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Qiannan Li | Tian Tu | Xiaoli Wu | Wenbo Wang | Zhen Gao | Wei Liu

Department of Plastic and Reconstructive
Surgery, Shanghai Key Laboratory of
Tissue Engineering Research, Shanghai
Ninth People's Hospital, Shanghai Jiao
Tong University School of Medicine,
Shanghai, China

Correspondence
Wei Liu and Zhen Gao, Department of
Plastic and Reconstructive Surgery,
Shanghai Ninth People's Hospital,
Shanghai Jiao Tong University School of
Medicine, Shanghai Key Laboratory of
Tissue Engineering Research, 639 Zhi Zao
Ju Road, Shanghai 200011, China.
Email: liuwei_2000@yahoo.com (W. L.)
and shgaozhen@126.com (Z. G.)

Present address
Qiannan Li, Department of Dermatology,
Shuguang Hospital Affiliated to Shanghai
University of Traditional Chinese
Medicine, Shanghai, China

Tian Tu, Department of Plastic and
Aesthetic Center, The First Affiliated
Hospital, Collage of Medicine, Zhejiang
University, Hangzhou, Zhejiang, China

Funding information
National Natural Science Foundation of
China, Grant/Award Number: 81671921

Abstract

Keloid is commonly regarded as a benign skin tumour. Some keloids clinically

exhibit hard tissue texture similar to that of cartilage or bone. We hypothesized

that the keloid pathological niche environment is likely to induce keloid MSCs

towards chondrogenic or osteogenic differentiation and leads to cartilage or

bone-like tissue formation. The differences in tissue ossification, histology,

mechanical properties, abnormal extracellular matrices and chondrogenic/

osteogenic gene expression among sclerous keloids (SKs), regular keloids

(RKs) and normal skins (NKs) were carefully examined. The sporadic ossified

islets existed in SK group whereas no ossified/chondrified islet was found in

other groups by micro-CT reconstruction. H&E, Masson trichrome and safra-

nin O staining revealed lacuna-like structures in SKs, which were featured as

bone/cartilage histology. Immunohistochemical staining showed over-

production of osteoprotegerin, type I and III collagen in SK group but similar

production level of aggrecan among three groups. The biomechanical analysis

demonstrated the weakest compliance of SK tissues. In addition, SK fibroblasts

exhibited a relatively slower proliferation rate but higher expression levels of

osteogenic and chondrogenic genes among all three groups. These cell

populations also showed the strongest potential for lineage transformation. In

conclusion, we first reported the presence of ossified and chondrified matrices

in some extremely hard keloids in the present study.
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Key Messages
• Keloid is a benign skin tumour characterised by excessive collagen deposi-

tion and fibroblast hyperproliferation
• This study demonstrates the presence of ossified and chondrified matrices in

some extremely hard keloids
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• Keloid pathological niche environment is likely to induce keloid stem cell
differentiation towards chondrogenic and osteogenic lineages, and thus
tissue ossification

• Further dissection of the underlying mechanism will help to design a proper
therapeutic strategy for this type of keloids in the future

1 | INTRODUCTION

Keloid is commonly regarded as a benign skin tumour
characterised by excessive collagen deposition and fibro-
blast hyperproliferation as well as an invasion into normal
skin.1 Keloids usually exhibit skin neoplasm with apparent
redness or congestive appearance and symptom of pain
and itching.2 However, some keloids exhibit a hard tissue
texture simulating cartilage or bone-like tissues, indicating
the heterogenous origins of keloid formation.3

Although this phenomenon has been observed in the
clinic, there are rarely reports on the investigation on this
particular type of keloids with detailed histological,
mechanical and genetic studies to prove the existence of
osteogenesis in this type of keloids, despite that gene
expression profile shifting to chondrocytic and osteogenic
lineages were previously reported in keloid fibroblasts
(KFs).4 In addition, the presence of mesenchymal stem cells
(MSCs) were also demonstrated in keloids, which had mul-
tiple differentiation potentials including chondrogenesis
and osteogenesis,5,6 suggesting the potential contribution of
keloid stem cells to keloid chondrification and ossification.

The tissue environmental niche is the key factor for
stem cells differentiation.7,8 Based on the clinically
observed phenomenon, we hypothesized that the keloid
pathological niche environment is likely to induce keloid
MSCs towards chondrogenic or osteogenic differentiation
and lead to cartilage or bone-like tissue formation with a
significant hardness of the tissue texture.

This study aimed to verify the proposed hypothesis by
the analyses of micro-CT, histochemistry, cell expansion
efficiency, tissue mechanical property and gene expres-
sion related to tissue chondrification and ossification as
well as abnormal extracellular matrices to detect these
differences among hard keloids, regular keloids and
normal skins.

2 | MATERIALS AND METHODS

2.1 | Patients information
and tissue samples

Total 15 patients (8 male and 7 female, age range
35-60 years, Table S1), including 5 patients of sclerous

keloids (SKs), 5 patients of regular keloids (RKs) and
5 normal skin dermis (ND) donors. Briefly, these tissues
were donated by patients/donors who received plastic
surgery with written informed consent. Protocols for
the handling of human tissues and cells were approved
by the Ethics Committee of Shanghai Ninth People's
Hospital affiliated to Shanghai Jiao Tong University,
School of Medicine. The collected keloids were divided
into hard keloids and normal keloids. The former had
stuffiness similar to that of cartilage and was difficult to
deform when applying pressure on them, whereas the
latter was soft and easily deformed when pressure was
applied.

2.2 | Micro-CT scanning and
three-dimensional reconstruction

Tissue samples derived from NDs, RKs and SKs were
evaluated for possible tissue ossification by micro-CT
scanning (80 μ, Scanco Medical, Zurich, Switzerland).
The regions of interest were the osteogenic area of the
tested samples. The scanned data were reconstructed in
Materialise's interactive medical image control system
(Materialise, Belgium) to establish 3D images (Mean
threshold value = 226). The ossified area was identified
according to tissue density.

2.3 | Biomechanical property analysis

Briefly, mechanical properties (n = 5 for each group) of
fresh tissue samples were evaluated from two dimensions
(X-axes and Z-axes) by means of tensile or compressive
tests using a biomechanical analyser (Instron 5542). The
specimens were clamped into sample holders and contin-
uous planar unconfined compressive tests were carried
out at room temperature along the vertical direction
(Z-axis) at a speed of 1 mm/min and a strain-rate of
0.033 ± 0.0021/s up to the failure of the samples (turning
point appears in the force-displacement curve). Compressive
Young's modulus, as well as maximal force, was calculated
according to the auto-generated force-displacement curves
for statistical analysis. Maximum forces were recorded for
statistical analysis.
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2.4 | Histological analysis

The harvested tissue specimens were fixed in 4% paraformal-
dehyde in phosphate-buffered saline (PBS) overnight. After
being dehydrated through a graded series of ethanol, the
specimens were embedded in paraffin and cut into slices in
5-μm thickness as previously described.9 The tissue slices
were then stained with haematoxylin and eosin staining kit
(H&E, Sigma, St. Louis, MO), Masson's Trichrome staining
kit (Sigma, St. Louis, MO) and Safranin-O staining kit
(Servicebio, Wu Han, China) to reveal the tissue morphology
and osteochondral formation of each specimen.

2.5 | Immunohistochemical staining

According to a previous study,10 after conventional dep-
araffinisation and rehydration of tissue sections, antigens
were retrieved by microwave at 500 W for 2 to 5 minutes in
10 mM citrate buffer (pH 6.0). After being rinsed in Tris-
buffered saline (pH 7.6), endogenous peroxidase activity
was blocked in a solution of H2O2 (3%) followed by the
addition of 5% rabbit serum (1:20 dilution in PBS, Boster,
AR1010). Tissue samples were subsequently incubated with
primary antibodies (listed in Table S2) in PBS overnight at
4�C. AfterPBS washes, samples were then incubated with
horseradish peroxidase-conjugated secondary antibody
(DAKO) for 30 minutes at 37�C. Target antigens were vis-
ualised by chemical substrate DAB (3,3-Diaminobenzidine,
DAKO) and then counterstained with haematoxylin. Images
were captured using Olympus IX70 microscope (Olympus,
Center Valley, PA) and QCapture Pro 6.0 digital capture
software.

2.6 | Isolation and culture of fibroblasts

The harvested normal skins and keloid tissues were col-
lected in a 50-mL centrifuge tube, followed by three
washes in 2.5% chloramphenicol solution for 5 minutes
each time. Then the tissues were soaked in PBS for
5 minutes. Afterwards, the epidermis was removed by a
scalpel, and the remaining dermis was minced into small
pieces followed by enzyme digestion with collagenase
NB4 (SERVA Electrophoresis, Heidelberg, Germany) dis-
solved in Dulbecco's modified Eagle's medium (DMEM,
Hyclone, USA) for 4 hours at 37�C on a rotator. After
digestion, the collected cells were centrifuged at 1500 rpm
for 5 minutes and then resuspended in DMEM sup-
plemented with 10% fetal bovine serum (FBS) and penicil-
lin/streptomycin. The cells were seeded onto a 10-cm
culture dish at a density of 2 � 104 cells/cm2 and cultured
in a humidified 5% CO2 atmosphere at 37�C. When the
cells reached 90% confluence, they were detached with

0.25% trypsin EDTA and subcultured at the same density.
Passage 3 or 4 cells were used for in vitro osteogenic,
chondrogenic and adipogenic differentiation experiments,
while the primary and first passage cells were used in the
other experiments.

2.7 | CCK-8 cell proliferation assay

The fibroblasts derived from normal skin and keloids were
respectively seeded in 96-well plates with 1000 cells per
well along with 200 μL of the medium. After being starved
in a serum-free medium for 24 hours to allow for cell syn-
chronisation, the cells were replaced with fresh culture
medium regularly and then tested with a cell counting
kit-8 (CCK-8; Dojindo, Japan) at days 1, 3, 5, and 7. Briefly,
at each testing time point, 10 μL of sterile CCK-8 solution
was added to each well and incubated for 2 hours at 37�C,
and then the medium was harvested for measuring the
optical density values at 450 nm via a microplate reader
(Thermo Scientific). All the assays were performed in
quintuplicate and repeated using three cell samples.

2.8 | RNA extraction and real-time
quantitative polymerase chain
reaction (qPCR)

Total RNA was extracted from the cells using Trizol
Reagent (Invitrogen, Carlsbad, CA) without detaching
the cells. The complementary DNA (cDNA) was
synthesised from 2 μg total RNA per sample with AMV
reverse transcriptase (Takara, Japan) in a 20-μL reaction
solution containing 4 μL 5� buffer, 2 μL dNTP, 1 μL
oligo-(dT), 0.5 μL RNase inhibitor and 0.5 μL AMV
reverse transcriptase and ddH2O. The mixture was then
incubated at 30�C for 10 minutes, 42�C for 60 minutes,
95�C for 5 minutes and 5�C for 5 minutes.

Then, cDNA was amplified using a Power SYBR
Green PCR master mix (�2) (Applied Biosystems, Foster
City, CA) in a real-time thermal cycler (Stratagene
Mx3000PTM QPCR System, La Jolla, CA), and each mea-
surement was repeated in triplicate. The optimised
primers for qPCR analysis were listed in Table S3. The
human housekeeping gene Hypoxanthine phosphoribosyl
transferase 1 (HPRT1) was used as an internal control.
Experiments were repeated in three cell samples.

2.9 | In vitro osteogenic, chondrogenic
and adipogenic induction of fibroblasts

Induction of multilineage differentiation on the fibro-
blasts derived from three tissue types was performed by
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using commercially available chondrogenic, adipogenic and
osteogenic induction media according to the manufactures
protocol (Lonza) and previous studies.11-13 Osteogenic induc-
tion medium was composed of L-glutamine (1%) ascorbate
(50 μM), penicillin–streptomycin (1%), β-glycerophosphate
(10 mM) and dexamethasone (0.1 μM). Adipogenic induc-
tion medium was composed of h-insulin (5 μg/mL),
L-glutamine (1%), dexamethasone (1 μM), indomethacin
(0.1 μM), 3-isobutyl-1-methyl-xanthine (0.5 mM), penicillin–
streptomycin (1%). Chondrogenic induction medium was
composed of ascorbate (0.17 mM), ITS+ supplement, dexa-
methasone (0.1 μM), penicillin–streptomycin (1%), sodium
pyruvate (1 mM), proline (1 mM), L-glutamine (1%) and
transforming growth factor-β3 (TGF-β3, 0.01 μg/mL). The
medium was changed at 3-day intervals.

2.10 | Phenotype characterisation
and quantitative analyses

The adipogenic phenotype was assayed by Oil Red O
staining. To stain lipids, cells were exposed to a working
solution of Oil Red O (3 mg/mL in 99% isopropanol,

Sigma) and the background was cleared with 60%
isopropanol.

The osteogenic differentiation was determined by
staining for Alizarin Red S. Cells cultured under osteogenic
differentiation conditions were fixed at the different time
points with a 10% formalin solution and washed, first with
PBS, and then with diH2O. The cells were then incubated
for 10 minutes with a 2% (wt/v) Alizarin Red S solution
(Sigma) in diH2O, at a pH of 4.1 to 4.3. After incubation,
cells were washed again with diH2O and the staining was
observed under a stereo microscope Stemi 1000 (Zeiss).

To observe chondrogenic differentiation of cells,
Toluidine Blue staining was performed as described previ-
ously.12 Briefly, after 6 days of micromass culture, cell pel-
lets were rinsed with PBS and then fixed with 10% (v/v)
formalin containing 0.5% (w/v) cetylpyridinium chloride
(CPC) for 10 minutes at room temperature. After being
rinsed with 3% (v/v) glacial acetic acid (pH 1.0), cell pel-
lets were then incubated in 1 mL of 0.5% (w/v) Alcian
blue 8GX (Sigma) in 3% (v/v) glacial acetic acid (pH 1.0)
overnight at room temperature. As described,11 semi-
quantitative analysis of the multilineage differentiation
was performed by measuring the total area of

FIGURE 1 Keloid gross view and the corresponding micro-CT images of calcified tissue. Gross view of all five sclerous keloids (A, C, E,

G and I) and their corresponding 3D reconstruction of micro-CT images (B, D, F, H and J) that reveal the presence of ossified islets (white

arrowed). No ossified islet is found in the regular keloid tissue as demonstrated by reconstruction of micro-CT image (K and L)
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multilineage differentiation from each group (n = 5)
using ImageJ software (version 1.8.0; National Institutes
of Health).

2.11 | Statistical analysis

All data were presented as mean ± standard deviation.
Significance was evaluated by one-way analysis of vari-
ance test then a Least Significant Difference post-hoc test
using SPSS version15.0 (IBM, Armonk, NY). A P-value of
less than .05 was considered to indicate a statistically
significant difference.

3 | RESULTS

3.1 | Ossified extracellular matrix was
identified in sclerous keloid tissue samples

To verify if ossified/chondrified matrix was presented in
keloid samples, five sclerous keloid samples and five

regular keloid tissues were evaluated with micro-CT
analysis. The CT images of keloid tissues were recons-
tructed in a 3D level, where fibrosis tissue with different
tissue densities was visualised by diverse colour depths.
Ossified extracellular matrix with a significantly higher
CT value was identified as indicated by white arrows
(Figure 1). The reconstructed μCT images demonstrated
that sporadic ossified islets existed in all five sclerous
keloid tissues (Figure 1A-J) whereas no ossification
was found in all regular keloid tissues (Figure 1K,L).
These ossified islets were found to be positioned at both
the central and marginal areas of sclerous keloids with
irregular shapes.

3.2 | Histological comparison among
NDs, RKs and SKs

H&E, Masson trichrome and safranin O staining were
employed to evaluate the differences in histological struc-
ture and particular extracellular matrix among NDs, RKs
and SKs. As illustrated in Figure 2A, SKs contained the

FIGURE 2 Histological and biomechanical analyses of normal skin dermis (ND), regular keloid (RK) and scelrous keloid (SK) tissues.
(A) Relatively denser collagen fibres and lacuna-like structure are found in SK as revealed by H&E staining, Masson staining and safranin O
staining. Dotted arrows indicate the presence of lacuna-like structure in SK tissues, whereas the solid arrows indicate the enlarged cell
nuclei. Magnification = �200; Bar = 100 μm. (B) Immunohistochemical staining shows abnormal ECM deposition where excessive OPG,
COL1 and COL3 are observed in SK tissue compared to other tissue types. Magnification = �200; Bar =100 μm. (C and D) Compressive
Young's modulus and maximal loading are respectively presented with quantification analysis of ND, RK and SK tissues, which show
significant differences among three groups. *P < .05, **P < .01
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densest but the thinnest collagen fibres and nearly no
blood vessels. Interestingly, H&E examination revealed
that bone/cartilage-lacunas-like structure was observed
in SKs (dotted arrow), but not in RKs or NSs. Moreover,
Safranin O and Masson staining showed that not only the
lacuna-like structures (dotted arrow), but also bigger and
round cell nucleus (solid arrow) were found in SKs com-
pared to RKs and ND (Figure 2A).

Immunohistochemical staining also revealed a similar
phenomenon. As shown, stronger staining of osteoprotegerin
(OPG), a protein usually expressed in mature osteoblasts,14

was presented in keloid tissues compared to the normal
dermis and was even higher in SKs as visually observed
(Figure 2B). Similar patterns could also be observed when
investigating the deposition of type I and III collagen
(Figure 2B). However, no significant alteration regarding
aggrecan production, one of the cartilage-specific extracellu-
lar matrix (ECM) components, was observed among three
groups (Figure 2B).

3.3 | Ossification/chondrification
attenuated compliance of sclerous
keloid scars

Compliance of skin is considered as an important parameter
for evaluating the severity of fibrosis disease. To demonstrate
the weakened compliance of SKs, a biomechanical analysis
was performed (Figure 2C). Both the maximum loading

force and compressive Young's modulus were significantly
higher in KSs than in RKs and NDs with significant differ-
ences among the three groups. The lowest maximum load-
ing force and compressive Young's modulus were observed
in the normal dermis. Among three different types of tissues,
the biggest force is needed to stretch SKs for the same
distance when they were subject to mechanical tests (Fig-
ure 2D).

3.4 | Chondrification/ossification
attenuated keloid fibroblast proliferation
potential

To determine the effect of potential ossification or
chondrification on keloid fibroblasts (KFs) proliferation,
a CCK-8 assay was performed. As shown, normal fibro-
blasts (NFs), KFs and sclerous keloid fibroblasts (SKFs)
showed different proliferation curves under the same
culture condition (Figure 3A). Among these groups, the
SKFs proliferated faster than NFs but slower than KFs.

3.5 | Enhanced gene expression
of ossification/chondrification
markers in SKFs

The gene-level of chondrogenic/osteogenic markers were
also investigated among three groups. As shown, genes

FIGURE 3 Cell proliferation and chondrogenic and osteogenic gene expressions in ND fibroblasts (NFs), RK fibroblasts (KFs) and SK

fibroblasts (SKFs). (A) CCK-8 assay reveals that both SKFs and KFs proliferate faster than NFs, and SKFs are attenuated for their

proliferation potential. #, significant difference between SKFs and NFs groups (P < .05). *, significant difference between KFs and NFs

(P < .05). (B-H) Elevated expression levels of genes related to osteogenic and chondrogenic differentiation are detected via qPCR.

α, significant difference between KFs and NFs (P < .05). β, significant difference between SKFs and KFs and between SKFs and

NFs (P < .05)
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related to osteogenic and chondrogenic differentiation
such as type X collagen (COL10, Figure 3B), osteocalcin
(OCN, Figure 3C), SRY-box 9 (SOX-9, Figure 3D), alkaline
phosphatase (ALPL, Figure 3E), type II collagen (COL2,
Figure 3F), aggrecan (Figure 3G), and runt-related tran-
scription factor 2 (RUNX2, Figure 3H) were all up-
regulated in SKFs with a significant difference when
compared with NFs or KFs (Figure 3B-H, P < .05). Typi-
cally, the expression levels of these genes in KFs were rel-
atively higher than those of NFs except for the expression
level of COL2 (Figure 3F, P < .05).

3.6 | SKFs exhibited stronger
differentiation potentials towards
chondrogenic, osteogenic and adipogenic
lineages

To examine the difference in multilineage differentiation
potentials among three groups, a comparison on trilineage
marker expression was performed by phenotype characteri-
sation. As shown, after 10 days of osteogenic induction,

21 days of chondrogenic and adipogenic induction, much
more potent osteogenesis, chondrogenesis and adipogenesis
were found in the induced SKF group compared to other
two induced groups when evaluated with histochemical
staining (Figure 4A). Semi-quantification analysis also
showed the strongest potentials of SKFs among all three
groups, and KFs also showed stronger potentials than NFs
(Figure 4B).

4 | DISCUSSION

Keloid is commonly considered as a benign skin fibrosis
disorder or a benign skin tumour that is often seen in
Asians and Africans with excessive collagen deposition
and aberrant fibroblast hyperproliferation.15 As generally
acknowledged, keloid lost its original tissue compliance
during the progression due to the uncontrolled deposi-
tion of extracellular matrix.16

As a fibrotic skin disease, keloids usually behave as a
soft tissue neoplasm.17 However, some stiffened keloids
were usually observed in earlobe, shoulder and other

FIGURE 4 In vitro evaluation of differentiation potential of NFs, KFs and SKFs. (A) Histochemistry of Toluidine blue, Oil Red and

Alizarin Red staining are employed to respectively evaluate chondrogenic, adipogenic and osteogenic differentiation potentials of all three

groups cells. Magnification = �40; Bar = 250 μm. B. Semi-quantitation of IOD of positive areas in each group is illustrated as histograms.

IOD, integral optical density. *P < .05, **P < .01
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locations with stiffness resembling cartilage or even bone,
suggesting the diversity of keloid pathogenesis.18

Although not reported in keloids as yet, tissue calcinosis
has been observed in some skin diseases with signifi-
cantly enhanced stiffness of subcutaneous extracellular
matrices.3,19,20 In addition, keloid fibroblasts have been
shown to have transdifferentiation potential towards
other lineages.21 Thus, it would be interesting to investi-
gate whether keloid tissue could be transformed into
calcified tissues or cartilage-like tissue with cellular
evidence of chondrogenesis and osteogenesis.

To proceed, sclerous keloids located at a mechanical-
loading position, shoulder and prothoracic keloid sam-
ples were harvested from surgical procedures and subject
to micro-CT analysis to demonstrate the presence of cal-
cified matrix of keloid subcutaneous tissue. Interestingly,
micro-CT did demonstrate the presence of a minor area
of calcified islets in all five sclerous keloids, but none in
regular keloids as shown in Figure 1.

Other than the abnormal radiologic characteristics,
histological features of sclerous keloid tissues were also
different from those of soft keloids. Logically, lacuna-like
structures are universally observed in bone and cartilage.
However, this characteristic structure was also observed
in these sclerous keloid samples (Figure 2A). Further-
more, immunohistochemical staining revealed the over-
production of OPG, one of the representative components
of bone ECM (Figure 2B).

Alteration in histological characteristics will inevita-
bly lead to the changed tissue mechanical properties.22

To confirm the stiffness differences among NDs, RKs and
SKs, their maximal loading and compressive Young' s
modulus were measured. As shown in Figure 2C,D, sig-
nificantly higher maximal loading and compressive
Young's modulus were observed in SK group. All these
evidences revealed in this study support the fact that SKs
contain cartilage or bone-like tissues with transformed
histological features and enhanced tissue stiffness, but
the origination of heterogenous ECM remains unknown.

Previous studies revealed the presence of keloid mes-
enchymal stem cells, which were able to differentiate into
several mesenchymal lineages such as osteoblasts and
chondrocytes.6,7 In addition, even unsorted keloid fibro-
blasts presented more potent differential potential than
normal dermal fibroblasts.7 Therefore, cellular functions
were also investigated. As shown in Figure 3, even cul-
tured under regular conditions without specific induc-
tion, SKFs expressed the highest levels of chondrogenic
and osteogenic markers among all three groups, which
also provided molecular evidence of the presence of calci-
fied keloids. Interestingly, KFs also expressed higher
levels of these markers than normal dermal fibroblasts,
which was in agreement with a previous report.4 On the

other hand, attenuated proliferative capability may serve
as a commitment of stem cell differentiation.23-25 In the
present study, it was revealed that SKFs exhibited a rela-
tively slower proliferation rate as well as higher expres-
sion levels of osteogenic and chondrogenic genes. The in
vitro experiments of this study also proved this phenome-
non again, suggesting the stronger differentiation ten-
dency of SKFs.

The molecular mechanism of ossified keloids remains
less reported. Recently, keloid-derived precursor/stem
cells and their inflammatory niche driven by IL-17/IL-6
axis were identified successfully, which provides a new
hint to discover the source of the heterogenous matrix.7

As widely known, various cytokines including IL-6, IL-8,
and IL-10, as well as various growth factors such as TGF-
β1 have been implicated in keloids.26 Osteogenic and
chondrogenic potentials of these precursor/stem cells
might happen when cells were exposed to enriched
intralesional cytokines and diverse specific growth fac-
tors.27,28 It is likely that during the pathogenic process of
keloid development, the aberrant production of several
cytokines and growth factors might constitute an abnor-
mal niche environment that promoted differentiation/
transdifferentiation of keloid stem cells or keloid fibro-
blasts into chondrocytes or osteoblasts, which further
produce cartilage or bone-related matrices.

Mechanical stimulation is also known for its promot-
ing effect on chondrogenic or osteogenic differentiation of
MSCs.29,30 It is well known that keloids tend to form in
the body areas that are subject to increased skin tension
or stiffness, such as the prothoracic area and shoulders.18

The dysfunction of cell mechanical sensing may elucidate
the ectopic osteogenesis in keloids. The caveolin-1, one of
the key molecules in the mechanosensation and mecha-
notransduction of cells, was attenuated in the keloid cen-
tral area but was enhanced in its periphery tissues.16 It
was also found related to keloid peripheral mechanical
stress and tissue stiffness during keloid progression and
invasion.31 In addition, its down-regulation may mediate
the activation of ROCK pathway and enhanced expression
of osteogenic gene RUNX2 in keloid fibroblasts.16,31 In
subsequent studies, amelioration of hyperresponsiveness
to the mechanical stimuli could be realised by restoring
caveolin-1 and its downstream signalling molecules.

In summary, the presence of ossified and chondrified
matrices in some extremely hard keloids was the first
report by this study. Some matrix components and struc-
tures that are similar to cartilage and bone tissues were
observed in these sclerous keloid samples. The trans-
differentiation potential of fibroblasts derived from SK
tissues was also significantly enhanced. These results sug-
gest that the pathological tissue environment constituted
with aberrant cytokines and growth factors in keloids
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may drive the keloid stem cells to differentiate towards
other lineages and thus cause the enhanced tissue stiff-
ness as seen in clinical hard keloids. Further mechanism
exploration will help to design a proper therapeutic
strategy for this type of keloids.

5 | CONCLUSION

In this study, we first reported the presence of ossified and
chondrified matrices in some extremely hard keloids,
suggesting the diversity of keloid pathogenic manifesta-
tions. Keloid pathological niche environment is likely to
induce keloid stem cell differentiation towards
chondrogenic and osteogenic lineages, and thus tissue ossi-
fication. An efficient therapeutic strategy will be developed
given a further defined mechanism, which can help to
develop an anti-scarring therapy for this type of keloids.
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