
Partial Characterization of the Sox2 + Cell Population
in an Adult Murine Model of Digit Amputation

Vineet Agrawal, Ph.D.,1,2 Bernard F. Siu, B.S.E.,1,3,* Hsu Chao, Ph.D.,4,* Karen K. Hirschi, Ph.D.,4

Eric Raborn, B.S.E.,4 Scott A. Johnson, M.S.,1,5 Stephen Tottey, Ph.D.,1,5 Katherine B. Hurley, B.S.,1

Chris J. Medberry, B.S.,1,3 and Stephen F. Badylak, D.V.M., M.D., Ph.D.1,3,5

Tissue regeneration in response to injury in adult mammals is generally limited to select tissues. Nonmammalian
species such as newts and axolotls undergo regeneration of complex tissues such as limbs and digits via recruitment
and accumulation of local and circulating multipotent progenitors preprogrammed to recapitulate the missing
tissue. Directed recruitment and activation of progenitor cells at a site of injury in adult mammals may alter the
default wound-healing response from scar tissue toward regeneration. Bioactive molecules derived from proteolytic
degradation of extracellular matrix (ECM) proteins have been shown to recruit a variety of progenitor cells in vitro
and in vivo to the site of injury. The present study further characterized the population of cells accumulating at the site
of injury after treatment with ECM degradation products in a well-established model of murine digit amputation.
After a mid-second phalanx digit amputation in 6–8-week-old adult mice, treatment with ECM degradation
products resulted in the accumulation of a heterogeneous population of cells, a subset of which expressed the
transcription factor Sox2, a marker of pluripotent and adult progenitor cells. Sox2 + cells were localized lateral to the
amputated P2 bone and coexpressed progenitor cell markers CD90 and Sca1. Transgenic Sox2 eGFP/ + and bone
marrow chimeric mice showed that the bone marrow and blood circulation did not contribute to the Sox2 + cell
population. The present study showed that, in addition to circulating progenitor cells, resident tissue-derived cells
also populate at the site of injury after treatment with ECM degradation products. Although future work is necessary
to determine the contribution of Sox2 + cells to functional tissue at the site of injury, recruitment and/or activation of
local tissue-derived cells may be a viable approach to tissue engineering of more complex tissues in adult mammals.

Introduction

Tissue regeneration in response to injury is limited in
adult mammals, with the default response to injury,

generally involving rapid infiltration of inflammatory cells
and eventual scar tissue deposition. Nonmammalian species
such as newts and axolotls are capable of regeneration
of complex tissues such as limbs and digits through a pro-
cess known as blastemal-based epimorphic regeneration, in
which soluble factors and specific genetic programs are ac-
tivated to recruit a population of multipotent stem cells
preprogrammed to recapitulate a perfect phenocopy of the
missing tissue.1–3 While a blastema does not form after injury
in adult mammalian species, recruitment to and/or directed
differentiation of tissue-specific progenitor cells at the site of
injury has the potential to alter the default wound-healing
response toward nonblastemal, epimorphic regeneration.4,5

Biological scaffolds composed of extracellular matrix
(ECM) have been used to promote site-specific, functional
remodeling of tissue in both preclinical animal models6–13

and human clinical applications.14–18 Although the mecha-
nisms underlying remodeling are not completely under-
stood, the release of bioactive peptides after ECM scaffold
degradation and concomitant accumulation of progenitor
cells at the site of injury are thought to be two important
mechanisms by which ECM scaffolds promote constructive
tissue remodeling of the injury site.19–22 Specifically, previ-
ous studies have shown that circulating and bone marrow-
derived progenitor cells partially comprise the population of
cells that infiltrate at the site of ECM implantation23,24 and
eventually contribute to site-appropriate differentiated and
remodeled tissue.19,20

One possible mechanism by which progenitor cells are
recruited to the site of injury is via the release of chemotactic
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cryptic peptides. Peptides derived from degradation of ECM
scaffolds have been shown to have potent chemotactic and
mitogenic properties for multiple progenitor cells in vitro.25–27

Additionally, treatment with these ECM degradation prod-
ucts results in the accumulation of cells with multipotent
lineage differentiation potential in an adult mammalian
model of digit amputation.21 A subset of these cells expresses
the transcription factor Sox2,21,28,29 a factor that plays an
important role in self-renewal of stem cells, including neural,
dermal, neural crest–derived, and osteogenic progenitor
cells.30–33 However, the phenotype and role of Sox2 + cells at
the site of digit amputation have not yet been investigated.

The present study partially characterizes the source and
phenotype of the Sox2 + population of cells that is recruited
in response to treatment with matrix degradation products in
an established adult mammalian model of mid-second pha-
lanx digit amputation.

Materials and Methods

General overview

All methods were approved by the Institutional Animal
Care and Use Committees (IACUC) at the University of
Pittsburgh and Baylor College of Medicine, and all methods
were performed in compliance with NIH Guidelines for the
Care and Use of Laboratory Animals. The studies were de-
signed to further characterize the phenotype and source of a
previously identified population of progenitor cells that ac-
cumulate at the site of injury after digit amputation in adult
mice.21,29 Histologic analysis and flow cytometric analysis
were used to characterize the heterogeneity, density, and
phenotype of the accumulated cells after treatment with
ECM degradation products. Additionally, a bone marrow
chimeric mouse model was utilized to investigate the con-
tribution of the bone marrow-derived cells to the Sox2 +
population of cells at the site of amputation.

Preparation of ECM degradation products

The basement membrane and underlying lamina propria
of market-weight porcine urinary bladders were isolated and
harvested as previously described.34 After peracetic acid,
deionized H2O, and phosphate-buffered saline treatment,25

lyophilized sheets were comminuted and digested in pepsin
and 0.01 N HCl for 48 h before neutralization and dilution in
phosphate-buffered saline (PBS) to yield a 5 mg/mL solution
(referred to as ECM degradation products).

Fluorescein isothiocyanate labeling
of ECM degradation products

To confirm that ECM degradation products injected at
the base of the amputated foot reach the site of amputa-
tion, degradation products of ECM were labeled with the
fluorescein isothiocyanate (FITC) fluorophore as per manu-
facturer’s instructions (Thermo PierceNet; #53027). After
mid-second phalanx amputation under isoflurane anesthe-
sia, FITC-labeled ECM degradation products were injected at
the base of the amputated digit. After injection, animals were
immediately sacrificed, and the entire foot was isolated and
fixed in 4% paraformaldehyde before serial dehydration in
25%, 50%, 75%, 95%, and 100% acetone. After dehydration,
fixed digits were then incubated in the Dent’s fixative (1:4

dimethyl sulfoxide [DMSO]:acetone) for 2 h. Then, the digits
were permeablized 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. Afterward, digits were then kept in 100% BABB
until they were visibly optically cleared. Optically cleared
digits were then imaged using a Nikon E600 epifluorescent
microscope at 100 · magnification, and images were taken
with a Nuance camera. Images were deconvolved with a
known FITC and tissue autofluorescence spectra and
false colored as green and red, respectively. FITC-labeled
ECM degradation products were found at the site of injec-
tion and tracking along multiple digits, including the am-
putated digit.

Animal model of digit amputation

Digit amputation and treatment with ECM degradation
products were completed as previously described.21 Briefly,
6–8-week-old adult C57/BL6 mice ( Jackson Laboratories)
were subjected to aseptic mid-second phalanx amputation of
the third digit bilaterally. On days 0, 1, and 4 postamputa-
tion, 15mL of either ECM degradation products or control
injection (sham injection or PBS) was injected at the base of
each amputated digit. Animals were euthanized at various
time points for histologic analysis and immunolabeling, or
for isolation and further analysis of cells by flow cytometric
and cytospin methods. (n = 4 for each time point and treat-
ment group.)

Joint amputation

To determine the effect of bone injury upon cell recruit-
ment, animals were divided into three groups. In the first
group, mice were subjected to mid-second phalanx digit
amputation and no treatment. In the second group, mice
were subjected to mid-second phalanx digit amputation and
treatment with ECM degradation products (as described
above). In the third group, mice were amputated proximal to
the second phalanx in the joint space to avoid any bone in-
jury and treated with ECM degradation products. At 14 days
postamputation and treatment, animals were euthanized,
and digits were harvested for histologic analysis and im-
munolabeling. (n = 4 for each treatment group.)

Cell isolation

Cells were isolated as previously described.21 Briefly,
digits were harvested on day 14 postamputation and placed
in a cold culture medium consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM), 10% fetal bovine serum (Hy-
clone), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Invitrogen). Under a microdissection microscope, the
overlying epidermal and dermal tissue was removed, and
all tissue distal to the amputated bone was harvested in to
the serum-free DMEM containing 0.2% Collagenase Type II
(Gibco Invitrogen; 17101–015) for 30 min at 37�C. Cells were
then centrifuged and reconstituted into a warm culture
medium, filtered through a 70-mm filter, and counted on a
hemocytometer before either cytopsin or further im-
munolabeling for the flow cytometric analysis.
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Flow cytometric analysis

After isolation of cells, cells were spun and resuspended in
200 mL in the serum-free DMEM before incubation with pri-
mary antibodies for 1 h at 4�C. Primary antibodies were FITC-
Sca1 (clone D7) (Abcam; ab25031), PE-CD133 (clone 13A4)
(eBiosciences; 12–1331), e450NC-CD90.2 (clone 53–2.1) (eBios-
ciences; 48–0902), biotin-cKit (clone 2B8) (eBiosciences; 13–
1171), and SAv-APC-Cy7 (BD Biosciences; 554063). Primary
antibodies were incubated at a dilution of 1:200, and strepta-
vidin conjugates were incubated at a dilution of 1:250 after
washing away the primary antibody. Cells were then fixed and
labeled for APC-Sox2 by following the manufacturer’s guide-
lines in the BD Mouse Pluripotent Stem Cell Transcription
Factor Analysis Kit (BD Biosciences; 560585). Cells were ex-
tensively washed, resuspended in PBS, and filtered through a
70-mm filter before the flow cytometric analysis.

Immunolabeling of histologic sections

Harvested mouse digits were fixed in 10% neutral buff-
ered formalin and decalcified for 2 weeks in 5% formic acid
before being paraffin embedded, sectioned, and stained for
Sox2 (Millipore; AB5603). After deparaffinization, the anti-
gen was retrieved in 10 mM citrate buffer (C1285; Spectrum)
for 25 min at 95�C–100�C. Slides were blocked for 1 h at room
temperature in 1% bovine serum albumin (BSA) in PBS, and
then incubated with the primary antibody overnight at 4�C.
Slides were then rinsed in PBS, treated with a 3% hydrogen
peroxide solution in PBS for 30 min, washed, and incubated
for 1 h with horseradish peroxidase–conjugated anti-rat IgG
(P0450; Dako) or anti-rabbit IgG (P0448; Dako) antibodies,
washed, and developed with 3, 3¢ diaminobenzidine (DAB)
(Vector Labs). All primary antibodies were diluted 1:100 in a
blocking solution, and all secondary antibodies were diluted
1:200 in a blocking solution. After staining with DAB, all
slides were counterstained with Harris’ hematoxylin, dehy-
drated, coverslipped with a nonaqueous mounting medium,
and imaged at a 320 · magnification. For quantification of
the number of cells positive for markers, three images were
taken in each sample: distal to the amputated edge of the
second phalanx bone, and lateral to the cut edge of the sec-
ond phalanx bone on either side. The number of positive cells
in each image was counted by three independent investiga-
tors who were blinded to the treatment group.

Immunolabeling of cytospin samples

After cytospin of 1 · 104 isolated cells per slide, each slide
was fixed in methanol for 30 s and stored at - 20�C. Before
staining, slides were rehydrated in PBS for 5 min, and cells
were permeablized in 0.1% Triton X/PBS for 15 min. Slides
were blocked in 1% bovine serum albumin/PBS for 1 h be-
fore overnight incubation with rabbit anti-Sox2 (1:100) and/
or chicken anti-GFP (1:100) (Abcam; ab13970) diluted in a
blocking solution. After two washes in PBS, slides were in-
cubated for 1 h with donkey anti-rabbit IgG-Alexa Fluor 488
(1:250) (Invitrogen; A21206), donkey anti-rabbit IgG-Alexa
Fluor 546 (1:250) (Invitrogen; A10040), and/or donkey anti-
chicken IgG-Alexa Fluor 488 (1:250) (Invitrogen; A11039)
diluted in a blocking solution. After two washes in PBS,
slides were counterstained with DRAQ5 (1:500) (Cell Signal;
4084) diluted in PBS for 30 s before three washes in PBS and

coverslipping with a fluorescent mounting medium (Dako;
S3023). All images were taken at 200 · magnification.

Whole-bone marrow cell isolation, bone marrow
transplantation, and engraftment analysis

For every animal, bone marrow was isolated from tibias
and femurs. The bones were dissected and crushed in a
mortar and pestle in a cold Hanks Balanced Salt Solution
(Invitrogen) containing 2% FCS, 2% fetal bovine serum (In-
vitrogen), and 10 mM HEPES (Invitrogen). The cells were
passed through a 40-mm filter to ensure single-cell suspen-
sion. Red blood cells (RBCs) were lyzed in 9 mL of water
followed by adding 1 mL of 10 · PBS. Cells were washed twice
in 1 · PBS and suspended in PBS at 1 · 108/mL. 1 · 106

Sox2:enhanced green fluorescent protein (EGFP) (CD45.2)
bone marrow cells were transplanted into lethally irradiated
(10.5 Gy) CD45.1 wild-type recipient mice by tail vein injec-
tion. Long-term bone marrow engraftment by Sox2:EGFP
donor bone marrow HSCs was measured by peripheral blood
contribution at 12-week post-transplantation. Briefly, 200mL
peripheral blood was collected from the retro-orbital plexus of
anesthetized transplant recipients. RBCs were lyzed and
washed. Nucleated cells were then stained with both CD45.1
and CD45.2 antibodies. Stained blood samples were then
analyzed by flow cytometry using FACSaria (BD Biosciences).

Isolation and analysis of subventricular zone cells
from Sox2 eGFP/ + mice

Sox2 + cells were isolated from the subventricular zone
(SVZ) of the brains of Sox2 eGFP/+ mice using a modified
version of a previously reported protocol.35 The SVZ was
removed using curved microscissors (Roboz) to minimize
striatal tissue inclusion in the sample. The isolated tissue was
cut into small pieces and resuspended in DMEM/F12 (In-
vitrogen) with activated papain (Worthington) at 10 U/mL
and DNase (Roche) at 10 U/mL. The tissue was incubated at
37�C for 45 min in a rolling incubator to allow for constant
mixing. At 30 min, the tissue was triturated with a 5-mL
pipette *10 times before being returned to the rolling in-
cubator. At 45 min, the tissue suspension was collected via
centrifugation and resuspended in DMEM/F12 with 0.7 g/
mL of ovomucoid (Sigma-Aldrich) and 10 U/mL DNase. The
solution was triturated again with a 5-mL pipette until no
aggregations were visible with the naked eye before passing
the solution through a 40-mm strainer to remove debris and
cell aggregates. The SVZ of the adult mouse brain was used
as a positive control for the Sox2/eGFP + reporter, because
the neural lineage cell populations comprising the niche all
express Sox2.36,37

Results

ECM degradation products reach the site
of amputation

To directly assess whether ECM degradation products
injected at the base of an amputated digit reach the site of
amputation, ECM degradation products were nonspecifi-
cally covalently attached to an FITC fluorophore. The labeled
ECM degradation product injectate was found to diffuse into
the amputated digit as well as into adjacent, unamputated
digits (Fig. 1). Labeled ECM degradation products were not
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FIG. 1. Extracellular matrix (ECM) degradation products reach the site of amputation. After injecting fluorescein iso-
thiocyanate-conjugated ECM degradation products at the base of the amputated digit, ECM degradation products were
found diffusing along the amputated digit as well as adjacent unamputated digits. Color images available online at www
.liebertpub.com/tea

FIG. 2. ECM treatment causes a more densely cellular accumulation at the site of digit amputation. (A) After mid-second
phalanx digit amputation and treatment with ECM degradation products or control, histologic analysis of Trichrome-stained
sections at day 14 postamputation showed the appearance of a more densely cellular accumulation at the site of amputation
after ECM treatment. (B) This was confirmed by automated quantification of the relative ratio of cellularity to connective
tissue of the Trichrome stain. (C) Quantification of the area of growth distal to the site of amputation showed no difference
between ECM treatment and no treatment. *p < 0.05 and **p < 0.01.; Error bars are mean – SD (n = 4 for each group). Color
images available online at www.liebertpub.com/tea
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used for any further studies because of the known profibrotic
effect of FITC in vivo.38

ECM treatment results in an increased density of cells
at the site of amputation

At day 14 postamputation, treatment with ECM degra-
dation products led to a dense accumulation of cells at the
site of amputation, whereas no treatment resulted in a less
cellular accumulation concomitant with scar tissue deposi-

tion at the site of amputation, consistent with a completed
wound-healing response to murine digit amputation (Fig.
2A).39,40 Histologic appearance of an increased cell density
after ECM treatment was confirmed by quantification of the
relative ratio of cellularity to connective tissue on Trichrome
slides (Fig. 2B and Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/tea).
Quantification of the total area of growth distal to the site of
amputation showed no difference between ECM treatment
and no treatment, suggesting that the accumulated cells were
more densely populated within the newly formed tissue area
after ECM treatment (Fig. 2C, Supplementary Fig. S2).

ECM treatment leads to heterogeneous accumulation
of cells at the site of amputation

To further characterize the accumulated cells at the site of
amputation, the area of new tissue growth was micro-
dissected and dissociated for the flow cytometric analysis.
Flow cytometric analysis of the isolated cells confirmed a
heterogeneous population with subsets of cells that express
progenitor cell markers such as Sca1, Sox2, and CD146 as
well as subsets that express differentiated macrophage
markers, including CD11b and F4/80 (Fig. 3).

ECM treatment results in Sox2 + cell accumulation
at the site of amputation

After treatment with ECM degradation products, a greater
number of Sox2 + cells were present at the site of amputation at
days 10, 14, and 18 postamputation as compared to digits
treated with PBS (Fig. 4A and Supplementary Fig. S3). Ex-
pression of Sox2 + cells was confirmed by both immunolabel-
ing of cytospin slides (Fig. 4B) and flow cytometry (Fig. 4C).
Sox2 expression was predominantly localized to the cytoplasm
of cells, with a subset of cells showing nuclear and cytoplasmic
localization. Flow cytometric analysis showed that the Sox2 +

FIG. 3. ECM treatment results in the accumulation of a het-
erogeneous population of cells at the site of amputation. After
digit amputation and treatment with either ECM degradation
products or control, the accumulation of cells at the site of am-
putation (Fig. 2.) was microdissected and dissociated for further
analysis. Flow cytometric analysis showed that subsets of cells
expressed markers Sca1, CD146, Sox2, Lineage, CD11b, and
F4/80.

FIG. 4. ECM treatment results in a greater number of Sox2 + cells at the site of amputation. (A) After digit amputation and treatment
with ECM degradation products or control, digits were fixed at various time points postamputation, sectioned for histologic analysis,
and immunolabeled for the presence of Sox2. A greater number of Sox2 + cells were observed at the site of amputation on days 10, 14,
and 18 postamputation. (B) After microdissection and dissociation of the cell accumulation at the site of amputation, Sox2 + cell
expression was confirmed by immunolabeling of cells cytospun on to a slide. (C) Flow cytometric analysis of the isolated cells showed
that Sox2 + cells coexpressed Sca1 and CD90, but not CD133 or c-kit. *p < 0.05. Error bars are mean– SEM (n = 4 for each group). Color
images available online at www.liebertpub.com/tea
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cells did not express progenitor cell markers CD13333or
c-kit,41,42 but did coexpress Sca1 and CD90, known markers of
bone marrow and periosteal mesenchymal stem cells43,44 (Fig.
4C). Immunolabeling of histologic sections of amputated digits
showed that the majority of Sox2 + cells were present lateral to
the amputated bone, along the external surface of the cortex of
the bone (Fig. 5A and Supplementary Fig. S3). After amputa-
tion at the proximal interphalangeal joint in which only soft
tissue injury, but no bone injury was induced, the accumulation
of Sox2 + cells was markedly reduced (Fig. 5B).

Sox2 + cells are not derived from the bone marrow

To determine the contribution of bone marrow-derived
Sox2 + cells to the cell accumulation at the site of amputa-
tion, the bone marrow of Sox2/eGFP + mice (expressing the
CD45.2 antigen) was transplanted into genetically and age-
matched C57/BL6 mice (expressing the CD45.1 antigen).

FIG. 5. Sox2 + cell accumulation requires bone injury and is located lateral to the amputated bone. (A) Immunolabeling of
histologic sections of amputated digits showed that the majority of Sox2 + cells present at the site of amputation after
treatment with ECM degradation products were located lateral to the amputated P2 bone, consistent with a periosteal
location. (B) After digit amputation proximal to P2 bone at the joint such that no bone injury was induced, the accumulation
of Sox2 + cells at the site of amputation after ECM degradation products was decreased. *p < 0.05. **p < 0.01. Error bars are
mean – SEM (n = 4 for each group).

FIG. 6. Confirmation of stable engraftment of bone marrow
transplanted mice. To confirm stable engraftment of Sox2
eGFP/ + bone marrow transplanted into adult wild type
C57/BL6 mice, blood from transplanted mice was analyzed
at 4 weeks postengraftment for expression of CD45.2 (Sox2
eGFP/ + ) and CD45.1 (wild type). At 4 weeks postengraft-
ment, the blood of mice expressed the CD45.2 on blood-
derived cells, confirming stable engraftment of Sox2/eGFP +
bone marrow in mice. Color images available online at www
.liebertpub.com/tea

FIG. 7. Confirmation of eGFP + expression in Sox2 + cells
from the subventricular zone (SVZ) of adult Sox2 eGFP/ +
mice. Cells from the SVZ of the adult brain of Sox2 eGFP/ +
mice were isolated to confirm eGFP + expression. GFP + ex-
pression was confirmed in a subset of the SVZ, as previously
shown.35–37 Isolated bone marrows did not express eGFP.
Color images available online at www.liebertpub.com/tea
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Bone marrow chimeric mice all displayed stable engraftment
4 weeks post-transplant with, confirmed by the presence of
CD45.2 + , CD45.1– blood cells (Fig. 6). To confirm eGFP +
expression in donor mice, known Sox2 + SVZ cells were
isolated from donor mice and analyzed by flow cytometry to
confirm GFP + expression (Fig. 7). Both Sox2 eGFP/ + mice
and wild-type mice transplanted with Sox2 eGFP/ + bone
marrow were subjected to mid-second phalanx digit ampu-
tation bilaterally and treatment with ECM degradation
products. On day 14 postamputation, cells were micro-
dissected and isolated from digits of Sox2 eGFP/ + trans-
genic mice as well as bone marrow chimeric mice. The flow
cytometric analysis confirmed eGFP + cells at the site of
amputation in Sox2 eGFP/ + mice (Fig. 8A), but no eGFP +
cells from amputated digits of bone marrow chimeric mice
(Fig. 8B, C). eGFP + and eGFP– populations were then sorted
by flow cytometry, cytospun, and immunolabeled for Sox2.

All GFP + cells coexpressed Sox2, whereas GFP– cells did not
express Sox2 (Fig. 8D). eGFP + cells from b-actin-GFP/
+ mice were used as a positive control.

Discussion

The present study characterized the heterogeneous cells
that accumulate at the site of injury in response to treatment
with ECM degradation products in an adult mammalian
model of digit amputation. In addition to periosteal locali-
zation and coexpression of mesenchymal stem cell markers
Sca1 and CD90, the present study showed that the Sox2 +
cells are not derived from the bone marrow or peripheral
circulation.

It is surprising that chimeric studies suggest that the
Sox2 + cells are not derived from bone marrow. Because the
bone marrow is a source of osteoblasts, a population of cells

FIG. 8. Sox2 + cells at the site of digit amputation are not derived from the bone marrow or circulation. Sox2 eGFP/ +
transgenic mice and genetically matched, wild-type C57/BL6 transplanted with Sox2 eGFP/ + bone marrow were subjected
to mid-second phalanx digit amputation and treatment with ECM degradation products. At day 14 postamputation, cells at
the site of amputation were microdissected and dissociated for flow cytometric analysis for GFP expression. (A) GFP + cells
were found in cells isolated from Sox2 eGFP/ + transgenic mice. (B) A GFP + population of cells was not found in cells
isolated from bone marrow chimeric wild-type mice. (C) Cells isolated from Sox2 eGFP/ + mice showed a population of cells
by flow cytometric analysis that was not present in bone marrow chimeric wild-type mice. (D) After sorting and cytospinning
GFP + and GFP– cell populations, immunolabeling confirmed that the GFP + cells expressed Sox2 and GFP, whereas GFP–
cells did not express Sox2 or GFP. Color images available online at www.liebertpub.com/tea
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that has recently been shown to require Sox2 expression for
self-renewal,30 it would be expected that at least a subset of
the Sox2 + cells at the site of digit amputation involving bone
injury would be derived from the bone marrow. However, it
is unclear whether Sox2 is only transiently expressed in os-
teoblasts, or only expressed in a small subset of osteoblasts.
Furthermore, previous studies have shown that osteoblasts
alter their phenotype in vitro upon constitutive expression of
Sox2.31 Thus, it is possible that osteoblasts in a normal ho-
meostatic situation do not constitutively express Sox2. A
more likely explanation for the findings of the present study
is that the Sox2 + cells at the site of amputation are derived
from the injured periosteum surrounding the amputated
bone. The periosteum is a known source of osteogenic pre-
cursors, including osteoblasts,43,44 and the findings of the
study suggesting a local rather than circulating source of
Sox2 + cells would be consistent with a periosteal source for
the Sox2 + cells.

The identification of a periosteal Sox2 + cell population at
the site of injury after treatment with ECM degradation
products is an unexpected finding that warrants further
study. Sox2 is a transcription factor that plays an important
role in the maintenance of pluripotency,45 and it has also
been found to be expressed in a restricted set of adult pro-
genitor cells such as neural, dermal, and neural crest–derived
progenitor cells.32,33 Additionally, embryonic stem cells and
neural progenitors generally show Sox2 expression restricted
to the nucleus, but the present study found Sox2 expression
both in the nucleus and the cytoplasm. Although the sig-
nificance of cytoplasmic localization of Sox2 observed in the
present study is not known, previous studies have shown
that Sox2 activity can be regulated by shuttling the Sox2
transcription factor in and out of the nucleus.46 Export of
Sox2 from of the nucleus to the cytoplasm has been postu-
lated to be an indicator of cell differentiation in Sox2 + pro-
genitor cells.47 Therefore, the cytoplasmic localization of
Sox2 in cells may be a sign of these cells in a state of dif-
ferentiation. Previous studies have also found that only a
subset of Sox2 + cells at the site of amputation undergoes
mitosis, consistent with the hypothesis that heterogeneity
among Sox2 + cells may be due to asymmetric division and
differentiation.29

The present study also showed that treatment with ECM
degradation products results in an early increase in the
number of Sox2 + cells at the site of amputation. At later time
points, however, there is no difference between ECM treat-
ment and PBS-treated control groups. The transiently in-
creased accumulation of Sox2 + cells by ECM degradation
products is most consistent with the initial phase of a non-
blastemal, epimorphic regenerative response,48,49 in which
there is site-directed recruitment of cells to the site of injury.
Considered in this light, the use of bioactive molecules for
the site-directed accumulation of progenitor cells can be
thought of as a form of endogenous stem cell therapy.5,50 The
logical next step necessary for epimorphic regeneration of
tissue is to provide the accumulated cells with the proper
signals and cues to proliferate and differentiate into site-
appropriate, differentiated, functional tissue.

The present study has a number of limitations. The pres-
ent study confirmed engraftment of Sox2 eGFP/ + bone
marrow by CD45.2 + expression in the peripheral blood of
recipient wild-type CD45.1 + mice. Although GFP + expres-

sion was confirmed in Sox2 + cells from donor mice, the
present study did not confirm the presence of the Sox2:eGFP
construct in the bone marrow of recipient mice. Additionally,
the study focused on known populations of Sox2 + cells in
the adult mouse as a source of the Sox2 + cells. However, the
findings of the present study cannot definitively exclude the
possibility that the Sox2 + cells at the site of digit amputation
are more pluripotent stem cells. To this point, the present
study did not determine the expression of other known
pluripotency stem cell markers such as Oct-3/4 or Nanog in
the Sox2 + cell population. Additionally, the present study
did not directly determine the lineage differentiation poten-
tial of Sox2 + cells in vitro or in vivo. Although previous
studies have shown that a subset of the cells at the site of
amputation are capable of neuroectodermal and mesodermal
differentiation potential in vitro21 and that Sox2 + cell accu-
mulation coincides increased bone deposition in vivo,51 the
differentiation potential of the Sox2 + cell population and,
specifically, the contribution of the Sox2 + cell population to
differentiated tissue in vivo are beyond the scope of the
present article. Future studies will further investigate the
differentiation potential of Sox2 + cells by utilizing Sox2
transgenic mouse models in which long-term tracking as
well as selective manipulation of Sox2 + cells are possible.52

Nevertheless, the findings of the present study identified a
local source of Sox2 + cells at the site of digit amputation that
are increased after treatment with ECM degradation prod-
ucts in vivo. The partial characterization of a local source of
Sox2 + cells adds to a growing understanding of the im-
portant mediators of the local tissue injury microenviron-
ment that may play role in promoting constructive
remodeling of the injured tissue as opposed to fibrosis.
Although future work is necessary to further characterize the
function and potential of the Sox2 + cells in vivo, the present
study advances our understanding of the potential sources of
cells that may need to be targeted for successful non-
blastemal, epimorphic regeneration of complex tissues such
as limbs and digits. Previous studies have shown that bio-
active molecules, including cryptic peptides derived from
enzymatic degradation of ECM proteins, can locally recruit
and/or activate such cells at the site of injury. Further
characterization of these recruited cells will be important for
the next logical step in promoting tissue reconstruction of
providing such cells with the proper signals and cues to
proliferate and differentiate to functional, site-appropriate
tissue.
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