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Abstract

Wound healing in mammals can take several weeks to months and the process is always accompanied by scar formation. Wound
healing mechanisms that mimic regeneration are not found in most mature mammalian tissues. However, the MRL/MPJ (MRL)
mouse has the unique capacity to regenerate ear hole wound completely in less than a month. To identify genes involved in wound
healing without a scar, we chose to use restriction fragment differential display-PCR to isolate genes differentially expressed in the
MRL (good healer) mouse and the C57BL/6 (poor healer) mouse at different stages of wound healing. We identified 36 genes that
were differentially expressed in the regenerating tissue of good and poor healer strains of which several genes are also genetically
linked to wound healing and thus are potential candidate genes for scarless wound healing.
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Injury is a major contributor to the global burden of
disease that occurs both in the battlefield and as acci-
dents in the civilian population. Every day around the
world, nearly 16,000 people die from injuries. For every
person that dies, several thousands more must endure
painful injuries, many of them permanent. Injury is esti-
mated to cost healthcare providers in excess of $500 bil-
lion per year in the United States alone [1]. Moreover,
there is evidence that incidence of injury is growing [2].
Therefore, there is an urgent need to develop effective
strategies to prevent injuries and promote wound heal-
ing after injuries.
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Injuries in the battlefield or in civilian populations
optimally necessitate rapid wound healing with minimal
scar formation. However, wound healing of mammalian
tissue is a lengthy repair process that only partially
recovers the original tissue function with the formation
of a scar, a marked contrast to amphibian wound heal-
ing wherein wounds are healed rapidly with original
architecture and function without scar formation,
namely through regeneration [3,4]. Due to the varying
rate of wound healing as well as the different degree of
functional recovery with regeneration as opposed to
wound healing, biomedical scientists have been search-
ing for fast-wound healing/regeneration phenomena in
mammals. Several examples of regeneration reminiscent
of the tissue regeneration mechanism occurring in
amphibians have been found [5]. However, the genetic
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mechanisms regulating fast-healing/regeneration in
mammals are not yet known.

Among mammals, the MRL/MPJ (MRL) mouse
provides a unique model for studies on the genetic mech-
anisms that regulate regeneration. This is in contrast to
all other mouse strains tested, such as C57BL/6J (B6),
which only heals 30% of the ear punch hole with scar tis-
sue after a period of 4 weeks [5,6]. This healing pheno-
type of the MRL mouse is a heritable quantitative
trait with a heritability estimate of 86% [5,6] and thus
presents an excellent model system to explore the genetic
regulation of fast-wound healing and tissue regeneration
in mammals. The overall goal of this study was to iden-
tify candidate genes that contribute to fast-wound heal-
ing in the MRL mouse by using restrictive fragment
differential display (RFDD)-PCR technique [7].

We chose the RFDD-PCR technology to isolate
genes that regulate fast-wound healing for several rea-
sons. First, this recently developed, innovative technol-
ogy overcomes the limitations of standard differential
display (i.e., preferential amplification of 3’-ends of
the transcripts and a high number of false positives)
and has the capacity to not only identify differentially
expressed genes, but to also identify the sequence poly-
morphism within the gene [8,9]. Second, this technol-
ogy does not require previously constructed cDNA
libraries or sequence databases, thus presenting im-
mense advantages when screening for novel therapeutic
gene targets. Third, the availability of the entire mouse
genome sequence from the public database and avail-
able fast-wound healing QTLs further enhance the
power of this technology to identify fast-wound healing
genes.

To identify the differentially expressed genes be-
tween fast and poor healer strains, we compared gene
expression at three different stages during wound heal-
ing. The first phase (1-7 days) after ear punch repre-
sents the inflammatory phase of wound healing that
is characterized by the process of hemostasis and initial
cleanup [7]. Proteins active at this stage are likely in-
volved in inflammation as well as the early stage of
the wound healing process. The second phase (5-20
days), fast-wound healing, involves re-epithelialization,
formation of the epidermal/dermal layer, formation of
basement membrane and extracellular matrix structure,
angiogenesis, formation of hair follicles and sebaceous
glands, and chondrogenesis [5,10]. The third phase
(>21 days) involves the remodeling stages. In this
study, we have identified over 30 genes that are differ-
entially expressed between MRL (fast healer) and B6
(poor healer) mice. We performed real time PCR
(RT-PCR) on several genes to confirm results from dif-
ferential display. In these studies, we have identified
some genes with previously known functions in wound
healing while others with no prior known function in
wound healing.

Materials and methods

Animals. Four-week-old MRL and B6 mice were obtained from
The Jackson Laboratories (Bar Harbor, ME) and housed at the Ani-
mal Research Facility, JL Pettis VA Medical Center, Loma Linda, CA,
under the standard condition of 14 h light, 10 h darkness, ambient
temperature of 20 °C, and relative humidity of 30-60%. These two
strains were chosen primarily for their extreme differences in wound
healing/regeneration [5,10]. At day 25, MRL heals over 90% while B6
heals only 25-30%. In order to evaluate the molecular basis of the fast-
healing/regeneration phenotype in MRL mice, we examined differen-
tial expression of genes by RFDD-PCR using mRNA extracted from
ear tissue. Three 2 mm ear holes were made on 8-week-old female
MRL and C57 mice as described previously [5,10]. At different time
points after ear punch, mice were euthanized and tissue was collected
from the punched ear.

RNA extraction. For differential display, healing tissues were col-
lected at days 7, 14, and 28 after each punch for each strain. For real
time PCR, tissues were collected at days 1, 7, and 28 after ear punch.
Ear punch tissue collected at day 0 was used for comparison. For each
time point, tissues collected from 3 to 5 animals per mouse strain were
pooled prior to RNA extraction to increase RNA yield. Two inde-
pendent RNA pools were used for differential display and three
independent RNA pools were used for real time PCR.

Total RNA was extracted from the punched ear tissue from dif-
ferent time points using TRIZOL reagent as detailed in the manufac-
turer’s manual (Qiagen, Valencia, CA). The mRNA was purified from
total RNA using the QIAGEN Oligotex mRNA Midi Kit. Approxi-
mately 750 ng of mRNA was then used to synthesize cDNA. Phenol/
chloroform extraction was performed on the cDNA, followed by
endonuclease digestion and ligation of primer adaptors developed by
Display Systems Biotech and provided in their display PROFILE Kkit.

RFDD-PCR. The procedure was carried out as detailed in the
protocol from display PROFILE kit developed by Display Systems
Biotech (Vista, CA). Briefly, total RNA was reverse transcribed using a
random primer and end labeling for radioactive detection was per-
formed using [y**P]JATP (0.25 mCi) to label a 0-extension primer. This
labeled primer was then used to PCR-amplify the cDNA template
along with a display PROBE primer selected from the kit. Sixty-four
variations of this selection primer are available in the display PRO-
FILE kit. After PCR, 5 pl of the sample was loaded on a 6% urea
polyacrylamide gel and run on the genomyx LR DNA sequencer
machine. The gel was washed, dried, and autoradiography was per-
formed. The autoradiograph was viewed on a light bank to locate
differentially expressed fragments, which were then cut from the gel
and re-amplified. PCR products were purified using the QIAQUICK
PCR Purification Kit from Qiagen (Qiagen, Valencia, CA).

PCR fragment cloning and sequencing. The differential display
fragments were sub-cloned prior to sequencing. A poly(A) tail was
added to each of the PCR-amplified product, which was then cloned
into a linearized vector provided by Invitrogen’s TOPO TA Cloning
Kit (Invitrogen, Carlsbad, CA). Chemically competent Escherichia coli
cells from Invitrogen were used for transformations. Blue/white
screening was used to select positive clones. The positive clones were
re-amplified using an M13 vector-specific primer. PCR products from
the clones were purified using the QIAQUICK PCR Purification Kit
from Qiagen. To evaluate the sequence of differentially expressed
genes, sequencing reactions were set up using the ABI PRISM Big Dye
Terminator version 3 Ready Reaction Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA). Sequencing was performed on the ABI
PRISM 3100 capillary DNA sequencer (Applied Biosystems).
Homology searches for the sequences obtained from bands differen-
tially expressed between MRL and B6 mice were performed using
NCBI BLAST.

Real time PCR. Real time PCR (RT-PCR) was performed on
several genes to confirm the results of RFDD-PCR. Reverse tran-
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scription was carried out in a final volume of 20 pul using Qiagen’s
Omniscript reverse transcriptase kit according to manufacturer’s
instructions (Qiagen) with Ambion’s Oligo (dt) and ANTI-Rnase. RT-
PCR was carried out using SYBR Green QPCR Master Mix kit as
described in detail by the manufacturer (Stratagene, La Jolla, CA).
Briefly, 1 pl of cDNA at a concentration of 1 pg/pl, and 0.8 uM of each
primer (final concentration) to a final volume of 25 pl was prepared.
Once the master mix was made, the 25 pl aliquots were transferred into
a MicroAmp Optical 96-well reaction plate (Applied Biosystems),
vortexed, and sealed with an optical adhesive cover (Applied Biosys-
tems). The amplification was performed in an ABI Prism 7900 HT
sequence detection system (Applied Biosystems) under the following
cycling conditions: initial activation at 95 °C for 10 min, then 40 cycles
at 95 °C for 15s and 60°C for 1 min. Product specificity was checked
by including a dissociation stage according to the manufacturer’s
instructions (Applied Biosystems). GAPDH was used as an internal
control. Delta Ct (Ct value for gene of interest minus Ct value for
GAPDH housekeeping gene) values were determined using the soft-
ware provided by Applied Biosystems. Delta Cr for days 1, 7, and 28
were compared with day 0 control tissue to calculate fold changes in
gene expression.

Results
Restrictive fragment differential display (RFDD-PCR)

RFDD-PCR technique relates gene expression to the
concentration of the corresponding cDNA amplified by
PCR. Double-stranded cDNA was amplified from total
RNA and digested with Tagl restriction enzyme. After
digestion and adaptor ligation, we amplified the tem-
plate with O-extension primer combined with a 3-exten-
sion primer. Therefore, each PCR primer amplified only
a specific subset of the cDNA fragments that had a spe-
cific 3 base sequence upstream of Tagl restriction site.
We amplified all subsets using over 101 primers as it
gives a complete cross-section of the expressed se-
quences. The PCR products were visualized by labeling
of the 0-extension primer and exposing the gel to an X-
ray film and the bands were cut out and extracted from
the gel, cloned, and sequenced.

Sequence homology of over-expressed fragments

RNA from ear punch holes of 3-5 animals was
pooled and two individual pools from each mouse strain
were used for RFDD-PCR. Those bands that were dif-
ferentially expressed in the independent pools were con-
sidered positive and were used for subsequent cloning
and sequencing. PCR was performed on isolated bands
that were subsequently cloned and sequenced. Homol-
ogy search between the cloned sequences and known
genes was performed using the NCBI Blast tool. The se-
quences with over 90% homology with known genes
were selected for further analysis for known functions
in wound healing/regeneration. Following these criteria,
36 genes were identified that were differentially ex-
pressed in the healing tissue of MRL and B6 mice.

MRL  C57BL
1 2 1 2

Fig. 1. A representative portion of autoradiograph gel picture showing
differentially displayed bands for RNA pools from MRL and B6 mice
at day 7. The arrows show differentially displayed bands for RNA
samples between MRL and B6 mice.

Fig. 1 shows an example of differential display bands ob-
tained for two independent RNA pools for MRL and
B6 mice at day 7.

Table 1 shows the list of 36 genes differentially ex-
pressed in MRL and B6. There are about 6 genes that
have a documented role in wound healing and the
remaining 30 genes have no known role in wound heal-
ing. The majority of the 36 genes are found to be located
in the soft tissue regeneration (STR) QTL regions and
some genes are expressed in regenerating ear tissue of
MRL, but not B6 mice. The largest group of those genes
plays a role in protein biosynthesis (ribosomal protein
L7a, ETS-related transcription factor, mouse acidic
ribosomal phosphoprotein, mouse ribosomal protein
S9, mouse similar to ribosomal protein S9, and mouse
ribosomal protein L7a). The remaining genes have
established roles in extracellular cytoskeletal organiza-
tion and biogenesis (mouse decorin), acrobic respiration
(mouse cytochrome C oxidase), regulation of translation
(elongation factor 1lal), intermediate filament-based
process (mouse vimentin), and epidermal differentiation
and cellular morphogenesis (mouse keratin 1-14). Some
genes play more than one role, for example, mouse ETS-
related transcription factor has a role in translational
termination, nascent polypeptide association; ethylene
mediated signaling pathway and defense response to
pathogens.

Real time PCR

In order to validate the results from RFDD-PCR,
real time polymerase chain reaction (RT-PCR) was used
to evaluate the differences in expression levels of some of
the genes identified. Fig. 2 shows data using RT-PCR,
which confirmed the results from RFDD-PCR. The
genes tested by RT-PCR were up regulated more in
MRL than in B6 at day 7 after ear punch as indicated
by the RFDD-PCR method.

Discussion

The MRL mouse has the unique capability of heal-
ing a through and through ear punch hole faster than
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Table 1
Genes that were differentially expressed in the regenerating tissues between MRL and C57BL/6 mice at different time points
Gene sequence identified Ontology Time point Homo  # clone Chr. # Increase
(Days) score sequenced MRL or B6
Mouse Decorin (DCN) Extracellular matrix org. D7 517/522 1 10 B6
and biogenesis
Mouse DEAD/H Pre-mRNA splicing, mRNA D7 270/285 1 9 MRL
translation, and RNA stability
Ribosomal Protein L7a Protein biosynthesis D7 221/224 1 1 MRL
(Rpl7a)
Mouse Vimentin (Vim) Intermediate filament-based D7 293/295 1 2 MRL
process
Mouse Transcription Repressor Unknown D7 174/174 1 3 MRL
Mouse Proteasome Transcription, vesicular D7 298/299 1 3 MRL
(prosome, macropain) trafficking
Mouse Nascent Polypeptide DNA metabolism, DNA topological change D7 293/296 1 10 MRL
Associated Complex
Alpha (NACA)
Mouse ETS-Related Protein biosynthesis, ranslational D7 274/274 1 17 MRL
Transcription Factor (Erfl) termination nascent,
polypeptide association,
ethylene-mediated signaling,
pathway defense response to pathogen
Mouse Cytochrome Electron transport, aerobic respiration, D7 253/257 1 9 B6
C Oxidase (Cox) energy pathways
Mouse Baculoviral IAP Unknown D28 499/511 1 13 B6
Mouse Chromosome 1 Clone Unknown D28 499/511 1 9 B6
Mouse Neuronal Apoptosis Unknown D28 510/521 1 13 MRL
Inhibitory Protein 6
Elongation Factor Regulation of transcription D7 599/603 1 16 MRL
1-Alpha 1 (EF1-alpha 1)
Mouse 0 Day Neonate Unknown D7 598/616 1 15 MRL
Head cDNA
Mouse Similar to Homerin Keratinization of epidermal tissues D7 512/519 1 3 MRL
Mouse Similar to Cytoskeleton org. and biogenesis, D7 454/457 1 11 MRL
Keratin 14 (Krt-14) epidermal differentiation,
cellular morphogenesis
Mouse mRNA for 28 kDa Unknown D7 422/431 1 16 MRL
Interferon Alpha responsive
protein (1frg28 gene)
Mouse Keratin Complex 1, Cytoskeleton org. and biogenesis, D7 444/448 2 11 MRL
Acidic, Gene 14 (Krtl-14) epidermal differentiation,
cellular morphogenesis
Human Keratin 17 (Krt-17) Cellular morphogenesis D7 410/447 2 11 MRL
Cytochrome B (cytb) Mitochondrial electron transport, D7 449/457 1 MRL
ubiquinol to cytochrome
Mouse mRNA for RCK Post-transcriptional regulation D7 270/285 1 11 MRL
of gene expression
Mouse Similar to Retrovirus-Related Unknown D14 232/243 2 9 MRL
POL Polyprotein
Mouse Similar to Hypothetical Unknown D14 232/243 4 12 MRL
Protein ORF-1137
Mouse Serine Metabolism, biosynthesis D7 427/428 1 12 MRL
Palmitoyltransferase (Sptlc)
Human Serine/Threonine Unknown D7 181/185 2 12 B6
Protein Kinase
Mouse Acidic Ribosomal Protein biosynthesis, D28 212/213 1 5 B6
Phosphoprotein PO (Arbp) translation elongation
Mouse Ribosomal Protein biosynthesis, translational D28 204/204 1 17 B6
Protein S18 (Rps18) initiation, ribosome biogenesis
Mouse Similar to Ribosomal Protein biosynthesis D14 397/398 1 B6
Protein S9 (Rps9)
Mouse Nascent Polypeptide-Associated DNA metabolism, DNA D14 332/335 1 10 B6
Complex Alpha Polypeptide (Naca) topological change
Mouse RecQ Protein-Like DNA metabolism, D14 281/289 1 B6

5 (Recql$)

DNA repair
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Table 1 (continued)

121

Gene sequence identified Ontology Time point  Homo # clone Chr. #  Increase
(Days) score sequenced MRL or B6

Antigen LEC-A Unknown D14 414/418 1 16 MRL

Mouse CNR Gene for Unknown D14 197/197 1 B6
Cadherin-Related Neuronal Receptor

Mouse Cytochrome C Electron transport, aerobic D28 139/156 1 9 B6
Oxidase, Subunit Va (cox5) respiration, energy pathways

Mouse Ribosomal Protein biosynthesis D28 224/224 2 B6
Protein L7a (Rps7a)

Mouse mRNA for suppressor Dorsal closure, phosphoinositide D28 66/66 4 9 B6
of Actin Mutations (SACI1 gene) metabolism, dephosphorylation

Mouse Poly A Binding Protein, mRNA polyadenylation D28 181/182 1 B6

Cytoplasmic 1 (Pabpnl)

Homology score for the various genes identified and their chromosomal location are also shown. Some of the genes were identified using different
primers. Of the 36 identified genes, 21 were expressed more in MRL and 15 were expressed more in B6 mice.

other mice strains and without a scar (regeneration)
[5,10], although the mechanism by which the MRL
mouse regenerates the ear hole injury is not known.
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Fig. 2. Shows real time PCR for vimentin (A), elongation factor ol
(B), and Krtl-14 (C) using RNA extracted from healing tissue of
MRL and B6 mice at days 1, 7, and 28. Values are means + SEM of
three different RNA pools per time point. *P <0.01 versus B6.
**P <0.001 versus B6. GAPDH was used as an internal control. Gene
expression in fold changes was calculated by comparing delta CT for
each time point with time 0 for a given mouse strain.

In contrast, B6 mice heal less than 25% in 4 weeks
but with a scar [11,12]. In this study, we have used
RFDD-PCR to identify genes that are differentially ex-
pressed with healing tissues, and good and poor healer
strains of mice. The identification of several genes
which have not been previously established to play a
role in wound healing provides evidence that wound
healing is a complex process.

We believe that the differentially expressed genes
identified by RFDD-PCR are potential candidate genes
for wound healing for a number of reasons. First, we
discovered genes in this study that have been previously
implicated in wound healing. For example, we found
that vimentin is highly expressed in the regenerating tis-
sue of MRL but not B6 mice. Vimentin, a major struc-
tural component of intermediate filament in cells of
mesenchymal origin, has been considered as provider
of an intracellular scaffold that supplies cells strength
and tissue integrity. Recent studies using mice lacking
vimentin have provided evidence that in both embry-
onic and adult situations, vimentin is necessary for
the connective tissue component of repair [13]. Further-
more, it has recently been found that skin healing is im-
paired in mice lacking vimentin [14]. In addition to
vimentin, we have also found that Krtl-14 (keratin
complex) was expressed in high levels in the regenerat-
ing ear tissue of MRL but not in B6 mice. Because
MRL but not B6 mice exhibit scarless ear regeneration,
it is not surprising that keratin complex gene is differen-
tially expressed in the regenerating ear of MRL and B6
mice. These data provide validation that RFDD-PCR
technology is useful to identify candidate genes that
contribute to differences in wound healing between
MRL and B6 mice.

Second, many of the differentially expressed genes
identified by RFDD-PCR are located within the QTL re-
gions that have been identified using various crosses of
good and poor healer mouse strains. In this regard, we
and others have identified more than 15 QTLs using F2
population generated from good healer MRL and poor
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healing B6 or SJL mice [5,10]. These soft tissue regener-
ation QTLs are located in a number of chromosomes. If
the genes identified by RFDD-PCR are in fact candidate
genes for wound healing, we would expect some of the
genes to be located within the soft tissue regeneration
QTL regions. This is, in fact, true. Table 1 shows that
a number of differentially expressed genes are located
in chromosome 9 which contains a major QTL for soft
tissue regeneration. The finding that the differentially ex-
pressed genes are located within the QTL regions pro-
vides another validation for the utility of RFDD-PCR
to identify wound healing candidate genes.

Third, we have validated the differential expression
data obtained using RFDD-PCR using real time PCR
for some of the genes. For example, vimentin, elonga-
tion factor lal, and keratin complex 1 gene were identi-
fied as differentially expressed genes by RFDD-PCR
using RNA extracted from MRL and B6 mice at day
7 after ear punching. Accordingly, real time PCR anal-
ysis showed that the expression levels of these three
genes were indeed significantly elevated in the regenerat-
ing tissue of MRL mice compared to B6 mice at day 7
(Fig. 2). These data provide further experimental evi-
dence on the reliability of REFDD-PCR to identify differ-
entially expressed genes as candidate genes for wound
healing.

In our study, we also found that a number of genes
which have not been previously implicated in wound
healing are differentially expressed in the wound healing
tissue of MRL and B6 mice. In this regard, a number of
genes related to protein synthesis and energy metabo-
lism are differentially expressed in the healing tissue of
MRL and B6 mice. Furthermore, genes involved in
transcriptional regulation and mRNA stability are also
differentially expressed in the regenerating tissue of
MRL and B6 mice. Because many of these genes are lo-
cated within the QTL regions previously identified, it is
likely that some of these genes are potential candidate
genes for future studies.

In conclusion, we have identified over 30 genes differ-
entially expressed in the MRL or B6 mice that include
those that are known to regulate wound healing and
those with no known function in wound healing. These
genes belong to different ontologies that may be in-
volved in wound healing/regeneration. We have also
identified several genes that are within the wound heal-
ing QTL regions. The identification of genes that are dif-
ferentially expressed and also genetically linked to
wound healing provides a framework for future identifi-
cation of wound healing genes.
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