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Abstract CCN proteins are important modulators of develop-
ment and function of adult organs. In this study, we examined
the localization and expression of the six CCN family members
in normal adult human skin and during wound healing in vivo.
Transcript and protein expression were studied by laser-capture
microdissection-coupled real-time PCR and immunohisto-
chemistry, respectively. Our results demonstrate that CCN1,
CCN4, and CCNG6 are expressed at relatively low levels in
normal human skin. CCN2, CCN3, and CCN5 are the most
highly expressed transcripts in the epidermis. CCN3 and CCN5
proteins are prominent in epidermal keratinocytes, whereas
CCN2 is primarily expressed in melanocytes. Differential
expression within epidermal layers suggests that CCN3 and
CCNS5 are linked with keratinocyte differentiation. CCN2,
CCN3 and CCNS, are the three most highly expressed
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transcripts in the dermis. Their respective proteins are produced
to various extents by dermal fibroblasts, blood vessels, eccrine
sweat glands and hair follicles. We find that most CCN family
members are temporally and specifically regulated during
different phases (inflammation, proliferation, and remodeling)
of partial thickness wound repair. By highlighting spatial-
temporal regulations of CCN family member expression in
relation to cell proliferation and differentiation, our results
suggest a diverse range of functions for CCN proteins in both
epidermal and dermal cells, and provides a solid reference for
interpretation of future studies aimed at understanding the role
of CCN proteins in human skin physiology and diseases.

Keywords CCN - Inflammation - Remodeling - Skin -
Wound - Extracellular matrix

Abbreviations
ECM  Extracellular matrix
qPCR  Quantitative real-time RT-PCR

Introduction

Skin is the largest organ of the body and undertakes the vital
function of providing a barrier between the body and its
outside environment. Any breach to the skin barrier needs to
be quickly repaired to prevent bacteria or chemicals to
penetrate the body, and to stop tissue water and fluid loss.
The cutaneous wound healing reaction has been extensively
studied in animal models (Falanga 2001, Gurtner et al. 2008),
but less so in humans. The wound repair response is a
complex yet highly regulated process that involves sequential
and overlapping phases, namely inflammatory, proliferative,
and remodeling phases. The length and amplitude of each
phase directly depends upon the type and size of the wound.
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Named after its three initially discovered members
[cysteine-rich protein 61 (Cyr61/CCNI1), connective tissue
growth factor (CTGF/CCN2) and nephroblastoma overex-
pressed protein (Nov/CCN3)] (Bork 1993), the CCN family
presently comprises six related proteins with similar
predicted modular secondary structure (the other three
members are CCN4/Wispl, CCN5/Wisp2, and CCN6/
Wisp3) (Brigstock 2003; Perbal 2004; Leask and Abraham
2006; Holbourn et al. 2008). Members of the CCN family
are secreted proteins that associate with the extracellular
matrix (ECM). Emerging evidence indicates that CCN
family members are critical regulators of growth and
differentiation in multiple organs, and are involved in cell
growth, adhesion, migration, angiogenesis, and extracellu-
lar matrix homeostasis (Brigstock 2003; Perbal 2004;
Perbal and Takigawa 2005; Leask and Abraham 2006;
Quan et al. 2006; Quan et al. 2010). Conversely, altered
CCN gene expression is associated with numerous patho-
logical states including fibrotic disorders and tumorigenesis
(Riser et al. 2000; Planque and Perbal 2003; Perbal 2004;
Leask and Abraham 2006; Lemaire et al. 2010).

Considering the importance of cell growth, adhesion,
migration, angiogenesis, and ECM homeostasis in the wound
healing process, we thought it was of interest to delineate the
extent to which the wound repair process alters CCN protein
expression in human skin. Our results not only shed light on
normal expression of CCN proteins in human skin, but also
show a striking spatiotemporal modulation of CCN genes and
protein expression during wound repair.

Material and methods
Subject recruitment and treatment

This study was approved by the Institutional Review Board
of the University of Michigan prior to being conducted. All
participating subjects provided written informed consent
prior to entering the study. All subjects (age between 27
and 47; average age = 41) were in general good health and
were not taking any medical treatments that were deemed to
interfere with the healing process. Wounds were created on
focal areas (~5-mm squares) of the forearm (separated by at
least 2 cm) after local anesthesia (1% lidocaine-epinephrine
injection) using two passes of a carbon dioxide (CO,) laser
(Ultrapulse; Coherent, Santa-Clara, CA) set at 300 mJ and
60 W, and with computer pattern generator settings of 3/5/
6. Immediately after CO, laser treatment, wound surfaces
were gently wiped and covered with a semi-permeable
polyurethane dressing (Tegaderm, 3M, Minneapolis, MN)
until full re-epithelialization was achieved. Full-thickness
punch biopsies (4 mm) were performed in a non-treated area
(“no treatment”), and in the center of wounded areas at
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various time points after treatment. Freshly obtained biopsies
were embedded in Tissue-Tek optimal cutting temperature
(“OCT”) compound (Miles, Naperville, IL), frozen in liquid
nitrogen, and stored at 80°C until processing.

Immunohistochemistry and imaging

Frozen skin sections (7 pm-thick) were fixed with acetone
or 2% paraformaldehyde and stained by imunohistochem-
istry using a Link-Label detection system (Biogenex, San
Ramon, CA) as previously described (Ritti¢ et al. 2009).
Primary antibodies were directed against CCN2 (Perbal et
al. 1999), CCN3 (Chevalier et al. 1998), CCN5 (Gray and
Castellot 2005), laminin y2 (AbCam, Cambridge, MA),
Ki67 (Biogenex), or CD31 (Pharmingen-BD, Franklin
Lakes, NJ). Stained tissue sections were digitally photo-
graphed using a Zeiss microscope. Scale bars were inserted
using PHOTOSHOP CS2 software.

Laser capture microdissection and quantitative real-time
RT-PCR (qPCR)

Laser capture microdissection was performed as previously
described (Rittié et al. 2007) to isolate interfollicular
epidermis (without hair follicle infundibulum) and dermis
(without hair follicles, sebaceous glands, or coiled part of
sweat glands) from 14 um-thick frozen sections. Total RNA
was extracted from microdissected tissue, used as template
for preparing cDNA, which was in turn pre-amplified and
quantified by qPCR as previously described (Rittié et al.
2009; Orringer et al. 2011). Primers for CCN transcripts
were synthesized according to published sequences (Quan
et al. 2009). Results are presented as fold change in treated
vs. untreated skin sample, normalized to transcript levels of
36B4 (RPLPO, ribosomal protein, large, PO), housekeeping
gene (Minner and Poumay 2009).

Statistical analysis

Differences of Ct values between target and housekeeping
genes (Delta Ct values) were compared to baseline levels at
various time points, with paired sample #-tests. Differences
were considered statistically significant when p<0.05,
using a two-tailed test. Data are presented as mean + SEM.

Results
CCN mRNA expression in human skin
It has been previously shown that CCN genes are expressed

in human skin whole punch mRNA preparations (Quan et
al. 2009). To determine the epidermal vs dermal distribu-
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tion of the six CCN transcripts, we performed laser capture
microdissection of frozen skin sections to isolate skin
epidermal and dermal components, and measured the
relative levels of CCN mRNA in samples from 9
individuals by gqPCR. Our results indicate that CCN3
mRNA was the most highly expressed in epidermis.
CCN2 and CCNS5 transcripts were expressed at similar
levels, approximately 7 and 4 times lower than CCN3,
respectively. CCN4 and CCN6 mRNA levels were respec-
tively 20 and 24 times lower than those of CCN3. CCN1
mRNA levels were 200 times lower than CCN3, near the
limit of detection (Fig. 1a). Analysis of the skin dermal
component (Fig. 1b) revealed that CCN transcripts were
generally much more abundant in the dermis than in the
epidermis (compare y axis on Fig. 1a and b). CCN5 was the
most highly expressed. CCN2 and CCN3 dermal transcript
levels were respectively 2 and 5 times lower than CCNS.
CCN4 mRNA was 43 times lower than CCN5. CCN1 and
CCN6 mRNA were expressed at similar levels, approxi-
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Fig. 1 Distribution and expression levels of CCN transcripts in young
adult forearm human skin in vivo. Frozen human forearm skin
samples were submitted to laser capture microdissection to separate
epidermis from dermis as described in Material and methods. CCN
mRNA levels were quantified by qPCR in a epidermis and b dermis.
Data are presented relative to housekeeping gene 36B4. N=9

mately 275 times less than those of CCN5 (Fig. 1b). Of
note, dermal CCN1 and CCNG6 transcript levels were
comparable to the level of CCN4 in the epidermis.

CCN protein expression in human skin

Next, we used immunohistochemistry to localize CCN
protein expression in human skin. Based on transcript
levels detailed above, we focused on the CCN proteins that
were most highly expressed in skin, i.e. CCN2, CCN3, and
CCNS5. Figures 2a and b show immunohistochemical
expression of CCN2 protein in human epidermis and
dermis. Remarkably, the main source of CCN2 expression
in the epidermis was found to be melanocytes. Melanocytes
are pigment-producing cells located in the basal layers of
the epidermis and in hair follicles in human skin, but
restricted to hair follicles in mouse skin (Sarin and Artandi
2007). In the papillary (upper) dermis, CCN2 protein was
detected in association with reticular fibers, in the cyto-
plasm of fibroblast-like cells, and around blood vessels
(Fig. 2a). In the deeper dermis, CCN2 protein was detected
in the cytoplasm of dermal fibroblasts (Fig. 2b).

CCN3 protein was detected in most epidermal keratino-
cytes. CCN3 protein expression pattern was nuclear and
peri-nuclear in basal keratinocytes, as opposed to cytoplas-
mic in the upper layers of differentiated keratinocytes
(Fig. 2¢). In the papillary dermis, CCN3 was detected in the
cytoplasm of fibroblast-like cells, in endothelial cells (see
inset), and in eccrine sweat glands (not shown). In the
deeper dermis, CCN3 was mostly detected in the cytoplasm
of dermal fibroblasts (Fig. 2d).

CCNS protein was also detected in epidermal keratino-
cytes. CCNS5 protein expression was relatively strong and
cytoplasmic in the granular (upper) cell layer, and relatively
weak and perinuclear in lower layers of the epidermis
(Fig. 2e). In the papillary dermis, CCNS5 protein was mostly
detected in association with reticular fibers, as well as
around blood vessels. In the deeper dermis, CCNS5 protein
was detected as a punctate staining around fibroblasts and
associated with collagen fibers (Fig. 2f). Taken together,
these protein data are consistent with mRNA expression
described above, CCN3 protein being the most abundant
CCN protein in the epidermis, whereas CCN2 is relatively
highly expressed in the dermis of adult human skin.

CCN mRNA expression during epidermal repair

Based on the reported importance of CCN proteins in the
regulation of proliferation, migration, and differentiation,
we sought to determine the spatial and temporal expression
of CCN proteins during wound healing in human skin. To
this end, partial thickness wounds were made on forearm of
healthy volunteers using a CO, laser, as described in
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Fig. 2 Expression of CCN2,
CCN3, and CCNS5 proteins in
human forearm skin. Skin sam-
ples were stained for CCN2
(a-b), CCN3 (c—d), and CCN5
(e—f) by immunohistochemistry.
a, ¢, e: epidermis and papillary
dermis; b, d, f deep dermis.
Positive staining appears red.
Left inset in ¢ indicates papillary
dermis blood vessel from a
different field. Scale bar, 50 pm

CCN2

CCN3

CCN5

Material and methods. CO, laser treatment vaporizes the
entire epidermis and the superficial papillary dermis (Fig. 3a),
and triggers a wound healing response, characterized by the
typical succession of inflammatory, proliferative, and remod-
eling phases (Orringer et al. 2004). Skin samples were taken
1, 2, 3, 7, 14, 21, and 28 days post-wounding, and CCN
transcript levels were quantified in microdissected epidermis
and dermis. Due to the nature of the wound and the rate of
the re-epithelialization process, no epidermis was available
for microdissection prior to 7 days post-wounding. We have
previously shown that inflammatory cytokines are released
during the first week post CO, laser wounding in human
skin (Orringer et al. 2004). The inflammatory reaction is
accompanied by intense angiogenesis, as shown by increased
expression of the endothelial cell marker CD31, by 1 week
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post-wounding (Fig. 3b). As shown on Fig. 3c, re-
epithelialization was complete 2 weeks post-wounding. The
epidermis remained hyperplastic and hyperproliferative at
week 3, as shown by intense staining with Ki67, cell
proliferation marker (Scholzen and Gerdes 2000). By week
4, epidermal thickness was back to baseline levels, as was
the number of Ki67-positive proliferating epidermal cells
(Fig. 3b and c¢).

Analysis of epidermal CCN transcript levels indicated
that CCN3 and CCNS5 were the only two members of the
CCN family that were altered during epidermal repair.
Epidermal transcript levels of CCN1, CCN2, CCN4, and
CCN6 were not altered at 1, 2, 3, or 4 weeks post-
wounding, compared to non-treated control skin (Fig. 4a).
Transcript levels of CCN3, the most abundant CCN protein
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24 hours

No Treatment

Fig. 3 Vascular and epidermal changes induced by CO, laser
wounding in human forearm skin. a CO, laser creates a partial
thickness wound by vaporizing the entire epidermis and the upper part
of the papillary dermis. Basement membrane is highlighted by lamin-
2 staining for reference. Scale bar, 100 pm. b Time course of blood
vessel formation after wounding in human skin. Endothelial cells are
stained with CD31. Blood vessel formation starts within the first week

in human epidermis (Fig. la), was dramatically down-
regulated during the re-epithelialization response, reaching
11% of the baseline levels 2 weeks post-wounding (p<
0.05, N=3). CCN3 mRNA levels returned to baseline levels
4 weeks post-wounding (Fig. 4b). In parallel, CCN5
mRNA levels were substantially reduced during the course
of epidermal repair, reduced to 4% of baseline levels at
week 3 (p<0.05, N=3). At week 4, CCNS5 transcript levels
remained downregulated by 86% compared to baseline
(p<0.05, N=3) (Fig. 4c).

post-wounding, and hyper-vascularization is visible for at least
4 weeks. Scale bar, 100 pm. ¢ Time course of re-epithelialization of
partial thickness wounds in human skin. Proliferative cells are stained
with Ki67. Epidermal hyperplasia is visible at weeks 2 and 3, and
epidermal thickness is normalized by week 4 (also visible on b). Scale
bar, 100 pm

CCN protein expression during epidermal repair

Immunohistochemistry revealed strong down-regulation of
CCN3 protein expression in wounded epidermis 2 and
3 weeks post-wounding. Expression of CCN3 protein
returned to pre-wounding levels by week 4 (Fig. 5a).
Interestingly, we observed marked changes in the epidermal
distribution of CCN3 protein in the course of epidermal
repair: CCN3 protein was localized in the nucleus of
keratinocytes of the granular (upper) layers at weeks 2 and
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3 post wounding (Fig. 5a, black arrows), and almost absent
from these layers at week 4 (Fig. 5a, white arrow). In
addition, the nuclear CCN3 staining observed in the basal
layers in non-treated skin (see Fig. 2) was not evident
4 weeks post-wounding (Fig. 5a).

@ Springer

Fig. 4 CCN mRNA expression in the epidermis following CO, laser

wounding in human forearm skin. Skin samples were obtained from
non-treated areas and 7, 14, 21, and 28 days post-CO, laser treatment.
Frozen skin sections were submitted to laser capture microdissection
to isolate epidermis as described in Material and methods. CCN
mRNA were quantified by qPCR in epidermis samples: a CCNI,
CCN2, CCN4, CCN6. Differences were not statistically different to
“no treatment” at all time-points; b CCN3; ¢ CCNS. Data are relative
to housekeeping gene 36B4. N=3-5; *: P<0.05 vs. no treatment; NS
not significant vs. no treatment

Similarly, CCN5 protein expression was found to be
strongly down-regulated in newly-formed epidermis
(Fig. 5b). Importantly, immunostaining clearly indicated
that CCNS protein was localized at the dermal-epidermal
junction 2 weeks post-wounding and, to a lesser extent,
3 weeks-post-wounding (Fig. 5b). At week 4, CCNS5
protein was localized in the granular layer, as observed in
non-wounded skin, albeit the intensity of staining was
reduced compared to baseline (in agreement with reduction
of transcript levels shown in Fig. 4c¢).

CCN mRNA expression during dermal repair

CCN4 and CCN6 dermal mRNA expression remained
unaltered and relatively low at all time-points examined (data
not shown). As depicted on Fig. 6a, we observed a significant
induction of dermal CCN1 mRNA during the first week
post-wounding (reaching 3-times the baseline levels at day 7,
p<0.05, N=7). CCNI transcript levels returned to baseline
by week 2 and were not further altered. In parallel, we
observed a marked reduction of CCN2 mRNA in the dermis
24 h post-wounding (—55% vs baseline, p<0.05, N=5).
CCN2 transcript levels returned to baseline 3 days post-
wounding, and were not further significantly altered during
the ECM remodeling phase (Fig. 6b). Similarly, CCN3
mRNA levels were substantially down-regulated in the
dermis, 3 days post-wounding (—66% vs baseline, p<0.05,
N=5) and remained low until week 3 (—83% vs baseline, p<
0.05, N=3). CCN3 transcript levels returned to non-treated
dermal levels at week 4 (Fig. 6¢). Similar to CCN2 and
CCN3, CCNS transcript levels were strongly down-regulated
in the dermis 24 h post-wounding (—72% vs baseline, p<
0.05, N=5) and remained low at week 3 (—38% vs baseline,
p<0.05, N=3). Dermal CNS5 transcript levels returned to
baseline levels at week 4 post-wounding (Fig. 6d). Interest-
ingly, CCNS5 transcript levels were higher than CCN2 in
non-wounded skin, whereas this ratio was reversed during
the first 2 weeks of dermal wound repair, and close to 1
during week 2 to 4 (Fig. 6e).

CCN protein expression during dermal repair

As shown on Fig. 7, we observed that CCN2 protein was
mainly expressed by fibroblasts in the deeper dermis, as
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Fig. 5 CCN3 and CCNS5 protein expression in epidermis and
papillary dermis following CO, laser wounding in human forearm
skin. Skin samples were obtained from non-treated area and 14, 21,
and 28 days post-CO, laser treatment, and were analyzed for a CCN3
and b CCNS proteins by immunohistochemistry. In panel A, note the

was observed in non-treated human skin (Fig. 2a). However,
in contrast to the CCN2 protein expression pattern in non-
wounded skin, we observed a strong CCN2 protein staining
associated with ECM proteins in the dermis, one week post-
wounding (Fig. 7). Immunohistochemistry analysis also
confirmed strong down-regulation of CCN3 and CCNS5
protein expression in the dermis of wounded skin (Fig. 5
and data not shown). Interestingly, CCNS5 protein was not
detected at week 2 to 4 in the upper papillary dermis, which
corresponds to the newly made dermis in response to laser
removal (Fig. Se).

Discussion

In this report, we describe the expression pattern of the six
members of the CCN family of proteins in the epidermis
and dermis of normal adult human skin, and during the
wound healing response in vivo. Taken together, our data
demonstrate cell type specific expression of CCN proteins
in human skin, and a time-dependent regulation of CCN
proteins during wound healing. These data also suggest that
CNN family members exert distinct functional roles in the
epidermis and dermis of human skin in vivo.

Week 4

Week 3 Week 4

nuclear CCN3 protein in the upper epidermal layers at weeks 2 and 3
(black arrow), in sharp contrast with the absence of CCN3 protein in
the same upper layers at week 4 (white arrow). a,b Representative of
three subjects. Scale bars, 100 pm

We find that CCN1, CCN4, and CCNG6 are expressed at
relatively low levels in human skin. We also show that
expression of CCN transcripts is generally higher in the
dermis than in the epidermis. The abundance of CCNS
transcripts in the dermis is in agreement with published data
on whole punch skin biopsies (Quan et al. 2009). Dermal
expression of CCN2, CCN3, and CCNS proteins is detected
primarily in fibroblasts and blood vessels, and also in
eccrine sweat glands and hair follicles ((Rittié et al. 2009)
and not shown). In the papillary dermis, we observe that
CCNS protein is primarily associated with reticular fibers,
probably type VII collagen anchoring fibers based on
morphology and location. Additional studies will be needed
to confirm this observation and identify the biological
significance of these interactions.

In the epidermis, keratinocyte maturation results in the
transformation of basal keratinocytes (deepest layer), which
possess proliferative potential, to corneocytes (outermost
layer), which are highly cross-linked cellular remnants that
participate in the barrier function (Koster 2009). Our results
indicate that CCN3 and CCNS5, which are the two most
highly expressed CCN family members in human epider-
mis, are differently expressed in the course of keratinocyte
maturation. In basal conditions, CCN5 is primarily
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Fig. 6 CCN mRNA expression in the dermis following CO, laser
wounding in human forearm skin. Skin samples were obtained from
non-treated area and 1, 2, 3, 7, 14, 21, and 28 days post-CO, laser
treatment. Frozen skin sections were submitted to laser capture
microdissection to isolate dermis as described in Material and
methods. CCN transcripts were quantified by qPCR. Time course of
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Fig. 7 CCN2 protein expression during dermal repair. Skin samples were obtained from non-treated area and 7, 21, and 28 days post-CO2 laser
treatment, and analyzed for CCN2 protein by immunohistochemistry. Representative of 3 subjects. Scale bars, 50 um

expressed in keratinocytes undergoing the terminal phase of
maturation (outermost layers), while CCN3 is expressed in
all layers of the epidermis. Interestingly, we observe that
CCN3 expression varies throughout the epidermis, with an
intense cytoplasmic, nuclear and peri-nuclear localization in
basal keratinocytes, and less intense and only cytoplasmic
expression in the outermost layers of the epidermis. To our
knowledge, this is the first time that a nuclear localization
of CCN3 is reported in skin. Although a similar gradient of
expression of CCN3 has previously been observed in
human epidermis, nuclear staining was not reported
(Fukunaga-Kalabis et al. 2006). This discrepancy could be
due to inherent differences between human foreskin
(Fukunaga-Kalabis et al. 2006) and adult skin (this report).
Consistent with this possibility, we repeatedly observe that
the intensity of nuclear CCN3 staining in basal keratino-
cytes of the epidermis increases in aged and photoaged
skin, compared to skin of younger individuals (L. Rittié,
unpublished data). Importantly, aging is associated with
reduced basal keratinocyte proliferation, which results in
overall thinning of the epidermis (Yaar et al. 2002). Thus,
our data suggest that nuclear CCN3 is associated with
reduced proliferation potential of otherwise proliferation-
competent cells, as seen in basal layer of photoaged skin or
in granular layers or the hyper-proliferative epidermis
during wound repair (Fig. 5a). Considering the potential
interaction of CCN3 with the transcriptosome (Perbal 1999,
2006), future studies will be needed to determine to what
extent this nuclear form of CCN3 differs from the pro-
proliferative, N-truncated form that has been associated
with increased tumorigenesis (Perbal 1999, 2006; Planque
et al. 20006).

Our finding that both CCN3 and CCNS5 are reduced
during re-epithelization indicates that CCN3 and CCN5
expression is regulated with the proliferation/differentiation
status of epidermal keratinocytes. Interestingly, CCN3 has
been shown to reduce glioma cell growth through its
interaction with connexin-43 (Fu et al. 2004), a gap
junction protein that regulates intercellular communication.

Connexin-43 is expressed in epidermal keratinocytes
(Langlois et al. 2008) and is down-regulated during wound
repair (Goliger and Paul 1995). Whether CCN3 similarly
regulates keratinocyte growth in relation to gap junction
status remains unknown.

Our results clearly indicate that CCN2 is not expressed
in interfollicular epidermal keratinocytes, which is in sharp
contrast with CCN2 expression in human hair follicle
keratinocytes (Rittié et al. 2009) and in agreement with
mouse findings (Kapoor et al. 2008). Our data indicate that
CCN2 is restricted to melanocytes in human epidermis in
vivo. To our knowledge, this is the first time that CCN2 is
described in this cell type, either in vivo or in vitro.
Interestingly, CCN3 reduces melanocyte proliferation and
stimulates their adhesion to the basement membrane
(Fukunaga-Kalabis et al. 2006), whereas reduced CCN3 in
melanocytes promotes melanoma formation (Fukunaga-
Kalabis et al. 2008; Vallacchi et al. 2008). Considering
the possibility that CCN2 and CCN3 exert antagonizing
functions (see below), it would be of great interest to
identify the biological significance of CCN2 expression in
melanocytes, and its relevance for potential prevention of
melanoma formation.

We have previously shown that an inflammatory reaction
occurs during the first week post-CO, laser wounding in
human skin (Orringer et al. 2004). The inflammatory
reaction is closely followed by the appearance of increased
blood vessels throughout the dermis at week 2 (Fig. 3b),
and intense deposition of ECM proteins in the dermis
starting 2—3 weeks post-wounding (Orringer et al. 2004).
While we observe a reduction of most CCN mRNA dermal
levels during the initial step of hemostasis (first 2 days after
wounding), it is interesting to note that CCN1 is upregu-
lated at this time. These data are consistent with the
observations that ECM protein production is reduced
during the first week of wound repair (Orringer et al.
2004) and with an anti-fibrotic function of CCN1 (Quan et
al. 2006) in human skin. CCN1 also induces angiogenesis
in vitro and in vivo (Leu et al. 2003; Lin et al. 2003), and as
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a result, CCN1-null mutation is lethal in mice due to
compromised vessel integrity (Mo et al. 2002). Thus,
dermal CCNI1 induction might play a role in the combined
pro-angiogenic and anti-fibrotic responses that take place
during the initial stages of wound repair in human skin.
Due to overall relatively low CCN1 expression levels, we
were unable to precisely localize CCNI1 protein during
dermal repair.

CCN2, CCN3, and CCNS5 are strongly down-regulated
in the dermis during the repair process, starting as early as
24 h post-wounding. Our data also show that CCN2 mRNA
levels, although initially reduced, rapidly return to baseline
2 to 3 days post-wounding, whereas CCN3 and CCNS5
mRNA and protein remain reduced compared to baseline
until week 4 (Fig. 6). Thus, while untreated skin is
characterized by higher levels of CCN5 relative to CCN2,
this ratio is reversed in the first 2 weeks of dermal wound
repair (CCN2 to CCN5 mRNA levels are 2:1 at week 1,
Fig. 6e), and remains close to 1 until at least week 4. This
observation is of particular interest considering that CCN2
and CCNS proteins are expressed in similar locations in
human dermis, i.e. in association with blood vessels and
fibroblasts (Fig. 2). Interestingly, it has been previously
found that CCN2 and CCNS5 have antagonistic functions,
with CCNS5 inhibiting (Delmolino et al. 2001; Lake et al.
2003; Mason et al. 2004) and CCN2 promoting cell
proliferation and motility (Frazier et al. 1996; Kireeva et
al. 1997; Grotendorst and Duncan 2005). In addition, it has
been recently demonstrated that an excess of CCN2 relative
to CCNS5 results in a hypertrophic phenotype in cardio-
myocytes, whereas an excess of CCN5 relative to CCN2
results in atrophic and anti-fibrotic phenotype (Yoon et al.
2010). These results strongly suggest that CCNS5 inhibits
the pro-fibrotic effects of CCN2 previously described
(Leask 2010; Quan et al. 2010). Thus, our finding of
increased expression of CCN2 relative to CCNS5 during
early stages of wound repair is consistent with increased
blood vessels formation (Fig. 3b) and pro-collagen produc-
tion in wounded skin (Orringer et al. 2004).

It is interesting to note that, as discussed above for
CCNS5, a similar CCN2-antagonizing function has been
described for CCN3 in murine cartilage (Kawaki et al.
2008) and in kidney mesangial cells (Riser et al. 2009).
Additional experiments will be needed to determine if
CCN3 and CCNS inhibit CCN2 function similarly but at
different locations, or if their inhibitory activity is mecha-
nistically different due to their intrinsic structural differ-
ences (CCNS is the only CCN family member that lacks the
entire C-terminal module).

Our data clearly demonstrate that CCN3 is strongly
down-regulated in the dermis of wounded human skin,
findings that are consistent with an anti-fibrotic activity of
CCN3 (Riser et al. 2009; Lemaire et al. 2010). However,
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previous data indicate that CCN3 is induced in response to
full-thickness wound in mouse skin (Lin et al. 2005).
Several hypotheses could explain these apparent conflicting
results. First, the CO, laser used in this study cauterizes
blood vessels (Hall et al. 1971), thereby minimizing
vascular leakage. Interestingly, it was recently found that
endothelial laminar shear stress induces CCN3, while pro-
inflammatory cytokines reduce CCN3 (Lin et al. 2010).
Second, the healing of partial thickness wounds differs
fundamentally from that of full thickness wounds, as it
involves little to no granulation tissue formation and dermal
contraction (Gillman 1965), and it is plausible that different
healing mechanisms involve different effectors. Lastly, we
cannot rule out a possible difference in CCN3 regulatory
mechanisms between species. Additional studies will be
required to test these possibilities.

In conclusion, our study has established the spatial-
temporal dynamics of CCN protein expression associated
with human skin homeostasis and wound healing. Our data
suggest that CCN proteins exert important regulatory
functions in both epidermal and dermal cells. While the
exact functions of CCN proteins in human skin remain
elusive, the results presented herein provide a solid
reference for interpretation of future studies aimed at
understanding the role of CCN proteins in human skin
physiology and diseases.
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