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Abstract

Following wound damage to the skin, the scarring spectrum is wide-ranging, from a manageable normal scar
through to pathological keloids. The question remains whether these fibrotic lesions represent simply a
quantitative extreme, or alternatively, whether they are qualitatively distinct. A three-way comparison of the
extracellular matrix (ECM) composition of normal skin, normal scar and keloids was performed using
quantitative discovery-based proteomics. This approach identified 40 proteins that were significantly altered in
keloids compared to normal scars, and strikingly, 23 keloid-unique proteins. The major alterations in keloids,
when functionally grouped, showed many changes in proteins involved in ECM assembly and fibrillogenesis,
but also a keloid-associated loss of proteases, and a unique cartilage-like composition, which was also
evident histologically. The presence of Aggrecan and Collagen Il in keloids suggest greater plasticity and mis-
differentiation of the constituent cells. This study characterises the ECM of both scar types to a depth
previously underappreciated. This thorough molecular description of keloid lesions relative to normal scars is

an essential step towards our understanding of this debilitating clinical problem, and how best to treat it.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Scar formation, an inevitable consequence of the
wound repair process, occurs with a range of
severity. Mild cases may present only a minor
aesthetic problem, but severe cases can drastically
impede skin tissue functioning and be extremely
debilitating. Keloid scars are an example of a

pathological scar response which, in susceptible
individuals, can develop from even a very minor
insult (e.g. a vaccination injection)[1]. By definition,
keloids are wound-induced skin lesions that expand
beyond the original wound margin, often causing a
tumour-like mass with excessive deposition of
extracellular matrix (ECM) proteins. These lesions
do not resolve with time and will frequently continue

0022-2836/© 2019 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

(2019) 4, 100016


tanya.shaw@kcl.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mbplus.2019.100016&domain=pdf
https://doi.org/

Keloid extracellular matrix

growing for many years post-injury [1]. To date, there
has been little clinical success in preventing or
reducing normal or pathological skin scars, despite
extensive testing of countless strategies [2]. This is
attributed to our limited understanding of the
mechanisms causing keloid disease, and how they
contrast with the normal scar response.

Fibrosis is vaguely described as connective tissue
deposition that can be excessive in pathological
conditions. This suggests a quantitative spectrum of
fibrosis wherein there can be more or less ECM,
which in the context of a repairing skin wound could
reflect the range from normal scar to keloid. This
depiction, however, does not encompass the poten-
tial qualitative differences between normal and
pathological scars. In keloids, the markedly different
physical (hard and dense) and histological (hyalini-
zation) characteristics compared to normal scars
[3,4] indicate an altered and inappropriate matrix,
rather than simply too much. A thorough molecular
description of keloid lesions relative to normal scars
is an essential step towards our understanding of
this problem, and how best to treat it.

Gene expression profiling of normal skin versus
keloids scars [5—7], and normal- versus keloid-derived
fibroblasts [8] has provided insight into the mecha-
nisms of scarring, but without a normal skin scar as a
point of reference, itis still unknown which features are
pathological. Nonetheless, these transcriptional anal-
yses have identified important matrix and growth
factor differences between normal skin and keloids,
including many stereotypical scar-associated genes
such as fibronectin (Fn) and TGFB1, and interestingly
a gene expression signature that includes typically
cartilage-associated genes [e.g. cartilage oligomeric
matrix protein (COMP)[8], and others [5]].

ECM composition is a balance of protein synthesis
and degradation, and due to the slow turnover of many
matrix proteins, it reflects an accumulation over time
that necessitates protein analysis of tissue samples.
Work in cardiovascular tissue has shown that
quantitative proteomics allows for an unbiased
strategy to discover the constituents of ECM and to
compare between healthy and diseased tissue [9].
The pathological ECM associated with keloid disease
has not been characterized in this manner or to this
depth. This study investigates the differences in ECM
composition between normal human skin (N), normal
scar (S) and keloid (K) samples, which reveals mis-
regulation of multiple functional categories of proteins
that could contribute to keloidogenesis, and through
identifying many keloid-unique components, indicates
a qualitatively distinct lesion reminiscent of cartilage.

Results & discussion

In order to characterize and compare the ECM
composition of keloids relative to normal skin and

normal scars, skin samples were collected from 7
keloid patients and 5 melanoma re-excision patients
(for paired normal skin-normal scar samples; patient/
sample details in Supplementary Table S1). Follow-
ing removal of the epithelium, dermis tissue was
processed sequentially in NaCl buffer to extract
loosely/ionically bound matrix proteins, SDS buffer
to collect the cellular protein fraction (not analysed in
this study), and Guanidine-HCI (GuHCI) buffer to
extract integral matrix proteins. The NaCl and GuHCI
proteins were deglycosylated and trypsin-digested in
preparation for a discovery-based quantitative pro-
teomic assessment (Supplementary Fig. S1)[10].
With this technique for tissue processing, 158 ECM
proteins were detected in the NaCl extracts, and 108
in the GuHCI extracts (Supplementary Tables S2
and S3). The proteomic data has been deposited to
the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier
PXD015057.

Qualitative differences in scar ECM composition

The proteomic data were first considered in a
binary (“present or absent”) manner in order to
identify proteins unique to the different tissue types
[threshold set at detection in >2 of 5/7 samples with
>2 peptide-spectrum matches (PSM)]. This
highlighted 13 ECM proteins only found in normal
skin (interpreted as lacking in scars), 11 only found in
normal scar, and strikingly, 23 keloid-unique ECM
proteins, indicating that keloids are distinctive from
normal scars (Fig. 1, Supplementary Table S4). The
biological significance of these proteins is consid-
ered below, together with those that are not unique
but quantitatively altered.

Quantitative differences in scar ECM composition

The paired nature of the normal skin-normal scar
samples facilitated a robust quantitative comparison
(Fig. 1B/D, heatmaps of differentially expressed
proteins, t-test p < 0.05; Table 1) that served multiple
purposes. First, this analysis revealed a level of
complexity of the scar ECM that is generally under-
appreciated. Also, this pair-wise comparison validated
the methodology in that many paradigm scar proteins
were found to be significantly up-regulated [e.g.
Tenascin (TNA), Periostin (POSTN), Fibronectin
(FINC,FN), Thrombospondin (TSP) 1 & 2]. Finally,
this provided the reference against which keloid
composition was considered.

When normal scars were quantitatively compared to
keloids, 21 proteins had significantly altered abun-
dance in the NaCl extracts, and 9 in the GuHCI. Of
note, the heatmap representations showed very clear
delineation between the samples when considering
the NaCl extracts (newly synthesized and/or loosely
adherent proteins), but the differences were less clear
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Fig. 1. Comparison of the ECM proteome (LC-MS/MS) of normal skin (n = 5), normal scars (n = 5) and keloid scars (n = 7). (A, C) Venn diagrams illustrating binary
expression data in the three tissue types, with tissue-unique proteins listed (full lists in Supplementary Table S3). (B, D) Heatmaps of normalised abundances for
proteins with significant differences (p < 0.05) for the comparisons shown. Proteins were clustered using hierarchical average linkage clustering using MeV software.

XUJBW JB[n|jaoeiixa pioja



Image of Fig. 1

4 Keloid extracellular matrix

Table 1. ECM proteins with differential abundance between normal skin (N), normal scar (S), and/or keloid (K).

Abbrev Full name S/N p value K/S p value K/N p value Extract
fold change (paired) fold change (unpaired) fold change (unpaired)
A1AG2 Alpha-1-acid glycoprotein 2 1.67 0.04 0.9 0.745 1.51 0.297 NaCl
AMPN Aminopeptidase N 2.67 0.002 0.34 0.048 0.9 0.897 NaCl
ANXA2  Annexin A2 0.6 0.011 0.63 0.069 0.38 0 NaCl
APOE Apolipoprotein E 0.05 0.02 40.77 0.379 2.23 0.624 NaCl
ASPN Asporin 3.15 0.374 17.91 0.061 56.48 0.049 NaCl
PGBM Basement membrane-specific heparan 0.75 0.14 0.73 0.37 0.55 0.01 NaCl
sulfate proteoglycan core protein
COMP Cartilage oligomeric matrix protein 25.79 0.179 12.28 0.067 316.67 0.048 NaCl
CATK Cathepsin K 10.73 0.053 0.62 0.269 6.62 0.021 NaCl
CATS Cathepsin S 8.34 0.112 0.12 0.034 1 n/a NaCl
CATZ Cathepsin Z 1.89 0.215 0.2 0.002 0.38 0.214 NaCl
CD44 CD44 antigen 14 0.13 0.47 0.018 0.66 0.245 NaCl
MUC18  Cell surface glycoprotein MUC18 0.61 0.277 0.24 0.087 0.15 0.035 NaCl
COL1A1  Collagen alpha-1(l) chain 0.92 0.192 0.9 0.113 0.83 0 GuHClI
COL3A1 Collagen alpha-1(lll) chain 1.12 0.625 0.61 0.021 0.68 0.155  GuHCI
COL4A1  Collagen alpha-1(IV) chain 0.82 0.698 0.14 0.015 0.11 0.052  GuHCI
COL4A1  Collagen alpha-1(IV) chain 0.43 0.007 0.23 0.168 0.1 0.005 NaCl
COL7A1  Collagen alpha-1(VIl) chain 0.42 0.186 0.64 0.439 0.27 0.018 NaCl
COL11A1 Collagen alpha-1(XI) chain 3.22 0.035 1.19 0.776 3.83 0.191 GuHCI
COL14A1 Collagen alpha-1(XIV) chain 3.45 0.049 6.6 0.036 22.78 0.021 GuHCI
COL14A1 Collagen alpha-1(XIV) chain 224 0.032 2.88 0.011 6.45 0.002 NaCl
COL16A1 Collagen alpha-1(XVI) chain 0.63 0.428 3.16 0.012 1.98 0.067 NaCl
COL18A1 Collagen alpha-1(XVIII) chain 0.88 0.801 0.29 0.112 0.25 0.047 NaCl
COL21A1 Collagen alpha-1(XXl) chain 0.38 0.02 0.29 0.25 0.11 0.01 NaCl
COL4A2 Collagen alpha-2(1V) chain 0.48 0.006 0.18 0.172 0.09 0.021 NaCl
PGS2 Decorin 1.67 0.638 0.18 0.263 0.31 0.031 GuHClI
DERM Dermatopontin 2.67 0.074 3.07 0.02 8.21 0.003 NaCl
SODE Extracellular superoxide dismutase 0.23 0.026 1.89 0.363 0.44 0.07 NaCl
SODE Extracellular superoxide dismutase 0 0.178 undef n/a 0 0.077 GuHCI
FBN1 Fibrillin-1 0.54 0.044 0.53 0.048 0.29 0.002 NaCl
FBN1 Fibrillin-1 1.55 0.499 0.12 0.022 0.19 0.15 GuHClI
FMOD Fibromodulin 0.15 0.36 12.54 0.042 1.87 0.393 NaCl
FINC Fibronectin 4.35 0.019 0.84 0.663 3.66 0.077 NaCl
FINC Fibronectin >1000 0.029 1.94 0.624 >1000 0.318  GuHCI
FBLN2 Fibulin-2 0.83 0.414 0.24 0.002 0.2 0.022 NaCl
LEG3 Galectin-3 0.92 0.722 0.71 0.151 0.66 0.03 NaCl
LEG7 Galectin-7 0.25 0.095 0.39 0.229 0.1 0.021 NaCl
ILF3 Interleukin enhancer-binding factor 3 3.5 0.034 0.83 0.53 2.9 0.073 NaCl
LAMA3  Laminin subunit alpha-3 0.1 0.039 2.58 0.371 0.25 0.031 NaCl
LAMA5  Laminin subunit alpha-5 0.53 0.099 0.46 0.461 0.24 0.034 NaCl
LAMB2  Laminin subunit beta-2 0.42 0.042 0.55 0.497 0.23 0.003 NaCl
LAMCAH Laminin subunit gamma-1 0.64 0.073 0.58 0.238 0.37 0.019 NaCl
LUM Lumican 0.45 0.026 2.61 0.008 1.17 0.478 NaCl
LYSC Lysozyme C 6.31 0.119 0 0.011 0 0.097  GuHCI
MXRA5  Matrix-remodeling-associated protein 5 1.03 0.374 19.77 0.044 20.37 0.035 NaCl
MFAP5 Microfibrillar-associated protein 5 0.13 0.022 0.03 0.044 0 0.001 NaCl
DEF1 Neutrophil defensin 1 3.1 0.301 0 0.056 0 0.005 GuHCI
NID1 Nidogen-1 0.52 0.309 0.52 0.484 0.27 0.012 NaCl
NID1 Nidogen-1 0 0.179 0.9 0.016 0 0.078  GuHCI
OMD Osteomodulin 8.84 0.351 3.53 0.129 31.19 0.023 NaCl
POSTN  Periostin 4.64 0.007 0.95 0.886 4.39 0.061 NaCl
POSTN  Periostin 11.24 0.034 0.74 0.556 8.3 0.1 GuHCI
PRDX1 Peroxiredoxin-1 1.27 0.423 0.62 0.014 0.78 0.369 NaCl
PRDX6  Peroxiredoxin-6 1.96 0.021 0.67 0.175 1.31 0.536 NaCl
PCOC1 Procollagen C-endopeptidase enhancer 1 3.32 0.031 2.41 0.05 8 0.007 NaCl
AMBP Protein AMBP 0.70 0.26 0.46 0.02 0.32 0 NaCl
S10AA Protein S100-A10 0.45 0.002 0.52 0.087 0.23 0 NaCl
S10A6 Protein S100-A6 1.17 0.722 0.66 0.043 0.78 0.547 NaCl
S10A8 Protein S100-A8 6.33 0.088 0.01 0.009 0.07 0.003 NaCl
S10A9 Protein S100-A9 12.33 0.076 0.04 0.017 0.45 0.339 NaCl
SAMP Serum amyloid P-component 0.39 0.068 0.06 0.096 0.02 0.031 NaCl
SAMP Serum amyloid P-component 0.76 0.786 0 0.018 0 0.141 GuHCI
TARSH  Target of Nesh-SH3 0.31 0.04 0.43 0.569 0.13 0.047  GuHCI
TENA Tenascin 8.67 0.049 0.34 0.076 2.91 0.182 NaCl
TSP1 Thrombospondin-1 8.08 0.032 0.84 0.675 6.8 0.036 NaCl
TSP2 Thrombospondin-2 20.76 0.043 1.38 0.595 28.6 0.053 NaCl

TRYB1 Tryptase alpha/beta-1 0.45 0.038 1.23 0.568 0.55 0.127 NaCl
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Table 1 (continued)

Abbrev Full name S/N p value K/S p value K/N p value Extract
fold change (paired) fold change (unpaired) fold change (unpaired)

TINAL Tubulointerstitial nephritis antigen-like 0.39 0.403 0 0.016 0 0.083  GuHCI

VTNC Vitronectin 0.52 0.089 0.09 0.005 0.05 0.004 NaCl

VTNC Vitronectin 1.04 0.951 0 0.008 0 0.027  GuHCI

PEPD Xaa-Pro dipeptidase 1.65 0.394 0.05 0.016 0.08 0.048 NaCl

Undef: Undefined (to describe the ratio when protein was considered undetected); in these cases, p value was assigned n/a.

Bold values highlight proteins with >2-fold or < 0.5-fold change.

in the GuHCI extract (enriched for integral, cross-
linked components). This implies that even keloids
that are many years old at time of excision are still
actively synthesizing new ECM, and this also may
indicate that the most significant distinguishing
features of the two scar types are within the newly
synthesized fraction. Also noteworthy was that ke-
loids, compared to normal scars, had more proteins
significantly down-regulated than up-regulated.

Altered fibrillogenesis and ECM assembly

The major alterations in keloid composition relative
to normal scars, when functionally grouped, showed
many changes in proteins involved in ECM assembly
and fibrillogenesis. This was perhaps expected
based on the variable histological appearance, in
particular when stains such as Haematoxylin Van
Gieson (HVG) are used to selectively colour
collagens (Fig. 2A). Amongst the unique and most
significantly altered in the pathological context were
FACIT collagens (fibrillar associated collagens with
interrupted triple helices) Collagens XlI, XIV, and XVI
(COL12A1, COL14A1, COL16A1; Fig. 2B). This
family has the potential to alter the organization and
stability of the most abundant and more commonly
discussed fibrillar collagens including Collagens |
and Il [11] and thus may be implicated in scarring
and fibrosis [12—14]. Another family of proteins
involved in fibril assembly, organization and degra-
dation (amongst other important immunological
functions, but relatively unexplored influence on
skin scarring) are the small leucine rich proteogly-
cans (SLRPs)[15]. Asporin, Biglycan, ECM2 and
Osteomodulin are four such proteins identified to be
unique to keloid matrix (Fig. 2C). Asporin was
similarly identified to be over-represented in keloid
scars by Ong et al [16], in their comparison of non-
decellularised keloid tissue to normal skin using 2D
gel electrophoresis followed by mass spectrometry
to identify the differentially expressed proteins.
Indeed, the family of proteins has an increasing
reputation for functionally contributing to fibrotic
responses in various organ systems [17].

Collagens | and Ill and the ratio between the two
are industry standards for scar research, although
the data are surprisingly conflicting [18—20]. None-

theless, Collagen | is frequently described to
accumulate in fibrotic lesions and is more highly
transcribed by scar fibroblasts relative to healthy or
non-healing tissue or cells [21]. Also, the dynamics
of the Collagen I/Collagen Il ratio is acknowledged
to first decrease in granulation tissue during wound
healing, due to the transient increase in Collagen III;
the ratio then returns to normal [22], or equilibrates
with elevated I/1ll ratio [20]. Here, our comparison of
normal scars to normal skin (focussing on the GuHCI
extracts) demonstrated that normal scars had a
lower Collagen I/Collagen llI ratio suggesting a lack
of maturity [calculated using the abundance of
COL1A1+2 (Collagen | trimer is 2x COL1A1 chains
plus 1x COL2A1 chain) divided by COL3A1:3
(Collagen 1l trimer is 3x COL3A1 chains)]. Of
interest, the keloids had less of both COL1A1 and
COL3A1, and a high variability in I/lll ratio across
patients (Supplementary Fig. S2). Although in
conflict with transcriptional data, this result may
truly reflect lower protein abundance in the extracel-
lular space due, for example, to a shortcoming in its
assembly. Alternatively, this could reflect a greater
insolubility of the fibrillar collagens in keloids,
perhaps due to higher cross-linking mechanisms,
and in turn a failure to extract them. Nonetheless, the
fibrillar collagen network is different in disease.

Fibronectin (FN) is also a fibrillar ECM protein
whose transcriptional up-regulation is a gold-
standard biomarker of fibrosis [21,23]. In our tissue
samples, FN protein showed the anticipated and
significant increase in normal scars relative to
normal skin, but in keloids levels were highly variable
and importantly not more abundant than in normal
scars (Supplementary Fig. S2). The binary distribu-
tion of FN expression was striking, suggesting that
there may be single nucleotide polymorphisms or
mutations in pathways regulating its expression that
distinguish the patients with high vs low levels of this
protein (e.g. TGFB1 pathway [24], NEDD4 [25]). The
patient samples included in this study were randomly
selected and unfortunately, we do not know about
genetic mutations that may be present.

Vitronectin is another protein associated with
fibrillar extracellular matrix that was identified to be
altered in keloids; specifically, it was notably under-
represented with <10% the amount of normal skin
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Fig. 2. Alterations in collagen organization in keloid scar. (A) Histological sections stained with Haematoxylin Van
Gieson (HVG). Scale bar: 50 ym. (B, C) Abundance (Total lon Current, TIC) of (B) FACIT collagens and (C) SLRPs in NaCl
and GuHCI extracts of normal skin (N, n = 5), normal scar (S, n = 5), and keloid (K, n = 7). Results are graphed as
mean + SD, with individual values shown. Statistical significance was calculated using Students ttest (*, p < 0.05).

Scar-associated reduction in basement membrane
proteins

and normal scar. This was unexpected in light of the
reports of elevated expression in fibrotic liver [26]
and lung [27], but its absence may highlight
interestingly divergent cellular mechanisms leading
to different scar conditions.

One functional category of ECM proteins signifi-
cantly down-regulated in normal scars relative to
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normal skin, and further down again in keloids, were
those associated with the basement membrane [28].
Specifically, COL4A1, COL7A1, and Laminin A3
(LAMAB) were all less abundant in scars and keloids
(Supplementary Fig. S3). However, immunohisto-
chemistry (IHC) of Collagen IV grossly showed an
intact basement membrane between the epidermis
and dermis in all tissue types, although ultra-
structurally and functionally there may be differences
that were not apparent with this approach [29].
Instead, the dramatically reduced levels of the BM
proteins in scars and keloids are alternatively
thought to reflect fewer undulations in the
epidermal-dermal boundary, and also fewer blood
vessels (Supplementary Fig. S3). There are varying
reports on blood vessel density in keloids [30,31]
potentially due to the location within the lesion under
analysis, but keloids are consistently recognized to
be hypoxic, a feature which is thought to functionally
contribute to their development [32].

Reduced proteases in pathological scars

Comparing normal, ultimately resolving scars with
keloids revealed numerous proteases with relevant
extracellular substrates to be lacking in the patho-
logical context. Specifically, Cathepsins S and Z
were less abundant in keloids, as were AMPN
(Aminopeptidase N) and PEPD (Prolidase) (Supple-
mentary Fig. S4). Although there are no reports
about Cathepsin Z in fibrotic disease, Cathepsin S
expression and function has been positively associ-
ated with fibrosis before, with high expression
associated with poorer outcomes in idiopathic
pulmonary fibrosis [33]. Perhaps its elevated ex-
pression in fibrotic lung, as with the normal scars in
our study, yet its absence in keloids, reflect the age/
maturity of the fibrotic lesions, and/or variations in
cell populations responsible for producing the
enzyme. Regardless, an imbalance between prote-
ases and their inhibitors is clearly important in the
development of fibrotic diseases [34]. The cathepsin
family of proteases specifically, whether over-
abundant as in lung fibrosis, or under-abundant as
in keloids, represent interesting candidates to have
important functional roles in scarring, because of
their potential to modulate not only the ECM
(Supplementary Fig. S4)[35], but also immune cell
activation [36] and fibrosis-relevant signalling path-
ways [37].

A unique cartilage-like composition in keloids

Most strikingly, a cartilage-like composition was
found in keloids, distinguishing them from the other
two tissue types. When all of the proteins that are
keloid-unique and/or quantitatively up-regulated
relative to normal scars were considered together
(27 proteins), 17 can have functions in cartilage

development or homeostasis (Fig. 3A). The data for
aggrecan (PGCA), the archetypal cartilage proteo-
glycan, is shown, illustrating marked upregulation in
keloids in the NaCl extract and unique detection in
the GuHCI protein fraction (Fig. 3B). Consistent with
this, histological (H&E) analysis of the hyalinised
regions of keloids (a defining histological feature)
emphasized a matrix uniformity reminiscent of
cartilage (Fig. 3C). We also compared keloid
histology to both normal skin and normal scar
using Alcian Blue, pH 2.5 for acidic polysaccharides
such as glycosaminoglycans characteristic of carti-
lage. Batch staining of 28 keloid cases, 9 normal skin
samples and 4 normal scars followed by quantitative
assessment of the number of pixels exceeding a
threshold intensity showed significantly enhanced
staining in the keloid samples. The keloid sample
uptake of alcian blue stain was significantly higher,
however, there was notable heterogeneity and also
mild staining in the normal scar compared to normal
skin (Fig. 3C, D).

We consider the cartilage-like features to distin-
guish keloids from normal scars of the skin, but in
fact there may be other pathological fibrotic condi-
tions that share these attributes. For example,
studies of fibrotic heart and liver both identified
extracellular aggrecan protein to be significantly
elevated [9,38], cartilage oligomeric matrix protein
(COMP) has been detected in other examples of
pathological skin fibrosis (e.g. scleroderma) [39],
and likely there are similar mechanisms at work in
vascular changes in disease [40].

Our observations hint at a chondrocyte-like phe-
notype for the constituent cells. The chondrogenic
potential of dermal fibroblasts has been explored
extensively for regenerative medicine purposes,
which has realized that autologous dermal fibro-
blasts are relatively easily manipulable into chon-
drocytes [41]. Ominously, this can be partly achieved
with growth factors and signalling molecules abun-
dant in a wound milieu [42]. The unique cartilage-like
profile of the keloids could also support a hypothesis
that the precursor cell of these pathological scars is
particularly plastic [43]. Defining the initiating cell is
difficult in the absence of an animal model and an
ability to lineage-trace [44], but emerging technolo-
gies may help answer this important question in the
future.

Certainly, the transcriptional profile of keloid-derived
fibroblasts has previously been reported to contain
important chondrocytic genes [5,8]. To begin to
understand whether the key proteins identified here
may be regulated transcriptionally, we analysed
existing microarray datasets on keloid tissue (Gene
Expression Omnibus Accession numbers GSE90051
[45] and GSE92566 [46]). This identified that 20 of the
27 keloid-associated proteins (unique or quantitatively
increased) are similarly over-abundant at the tran-
scriptional level (Supplementary Table S5). Signalling
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pathways and key transcription factors regulating
chondrocyte differentiation are well described [42,47],
and we suggest these may represent appropriate
therapeutic targets. Targeting this mis-differentiation
may present an opportunity to stop keloid develop-
ment at the root cause, halting development of the
culpable cell type. This should in turn ameliorate the
hard and stiff physical attributes of keloids, which are
thought to contribute to the pain associated with the
lesions, and also the impermeability of injected
treatments.

This study employed a discovery-based proteomic
strategy to improve the characterisation of keloid
scars relative to non-pathological lesions. We have
found that keloids have a distinct ECM composition,
which in some respects are reminiscent of cartilage.
These observations provide important insight into
the molecular mechanisms underlying disease and
potential therapeutic targets for future investigation.

Experimental procedures

Tissue collection and processing

This work was ethically approved by the National
Research Ethics Service (UK) and institutionally
sponsored (St George's, University of London). All
subjects provided informed consent and the study
was conducted in accordance with the ethical
standards as set out in the WMA Declaration of
Helsinki and the Department of Health and Human
Services Belmont Report. Briefly (additional informa-
tion available in the Supplementary Material), surplus
skin tissue was obtained from patients undergoing
reductive plastic surgery, normal scars were from
melanoma re-excision patients, and keloid scars from
revision procedures (sample details in Supplementary
Table S1). For histology and immunohistochemistry,
samples were promptly fixed in 4% paraformaldehyde
and embedded in paraffin according to standard
protocols. Samples for protein extraction were
trimmed of subcutaneous fat and washed sequentially
in iodine (2.5 mg/ml), 70% ethanol, and gentamycin
solution (final concentration 0.5 mg/ml, Sigma), and
incubated in Dispase Il (1 U/ml in Hanks Balanced
Salt Solution, Sigma) overnight at 4 °C to remove the
epidermis. Next, the dermis was snap frozen in liquid
nitrogen for future protein extraction.

Extraction and preparation of extracellular space
proteins

All solutions for protein extraction contained
commercially available protease and phosphatase
inhibitor cocktails (Sigma-Aldrich) and 25 mM EDTA
to ensure inhibition of metalloproteinases. 50—
100 mg of tissue per sample were diced, rinsed in

ice-cold phosphate buffered saline (PBS) to remove
plasma contaminants, then incubated with 10:1
volume (i.e. 1 ml for 100 mg) 0.5 M NaCl, 10 mM
Tris pH 7.5 with mild vortexing for 2 h at room
temperature. Next, the cellular protein fraction was
collected by incubating the tissue in 0.08% SDS for
4 h with vortexing. Finally, the samples were
incubated in 4 M GuHCI (+ 50 mM sodium acetate
pH 5.8; 5:1 volume:weight ratio) 48 h at room
temperature. Next, zirconium beads were added to
the samples and the tubes were vortexed vigorously
to enhance mechanical disruption. GuHCI and NaCl
extracts were precipitated with ethanol, pelleted,
then dried and re-dissolved in deglycosylation buffer.
(Supplementary Fig. S1; additional methodology
details available in Supplementary Material).

A previously published, two-step deglycosylation
protocol was pursued to ensure pan-deglycosylation
[10,48]. Next, deglycosylated NaCl/GuHCI extracts
were denatured using a final concentration of 6 M
urea, 2 M thiourea and reduced by the addition of
DTT (final concentration 10 mM) followed by incu-
bation at 37 °C for 1 h, 240 rpm. The samples were
then alkylated by the addition of 0.5 M iodoaceta-
mide (final conc. 50 mM), and finally precipitated
with acetone. Protein pellets were dried using a
speedvac, re-suspended in 0.1 M TEAB buffer,
pH 8.2, containing trypsin (1:50 trypsin:protein),
and digested. The digest was stopped by acidifica-
tion of the samples with 10% trifluoroacetic acid
(TFA,; final concentration 1% TFA). Peptide samples
were purified using a 96-well C18 spin plate. The
eluates were frozen at —80 °C for 2 h before being
lyophilized (Sciquip, Alpha 1-2 LD plus) at -55 °C
overnight.

Liquid chromatography and tandem mass
spectrometry analysis (LC-MS/MS)

The lyophilised peptide samples were reconstituted
with 0.05% TFA in 2% ACN and separated on a
nanoflow LC system (Dionex UltiMate 3000
RSLCnano). Samples were injected onto a nano-trap
column (Acclaim® PepMap100 C18 Trap,
5mmx300um, 5 um, 100 A), at a flow rate of 25 uL/
min for 3 mins, using 2% ACN, 0.1% formic acid (FA) in
H>O. The nano LC gradient used to separate the
peptides at 0.3 yL/min is described in the Supplemen-
tary Material. The nano column (Acclaim® PepMap100
C18, 50cmx75um, 3 um, 100 A) was set at 40 °C and
coupled to a nanospray source (Picoview, New
Objective, US). Spectra were collected from a Q
Exactive Plus (Thermo Fisher Scientific) using full MS
mode (resolution of 70,000 at 200 n/z) over the mass-
to-charge (m/z) range 350-1600. Data-dependent
MS2 scan was performed using the top 15 ions in
each full MS scan (resolution of 17,500 at 200 m/z) with
dynamic exclusion enabled. Thermo Scientific Prote-
ome Discoverer software (version 1.4.1.14) was used
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to search raw data files against the human database
(UniProtKB/Swiss,Prot version 2016_02, 20,198 pro-
tein entries) using Mascot (version 2.3.01, Matrix
Science). Scaffold (version 4.1.1, Proteome Software
Inc., Portland, OR) was used to validate MS/MS-based
peptide and protein identifications with the following
filters: a peptide probability of >95.0% (as specified by
the Peptide Prophet algorithm), a protein probability of
>99.0%, and at least two independent peptides per
protein. Files were converted for submission to PRIDE
using Scaffold (version 4.7.3). The proteomic data has
been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the data set
identifier PXD015057.

Western blotting

Protein extracted for proteomics as described
above (5 pg) was also subjected to SDS-PAGE and
western blotting using the Invitrogen NUPAGE system
as recommended by the manufacturer (Life Technol-
ogies). The PVDF membrane was first stained with
Ponceau S for total protein, then blotted for Fibronec-
tin (Abcam antibody ab23750; additional details in
Supplementary Material).

Histology and Immunohistochemistry (IHC)

FFPE tissue was sectioned at 7-10 pym and batch-
stained with haematoxylin and eosin (H&E), Alcian
Blue (pH 2.5), or Haematoxylin Van Gieson (HVG)
according to standard protocols. Alcian Blue uptake
was quantified using Image J (NIH). Immunohisto-
chemistry for Collagen IV expression was carried out
on FFPE tissue according to antibody manufac-
turers' instructions (see Supplementary Material).

Statistics

For quantification of proteins by mass spectrometry,
the adjusted total ion current (TIC) was used.
Comparisons of protein abundance were achieved
using Students ttests (paired, N vs S; unpaired, S vs
K and N vs K). MultiExperiment Viewer software
(MeV, TM4) was used to facilitate visualization. TIC
values were transformed to N(0,1). Significance was
inferred for p-values of <0.05 for all tests (not adjusted
for multiple comparisons). When proteomics data are
graphed, mean + SD are shown.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.mbplus.2019.
100016.
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