5 1.7 1.0

Zgpat 0.4 0.8 1.2

Aff3 0.4 0.6 0.6

Mef2d 0.4 0.9 0.5

Arnt2 0.4 0.3 1.8

Cebpa 0.4 2.3 0.8

Nfya 0.3 0.9 0.6

Hoxa13 0.3 5.6 0.4

Atf3 0.3 0.2 0.7

Foxd1 0.3 1.2 0.5

Nr3c2 0.3 3.5 1.0

Klf4 0.3 0.4 0.3

Klf12 0.3 7.3 0.3

Sox6 0.3 1.2 0.6

Id1 0.3 0.2 0.6

Satb2 0.3 3.4 0.6

Tead3 0.2 0.3 0.5

Creb3l1 0.2 1.4 0.3

Smad9 0.2 1.5 0.5

Sox8 0.2 26.5 2.8

Dlx3 0.2 9.1 1.0

Nfib 0.2 1.0 0.6

Nr1h4 0.2 0.8 0.6

Egr1 0.2 0.1 1.0
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Gene PTH (fold) Diff. (fold) 1,25D3 (fold)

Egr2 0.2 0.1 1.3

Dlx6 0.2 4.2 0.3

Klf2 0.1 0.9 0.6

Hoxc12 0.1 0.4 0.6

Tbx2 0.1 12.8 0.3

Tcf7 0.1 8.9 0.3

Rcor2 0.1 56.6 0.2

Mef2c 0.1 31.2 0.3

Tcf7l1 0.1 0.5 0.6

Hey1 0.1 27.6 0.2

Id3 0.1 0.6 0.9

Irf9 0.0 2.0 3.2
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