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Abstract Mucosal wound healing in adults has been reported
to feature diminished scar formation compared to healing skin
wounds. We sought to determine if the expression pattern of
chaperonin containing T-complex polypeptide (CCT) subunits
in mucosal wounds and fibroblasts is different from that
observed in skin wounds and fibroblasts. We found that CCT-
beta is the only subunit message to be reduced in wounded
mucosa versus unwounded control, and this reduction was
confirmed at the protein level. In contrast, mRNA levels of
CCT-zeta, -delta, -eta, and -epsilon were significantly
increased in mucosal wounds. The increase in CCT-eta was
also confirmed at the protein level. Expression levels of CCT-
alpha, -beta, -delta; -epsilon, and -theta mRNAs were
significantly increased in adult mucosal fibroblasts in culture
compared to skin-derived fibroblasts. Western blot analyses
confirmed a modest increase in CCT-beta in adult mucosal
fibroblasts relative to skin fibroblasts, but CCT-eta protein was
unaffected. These differences may contribute to the reported
difference in healing outcomes between these two tissue types.
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Introduction

Oral mucosal tissues have been reported to heal faster with
less inflammation and less scar than skin does, and the
development of hypertrophic scars or keloids in the oral
cavity is uncommon (Stephens et al. 1996; Lee and Eun
1999; Szpaderska et al. 2003). The healing of oral mucosal
tissue has been compared to the scarless healing of skin
wounds observed during early mammalian development,
sharing several common characteristic features such as
reduced inflammation and faster re-epithelialization
(Szpaderska et al. 2003; Häkkinen et al. 2000; Ferguson
and O'Kane 2004). The overlapping phases of wound
healing, including hemostasis, inflammation, proliferation,
and remodeling of the collagen matrix, are seen in both
skin and oral mucosal tissues but these processes appear to
reach completion more rapidly at the mucosal site
(Sciubba et al. 1978; Walsh et al. 1996).

Some previous reports have suggested that saliva,
containing abundant amounts of cytokines, growth factors,
and protease inhibitors, is an important factor that may
contribute to rapid oral wound healing (Zelles et al. 1995;
Ashcroft et al. 2000), and sialoadenectomized mice and rats
have been shown to exhibit delayed healing of oral wounds
(Hutson et al. 1979; Bodner et al. 1992). On the other hand,
exclusion of saliva (e.g., by means of a salivary bypass
tube) is frequently employed clinically to assist in the
closure of pharyngocutaneous fistulae (Sevilla García et al.
2006), indicating that the role of saliva in mucosal wound
healing is still clinically uncertain. Other investigations point
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to differences in inflammatory infiltrates, the inherently
different composition of the ECM, and phenotypically unique
cells as possible contributors to rapid oral wound healing (Lee
and Eun 1999; Szpaderska et al. 2003; Shannon et al. 2006;
Honardoust et al. 2008). However, the key determinative
factors leading to improved wound healing with less
apparent scarring in oral mucosal wounds remains poorly
understood.

Studies from our laboratory suggest that the chief
cellular cytosolic chaperone, the chaperonin containing T-
complex polypeptide (CCT), plays a significant role in
differentiating scarless fetal healing from the scirrhous
healing of adult skin wounds (Darden et al. 2000; Satish
et al. 2008; Satish et al. 2010a, b). The CCT protein is a
large (900 kD) barrel-shaped hexadecameric protein com-
plex that has the ability to bind and engulf unfolded/
misfolded proteins (Hartl and Hayer-Hartl 2002; Fenton
and Horwich 2003), assisting them to achieve proper
conformation. It has primarily been implicated in the
folding of cytoskeletal proteins such as tubulin and actin
(Willison and Kubota 1994; Kubota et al. 1995), but has
been estimated to interact with up to 15% of all cellular
proteins, and is an important factor in a variety of processes
including embryogenesis, ciliary biogenesis, cell viability,
cell proliferation, and locomotion. Alterations in CCT
components, therefore, have the potential to exert pleiotropic
effects on cell biology.

We have previously identified CCT subunit eta to be
decreased in our rabbit model of fetal skin wound healing
by differential display RT-PCR and semi-quantitative RT-
PCR (Darden et al. 2000), and have recently confirmed this
with quantitative real-time RT-PCR (Satish et al. 2010a, b).
We noted that no other chaperonin subunits share this
specific pattern of downregulation at the tissue level (Satish
et al. 2008), and have further observed that fibroblasts from
fetal skin tissues express substantially less CCT-eta mRNA
than do fibroblasts from adult skin (Satish et al. 2010a, b).
These observations led us to investigate the pattern of CCT
subunit expression in mucosal tissues and fibroblasts to see
if comparable patterns would emerge.

Because our model system is in rabbit, and because full
genomic sequence data is unavailable, it was first necessary
to design and validate primer and probe sequences that
would allow quantitation of the CCT subunit messages.
These quantitative assays were then used to survey the
mRNA expression patterns of all eight CCT subunits in
adult buccal mucosal wound and control tissues, and in
fibroblasts isolated from skin and buccal mucosa (Table 1).

Results and discussion

In this report, we examine the mRNA expression of all
eight subunits of CCT, the major cytosolic chaperonin, in

Table 1 Primer and probe sequences used for quantitative real time RT-PCR

Genes Primer Sequences

CCT-gamma Forward 5′-CTCATGCGGGCCAATGTC-3′

Reverse 5′-ACAGGCTCTAGCGATGCGATTA-3′

Probe 5′-6 FAM-CAGCCATCCGCAGAGTCCGGAA-TAMRA-3′

CCT-delta Forward 5′-AGCGGTTGCTGATGCTATTAGAA-3′

Reverse 5′-TAATGGTCACATCGCCTTTTCC-3′

Probe 5′-6 FAM-AGCCTTGGACCTAAAGGAATGGATAAAATGA-TAMRA-3′

CCT-epsilon Forward 5′-CTTGGAGCAGTACGCCATGAG-3′

Reverse 5′- GTTCATGCCACTATTTTCAGAAAGG-3′

Probe 5′-6 FAM-TGCCCTGGAGGTCATCCCCATG-TAMRA-3′

CCT-theta Forward 5′-GGTGGAGCAACAGAGATCGAA-3′

Reverse 5′-ATAGCATATTGTTCAAGTCCAGGACAT-3′

Probe 5′-6 FAM-TGGCCAAACAGATCACATCATATGGAGAGA-TAMRA-3′

The primer sets for rabbit CCT-gamma and CCT-theta were designed using the predicted rabbit sequences for CCT-gamma (ENSO-
CUT00000000137) and CCT-theta (ENSOCUT00000002642) from Ensembl (http://www.ensembl.org/). The primer set for rabbit CCT-delta was
designed by identifying regions that were similar between the mouse and rat for CCT-delta (ENSMUST00000020562, ENSRNOT00000012847,
respectively). For CCT-epsilon, the primer set was derived from conserved regions in mouse and rat and was confirmed with rabbit sequence from
Ensembl (ENSOCUG00000021231). Primer sets to each of these four chaperonin subunits were designed within the coding regions and used in
initial RT-PCR assays on 10 ng of adult mucosal control total RNA to verify that each of the respective CCT subunits were detectable in adult
tissue and resulted in only a single amplicon of the expected molecular weight. Primers and probes for rabbit CCT-alpha, -beta, -eta, -zeta, and
GAPDH have been previously reported (Kathju et al. 2006; Satish et al. 2008; Satish et al. 2010a, b). All Taqman primers/probes were designed
using Primer Express software (Applied Biosystems, Foster City, CA). All primers and fluorocoupled Taqman probes were purchased from
Integrated DNA Technologies (Coralville, IA)
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wounded mucosal tissues (versus unwounded control), and
also examine the level of CCT message expression in
fibroblasts derived from adult mucosal tissues versus adult
skin. We have previously described the probes and primers
used to assay for CCT subunits -alpha, -beta, -eta, and -zeta
in semi-quantitative limiting dilution RT-PCR as well as
quantitative real-time RT-PCR (Darden et al. 2000; Satish et
al. 2008; Satish et al. 2010a, b).

In the present study, we designed and validated primer and
probe sequences for rabbit CCT subunits gamma, delta,
epsilon, and theta. We first tested the primer sets using 10 ng
of rabbit adult control total RNA by RT-PCR. A single
amplicon product of the expected molecular weight after gel
electrophoresis confirmed the successful target of the correct
CCT template molecule in each of the subunits. The
amplicons obtained from using CCT-epsilon and -delta
primers were sequenced to confirm the specificity of the
primers and probe used for quantitative RT-PCR assays;
recently, rabbit CCT-epsilon sequence has become available in
the Ensembl database (ENSOCUG00000021231) and con-
firms our sequencing results. Sequences for CCT-gamma
and -theta were obtained from the Ensembl database
(ENSOCUT00000000137 and ENSOCUT00000002642,
respectively). We also confirmed that quantitative assays
displayed an appropriate range of linearity when tested
across a standard curve of varying CCT subunit concen-
trations (data not shown).

Quantitative real time RT-PCR assays were then per-
formed on total RNA from mucosal wound tissue versus
unwounded control. We determined that the only CCT
subunit that was reduced in adult mucosal wound tissue
was CCT-beta, while CCT-delta, -epsilon, -zeta, and -eta
were modestly but significantly increased in wound
tissue in comparison to unwounded controls. CCT
subunits -alpha, -gamma, and -theta showed no apparent
difference in mRNA levels between adult mucosal
unwounded and wounded tissues (Fig. 1). These results
are somewhat at variance with our observations from adult
cutaneous wounds at a similar time point; in skin wounds,
CCT-alpha is reduced, while CCT-beta remains invariant
(Satish et al. 2008).

We also determined the protein expression levels of CCT
subunits eta and beta. We found that CCT-eta protein was
significantly elevated in adult mucosal wounds compared
to unwounded mucosa, a finding that is similarly seen in
wounded skin tissues. Strikingly, however, CCT-beta
protein was significantly decreased in healing mucosal
wounds, confirming the reduction in CCT-beta mRNA
observed (Fig. 2). This is in notable contrast to healing
skin wounds, where overall CCT-beta levels show essen-
tially no variance over time.

Since scar formation is widely understood to be a
consequence of fibroblast activity, we next examined the

relative abundance of all eight chaperonin subunits in
cultured adult skin and oral mucosal fibroblasts using these
same quantitative RT-PCR assays. Interestingly, we found
that mRNA levels of CCT subunits alpha, beta, delta,
epsilon, and theta were modestly but significantly higher in
adult mucosal fibroblasts in comparison to skin-derived
fibroblasts. The other three chaperonin subunits (CCT-
gamma, -zeta, and -eta) did not show any significant
difference in relative expression between the two cell types
(Fig. 3a). Western blot analysis showed a modest increase
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Fig. 1 Quantitative RT-PCR of CCT subunits in rabbit adult wounded
and unwounded oral mucosal tissues. All animal protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC). Adult New Zealand white rabbits were
anesthetized and bilateral 1 cm buccal mucosal incisional wounds
were made. After 12 h, the animals were re-anesthetized and the
wounds were excised with 1-mm margins, as well as unwounded
mucosal control tissues. The samples were immediately immersed in
RNAlater® (Ambion, Austin, TX) and stored at −80°C until RNA
isolation. Tissues harvested from adult mucosal control (AMC) and
adult mucosal wound (AMW) tissues were homogenized using a PRO
200 homogenizer (ISC Bioexpress, Kaysville, UT) and total RNAwas
extracted using the RNeasy Mini kit (Qiagen Inc. Valencia, CA) as per
the manufacturer's instructions. This total RNA was characterized on
an Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Palo Alto,
CA) to verify integrity (lack of degradation), and then served as the
template for quantitative RT-PCR assays for the eight chaperonin
subunits. Real time RT-PCR was performed to examine patterns of
expression of all the eight CCT- subunits in wounded and unwounded
oral mucosal tissues. Ten nanograms of total RNA from individual
samples was used for reverse transcriptase (RT) reaction (using gene
specific reverse primer and 11 μl of total volume); for subsequent real
time PCR assays, 1.5 μL of RT reaction, 800 nM of each primer, and
160 nM of a probe (final concentrations) made to a final volume of
15 μl were used. The remaining protocol for RT reaction and real time
PCR was followed as previously described (Kathju et al. 2006; Satish
et al. 2008; Satish et al. 2010a, b). Using the comparative critical cycle
(Ct) method and using GAPDH as the endogenous control, the
expression levels of the target genes were normalized and the relative
abundance was calculated. Data were analyzed using the 7900 HT
SDS software version 2.1 provided by Applied Biosystems. Animal
experiments were performed from RNA derived from two animals
used in this study; results shown are mean±SEM of six independent
experiments done in duplicate. Statistical analyses were performed
using Student's t test with p value<0.05 considered significant. (***
represents p value<0.001; *represents p value<0.05). AMC adult
mucosal control, AMW adult mucosal wound, NS not significant
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in CCT-beta protein levels in adult mucosal fibroblasts in
comparison to adult skin fibroblasts but there was no
significant difference in CCT-eta between the two cell types
(Fig. 3b).

Our results show that there is differential expression of
CCT subunits during adult mucosal wound healing at the
RNA and protein levels, but this expression is not identical
to that seen in skin wounds. Notably, CCT-alpha, reduced in
adult skin wounds, remains unchanged in buccal mucosal
wounds, whereas CCT-beta displays the converse pattern: it
is reduced in adult mucosal wounds, but unchanged in
wounded adult skin. CCT-eta is increased in adult mucosal
wounds, and this actually mirrors the pattern we have
observed in adult skin wounds as well (Satish et al. 2010a, b).
In addition the CCT-delta subunit is significantly increased to
a threshold of two-fold in wounded mucosal tissue; all other
subunits remain unchanged or show only modest (although
statistically significant) variation. These observations show
that adult mucosal wounds vary significantly from adult and
fetal skin wounds, and indicate that adult mucosal wound
healing is not a replica of fetal skin wound healing.

The results described here are derived from excised
wound tissues, which contain a variety of cell types. It
has already been noted that there are differences in
inflammatory infiltrates and a likelihood of unique
cellular components in mucosal versus skin tissue; these
factors may be important contributors to the differential
expression patterns we have noted. To tease apart
specifically differential expression in particular cell types
in vivo will require in situ and immunohistochemical
studies for individual CCT subunits.

Apart from skin (and now mucosal) wound healing,
CCT expression has only been examined in one other
wound healing system. Koulikovska et al. investigated

the expression of CCT-eta and alpha-smooth muscle actin
in a rabbit model of corneal wound healing after a mild
(not severe) ultraviolet injury (Koulikovska et al. 2005).

AMWAMCAMWAMC

CCT-eta                                      CCT-beta

GAPDH

Fig. 2 Western blot analysis of proteins isolated from rabbit adult oral
mucosal wounded and unwounded tissues. Proteins were extracted
from wounded and unwounded buccal mucosal tissues using Tissue
Protein Extraction Reagent (T-PER) obtained from Thermo Fisher
Scientific (Rockford, IL). The protein concentration was measured
using Bradford assay, and equal amounts of proteins were resolved by
SDS-PAGE and analyzed by immunoblotting with chaperonin-specific
antibodies for CCT-beta (cat # MCA 2275) and CCT-eta (cat #MCA
2179) subunits obtained from SeroTec Inc., Raleigh, NC. Antibody
against GAPDH (cat # ab8245, Abcam Inc., Cambridge, MA) was
used as a loading control. Shown is a representative immunoblot of
three independent studies. AMC adult mucosal control, AMW adult
mucosal wound
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Fig. 3 a Quantitative RT-PCR of CCT subunits in adult skin and oral
mucosal fibroblasts. Skin and oral mucosal tissue pieces obtained
from adult rabbits were minced into small pieces within 30 min after
dissection. Specimens were washed in PBS containing 1% antibiotic/
antimycotic solution (Sigma, St Louis, MO) and then placed in RPMI
1640 medium (Invitrogen Corp.) containing 10% fetal bovine serum
(FBS, Gemini Bio-Products, West Sacramento, CA) and 1% antibiotic/
antimycotic solution (Invitrogen). The cultures were left undisturbed
for a week in a 37°C incubator containing 5% CO2 supplement.
Fibroblast outgrowths observed after a week from primary cultures
were sub-cultured immediately using 0.5% Trypsin-EDTA (Invitrogen).
Once the cells reached 90% confluence, total RNAwas isolated from skin
and mucosal fibroblasts using the RNeasy Micro Kit (Qiagen Inc. USA,
Valencia, CA). All cells were confirmed to have typical fibroblast
morphology bymicroscopy prior to nucleic acid extraction. Real time RT-
PCR analysis for all eight CCT subunits was performed as described in
Figure 1, using GAPDH as internal control. Data are shown as mean±
SEM of six independent experiments performed in triplicate. Statistical
analyses were performed using Student's t test with p value<0.05
considered significant. (**represents p value<0.01; *represents
p value<0.05; NS not significant). bWestern blot analysis of proteins
isolated from adult skin and oral mucosal fibroblasts. Equal amounts
of protein lysates isolated from rabbit adult skin and oral mucosal
fibroblasts were subjected to SDS-PAGE and analyzed by CCT-eta
and CCT-beta specific antibodies using GAPDH as controls as
mentioned in Figure 2. Shown here is a representative immunoblot
of three independent studies. ASF adult skin fibroblasts, AMF adult
mucosal fibroblasts
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They found that CCT-eta was increased in response to
injury, tracking a similar increase seen in alpha-smooth
muscle actin, before returning to essentially baseline levels
after five days. One consistent observation, therefore, is
that in all adult wound healing systems examined—skin,
cornea, and oral mucosa—CCT-eta is elevated in response
to injury.

Underlying the observation that different CCT subunits
can display discrete and differential patterns of gene
expression is an even more fundamental question: does
differential regulation of CCT subunits exert its influence on
cell behavior by modifying the activity of the CCT

There is evidence that both mechanisms may be important.
The hexadecameric CCT particle has been noted to interact
with different substrates through specific subunit contacts;
in the case of alpha-actin, for example, interaction with
CCT is thought to be mediated through subunits—delta and
either beta or epsilon (Llorca et al. 1999). Since alpha-actin
(smooth muscle) is known to be an important marker for
fibroblasts transitioning to myofibroblasts, the cell type
most directly implicated in wound contraction and scar
formation, relative depletion, or excess of these subunits
may well affect CCT activity and dependent cell
physiology. Our own observations also point to a role
for CCT-eta in this regard (Satish et al. 2010a, b). Tubulin
also appears to engage with CCT through specific subunits
(Llorca et al. 2000).

Alternatively, there is an increasing body of evidence
that CCT subunits may have discrete functions separate
from their involvement with the hexadecameric CCT
holoenzyme. CCT-delta, for example, has been found to
directly stimulate the binding of the trans-acting factor
TRP-185 to its target RNA sequence (Wu-Baer et al. 1996).
CCT-eta has been found to be a direct biological partner for
the soluble guanylyl cyclase (sGC), the chief intracellular
second messenger for nitric oxide signaling (Hanafy et al.
2004). CCT-eta inhibits the nitric oxide-dependent activa-
tion of sGC both in vitro and when overexpressed in cells.
Since nitric oxide is known to play an important role in
controlling the wound healing response, this may also
prove a relevant mechanism by which CCT can affect
tissue repair and scar formation. Future investigation will
hopefully clarify which of these (or other) possibilities
are most pertinent to the biology of both mucosal and
skin wound healing.
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