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Background: Keloid is a pathological skin scar formation with complex and unclear
molecular pathology mechanism. Novel biomarkers and associated mechanisms are
needed to improve current therapies.

Objectives: To identify novel biomarkers and underlying pathological mechanisms of
keloids.

Methods: Six pairs of keloid scar tissues and corresponding normal skin tissues were
quantitatively analyzed by a high-resolution label-free mass spectrometry-based pro-
teomics approach. Differential protein expression data was further analyzed by a
comprehensive bioinformatics approach to identify novel biomarkers and mechanistic
pathways for keloid formation. Candidate biomarkers were validated experimentally.
Results: In total, 1359 proteins were identified by proteomic analysis. Of these, 206
proteins exhibited a significant difference in expression between keloid scar and nor-
mal skin tissues. RCN3 and CALU were significantly upregulated in keloids. RCN1
and PDGFRL were uniquely expressed in keloids. Pathway analysis suggested that the
XBP1-mediated unfolded protein response (UPR) pathway was involved in keloid for-
mation. Moreover, a PDGFRL centric gene coexpression network was constructed to
illustrate its function in skin.

Conclusions and Clinical Relevance: Our study proposed four novel biomarkers and
highlighted the role of XBP1-mediated UPR pathway in the pathology of keloids. It pro-
vided novel biological insights that contribute to develop novel therapeutic strategies

for keloids.
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1 | INTRODUCTION

Keloid scars are pathological fibro-proliferative disorders of the skin
that exhibit abnormal phenotypes including fibroblast proliferation
and collagen deposition [1]. There are several treatments for keloids
including conventional surgical therapies and adjuvant therapies; how-
ever, a high recurrence rate of keloids is routinely observed after
treatment [2]. Therefore, an improved understanding of the patho-
genesis leading to keloid formation is needed to be able to develop
novel targeted therapies. Cytokines and various growth factors are
reported to be involved in keloid pathogenesis [1, 3]. For example,
platelet derived growth factor (PDGF) regulates the production of
collagen and fibronectin (FN), thus contributing to wound healing
[4-6]. The abnormal activation of PDGF receptors and insulin-like
growth factor-1 (IGF-1) receptors induced by transforming growth
factor-B (TGF-p) is known to be associated with the regulation of
numerous processes in the skin regeneration pathway [7-9]. How-
ever, the overall pathogenic process underlying the development of
keloids is still unclear and novel markers for treatment are urgently
required.

Quantitative proteomics approaches have been proved to be an effi-
cient approach for the investigation of pathological mechanisms and
novel biomarkers. To date, a few proteomics studies have been con-
ducted on keloid scars and some biomarkers of keloid scars have been
suggested [10-12]. However, a more comprehensive and in-depth anal-
ysis of keloid scars is still needed to reveal further details relating to the
pathological mechanisms associated with keloids. The development of
high-resolution mass spectrometry and its combination with a state-
of-the-art bioinformatics approach provide us with an exciting option
for investigative research. We have previously proposed several novel
biomarkers and pathways for a variety of tumors through our pro-
teomics platform [13-16]. In this study, we present a label-free quan-
titative proteomics analysis to explore differential protein expression
profiles in normal skin and keloid scar tissues based on nano-liquid
chromatography and tandem mass spectrometry (nano-LC-MS/MS).
The expression profiling was further bioinformatically analyzed to
identify the key regulators and pathways involved in keloid formation.
Our findings provide a more comprehensive expression landscape of
keloid proteins and yield novel pathological insights into the formation
of keloid scars.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue samples

Keloid scar tissues and normal skin tissues adjacent to the keloid
scars were prospectively collected from six patients that were enrolled
in Shandong Qianfoshan Hospital, Jinan, China. The patients did not
receive any previous treatment for keloid scarring prior to surgical
excision, and the details of the patients and tissues are described in

Supporting Information Table S1. The samples were rinsed with PBS

Clinical Relevance

Keloid scars can cause pain and in severe cases, ulcers and
reduced joint mobility, thus leading to both physical and psy-
chological distress for the affected individual. Keloid scars
have a high recurrence rate under current therapies. The
exact etiology of keloids remains unknown to a large extent.
As an efficacious tool for mechanism research, proteomics
approach is still limit in the application of research about
keloid formation. In the present study, we present a compre-
hensive label-free quantitative proteomics analysis of keloid
scar and corresponding normal skin tissues from six patients,
followed by further bioinformatic analysis. Our findings pro-
vide a more comprehensive understanding of the pathogen-
esis leading to keloid formation and suggest novel biomark-
ers and therapeutic strategies for keloids. Our findings may
facilitate the development of novel targeted therapies for
keloids.

and snap frozen in liquid nitrogen immediately after surgical excision
and stored at —80°C until analysis. This study was conducted in accor-
dance with the Declaration of Helsinki and was approved by the ethical
review board of Binzhou Medical University.

2.2 | Protein extraction

The specimen was homogenized in lysis buffer (20 mM HEPES, 9 M
Urea, EDTA-free Protease Inhibitor Cocktail) and incubated for 30 min
on ice. Then, the sample was sonicated with an ultrasonication probe
(10x 1s) and centrifuged at 13,400 rpm for 10 min at 4°C. Supernatant
was collected and the protein concentration of the protein extract was
determined by Bradford assay (TaKaRa, Dalian, China) according to the
manufacturer’s instructions.

2.3 | Protein digestion and peptide purification

In-solution digestion was performed before MS analysis. Twenty ug
proteins were diluted to a final volume of 20 uL with digestion buffer
(50 mM NH4HCOg3, pH 8.0). The sample was treated with 1 uL of 1M
DTT, mixed well, and incubated at 50°C for 15 min, followed by the
addition of 1 uL of 550 mM iodoacetamide for alkylation in darkness
for 15 min at 25°C. Subsequently, 80 uL of digestion buffer and 1 ug of
trypsin (Promega, Madison, USA) were added to the sample followed
by incubation overnight at 37°C. The reaction was terminated by the
addition of 33 uL of buffer (2% trifluoroacetic acid, 20% acetonitrile).
Finally, the sample was purified by using C18 spin columns (Thermo
Fisher Scientific, Rockford, USA) according to the manufacturer’s
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instructions and dried with a vacuum centrifuge (Thermo Fisher
Scientific, Asheville, USA).

2.4 | Liquid chromatography (LC)-mass
spectrometry (MS)/MS analysis

The peptides were separately analyzed by using Q-Exactive Orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
equipped with an EASY-nLC 1200 (Thermo Fisher Scientific, Bremen,
Germany). Data dependent acquisition (DDA) mode was applied. Pre-
column (2 cm, 100 um inner diameter, 5 um C18 filler; Thermo Fisher
Scientific, Bellefonte, USA) and analytical columns (10 cm, 75 um inner
diameter, 3 um C18 filler; Thermo Fisher Scientific, Bellefonte, USA)
were used for analysis. Peptides were eluted with a 90 min HPLC
gradient from 0% to 100% in buffer (80% acetonitrile, 1% formic acid)
at a flowrate of 250 nL/min. The scan range was set to 400-1700 m/z,
and 70,000 resolution (at m/z 200) was used. The ten most-abundant
MS1 features were selected for high-energy and MS/MS scans. Raw
data were processed with Xcalibur software (Thermo Fisher Scientific,
Bremen, Germany). The mass spectrometry proteomics data were
deposited in the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD029631[17].

2.5 | Data analysis and quantification of proteomic
raw files

MS raw files were analyzed by MaxQuant (version 1.6.12.0) with the
UniProt reference protein database (Homo sapiens, November, 2019).
The label-free quantification (LFQ) algorithm was used for protein
quantification. The option “match between runs” was applied to increase
the number of peptide searches. Other options were set as default set-
tings. Data arising from MaxQuant analysis was further processed with
Microsoft excel.

2.6 | RNA isolation and quantitative real-time PCR
(gRT-PCR)

Total RNAs were extracted with the Trizol Reagent. Reverse transcrip-
tion was performed with HiScript Il 1st Strand cDNA Synthesis Kit
(Vazyme, Nanjing, China). gRT-PCR was carried out with the SYBR
Green PCR Master Mix (Takara, Dalian, China). All processes were car-

ried out in accordance with the manufacturer’s protocol.

2.7 | Western blot (WB)

Tissue sample was homogenized in RIPA lysis buffer with cocktail and
centrifuged at 12,000 g for 10 min at 4°C. Supernatant was collected
and the protein concentration was determined by Bradford assay.

Twenty ug of proteins were used for WB analysis. Anti-SPARC, anti-
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RCN1, and anti-CALU antibodies were obtained from Abcam. Anti-
PDGFRL and anti-XBP1 antibodies were purchased from Cusabio and
Sino Biological separately.

2.8 | PCA and heatmap analysis

Principal component analysis (PCA) and heatmap analysis were per-
formed by the online tool ClustVis (http://biit.cs.ut.ee/clustvis/) [18].
Principal components were calculated by the default method in the R
package using data that contained missing values. Heatmap analysis
with a clustering tree was obtained via the heatmap tool in the R

package.

2.9 | Gene set enrichment analysis

The online Gene SeT Analysis Toolkit (WebGestalt) was used for gene
set enrichment analysis by using the human genome reference gene
set as a background which is freely available at http://www.webgestalt.
org. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis were performed by using the companion tool GOView.
GO analysis was used to cluster the differently expressed proteins
(p < 0.05) into three key biological aspects, including biological process,
cellular component, and molecular function. The over-representation
of both GO and KEGG pathways was determined by the hypergeo-
metric test. The p-value was adjusted and calculated by Benjamini and
Hochberg methods. Ingenuity pathway analysis (IPA) was performed to
identify pathways involved in genes related to keloid formation.

2.10 | Protein-protein interaction (PPI) network
construction

The interaction between differently expressed proteins was illustrated
by using the online tool for the Retrieval of Interacting Genes (STRING)
online database (http://string-db.org). The differential gene lists were
submitted and searched by selecting “Organism” and “Homo sapiens” as
key parameters. PPl networks were constructed based on the STRING

database.

2.11 | Human skin gene expression dataset

The gene expression data used in this study (GTEXv8 Human Skin-
Not Sun Exposed-Suprapubic RNASEquation (Feb20) TPM log2) was
accessed at the GeneNetwork (GN) website (http://genenetwork.org/).
To investigate the genes that coexpressed with PDGFRL, we set the
following parameters: “Human (hg19)” for Species, “GTEx v8 All Tissues,
RNA-Seq without Genotypes” for Group, “Skin-Not Sun Exposed (Suprapu-
bic) mRNA” for Type, “GTEXv8 Human Skin-Not Sun Exposed-Suprapubic
RNA-SEquation (Feb20) TPM log2” for Data Set, and entered “PDGFRL”
for Get Any.
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FIGURE 1 Differential proteomics analysis between keloid scar and normal skin tissues. (A) Volcano plot graph illustrating of differentially
expressed proteins. The Y-axis represents —log10 (p value) while the X-axis represents log2 (ratio KS/NS). The up- and downregulated proteins in
KS are indicated by red and green dots, respectively. (B) PCA plot of quantitative proteome profiles of KS and NS. Blue and red ellipses represent
the clustering of samples. Clustering indicated the obvious differentiation of KS and NS groups. (C) Heatmap of quantitative proteome profiles of
KS and NS samples. The up- and downregulated proteins are marked by red and blue, respectively. (D) The mRNA expression levels of SPARC,
RCN3,RCN1, CALU, and PDGFRL were determined by qRT-PCR. (E) The protein levels of SPARC, RCN3, RCN1, CALU, PDGFRL were determined
by WB. Statistical analyses were performed by a two-tailed paired Student’s t-test (**p < 0.01). KS, keloid scar; NS, normal skin; PCA, principal

component analysis; qRT-PCR, quantitative real-time PCR

3 | RESULTS
3.1 | Differences in proteome profiling between
keloid scar and normal skin tissues

A total of 1359 proteins were identified and quantified from six pairs
of keloid scars and adjacent normal skin tissue samples. Of these,
206 proteins exhibited a significant difference in expression between
keloid scar and normal skin tissues. Ten proteins were uniquely iden-

tified in the keloid scar tissue samples and nine proteins in the normal

skin samples (Supporting Information Table S2a and b). Eighty-seven
proteins were upregulated (p < 0.05, ratio > 1.3) and 100 proteins
were downregulated (p < 0.05, ratio < 0.77) in keloid scar samples
(Supporting Information Table S3a and b). A volcano plot was gen-
erated to highlight the distribution of these differentially proteins
(Figure 1A). The PCA analysis separated the data into two subgroups: a
keloid scar group and a normal skin group (Figure 1B). Cluster analysis
also separated the proteins of all samples in each group (Figure 1C).
The expression levels of potential biomarkers including SPARC, RCN1,
RCN3, CALU, and PDGFRL were detected by gRT-PCR and WB
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FIGURE 2 Enrichment analysis of differentially expressed
proteins as determined by Gene Ontology (GO) analysis. (A) Biological
process analysis. (B) Cellular component analysis. (C) Molecular
function analysis. Color and size of the dots represent —log10 (p value)
and the number of enriched genes, respectively

(Figure 1D, E). Of these, SPARC has been reported to play a role in

scarring properties and ECM formation.

3.2 | Biological, cellular, and molecular functional
characteristics of the differentially expressed
proteins

GO analyses relating to biological process, cellular component, and
molecular function are shown in Figure 2. Variations in the differen-
tially expressed proteins linked with biological processes were mainly
enriched in cornification, keratinization, keratinocyte differentiation,
epidermal cell differentiation, and skin development. With regards to
cellular component, variations were significantly enriched in myelin
sheath, collagen-containing extracellular matrix, focal adhesion, cell-
substrate adherent junction, and cell-substrate junction. Variations
linked with molecular function were significantly enriched in collagen
binding, structural constituent of cytoskeleton, extracellular matrix

structural constituent, cadherin binding, and cell adhesion molecule
binding.

3.3 | PPl and module network construction

PPI network analysis was performed to illustrate the differentially
expressed proteins (Figure 3). The PPl network showed that extracel-
lular matrices suchas COL5A1, COL5A2,COL12A1,COL14A1, COMP,
TNC, FN1, LGALS1, and VCAN were upregulated in keloids. Some
modifying enzymes, which play important roles in the formation of
collagen, were also shown to have high expression levels in keloids,
including P3H3, P3H4, PLOD1, and CRTAP. Most keratins were down-
regulated in keloids, including KRT10, KRT14, KRT15, KRT19, KRT1,
KRT77, and KRT5. CASP14, a protein that is required for the corni-
fication process, was also downregulated in keloids. Moreover, sev-
eral proteins that play a role in cell junctions were also downregu-
lated in keloids, including EVPL, PPL, DSP, PKP1, PKP3, DSC1, DSG1,
and FLG.

3.4 | Pathway analysis

To address the differentially expressed proteins enriched pathways,
we performed IPA analysis. The top 10 related pathways are pre-
sented in Figure 4A. Pathway related to the unfolded protein response
(UPR) function was significantly activated in keloids (Z score > 1.5,
p = 1.20 x 10~2). A detailed gene list related to this pathway is given in
Supporting Information Table S4. Further details of the UPR pathway
are shown in Figure 4B, in which PDI, BIP, and CALR were upregulated
and induced endoplasmic reticulum stress. Although the overexpres-
sion of XBP1, the regulator of the UPR pathway, was not detected in
our proteomic analysis, our pathway analysis showed that XBP1 might
be a potential therapeutic target for keloids because most proteins that
were overexpressed in keloids can be regulated by XBP1 (Figure 4C).
The upregulated expression level of XBP1 in keloids was further veri-
fied by WB (Figure 4D).

3.5 | PDGFRL coexpressed gene analysis

PDGFRL was identified as one of the unique proteins expressed in
keloid scar tissues. Considering that PDGFRL exhibits significant
sequence similarity with the extracellular domain of PDGFR, which
contributes to keloid formation, it follows that PDGFRL may also be
involved in the keloid scarring. We performed genetic correlation
analysis for PDGFRL against the skin transcriptome. The top 192 genes
significantly correlated with the expression of PDGFRL (p < 0.01,
r > 0.7) were further analyzed by GO function enrichment and KEGG
pathway analysis (Figure 5A, B). The most related biological processes
were collagen fibril organization and extracellular matrix organization.

The most related cellular components were extracellular matrix
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component, collagen-containing extracellular matrix, and extracellular
matrix. The most related molecular function was extracellular matrix
structural constituent. The top related pathways included Staphylococ-
cus aureus infection, the Hippo signaling pathway, the complement and
coagulation cascades, ECM-receptor interaction, protein digestion,
and protein absorption. Next, the top 192 genes were also submitted to
NetworkAnalyst software (www.networkanalyst.ca) so that we could
analyze the PPl network with regards to curated and nonredundant
sets of protein interactions in the IMEx consortium database [19]. As
shown in Figure 5C, there were 10 proteins at the central node of the
network which exhibited the highest degree of connections to other
genes: FN1, FBLN1, APP, CLU, DBN1, LMO2, GRB2, TFAP2C, PDGFRB,
and COL1A1.

4 | DISCUSSION

In this study, we presented the most comprehensive proteomics study
of keloids. Our results yielded a profile of 1359 proteins and identified
206 significantly differently expressed proteins between keloid scar
and normal skin tissues. PPl analysis of the 206 proteins showed
that most of the extracellular matrix proteins and ECM-associated
proteins were significantly upregulated in keloids including COL12A1,
COL14A1, PLOD1, and SPARC. Most keratins and cell junction related
proteins such as KRT10, EVPL, PPL, and DSP were downregulated in

keloids. Our results were consistent with a previous study in which
the matrisome (ECM components) of keloid and healthy skin tissue
samples were investigated and characterized [20]. In both studies, the
accumulation of collagens showed molecule-specific (e.g., upregulated
COL12A1 vs. downregulated COL6AS3 in keloids). This means more
special proteases for the collagen degradation are needed for the
treatment of keloids. The fact that some proteoglycans related to skin
mechanical forces (e.g., ASPN, VCAN, and OMD) were also overex-
pressed in keloids proved the interaction between skin mechanical
disorder and keloid formation again.

Bioinformatics analysis indicated that pathways related to ER stress
are enriched in the keloids. ER homeostasis is constantly challenged
by a range of physiological activities, including Ca2* reservoir regula-
tion and the biosynthesis of lipids and sterols during physiological and
pathophysiological perturbations. There are three major UPR response
proteins: PERK, elF2«, and IRE1q; these all bind to BiP, also known
as HSPAS5, in an inactive form under non-ER stress conditions. In our
research, we detected upregulated BiP and PDI, which help to correct
the folding of proteins, including P4HB, PDIA3, and PDIA6 in keloids
(Figure 4B). It seems that XBP1 plays an important role in keloid for-
mation because most of the upregulated proteins were shown to be
related with XBP1 (Figure 4C). For example, SPARC, a CaZ*-binding
glycoprotein, which exhibits increased level of expression in hyper-
trophicscars, has been reported to be upregulated by XBP-1 in hepato-

cellular carcinomacells[21,22]. P3H1 and PPIB, which are essential for
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prolyl 3-hydroxylation and folding of procollagens in the ER, have been
shown to be upregulated by XBP1 in NIH-3T3 fibroblasts [23]. PDI,
chaperones, and COPI vesicles, which help protein folding and trans-
port, have also been considered to be upregulated by XBP1, includ-
ing P4HB, PDIAS, PDIA6, CALR, HSPAS5, HSP90B1, FKBP7, FKBP10,
COPB1, and ARCN1 [23]. Excisional wound healing is also related to
increased level of the active form of XBP1 when compared with normal
fibroblasts. Moreover, XBP1 along with the UPR signal pathway were
activated in keloid fibroblasts when exposed to a hypoxic environment
[24]. In another study, the inhibition of IRE1« also decreased scar for-
mation and decreased XBP1 expression [25]. In a recent study, higher
ER stress signaling was demonstrated in keloids than in normal tissues;
this was consistent with our current results, and the inhibition of ER
stress significantly decreased scar formation in a rabbit model [26].
These results suggested that XBP1, as a key regulator of UPR pathway,
is closely related with keloid formation and may represent a potential
therapeutic target for keloids.

Abnormal calcium homeostasis is associated with ER stress and
has been reported to exist in keloid fibroblasts [27]. In our study, we
found CALU, RCN3, and RCN1, the members of CREC protein family
which carries out a number of functional activities, including calcium
homeostasis and secretory cargo sorting, were significantly upregu-
lated in keloids [28]. Of these, CALU and RCN3 showed abnormally
high expression levels with lower p values in keloids (Figure 1A); while
RCN1 was uniquely present in keloids (Supporting Information Table
S2a). RCN1 is known to be able to suppress ER stress-induced apop-
tosis and is related with tumorigenesis [29-32]. CALU localizes to the
entire secretory pathway, including the ER, Golgi apparatus, and the
extracellular matrix. It appears that extracellular CALU inhibits cell
migration, whereas nuclear isoform calumenin-15 promotes filopodia
formation and cell migration, which suggests that this protein exerts
different functions when localized in different sites [33, 34]. RCN3 has
been reported to be associated with the maturation of alveolar epithe-
lial type Il (AECII) cells during alveogenesis [35]. The expression of
RCN3 in AECIIs appears to contribute to cell survival and wound heal-
ing [36]. The overexpression of RCN3 in keloids was also highlighted in
astudy of familial keloid [37]. These results indicated that CALU, RCN3,
and RCN1 may be associated with keloid formation and could be novel
potential biomarkers of keloids.

As one of the uniquely expressed proteins in keloid scars, PDGFRL
could be considered as a potential candidate for the diagnosis and
treatment of keloids. The precise biological function of PDGFRL is still
under debate. Although it has been reported that PDGFRL inhibits the
proliferation and invasion of colorectal cells; it has also been reported
that PDGFRL contributes to the maintenance of the proliferating chon-
drocytes phenotype [38], thus indicating that PDGFRL plays diverse
roles depending upon cell types. PPl network analysis identified 10 key
regulators of the genes that were coexpressed with PDGFRL, includ-
ing FN1, FBLN1, APP, CLU, PDGFRB, COL1A1, LMO2, GRB2, TFAP2C,
and DBN1. In these proteins, TFAP2C is a transcription factor that is
known to help organize ECM fibers [39]. LMO2 is known to regulate
hematopoiesis and vascular development and has been reported to

play an import role in tissue regeneration [40]. GBR2 is involved in

the Ras signaling pathway and is linked to mitogenesis and cytoskele-
tal reorganization by EGF and PDGF [41]. DBN1, an actin-binding pro-
tein, isinvolved in many cell-cell communication systems, including gap
junctions and adherens junctions [42]. CLU, which performs a number
of different functions and has also been associated with neurodegen-
erative diseases and cancer, also acts as a chaperone outside the cell
and facilitates the extracellular clearance of misfolded proteins [43].
APP is mainly associated with Alzheimer’s disease and participates in
the control of epidermal wound repair [44]. As important components
of the ECM, FBLN1, COL1A1, and FN1 are involved in ECM assembly,
cell migration, and wound healing. They are also related to the pro-
liferation and differentiation of osteoblasts [45-48]. Considering that
PDGFRL regulates the proliferation of chondrocytes, which share the
same origin as osteoblasts, it follows that there may be potential inter-
actions between FBLN1, COL1A1, FN1, and PDGFRL. The fact that we
observed the upregulation of FBLN1, FN1, and PDGFRL in keloids in
our proteomic profiles enhances the possibility of this hypothesis. We
also identified PDGFRB in our network. However, the overexpression
of PDGFRB was not detected in our study. PDGFRL may show a redun-
dant function or a differential function with PDGFRB; thus, PDGFRL

may also be a potential therapeutic target of keloids.

5 | CONCLUDING REMARKS

In summary, we provided a comprehensive proteome profiling of keloid
scars and normal skin tissues. We identified 206 proteins that showed
significant differences in expression between keloid scars and normal
skin tissues, including RCN3, RCN1, CALU, and PDGFRL which may
play an import role in keloid formation. We proposed that the XBP1-
mediated UPR pathway plays a role in keloid formation. We also cre-
ated a PDGFRL coexpression gene network to identify its potential
functions. In summary, our study provides novel information relating
to the pathological process of keloid formation and could contribute to
the development of new therapeutic strategies for keloid scars.
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