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Keloid disease is a fibroproliferative tumour charac-
terised by aggressive local invasion, evident from a
clinically and histologically active migrating margin.
During combined laser capture microdissection and
microarray analysis-based in situ gene expression
profiling, we identified upregulation of the polypeptide
growth factor neuregulin-1 (NRG1) and ErbB2 onco-
gene in keloid margin dermis, leading to the hypothe-
sis that NRG1 contributed to keloid margin migration
through ErbB2-mediated signalling. The aim of this
study was to probe this hypothesis through functio-
nal in vitro studies. Exogenous NRG1 addition to keloid
and normal skin fibroblasts altered cytokine expres-
sion profiles, significantly increased in vitro migration
and keloid fibroblast Src and protein tyrosine kinase 2
(PTK2/FAK) gene expression. ErbB2 siRNA knockdown
attenuated both keloid fibroblast migration and Src/
PTK2 expression, which were not recovered following
NRG1 administration, suggesting the NRG1/ErbB2/
Src/PTK2 signaling pathway may be a novel regulator
of keloid fibroblast migration, and representing a po-
tential new therapeutic target.
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R(:presenting the extreme end of the cutaneous scar-
ing spectrum, keloid disease is a fibroproliferative
tumour characterised by excess extracellular matrix
(ECM) deposition, increased inflammatory cytokine
expression and aggressive local invasion (1). Although
keloid is often referred to as benign, in that it does not me-
tastasize, it behaves in a tumorigenic fashion by actively
invading adjacent normal skin and spreading beyond the
boundaries of the original wound (2, 3). To date, although
significant progress has been made, the mechanisms
underlying the migration required for keloid invasion
have not been fully elucidated. The invasion and spread
of keloid scars represent a significant clinical challenge
not currently controlled with available therapies (4, 5).

To embrace this challenge and address the concept
of keloid migration, we pursued in-house microarray
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evidence from specific keloid tissue compartments de-
monstrating involvement of neuregulin-1 (NRG1) and
ErbB2 (HER-2/Neu). The microarray data encompassed
differential gene expression between intralesional (cen-
tre), perilesional (margin) and extralesional in situ keloid
and normal skin dermis (Fig. 1a), which was achieved
using laser capture microdissection (LCM). Support for
our focus on the margin as the active-site of keloid migra-
tion arises from a clinically raised erythematous border,
histological evidence of a hyper-cellular advancing
tongue in the papillary keloid margin dermis (KMD) (6)
and increased migration and collagen in fibroblasts from
the growing margin of the keloid scar (7, 8). NRG1 is a
polypeptide growth factor upregulated in several human
cancers (9—11), is secreted from fibroblasts (12) and plays
arole in skin pigmentation (13), keratinocyte migration
in wound healing (14), hypertrophic scarring (15) and
fibrosis (16). NRG1 binds either ErbB3 or ErbB4 resul-
ting in recruitment and heterodimerisation with ErbB2,
an orphan receptor with no affinity ligand of its own
(17) but which is implicated in tumorigenesis (18, 19).

The functional association between NRG1 and ErbB2
on cell migration has been observed in cardiac myocytes,
Schwann cells and glioma tissue, indicating the NRG-1f/
ErbB-dependent activation of Src/FAK modulates cell—
cell contact, cell motility and focal adhesion complex for-
mation (20, 22). Indeed protein tyrosine kinase 2 (PTK2/
FAK), a non-receptor protein tyrosine kinase, was shown
to be upregulated in keloid disease, where it influences
cell migration through alteration of the focal-complex
assembly disassembly cycle (23-25). The aggressive
invasion evident in keloid disease supports the hypothesis
of a mechanobiological aetiology (26, 27), where rapid
focal adhesion turnover and modulation of tension actin
filaments produce a “migration-related disease” (28). Our
site-specific approach localised upregulation of NRG1
and ErbB2 to the isolated KMD, leading to our hypo-
thesis that NRG1 overexpression promotes fibrosis and
fibroblast migration into adjacent normal skin through
ErbB2-mediated signaling.

In this study, we confirmed our microarray finding of
NRGI and ErbB2 overexpression in KMD compared
with normal skin on both gene and protein levels. We then
sought to demonstrate the pro-fibrotic and pro-migratory
effects of NRG1 and to establish whether these effects
are dependent on ErbB2 upregulation. We showed that
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Fig. 1. Neuregulin-1 (NRG1) and ErbB2 gene expression for in situ keloid tissue and
keloid fibroblasts compared with normal skin. (A) Schematic diagram of keloid biopsy
sites for combined laser capture microdissection and microarray approach. Biopsies were
harvested from the centre (intralesional), margin (perilesional) and keloid-adjacent normal skin
(extralesional). (B) qRT-PCR (bar graph) validation of microarray data (line graph represents
microarray fold change) for NRG1, ErbB2, ErbB3 and ErbB4 for in situ keloid vs normal skin.
(C) gRT-PCR bar graph of keloid fibroblast and normal skin fibroblasts (n=5) for NRG1, ErbB2,

protocols with full written consent (North West
Research Ethics Committee Ref. 11/NW/0683).
Biopsies were stored in RNA stabilisation so-
lution then OCT-embedded for serial cryosec-
tion or formalin-fixed and paraffin-embedded
(FFPE). Demographic data are detailed in Table
SI', which indicates that some of the keloid and
normal skin samples differ in terms of ethnicity
and prior treatment.

Laser Capture Microdissection and Microarray
analysis

To preserve RNA integrity, a rapid staining
protocol was used (LCM Staining Kit, Ambion,
USA) prior to laser capture microdissection
(PALM, Carl Zeiss, MicroBeam 4.2, Germany).
The LCM, mRNA extraction, amplification and
microarray analysis were performed as descri-
bed previously (29).

Quantitative real-time PCR

Performed on mRNA from laser-captured ele-
ments and cultured fibroblasts, as previously
described (29). Primer lists detailed in Table
SII'. Reactions were performed in triplicate and
normalised against two house-keeping genes,
RPL32 and GAPDH.

Cell culture

Primary fibroblast culture was established using
standard techniques as described (8). In brief,
tissue was minced, incubated in collagenase,
combined with complete DMEM for 3 h at 37°C.
Cells were pelleted and grown in tissue culture
flasks with medium changes every 48—72hrs
until confluent. Passages 1-3 were used.

Fibroblast treatment with neuregulin

Normal skin and keloid fibroblast were seeded
into 6-well plates in complete DMEM. Once
confluent, cells were serum-starved for 24 h

ErbB3 and ErbB4. Data are mean+SEM from 3 independent experiments (*p <0.05).

keloid fibroblast expression reflects that of the KMD,
supporting the use of functional in vitro assays to test our
hypothesis. Exogenous NRG1 administration resulted
in upregulation of pro-fibrotic factors, Src and PTK2 as
well as increased fibroblast migration on in vitro scratch
assay. The use of ErbB2 siRNA attenuated this migration
and the expression of Src and PTK2 in keloid fibroblast.
Failure to recover this expression with re-introduction
of NRG1 suggested the effects were mediated through
ErbB2.

METHODS

Sample preparation

Keloid (centre, margin and extralesional) (Fig. 1a) and normal
skin biopsies were harvested according to Declaration of Helsinki

www.medicaljournals.se/acta

before adding 50 ng/ml recombinant human
neuregulin-f1 (thNRG1-B1) (PeproTech, UK)
for 24 h. Control cells were treated with serum-free medium for
a total of 48 h. Cells were harvested using Trizol (Life Techno-
logies, UK) for RNA extraction (RNeasy Mini Kit, Qiagen) or
radioimmunoprecipitation assay buffer (RIPA, Sigma-Aldrich)
for western blot analysis.

Co-immunoprecipitation and western blot analysis

To determine ErbB dimerisation, co-immunprecipitation of
ErbB receptor complexes was performed according to the
manufacturer’s protocol (Pierce co-immunoprecipitation (Co-IP)
kit, ThermoFisher Scientific, UK). This is discussed in detail in Ap-
pendix S1'and the antibody list detailed in Table SIII'. Blots were
developed using nitro blue tetrazolium/S-bromo-4-chloroindoxyl
phosphate (NBT/BCIP, 34042, ThermoFisher Scientific, UK).

*https://doi.org/10.2340/00015555-2587
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Immunostaining

FFPE sections (5 um) were stained for ErbB2 using manufacturer’s
instructions for Novolink® peroxidase detection kit (Leica Bio-
systems, UK) and red chromogen Vector® NovaRED™ substrate
kit (Vector, CA, USA) to differentiate from melanin then coun-
terstained with haematoxylin. Combined ErbB2/NRGI1 immu-
nofluorescence was performed using citrate buffer (pH 6) antigen
retrieval for 20 min at 90°C. A negative control was performed
in each without primary antibody. (Antibody incubation details
Table SIITY).

SIRNA gene knockdown of ErbB2

Following optimisation, 5 nM ErbB2 siRNA (Silencer® select
s613 validated, ThermoFisher scientific UK) or control siRNA
(Silencer® Select Negative Control No. 1, ThermoFisher scientific
UK) was introduced to keloid fibroblast using Lipofectamine®
RNAIMAX (Life Technologies, UK) according to manufacturer’s
instructions. Culture medium (Opti-MEM I, ThermoFisher Sci-
entific, UK) for RNAI transfection was antibiotic and serum-free.
Cells were harvested for RNA extraction or protein analysis by
western blot.

In vitro scratch migration assay

This is described in detail in the Appendix S1'. In brief, fibroblasts
were seeded into 6 well plates and a scratch introduced with a 10
ul pipette tip. Cells were then treated with either thNRG1, ErbB2
siRNA or both thNRG1 and ErbB2 siRNA together. Images were
taken at time 0 and 48 h and compared to quantify the number
of migrated cells which were then presented as mean + standard
error of mean (SEM).

Cell viability assay

1x10* keloid and normal skin fibroblast seeded per well into 96-
well plates and serum-starved for experiment duration. Cells were
treated with 50 ng/ml rthNRG1 for 72 h, 5 nM ErbB2 siRNA or
control siRNA as indicated. Controls were treated with serum-free
medium alone. Metabolically active cell number was assessed
using MTT assay as described previously (30). Absorbance (550—
690 nm) was measured (FLUOstar Optima, BMG Labtech, UK)
and expressed as mean + SEM from 3 independent experiments.

Statistics

For qRT-PCR, gene expression levels were normalised against two
internal controls and AAC calculated. All data are represented as
mean + SEM. Statistical analysis was calculated using Student’s ¢
test and one way ANOVA with Tukey post-hoc correction (SPSS,
IBM), where p-value <0.05 considered statistically significant.

RESULTS

In situ keloid dermis and cultured keloid fibroblasts
showed increased NRG1 and ErbB2 mRNA expression
but ErbB3 & ErbB4 downregulation compared with
normal skin

Combined LCM and microarray allowed site-specific
comparison of keloid centre, margin and adjacent lesional
sites with normal skin for epidermis and dermis (Fig. 1a).
NRG1 was identified as most significantly upregulated in
KMD (fold change 22.24, p-value 1.59E-05) but was also

NRG-1 in keloid fibroblast migration 677

upregulated in keloid centre dermis (fold change 10.71,
p-value 0.0002). Given the upregulation of NRG1, we
examined the microarray data for potential interaction
candidates using criteria of fold change >2 and p-value
<0.05. ErbB2 was identified as most significantly upre-
gulated in KMD (fold change 2.56, p-value 0.0031).
ErbB3 (fold change 15.6, p-value 6.82E-07) and ErbB4
(fold change 5.42, p-value 0.0145), however, were signi-
ficantly downregulated in KMD. Findings were validated
using qRT-PCR, which reflected the microarray expres-
sion pattern (Fig. 1b). Full expression data is detailed
in Table SIV!. Additionally, qRT-PCR (n=5) confirmed
keloid fibroblast expressed increased NRG1a (p=0.044)
and NRG1p (p=2.7E-05) as well as ErbB2 (p=0.011)
with reduced expression of ErbB3 (p=0.009) and ErbB4
(»=0.034) compared with normal skin fibroblast (Fig.
1c). Therefore, keloid fibroblast in culture reflect the
NRGI1/ErbB gene expression of in situ keloid dermis,
which is the presumed site leading keloid migration (31,
32). Interestingly, the strength of our LCM approach was
demonstrated in the accuracy of in situ differential gene
expression between keloid and normal skin compared
with monolayer culture, which minimised the degree of
gene upregulation in keloid versus normal skin dermis.
However, given the complex nature of keloid disease
and the fact that there is no validated animal model for
keloid disease (33), the in vitro experiments are essential
to confirm in situ observations made in human keloid
disease tissue in order to progress towards mechanistic
understanding of the pathogenesis.

Keloid dermis and fibroblasts show increased NRG 1 and
ErbB2 protein expression compared with normal skin

To assess whether gene expression findings translated
into protein changes, we performed immunohisto-
chemistry for ErbB2 (Fig. 2a, b) and immunofluores-
cence for combined NRG1 and ErbB2 (Fig. 2a). 89% of
keloid dermis samples showed increased ErbB2 expres-
sion (n=9) compared with normal skin (r=5), where
there was no dermal expression. Interestingly, positive
ErbB2 expression in keloid dermis was associated with
histological features considered to be pathognomonic
of keloid disease (6), including dermal nodule (Fig.
2bi), horizontal fibrous band (Fig. 2bii), obliteration
of papillary/reticular border (Fig. 2biii) and papillary
dermal inflammatory infiltrate (Fig. 2biv). Combined
NRG1/ErbB2 immunofluorescent staining (yellow stain)
demonstrated co-localisation within the dermis (Fig. 2a),
which was increased in keloid (n=13) compared with
normal skin (n=6). Similar to ErbB2 immunohisto-
chemistry, this co-localised expression in keloid dermis
was more frequently in areas of inflammatory infiltrate.
When only KMD sections were considered, both NRG1
and ErbB2 were positive in 6/6 examined patients, sup-
porting microarray data.

Acta Derm Venereol 97, 2017
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Fig. 2. Neuregulin-1 (NRG1) and ErbB2 protein
expression in keloid versus normal skin (NS). (A) ErbB2
immunohistochemistry for KD (n=9) and NS (n=5) show ErbB2
positive stain (black arrows) in KD sections only. Combined
NRG1 (green/FITC) ERbB2 (red/TRITC) immunofluorescence
for KD (n=13) and NS (n=6). Dermal co-localisation (white
arrows indicating yellow stain) increased in KD vs NS. Negative

control with no primary antibody treatment shown also. (B)

‘ ErbB2 immunohistochemistry of keloid margin (n=6). Positive
staining associated with (i) hypercellular dermal nodule (ii)

horizontal fibrous band (iii) papillary-reticular border obliteration
(iv) papillary dermis (PD) inflammatory infiltrate. (C) Western

blot and mean fold change quantification for NRG1 and ErbB2 in

keloid fibroblasts and NS fibroblasts (where mean fold change
is the average of n=5 after each is divided by its own control
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Protein expression, determined by western blot (n=5),
showed a trend toward increased expression of both
NRGI1 and ErbB2 (Fig. 2¢) with decreased ErbB3 and
ErbB4 expression in keloid fibroblast compared with
normal skin fibroblast (Fig. S1'). Overall, our results
show increased NRG1 and ErbB2 protein expression in
keloid dermis compared with normal skin, supporting
gene expression findings.

Increased levels of Erbb2/ErbB2 homodimers and ErbB2/
ErbB3 heterodimers in keloid fibroblasts compared with
normal skin

To evaluate ErbB dimerisation status, co-immunopre-
cipitation was performed using keloid and normal skin
fibroblast lysates (n=3) and the immunoprecipitate
subjected to western blot analysis (Fig. 3). Keloid fi-
broblast immunoprecipitation of ErbB2 led to increased
co-precipitation of ErBB2 (»p=0.003) and ErbB3 when
compared with normal skin fibroblast. Additionally,
ErbB3 and ErbB4 homodimers preferentially occurred
in normal skin versus keloid fibroblast. Assay specificity
was demonstrated by absence of immunoreactivity in
negative controls. These results suggest keloid fibro-
blasts express higher levels of ErbB2/ErbB2 homo-
dimers and ErbB2/ErbB3 heterodimers than normal
skin fibroblasts.

www.medicaljournals.se/acta

Treatment of normal skin fibroblasts with rhNRG 1
produced keloid-like release of pro-fibrotic cytokines

As the more active isoform, exogenous thNRG1-B1 was
added to normal skin fibroblasts at 50 ng/ml for 24 h and
compared with untreated (serum-free medium) normal
skin fibroblasts (n=5). qRT-PCR was performed for a
number of pro-fibrotic genes known to be dysregulated
in keloid disease (1, 34-37) (Fig. 4a, b). Treatment of
normal fibroblasts with thNRGI1 resulted in significant
upregulation of collagen I (p=0.0016), collagen III
(»=0.001) and fibronectin (p=0.007) as well as pro-
inflammatory cytokines transforming growth factor
receptor (TGFB1) (p=0.04), IL-6 (p=0.0059) and IL-8
(»p=0.0019). These results indicate exposure to NRG1
produces a pro-fibrotic response in normal skin fibro-
blasts that reflects the keloid expression profile.

Treatment of keloid fibroblasts with rhNRG 1 reinforces
pro-fibrotic cytokine release

Fig. 4b shows keloid fibroblast treatment with 50 ng/ml
rhNRG1 for 24 h (n=>5) stimulated significant upregula-
tion of TGFB1 (p=3.97E-07). There was also upregula-
tion of fibroblast growth factor (FGF7) (34) (»p=0.0086)
(Fig. S2') as well as a trend toward increased expression
of collagen I, collagen III, fibronectin and IL-6 (Figs S3
and S41).
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for experimental duration and were equal
between keloid and normal skin fibroblasts
(Fig. S5").

Given that NRG1 is known to affect cell
migration and motility through effects on
Src/FAK and signal transducer and activator
of transcription (STAT3) (21, 37-40), here
we investigated the effect of rhNRG1 on
these molecules in keloid and normal skin
fibroblasts. Fig. 4f demonstrates qRT-PCR
of keloid fibroblasts (n=5) treated with
rhNRG1 showed significant upregulation of
Src (p=0.006), PTK2/FAK (p=0.04) and
STAT3 (p=0.005).Normal skin fibroblasts
(n=5) also showed significant upregulation
of Src (p=0.016) and STAT3 (p=0.004) but
not PTK2.

ErbB2 knockdown in keloid fibroblasts
attenuates pro-fibrotic cytokine expression
and reduces cell migration

To clarify ErbB2 involvement in keloid
fibrosis and migration, keloid fibroblasts
(n=15) were treated with 5SnM ErbB2 siRNA
or scrambled siRNA negative control for 48 h
and successful knockdown confirmed by wes-
tern blot (Fig. S5a). qRT-PCR of ErbB2 knock-
down keloid fibroblasts showed significantly
less expression of collagen I (p=1E-05),
collagen I1I (p=0.019), fibronectin (p=0.012)
and TGFB1 (p=0.04) than negative control
(Figs S6 and S7').

The MTT assay (n=4) of siRNA-treated
keloid fibroblasts confirmed viability was
maintained over the 72 h experimental period
with minimal cell proliferation in serum-free
environment, as expected (Fig. 5b). There-
fore, the significantly reduced cell migration
seen in ErbB2 knockdown keloid fibroblasts
(p=0.005) was not due to apoptosis (Fig.
5c, d). Reduced migration of ErbB2 siRNA-
transfected keloid fibroblasts, seen with in vi-
tro scratch assay, is supported by significantly

Treatment with rhNRG1 enhanced migration in both
keloid and normal skin fibroblasts

In vitro scratch assay was used to assess migration ca-
pacity of keloid and normal skin fibroblasts (Fig. 4c).
Untreated fibroblasts were compared to those stimulated
with 50 ng/ml thNRG1 over 48 h. Untreated keloid fibro-
blast showed significantly more migration than normal
skin fibroblast. Additionally, hNRG1 treatment resulted
in significantly increased migration for keloid fibroblasts
(»=0.02) and normal skin fibroblasts (»=5.0E-05) over
untreated cells (Fig. 4d). A 72-h MTT assay (n=4) on
all fibroblasts confirmed cell numbers remained constant

reduced gene expression of PTK2 (»=0.0002) and Src
(»=0.003) compared with negative control (Fig. Se).

ErbB2 knockdown keloid fibroblasts do not recover cell
migration with rhNRG1 treatment

Having demonstrated the effect of ErbB2 knockdown on
keloid fibroblast migration, we next sought to determine
whether the observed pro-migratory effects of NRG1 on
keloid fibroblasts were mediated through ErbB2. Addi-
tion of thNRG1 to keloid fibroblasts transfected with
ErbB2 siRNA did not result in a significant increase in
migration (p=0.29) on in vitro scratch assay (Fig. 5c,

Acta Derm Venereol 97, 2017
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the original wound borders, failure to regress

and high recurrence rates following excision

(1). Our identification of NRG1 and ErbB2

upregulation in the clinically and histologi-
X cally active (6, 41) KMD in situ, suggested a
heretofore unexamined mechanism underly-
ing invasive migration contributing to keloid
disease pathogenesis.

Here, we have demonstrated keloid fibro-
blast reflect in situ KMD tissue, with increased
NRG1 and ErbB2 but decreased ErbB3 and
ErbB4 expression compared to normal skin.
ErbB2 overexpression leads to homodimerisa-
tion and constitutive activity through autop-
hosphorylation, leading to ligand-independent
signaling (42, 43). Alternatively, ErbB2 is the
preferred dimerization partner of both ErbB4
and kinase-impaired ErbB3 (44, 45), which
even at low levels can produce potent signal
transduction through ErbB2/ErbB3 hetero-
dimerisation (46). Given heterodimerisation
with ErbB2 generates the most robust signa-
ling downstream, we hypothesised the down-
regulation of ErbB3 and ErbB4 discouraged
their homodimerisation in favour of ErbB2
(47), achieving maximal signaling activity
with NRG1 affinity (48) (Fig. S8"). This is
supported by our finding of increased ErbB2
homodimers and ErbB2/ErbB3 heterodimers
in the co-immunoprecipitation of keloid ver-
sus normal skin fibroblasts. Although ErbB3
and ErbB4 serve as the NRG1 receptors, we
have shown that ErbB2 ablation hinders keloid
cell’s ability to respond to NRG1 (18).

This study has shown that rhNRG1 treat-
ment elicited a keloid-like pro-fibrotic cytokine

Fig. 4. Fibroblast (n=5) treatment with recombinant human neuregulin-1
(rhNRG1). (a) gqRT-PCR showing significantly increased collagen I, collagen I1I, fibronectin
(FN), IL-6 and IL-8 expression in rhNRG1-treated normal skin fibroblasts (NSF) and (b)
significantly increased transforming growth factor (TGFB1) in keloid fibroblasts (KF) and
NSF. (c) Representative micrographs of in vitro scratch migration assay (n=3) showing
KF/NSF response towards injury at 0 h and 48 h with/without rhNRG1 treatment. (d)
Average number of migrated KF/NSF at 48 h were counted. (e) qRT-PCR for Src, FAK/
PTK2 and signal transducer and activator of transcription (STAT3) of rhNRG1-treated
vs untreated KF/NSF. Data are mean+SEM from at least 3 independent experiments

expression profile in normal skin fibroblasts,
with significant upregulation of collagen I,
collagen III, TGFp1, fibronectin, IL-6 and IL-
8. These observations led us to hypothesise a
possible mechanism whereby paracrine NRG1
signals from migrating/advancing keloid

(*p<0.05, **p<0.005).

d). Nor did addition of rhNRG1 to ErbB2 knockdown
keloid fibroblasts restore the expression of PTK2 or Src
(Fig. 5e), suggesting effects of NRG1 in keloid disease
are mediated by ErbB2 overexpression and other ErbB
members are unable to compensate for ErbB2 loss or
they may use alternate signaling mechanisms.

DISCUSSION

Keloid disease is a quasineoplastic cutaneous tumour
characterised by migration into surrounding skin beyond

www.medicaljournals.se/acta

fibroblast may alter the expression profile
of adjacent normal skin fibroblast, thereby
driving keloid expansion at the margin into
extralesional/normal skin (Fig. S9') (12). NRG1 was
recently found to be upregulated in hypertrophic scar
fibroblasts, where it regulated ECM expression through
connective tissue growth factor (CTGF) (15). Here, alt-
hough we found exogenous thNRG1 treatment resulted in
decreased CTGF expression in keloid fibroblast (Figs S10
and S11'), this does not detract from previous findings in
hypertrophic scarring. Indeed, these differences may have
clinical implications given the continued difficulties with
differential diagnosis between keloid and hypertrophic
scars. However, further studies are required to explore
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and pro-migratory effects (49, 50).
Interestingly, our finding of NRG1
and ErbB2 co-localisation in keloid
dermis was frequently observed
within previously described areas of
keloid inflammatory infiltrate (51).
TGFB1 is known to influence cell
migration through MMP regulation
(52) and its effect on single cell mo-
tility is thought to require synergy
with the EGFR family of tyrosine
kinase receptors (53, 54), such as
ErbB2 (55-57). Both ErbB2 and
TGFp also independently activate
PI3K/Akt (58, 59) and MAPK/
Erk (60, 61) pathways, which are
regulators of migration and are both
known to be dysregulated in keloid
disease (62, 63).

Our finding of TGFB1 upregula-
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tion and CTGF downregulation
following thNRG1 treatment of
keloid fibroblasts is curious, espe-
cially as TGFp is well known to
induce CTGF in keloid fibroblasts
(59). Thus, NRG1 upregulation
may only be one contributing
element in the regulatory systems
that underlie increased TGFB1 in
keloid disease (3); in combination
with other factors inducing TGFf1
overexpression, this may override
the negative effects of NRG1 on
the CTGF expression seen here.
Alternatively, the incompletely
understood complexity of Smad/
non-Smad signaling, as well as the
other signaling regulators that are
known to affect CTGF expression
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Fig. 5. ErbB2 siRNA-transfected keloid fibroblasts (KF). (a) Quantification (n=5) and western
blot showing significant (~90%) ErbB2 protein (30 pg) expression reduction in siRNA-transfected
(red arrow) vs untreated (blue arrow) and negative control (black arrow) KF. (b) 72 h MTT of keloid
fibroblasts (KF). (c) Average number of migrated KF plotted on the graph following the indicated

STAT3 and to be dysregulated in keloid di-

sease including mechanical stress/
tension (1, 64—66), may drive the
overall expression of CTGF in
keloid disease in vivo. While this is

treatments. (d) Representative micrographs of in vitro scratch migration assay (n=3). Fibroblast

migration response towards injury at 48 h following treatment: negative control, ErbB2 siRNA or both
ErbB2 siRNA and neuregulin (NRG1) together. (e) qRT-PCR for PTK2, Src and STAT3 expression of
KF treated with negative control, ErbB2 siRNA or both ErbB2 siRNA and rhNRG1 together. Data are
mean +SEM from at least three independent experiments (*p <0.05, **p <0.005).

the mechanisms underlying these divergent responses to
rhNRG1 in vitro.

We demonstrated reinforcement of TGFB1 overex-
pression in thNRG1-treated keloid fibroblasts. TGFf1,
a pleiotropic growth factor already known to be upre-
gulated in keloid disease (1, 36), has been postulated
to facilitate scar expansion through pro-inflammatory

an interesting finding and represents
a focus for future research, further
investigation into this relationship
was beyond the scope of the cur-
rent study.

NRGT1 adheres to ECM in vivo, thereby activating
ErbB2 receptors on invading cells and contributing to
cell migration (20). Here, we show rhNRG1 stimulation
promoted significant cell migration in both normal skin
and keloid fibroblast. Additionally, we demonstrated
rhNRG1 treatment resulted in significant upregulation
of Src in normal skin fibroblast and both Src and PTK?2
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in keloid fibroblast. Importantly, the small but significant
upregulation of PTK2 in concert with Src, seen only in
keloid fibroblast and which is considered essential to the
establishment of an invasive cell phenotype (67, 68), may
contribute to the migratory fibroblast phenotype that dif-
ferentiates keloids from normal scars. We established the
role of ErbB2 in this study through ErbB2 siRNA studies,
which resulted in significant reduction in both cell migra-
tion in vitro and also downregulation of Src and PTK2
gene expression in keloid fibroblast. PTK2 facilitates
migration through ECM-integrin junction signaling (69),
also playing a role in inflammation and fibrosis (70). The
site-specific approach in our study highlights identifica-
tion of ErbB2 and NRG1 dysregulation in keloid dermis
as opposed to epidermis and interestingly, dermal PTK2
has been suggested as more vital to cutaneous healing
than epidermal (70).

To determine whether the effects of NRG1 and ErbB2
on migration were co-dependent, we treated the ErbB2
knockdown keloid fibroblast with thNRG1. This treat-
ment failed to significantly increase in vitro migration or
gene expression of Src and PTK?2 in keloid fibroblasts,
indicating NRG1 requires ErbB2 for its pro-migratory
effects. STAT3 has been previously implicated in keloid
migration (71) and it has been suggested that increased
ErbB2 can activate STAT3 via Src (72, 73). Interes-
tingly, our results revealed a significant STAT3 increase
(»<0.01) in both normal skin and keloid fibroblasts
treated with thNRG1. However, ErbB2 knockdown in
keloid fibroblasts did not significantly reduce STAT3 or
known STAT3 modulator IL-6 when compared with un-
treated keloid fibroblast controls (74—76). Additionally,
STAT3 in KMD in our microarray data was marginally
downregulated (fold change 2.02, p-value 0.0051), sug-
gesting NRG1 is not the dominant regulator of STAT3
and any stimulation of these molecules may contribute
to fibroblast migration through alternative mechanisms
(77). Although STAT3 has been shown to play a signifi-
cant role in keloid pathogenesis, the site-specific nature
of this study may account for differences in observed
expression (78).

One of the limitations of our study was the availability
of optimal keloid tissue samples with few of the keloid
samples having previous treatment and only some of the
keloid patients were Caucasian, whereas all of the normal
skin samples were from Caucasian patients. Given the
ethical implications of excising normal skin tissue from
keloid-prone patients distant to the scar, we matched
the samples to the maximum degree within our control.
Although not ideal, the extralesional tissue may be inter-
preted as a type-matched control and in the extralesional
dermis, NRG1, ErbB2 and ErbB3 were not dysregulated
(Table STV?Y).

In summary, we have shown NRG1 and ErbB2 upregu-
lation in KMD and that suppression of ErbB2 expression
in keloid fibroblasts neutralises the pro-fibrotic cytokine
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expression profile and pro-migratory effects of NRG1.
This study examines the molecular mechanisms underly-
ing keloid migration, which is an essential component of
the invasion that is pathognomonic of keloid disease. The
upregulation of NRG1 and ErbB2 may promote migra-
tion through effects on JAK/STAT signalling, TGFf and/
or Src/FAK. Confirmation of the functional importance of
these findings through keloid organ culture may provide
further evidence supporting the exposure in this study of a
potential role for NRG1/ErbB2/FAK/Src signaling loca-
lised to KMD, which presents an intriguing mechanistic
aspect of keloid migration not previously investigated.
The potential future clinical implications include current
availability of targeted therapies for ErbB2, which with
site-specific application may be a novel strategy in the
management of keloid disease.

ACKNOWLEDGMENTS

The authors are grateful to Yaron Har-Shai and Guyan Arscott for
their assistance with sample provision and to Adam Taylor for his
technical assistance with analysis.

The authors declare no conflict of interest.

REFERENCES

1. Andrews JP, Marttala J, Macarak E, Rosenbloom J, Uitto J.
Keloids: The paradigm of skin fibrosis - pathomechanisms
and treatment. Matrix Biol 2016; 51: 37-46.

2. Dong X, Mao S, Wen H. Upregulation of proinflammatory
genes in skin lesions may be the cause of keloid formation
(Review). Biomed Rep 2013; 1: 833-836.

3. Unahabhokha T, Sucontphunt A, Nimmannit U, Chanvora-
chote P, Yongsanguanchai N, Pongrakhananon V. Molecular
signalings in keloid disease and current therapeutic ap-
proaches from natural based compounds. Pharm Biol 2015;
53: 457-463.

4. Bijlard E, Steltenpool S, Niessen FB. Intralesional 5-fluorou-
racil in keloid treatment: A systematic review. Acta Derm
Venereol 2015; 95: 778-782.

5. Danielsen PL, Rea SM, Wood FM, Fear MW, Viola HM, Hool
LC, et al. Verapamil is less effective than Triamcinolone
for prevention of keloid scar recurrence after excision in a
randomized controlled trial. Acta Derm Venereol 2016; 96:
774-778.

6. Jumper N, Paus R, Bayat A. Functional histopathology of
keloid disease. Histol Histopathol 2015; 30: 1033-1057.
7. Syed F, Ahmadi E, Igbal SA, Singh S, McGrouther DA, Bayat A.
Fibroblasts from the growing margin of keloid scars produce
higher levels of collagen I and III compared with intralesional
and extralesional sites: clinical implications for lesional site-

directed therapy. Br J Dermatol 2011; 164: 83-96.

8. 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: €75600.

9. Montero JC, Rodriguez-Barrueco R, Ocana A, Diaz-Rodriguez
E, Esparis-Ogando A, Pandiella A. Neuregulins and cancer.
Clin Cancer Res 2008; 14: 3237-3241.

10. Okazaki S, Nakatani F, Masuko K, Tsuchihashi K, Ueda S, Ma-
suko T, et al. Development of an ErbB4 monoclonal antibody
that blocks neuregulin-1-induced ErbB4 activation in cancer
cells. Biochem Biophys Res Commun 2016; 470: 239-244.

11. Han M-E, Kim H-J, Shin DH, Hwang S-H, Kang C-D, Oh S-O.
Overexpression of NRG1 promotes progression of gastric
cancer by regulating the self-renewal of cancer stem cells.
J Gastroentero 2015; 50: 645-656.


https://doi.org/10.2340/00015555-2587

ActaDV

ActaDV

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

Capparelli C, Rosenbaum S, Berger AC, Aplin AE. Fibroblast-
derived neuregulin 1 promotes compensatory ErbB3 receptor
signaling in mutant BRAF melanoma. J Biol Chem 2015;
290: 24267-24277.

Choi W, Wolber R, Gerwat W, Mann T, Batzer J, Smuda C, et
al. The fibroblast-derived paracrine factor neuregulin-1 has a
novel role in regulating the constitutive color and melanocyte
function in human skin. J Cell Sci 2010; 123: 3102-3111.
Kim JS, Bak EJ, Lee BC, Kim YS, Park JB, Choi IG. Neu-
regulin induces HaCaT keratinocyte migration via Racl-
mediated NADPH-oxidase activation. J Cell Physiol 2011;
226: 3014-3021.

Kim JS, Choi IG, Lee BC, Park JB, Kim JH, Jeong JH, et al.
Neuregulin induces CTGF expression in hypertrophic scarring
fibroblasts. Mol Cell Biochem 2012; 365: 181-189.
Nethery D, Bonfield T, Chmiel J, Konstan M, Kern J, Finigan J,
et al. Her2-Neuregulin Mediated II-8 release In cystic fibrosis.
Am J Respir Crit Care Med 2011; 183: A1112.

Xu Y, Li X, Zhou M. Neuregulin-1/ErbB signaling: a drug-
gable target for treating heart failure. Curr Opin Pharmacol
2009; 9: 214-219.

Zhang K, Wong P, Duan J, Jacobs B, Borden EC, Bedogni B.
An ERBB3/ERBB2 oncogenic unit plays a key role in NRG1
signaling and melanoma cell growth and survival. Pigment
Cell Melanoma Res 2013; 26: 408-414.

Meng Y, Zheng L, Yang Y, Wang H, Dong J, Wang C, et al.
A monoclonal antibody targeting ErbB2 domain III inhibits
ErbB2 signaling and suppresses the growth of ErbB2-
overexpressing breast tumors. Oncogenesis 2016; 5: e211.
Ritch PA, Carroll SL, Sontheimer H. Neuregulin-1 enhances
motility and migration of human astrocytic glioma cells. ]
Biol Chem 2003; 278: 20971-20978.

Kuramochi Y, Guo X, Sawyer DB. Neuregulin activates erbB2-
dependent src/FAK signaling and cytoskeletal remodeling in
isolated adult rat cardiac myocytes. J Mol Cell Cardiol 2006;
41: 228-235.

. Wakatsuki S, Araki T, Sehara-Fujisawa A. Neuregulin-1/glial

growth factor stimulates Schwann cell migration by inducing
a5 B1 integrin-ErbB2-focal adhesion kinase complex forma-
tion. Genes Cells 2014; 19: 66-77.

Wang Z, Fong KD, Phan TT, Lim IJ, Longaker MT, Yang GP.
Increased transcriptional response to mechanical strain in
keloid fibroblasts due to increased focal adhesion complex
formation. J Cell Physiol 2006; 206: 510-517.

Schneider D, Wickstrom SA. Force generation and transmis-
sion in keloid fibroblasts: dissecting the role of mechano-
sensitive molecules in cell function. Exp Dermatol 2015;
24: 574-575.

Zhang Z, Nie F, Chen X, Qin Z, Kang C, Chen B, et al. Upre-
gulated periostin promotes angiogenesis in keloids through
activation of the ERK 1/2 and focal adhesion kinase pathways,
as well as the upregulated expression of VEGF and angi-
opoietinl. Mol Med Rep 2015; 11: 857-864.

Ogawa R, Okai K, Tokumura F, Mori K, Ohmori Y, Huang C,
et al. The relationship between skin stretching/contraction
and pathologic scarring: the important role of mechanical
forces in keloid generation. Wound Repair Regen 2012; 20:
149-157.

Suarez E, Syed F, Rasgado TA, Walmsley A, Mandal P, Bayat
A. Skin equivalent tensional force alters keloid fibroblast
behavior and phenotype. Wound Repair Regen 2014; 22:
557-568.

Harn HI, Wang YK, Hsu CK, Ho YT, Huang YW, Chiu WT, et
al. Mechanical coupling of cytoskeletal elasticity and force
generation is crucial for understanding the migrating nature
of keloid fibroblasts. Exp Dermatol 2015; 24: 579-584.
Jumper N, Hodgkinson T, Arscott G, Har-Shai Y, Paus R, Bayat
A. The aldo-keto reductase AKR1B10 is up-regulated in keloid
epidermis, implicating retinoic acid pathway dysregulation in
the pathogenesis of keloid disease. J Invest Dermatol 2016;
136: 1500-1512.

Bagabir R, Syed F, Paus R, Bayat A. Long-term organ culture
of keloid disease tissue. Exp Dermatol 2012; 21: 376-381.
Shih B, McGrouther DA, Bayat A. Identification of novel keloid

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

NRG-1 in keloid fibroblast migration 683

biomarkers through profiling of tissue biopsies versus cell
cultures in keloid margin specimens compared to adjacent
normal skin. Eplasty 2010; 10: e24.

Bond JE, Bergeron A, Thurlow P, Selim MA, Bowers EV, Ku-
ang A, et al. Angiotensin-II mediates nonmuscle myosin II
activation and expression and contributes to human keloid
disease progression. Mol Med 2011; 17: 1196-1203.
Marttala J, Andrews JP, Rosenbloom J, Uitto J. Keloids: Animal
models and pathologic equivalents to study tissue fibrosis.
Matrix Biology 2016; 51: 47-54.

Canady J, Arndt S, Karrer S, Bosserhoff AK. Increased
KGF expression promotes fibroblast activation in a double
paracrine manner resulting in cutaneous fibrosis. J Invest
Dermatol 2013; 133: 647-657.

Kelsh RM, McKeown-Longo PJ, Clark RA. EDA fibronectin in
keloids create a vicious cycle of fibrotic tumor formation. ]
Invest Dermatol 2015; 135: 1714-1718.

Berman B, Maderal A, Raphael B. Keloids and hypertrophic
scars: Pathophysiology, classification, and treatment. Der-
matol Surg 2017; 43 Suppl 1: S3-5S18.

Taylor A, Budd DC, Shih B, Seifert O, Beaton A, Wright T, et
al. Transforming growth factor B gene signatures are spatially
enriched in keloid tissue biopsies and ex vivo-cultured keloid
fibroblasts. Acta Derm Venereol 2017; 97: 10-16.

Liu J, Kern JA. Neuregulin—1 activates the JAK-STAT pathway
and regulates lung epithelial cell proliferation. Am J Respir
Cell Mol Biol 2002; 27: 306-313.

Chang HM, Shyu MK, Tseng GF, Liu CH, Chang HS, Lan CT,
et al. Neuregulin facilitates nerve regeneration by speeding
Schwann cell migration via ErbB2/3-dependent FAK pathway.
PLoS One 2013; 8: e53444.

Pentassuglia L, Sawyer DB. ErbB/integrin signaling interac-
tions in regulation of myocardial cell-cell and cell-matrix
interactions. Biochim Biophys Acta 2013; 1833: 909-916.
Rees PA, Greaves NS, Baguneid M, Bayat A. Chemokines in
wound healing and as potential Therapeutic targets for re-
ducing cutaneous scarring. Adv Wound Care (New Rochelle)
2015; 4: 687-703.

Brix DM, Clemmensen KK, Kallunki T. When good turns bad:
Regulation of invasion and metastasis by ErbB2 receptor
tyrosine kinase. Cells 2014; 3: 53-78.

Hu S, Sun Y, Meng Y, Wang X, Yang W, Fu W, et al. Molecular
architecture of the ErbB2 extracellular domain homodimer.
Oncotarget 2015; 6: 1695-1706.

Hynes NE, Lane HA. ERBB receptors and cancer: the complex-
ity of targeted inhibitors. Nat Rev Cancer 2005; 5: 341-354.
Berger MB, Mendrola JM, Lemmon MA. ErbB3/HER3 does not
homodimerize upon neuregulin binding at the cell surface.
FEBS letters 2004; 569: 332-336.

Stortelers C, van der Woning SP, Jacobs-Oomen S, Wingens
M, van Zoelen EJ. Selective formation of ErbB-2/ErbB-3
heterodimers depends on the ErbB-3 affinity of epider-
mal growth factor-like ligands. J Biol Chem 2003; 278:
12055-12063.

Birtwistle MR, Hatakeyama M, Yumoto N, Ogunnaike BA, Hoek
JB, Kholodenko BN. Ligand-dependent responses of the ErbB
signaling network: experimental and modeling analyses. Mol
Syst Biol 2007; 3: 144.

Li Z, Mei Y, Liu X, Zhou M. Neuregulin-1 only induces trans-
phosphorylation between ErbB receptor heterodimer part-
ners. Cell Signal 2007; 19: 466-471.

Fujiwara M, Muragaki Y, Ooshima A. Keloid-derived fibroblasts
show increased secretion of factors involved in collagen tur-
nover and depend on matrix metalloproteinase for migration.
Br J Dermatol 2005; 153: 295-300.

Lee CH, Hong CH, Chen YT, Chen YC, Shen MR. TGF-betal
increases cell rigidity by enhancing expression of smooth
muscle actin: keloid-derived fibroblasts as a model for cel-
lular mechanics. J Dermatol Sci 2012; 67: 173-180.
Bagabir R, Byers RJ, Chaudhry IH, Muller W, Paus R, Bayat A.
Site-specific immunophenotyping of keloid disease demon-
strates immune upregulation and the presence of lymphoid
aggregates. Br J Dermatol 2012; 167: 1053-1066.
Leivonen SK, Kahari VM. Transforming growth factor-beta

Acta Derm Venereol 97, 2017



ActaDV

ActaDV

684

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

N. Jumper et al.

signaling in cancer invasion and metastasis. Int J Cancer
2007; 121: 2119-2124.

Giampieri S, Manning C, Hooper S, Jones L, Hill CS, Sahai E.
Localized and reversible TGFbeta signalling switches breast
cancer cells from cohesive to single cell motility. Nat Cell Biol
2009; 11: 1287-1296.

Wang SE, Xiang B, Zent R, Quaranta V, Pozzi A, Arteaga CL.
Transforming growth factor B induces clustering of HER2
and integrins by activating Src-focal adhesion kinase and
receptor association to the cytoskeleton. Cancer Res 2009;
69: 475-482.

Seton-Rogers SE, Lu Y, Hines LM, Koundinya M, LaBaer J,
Muthuswamy SK, et al. Cooperation of the ErbB2 receptor
and transforming growth factor beta in induction of migration
and invasion in mammary epithelial cells. Proc Natl Acad Sci
US A 2004; 101: 1257-1262.

Landis MD, Seachrist DD, Montanez-Wiscovich ME, Danielpour
D, Keri RA. Gene expression profiling of cancer progression
reveals intrinsic regulation of transforming growth factor-
beta signaling in ErbB2/Neu-induced tumors from transgenic
mice. Oncogene 2005; 24: 5173-5190.

Chow A, Arteaga CL, Wang SE. When tumor suppressor
TGFbeta meets the HER2 (ERBB2) oncogene. J Mammary
Gland Biol Neoplasia 2011; 16: 81-88.

Carmona FJ, Montemurro F, Kannan S, Rossi V, Verma C,
Baselga J, et al. AKT signaling in ERBB2-amplified breast
cancer. Pharmacol Ther 2016; 158: 63-70.

Song R, Li G, Li S. Aspidin PB, a novel natural anti-fibrotic
compound, inhibited fibrogenesis in TGF-betal-stimulated
keloid fibroblasts via PI-3K/Akt and Smad signaling pat-
hways. Chem Biol Interact 2015; 238: 66-73.

Zhang YE. Non-Smad pathways in TGF-beta signaling. Cell
Res 2009; 19: 128-139.

Lyu H, Huang J, Edgerton SM, Thor AD, He Z, Liu B. Increased
erbB3 promotes erbB2/neu-driven mammary tumor proli-
feration and co-targeting of erbB2/erbB3 receptors exhibits
potent inhibitory effects on breast cancer cells. Int J Clin Exp
Pathol 2015; 8: 6143-6156.

Lim IJ, Phan TT, Tan EK, Nguyen TT, Tran E, Longaker MT, et
al. Synchronous activation of ERK and phosphatidylinositol
3-kinase pathways is required for collagen and extracel-
lular matrix production in keloids. J Biol Chem 2003; 278:
40851-40858.

Huang C, Akaishi S, Ogawa R. Mechanosignaling pathways in
cutaneous scarring. Arch Dermatol Res 2012; 304: 589-597.
Blom IE, Goldschmeding R, Leask A. Gene regulation of
connective tissue growth factor: new targets for antifibrotic
therapy? Matrix Biol 2002; 21: 473-482.

Chaqour B, Goppelt-Struebe M. Mechanical regulation of the

www.medicaljournals.se/acta

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Cyr61/CCN1 and CTGF/CCN2 proteins. FEBS J 2006; 273:
3639-3649.

Mu S, Kang B, Zeng W, Sun Y, Yang F. MicroRNA-143-3p
inhibits hyperplastic scar formation by targeting connective
tissue growth factor CTGF/CCN2 via the Akt/mTOR pathway.
Mol Cell Biochem 2016; 416: 99-108.

Mitra SK, Schlaepfer DD. Integrin-regulated FAK-Src signa-
ling in normal and cancer cells. Curr Opin Cell Biol 2006;
18: 516-523.

Kolli-Bouhafs K, Sick E, Noulet F, Gies J, De Mey J, Rondé P.
FAK competes for src to promote migration against invasion
in melanoma cells. Cell Death Dis 2014; 5: e1379.

Mitra SK, Hanson DA, Schlaepfer DD. Focal adhesion kinase:
in command and control of cell motility. Nat Rev Mol Cell Biol
2005; 6: 56-68.

Wong VW, Rustad KC, Akaishi S, Sorkin M, Glotzbach JP,
Januszyk M, et al. Focal adhesion kinase links mechanical
force to skin fibrosis via inflammatory signaling. Nat Med
2012; 18: 148-152.

Canady J, Karrer S, Fleck M, Bosserhoff AK. Fibrosing con-
nective tissue disorders of the skin: molecular similarities
and distinctions. J Dermatol Sci 2013; 70: 151-158.
DeArmond D, Brattain MG, Jessup JM, Kreisberg ], Malik S,
Zhao S, et al. Autocrine-mediated ErbB-2 kinase activation
of STAT3 is required for growth factor independence of pan-
creatic cancer cell lines. Oncogene 2003; 22: 7781-7795.
Hawthorne VS, Huang WC, Neal CL, Tseng LM, Hung MC, Yu
D. ErbB2-mediated Src and signal transducer and activator
of transcription 3 activation leads to transcriptional up-
regulation of p21Cip1 and chemoresistance in breast cancer
cells. Mol Cancer Res 2009; 7: 592-600.

Banerjee K, Resat H. Constitutive activation of STAT3 in
breast cancer cells: A review. Int J Cancer 2016; 138:
2570-2578.

Zou M, Zhang X, Xu C. IL6-induced metastasis modulators
p-STAT3, MMP-2 and MMP-9 are targets of 3,3’-diindolyl-
methane in ovarian cancer cells. Cell Oncol (Dordr) 2016;
39: 47-57.

Ray S, Ju X, Sun H, Finnerty CC, Herndon DN, Brasier AR.
The IL-6 trans-signaling-STAT3 pathway mediates ECM and
cellular proliferation in fibroblasts from hypertrophic scar. J
Invest Dermato 2013; 133: 1212-1220.

Zhang B, Xie S, Su Z, Song S, Xu H, Chen G, et al. Heme
oxygenase-1 induction attenuates imiquimod-induced
psoriasiform inflammation by negative regulation of Stat3
signaling. Sci Rep 2016; 6: 21132.

Lim CP, Phan TT, Lim 1], Cao X. Stat3 contributes to keloid
pathogenesis via promoting collagen production, cell pro-
liferation and migration. Oncogene 2006; 25: 5416-5425.



