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Biologic scaffolds composed of extracellular matrix (ECM) have been used successfully in preclinical models and
humans for constructive remodeling of functional, site-appropriate tissue after injury. The mechanisms under-
lying ECM-mediated constructive remodeling are not completely understood, but scaffold degradation and site-
directed recruitment of progenitor cells are thought to play critical roles. Previous studies have identified a
cryptic peptide derived from the C-terminal telopeptide of collagen IIIa that has chemotactic activity for pro-
genitor cells. The present study characterized the osteogenic activity of the same peptide in vitro and in vivo in an
adult murine model of digit amputation. The present study showed that the cryptic peptide increased calcium
deposition, alkaline phosphatase activity, and osteogenic gene expression in human perivascular stem cells
in vitro. Treatment with the cryptic peptide in a murine model of mid-second phalanx digit amputation led to the
formation of a bone nodule at the site of amputation. In addition to potential therapeutic implications for the
treatment of bone injuries and facilitation of reconstructive surgical procedures, cryptic peptides with the ability
to alter stem cell recruitment and differentiation at a site of injury may serve as powerful new tools for influ-
encing stem cell fate in the local injury microenvironment.

Introduction

Biologic scaffolds composed of extracellular matrix
(ECM) have been used to promote site-specific, functional

remodeling of tissue in both preclinical animal models1–10 and
human clinical applications.11–14 Although the mechanisms of
action of ECM scaffolds are not completely understood, rapid
proteolytic degradation of the ECM scaffold15 and subsequent
progenitor cell recruitment are thought to be important factors
underlying the constructive tissue remodeling process.16–18

After implantation of a noncrosslinked ECM scaffold at a site of
injury, a dense mononuclear infiltrate19,20 degrades the scaffold
over the course of 60–90 days.21,22 The degradation of the ECM
scaffolds results in the release of small cryptic peptides with
novel bioactivity not present in the parent ECM proteins.23,24

These cryptic fragments have been shown to possess antimi-
crobial, immunomodulatory, angiogenic and antiangiogenic,
mitogenic, and chemotactic properties, among others.24–31 Ad-
ditionally, cryptic fragments of ECM proteins have also been
shown to be able to regulate the chemotaxis of a variety of
progenitor cell populations in vitro and in vivo.18,32–35 However,
the ability of cryptic peptides to alter differentiation of pro-
genitor cells in vitro or in vivo has not been previously reported.

A specific cryptic peptide derived from the C-terminal telo-
peptide region of the collagen IIIa subunit, IAGVGGEKSGGF,
was recently isolated and shown to have potent in vitro and
in vivo chemotactic activity for multiple progenitor cells in-
cluding human perivascular stem cells (PSCs).36 The present
study shows that the same cryptic peptide can also influence
the osteogenic differentiation of human PSCs in vitro. Many
ECM-associated proteins have been implicated in osteogenic
differentiation after injury, and the expression of matrix me-
talloproteinases and subsequent ECM degradation are both
important contributors to bone remodeling.37 However, it is
not known whether the cryptic peptides released from ECM
degradation may themselves also have the ability alter bone
remodeling. Thus, the present study characterizes the osteo-
genic activity of a recently described cryptic peptide in vitro and
in vivo in an adult mammalian model of digit amputation.36

Materials and Methods

Overview of experimental design

The experimental methods were designed to address the
hypothesis that an isolated cryptic peptide, IAGVGGEKSGGF,36

alters osteogenesis in vitro and in vivo. Osteogenesis in vitro
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was assessed by measuring calcium deposition, alkaline
phosphatase activity, and RNA expression of osteogenic
markers via quantitative reverse transcriptase (RT)-polymer-
ase chain reaction (PCR). Osteogenesis was investigated in vivo
in an established adult mammalian model of digit amputa-
tion.18,38,39 The deposition of calcium was determined by his-
tologic examination as well as by injection of calcium dyes.

Peptide synthesis

A previously identified chemotactic cryptic peptide,
IAGVGGEKSGGF,36 was chemically synthesized (GenScript,
Piscataway, NJ). The peptide was reconstituted to a final
stock concentration of 10 mM in sterile filtered calcium and
magnesium free phosphate-buffered saline (PBS).

Source of cells and culture conditions

Human PSCs33 were isolated and prepared as previously
described.33,40 PSCs were cultured in high-glucose Dulbec-
co’s modified Eagle’s medium (DMEM; Invitrogen, Carls-
bad, CA) containing 20% fetal bovine serum (FBS; Thermo,
Pittsburgh, PA), 100 U/mL penicillin, and 100mg/mL strep-
tomycin (Invitrogen) at 37�C in 5% CO2. PSCs were charac-
terized by immunolabeling and flow cytometry. Human
cortical neuroepithelial stem cells (CTX) and human spinal
cord neural stem cells (SPC) were a gift from ReNeuron�.
CTX cells were cultured in DMEM:F12 supplemented with
0.03% human albumin solution, 100mg/mL human apo-
transferrin, 16.2 mg/mL putrescine DiHCl, 5mg/mL insulin,
60 ng/mL progesterone, 2 mM L-glutamine, 40 ng/mL so-
dium selenite, 10 ng/mL human basic fibroblast growth
factor, 20 ng/mL human epidermal growth factor, and
100 nM 4-hydroxytestosterone.

Flow cytometry and immunolabeling of PSCs

Cells were detached from culture flasks using pre-warmed
15 mM sodium citrate for 5 min, centrifuged at 1500 rpm for
5 min, resuspended, and filtered through a 70mm filter before
incubation with antibodies, all at a dilution of 1 mL per 1 · 107

cells/mL, for 1 h before extensive washing and resuspension
with PBS for flow cytometric analysis. Antibodies included
mouse monoclonal FITC-CD144 (clone 55-7H1, #560874),
APC-CD34 (clone 581, #560940), PE-CD146, and V450-CD45
(clone HI30, #560368) (BD Biosciences, San Diego, CA). For
immunolabeling, 1 · 105 cells were cytospun onto slides and
fixed for 30 s in ice-cold methanol. After permeablization in
0.1% TritonX and 0.1% Tween20 in PBS for 15 min, cells were
blocked in 1% bovine serum albumin diluted with 0.01%
TritonX and 0.01% Tween20 in PBS for 1 h. Cells were then
stained for 1 h with CD146 (clone P1H12) (Abcam, Cam-
bridge, MA, ab24577), smooth muscle actin (clone 1A4)
(Dako, Carpinteria, CA, M0851), or NG2 (Millipore, Billercia,
MA, AB5320), each diluted 1:200 in blocking solution. After
extensive washing in PBS, cells were then incubated with
donkey anti-rabbit IgG-Alexa Fluor 546 (Invitrogen, A10042)
and donkey anti-mouse IgG-Alexa Fluor 488 (Invitrogen,
A21202) diluted 1:400 in blocking buffer for 1 h.

In vitro osteogenic differentiation and Alizarin red stain

PSC, CTX, or SPC cells were seeded at a density of 2 · 104

cells/well in 24-well plates. After attachment, cells were

cultured in either normal culture medium or osteogenic
differentiation medium, consisting of DMEM containing 10%
FBS, 100 U/mL penicillin, 100mg/mL streptomycin, 10 mM
b-glycerophosphate (Sigma, St. Louis, MO, G9422), and
50 mg/mL ascorbic acid (Sigma, A4544). Wells were supple-
mented to a final concentration of 0, 1, 10, or 100 mM of the
cryptic peptide. At days 4, 7, 14, and 21, wells were fixed in
10% neutral buffered formalin and stained with 40 mM Ali-
zarin red at pH 4.1 (Sigma, A5533). Semiquantitative analysis
of alizarin red staining was completed as previously de-
scribed.41 Briefly, wells were stained for 20 min with 40 mM
alizarin red and then washed twice with distilled H2O. After
washing, wells were incubated in 400 mL of 10% acetic acid
until complete de-staining was achieved. Each well was then
neutralized with 160mL of 10% ammonium hydroxide. The
optical density of each sample to 405 nm wavelength light
was then read measured on a spectrophotometer.

Alkaline phosphatase staining

PSCs were seeded at a density of 2 · 104 cells/well in
24-well plates. At day 7 postculture in either normal growth
medium or osteogenic differentiation medium supplemented
with 0, 1, 10, or 100mM of peptide, cells were fixed for 2 min
in 10% neutral buffered formalin. A subset of wells were
incubated in an alkaline phosphatase substrate (Vector Labs,
Burlingame, CA, SK-5100) and imaged. Semiquantitative
analysis of alkaline phosphatase activity was completed by
incubating the second subset of wells in 0.5 mg/mL p-
nitrophenyl phosphate (Thermo, #37620) for 30 min at 37�C
in the dark before measuring the optical density of each
sample to 405 nm light using a spectrophotometer.

Adipogenic differentiation

PSCs were seeded in wells at a density of 2 · 104 cells/well
in 24-well plates. After cell attachment, cells were cultured in
normal culture medium or adipogenic differentiation me-
dium (Hyclone, Pittsburgh, PA, SH30886.02). Cells were
fixed at days 7 and 14 in 10% neutral buffered formalin be-
fore staining with 0.5% Oil Red O solution (Alfa Aeasar,
Ward Hill, MA) in 3:2 isopropanol:distilled H2O for 30 min.
After washing twice with distilled H2O. Semiquantitative
analysis of Oil Red O staining was completed as previously
described.42 Briefly, wells were de-stained in 100% iso-
propanol for 30 min. Aliquots of each well were then read on
a spectrophotometer for absorbance at 490 nm wavelength.

PCR studies

After culture of PSCs in culture medium or osteogenic
medium supplemented with either 0 or 100 mM peptide, cells
were cultured for 4, 7, or 14 days. Cells were then incubated
in Trizol solution (Invitrogen, 11596-018) for 15 min at room
temperature. RNA was extracted from Trizol solutions using
phenol-chloroform extraction, and RNA was converted to
cDNA using DNA Superscript Assay (Invitrogen, 18080).
Real-time quantitative PCR was then conducted using SYBR
green dye (Applied Biosystems, Carlsbad, CA, 4385614) on a
BioRad iCycler iQ5 PCR machine. After initial denaturation
at 95�C for 3 min, PCR was run for 45 cycles, with each cycle
consisting of: (1) melting at 95�C for 10 s, (2) annealing for
30 s, and (3) extension at 72�C for 30 s. PCR was carried out
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for osteogenic, chondrogenic, adipogenic, and housekeeping
genes (Table 1). The annealing temperature for Col1, SPP1,
LPL, and 1HAT was 60�C, and the annealing temperature for
ABCB1 and Runx2 was 62�C. A housekeeping gene control,
23s, was run simultaneously for each gene marker at each
annealing temperature.

Animal model of digit amputation

All methods were approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh and
performed in compliance with NIH Guidelines for the Care
and Use of Laboratory Animals. Mid-second phalanx digit
amputation of the third digit on each hindfoot in adult 6–8-
week-old C57/BL6 mice ( Jackson Laboratories, Bar Harbor,
ME) was completed as previously described.18 After ampu-
tation, digits were either treated with a subcutaneous injec-
tion of 15mL of 10 mM peptide (150 mg peptide), or the same
volume of PBS as a carrier control (n = 4 for each group). The
volume and concentration of the peptide were chosen to be
consistent with previous studies utilizing similar treatments

in the same model of injury.18,36 Treatments were adminis-
tered at 0, 24, and 96 h postsurgery. Animals were sacrificed
via cervical dislocation under deep isoflurane anesthesia
(5%–6%) at days 7, 14, 18, or 28 postsurgery. Digits were
fixed in 10% neutral buffered formalin, decalcified for 2
weeks in 10% formic acid, and then sectioned at 5 mm
thickness on to slides for further staining. Slides were either
stained with Masson’s trichrome stain or Alcian blue stain.

Histomorphometric analysis of bone growth

As per guidelines of the American Society for Bone and
Mineral Research, histomorphometric analysis of Masson’s
trichrome stained histologic sections of amputated digits was
completed by measurement of the total bone callous area on
each section.43,44 Measurements of area were made using
ImageJ (NIH) by a user blinded to the treatment group.

Calcium dye studies and optical clearance of tissue

Analysis of in vivo calcium deposition was adapted from
previous studies.45,46 Three days before digit amputation,

Table 1. Polymerase Chain Reaction Primers and Accession Numbers Used

for Reverse Transcriptase-Quantitative Polymerase Chain Reaction

Marker Forward (5¢–3¢) Reverse (5¢–3¢) Accession number Size (bp)

SPP1 CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT NM_000582 230
Col1 ATGGATTCCAGTTCGAGTATGGC CATCGACAGTGACGCTGTAGG NM_000088 246
1HAT AACTGCTTTTGGTTACAAGGGT GAAGTAAGGTTCCGAATGGCTT NM_003642 239
ABCB1 GGGAGCTTAACACCCGACTTA GCCAAAATCACAAGGGTTAGCTT NM_000927 154
Runx2 AGATGATGACACTGCCACCTCTG GGGATGAAATGCTTGGGAACTGC NM_001024630 125
LPL AGGAGCATTACCCAGTGTCC GGCTGTATCCCAAGAGATGGA NM_000237 126
23s GCACAGCCCTAAAGGCCAACCC TCACCAACAGCATGACCTTTGCG NM_001025 243

FIG. 1. Perivascular stem
cells express mesenchymal
stem cell markers. Human
perivascular stem cells were
characterized by flow cytom-
etry and immunostaining to
confirm their phenotype as
perivascular stem cells. As
previously described,33 peri-
vascular stem cells did not
express CD144, CD34, or
CD45. They did express
perivascular stem cell mark-
ers CD146, NG2, and smooth
muscle actin.33 Color images
available online at www
.liebertonline.com/tea
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mice were injected intraperitoneal (IP) with 3.5 mg/kg green
calcein dye (Invitrogen, C481). Mice then were subjected to
digit amputation and treatment. One day before harvest,
mice were injected IP with 50 mg/kg alizarin red calcium
dye (Sigma, A5533). Animals were sacrificed on day 14
postamputation via cervical dislocation under deep iso-
flurane anesthesia (5%–6%). Isolated digits were then fixed in
4% paraformaldehyde before serial dehydration in 25%, 50%,
75%, 95%, and 100% acetone. After dehydration, fixed digits
were then incubated in Dent’s fixative (1:4 dimethyl sulfox-
ide [DMSO]:acetone) for 2 h. Then, the digits were permea-
blized and bleached overnight in Dent’s bleach (1:4:1
DMSO:acetone:H2O2). Digits were then equilibrated to a
clearing solution consisting of 1:2 benzyl alcohol (Sigma,
402834) to benzyl benzoate (Sigma, B6630) (BABB) by serial
1 h incubations in 1:3, 1:1, and 3:1 solutions of BABB:Dent’s
fixative. Digits were then kept in 100% BABB until they were
visibly optically cleared. Optically cleared digits were then
imaged using a Nikon E600 epifluorescence microscope at
100 · magnification, and images were taken with a Nuance
camera. Images were deconvolved with known spectra for
alizarin red and calcein dye to identify new versus old de-
positions of calcium.

Results

Characterization of PSCs

Human PSCs were cultured through passages 11–14. To
confirm that the cells had not changed in culture, the ex-
pression of various markers of PSCs was investigated via
flow cytometry. PSCs expressed mesenchymal stem cell
(MSC) markers CD146, NG2, and smooth muscle actin.
However, they did not express endothelial cell marker,
CD144. Additionally, as previously described,33,35 PSCs did
not express markers of blood lineage, CD34 and CD45. PSCs
remained CD146 + , NG2 + , sm-actin + , CD144 - , CD34 - ,
CD45 - through culture of passages 11–14 in vitro (Fig. 1).

Peptide accelerates osteogenesis in vitro

After culture of PSCs in either normal growth medium or
osteogenic differentiation medium supplemented with 0,
1, 10, or 100mM peptide, calcium deposition by the cells
was measured by Alizarin red staining. There was a dose-
dependent increase in Alizarin red staining at days 7 and 14
post-treatment (Fig. 2). By day 21 post-treatment, no signif-
icant difference in Alizarin red staining was observed

FIG. 2. Cryptic peptide accelerates osteogenesis of perivascular stem cells. Human perivascular stem cells were cultured in
either normal culture medium or osteogenic differentiation medium. After supplementation of medium with 0, 1, 10, or
100 mM of the isolated cryptic peptide, osteogenic differentiation was determined by Alizarin red stain of the cells. At 7 and
14 days postdifferentiation, the isolated cryptic peptide accelerated osteogenesis of perivascular stem cells. *p < 0.05, **p < 0.01
as compared to the 0mM osteogenic differentiation group. Error bars represent mean – standard error of the mean (SEM) of
experiments in triplicate (n = 3). NS, not significant. Color images available online at www.liebertonline.com/tea
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between treatment groups. Culture of PSCs in normal
growth medium supplemented with 0, 1, 10, or 100mM
peptide did not result in any changes in Alizarin red staining
at any time point (Fig. 2), suggesting that the isolated cryptic
peptide accelerates osteogenesis only in conditions of oste-
ogenic differentiation. Concomitant with increased calcium
deposition, a dose-dependent increase in alkaline phospha-
tase activity was observed on day 7 post-treatment with
peptide in conditions of osteogenic differentiation (Fig. 3).

To determine whether the peptide promotes osteogenesis in
stem cells not known to show osteogenic differentiation po-
tential, human cortical neuroepithelial stem cells (CTX) and
spinal cord neural stem cells (SPC) were cultured in normal
growth medium or osteogenic differentiation medium sup-
plemented with 0, 1, 10, or 100mM peptide. PSCs cultured in
osteogenic differentiation medium with no supplement were

used as a positive control. At day 7 post-treatment, peptide
treatment in normal growth medium or osteogenic differen-
tiation medium did not result in calcium deposition and Ali-
zarin red staining of CTX and SPC cells (Fig. 4).

To confirm that the observed in vitro calcium deposition
was due to true osteogenesis and not secondary to necrotic
ossification from overgrowth of cells, the ability of the pep-
tide to induce proliferation in PSCs was assessed. Although
unfractionated ECM degradation products induced mito-
genesis of PSCs, consistent with previous studies,35 no
change in PSC proliferation was observed in response to
treatment with the cryptic peptide (Fig. 5). Because no dif-
ferences were noted in cell number between peptide-treated
groups and negative controls, the calcium deposition ob-
served in response to peptide treatment cannot be secondary
to selective overgrowth in peptide-treated groups.

FIG. 3. Cryptic peptide in-
creases alkaline phosphatase
activity. Human perivascular
stem cells were cultured in
either culture medium or
osteogenic differentiation
medium. After supplementa-
tion of medium with 0, 1, 10,
or 100 mM of the isolated
cryptic peptide, alkaline
phosphatase activity was
measured by p-Nitrophenyl
phosphate substrate reaction
and staining. At 7 days post-
differentiation and treatment,
the isolated cryptic peptide
resulted in increased alkaline
phosphatase activity.
**p < 0.01 as compared to the
0 mM osteogenic differentia-
tion group. Error bars repre-
sent mean – SEM of
experiments in triplicate
(n = 3). Color images available
online at www.liebertonline
.com/tea
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Peptide does not alter adipogenesis in vitro

To determine whether the peptide alters the differentiation
of PSCs along other mesenchymal lineages in addition to
osteogenesis, PSCs were cultured in normal growth medium

or adipogenic differentiation medium supplemented with 0,
1, 10, or 100 mM peptide. Although an increase in Oil Red O
staining was noted in conditions of adipogenic differentia-
tion at days 7 and 14 post-treatment, peptide treatment did
not alter the rate of adipogenesis (Fig. 6).

Peptide promotes expression of osteogenic
and chondrogenic markers in human PSCs

To determine the specificity of cryptic peptide-mediated
differentiation for osteogenesis, changes in mRNA expres-
sion of osteogenic, adipogenic, and chondrogenic genes
were determined after culture of PSCs in either normal
growth medium, growth medium supplemented with
100 mM cryptic peptide, osteogenic differentiation medium
alone, or osteogenic medium supplemented with 100 mM
cryptic peptide. At 4 days postculture, peptide treatment
did not significantly change the expression of osteogenic
genes Collagen I, Runx2, or Osteopontin (SPP1). However,
supplementation of the peptide in osteogenic medium re-
sulted in a significant increase in Collagen I and Osteo-
pontin expression in PSCs (Fig. 7). Peptide treatment alone
also resulted in a significant increase in the expression of
the chondrogenic gene, ABCB1, and peptide supplemen-
tation of osteogenic medium resulted in a significant in-
crease in expression of both chondrogenic genes, ABCB1
and 1HAT (Fig. 7). No mRNA expression of lipoprotein
lipase, a marker of adipogenesis, was observed through
45 cycles of RT-qPCR.

FIG. 4. Cryptic peptide does not promote osteogenic differentiation in non-osteogenic stem cells. To determine whether the
isolated cryptic peptide promotes osteogenic differentiation of nonmesenchymal stem cells, human cortical neuroepithelial
stem cells and human spinal cord neural stem cells were cultured in normal culture medium or osteogenic differentiation
medium in the presence of 0, 1, 10, or 100mM of the isolated cryptic peptide. The isolated peptide did not promote osteogenic
differentiation of the neural stem cells. Error bars represent mean – SEM of experiments in triplicate (n = 3). Color images
available online at www.liebertonline.com/tea

FIG. 5. Cryptic peptide does not alter proliferation of peri-
vascular stem cells. To determine whether the peptide induced
osteogenesis by increasing proliferation of cells, perivascular
stem cells were supplemented in normal growth medium
supplemented with 0, 1, 10, or 100mM peptide, or 100mg/mL of
unfractionated cryptic peptides as a positive control.35 Over the
course of 12 days, no change in cell number was observed after
culture in any concentration of cryptic peptide. *p < 0.05 as
compared to normal growth medium at each time point. Error
bars represent mean – SEM of experiments in triplicate (n = 3).
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Peptide promotes bone formation in vivo

To determine whether the peptide treatment can promote
bone formation in vivo, a previous established model of murine
digit amputation was utilized.18,38,39 After mid-second phalanx
amputation and treatment with the cryptic peptide, Masson’s
trichrome staining of histologic sections at day 14 postampu-
tation showed the presence of a bone-like nodule just lateral to
the amputated P2 bone that was not present in PBS or un-
treated amputated digits (Fig. 8A). Differential calcium dye
stains were utilized as previously described45,46 to determine
whether there was new calcium deposition at the site of am-
putation after peptide treatment. After initial injection with a
green calcein dye to label all bones green, mice were subjected
to mid-second phalanx amputation and treatment. On day 14
postamputation, mice were injected with a second dye, Ali-
zarin red, to label all new deposited calcium red. After peptide
treatment, more new calcium deposition was noted in the
amputated P2 bone (Fig. 8A). Additionally, Alcian blue and
Masson’s trichrome staining showed that the bone-like nodule
progressed from a glycosaminoglycan-rich structure with at
day 14 postamputation toward a collagenous nodule devoid of

glycosaminoglycans at day 28 postamputation, suggesting
endochondral ossification as the primary mechanism of os-
teogenesis in vivo (Fig. 8B).

Previous work has shown that Sox2 + , Sca1 + , Lin - cells are
recruited to a site of digit amputation after digit amputation
and treatment with the isolated cryptic peptide.36 To determine
whether Sox2 + cells may contribute to bone formation, a time
course analysis of Sox2 + cell accumulation and simultaneous
bone nodule formation was completed. Sox2 + cell accumu-
lation peaked at day 7 postamputation, and then steadily
decreased over 14–28 days postamputation. Conversely, his-
tomorphometric analysis of the bone nodule formation showed
that the bone nodule formation steadily increased in size over
14–28 days postamputation as the number of Sox2 + cells de-
creased (Fig. 9). These findings suggest a role for the Sox2 +
cells in bone nodule formation, consistent with previous
studies showing the importance of Sox2 in osteogenesis.47,48

Discussion

The present study identified a novel property of a cryptic
peptide previously shown to possess chemotactic activity for

FIG. 6. Cryptic peptide does not alter adipogenesis of perivascular stem cells. Human perivascular stem cells were cultured
in either culture medium or adipogenic differentiation medium. After supplementation of medium with 0, 1, 10, or 100mM of
the isolated cryptic peptide, differentiation was determined by Oil Red O stain. No differences were noted between treatment
groups at any time point. Error bars represent mean – SEM of experiments in triplicate (n = 3). Color images available online at
www.liebertonline.com/tea
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progenitor cells.36 In the present study, the same cryptic
peptide accelerated osteogenic differentiation of human
PSCs. Treatment with the cryptic peptide at a site of digit
amputation in vivo resulted in the formation of calcified
bone at the site of amputation. An increasing body of lit-
erature has begun to recognize the importance of cryptic
fragments of proteins that contain novel activity not asso-
ciated with their parent molecules. Collectively referred to
as the ‘‘cryptome,’’23,24,49–53 various peptides have been
identified to show bioactive properties including antimicro-
bial, pro- and anti-angiogenic, chemotactic, and mitogenic
activity.24–31 The present study shows that such cryptic pep-
tides may also be able to affect the differentiation of stem cells.
Since stem cell are known to home to sites of inflammation
and participate in the injury response, the release of cryptic
peptides with the ability to alter stem cell differentiation at the
site of injury may be a conserved, desirable response to pro-
mote tissue reconstruction after injury.

The cryptic peptide used in the present study is derived
from the C-terminal telopeptide of collagen III, a region
known to be enzymatically cleaved and released into the
circulation after soft tissue injury.54–56 However, most trau-
ma does not lead to spontaneous bone formation at the site
of injury secondary to the release of cryptic peptides such as
the one identified in the present study. After an injury, there
are likely thousands of peptides released from wound sites,
and the cryptic peptide in the present study would only be
one of many peptides that exert an overall net effect upon
differentiation of local stem cells. It is likely that cryptic
peptides exist that could not only promote differentiation of
stem cells, as shown in the present study, but also inhibit
differentiation.57 The present study investigated the activity
of a single cryptic peptide by injecting supra-physiologic
concentrations in vivo, many orders of magnitude greater

than the concentrations of other cryptic peptides that would
be expected to be released from a site of digit amputation.

Second, the findings of the present study show that the
cryptic peptide depends on an osteogenic microenvironment
to promote osteogenesis in vitro and in vivo. The dependence
of the cryptic peptide’s osteogenic activity upon the micro-
environment is an interesting property with potential ther-
apeutic implications. There are many well-known osteogenic
growth factors such as bone morphogenetic protein that
have been used with varying degrees of success to induce
and/or promote bone growth in vivo.58,59 However, in many
cases, these growth factors have other side effects, including
heterotopic ossification at sites where osteogenesis is not
desired.60 The cryptic peptide in the present study only en-
hanced osteogenesis of PSCs in vitro when cultured in the
presence of osteogenic differentiation medium. Additionally,
peptide treatment only resulted in the formation of a bone
nodule lateral to the amputated bone at the site of amputa-
tion, that is, an active site of periosteal injury/inflammation.
Bone injury in vivo locally activates pathways of bone de-
position and osteogenesis.61 Further, injury to the periosteum
that surrounds the bone activates latent MSCs within the
periosteum62 to promote osteogenesis.63 The present study
found bone nodule formation in vivo only lateral to the bone,
consistent with a location where activated periosteal MSCs
would likely promote osteogenesis.

The microenvironmental niche at a site of injury is a
complex, important determinant of a host response to inju-
ry.64 Previous studies have extensively examined the role of
the microenvironmental niche in controlling stem cell adhe-
sion, migration, and differentiation.65 In addition to cues
from nearby cells66 and biophysical cues from the environ-
ment,67 extracellular cues are thought to regulate stem cell
behavior in an injury microenvironment.68–71 While the

FIG. 7. Cryptic peptide in-
creases expression of osteo-
genic and chondrogenic
genes in vitro. To determine
whether the cryptic peptide
accelerates osteogenesis by
increasing mRNA expression
of osteogenic genes, perivas-
cular stem cells were cultured
for 4 days in normal growth
medium or osteogenic me-
dium unsupplemented or
supplemented with 100 mM
cryptic peptide. Osteogenic
medium supplemented with
peptide resulted in a signifi-
cant increase in Collagen I,
Osteopontin (SPP1), 1HAT,
and ABCB1 expression. No
expression of LPL was
observed over 45 cycles of
reverse transcriptase-
quantitative polymerase
chain reaction. *p < 0.05 as
compared to normal growth
medium for each gene. Error
bars represent mean – SEM of
six experiments (n = 6).
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present study shows a novel property of cryptic peptides
that may contribute to the regulation of stem cell behavior
at a site of injury, it also shows that the microenvironment
itself plays a reciprocal role in altering the activity of cryptic
peptides. In the absence of osteogenic differentiation condi-
tions, the cryptic peptide utilized in the present study shows
no osteogenic activity. Additionally, the peptide only in-
duced bone formation at a site of amputation in vivo. It is
possible that a costimulatory growth factor or molecule is
present in an osteogenic microenvironment that is necessary
for the peptide’s mode of action. It is also possible that the
cryptic peptide activates a signaling pathway that acts in

synergy with existing activated osteogenic signaling path-
ways to enhance osteogenesis. An attractive target of action
of the cryptic peptide in the present study is via modulation
of integrin signaling pathways.72–74 Integrins are important
in both osteogenesis75 and stem cell chemotaxis,76 both
properties of the cryptic peptide in the present study. Future
studies will further investigate these mechanisms.

In summary, the present study identified a novel property
of a cryptic peptide derived from C-terminal telopeptide
region of the collagen IIIa molecule. The cryptic peptide se-
lectively enhanced osteogenesis in vitro and in vivo only at a
site of injury in a mouse model of digit amputation. While

FIG. 8. Cryptic peptide
promotes bone deposition in
an adult mammalian model
of digit amputation. To de-
termine whether the isolated
cryptic peptide promotes os-
teogenesis in vivo, adult C57/
BL6 mice were subjected to
mid-second phalanx ampu-
tation and either left un-
treated, treated with
phosphate-buffered saline
(PBS) carrier control, or trea-
ted with the isolated cryptic
peptide. (A) At day 14 post-
amputation, histologic analy-
sis revealed a bone-like
nodule present at the site of
amputation in the peptide
treated group. Differential
calcium dye injections
showed that peptide treat-
ment increases calcium de-
position at the site of
amputation. (B) Alcian blue
stain showed that the bone
nodule stained positive for
glycosaminoglycans at early
time points, suggesting that
the nodule underwent endo-
chondral ossification. Images
are representative of n = 4
animals in each treatment
group. Color images avail-
able online at www
.liebertonline.com/tea
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further work is necessary to identify the mechanisms of action
of the cryptic peptide, the identification of cryptic peptides
capable of altering stem cell differentiation is a novel property
not previously attributed to cryptic peptides. In addition to
potential therapeutic implications for the treatment of bone
injuries and chronic diseases, cryptic peptides with the ability
to alter stem cell recruitment and differentiation at a site of
injury may serve as powerful new tools for influencing stem
cell fate in the local microenvironmental niche.
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