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Abstract

Osteoporosis is the most common metabolic bone disorder and its management represents a 

tremendous public health encumbrance. While several classes of therapeutics have been approved 

to treat this disease, all are associated with significant adverse effects. An algorithm was 

developed and utilized to discover potential bioactive peptides, which led to the identification of 

an osteogenic peptide that mapped to the C-terminal region of the calcitonin receptor and has been 

named Calcitonin Receptor Fragment Peptide (CRFP). In vitro treatment of human MSCs with 

CRFP resulted in dose specific effects on both proliferation and osteoblastic differentiation. 

Similarly, in vitro treatment of rat RCJ cells led to dose and species specific effects on 

proliferation. A rat ovariectomy (OVX) model was used to assess the potential efficacy of CRFP 
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in treating osteoporosis. MicroCT analysis of distal femoral samples showed that OVX rats treated 

with CRFP were significantly protected from losses of 55% in trabecular bone volume fraction, 

42% in connectivity density, and 18% in trabecular thickness in comparison to vehicle treated 

controls. MicroCT analyses of vertebrae revealed CRFP to significantly prevent a 25% reduction 

in bone volume fraction. MicroCT evaluation of femoral and vertebral cortical bone found a 

significant reduction of 2% in vertebral bone mineral density. In summary, our in vitro studies 

indicate that CRFP is both bioactive and osteogenic and our in vivo studies indicate that CRFP is 

skeletally bioactive. These promising data indicate that further in vitro and in vivo evaluation of 

CRFP as a new treatment for osteoporosis is warranted.
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Introduction

Osteoporosis is a metabolic bone disorder characterized by a progressive reduction in bone 

mineral density that leads to an increased risk of bone fractures. Affecting an estimated 49 

million people in the North America, the European Union, Australia, and Japan, 

osteoporosis is a major global public health burden [1]. Within the US, ∼9 million women 

are currently diagnosed with osteoporosis and this number is expected to surpass 10 million 

by 2020 [2]. While women are at a higher risk for developing osteoporosis, one fifth of US 

cases of osteoporosis and its less severe antecedent, osteopenia, occur in men [3]. As the 

prevalence of osteoporosis rises, so does the incidence of osteoporotic fractures, with a 2005 

US incidence of ∼2 million anticipated to exceed 3 million by 2025 [4]. Concomitant with 

this increase in fracture incidence, the annual US direct medical expenditures associated 

with treating osteoporotic fractures are projected to rise from $17 billion in 2005 to $25.3 

billion in 2025 [4].

Several classes of therapeutics have been approved by the FDA for the treatment of 

osteoporosis. The most widely prescribed are the bisphosphonates (e.g., alendronate, 

ibandronate), which act by inhibiting osteoclast mediated bone resorption. As a class, 

bisphosphonates have been shown to reduce the incidence of vertebral fractures by 40–70% 

and hip fractures by 40–50% [5]. Unfortunately, the long-term safety of bisphosphonate 

therapy is being challenged by a growing body of literature associating bisphosphonate 

treatment with increased incidence of osteonecrosis of the jaw and atypical subtrochanteric 

femoral fractures [2]. Other FDA approved anti-resorptive treatments include: hormone 

replacement therapy with estrogen or estrogen-progestin; raloxifene, a selective estrogen 

receptor modulator; calcitonin, a peptide hormone; and denosumab, a neutralizing antibody 

to receptor activator of nuclear factor-kappa B ligand [6]. While all of these treatments have 

shown some efficacy in preventing or treating osteoporosis, each one carries different risks 

for potentially serious adverse effects. Moreover, none of these treatments promote bone 

formation, an effect that would not only be beneficial in treating osteoporosis, but could also 

have tremendous clinical value in treating osteoporotic fractures.
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Currently teriparatide is the only FDA approved osteoporosis treatment that works by 

promoting bone formation. Teriparatide is a recombinant peptide corresponding to the first 

34 amino acids of human parathyroid hormone (PTH) and, like all other FDA approved 

osteoporosis treatments, has been shown to reduce the incidence of osteoporotic fractures 

[7]. Unfortunately, its clinical utility is hampered by a “black box warning” for a possible 

increased risk of osteosarcoma that restricts treatment to two years [8]. Despite this 

limitation, PTH has been widely evaluated as a possible treatment for enhancing fracture 

healing because it is the only approved skeletally anabolic agent. Indeed, numerous 

preclinical animal studies support the efficacy of PTH in enhancing healing under a variety 

of conditions [9]. Unfortunately, the sole prospective, randomized, double-blind clinical trial 

of teriparatide for the acceleration of fracture healing failed to support the primary 

hypothesis that 40ug/day would shorten time to union, although post-hoc analyses did show 

efficacy for 20ug/day [10].

While patients with osteoporosis now have a broad array of treatment options that 

significantly reduce their risk for osteoporotic fractures, no treatments are available to 

enhance the healing of those who do experience fractures. As fractures are the most costly 

and disabling sequelae of osteoporosis, the development of new osteoporosis treatments that 

could not only reduce fractures, but also enhance their healing, would be a tremendous 

public health benefit. Thus, an ideal treatment for osteoporosis would have to be 

multifunctional; an anabolic agent that promotes the restoration of lost bone, reduces the risk 

of fracture, and enhances healing when fractures do occur.

Numerous methods can be utilized to identify new therapeutics; ranging from the traditional 

screening of naturally derived small molecules, to more recently developed virtual screening 

approaches, to personalized therapeutics [11,12]. In an effort to identify new treatments 

options for osteoporosis, we utilized a hybrid approach to drug discovery. In the first phase, 

a pool of theoretically bioactive peptides was identified using a computational proteomics 

algorithm. The resulting peptide sequences were then aligned to identify those with 

significant homology to known proteins. In the next stage, the list of homologous proteins 

was manually reviewed to identify members of signaling pathways associated with skeletal 

development, homeostasis, disease, or repair. This process led to the identification of a 12-

amino acid long peptide homologous to an intracellular region near the C-terminal of the 

calcitonin receptor and has therefore been named Calcitonin Receptor Fragment Peptide 

(CRFP). This report presents the results of an initial series of in vitro and in vivo 

experiments performed to characterize the skeletal effects of CRFP as well as assess its 

potential as a new treatment for osteoporosis.

Material and Methods

Algorithmic Peptide Identification

Peptide hormones and neuropeptides are synthesized and secreted as precursor proteins that 

typically contain Type 1 signal peptides as well as one or more Pre-pro segments that are 

proteolytically processed to yield the mature biopeptides. A schematic representation of a 

biopeptide precursor protein containing two Prepro segments is:
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Signal Peptide*******//PrePro 1 //*******//PrePro 2 //*******COOH

The “*” represent “cryptic peptides” that are by products of post-translational processing. 

Further, the signal peptide is removed by a specific Type I signal peptidase as an integral 

part of the secretory process. The “//” symbols represent post-translational processing 

signals that include primary recognition motifs for specific endopeptidases and substrate 

recognition for additional enzymes that may introduce distinctive terminal structures at the 

ends of the mature biopeptides. These motifs that define the signal peptides, and multiple 

Prepro segments with complex post-translational processing signals, are very distinctive.

Based on this biological principle, we developed a computer algorithm that is capable of 

rapidly scanning large protein sequence databases to yield short lists of proteins highly 

enriched in precursors of known biopeptides. The algorithm was constructed in two stages. 

In the first stage, composite processing signals were constructed for multistep enzymatic 

processes in which the product of one enzymatic reaction becomes the substrate for the next. 

In the second stage, the processing signals that have been assembled along the timeline of a 

reaction sequence in stage one were compiled into an algorithm along the backbone 

sequence of a precursor protein using spacing and orientation parameters derived from 

known precursor proteins. The linear sequence representing the signal for the whole reaction 

train was thus a condensed sequence motif in which only the substrate recognition motif for 

the first enzymatic step was preexisting in the precursor protein sequence. In the end, 

sequences that survived the initial algorithm screen were submitted to programs such 

SignalP [13] for estimation of the probability of signal peptidase cleavage. The resulting 

peptide sequences were used to search the Protein Information Resource (PIR) database [14] 

which resulted in the identification of 123 matches out of 279,891 entries, of which nine 

represented known precursors of known peptide hormones. One of them was CRFP.

Peptides

Amidated CRFP peptides corresponding to human (hCRFP), rat (rCRFP), mouse (mCRFP), 

and scrambled human (Scr) isoforms were synthesized (GenScript, Piscataway, NJ) and 

resuspended in 50% DMSO (Fisher) at a stock concentration of 1mM. In addition, a 

fluorescein isothiocyanate (FITC) labeled form of hCRFP (FITC-CRFP), with FITC 

conjugated to the lysine residue, was similarly synthesized and prepared. These solutions 

were then sterile filtered and stored at −80°C in small aliquots. For the in vitro experiments, 

the culture media was spiked with the appropriate amount of stock solution to achieve the 

indicated final concentrations (1 to 10µM). For the in vivo experiments 15µM solutions of 

rCRFP in 50% DMSO, and 50% DMSO (0µM) were prepared and sterile filtered. The 

solutions were prepared fresh each week and stored at 4°C in aliquots sufficient for each 

day’s injections.

Cell Culture Studies

Adult adipose derived human mesenchymal stem cells (hMSC, Lifeline Cell Technology, 

Frederick, MD) were cultured in maintenance (StemLife MSC Basal Media with LifeFactors 

Kit, Lifeline) or osteogenic (OsteoLife Complete Osteogenesis Medium, Lifeline) media and 

used at passage numbers < 10. Rat calvarial derived pre-chondrocytic RCJ3.1C5.18 cells 
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(RCJ)[15] were cultured in DMEM (Gibco, Life Technologies, Grand Island, NY) 

supplemented with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin (Gibco), 

and 10−7M dexamethasone (Fisher, Pittsburgh PA) and used at passage numbers < 15. All 

cultures were maintained at 37°C in a humidified incubator supplemented with 5% CO2. 

The media was changed every 3–4 days and the cells were passaged prior to confluence.

Localization studies were carried out using hMSC plated on 8-well chamber slides (Nunc, 

Rochester, NY). MSCs were plated at a density of 1×103 cells per chamber in maintenance 

media and incubated overnight. They were then incubated with FITC-CRFP or FITC-Ab 

(FITC-conjugated anti-mouse IgG antibodies [Sigma, St. Louis, MO]) at a concentration of 

10µM for 2 hours. The cells were then washed 2×5 min with PBS (Gibco), fixed for 15 min 

in 4% paraformaldehyde (EMS, Hatfield), washed for 5 min with PBS, and mounted with 

aqueous DAPI containing medium (Vectashield, Vector labs, Burlingame, CA). The cells 

were then imaged using an inverted confocal microscope (Zeiss LSM 510 Two-Photon 

Laser Scanning Confocal Microscope, Carl Zeiss, Oberkochen, Germany).

For the proliferation studies, the cells were plated in 96-well tissue culture plates (Falcon, 

BD, Franklin Lakes, NJ) at a density of 4×103 cells per well. Twenty-four hours after 

plating, and daily thereafter, the media was replaced with fresh media (maintenance media 

for hMSC) containing CRFP of the specified species and concentration. At each of the 

indicated time-points proliferation was assessed by a colorimetric MTS assay (CellTiter, 

Promega, Madison, WI) in accordance with the manufactures directions. All experiments 

were performed in quadruplicate.

The osteoblastic differentiation of hMSC was determined using Alizarin red staining. 

Briefly, hMSC were plated in 24-well tissue culture plates (Falcon) at a density of 5×104 

cells per well. At the indicated time-points, the cells were fixed for 1 hour at room 

temperature using 70% ethanol (Fisher) and then stained for 10 minutes with 40mM alizarin 

red (pH 4.2). The cells were next washed with tap water, dried at room temperature, and 

imaged with a digital camera. Following imaging, the stain was eluted from the cells by 

incubating them in a solution of 10% cetylpyridinium chloride (MP Biomedicals, Solon, 

OH) in 10mM sodium phosphate (Fisher) for 15 minutes at room temperature. The optical 

density of the eluted stain was then measured at 562nm using a spectrophotometer (BioTek 

EL800, Winooski, VT).

Live Animal Study

All animal experiments were conducted in accordance with the United States’ National 

Academy of Sciences’ Guide for Care and Use of Laboratory Animals and were approved 

by the Stony Brook University Institutional Animal Care and Use Committee.

Forty-eight female Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) 

were utilized in this study. They were retired breeders approximately 6 months old at the 

start of the study. One week prior to shipping, half of the rats underwent ovariectomy 

(OVX) surgery at the vendor’s facilities while the rest of the animals did not undergo any 

surgical procedures (Intact). Upon arrival the rats were aged for an additional month to 

facilitate bone loss. The rats were allowed ad libitum access to food and water, lighting was 
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maintained in a reverse 12-hour light/dark cycle, temperature was kept at 22 ± 2°C, and 

humidity was constant at 50 ± 10% relative humidity.

Following aging, the OVX and Intact rats were randomized by body weight into two 

treatment groups, vehicle control (0µM CRFP) or treatment (15µM CRFP), resulting in a 

total of four treatment groups (N=12 per group): 1) Intact 0µM; 2) Intact 15µM; 3) OVX 

0µM; and 4) OVX 15µM. The rats were then administered 1mL intraperitoneal injections of 

0µM or 15µM rCRFP five days per week for five weeks. They were monitored daily and 

weighed weekly for the duration of the study. At the end of the study they were euthanized 

and their hind limbs and spines were collected for analysis.

MicroCT Analysis

Left femora and L5 vertebrae were scanned using a µCT 40 (Scanco Medical, Brüttisellen, 

Switzerland), as previously described [16–18]. For the femora, a mid-diaphyseal region of 

interest (ROI) consisting of 50 axial slices at was acquired at 36µm resolution to assess 

cortical bone properties and a distal metaphyseal ROI consisting of 617 slices was acquired 

at 18µm resolution to determine trabecular properties. The cortical ROI was analyzed in its 

entirety for cortical parameters at a threshold of 360 with sigma of 0.1, and support of 1. The 

trabecular analysis entailed selecting a 2mm-long sub-region located 0.5mm proximal to the 

growth plate and extracting the trabecular component using an automated segmentation 

algorithm [19]. Trabecular parameters were then analyzed at a threshold of 420 with sigma 

of 0.1, and support of 1.

The L5 vertebrae were scanned to acquire an ROI consisting of 412 axial slices centered at 

the midpoint of the vertebral body at18µm resolution. Cortical analyses were performed on 

1mm-high sub-regions centered in the middle of the spinous processes at a threshold of 280 

with sigma of 0.1, and support of 1. Trabecular analyses were performed on 2.5mm-long X 

0.5mm diameter cylindrical sub-regions located in the center of the vertebral bodies at a 

threshold of 285 with sigma of 0.1, and support of 1.

Statistical Analyses

All data are presented as group mean ± standard error of the mean. Significant differences 

between groups were assessed using Median Tests for the cell culture studies and Kruskal-

Wallis Tests for the animal study. For all tests, p-values less than 0.05 were considered 

significant. The analyses were performed using SPSS (Version 19, SAS Institute, Cary, NC).

Results

Peptide Identification

The algorithm was run against 279, 891 entries in Release 73 of the PIR protein sequence 

database and resulted in 123 hits for putative precursors of bioactive proteins. Subsequent 

sequence analyses of these hits using BLAST (NCBI) showed that nine corresponded to 

known precursors of pyroglutamyl peptide amide hormones and neuropeptides, validating 

the algorithm. One of the hits, a peptide with the sequence KRQWAQFKIQWNQRWGRR, 

was mapped to the intracellular C-terminal region of the human calcitonin receptor (Figure 
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1A). This region of the receptor has been shown to be its G-protein interaction site [20] and 

it is highly conserved across species (Figure 1B). Moreover, this peptide contains consensus 

sequences for processing and C-terminus amidation that result in the 12-amino acid long 

peptide, WAQFKIQWNQRW-amide (Figure 1C). We therefore had the following synthetic 

amidated peptides synthesized (GenScript USA Inc., Piscataway, NJ) for downstream 

experiments:

Human CRFP (hCRFP): pGlu-WAQFKIQWNQRW-amide

Rat CRFP (rCRFP): pGlu-WAQFKIQWSHRW-amide

Mouse CRFP (mCRFP): pGlu-WTQFKIQWSQRW-amide

Scrambled hCRFP (Scr): pGlu-WQRQKIWAFQNW-amide

CRFP localization

Confocal imaging of hMSCs incubated with FITC-Ab (used as a negative control) and 

FITC-CRFP was performed to identify the sub-cellular location of CRFP binding. Imaging 

was performed on clusters of cells as seen in the DAPI channel images (Figure 2AD). FITC 

imaging showed no signal using the FITC-Ab negative controls (Figure 2B). In contrast, 

FITC-CRFP cells showed distinct local regions of labeling (Figure 2E). Overlaying the 

DAPI, FITC, and brightfield images revealed that the FITC labeling was localized to the cell 

membrane of the cells in a discrete punctate manner (Figure 2F).

In Vitro Effects of CRFP on Stem Cell Proliferation and Osteogenic Differentiation

The native calcitonin receptor is highly expressed on osteoclasts and is actively shuttled to 

and from the cell surface [21]. Moreover, it has a number of cleavage sites that suggest an 

endogenous form of CRFP may exist and be involved in paracrine signaling.

We therefore exposed hMSC to hCRFP and assessed its effects on their proliferation and 

osteoblastic differentiation.

The overall effect of hCRFP on stem cell proliferation was modest enhancement at the 

highest concentration (Figure 3A). Specifically, treatment with the dose of 10µM increased 

proliferation on day 7 by ∼20% as compared to both scrambled control and lower 

concentrations of hCRFP.

The effects of hCRFP on osteoblastic differentiation of hMSC were similar to those seen for 

proliferation with increased mineralization visually apparent for all dose groups as compared 

to scrambled control at both time-points (Figure 3B). As expected, the effects of hCRFP on 

mineralization were most pronounced at day 12 where intense Alizarin staining is seen 

throughout the 1µM and 5µM hCRFP treated wells. In addition, early stimulatory effects of 

hCRFP can be seen on day 8, with all treated wells demonstrating more widespread staining 

than is seen the scrambled control. Elution of the bound dye allowed us to quantify these 

differences with 5µM and 10µM hCRFP showing an early stimulatory effect on 

differentiation characterized by increases of 72% and 105%, respectively, on day 8 in 

comparison to scrambled control (Figure 3C). On day 12 significant increases of 68% and 
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145% were seen for 1µM and 5µM hCRFP as compared to scrambled with significantly 

more dye also eluted from the 5µM hCRFP wells than those from 1µM hCRFP.

In Vitro effects of CRFP on Rat Chondrocyte Proliferation

Prior to conducting an ovariectomized rat study to assess the ability of CRFP to treat 

osteoporosis in vivo, a series of proliferation studies was performed on rat derived RCJ cells 

to optimize the CRFP isoform and dose. The dose response study was performed using 

rCRFP and demonstrated that both 5µM and 10µM doses were effective in increasing 

proliferation (Figure 4A). Specifically, 5µM rCRFP increased RCJ proliferation by 18% and 

33% compared to 0µM and 1µM, respectively, on day 1, and by 81% and 26% compared to 

0µM and 1µM, respectively, on day 3. Similarly, 10µM rCRFP increased proliferation by 

38% compared to 1µM on day 1, 15% compared to 1µM on day 2, and 75% compared to 

0µM on day 3. In contrast, 1µM only was effective on day 3 where a 44% increase was seen. 

With no differences seen between 5µM and 10µM rCRFP, 10µM rCRFP enhancing 

proliferation at all three time-points, and higher levels of proliferation seen for 10µM rCRFP 

at days 1 and 2, 10µM was selected as the best dose to conduct the species specificity 

experiments.

As expected, 10µM rCRFP enhanced RCJ proliferation with an increase of 26% compared 

to 0µM seen on day 2 (Figure 4B). In addition, 10µM mCRFP also stimulated proliferation 

with increases of 26% and 42% relative to 0µM seen on days 2 and 3, respectively. In 

contrast, 10µM hCRFP had a significant negative effect of proliferation, relative to 0µM, on 

day 1 and was indistinguishable from 0µM on days 2 and 3.

CRFP is Well Tolerated In Vivo

An OVX rat study was performed to determine if systemic treatment with CRFP is able to 

arrest or reverse losses in bone quantity and quality associated with osteoporosis. The in 

vitro results suggested that using either the mouse or rat CRFP isoform would lead to similar 

results. However, as it is possible that the murine isoform could induce an immunogenic 

response due to its two different amino acids, the rat isoform was utilized for these studies. 

The RCJ dose response experiment suggested that cellular exposure of 5µM to 10µM would 

be optimal. In order to attain that level of exposure at the bone we decided to treat the 

animals with a dose 50% higher than the upper range, to compensate for degradation and 

bioavailability, resulting in the selection of a 15µM dose for this study. All of the animals 

survived for the duration of the study and tolerated the treatments with no apparent distress 

or adverse effects. In addition, no pathology or gross differences between groups were seen 

at necropsy.

CRFP Mitigates OVX-Induced Deterioration of Skeletal Microstructure

Skeletal microstructure was assessed by microCT at cortical and trabecular regions from 

both femora and vertebra. Femora were selected as representative bones from the 

appendicular skeleton and were analyzed for cortical properties at the mid-diaphysis and 

trabecular properties at the distal metaphysis (Figure 5A). L5 vertebra were used to assess 

the axial skeleton with cortical analyses performed at center of the transverse process and 

trabecular analyses performed in the middle of the vertebral bodies (Figure 5B). No 
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differences between groups were visually apparent for the cortical ROI (data not shown). 

However, dramatic reductions in trabecular bone were seen in the OVX groups, particularly 

in the distal femoral ROI (Figure 6).

Quantification of this ROI confirmed these observations with OVX 0 rats demonstrating 

decreases of 55% in distal femoral bone volume fraction (BVF), 42% in connectivity density 

(ConnD), and 18% in trabecular thickness (TbTh) as compared to Intact 0 animals (Table 1). 

In addition, the structural model index (SMI) increased by 42% in OVX 0 rats, indicating 

that their trabeculae were more ‘rod-like’ and less structurally sound. Similarly BVF, 

ConnD, and TbTh in OVX 0 decreased in comparison to Intact 15, concomitant with an 

increase in SMI. In contrast, distal femoral trabeculae from OVX 15 rats were did not differ 

from Intact 0 or Intact 15 in any parameters except for TbTh where respective decreases of 

18 and 20% were seen.

Analysis of the vertebral trabecular ROI revealed fewer differences between groups. 

Notably, in comparison to Intact 0, BVF was reduced by 25% in OVX 0 but did not differ in 

OVX 15 (Table 2). However, OVX 15 did show a 13% reduction in TbTh compared to 

Intact 0. There was also a direct treatment effect with OVX 15 showing a 16% reduction in 

trabecular spacing (TbSp) compared to OVX 0.

In contrast to the numerous differences seen in trabecular bone, the sole identified difference 

in cortical parameters was a 2% reduction in vertebral bone mineral density (BMD) in OVX 

0 compared to Intact 0, with all other vertebral and femoral comparisons showing no 

differences between groups (Table 2).

Discussion

We developed an algorithm to identify novel bioactive peptides and used it to query a large 

protein database in an effort to identify new therapeutics for treating osteoporosis and 

osteoporosis related fractures. This lead to the discovery of a 12 AA-long, pyroglutamyl 

amidated peptide that we named calcitonin receptor fragment peptide (CRFP) due to its 

sequence homology with the c-terminal domain of the calcitonin receptor (CTR). Within the 

skeletal system, CTR expression was first identified on osteoclasts where its activation by 

calcitonin binding leads to G-protein mediated inhibition of osteoclast activity [22]. This 

understanding led to the development and approval of intranasal and subcutaneous 

formulations of salmon calcitonin for the treatment of osteoporosis and other metabolic 

disorders [23]. In addition to osteoclasts, chondrocytes also express CTR and, in contrast to 

osteoclasts, respond to calcitonin stimulation by increased activity (i.e., glycosaminoglycan 

synthesis) and proliferation [23]. As calcitonin signaling has differential effects on skeletal 

cells and because CRFP overlaps with the G-protein binding site of CTR, we hypothesized 

that CRFP would be skeletally bioactive. To test this hypothesis, a series of in vitro and in 

vivo studies was conducted to characterize the skeletal effects of CRFP and assess its 

potential as a new therapeutic to treat osteoporosis.

In vitro experiments using hMSCs revealed that hCRFP may interact with a membrane 

target molecule and had a dose dependent effect on both cell proliferation and 

Komatsu et al. Page 9

Calcif Tissue Int. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differentiation, with the highest levels of stimulation seen for concentrations of 5 and 10µM. 

A number of other synthetic peptides based on known osteogenic proteins such as BMP-2 

[24], bone sialoprotein [25], Dkk-1 [26], and histone H4 [27] have also been shown to be 

effective in stimulating osteogenic differentiation and/or proliferation in hMSC. However, 

all of these peptides were derived from molecules known to play a role in osteogenesis. In 

contrast, the sequence of CFRP corresponds with a well-known constituent of a skeletally 

catabolic pathway. This suggests that either CTR exerts previously unknown anabolic 

effects or that the activity of CRFP is independent of CTR. In either case, the identification 

of this peptide has uncovered a novel osteogenic protein or pathway. Our results show that 

CRFP localized to discrete regions on the cell membrane and experiments are currently 

underway to elucidating precisely how CRFP acts at this location, in association with which 

other proteins, and on what range of cellular phenotypes.

In addition to further understanding the site and mechanism of CRFP activity, its species 

specificity also requires additional consideration. Despite there being only two AA 

substitutions between rCRFP and hCRFP or mCRFP, hCRFP had no discernible effects on 

the proliferation of rat derived RCJ cells. In contrast, both mCRFP and rCRFP had promoted 

the proliferation of RCJ cells to a similar degree. These observations indicate a need to 

maintain some degree of concordance between CRFP isoforms and experimental species in 

future experiments. Interestingly, the homology between both rat and human CRFP isoforms 

and rat and mouse CRFP isoforms is 83.3%. However, the substitutions in the mouse 

isoform are in two discrete locations whereas they are adjacent in the human isoform. This 

likely induces a conformational change in the human isoform that either prevents it from 

entering rat cells or inhibits its binding to target molecules thereby negating its activity. 

Based on these results and interpretations, we believed the in vivo OVX rat study warranted 

use of the rat CRFP isoform.

After electing to utilize the rat CRFP isoform for the in vivo experiments, the question of 

what dosage was considered. With no available in vivo data regarding pharmacokinetics or 

biodistribution this decision was made based on the in vitro studies. Optimum effects on 

proliferation and differentiation were seen for concentrations from 5–10µM. We therefore 

selected a dose of 15µM (50% higher than the high end) under the assumption that IP 

delivery would result in skeletal bioavailability 2–3 times lower than the injected dose. 

These decisions appeared prudent as several significant effects were seen in the in vivo 

study.

Specifically, the in vivo study revealed two key results: 1) Administration of rCRFP 

mitigates the detrimental effects of ovariectomy on the rat skeleton; and 2) Administration 

of rCRFP does not increase osteogenesis beyond the levels seen in normal (ovary intact) rat 

bone. These data suggest that in this model CRFP is acting by inhibiting bone resorption. 

However, analysis of serum C-terminal telopeptide (CTX) levels showed no differences 

between groups (data not shown). This argues that CRFP may stimulate bone formation 

solely in the context of ovariectomy, or that the effects of CRFP on osteoclasts are too subtle 

to be assessed by biomarker analyses. While the exact mechanism of CFRP action remains 

unknown, its observed osteoprotective effects are similar to those reported for calcitonin 

[28], indicating that CRFP may antagonize CTR in a similar manner. It is also possible that, 
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consistent with the in vitro data, CRFP exerts its activity through increased bone formation. 

This could occur via enhanced differentiation of bone marrow MSCs into active osteoblasts 

or by stimulation of existing osteoblasts to increase osteoid production. As these 

experiments were not explicitly designed to assess these possibilities, the precise mechanism 

by which CRFP protects the mammalian skeleton from ovariectomy-induced osteopenia 

remains to be determined.

As expected, the effects of ovariectomy were most apparent in the trabecular compartment, 

and in particular the distal femur. MicroCT analyses also revealed significant trabecular and 

cortical bone losses in the vertebral bodies. This is consistent with prior studies conducted in 

ovariectomized rats [29,30] as well as with clinical reports on the effects of menopause 

[31,32]. As such, it is not surprising that the distal femur and vertebral bodies are the sites at 

which we noted the greatest efficacy for CRFP in reducing OVX-induced bone loss.

Collectively, the results of these experiments demonstrate that CRFP promotes the 

proliferation and osteogenic differentiation of hMSC and is protective against ovariectomy-

induced osteopenia in rats. However, several key questions remain unresolved. The first is 

the mechanism of action. As previously mentioned, there are many possible cell types, sub-

cellular locations, and interacting proteins responsible for the effects of CRFP. Moreover, it 

may be that several signaling pathways are in fact affected by CRFP. The second major 

issue is determination of the optimal CRFP dosing regimen. Many assumptions were made 

in selecting the dose for the in vivo study and it is fortunate that the selected dose was able to 

demonstrate significant efficacy. However, optimal dosing may result in greater efficacy in 

preventing the development of osteopenia and perhaps even show anabolic activity and with 

it, the ability to treat osteoporotic fractures.

The need for effective treatments for osteoporosis and its related fractures remains large. 

Moreover, with only a single approved skeletally anabolic agent, there is even greater 

necessity for new classes of anabolic therapeutics. The identification and characterization of 

CRFP has shown it to be effective against OVX-induced osteopenia in vivo and potentially 

anabolic in vitro. Thus, this peptide represents a potentially new therapeutic approach to the 

development of novel treatments for osteoporosis and other disorders of bone quality.
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Fig 1. Calcitonin Receptor Fragment Peptide (CRFP)
A) Schematic representation of the human calcitonin receptor, a 7 pass transmembrane G-

protein coupled receptor, with the 18 AA-long CRFP sequence from the intracellular C-

terminal region shown in bold. B) Peptide sequences of the human, rat, and mouse CRFP 

homologues. The sequences are highly conserved and deviations from the human sequence 

are indicated in bold. C) Amidation reaction required to stabilize and induce biological 

activity of CRFP, enzymes (in italics) sequentially modify the indicated residues (in bold) to 

yield the mature 12 AA-long pyroglutimated and amidated CRFP.
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Fig 2. CRFP Localization
Confocal microscopic imaging of hMSC treated with FITC-CRFP and FITC-Ab (negative 

control), counterstained with DAPI to show nuclei. A) Epifluorescence imaging of DAPI on 

control slide. B) Epifluorescence imaging of FITC on control slide. C) Overlay of DAPI, 

FITC, and brightfield images on control slide. D) Epifluorescence imaging of DAPI on 

experimental slide. E) Epifluorescence imaging of FITC on experimental slide. F) Overlay 

of DAPI, FITC, and brightfield images of experimental slide. For all images, scale bar = 

20µm.
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Fig 3. CRFP treatment has dose dependent effects on the proliferation and osteogenic 
differentiation of adult mesenchymal stem cells
A) Bar graph showing proliferation of adipose-derived hMSC in response to treatment with 

scrambled hCRFP and hCRFP at concentrations of 1, 5, and 10µM. Proliferation was 

measured on days 1, 3, 5, and 7 using an MTS assay and the results plotted as average ± 

SEM. Comparisons were made between groups at each time-point using Median Tests 

(SPSS) and considered significant for p-values < 0.05. Groups that differ are denoted with 

brackets. B) Images of hMSC stained with Alizarin to assess matrix mineralization (red), an 
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indicator of osteogenic differentiation, following 8 and 12 days of treatment with scrambled 

hCRFP and hCRFP at concentrations of 1, 5, and 10µM. C) Bar graph showing quantitative 

results of the matrix mineralization assay as determined by eluting and measuring the 

amount of bound Alizarin spectrophotometrically. Comparisons were made between groups 

at each time-point using Median Tests (SPSS) and considered significant for p-values < 

0.05. Groups that differ are denoted with brackets.

Komatsu et al. Page 17

Calcif Tissue Int. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 4. CRFP treatment has dose dependent and species specific effects on rat chondrocyte 
proliferation
A) Bar graph showing proliferation of RCJ cells in response to treatment with rCRFP at 

concentrations of 0, 1, 5, and 10µM. Proliferation was measured on days 1, 2, and 3, using 

an MTS assay and the results plotted as average ± SEM. Comparisons were made between 

groups at each time-point using Median Tests (SPSS) and considered significant for p-

values < 0.05. Groups that differ are denoted with brackets. B) Bar graph showing 

proliferation of RCJ cells in response to treatment with 0µM CRFP, as well as 10µM rCRFP, 
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mCRFP, and hCRFP. Proliferation was measured on days 1, 2, and 3, using an MTS assay 

and the results plotted as average ± SEM. Comparisons were made between groups at each 

time-point using Median Tests (SPSS) and considered significant for p-values < 0.05. 

Groups that differ are denoted with brackets.
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Fig 5. MicroCT Regions of Interest
A) Surface rendered images from a microCT scanned femur and magnified views of the 

ROIs used for quantitative analyses. The location of the midshaft cortical ROI is highlighted 

in blue and that of the distal trabecular ROI is highlighted in red. The distal ROI is shown as 

a segmented image and as the isolated trabecular ROI. B) Surface rendered images from a 

microCT scanned L5 vertebra with magnified views of the ROIs used for quantitative 

analyses. A thin axial ROI, highlighted in red, was segmented to remove the trabecular bone 

and isolate the cortical ROI. A thicker axial ROI, highlighted in blue, had a cylinder 

positioned through the vertebral body to isolate the trabecular ROI.
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Fig 6. Trabecular MicroCT images
Representative series of surface rendered microCT images of trabecular ROI from femora 

and vertebra collected from Intact and OVX rats treated with 0 and 15µM rCRFP for 5 

weeks. Trabeculae in the OVX rats appear thinner and sparser, particularly in the femoral 

images. Scale bars = 2mm.
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