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Abstract

Background: Keloid formation occurs in Caucasian, African, and Asian populations and is a severe psychosocial
burden on patients. There is no permanent treatment for this problem as its pathogenesis is not properly
understood. Furthermore, differences in keloid behavior between ethnic groups are not known. It has been
hypothesized that keloids behave like benign tumors because of their uncontrolled growth. The present study
evaluated the tumoricidal properties of human Wharton’s jelly stem cell-conditioned medium (hWJSC-CM) on fresh
Asian keloid cells (AKCs).

Methods: Human Wharton’s jelly stem cells (hWJSCs) and AKCs were isolated based on our previous methods.
hWJSCs and human skin fibroblasts (HSF) (controls) were used to collect hWJSC-CM and HSF-conditioned medium
(HSF-CM). AKCs were treated with hWJSC-CM and HSF-CM in vitro and in vivo in a human keloid xenograft SCID
mouse model. The inhibitory effect of hWJSC-CM on AKCs was tested in vitro using various assays and in vivo for
attenuation/abrogation of AKC tumors created in a xenograft mouse model.

Results: qRT-PCR analysis showed that the genes FN1, MMP1, and VCAN were significantly upregulated in AKCs
and ANXA1, ASPN, IGFBP7, LGALS1, and PTN downregulated. AKCs exposed to hWJSC-CM in vitro showed
significant decreases in cell viability and proliferation, increases in Annexin V-FITC+ cell numbers, interruptions of
the cell cycle at Sub-G1 and G2/M phases, altered CD marker expression, downregulated anti-apoptotic-related
genes, and upregulated pro-apoptotic and autophagy-related genes compared to controls. When AKCs were
administered together with hWJSC-CM into immunodeficient mice there were no keloid tumors formed in 7 mice
(n = 10) compared to the untreated control mice. When hWJSC-CM was injected directly into keloid tumors created
in mice there were significant reductions in keloid tumor volumes and weights in 30 days.

Conclusions: hWJSC-CM inhibited the growth of AKCs in vitro and in xenograft mice, and it may be a potential
novel treatment for keloids in the human. The specific molecule(s) in hWJSC-CM that induce the anti-keloid effect
need to be identified, characterized, and tested separately in larger preclinical and clinical studies.
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Background
Keloids are dermal tumors categorized by a group of un-
usual fibroblasts with excessive deposition of extracellular
matrix components such as collagen, elastin, fibronectin,
and proteoglycans. Clinically, keloids are characterized by
a painful pruritic raised scar that grows beyond the
boundary of the original margin of wounds. It commonly
involves the shoulders, ear lobes, upper arm, and anterior
back [1]. It has been claimed that a total of 100 million pa-
tients develop scars in the developed world alone each
year as a result of about 55 million elective and 25 million
post-trauma operations [2]. Hypertrophic scars are similar
to keloids but possess some clinical, histological, and epi-
demiological differences between them that suggest that
they may be two distinct entities. Hypertrophic scars un-
like keloids do not extend beyond the initial site of injury,
have low recurrence rates after excision, and histologically
possess well organized, wavy type III collagen bundles ori-
ented parallel to the epidermal surface with abundant
nodules containing myofibroblasts. Keloids on the other
hand possess disorganized, large thick, types I and III
hypo-cellular collagen bundles with no myofibroblast nod-
ules. Keloids are poorly vascularized with widely scattered
dilated blood vessels [2]. It has been suggested that, given
these differences between keloids and hypertrophic scars,
there is a need for proper characterization of keloids be-
tween ethnicities with the recommendation of a specific
set of signature markers for their reliable identification.
The pathogenesis of keloid formation is poorly under-

stood and to date, there is no successful treatment. It has
been reported that the important obstacle to successful
elimination was the lack of proper characterization of ke-
loids in terms of its stemness nature and genetic proper-
ties [3]. Shih et al. [4] reported that a battery of 10 genes
was significantly upregulated in keloid biopsy samples
taken from the peripheral keloid-skin margin. It has been
reported that the natural renewal of skin cells is under the
control of mesenchymal stem cells (MSCs) and primary
fibroblast-like cell populations obtained from various tis-
sues contain mesenchymal progenitor and stem cells [5].
Moon et al. (2008) reported that the fibroblast cells de-
rived specifically from keloid tissues were clearly multipo-
tent stem cells that were being maintained in a
proliferating and undifferentiated state by a definite native
cytokine microenvironment in wounds [1]. Later, several
independent research groups successfully isolated keloid-
derived mesenchymal-like stem cells (KMLSCs) in adult
keloid tissue which expressed the MSC CD markers
CD13, CD29, CD44, CD90, fibronectin, and vimentin.
KMLSCs could be differentiated into various lineages such
as osteogenic, chondrogenic, adipocytic, smooth muscle,
endothelial, and neuronal cell types.
The current treatments for keloids have been compre-

hensively reviewed, and it was concluded that none of
them produced definite results. It was emphasized that
there was an urgent need for developing novel therapies
against keloids [2]. The available treatments include
pressure therapy, silicone gel sheeting, cryotherapy,
radiotherapy, laser therapy, surgical manipulation and
administration of agents such as flavonoids, corticoste-
roids, interferons, and 5-fluorouracil. Interestingly, it
has been reported that the treatment of murine skin
defects with human MSCs results in scarless healing in
14 days [6].
We have studied a novel stem cell derived from the

human umbilical cord Wharton’s jelly (hWJSCs) [7–12]
that satisfies the criteria for MSCs recommended by the
International Society of Cytotherapy [13]. Genomic, cell
behavior, and stemness characterization studies showed
that these hWJSCs lying in the gelatinous Wharton’s
jelly within the umbilical cord are primitive and have
uniquely different properties from bone marrow and
other MSCs probably attributed to their embryological
migration from the yolk sac and aorta-gonadal meso-
nephros (AGM) of the early developing human embryo
[14]. Being protected within the umbilical cord, these
primitive hWJSCs are not exposed to the insults of the
adult environment.
Several groups including ours have reported that

hWJSCs have unique tumoricidal properties [15–17].
Their transcriptome profiles also revealed a high expres-
sion of tumor suppressor and pro-apoptotic genes [18].
Extracts of hWJSCs [conditioned medium (hWJSC-CM)
and cell lysates (hWJSC-CL)] inhibited the growth of
breast and ovarian adenocarcinoma and osteosarcoma
cells in vitro and attenuated or abolished the growth of
breast tumors in xenograft animal models [15–17]. Fur-
thermore, abdominal hernias in newborn infants have
been successfully treated by attaching the infant’s own
umbilical cord containing the Wharton’s jelly to the her-
nia with no ensuing scar and keloid formation [19, 20]
probably due to the tumoricidal properties of the
hWJSCs within the umbilical cord.
Given the tumoricidal properties of hWJSCs and the

fact that keloids behave like benign tumors we wanted
to evaluate the anti-keloid properties of hWJSCs. As a
first step, we characterized AKCs to find out whether
they are different from African and Caucasian samples
and then tested the inhibitory effects of hWJSC-CM
in vitro and in vivo on AKCs via various cell death as-
says and in vivo in a human keloid xenograft SCID
mouse model.

Methods
Derivation of Asian keloid cells
Asian keloid cells (AKCs) were isolated based on a previ-
ously published protocol after obtaining written in-
formed patient consent and ethical approval from the
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Institutional Domain Specific Review Board (DSRB),
Singapore [21]. Briefly, human keloid tissues were col-
lected from patients in the hospital and transported to
the laboratory in a sterile vessel containing Hank’s bal-
anced salt solution (HBSS, Invitrogen Life Technologies,
Carlsbad, CA, USA). The keloid tissue was cut into 2 to
3 cm pieces and washed with sterile HBSS then incu-
bated overnight at 4 °C with 3 mg/ml dispase (Invitrogen
Life Technologies, Carlsbad, CA, USA). After overnight
incubation, the epidermis was manually removed and
the dermis was minced (1-mm3) into small pieces and
incubated with 4 mg/ml collagenase type I at 37 °C in a
5% CO2 for 2 h. After enzymatic digestion, inactivated
enzymes with DMEM low glucose (Invitrogen Life Tech-
nologies, Carslbad, CA, USA) contain 10% fetal bovine
serum (FBS) (Biochrom AG, Berlin, Germany) and the
cell suspension was filtered through 70 μm cell strainer
[Becton Dickinson (BD), USA], centrifuged at 300×g for
5 min, supernatant discarded, and the cells were cultured
in minimum essential medium (MEM) supplemented
with 10% FBS, 100 U/ml Penicillin, 100 μg/ml strepto-
mycin, 2 mM L-glutamine, 100 mM NEAA, and 550 μM
2-Mercaptoethanol (Invitrogen Life Technologies, Carls-
bad, CA, USA) then seeded into a sterile 100 mm plastic
tissue culture petri dish [Becton Dickinson (BD), USA]
and incubated at 370 C in a 5% CO2. The morphology
and growth of keloid cells were monitored and photo-
graphed under an inverted phase-contrast microscope.

Human skin fibroblast cells
Commercial human skin fibroblast cells (HSFs) were
purchased from ATCC (Manassas, USA) and cultured in
DMEM high glucose (Invitrogen) with 10% FBS, 2 mM
L-glutamine, and antibiotic-antimycotic mixture (Invi-
trogen), and then frozen for subsequent experiments.

Derivation of human Wharton’s jelly stem cells
Human umbilical cords (UC) were obtained with in-
formed patient consent and approval from the Ministry
of Health, Domain Specific Review Board (DSRB) ap-
proval. The human Wharton’s jelly stem cells (hWJSCs)
were derived from human umbilical cords according to a
previously published protocol [22]. Briefly, the umbilical
cord from each patient was transported to the laboratory
in the transport medium (Hank’s balanced salt solution,
HBSS, Invitrogen Life Technologies, Carlsbad, CA,
USA). The UC was cut into smaller pieces (of about 1
cm long) and then cut open lengthwise. Without remov-
ing the umbilical blood vessels, each cut-open piece was
placed with its inner surface face down into an enzym-
atic solution [2 mg/ml collagenase type I, 2 mg/ml colla-
genase type IV and 100 IU of hyaluronidase in DMEM
medium (Invitrogen)] in 100 mm sterile plastic dishes
(Becton Dickinson, BD, New Jersey, USA) and incubated
at 37 °C in a 5% CO2-in-air atmosphere for 45 min to
allow the Wharton’s jelly to slowly dissolve into the en-
zymatic solution. The enzymatic solution containing the
Wharton’s jelly was then transferred to sterile 15 ml
tubes (BD), syringed through an 18G needle to further
break up the jelly to release the cells and centrifuged at
300 x g for 10 min. The supernatant was then decanted
and the cell pellets were resuspended in a hWJSCs
culture medium (complex) comprised of 80% DMEM
high glucose supplemented with 20% FBS, 1% non-
essential amino acids, 2 mM L-glutamine, 0.1 mM β-
mercaptoethanol, 1% insulin-transferrin-selenium (ITS),
antibiotic-antimycotic mixture (Invitrogen), and 16 ng/ml
basic fibroblast growth factor (bFGF) (Millipore Bio-
science Research Agents, Temecula, CA, USA).

Preparation of hWJSC-conditioned and HSF-conditioned
media
The hWJSCs and HSFs cell lines were separately cul-
tured in T75 flasks in their respective culture media.
When the cells were 70–80% confluent, the old medium
was removed from each flask, washed with PBS and
replaced with 10ml of KOSR medium (DMEM-high
glucose, 10% knockout serum replacement (KOSR), 1%
L-glutamine, and 1% antibiotic-antimycotic mixture) and
incubated for 72 h. After 72 h of growth of the cells in
the KOSR medium, the medium was separated from the
cells and called hWJSC conditioned medium (hWJSC-
CM) and HSF conditioned medium (HSF-CM) respectively.
Both hWJSC-CM and HSF-CM were diluted 1:1 v/v in
KOSR medium and used as 50% hWJSC-CM and 50%
HSF-CM for all experiments.

Trypan blue vital counts
Asian keloid cells (AKCs) exposed to hWJSC-CM, HSF-
CM, and control were quantified using trypan blue vital
cell counts. An aliquot of the keloid cells was taken and
stained with 0.4% Trypan Blue (vital dye) (Sigma) for 1
min at room temperature. The number of live cells (un-
stained) were counted using a hemocytometer (Hausser
Scientific, Horsham, PA, USA).

Cell viability (MTT) and cell proliferation (BrdU) assays
MTT: The cell viability assay was performed using a
MTT reagent kit [3-(4, 5-dimethyl thiazolyl-2)-2, 5-
diphenyltetrazolium bromide] according to the manufac-
turer’s instructions. Briefly, 10 μl MTT reagent (0.5 mg/
ml) was added to 100 μl of medium bathing the cells in
wells of tissue culture plates and the plates incubated for
4 h until a purple precipitate was visible. The medium
was then removed and 100 μl of the detergent reagent
was added into each well and incubation carried out in
the dark for 2 h. Absorbance at 570 nm was spectro-
photometrically measured using a microplate ELISA
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reader (μQuant, BioTek and Winooski, VT, USA) with a
reference wavelength of 650 nm. BrdU: The cell prolifer-
ation assay was performed using a BrdU kit according to
the manufacturer’s instructions (Cell Signaling, MA,
USA). Briefly, the cells were incubated for 1–24 h with
the BrdU solution followed by removal of the medium
and incubation for 30 min with the fixing/denaturing so-
lution. Subsequently, the cells were incubated for 1 h
with BrdU detection antibody solution followed by three
washes with the wash buffer. The HRP-conjugate solu-
tion was then added and incubated for 30 min followed
by similar washing steps and incubation with the sub-
strate solution for 30 min. The enzymatic reaction was
finally stopped and the products quantified by measuring
absorbance at 450 nm using a microplate ELISA reader.

CD marker analysis
AKCs exposed to hWJSC-CM, HSF-CM, and control
were dissociated and washed with PBS then blocked with
10% normal goat serum (NGS) (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) for 30 min to prevent non-
specific binding. The cells were then incubated with pri-
mary antibodies (Biolegend, San Diego, CA, USA) for 1
h followed by incubation with Alexa Fluor®488 second-
ary antibody (Invitrogen, Carlsbad, CA, USA) for 30 min.
The cells were analyzed using a CyAn™ ADP Analyzer
(Beckman Coulter, Fullerton, CA, USA).

Cell cycle analysis
Cell cycle analysis using flow cytometry of propidium
iodide (PI) staining was done to compare the AKCs ex-
posed to hWJSC-CM, HSF-CM, and control. Briefly, the
cells were trypsinized and fixed with ice-cold 70% etha-
nol for 2 to 3 h. The fixed cells were washed with PBS
and stained with 50 μg/ml PI in PBS containing 0.1%
TritonX-100 and 50 μg/ml RNAse-A. Finally, the cells
were filtered using a 70 μm nylon strainer to remove any
cell clumps and then analyzed using a CyAn™ ADP
Analyzer.

Annexin V–FITC assay
The annexin V-FITC assay was carried out on the AKCs
exposed to hWJSC-CM, HSF-CM, and control to evalu-
ate rates of apoptosis at primary culture. Briefly, the cells
were dissociated with TrypLE™ Express, washed once
with PBS and then with Annexin V-binding buffer (1×).
The cells were stained with 5 μl Annexin V-FITC at RT
for 15 min and then counterstained with PI (1 μg/ml)
and analyzed using a CyAn™ ADP Analyzer.

Confocal microscopic analysis
The histological sections and adherent cells were fixed
with 4% paraformaldehyde (Sigma) for 15 min and
washed twice with PBS. The sections and cells were
blocked with 10% normal goat serum (NGS) for 30 min
and incubated with mouse primary monoclonal antibody
Decorin (DCN) (5 μg/ml), mouse primary monoclonal
antibody TGF-β1 (5 μg/ml), rabbit primary polyclonal
antibodies fibromodulin (FMOD) (5 μg/ml), rabbit pri-
mary polyclonal antibodies TGF-β3 (5 μg/ml, Abcam,
Cambridge, MA, USA), and human nuclear antigen
(HNA) primary antibodies for overnight at 4 °C. This
was followed by incubation with goat anti-mouse and
goat anti-rabbit secondary antibodies (Alexa Fluor, Invi-
trogen) for 1 h. The sections and cells were then washed
with PBS, stained with 4′-6-diamidino-2-phenylindole
(DAPI; 0.5 μg/ml) (Invitrogen) for 5 min at room
temperature (RT) and photographed using a confocal
microscope (Olympus, Tokyo, Japan).

Quantitative real-time polymerase chain reaction
Total RNA from all samples was extracted using the
RNeasy Mini kit (Qiagen, Venlo, Netherlands). RNA
samples were transcribed to cDNA using the Tetro
cDNA Synthesis kit (Bioline, Eveleigh NSW, Australia).
Primer sequences were taken from earlier published
studies (Table 1). Quantitative real-time polymerase
chain reaction (qRT-PCR) analysis was performed using
ABI PRISM 7500 Fast Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA) using SYBR green
master mix (Applied Biosystems) and relative quantifica-
tion was performed using the comparative CT (2-ΔΔCT)
method. The results were expressed as mean ± SEM
from three replicates for individual experiments.

Effects of hWJSC-CM on human keloid tumors in
xenograft SCID mice
In vivo studies were conducted on severely combined
immunodeficient (SCID) mice, and all animal proce-
dures were carried out in accordance with the National
University of Singapore institutional animal guidelines
(IACUC). Two protocols were used with the following
experimental designs. Combined protocol: the combined
protocol involved the administration of AKCs together
with hWJSC-CM into mice to observe whether the
hWJSC-CM prevented the formation of keloid tumors in
the mice was based on previously published protocols
[16, 17]. A total of 30 SCID mice were divided into 3
groups and the following agents administered subcuta-
neously into 2 injection sites, one site on each hind limb
of each animal. Group 1: AKCs with hydroxyapatite
(HA, 40 mg) (4 × 106 cells), group 2: AKCs with hy-
droxyapatite (HA) (4 × 106 cells) + HSF-CM (100 μl), and
group 3: AKCs with hydroxyapatite (HA) (4 × 106 cells) +
hWJSC-CM (100 μl). HA was used to facilitate keloid
tumor formation as in most studies HA is used in com-
bination with tumorigenic agents to generate tumors
rapidly [21]. Separate protocol: the separated protocol



Table 1 Primers used for quantitative reverse transcription-polymerase chain reaction analysis

Gene name Gene symbol Gene ID RefSeq ID

Glyceraldehyde-3-phosphate dehydrogenase GAPDH 2597 NM_002046

Fibronectin 1 FN1 2335 NM_002026

Alpha-2-macroglobulin A2M 2 NM_000014

Versican VCAN 1462 NM_004385

Decorin DCN 1634 NM_001920

Hypoxia-inducible factor 1 subunit alpha HIF1A 3091 NM_001243084

Inhibin subunit beta A INHBA 3624 NM_002192

Matrix metallopeptidase 1 MMP1 4312 NM_001145938

TNF alpha-induced protein 6 TNFAIP6 7130 NM_007115

Aggrecan ACAN 176 NM_001135

Annexin A1 ANXA1 301 NM_000700

Insulin-like growth factor-binding protein 7 IGFBP7 3490 NM_001253835

Galectin 1 LGALS1 3956 NM_002305

Pleiotrophin PTN 5764 NM_002825

Asporin ASPN 54,829 NM_001193335

Serpin family H member 1 SERPINH1 871 NM_001207014

Neuronal regeneration-related protein C5orf13/NREP 9315 NM_001142474

Transforming growth factor beta 1 TGFB1 7040 NM_000660

Transforming growth factor beta 3 TGFB3 7043 NM_003239

Baculoviral IAP repeat-containing 5 BIRC5 332 NM_001012270

Beclin 1 BECN1 8678 NM_003766

Autophagy related 5 ATG5 9474 NM_004849

Autophagy related 7 ATG7 10,533 NM_001136031

BCL2 associated X BAX 581 NM_004324
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differed from the combined protocol where keloid tu-
mors were first created in mice and respective treat-
ments administered into the tumors to assess keloid
attenuation or abolishment. Briefly, AKCs (4 × 106 cells)
were injected together with HA subcutaneously into
both hind limbs of SCID mice and the mice monitored
closely for tumor development. Our pilot studies showed
that such keloid tumors created in mice were small in
size (0.3 to 0.6 cm in diameter) and were not able to
hold doses of 100 μl of conditioned medium, as there
were spillage and rupture of the tumors after injection
intra-tumorally. We therefore administered 50 μl per
tumor intra-tumorally as this dose was sufficient to pro-
vide high concentrations of the hWJSC-conditioned
medium in situ. Our main objective was to only see if
the hWJSC-conditioned medium attenuated or abolished
the growth of the keloid tumors. Thus, when tumors
reached a size of 0.3–0.6 cm in diameter we adminis-
tered 50 μl per tumor intra-tumorally under the follow-
ing treatment groups. Group 1: PBS (50 μl), group 2:
HSF-CM (50 μl), and group 3: hWJSC-CM (50 μl). Each
arm had 9 SCID mice (n = 9). The control and experi-
mental animals from all the above groups were sacrificed
at the end of the study after 30 days using an inhala-
tional overdose of carbon dioxide. Keloid tumors were
collected for subsequent studies.

Statistical analysis
Statistically significant differences between the treatment
and control arms for all evaluations were carried out
using one-way ANOVA with Bonferroni’s multiple com-
parisons post hoc analysis using the statistical package
for Social Sciences (SPSS 13). The results were expressed
as mean ± SEM from three replicates for three individual
experiments, and a value of p < 0.05 was considered sta-
tistically significant.

Results
qRT-PCR and confocal microscopic analysis of Asian
keloid cells
Asian keloid cells (AKCs) were significantly upregulated
for the keloid and matrix assembly-related genes such as
A2M, FN1, MMP1, VCAN, C5orf13, HIF1a, SERPINH1,
ACAN3, TNFAIP6, INHBA, DCN, FMOD, TGF-β1, and
TGF-β3; and downregulated for ANXA1, ASPN,
IGFBP7, LGALS1, and PTN compared to human skin
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fibroblasts (HSFs). The fold increases in expression
levels for all these genes ranged from 2.10 to 17.58 and
the fold increases for each gene were statistically signifi-
cant compared to the HSFs (Fig. 1a). In situ cross-
sections of keloid tissue and the monolayer cells derived
from keloid tissue were positive for matrix assembly-
related markers including DCN, FMOD, TGF-β1, and
TGF-β3 (Fig. 1b, c).
Cell morphology and Trypan blue live cell counts
AKCs cell numbers were decreased with lesser mitotic
cells when exposed to hWJSC-CM (Fig. 2a(c)) compared
to AKCs cultured in the presence of KOSR medium
alone (untreated control) or human skin fibroblast con-
ditioned medium (HSF-CM) where the cells continued
their proliferation (Fig. 2a(a, b)). Trypan blue live cell
counts showed that the live cell numbers for the AKCs
cultured in HSF-CM were proliferative and significantly
greater compared to untreated controls (Fig. 2b). How-
ever, the live cell numbers for AKCs cultured in hWJSC-
CM were significantly lower (3.06 ± 0.05 × 106) than the
Fig. 1 a qRT-PCR analysis of keloid-related genes (A2M, FN1, MMP1, VCAN,
β1, TGF-β3, ANXA1, ASPN, IGFBP7, LGALS1, and PTN). Confocal analysis of b
are represented as mean ± SEM of at least three independent experiments.
AKCs cultured in HSF-CM (6.21 ± 0.03 × 106) and con-
trols (4.30 ± 0.01 × 106) (Fig. 2b).

Cell viability (MTT) and cell proliferation (BrdU) assays
When the MTT assay for cell viability was used, the
number of viable AKCs exposed to hWJSC-CM was sig-
nificantly decreased on day 3 compared to HSF-CM and
untreated controls (Fig. 2c). The mean ± SEM cell viabil-
ity rates of AKCs were 0.25 ± 0.02% compared to 0.52 ±
0.02% for HSF-CM and 0.46 ± 0.02% for untreated con-
trols. The BrdU assay for cell proliferation showed that
the cell proliferation rates for the AKCs exposed to
hWJSC-CM were significantly decreased on day 3 com-
pared to HSF-CM and untreated controls (Fig. 2d). The
mean ± SEM cell proliferation rates were 0.68 ± 0.05 for
hWJSC-CM, 1.27 ± 0.06 for HSF-CM, and 1.15 ± 0.08 for
controls.

CD marker analysis
Flow cytometry analysis showed the CD signature profile
of AKCs was positive for CD29, CD44, CD73, CD90,
and CD105. The CD marker levels were significantly
C5orf13, HIF1a, SERPINH1, ACAN3, TNFAIP6, INHBA, DCN, FMOD, TGF-
paraffin section of keloid tissue and c AKCs adherent cells. All values
p < 0.05 was considered as statistically significant



Fig. 2 a Phase-contrast inverted optical images of AKCs grown in keloid medium (control), HSF-CM and hWJSC-CM. b Viable AKCs cell counts
assessed by Trypan blue staining for AKCs grown in keloid medium (control), HSF-CM and hWJSC-CM. Assesment of c cell viability (MTT) and d
cell proliferation (BrdU) of AKCs grown in keloid medium (control), HSF-CM and hWJSC-CM at day 3. All values are represented as mean ± SEM of
at least three independent experiments. p < 0.05 was considered as statistically significant
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decreased when exposed to hWJSC-CM compared to
HSF-CM and controls. The percentage values for CD29,
CD44, CD73, CD90, and CD105 were 98.50 ± 1.01%,
97.01 ± 1.64%, 98.72 ± 1.08%, 97.16 ± 0.98%, and 97.65 ±
1.17%, respectively, for the control group, 98.48 ± 0.84%,
97.43 ± 1.49%, 98.91 ± 0.96%, 97.89 ± 1.88%, and 98.24 ±
1.15%, respectively, for the HSF-CM group and 85.01 ±
4.36%, 83.34 ± 2.57%, 74.09 ± 3.39%, 86.19 ± 4.53%, and
82.67 ± 3.17%, respectively, for the hWJSC-CM group
(Fig. 3a).
Cell cycle analysis
AKCs cultured in KOSR medium (untreated control)
and HSF-CM showed normal cell cycle profiles whereas
the AKCs cultured in hWJSC-CM showed increased
peaks in the Sub-G1 phase. The percentages were 2.87%
for control, 2.71% for HSF-CM, and 3.76% for hWJSC-
CM at the Sub-G1 phase. However, there were signifi-
cantly high percentages of cells in the R4 (G2/M) phase
(8.87%) in AKCs exposed to hWJSC-CM indicating that
there were interruptions of the cell cycle at G2/M phase
(Fig. 3b).
Annexin V-FITC analysis for apoptosis
AKCs cultured in hWJSC-CM were highly positive for
Annexin V-FITC (21.06 ± 2.18) compared to controls
(5.63 ± 0.84) and HSF-CM (4.26 ± 0.94). These mean in-
creases in Annexin V-FITC-positive cell numbers were
statistically significant (Fig. 4a). Furthermore, the anti-
apoptotic-related gene (SURVIVIN) was downregulated
and the pro-apoptotic and autophagy-related genes
(BAX, ATG5, ATG7, and BECLIN-1) were upregulated
in the AKCs exposed to hWJSC-CM compared to con-
trols and HSF-CM. The fold decreases in expression
levels for the anti-apoptotic-related genes ranged from
0.14 to 0.35 and the fold increases in expression levels
for pro-apoptotic and autophagy-related genes ranged
from 2.9 to 5.10. The fold increases for each gene were
statistically significant compared to controls and HSF-
CM (Fig. 4b).



Fig. 3 a Flow cytometry analysis of MSC CD marker profile for AKCs cultured in keloid medium (control), HSF-CM, and hWJSC-CM. b Cell cycle
analysis of AKCs cultured in keloid medium (control), HSF-CM, and hWJSC-CM. All values are represented as mean ± SEM of at least three
independent experiments. p < 0.05 was considered as statistically significant
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qRT-PCR of keloid genes exposed to hWJSC-CM
The real-time polymerase chain reaction (qRT-PCR) re-
sults showed that the AKCs exposed to hWJSC-CM had
significantly decreased keloid-related gene expression for
A2M, FN1, MMP1, VCAN, C5orf13, HIF1a, TNFAIP6,
INHBA ACAN3, ANXA1, ASPN, SERPINH1, COL1,
IGFBP7, PTN, DCN, FMOD, TGF-β1, and TGF-β3
genes compared to AKCs exposed to untreated controls
and HSF-CM. The fold decreases in expression levels for
all these genes ranged from 0.06 to 0.55. The fold de-
creases for each gene were statistically significant com-
pared to HSF-CM and controls (Fig. 5a, b).

Effects of hWJSC-CM on human keloid tumors in
xenograft SCID mice
Combined protocol
When AKCs were administered together with hWJSC-
CM + hydroxyapatite, (HA) into 10 immunodeficient
mice subcutaneously (combined protocol), there was no
keloid tumor formation in 7 mice and 3 small lumps in
the remaining 3 mice after 30 days (HA is conventionally
administered to facilitate tumor formation) (Fig. 6a(e)).
This was in comparison to keloid tumor formation that
was observed in all the animals in the untreated control
group [AKCs + HA (10 mice)] and HSF-CM +HA group
(10 mice) (Fig. 6a(a, c)). Human nuclear antigen (HNA)
staining for AKCs in the tumors and injection sites
showed a greater number of HNA positive cells in the
untreated control and HSF-CM groups compared to the
hWJSC-CM +HA group (Fig. 6a(b, d, f)). Keloid tumor
volumes (Fig. 6b) and tumor weights (Fig. 6c) were signifi-
cantly reduced in the hWJSC-CM treatment group com-
pared to untreated control and HSF-CM groups. The
mean ± SEM keloid tumor volumes after 30 days were
71.78 ± 20.67mm for untreated controls, 54.65 ± 8.97mm
for HSF-CM, and 12.04 ± 3.69mm for hWJSC-CM. The
mean ± SEM keloid tumor weights after 30 days were
73.70 ± 12.12mg for untreated controls, 76.70 ± 9.58mg
for HSF-CM, and 26.50 ± 6.38mg for hWJSC-CM.

Separate protocol
When AKCs +HA was administered subcutaneously to
the mice, keloid tumors were formed as early as 7 days
in all animals, at all injection sites and in all three groups
(30 mice, 60 tumors) (Fig. 7a(a)). Keloid tumor section
(one mouse per group derived on day 7) showed positive



Fig. 4 a Annexin-V analysis of AKCs grown in keloid medium (control), HSF-CM, and hWJSC-CM. b qRT-PCR analysis of pro-apoptotic, anti-
apoptotic, and autophagy-related genes (BAX, SURVIVIN, BECLIN-1, ATG5, and ATG7) for AKCs grown in keloid medium (control), HSF-CM, and
hWJSC-CM. All values are represented as mean ± SEM of at least three independent experiments. p < 0.05 was considered as
statistically significant
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for HNA staining, and these results confirmed that the
keloid tumor developed from AKCs (Fig. 7a(b, c)).
Keloid tumors were completely abolished (absent) in 5

animals (10 tumors) and tumor shrinkage observed in 4
animals (8 tumors) after 23 days in the mice treated with
hWJSC-CM (n = 9) compared to untreated controls
(n = 9) and HSF-CM (n = 9) where none of the tumors
were abolished or shrunken in size at 23 days (Fig. 7b(a–
c)). Keloid tumor volumes (Fig. 7c) and tumor weights
(Fig. 7d) were significantly reduced in the hWJSC-CM
treatment group compared to untreated controls and
HSF-CM. Mean ± SEM keloid tumor volumes were
90.52 ± 15.56 mm for untreated controls, 101.70 ± 11.97
mm for HSF-CM and 28.20 ± 4.13 mm for hWJSC-CM.
Mean ± SEM keloid tumor weights were 95.14 ± 12.87
mg for untreated controls, 137.00 ± 12.71 mg for HSF-
CM, and 47.11 ± 4.57 mg for hWJSC-CM at 23 days.

Discussion
The present study evaluated novel biomarker expression
on keloid samples from Asian patients in comparison
with normal human skin fibroblasts. The results con-
firmed that 14 genes (A2M, FN1, MMP1, VCAN,
C5ORF13, HIF1A, SERPINH1, ACAN3, TNFAIP6,
INHBA, DCN, FMOD, TGF-β1, and TGF-β3) were up-
regulated and 6 genes (ANXA1, ASPN, COL1, IGFBP7,
LGALS1, and PTN) were downregulated. The results of
expression of some of the genes are consistent with
those obtained from African and Caucasian samples by
other workers [4, 23]. However, the results of the
present study revealed for the first time the downregula-
tion of five genes (ANXA1, ASPN, IGFBP7, LGALS1,
and PTN) which is in contrast to the upregulation of the
same genes in African and Caucasian keloid samples [4].
The upregulated 14 genes (A2M, FN1, MMP1, VCAN,

C5ORF13, HIF1A, SERPINH1, ACAN3, TNFAIP6,
INHBA, DCN, FMOD, TGF-β1, and TGF-β3) play im-
portant roles in keloid pathogenesis. FN1 is involved in
cell adhesion and migration, wound healing, blood coagu-
lation, host defense, and metastasis. Its upregulation has
been linked to enhanced extracellular matrix (ECM) syn-
thesis. VCAN is involved in cell adhesion, proliferation,



Fig. 5 a, b qRT-PCR analysis of keloid and matrix assembly-related genes (A2M, FN1, MMP1, VCAN, C5orf13, HIF1a, TNFAIP6, INHBA, ACAN3,
ANXA1, ASPN, SERPINH1, COL1, IGFBP7, PTN, DCN, FMOD, TGF-β1, and TGF-β3) for AKCs cultured in keloid medium (control), HSF-CM, and
hWJSC-CM. All values are represented as mean ± SEM of at least three independent experiments. p < 0.05 was considered as
statistically significant
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migration, and angiogenesis, playing a crucial role in tissue
morphogenesis and maintenance. ACAN and TNFAIP6
were found to interact with hyaluronic acid in keloid fi-
broblasts when upregulated [24] but are not well studied
in keloid or skin [25]. Seifert et al. (2008) also found
higher INHBA gene expression in keloid-derived fibro-
blasts compared to those from healthy skin. SERPINH1
has been suggested to stimulate excessive collagen depos-
ition in keloids [4]. HIF-1 is a master regulator of cellular
and systemic homeostatic responses to hypoxia while
MMP1 is involved in ECM breakdown. INHBA gene is
the regulator of G-protein signaling 4 and shown to be
differentially altered in fibroblasts isolated from spatially
distinct areas of the keloid [26]. DCN aids collagen matrix
assembly and FMOD interacts with type I and II collagen
fibrils, playing a role in ECM assembly. TGF-β1 regulates
such cellular functions as cell growth, proliferation, differ-
entiation, and apoptosis [27]. TGF-β3 helps regulate cellu-
lar adhesion and ECM formation [28].
Of the downregulated five genes (ANXA1, ASPN,
IGFBP7, LGALS1, and PTN) observed in the present
study, ASPN and C5ORF13 have been suggested to be
negative regulators of TGF-β1. ASPN was shown to bind
directly to TGF-β1 and C5ORF13 was shown to induce
a non-fibrogenic myofibroblast-like phenotype in 3 T3
cells [29]. ANXA1 binds phospholipids, inhibits
phospholipase A2, and has anti-inflammatory activity
[30]. LGALS1 plays a role in cell-cell and cell-matrix in-
teractions, and in tumor progression [4]. PTN is in-
volved in cell growth, differentiation, and tumor
progression. The higher-level expression of PTN in
hypertrophic scars and the low-level expression in ke-
loids suggest different pathomechanisms between keloids
hypertrophic scars [31].
Several groups including our own have shown that

hWJSCs have tumoricidal properties, inhibiting the
growth of various cancers both in vitro and in vivo [15–
17]. Our group showed in a microarray transcriptome



Fig. 6 a Combined protocol (The administration of AKCs together with hWJSC-CM into SCID mice) of keloid xenograft SCID mice. a(a, c, and e)
AKCs + HA, AKCs + HA + HSF-CM, and AKCs + HA + hWJSC-CM were injected into subcutaneous sites (both hind limbs) per animal (n = 10). a(b, d,
and f) Human nuclear antigen (HNA) staining of keloid tumor from AKCs + HA, AKCs + HA + HSF-CM, and AKCs + HA + hWJSC-CM. b Evaluation of
keloid tumor volume and c tumor weight. All values are represented as mean ± SEM of at least three independent experiments. p < 0.05 was
considered as statistically significant
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profile study that hWJSCs have increased expression of
tumor suppressor genes and anti-apoptotic genes com-
pared to other stem cell types such as human embryonic
stem cells and bone marrow mesenchymal stem cells
[18]. We recently showed that hWJSC-CM inhibited the
growth of lymphoma cells suggesting the presence of
anti-cancer molecules secreted by the hWJSCs into the
conditioned medium [32]. Other workers have reported
that conditioned media prepared from adipose tissue-
derived and bone marrow MSCs contained various anti-
fibrotic factors [28, 33]. All these results allude to the
fact that the hWJSC secretome may contain
tumoricidal-like molecules that inhibit keloid cell growth
given the fact that keloids behave like benign tumors
with their uncontrolled growth.
The results of the present study revealed that cell via-
bility and proliferation rates were significantly lower in
fresh uncultured Asian keloid cells (AKCs) exposed to
hWJSC-CM compared to controls. Although AKCs
expressed CD29, CD44, CD73, CD90, and CD105
markers [1, 34], their expression was significantly re-
duced in the AKCs after exposure to hWJSC-CM sug-
gesting that AKCs were losing their stemness properties
but not in controls. AKCs exposed to hWJSC-CM ap-
pear to be inhibited via apoptosis as they were arrested
at Sub-G1 and G2/M phases [33], which is the same
focal point of cell arrest by other anti-leukemic agents
[35]. Furthermore, we observed increased numbers of
Annexin-V-positive cells in AKCs exposed to hWJSC-
CM compared to controls. Additionally, the qRT-PCR



Fig. 7 a Separate protocol (Keloid tumors were first created in SCID mice about the size of 0.3–6 cm in diameter and respective treatments
administered through intra-tumorally) of keloid xenograft SCID mice. a(a) AKCs + HA were injected into subcutaneous sites to induce keloid
tumors. a(b, c) Human nuclear antigen (HNA) staining of keloid tumor from AKCs + HA on day 7. b(a–c) PBS, HSF-CM, and hWJSC-CM treatments
were administered intra-tumorally to each animal (n = 9). c Evaluation of keloid tumor volume and d tumor weight. All values are represented as
mean ± SEM of at least three independent experiments. p < 0.05 was considered as statistically significant
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results showed that the anti-apoptotic gene (SURVIVIN)
was downregulated and pro-apoptotic and autophagy-
related genes (BECLIN-1, BAX, ATG5, ATG7) were
upregulated in AKCs exposed to hWJSC-CM, further
confirming that the possible mechanisms by which
hWJSC-CM induce AKCs cell death is through autoph-
agy and apoptotic pathways. These results tally with our
previous reports that hWJSC-CM increased oxidative
stress, thus inducing apoptosis in lymphoma cells and
keloids [32, 34].
Of note, is that this study also revealed the upregula-

tion of certain genes that play a key role in wound heal-
ing such as TGF-β1, TGF-β3, and other ECM-related
genes. TGF-β overexpression accelerates ECM depos-
ition by increasing the synthesis of collagen, integrin,
and fibronectin [28]. The results of the present study re-
vealed that TGF-β1, TGF-β3, and collagen 1 genes were
significantly decreased in AKCs when exposed to
hWJSC-CM, suggesting that hWJSC-CM downregulated
TGF-β1 and TGF-β3 activity and reduced ECM synthe-
sis by decreasing the expression of collagen and fibro-
nectin genes. Also, it has been reported that impaired
angiogenesis is the cause of refractory wounds [36].
Studies have suggested that MSC-based therapies with
platelet-rich plasma are able to promote wound healing
by enhanced angiogenesis [37, 38]. Furthermore, the
clinical studies reported by Cervelli et al. (2010) and
Nicoli et al. (2013) have demonstrated that the use of a
three-dimensional matrix of hyaluronic acid with
platelet-rich plasma can enhance tissue proliferation and



Arjunan et al. Stem Cell Research & Therapy           (2020) 11:78 Page 13 of 15
promotes wound healing with reduction of hypertrophic
scars [39, 40]. Several groups, including our group, have
shown that hWJSCs secrete high levels of hyaluronic
acid, anti-inflammatory, and antifibrotic cytokines (IL10,
VEGF, and HGF), and suppress the production of pro-
inflammatory cytokines (TNF-α and IL-6) that may be
responsible for reduced scarring to allow better healing
[7, 34, 36].
The percentage induction of keloid tumors in the

murine xenograft model of the present study is consist-
ent with that of other workers [21, 41–46]. Our results
showed that AKCs administered with hydroxyapatite
(HA) produced 100% of keloid tumors in SCID mice
and HNA staining confirmed that the tumors were in-
deed those of human origin. Interestingly, although
hWJSC-CM did not abolish the growth of the keloid tu-
mors completely there was a significant reduction in the
keloid tumor volumes and weight in both the combined
and separate protocols compared to controls. Perhaps,
further reductions in keloid tumor growth may have
taken place if the treatment doses were increased or the
study prolonged for longer periods.
From an embryological point of view, several distinct

compartments (amnion, subamnion, Wharton’s jelly,
perivascular area) have been recognized in the human
umbilical cord by several authors [9, 47, 48]. The stem-
ness properties of cells between these compartments
were shown to be distinctly different [9]. Unfortunately,
some reports do not accurately specify the compartment
from which their MSCs were derived and usually
generalize or misname the derivation as from simply
Wharton’s jelly. This makes meaningful comparisons of
data between groups difficult.
Many groups have shown the anti-keloid effects of

MSCs [33, 34, 49, 50], but one study showed that MSCs
derived from the subamniotic membrane of the umbil-
ical cord showed enhanced keloid fibroblast growth
in vitro [51], with no confirmatory studies in in vivo pre-
clinical animal models. Given the differences in stemness
properties of cells between subamnion and Wharton’s
jelly compartments [9, 52], it is possible that these differ-
ent responses are due to differences in the secretome of
the two cell types because of their different embryo-
logical development, cell form, and function. Addition-
ally, the different ethnic sources of the keloid cells used
in the studies may also account for the differences in
anti-keloid behavior because the enhanced keloid cell
growth by subamniotic membrane stem cells was ob-
served in Caucasian samples while the keloid inhibitory
effects observed with Wharton’s jelly stem cells was on
Asian samples. Several studies have shown that hWJSCs
secrete various factors such as interleukins, cell mem-
brane proteins, cell adhesion molecules, cadherins,
growth factors, hyaluronic acid, and glycosaminoglycans
suggesting that they may be responsible for inhibiting
the AKCs or keloid formation in the SCID mice [7, 34,
53]. It has been reported that the behavior of keloid-
derived fibroblasts can be altered by MSCs through
paracrine signaling [54, 55] which is a key mechanism of
MSC therapeutic effects [56, 57].

Conclusions
The present study suggests that hWJSC-CM inhibits the
growth of AKCs in vitro and in vivo. It may thus be an
attractive novel treatment for keloids in the human. One
or more interesting anti-keloid molecules may exist in
hWJSC-CM that need to be identified, characterized and
further validated for anti-keloid growth in human clin-
ical trials.

Abbreviations
AGM: Aorta-gonadal mesonephros; AKC: Asian keloid cells; ATG: Autophagy;
bFGF: Basic fibroblast growth factor; DCN: Decorin; DMEM: Dulbecco’s
modified Eagle’s medium; ECM: Extracellular matrix; FBS: Fetal bovine serum;
FN: Fibronectin; FMOD: fibromodulin; HNA: Human nuclear antigen;
HSF: Human skin fibroblasts; HSF-CM: Human skin fibroblasts conditioned
medium; hWJSCs: Human Wharton’s jelly stem cells; hWJSC-CM: Human
Wharton’s jelly stem cells conditioned medium; HA: Hydroxyapatite;
ITS: Insulin-transferrin-selenium; KOSR: Knockout serum replacement;
MSC: Mesenchymal stem cells; NGS: Normal goat serum; qRT-
PCR: Quantitative real-time polymerase chain reaction; SCID: Severely
combined immunodeficient; TGF: Transforming growth factor-beta;
VCAN: Versican

Acknowledgements
The authors thank Prof. Su Lin Lin, Dr. Anita Sugam Kale, Dr. Vanaja, Dr.
Pradip, and Dr. TM Chua for providing the keloid samples, and also Ms.
Cecille Laureano Asibal, Ms. Cynthia Pamela Zapata Tagarino, and Ms.
Maylene Tan Zipagan for their assistance.

Authors’ contributions
AS assisted in designing the experiments, performed the experiments,
analyzed the data, and wrote the manuscript. GSU reviewed and edited the
manuscript. CM provided clinical and scientific input. RV assisted in in vivo
experiments. LJ obtained informed patient consent and collection of keloid
samples. ABi obtained informed patient consent and collection of human
umbilical cords and provided clinical and scientific input. ABo and FCY
identified the problem, designed the experiments, critically edited the
manuscript, and obtained grant support. All authors read and approved the
final manuscript.

Funding
Grant support from the Ministry of Education Singapore, Academic Research
Fund (AcRF) Tier 1 R-174-000-151-112, NUHS Aspiration Fund (Partner) R-174-
000-156-720, and NUHS Aspiration Fund (New Idea) R-174-000-155-720 are
gratefully acknowledged.

Availability of data and materials
Supporting data can be obtained from the corresponding author.

Ethics approval and consent to participate
The certificate number 2008/00358 was issued by Institutional Domain
Specific Review Board (DSRB), Singapore. We also received informed consent
from the patients.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.



Arjunan et al. Stem Cell Research & Therapy           (2020) 11:78 Page 14 of 15
Author details
1Department of Obstetrics and Gynaecology, Yong Loo Lin School of
Medicine, National University Health System, National University of
Singapore, Kent Ridge 119228, Singapore. 2Department of Surgery, Kent
Ridge 119228, Singapore. 3Department of Medicine, Yong Loo Lin School of
Medicine, National University Health System, National University of
Singapore, Kent Ridge 119228, Singapore.

Received: 3 January 2020 Revised: 11 February 2020
Accepted: 14 February 2020
References
1. Moon J-H, Kwak SS, Park G, et al. Isolation and characterization of

multipotent human keloid-derived mesenchymal-like stem cells. Stem Cells
Dev. 2008;17(4):713–24.

2. Gauglitz GG, Korting HC, Pavicic T, et al. Hypertrophic scarring and keloids:
pathomechanisms and current and emerging treatment strategies. Mol
Med. 2011;17(1–2):113.

3. Blit PH, Jeschke MG. Keloids: what do we know and what do we do next?
Transl Res. 2012;159(3):173–4.

4. Shih B, McGrouther DA, Bayat A. Identification of novel keloid biomarkers
through profiling of tissue biopsies versus cell cultures in keloid margin
specimens compared to adjacent normal skin. Eplasty. 2010;10:e24.

5. Sudo K, Kanno M, Miharada K, et al. Mesenchymal progenitors able to
differentiate into osteogenic, chondrogenic, and/or adipogenic cells in vitro
are present in most primary fibroblast-like cell populations. Stem Cells. 2007;
25(7):1610–7.

6. Mansilla E, Marin G, Sturla F, et al., editors. Human mesenchymal stem cells
are tolerized by mice and improve skin and spinal cord injuries. Transplant
Proc. 2005;37(1):292–4.

7. Bongso A, Fong C-Y. The therapeutic potential, challenges and future
clinical directions of stem cells from the Wharton’s jelly of the human
umbilical cord. Stem Cell Rev Rep. 2013;9(2):226–40.

8. Fong C-Y, Subramanian A, Biswas A, et al. Derivation efficiency, cell
proliferation, freeze–thaw survival, stem-cell properties and differentiation
of human Wharton’s jelly stem cells. Reprod BioMed Online. 2010;21(3):
391–401.

9. Subramanian A, Fong C-Y, Biswas A, et al. Comparative characterization of
cells from the various compartments of the human umbilical cord shows
that the Wharton’s jelly compartment provides the best source of clinically
utilizable mesenchymal stem cells. PLoS One. 2015;10(6):e0127992.

10. Fong C-Y, Subramanian A, Gauthaman K, et al. Human umbilical cord
Wharton’s jelly stem cells undergo enhanced chondrogenic differentiation
when grown on nanofibrous scaffolds and in a sequential two-stage culture
medium environment. Stem Cell Rev Rep. 2012;8(1):195–209.

11. Tantrawatpan C, Manochantr S, Kheolamai P, et al. Pluripotent gene
expression in mesenchymal stem cells from human umbilical cord
Wharton's jelly and their differentiation potential to neural-like cells. J Med
Assoc Thailand Chotmaihet Thangphaet. 2013;96(9):1208–17.

12. Gao LR, Zhang NK, Ding QA, et al. Common expression of stemness
molecular markers and early cardiac transcription factors in human
Wharton's jelly-derived mesenchymal stem cells and embryonic stem cells.
Cell Transplant. 2013;22(10):1883–900.

13. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining
multipotent mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy. 2006;8(4):315–7.

14. Wang X-Y, Lan Y, He W-Y, et al. Identification of mesenchymal stem cells in
aorta-gonad-mesonephros and yolk sac of human embryos. Blood. 2008;
111(4):2436–43.

15. Ayuzawa R, Doi C, Rachakatla RS, et al. Naive human umbilical cord matrix
derived stem cells significantly attenuate growth of human breast cancer
cells in vitro and in vivo. Cancer Lett. 2009;280(1):31–7.

16. Ganta C, Ayuzawa R, Rachakatla R, et al. Rat umbilical cord stem cells
completely abolish rat mammary carcinomas with no evidence of
metastasis or recurrence 100 days post–tumor cell inoculation. Cancer Res.
2009;69(5):1815–20.

17. Gauthaman K, Fong CY, Arularasu S, et al. Human Wharton’s jelly stem cell
conditioned medium and cell-free lysate inhibit human osteosarcoma and
mammary carcinoma cell growth in vitro and in xenograft mice. J Cell
Biochem. 2013;114(2):366–77.
18. Fong C-Y, Chak L-L, Biswas A, et al. Human Wharton’s jelly stem cells have
unique transcriptome profiles compared to human embryonic stem cells
and other mesenchymal stem cells. Stem Cell Rev Rep. 2011;7(1):1–16.

19. Lorenz HP, Longaker MT, Perkocha LA, et al. Scarless wound repair: a human
fetal skin model. Development. 1992;114(1):253–9.

20. Estes JM, Adzick NS, Harrison MR, et al. Hyaluronate metabolism undergoes
and ontogenic transition during fetal development: implications for scar-
free wound healing. J Pediatr Surg. 1993;28(10):1227–31.

21. Zhang Q, Yamaza T, Kelly AP, et al. Tumor-like stem cells derived from
human keloid are governed by the inflammatory niche driven by IL-17/IL-6
axis. PLoS One. 2009;4(11):e7798.

22. Fong C-Y, Richards M, Manasi N, et al. Comparative growth behaviour and
characterization of stem cells from human Wharton's jelly. Reprod BioMed
Online. 2007;15(6):708–18.

23. Honardoust D, Kwan P, Momtazi M, et al. Novel methods for the
investigation of human hypertrophic scarring and other dermal fibrosis.
Methods Mol Biol. 2013;1037:203–31.

24. Alaish SM, Yager DR, Diegelmann RF, et al. Hyaluronic acid metabolism in
keloid fibroblasts. J Pediatr Surg. 1995;30(7):949–52.

25. Seifert O, Bayat A, Geffers R, et al. Identification of unique gene expression
patterns within different lesional sites of keloids. Wound Repair Regen. 2008;
16(2):254–65.

26. Taylor A, Budd DC, Shih B, et al. Transforming growth factor beta gene
signatures are spatially enriched in keloid tissue biopsies and ex vivo-
cultured keloid fibroblasts. Acta Derm Venereol. 2017;97(1):10–6.

27. Hildebrand A, Romaris M, Rasmussen L, et al. Interaction of the small
interstitial proteoglycans biglycan, decorin and fibromodulin with
transforming growth factor beta. Biochem J. 1994;302(Pt 2):527.

28. Wu Y, Peng Y, Gao D, et al. Mesenchymal stem cells suppress fibroblast
proliferation and reduce skin fibrosis through a TGF-β3-dependent
activation. Int J Low Extrem Wounds. 2015;14(1):50–62.

29. Kizawa H, Kou I, Iida A, et al. An aspartic acid repeat polymorphism in
asporin inhibits chondrogenesis and increases susceptibility to osteoarthritis.
Nat Genet. 2005;37(2):138.

30. Smith JC, Boone BE, Opalenik SR, et al. Gene profiling of keloid fibroblasts
shows altered expression in multiple fibrosis-associated pathways. J Investig
Dermatol. 2008;128(5):1298–310.

31. Lee DH, Jin CL, Kim Y, et al. Pleiotrophin is downregulated in human
keloids. Arch Dermatol Res. 2016;308(8):585–91.

32. Lin HD, Fong CY, Biswas A, et al. Human Wharton's jelly stem cells, its
conditioned medium and cell-free lysate inhibit the growth of human
lymphoma cells. Stem Cell Rev Rep. 2014;10(4):573–86.

33. Wang X, Ma Y, Gao Z, et al. Human adipose-derived stem cells inhibit
bioactivity of keloid fibroblasts. Stem Cell Res Ther. 2018;9(1):40.

34. Fong CY, Biswas A, Subramanian A, et al. Human keloid cell characterization
and inhibition of growth with human Wharton's jelly stem cell extracts. J
Cell Biochem. 2014;115(5):826–38.

35. Cabrera M, Gomez N, Lenicov FR, et al. G2/M cell cycle arrest and tumor
selective apoptosis of acute leukemia cells by a promising benzophenone
thiosemicarbazone compound. PLoS One. 2015;10(9):e0136878.

36. Zhang S, Chen L, Zhang G et al. Umbilical cord-matrix stem cells induce the
functional restoration of vascular endothelial cells and enhance skin wound
healing in diabetic mice via the polarized macrophages. Stem Cell Res Ther
2020;11(1):1–15.

37. Scioli MG, Bielli A, Gentile P, et al. Combined treatment with platelet-rich
plasma and insulin favours chondrogenic and osteogenic differentiation of
human adipose-derived stem cells in three-dimensional collagen scaffolds. J
Tissue Eng Regen Med. 2017;11(8):2398–410.

38. Gentile P, Scioli MG, Bielli A, et al. Concise review: the use of adipose-
derived stromal vascular fraction cells and platelet rich plasma in
regenerative plastic surgery. Stem Cells. 2017;35(1):117–34.

39. Cervelli V, Lucarini L, Spallone D, et al. Use of platelet-rich plasma and
hyaluronic acid in the loss of substance with bone exposure. Adv Skin
Wound Care. 2011;24(4):176–81.

40. Nicoli F, Balzani A, Lazzeri D, et al. Severe hidradenitis suppurativa treatment
using platelet-rich plasma gel and Hyalomatrix. Int Wound J. 2015;12(3):338–43.

41. Sunaga A, Kamochi H, Sarukawa S et al. Reconstitution of Human Keloids in
Mouse Skin. Plast Reconstr Surg Global Open. 2017;5(4):e1304.

42. Fanous A, Bezdjian A, Caglar D, et al. Treatment of keloid scars with
Botulinum toxin type a versus triamcinolone in an Athymic nude mouse
model. Plast Reconstr Surg. 2019;143(3):760–7.



Arjunan et al. Stem Cell Research & Therapy           (2020) 11:78 Page 15 of 15
43. Liu J, Ren J, Su L, et al. Human adipose tissue-derived stem cells inhibit the
activity of keloid fibroblasts and fibrosis in a keloid model by paracrine
signaling. Burns. 2018;44(2):370–85.

44. Park TH, Rah DK, Chang CH, et al. Establishment of patient-derived keloid
xenograft model. J Craniofacial Surg. 2016;27(7):1670–3.

45. Philandrianos C, Gonnelli D, Andrac-Meyer L, et al. Establishment of a keloid
model by transplanting human keloid onto the backs of nude mice. Ann
Chir Plast Esthet. 2014;59:246–52.

46. Wang H, Luo S. Establishment of an animal model for human keloid scars
using tissue engineering method. J Burn Care Res. 2013;34(4):439–46.

47. Troyer DL, Weiss ML. Wharton's jelly-derived cells are a primitive stromal cell
population. Stem Cells. 2008;26(3):591–9.

48. Rachakatla RS, Marini F, Weiss ML, et al. Development of human umbilical
cord matrix stem cell-based gene therapy for experimental lung tumors.
Cancer Gene Ther. 2007;14(10):828.

49. Jiao Y, Wang X, Zhang J, et al. Inhibiting function of human fetal dermal
mesenchymal stem cells on bioactivities of keloid fibroblasts. Stem Cell Res
Ther. 2017;8(1):170.

50. Fang F, Huang R-L, Zheng Y, et al. Bone marrow derived mesenchymal
stem cells inhibit the proliferative and profibrotic phenotype of
hypertrophic scar fibroblasts and keloid fibroblasts through paracrine
signaling. J Dermatol Sci. 2016;83(2):95–105.

51. Arno AI, Amini-Nik S, Blit PH, et al. Effect of human Wharton's jelly
mesenchymal stem cell paracrine signaling on keloid fibroblasts. Stem Cells
Transl Med. 2014;3(3):299–307.

52. Wu M, Zhang R, Zou Q, et al. Comparison of the biological characteristics of
mesenchymal stem cells derived from the human placenta and umbilical
cord. Sci Rep. 2018;8(1):5014.

53. Fong C, Gauthaman K, Cheyyatraivendran S, et al. Human umbilical cord
Wharton's jelly stem cells and its conditioned medium support hematopoietic
stem cell expansion ex vivo. J Cell Biochem. 2012;113(2):658–68.

54. Ashcroft KJ, Syed F, Bayat A. Site-specific keloid fibroblasts alter the
behaviour of normal skin and normal scar fibroblasts through paracrine
signalling. PLoS One. 2013;8(12):e75600.

55. Murao N, Seino KI, Hayashi T, et al. Treg-enriched CD4+ T cells attenuate
collagen synthesis in keloid fibroblasts. Exp Dermatol. 2014;23(4):266–71.

56. Hocking AM, Gibran NS. Mesenchymal stem cells: paracrine signaling and
differentiation during cutaneous wound repair. Exp Cell Res. 2010;316(14):
2213–9.

57. Khosrotehrani K. Mesenchymal stem cell therapy in skin: why and what for?
Exp Dermatol. 2013;22(5):307–10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Derivation of Asian keloid cells
	Human skin fibroblast cells
	Derivation of human Wharton’s jelly stem cells
	Preparation of hWJSC-conditioned and HSF-conditioned media
	Trypan blue vital counts
	Cell viability (MTT) and cell proliferation (BrdU) assays
	CD marker analysis
	Cell cycle analysis
	Annexin V–FITC assay
	Confocal microscopic analysis
	Quantitative real-time polymerase chain reaction
	Effects of hWJSC-CM on human keloid tumors in xenograft SCID mice
	Statistical analysis

	Results
	qRT-PCR and confocal microscopic analysis of Asian keloid cells
	Cell morphology and Trypan blue live cell counts
	Cell viability (MTT) and cell proliferation (BrdU) assays
	CD marker analysis
	Cell cycle analysis
	Annexin V-FITC analysis for apoptosis
	qRT-PCR of keloid genes exposed to hWJSC-CM
	Effects of hWJSC-CM on human keloid tumors in xenograft SCID mice
	Combined protocol
	Separate protocol


	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

