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ABSTRACT

Keloids are disfiguring scars that extend beyond the original wound borders and resist
treatment. Keloids exhibit excessive extracellular matrix deposition, although the
underlying mechanisms remain unclear. To better understand the molecular basis of
keloid scarring, here we define the genomic profiles of keloid fibroblasts and kera-
tinocytes. In both cell types, keloid-derived cells exhibit differential expression of
genes encompassing a diverse set of functional categories. Strikingly, keloid kerati-
nocytes exhibited decreased expression of a set of transcription factor, cell adhesion,
and intermediate filament genes essential for normal epidermal morphology. Con-
versely, they exhibit elevated expression of genes associated with wound healing,
cellular motility, and vascular development. A substantial number of genes involved
in epithelial–mesenchymal transition were also up-regulated in keloid keratinocytes,
implicating this process in keloid pathology. Furthermore, keloid keratinocytes dis-
played significantly higher migration rates than normal keratinocytes in vitro and
reduced expression of desmosomal proteins in vivo. Previous studies suggested that
keratinocytes contribute to keloid scarring by regulating extracellular matrix produc-
tion in fibroblasts. Our current results show fundamental abnormalities in keloid
keratinocytes, suggesting they have a profoundly more direct role in keloid scarring
than previously appreciated. Therefore, development of novel therapies should target
both fibroblast and keratinocyte populations for increased efficacy.

Keloids are an extreme form of excessive scarring that result
from an abnormal wound healing process in susceptible indi-
viduals. Unlike normal scars, which stabilize with time after
wound closure, keloids can increase in size indefinitely and
spread beyond the original wound margin, resulting in signifi-
cant morbidity due to decreased range of motion, pain,
itching, and impaired self-image and quality of life. Keloids
are extremely refractory to treatment, and despite a wide
range of treatment modalities, recurrence is relatively
common.1 Keloids are characterized by excessive deposition
of extracellular matrix (ECM), which is likely due to an
imbalance of ECM production and degradation. Although the
root cause of keloid scarring is not yet known, progress has
been made in understanding keloid pathology at the cellular
and molecular levels. Growth factors that regulate fibroblast
activity, such as transforming growth factor-b (TGF-b) and
epidermal growth factor (EGF), and their downstream signal-
ing pathways have been implicated in dermal fibrosis and
keloid scarring.2,3 Linkage analyses have identified multiple
chromosomal loci associated with the risk for keloid forma-
tion, suggesting that there are likely many different genes or
gene combinations involved.4

In normal wound healing, feedback mechanisms are in
place that permit transition from the proliferative phase to the
maturation phase upon wound closure, and it has been pro-

posed that excessive fibroblast proliferation and ECM produc-
tion in keloid scars is due to an inability to respond to this
feedback mechanism.2 This implies that the abnormality
resides in the fibroblast population, but keratinocytes have
also been shown to play a role in keloid scarring through
paracrine regulation of fibroblast function. For example,
fibroblasts co-cultured with keloid keratinocytes display
increased proliferation and elevated levels of collagen.5

To further elucidate the roles of keratinocytes and fibro-
blasts in keloid scarring, genomic profiling of keloid-derived
cells and bioinformatics analyses were performed. Gene
expression profiling of keloid keratinocytes, in addition to
keloid fibroblasts, revealed abnormal expression of a large
number of genes not previously implicated in keloid scarring.
The results suggest that factors intrinsic to keloid kerati-
nocytes play an active role in the excessive healing character-
istic of keloid scars.

METHODS

Patient samples

Skin and scar samples used for isolation of primary kerati-
nocytes and fibroblasts are listed in Table 1. Excised keloid
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scar samples were obtained with University of Cincinnati
Institutional Review Board’s approval and informed consent
and according to Declaration of Helsinki principles, from
pediatric and young adult patients undergoing elective scar
excision surgeries at the Shriners Hospitals for Children—
Cincinnati. Efforts were made to include a variety of keloid
scars from different body sites, as well as both males and
females and different ethnic backgrounds. For some patients,
adjacent nonlesional skin samples were also obtained for
establishment of primary cultures. These skin samples were
available due to wide excision of the keloid scar such that
adjacent tissue was also removed but was judged to be nonscar
tissue by the surgeon performing the procedure. Additional
nonkeloid skin biopsies were not collected from these patients
due to ethical concerns regarding the risk of new keloid scar
formation at the donor site. Normal skin samples were isolated
from patients undergoing elective plastic surgery procedures at
hospitals affiliated with the University of Cincinnati Medical
Center, or from a cadaveric donor obtained through the Ohio
Valley Tissue and Skin Center.

Cell culture

Primary cultures of keratinocytes and fibroblasts were pre-
pared as described in detail elsewhere.6 Briefly, normal full-
thickness skin samples, or samples of excised keloid scars,
were incubated overnight at 4 °C in Dispase II (Roche
Applied Science, Indianapolis, IN) to separate dermis from
epidermis. Fibroblasts were isolated by finely mincing the
dermal components followed by collagenase digestion (Wor-
thington Biochemical Corp., Lakewood, NJ), and kerati-
nocytes were released from epidermis using 0.025% trypsin
(Sigma-Aldrich, St. Louis, MO). Fibroblasts were cultured in
Dulbecco’s modified Eagle’s medium (Life Technologies,
Carlsbad, CA) supplemented with 10 ng/mL EGF (Pepro-
Tech, Rocky Hill, NJ), 5 mg/mL insulin (Life Technologies),
0.5 mg/mL hydrocortisone (Sigma-Aldrich), 0.1 mM ascorbic
acid-2-phosphate (AA2P; Sigma-Aldrich), 4% fetal bovine
serum (Life Technologies), and 1X Penicillin-Streptomycin-
Fungizone (PSF; Life Technologies). Primary keratinocyte
cultures were initiated using tissue culture flasks coated with
collagen (Coating Matrix; Life Technologies), in medium
containing reduced calcium (0.06 mM CaCl2). Keratinocyte
medium consisted of MCDB153, prepared in the investiga-
tors’ laboratories, supplemented with 0.2% bovine pituitary
extract, 1 ng/mL EGF, 5 mg/mL insulin, 0.5 mg/mL hydrocor-
tisone, 0.1 mM AA2P, and 1X PSF. After subculture of
primary keratinocytes, collagen coating was discontinued,
and the CaCl2 was increased to 0.2 mM. All cells were sub-
cultured or harvested for analysis when they reached approxi-
mately 80–90% confluence to prevent contact inhibition and
differentiation. Cells were analyzed up to passage 3.

Microarray analysis and bioinformatics

Cells from nine keloid scars, four adjacent nonlesional keloid
patient skin samples, and three normal skin samples were
analyzed using expression microarrays. RNA was isolated
(RNeasy kit; Qiagen, Valencia, CA), and the quality was
verified using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Inc., Wilmington, DE). Labeling and hybridization
to Affymetrix Human Gene 1.0 ST microarray chips (Affyme-

trix Inc., Santa Clara, CA) were performed by the Vanderbilt
Genome Sciences Resource at Vanderbilt University Medical
Center (Nashville, TN). CEL files were generated using
Expression Console v1.1.1 (Affymetrix) and subjected to
robust multiarray averaging (RMA) normalization using
Affymetrix CDF probeset definitions and GeneSpringGX
v7.3.1 (Agilent). The entire data set is available online at
http://www.ncbi.nlm.nih.gov/geo/ (accession #GSE44270).
The relative expression levels for each probeset were calcu-
lated by normalization to the median value for all 32 samples
analyzed, including all fibroblast and keratinocyte samples.
Probesets with raw expression values greater than 150 for any
two samples were selected for further analyses. Statistical
analysis using analysis of variance (ANOVA) identified
probesets that showed statistically significant expression dif-
ferences between groups (keloid, adjacent nonlesional, and
normal) with less than 5% false discovery using Benjamini
Hochberg p-value correction based on a Student’s t test. This
resulted in a list of 1,311 probesets in fibroblasts and 1,758
probesets in keratinocytes that were differentially expressed
among the three groups. Further dissection of this large data
set was performed to limit the detailed analysis to probesets
showing a greater than 1.3-fold difference in relative expres-
sion between normal and keloid cells. This resulted in a list of
462 probesets total, 264 in fibroblasts and 216 in kerati-
nocytes that were at least 1.3-fold increased or decreased in
keloid cells relative to normal cells, with a corrected p-value
<0.05 (Supplemental Figures S1 and S2). Probesets that were
specific to pseudogenes or to sequences no longer present in
databases were removed from further analyses. ToppCluster7

(http://toppcluster.cchmc.org/) was used to identify functional
enrichments in the fibroblast and keratinocyte gene lists,
including relevant biological processes, pathways, and struc-
tures. The genes most highly expressed in the keloid kerati-
nocyte gene list were further analyzed using Cytoscape8

(http://www.cytoscape.org/) to permit visualization of an inte-
grated network of gene and pathway interactions.

Quantitative reverse transcription polymerase chain

reaction (qRT-PCR)

Validation of expression of selected genes was performed
using qRT-PCR, using different RNA samples than those used
for microarray analysis. For validation purposes, fresh RNA
samples were isolated from additional cultures of the same
donor strains used for microarray analysis and from new
keratinocyte and fibroblast cultures established from keloid
scar and normal skin of additional donors, as indicated in
Table 1. RNA was isolated (Qiagen RNeasy kit), and cDNA
was prepared using the SuperScript VILO cDNA Synthesis
kit (Life Technologies). Amplification was performed using
gene-specific primers (RT2 qPCR Primer Assays; Qiagen) and
the iCycler iQ system (Bio-Rad, Hercules, CA). Fold differ-
ences between the glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) housekeeping gene and genes of interest were
calculated as previously described.6 All qRT-PCR experi-
ments were performed in technical triplicates in addition to
biological replicates.

In vitro wound healing and proliferation assays

Keratinocytes were inoculated at 1e5/cm2 into 6-well multi-
well plates (Corning, Corning, NY) coated with collagen
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(Coating Matrix; Life Technologies) and were incubated in
fully supplemented media for 18–24 hours, resulting in a
confluent monolayer. A total of 10 cells strains, three normal
and seven keloid, were analyzed in triplicate wells. Wounds
were created by scratching the surface of each cell monolayer
with a sterile 200 mL pipette tip. Digital photographs were
taken using phase-contrast microscopy at the time of wound-
ing (time 0) and at 4, 8, 12, and 16 hours after wounding.
Three microscopic fields were photographed per well, for a
total of nine fields per cell strain per time point; these fields
were etched using a 6-mm biopsy punch on the plates so that
photographs were taken of the same regions at each time
point. Image analysis (NIS-Elements AR3.1; Nikon, Melville,
NY) was used to calculate the open area of each microscopic
field, and these values were used to calculate % closure. Mean
% closure values for each strain at each time point were
averaged; statistical analysis utilized a two-way ANOVA (one
factor repetition) and multiple pairwise comparisons utilized
the Holm-Sidak method (SAS software; SAS, Cary, NC).

Proliferation of normal (strains 766, 767, and 811) and
keloid (strains 746, 758-2, and 798) keratinocytes was
measured by MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide; Sigma-Aldrich) assay. Cells
were inoculated at 2.5e4/cm2 into 24-well plates, four wells
per strain, and were assayed after 48 hours of culture in
supplemented growth medium, prior to reaching confluence.
Absorbance was measured at 570 nM. Results for normal and
keloid keratinocytes were compared by t-test.

Immunohistochemistry

Skin and keloid biopsies were frozen without fixation in M1
Embedding Matrix (Lipshaw, Pittsburgh, PA) for cryosection-
ing and were fixed in methanol and dried in acetone. Primary
antibodies for immunohistochemistry included Mouse anti-
JUP (Abgent, San Diego, CA) and Rabbit anti-PKP1 (Santa
Cruz Biotechnology, Inc., Dallas, TX), and detection utilized
the Vectastain ABC-Alkaline Phosphatase Universal Kit with
ImmPact NovaRed Peroxidase Substrate (Vector Laborato-
ries, Burlingame, CA). Primary antibody was omitted for
negative controls.

Western blot analysis

Western blotting was used to quantify KRT7 and KRT1
protein levels in keratinocytes. Briefly, protein was isolated
using the Mammalian Cell Lysis Kit (Sigma-Aldrich) from
harvested cells using mechanical disruption. Protein samples
were separated on 1 mm NuPage Novex 10% Bis-Tris gels
using NuPage MOPS SDS Buffer Kit (Life Technologies)
under reducing conditions and were transferred to 0.2 mm
nitrocellulose membranes. Western blot detections were per-
formed using Mouse Anti-Cytokeratin 7 (Abcam, Cambridge,
MA) and the Western Breeze Chemiluminescent Anti-Mouse
Kit (Life Technologies), or Rabbit Anti-Cytokeratin 1
(Abcam) and the ECL Prime Western Blotting Detection
Reagent and ECL Peroxidase Labeled Anti-Rabbit Antibody
(GE Healthcare Biosciences, Pittsburgh, PA). To control for
protein loading, blots were stripped and stained for beta-actin
using Rabbit Anti-Beta-Actin antibody (Abcam) and ECL
reagents (GE Healthcare Biosciences). Signals were
visualized and quantified using the Alpha Innotech FC2 (Pro-

teinSimple, Santa Clara, CA) image analysis and gel docu-
mentation system. For quantification, the relative intensity
levels for each cell strain were calculated using the ratio of
KRT1 or KRT7 to beta-actin staining and were normalized to
the mean of the normal keratinocyte sample levels.

RESULTS AND DISCUSSION

Microarray analysis and validation of relative

expression levels

Keloid fibroblasts and keratinocytes were isolated from tissue
excised from varying body sites and from patients of different
ages and races and were compared with cells isolated from
nonlesional skin adjacent to keloid scars and normal skin
(Table 1). The most highly up- or down-regulated genes in
keloid fibroblasts and keratinocytes are listed in Tables 2 and
3, respectively. qRT-PCR was used to confirm expression of
24 genes in keratinocytes, fibroblasts, and intact keloid scar
and normal skin tissue (Table 4). To increase the stringency of
the analysis used for validation, RNA was newly prepared
from fresh cultures of some of the donor strains analyzed by
microarray, and additional donor strains were also analyzed
(Table 1). Although the levels of expression for many of the
genes analyzed were variable among samples, the majority of
genes analyzed showed the same trends in qRT-PCR and
microarray analyses.

Gene expression profiles of keloid scar cells and

adjacent nonlesional cells

Many of the genes increased in keloid cells compared with
normal cells were also increased in cells isolated from non-
lesional skin adjacent to keloid scars (Figure 1). These simi-
larities in gene expression may represent donor-specific
differences related to keloid scar susceptibility. Alternatively,
the observed expression patterns in adjacent nonlesional skin
cells may reflect a gradient of expression from the central
region of the keloid to the surrounding skin related to spread-
ing of the active keloid into adjacent tissue.

One gene that was significantly decreased in keloid fibro-
blasts compared with nonlesional adjacent or normal fibro-
blasts is cannabinoid receptor 1 (CNR1) (Tables 2 and 4).
This gene encodes one of two G-protein coupled receptors
for cannabinoids, a group of lipids that includes D9-
tetrahydrocannabinol as well as endogenous ligands, or
endocannabinoids.9 The endocannabinoid system (ECS) was
previously implicated in dermal fibrosis, including experi-
mental models and the human fibrotic connective tissue
disease systemic sclerosis.10 Furthermore, the ECS modulates
several regulatory events in normal and cancer cells, includ-
ing proliferation, apoptosis, angiogenesis, ECM production,
cytokine expression, and inflammation.9

In keratinocytes, there were a limited number of genes that
were specifically increased in keloid vs. nonlesional or
normal cells (Table 5). These include four out of the five
histone genes that were differentially expressed between
keloid and normal keratinocytes, all encoding histone cluster
1 genes: HIST1H1A, HIST1H1B, HIST1H2BH, and
HIST1H4F. Also specifically increased in keloid kerati-
nocytes were the genes encoding the histone chaperone ASF1
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anti-silencing function 1 homolog B (ASF1B) and centromere
proteins K and H. The elevated expression of genes involved
in chromatin organization and kinetochore structure suggest
elevated mitotic rates in keloid keratinocytes. However,
results of an MTT assay performed to compare proliferation
in normal and keloid keratinocytes did not show significant
differences: absorbance values were 0.817 � 0.137 vs.
0.912 � 0.192, respectively.

Genomic profiling of keloid fibroblasts extends

previous findings and identifies new

expression abnormalities

In the current study, many of the genes differentially regulated
in keloid vs. normal fibroblasts were previously implicated in
keloid scarring. These include: periostin (POSTN), serpin
peptidase inhibitor clade b member 2 (SERPINB2), SIX
homeobox 1 (SIX1), cyclin D2 (CCND2), docking protein 5
(DOK5), tissue factor pathway inhibitor 2 (TFPI2), dickkopf
homolog 3 (DKK3), and homeobox genes HOXC10 and
HOXA9 (Table 2).6,11,12 The current study also identified
several genes with diverse functions that were not previously
implicated in keloid scarring (Table 2 and Supporting infor-
mation Figure S1). Examples of genes increased in keloid

fibroblasts include EGF-like repeats and discoidin I-like
domains 3 (EDIL3), an integrin-binding protein that promotes
cell proliferation, adhesion, and migration;13 FYVE, RhoGEF
and PH Domain Containing 4 (FGD4), a Rho GDP/GTP
nucleotide exchange factor involved in regulating cell shape;14

and stanniocalcin 2, a secreted glycoprotein associated with
tumor cell invasion, metastasis, and epithelial–mesenchymal
transition (EMT).15 Among novel genes down-regulated in
keloid fibroblasts are transient receptor potential cation
channel, subfamily A, member 1 and subfamily V, Member 2
(TRPA1 and TRPV2). Genes of the TRP superfamily encode
temperature-sensitive ion channels that were shown to be
activated by cannabinoids.16 Along with decreased expression
of the CNR1 gene in keloid fibroblasts, reduced TRPA1 and
TRPV2 further implicates endocannabinoid signaling in
keloid pathology.

Functional analysis of the keloid fibroblast

expression profile

By examining patterns of coordinate gene expression, signifi-
cant functional information and insight into the pathological
process can be obtained. Pathways analysis of the fibroblast
gene set (Supporting information Table S1) showed that the
molecular function “transcription regulatory activity” was

Table 2. Genes differentially expressed >2.5-fold in keloid vs. normal fibroblasts

Symbol Gene name KF/NF NLF/NF

POSTN Periostin, osteoblast specific factor 10.95 4.21
SERPINB2 Serpin peptidase inhibitor, clade B (ovalbumin), member 2 5.50 1.55
EDIL3 EGF-like repeats and discoidin I-like domains 3 4.46 2.72
ABCC9 ATP-binding cassette, subfamily C (CFTR/MRP), member 9 3.51 1.83
SIX1 SIX homeobox 1 2.94 2.15
FGD4 FYVE, RhoGEF and PH domain containing 4 2.86 2.43
STC2 Stanniocalcin 2 2.82 1.83
CCND2 Cyclin D2 2.76 1.34
ENPEP Glutamyl aminopeptidase (aminopeptidase A) 2.68 2.91
TMEM156 Transmembrane protein 156 2.65 2.27
DOK5 Docking protein 5 2.60 2.37
ZFHX4 Zinc finger homeobox 4 2.54 1.69
CNR1 Cannabinoid receptor 1 (brain) 0.40 0.99
TFPI2 Tissue factor pathway inhibitor 2 0.38 0.45
MT1M Metallothionein 1 M 0.37 0.50
AQP1 Aquaporin 1 (Colton blood group) 0.37 0.45
TRPA1 Transient receptor potential cation channel, subfamily A, member 1 0.36 0.36
TNC Tenascin C 0.36 0.44
AQP9 Aquaporin 9 0.35 0.38
TRPV2 Transient receptor potential cation channel, subfamily V, member 2 0.35 0.36
DKK3 Dickkopf homolog 3 (Xenopus laevis) 0.35 0.46
HOXC8 Homeobox C8 0.33 0.26
SKAP2 Src kinase associated phosphoprotein 2 0.30 0.23
HOXC10 Homeobox C10 0.30 0.23
HOXA9 Homeobox A9 0.27 0.24

KF, keloid fibroblasts; NF, normal fibroblasts; NLF, nonlesional fibroblasts (adjacent to keloid).
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highly significant, with 27 genes up- or down-regulated in
keloid vs. normal fibroblasts, including 15 HOX genes. It is
not surprising, therefore, that “organ morphogenesis” was the
most significant biological process associated with this gene
set, followed by “regulation of cell proliferation” (Supporting
information Table S1). The cellular component category most
significantly represented in the genomic profile of keloid
fibroblasts is “integral to plasma membrane,” which includes
31 genes encoding membrane glycoproteins, receptors, water
channels, ion channels, membrane-associated enzymes, and
integrins. Among significant pathways associated with the
keloid fibroblast gene set were “O-glycan biosynthesis” and
“altered canonical Wnt signaling.”

A diverse set of genes is differentially expressed in

keloid vs. normal keratinocytes

Genomic profiling of keloid keratinocytes revealed a highly
diverse gene set encoding many different types of proteins.

However, despite the observed variety, a common thread is
that a large number of these genes have been implicated in
differentiation, cell adhesion, migration, invasion, and EMT.

The hyaluronan synthase 2 (HAS2) gene, which encodes
one of three HAS enzymes involved in biosynthesis of hyalu-
ronan, was increased 4.38-fold in keloid keratinocytes
(Table 3). Hyaluronan, a high molecular weight glycosami-
noglycan, is an important component of the epidermal ECM.17

Elevated HAS2 expression in keloid keratinocytes is consis-
tent with previous reports of increased hyaluronan levels in
keloid epidermis.18 Like many of the other genes increased in
keloid keratinocytes, described in detail below, elevated
HAS2 expression has been implicated in cancer cell prolif-
eration and metastasis,19 and overexpression resulted in
increased keratinocyte migration in vitro.17

Keratin 7 (KRT7) was increased 3.52-fold in keloid vs.
normal keratinocytes (Table 3). KRT7 is a low molecular
weight type II keratin that is expressed in simple epithelial
tissues, including glandular epithelia but not in normal

Table 3. Genes differentially expressed >2-fold in keloid vs. normal keratinocytes

Symbol Gene name KK/NK NLK/NK

HAS2 Hyaluronan synthase 2 4.38 3.01
KRT7 Keratin 7 3.52 4.85
GLIPR1 GLI pathogenesis-related 1 3.48 3.76
ANO1 Anoctamin 1, calcium activated chloride channel 3.00 2.50
LOXL2 Lysyl oxidase-like 2 2.79 2.13
ADAM19 ADAM metallopeptidase domain 19 2.74 3.11
LGALS1 Lectin, galactoside-binding, soluble, 1 2.66 2.84
ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) 2.59 2.47
CDH11 Cadherin 11, type 2, OB-cadherin (osteoblast) 2.57 3.41
DAB2 Disabled homolog 2, mitogen-responsive phosphoprotein (Drosophila) 2.30 2.57
BCAT1 Branched chain amino-acid transaminase 1, cytosolic 2.20 2.36
VIM Vimentin 2.07 2.28
BICC1 Bicaudal C homolog 1 (Drosophila) 2.07 2.06
ANPEP Alanyl (membrane) aminopeptidase 2.00 3.62
PXDN Peroxidasin homolog (Drosophila) 2.00 2.38
PLA2G4A Phospholipase A2, group IVA (cytosolic, calcium-dependent) 0.50 0.48
C6orf105 Chromosome 6 open reading frame 105 0.48 0.55
GJB6 Gap junction protein, beta 6, 30kda 0.47 0.41
IGFL1 IGF-like family member 1 0.45 0.40
EPGN Epithelial mitogen homolog (mouse) 0.44 0.57
SERPINB13 Serpin peptidase inhibitor, clade B (ovalbumin), member 13 0.42 0.41
HOXA7 Homeobox A7 0.41 0.35
ABCA12 ATP-binding cassette, sub-family A (ABC1), member 12 0.39 0.44
MMP3 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 0.39 0.57
KRT1 Keratin 1 0.38 0.27
STEAP4 STEAP family member 4 0.35 0.33
A2ML1 Alpha-2-macroglobulin-like 1 0.35 0.34
HOXA9 Homeobox A9 0.23 0.18
KRT31 Keratin 31 0.21 0.24
DSC1 Desmocollin 1 0.20 0.15
CRYAB Crystallin, alpha B 0.19 0.20

KK, keloid keratinocytes; NK, normal keratinocytes; NLK, nonlesional keratinocytes (adjacent to keloid).
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Table 4. Quantification of gene expression using qRT-PCR compared with microarray expression levels

Fibroblasts: Relative expression by qRT-PCR: mean (range) Microarray fold change

Gene name Normal fibroblasts Keloid fibroblasts (KF/NF)

POSTN 1 (.46–1.92) 22.76 (1.39–81.09) 10.95
SERPINB2 1 (0.38–2.91) 16.76 (1.13–45.46) 5.50
CCND2 1 (.56–2.22) 6.11 (3.07–13.49) 2.76
ZFHX4 1 (0.24–2.04) 4.00 (2.88–5.76) 2.54
PRICKLE1 1 (0.64–1.84) 4.71 (2.27–8.65) 2.29
SERPINB7 1 (0.36–2.11) 7.74 (1.11–15.42) 2.08
PXDN 1 (0.76–1.26) 2.33 (1.20–3.25) 1.67
ADAMTS6 1 (0.57–1.34) 1.64 (1.06–2.62) 1.56
IER3 1 (0.91–1.12) 1.88 (1.25–3.02) 1.45
ADAM19 1 (0.58–1.59) 3.55 (1.71–6.68) 1.40
AXIN2 1 (0.43–2.37) 0.63 (0.44–0.88) 0.76
ANPEP 1 (0.73–1.36) 0.97 (0.60–1.33) 0.74
HOXC11 1 (0.66–4.02) 0.02 (0–0.1) 0.60
HOXA7 1 (0.81–1.29) 0 (0–0.01) 0.44
CNR1 1 (0.54–1.43) 0.17 (0.06–0.29) 0.40
HOXA9 1 (0.72–1.31) 0 (0–0.01) 0.27

Keratinocytes: Relative expression by qRT-PCR: mean (range) Microarray fold change

Gene name Normal keratinocytes Keloid keratinocytes (KK/NK)

HAS2 1 (0.18–5.24) 19.28 (2.03–60.71) 4.38
KRT7 1 (0.36–4.36) 3.73 (0.74–9.78) 3.52
LOXL2 1 (0.41–4.22) 2.26 (1.36–4.74) 2.79
ADAM19 1 (0.56–2.8) 4.26 (2.44–10.68) 2.74
CDH11 1 (0.23–4.31) 1.87 (0.76–4.31) 2.57
ANPEP 1 (0.32–2.47) 1.42 (0.83–1.63) 2.00
PXDN 1 (0.6–1.54) 1.47 (0.64–2.23) 2.00
WNT5A 1 (0.75–1.57) 1.81 (1.47–2.33) 1.73
ADAMTS6 1 (0.35–1.59) 1.44 (0.54–2.25) 1.66
HOXC11 1 (0.49–1.87) 0.12 (0.01–0.42) 0.68
TGFBR3 1 (0.27–1.68) 0.93 (0.64–1.19) 0.59
WNT3 1 (0.65–1.89) 0.60 (0.31–2.12) 0.55
SERPINB7 1 (0.75–2.27) 0.76 (0.62–0.94) 0.54
SERPINB2 1 (0.43–3.98) 1.76 (1.34–2.4) 0.52
HOXA7 1 (0.49–1.46) 0.11 (0.02–0.31) 0.41
MMP3 1 (0.22–4.01) 0.72 (0.11–1.96) 0.39
HOXA9 1 (0.86–1.68) 0.05 (0.01–0.15) 0.23

Whole tissue: Relative expression by qRT-PCR: mean (range) Microarray fold change

Gene name Normal skin Keloid scar Fibro. (KF/NF) Kerat. (KK/NK)

POSTN 1 (0.57–1.52) 22.77 (4.02–57.28) 10.95 N/A
PXDN 1 (0.57–1.43) 4.85 (1.84–8.06) 1.67 2.00
ADAM19 1 (0.5–1.95) 3.58 (1.7–7.46) 1.40 2.74
HOXC11 1 (0.39–2.09) 0.23 (0.00–0.63) 0.60 0.68
HOXA7 1 (0.94–1.08) 0.23 (0.01–0.48) 0.44 0.41
CNR1 1 (0.89–1.15) 0.86 (0.16–1.70) 0.40 N/A
LOXL2 1 (0.87–1.18) 15.27 (1.70–40.32) N/A 2.79
CDH11 1 (0.83–1.15) 10.31 (2.14–17.96) N/A 2.57
TGFBR3 1 (0.84–1.17) 0.62 (0.25–1.37) N/A 0.59
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epidermal keratinocytes.20 KRT7 expression is often colocal-
ized with KRT18,20 which was also increased in keloid vs.
normal keratinocytes (Supporting information Figure S2).
KRT7 expression was found in a subset of colorectal cancers,
where it was significantly associated with poor tumor differ-
entiation and extensive tumor budding, with high KRT7 levels
in single cells or clusters at the invasive tumor front.21 This de
novo KRT7 was proposed to be related to the process of EMT.
Furthermore, KRT7 expression was shown to be an indicator
of metastatic potential in esophageal squamous cell carci-
noma (SCC), where it was coexpressed with lysyl oxidase-
like 2 (LOXL2).22 In keloid keratinocytes, LOXL2 was
increased compared with normal keratinocytes (Tables 3 and
4). Lysyl oxidases are required for formation of cross-links in
collagen and elastin. LOXL2 has been implicated in EMT,
tumor progression, tumor cell invasion, and regulation of
epidermal differentiation.23 Silencing of LOXL2 gene expres-

sion in SCC cells resulted in reduced invasive potential and
up-regulation of differentiation-specific genes,23 suggesting
the therapeutic potential of LOXL2 reduction for keloid
suppression.

Consistent with reduced differentiation, keloid kerati-
nocytes displayed reduced expression of KRT1 and KRT16
(Table 3 and Supporting information Figure S2). KRT1 is
normally expressed in the spinous and granular epidermal
layers of skin, and KRT16 is a marker of activated kerati-
nocytes.24 Increased KRT7 and decreased KRT1 protein
levels were confirmed by Western blot analysis (Figure 2).
The altered expression profile of keratin genes in keloid
keratinocytes suggests reduced differentiation and increased
migration.

Several mesenchymal cell markers were increased in
keloid keratinocytes compared with normal keratinocytes,
further implicating EMT in keloid scarring. For example,
cadherin-11 (CDH11) and vimentin (VIM) were both
increased in keloid keratinocytes (Tables 3 and 4). Cadherins
function to mediate calcium-dependent cell–cell adhesion at
adherens junctions, and VIM is an intermediate filament. Both
are associated with a mesenchymal phenotype and are con-
sidered markers of EMT.25 The process of EMT has been
linked with fibrosis in diverse organ systems including lung,
liver, and kidney, as well as skin.26 The current studies suggest
that EMT may also play a role in keloid fibrosis.

Functional analysis of keloid keratinocyte expression

profile suggests decreased cell–cell adhesion and

increased motility

The most significant molecular function associated with the
keloid keratinocyte genomic profile was “structural molecule
activity” (Supporting information Table S2). In addition to
five keratin genes, this classification included the intermediate
filament genes synemin (SYNM) and VIM; precursors of the
cornified envelope envoplakin (EVPL) and cystatin A
(CSTA); and desmosome components junction plakoglobin/
gamma catenin (JUP) and plakophilin 1 (PKP1). EVPL and
CSTA were both decreased in keloid keratinocytes compared
with normal keratinocytes, consistent with reduced differen-
tiation status. SYNM is decreased 1.59-fold in keloid kerati-
nocytes; in previous studies, decreased SYNM expression
was shown to interfere with cell adhesion and to increase cell
migration.27 JUP and PKP1 were both reduced in keloid kera-
tinocytes; this reduction was validated in keloid tissue by
immunohistochemistry, which showed reduced expression at
cell–cell junctions (Figure 3). Reduced and abnormal local-
ization of JUP and PKP1 suggest defects in desmosomal
plaques of keloid keratinocytes. Mutations in JUP or PKP1
impact skin integrity and keratinocyte adhesion.28

Another molecular function significantly associated with
the keloid keratinocyte gene set was “frizzled binding.”
Because frizzled (FZD) family members serve as receptors
for secreted wingless-type MMTV integration site family
(WNT) glycoproteins, this suggests altered Wnt/b-catenin
signaling, which was also revealed in analysis of the keloid
fibroblast gene set (Supporting information Table S1) and
previously described in keloid fibroblasts.29,30 Frizzled-7
(FZD7) and WNT5A were both increased in keloid kerati-
nocytes. Wnt5A modulates cell movement and polarity, and
its expression in different types of cancer contributes to an

Figure 1. Relative expression levels of genes differentially
expressed in keloid fibroblasts and keratinocytes. Shown are
heat maps for 264 genes in fibroblasts (left) and 216 genes in
keratinocytes (right) that were differentially expressed
between keloid and normal cells. Rows represent individual
genes, and columns represent the mean for each sample
group. The complete gene lists corresponding to these gene
trees are presented in Supporting information Figures S1 and
S2. The heat maps permit visualization of the relative similari-
ties and differences in expression profiles among the different
sample types (cells from normal skin, skin adjacent to keloid,
and keloid scar). Note that for each gene set, expression is
illustrated for all samples, not just fibroblasts or keratinocytes.
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invasive and metastatic phenotype through induction of
EMT.31 FZD7 is critical for normal development and is
regarded as the most important WNT receptor in the devel-
opment and progression of cancers of the breast, liver, and
other organs.32

“Biological adhesion” was the most significant biological
process associated with the keloid keratinocyte gene set, with
27 genes either up- or down-regulated in keloid keratinocytes
(Supporting information Table S2 and Table 6). These genes
encode a diverse collection of proteins implicated in fibrosis,
tumor progression, metastasis, and cell invasion, revealing
potential mechanisms for suppression of keloid scarring by
regulation of these processes. In particular, genes involved in
EMT are enriched in this group, suggesting the importance of

Table 5. Genes differentially expressed in keloid keratinocytes compared with normal keratinocytes and adjacent nonlesional
keratinocytes

Symbol Gene name

Expression ratio

KK/NK NLK/NK

HIST1H1A Histone cluster 1, H1a 1.60 0.82
MOXD1 Monooxygenase, DBH-like 1 1.64 0.94
DLEU2 Deleted in lymphocytic leukemia 2 (nonprotein coding) 1.55 0.82
HIST1H4F Histone cluster 1, H4f 1.46 0.86
MNS1 Meiosis-specific nuclear structural 1 1.44 0.95
HIST1H2BH Histone cluster 1, H2bh 1.42 0.78
CENPK Centromere protein K 1.39 0.82
CENPH Centromere protein H 1.37 0.80
C4orf46 Chromosome 4 open reading frame 46 1.36 0.76
ZNF440 Zinc finger protein 440 1.36 0.98
CNTNAP3 Contactin associated protein-like 3 1.35 0.98
ASF1B ASF1 anti-silencing function 1 homolog B (S. cerevisiae) 1.32 0.84
HIST1H1B Histone cluster 1, H1b 1.31 0.64
BAMBI BMP and activin membrane-bound inhibitor homolog (Xenopus laevis) 0.67 1.02

KK, keloid keratinocytes; NK, normal keratinocytes; NLK, nonlesional keratinocytes.

Figure 2. Expression of keratins 7 (KRT7) and 1 (KRT1) in
normal and keloid keratinocytes. Western blot analysis of mul-
tiple cell strains (n = 2 normal, 6 keloid) showing increased
KRT7 (left) and decreased KRT1 (right) in keloid keratinocytes;
beta-actin staining of blots was used to control for loading.
Normalized expression levels were calculated by image analy-
sis and are shown below the blot images. Protein levels varied
between samples, but mean levels were increased for KRT7
and decreased for KRT1.

Figure 3. Localization of desmosome components junction
plakoglobin (JUP) and plakophilin 1 (PKP1) in normal skin and
keloid scar. In normal epidermis, JUP (A) and PKP1 (C) staining
was localized to cell membranes (reddish-brown staining). In
keloid epidermis, JUP (B) and PKP1 (D) staining levels were
reduced, and membrane localization was absent or greatly
decreased. Dark brown pigment in basal epidermal cells is due
to melanin and is seen in negative controls stained without
primary antibodies: normal skin (E) and keloid scar (F).
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reduction of epithelial cell adhesion and increased kerati-
nocyte motility in keloid scarring. Genes up-regulated in
keloid keratinocytes with roles in biological adhesion include
CDH11, described above, and integrin alpha-4 subunit, which
was reported to facilitate binding of fibroblasts to fibronec-
tin.33 Also increased in keloid keratinocytes was galectin 1
(LGALS1), which was previously shown to be up-regulated at
the protein level in keloid scar compared with normal skin.34

Galectins modulate cell–cell and cell–matrix interactions and
have been implicated in regulation of cell proliferation, apo-
ptosis, migration, and adhesion .35 LGALS1 was previously
shown to interact with Neuropilin 1 (NRP1), a receptor for
vascular endothelial growth factor (VEGF), to mediate adhe-
sion and migration of endothelial cells.35 In the current study,
NRP1 and the related NRP2 were both increased in keloid
keratinocytes. Furthermore, NRP1 and NRP2 were both
shown to be coreceptors for TGF-b1, and it was proposed that
neuropilins may function to enhance TGF-b signaling.36

Hypothetically, increased NRP1 and NRP2 enhance TGF-b
signaling in keloid cells. Alternatively, because VEGF was
implicated in keloid scarring,37 increased expression of neu-
ropilins may contribute to enhanced keloid angiogenesis.

In addition to JUP and PKP1, reduced expression of des-
mosome components desmocollins 1 and 2 was observed
in keloid keratinocytes, consistent with reduced cell–cell
adhesion and a migratory phenotype. Furthermore, keloid
keratinocytes exhibit reduced expression of metastasis
suppressor-1, a tumor suppressor gene previously shown to
promote cell adhesion and inhibit metastasis.38

Keloid keratinocytes display enhanced

motility in vitro

Morphological differences were observed between keloid and
normal keratinocytes during in vitro monolayer culture
(Figure 4A). Normal keratinocytes remained in close contact
with each other even at subconfluent densities, but keloid
keratinocytes formed looser colonies that were more widely
dispersed, suggesting increased motility. An in vitro scratch
assay was performed using seven keloid and three normal
keratinocyte strains to investigate cell migration following in
vitro wounding. Keloid keratinocytes migrated significantly
faster than normal keratinocytes (Figure 4B and C).

Table 6. Biological adhesion genes differentially expressed in keloid keratinocytes compared with normal keratinocytes; the ratio
of normalized expression levels is shown

Symbol Gene name KK/NK

LOXL2 Lysyl oxidase-like 2 2.79
LGALS1 Lectin, galactoside-binding, soluble, 1 2.66
ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) 2.59
CDH11 Cadherin 11, type 2, OB-cadherin (osteoblast) 2.57
AXL AXL receptor tyrosine kinase 1.75
BVES Blood vessel epicardial substance 1.74
WNT5A Wingless-type MMTV integration site family, member 5A 1.73
NRP1 Neuropilin 1 1.71
NRP2 Neuropilin 2 1.64
AMIGO2 Adhesion molecule with Ig-like domain 2 1.58
GNE Glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase 1.55
FZD7 Frizzled family receptor 7 1.53
COL12A1 Collagen, type XII, alpha 1 1.47
FEZ1 Fasciculation and elongation protein zeta 1 (zygin I) 1.47
CD99L2 CD99 molecule-like 2 1.42
MMP14 Matrix metallopeptidase 14 (membrane-inserted) 1.36
CNTNAP3 Contactin associated protein-like 3 1.35
ALCAM Activated leukocyte cell adhesion molecule 1.33
DLG1 Discs, large homolog 1 (Drosophila) 1.32
JUP Junction plakoglobin 0.75
LMO7 LIM domain 7 0.65
MTSS1 Metastasis suppressor 1 0.64
FLRT3 Fibronectin leucine rich transmembrane protein 3 0.63
DSC2 Desmocollin 2 0.60
PKP1 Plakophilin 1 (ectodermal dysplasia/skin fragility syndrome) 0.58
HOXA7 Homeobox A7 0.41
DSC1 Desmocollin 1 0.20

KK, keloid keratinocytes; NK, normal keratinocytes.
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Network of interconnected genes differentially

expressed in keloid vs. normal keratinocytes

To gain a more thorough understanding of the functional
implications of the keloid keratinocyte gene expression
profile, the functional analysis of selected genes up- and
down-regulated in keloid keratinocytes was used to generate a
graphic network (Figure 5). This network permits organiza-
tion and visualization of the interconnectedness of the genes
with each other and with significant functional categories.
The network illustrates that genes down-regulated in keloid
keratinocytes show functional enrichment for epidermal kera-
tinization, differentiation, and cell junctions, and display gene
expression patterns similar to stratified squamous nonkerati-
nized epithelia, such as the oral mucosa and esophagus. Genes
up-regulated in keloid keratinocytes suggest significant
involvement in cell adhesion, ECM, locomotion, and
down-regulation of EGF receptor signaling. In addition to
highlighting functional connectivity, the network highlights
transcription factors that may be involved in regulation of the
keloid expression pattern, as well as drugs that may be can-
didates for intervention in keloid pathology (Figure 5).

Genes common to both keloid fibroblast and

keratinocyte gene sets

A small subset of genes was common to both keloid fibroblast
and keratinocyte gene sets. Among these were three enzymes,
peroxidasin (PDXN), ADAM metallopeptidase domain 19
(ADAM19), and ADAM metallopeptidase with thrombo-
spondin type 1 motif, 6 (ADAMTS6), which were increased
in both keloid fibroblasts and keratinocytes compared with
normal cells (Suppporting informatioin Figures S1 and S2).
These enzymes all localize to the ECM but have not been
previously described in skin or keloid scar. PDXN and
ADAM19 were both previously implicated in fibrosis.39,40

HOXA5, HOXA7, and HOXC11 were down-regulated in
both keloid fibroblasts and keratinocytes. In total, nine differ-
ent HOX genes were down-regulated in one or both keloid
cell types (Supporting information Figures S1 and S2).
Down-regulation of HOX expression in keloids has been pre-
viously reported.12 HOX genes specify positional identity
during embryonic development. They are differentially
expressed along the anterior–posterior embryonic axis, and
site-specific HOX gene expression in postnatal dermal fibro-
blasts was shown to be maintained in primary culture.41 Thus,
it was suggested that the different body sites used for keloid
and normal cell isolation might be responsible for differential
HOX expression.12 Alternatively, reduced HOX gene expres-
sion was proposed to be related to a “tumorigenic phenotype”
of keloids, because many different HOX genes are misex-
pressed in cancer. HOX genes are known to be epigenetically
regulated by both histone modifications and DNA methyla-
tion.42 Hypothetically, global keloid-specific epigenetic
changes, which have been previously reported,29 may result in
HOX gene suppression in keloids, contributing to the fibrotic
phenotype. Indeed, HOX gene down-regulation due to pro-
moter methylation has been identified in multiple types of
cancer compared with tissue-matched controls,42 supporting
the notion that differential HOX gene expression observed
here is functionally relevant and not an experimental artifact.
Further functional and expression analyses comparing keloid

Figure 4. Increased motility in keloid keratinocytes. (A) Phase-
contrast microscopy of normal and keloid keratinocytes, illus-
trating differences in morphology. Normal keratinocytes (top)
maintain cell–cell contacts and form relatively tight colonies,
whereas keloid keratinocytes (bottom) are more dispersed and
display a migratory phenotype. Donor strain designations are
indicated. Scale bar (500 mm) is the same for all panels. (B)
Quantitative analysis of in vitro “healing” indicates that migra-
tion rates in keloid keratinocytes are significantly higher than in
normal keratinocytes. Shown are mean values for % area
closed at serial time points. (C) Representative phase-contrast
images of “wounded” normal and keloid cultures. Scale bar
(500 mm) is the same for all panels.
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Figure 5. Network of gene interactions in keloid keratinocytes. Shown is a Cytoscape-generated network of genes and functional
attributes, selected from analyses of genes increased (top left) or decreased (bottom right) in keloid vs. normal keratinocytes.
Hexagons represent genes. Green or yellow squares represent annotated molecular functions, biological processes, cellular
components, phenotypes, interactions, and pathways that are linked (red or gray lines) to genes in the keloid keratinocyte gene
set. Other squares represent published expression studies (maroon), protein interactions (beige), transcription factor binding sites
(purple), coexpression data (gray), human diseases (brown), and drugs (red). Highlighted in yellow are genes involved in
keratinocyte differentiation, cell migration, and adhesion, linked by red lines to relevant functional attributes.
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and normal skin samples from identical body sites will be
required to resolve this issue.

CONCLUSIONS
This study is the first to characterize the expression profile of
keloid keratinocytes in detail. The magnitude of the differ-
ences in mean expression levels between keloid and normal
cells were, in many cases, relatively modest. There was sub-
stantial cell-type specific homogeneity between normal and
keloid cells, with only 462 probesets differentially expressed
greater than 1.3-fold in normal vs. keloid fibroblasts and
keratinocytes. However, among those 462 probesets, there
was considerable variability among keloid patient samples,
Thus, the relatively modest fold changes may be due in part to
variability, because a variety of keloid scar types was used,
and also to the normalization scheme utilized, in which
expression was normalized across all samples and both cell
types. Hierarchical clustering and functional analysis can
facilitate interpretation of such a complex data set. For
example, if multiple genes involved in a particular pathway
are similarly up- or down-regulated, the significance of that
pathway in the disease process can be inferred, as in the
current study. The results of the current study suggest that
keloid keratinocytes are characterized by increased motility,
decreased adhesion, and reduced differentiation compared
with normal skin keratinocytes. These features, coupled with
expression of mesenchymal cell markers, indicate that the
process of EMT in keratinocytes may contribute to keloid
scarring.

It has been suggested that keloids result from an inability
to stop the wound healing process, in the context of
increased or prolonged inflammation that increases dermal
fibrosis.1 Because excessive deposition of ECM is the hall-
mark of keloid scarring, fibroblasts have long been viewed
as the critical cellular player. However, it now seems likely
that keratinocytes help drive the continued growth that is
characteristic of keloid scars, perhaps through the process of
EMT.

Bioinformatics-based analysis of the keloid keratinocyte
expression signature implicated multiple signaling pathways
in keloid pathology that may be targeted for therapeutic inter-
vention. Additionally, network analysis revealed potential
candidate drugs that may be investigated in future studies for
reducing pathology in keloid epidermis. A recent meta-
analysis evaluated clinical studies aimed at keloid treatment,
and the results indicated that high-quality evidence for many
therapeutic interventions is lacking.43 The majority of treat-
ments strategies target the fibroblast population, including
attempts to inhibit collagen production (intralesional steroid
injection and interferon treatment), inhibit fibroblast prolif-
eration (5-fluorouracil injection), or reduce inflammation-
induced fibrosis (imiquimod).43 These interventions may have
had limited long-term success because they each address only
one part of the problem and do not target keloid keratinocytes.
Therefore, future studies must account for the central role of
keratinocytes in keloid scarring for successful development of
effective treatment and prevention strategies.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Heat map and list of 264 genes differentially
expressed >1.3-fold in keloid fibroblasts (KF) versus normal
fibroblasts (NF). Expression levels were normalized to the
mean expression level in all keratinocyte and fibroblast
samples. Normalized (Norm’d) and raw (shaded) expression
data are shown (columns at right) for each probe set. The ratio
of normalized expression in keloid vs. normal fibroblasts (KF/
NF) is in bold. Heat map showing mean relative expression
levels for each cell type, probe set designation, and hierarchi-
cal tree are shown at left; red represents high expression and
green represents low expression.

Figure S2. Heat map and list of 216 genes differentially
expressed >1.3-fold in keloid keratinocytes (KK) versus
normal keratinocytes (NK). Expression levels were normal-
ized to the mean expression level in all keratinocyte and
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fibroblast samples. Normalized (Norm’d) and raw (shaded)
expression data are shown (columns at right) for each probe
set. The ratio of normalized expression in keloid vs. normal
keratinocytes (KK/NK) is in bold. Heat map showing mean
relative expression levels for each cell type, probe set desig-
nation, and hierarchical tree are shown at left; red represents
high expression and green represents low expression.

Table S1. Pathways analysis of genes differentially
expressed between normal and keloid fibroblasts. Shown are

the top 5 listings for each category based on P-values. Dupli-
cate categories with significant overlap are not shown.

Table S2. Pathways analysis of genes differentially
expressed between normal and keloid keratinocytes. Shown
are the top 5 listings for each category based on P-values.
Duplicate categories with significant overlap are not shown.
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