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Summary

Keloid is a fibro-proliferative skin disorder with tumor-like behavior and
dependence on anaerobic glycolysis (the Warburg effect), but its exact pathogenesis
is unknown. Although autophagy is widely accepted as a lysosomal pathway for
cell survival and cellular homeostasis (specifically upon exposure to stressors such
as hypoxia), very few studies have investigated the involvement of autophagy and
related glycolytic effectors in keloidogenesis. Here the authors examined the
expression and cellular localization of autophagy proteins (LC3, pan-cathepsin),
glycolytic markers (LDH, MCT1, MCT4) and the transcription factor HIF isoforms
in human keloid samples using immunohistochemical analysis and double-labeling
immunofluorescence methods. Based on H&E staining and expression of CD31,
keloids were compartmentalized into hypoxic central and normoxic marginal zones.
Vimentin-expressing fibroblasts in the central zone exhibited greater autophagy
than their marginal-zone counterparts, as evidenced by increased LC3 puncta
formation and co-localization with lysosomal pan-cathepsin. LDH (a lactate
stimulator), MCT4 (a lactate exporter) and HIF-1 a expression levels were also
higher in central-zone fibroblasts. Conversely, HIF-2 a expression was upregulated
in fibroblasts and endothelial cells of the peripheral zone, while MCT1 was
expressed in both zones. Taken together, these observations suggest that
upregulation of autophagy and glycolysis markers in keloid hypoxic-zone
fibroblasts may indicate a prosurvival mechanism allowing the extrusion of lactate
to marginal-zone fibroblasts via metabolic coupling. The authors believe this is the

first report on differential expression of autophagic and glycolytic markers in



keloid-zone fibroblasts. The study results indicate that autophagy inhibitors and

MCT4 blockers may have therapeutic implications in keloid treatment.

Introduction

Autophagy is a prosurvival lysosomal pathway for degradation and recycling of
damaged cellular components under normal conditions. However, it can become
upregulated upon exposure to various stressors such as hypoxia, oxidative stress,
mitochondrial dysfunction and inflammatory cytokines. Such an enhanced
autophagic response can be antiapoptotic with clearance of damaged mitochondria
and proteins, which are recycled for quality control and ATP synthesis (Kroemer et
al., 2010; Galluzi et al., 2014; Narabayashi et al., 2015; Eid et al., 2016; Betsuyaku
et al., 2017; Horibe et al., 2017). Morphologically, autophagy is characterized by
the formation of LC3-mediated autophagosomes engulfing damaged material,
which then fuse with lysosomes forming autolysosomes for cargo clearance and
recycling. After synthesis, LC3 is cleaved to form cytoplasmic LC3-I, and upon
induction of autophagy, LC3-I is lipidated to create LC3-II - the isoform responsible
for autophagosome formation. LC3-II-mediated autophagosomes have been
observed as puncta using immunohistochemical and immunofluorescence methods
as recently reported by the authors (Narabayashi et al., 2015; Eid et al., 2016;

Betsuyaku et al., 2017; Horibe et al., 2017) and others (Thomes et al., 2013).



In mouse models for breast cancer (Whitaker-Menezes et al., 2011; Chiavarina
et al., 2012; Salem et al .2012) and human ovarian cancer (Thuwajit et al., 2017),
oxidative stress and hypoxia (via HIF-1 a) were found to upregulate the expression
of autophagy proteins (such as LC3-II) and glycolysis markers (such as LDH) in
stromal fibroblasts, resulting in lactate overproduction and export by MCT4-
overexpressing fibroblasts to adjacent MCTI-expressing cancer cells.
Consequently, lactate production by autophagic hyperglycolytic fibroblasts
stimulated the proliferation of cancer cells by what is called the reverse Warburg
effect (via mitochondrial oxidative phosphorylation (OXPHOS) and lactate
shuttling), distinguishing it from the original Warburg theory in cancer cells
(Warburg, 1956, Martinez-Outschoorn et al., 2017). Knockdown of autophagy
proteins (Atg5 or Beclinl) in cultured ovarian cancer-associated fibroblasts was
seen to reduce LDH and MCT4 expression (Wang et al., 2016). This metabolic
symbiosis or coupling involving lactate exporters and importers was also observed
in the central hypoxic zone (glycolytic and MCT4-overexpressing) and the
peripheral normoxic zone (highly proliferative and MCT 1-expressing) of an in vivo
colon cancer model (Adijanto and Philp 2012; Martinez-Outschoorn et al., 2017).
Another example of metabolic symbiosis in normal tissue is the supply of anti-
apoptotic lactate by adult Sertoli cells to proliferating germ cells via a Warburg-
related glycolytic mechanism (Rato et al., 2016). Inhibition of autophagy in stressed
cultured Sertoli cells using 3-methyladenine (3-MA) or lysosomal inhibitors

decreased their viability and suppressed glycolysis, LDH formation and lactate



production, confirming the mutual relationship between autophagy and glycolysis

and their survival roles (Bao et al., 2017; Horibe et al., 2017).

Keloids are locally aggressive, recurrent cutaneous fibro-proliferative masses
characterized by excessive scarring and collagen formation. Their growth may be
related to hypoxia, overexpression of cytokines and other factors (Jumper et al.,
2015; Mari et al., 2015). The authors previously reported that keloid tissue exhibited
high ATP levels even after around 10 years, perhaps due to anaerobic glycolysis
(the Warburg effect) caused by hypoxia-related blood vessel flattening and crushing
specifically in the central zone (Ueda et al., 1999, Kurokawa et al., 2010). However,
the exact molecular mechanism of this vascular malformation is not clearly
understood. Another study by the authors’ research group showed that keloid
nodules have distinct central hypoxic and marginal normoxic zones based on
expression of CD31 (a marker of vascular endothelial cells) (Touchi et al., 2016).
This CD31-based zonal division of keloid nodules is supported by a recent study
(Chong et al.2015). keloid fibroblasts have bioenergetic characteristics similar to
those of cancer cells, with generation of ATP mainly via glycolysis and possibly
via induction of HIF-1 a and increased lactate production in hypoxic environments
(Ueda et al., 1999, 2004; Vincent et al., 2008). Fibroblast heterogeneity is also a
specific characteristic of keloids that governs their pathogenesis. Keloid fibroblasts
(specifically those in the central zone) were found to be resistant to Fas-mediated
apoptosis and quiescent, while those in the marginal zone of keloid scars exhibited
higher production of collagen I and III as well as hyper-proliferation (Sayah et al.,

1999; Lu et al., 2007 a, b; Syed et al., 2011; Li et al., 2013; Mari et al., 2015).



However, the exact molecular mechanisms of resistance to apoptosis in central-
zone fibroblasts and production of excessive collagen with hyperproliferation in

peripheral fibroblasts are not clearly understood.

As reported above, although autophagy has various prosurvival functions either
alone or in conjunction with glycolysis (specifically under stress), there are very
few studies that investigated autophagy in keloid pathogenesis. In addition,
expression and localization of the lactate shuttle effectors MCT4 and MCT1 in
addition to HIF-2 a (an essential protein for endothelial vessel integrity) (Skuli et
al., 2009, 2012) in keloid nodules have not been reported on. Accordingly, the
authors investigated the expression and specific cellular localization of autophagy
proteins, glycolytic effectors and related transcription factor HIF isoforms (HIF-1
a and HIF-2 a) in keloid tissues using immunohistochemical and double-labeling

immunofluorescence techniques.

Materials and Methods

Patients and samples

A total of 10 specimens resected at Osaka Medical College Hospital from January
2007 to December 2014 were selected for analysis. All the specimens were derived
from patients diagnosed with keloids. The keloid nodules were resected from
abdominal, thoracic, shoulder and neck regions. Clinical diagnosis here was based
on the extension of scarring beyond the borders of the initial injury and variable
pruritus, and was pathologically confirmed via microscopic identification of whorls

consisting of haphazard hyalinized collagen bundles and a thick, flat epidermis.



None of the patients had undergone radiotherapy for keloids. The study was

approved by the ethics committee of Osaka Medical College (no. 1892).

Histopathology

The specimens were fixed in 10% formalin, embedded in paraffin and cut into 5-
Mm sections for immunohistochemical analysis. Histological assessment was based

on hematoxylin and eosin (H&E) staining by an independent pathologist.

Identification of keloid zones

Clinically, the central zone of each specimen was defined as the pale center of the
keloid nodule, and the marginal zone was defined as area in which invasion of
healthy tissue and erythema was evident on visual examination (Touchi et al 2016).
Based on H&E staining, the central (hypoxic) zone of the nodules was defined as
the part with few blood vessels, and the surrounding marginal (normoxic) zone was
defined as a circular layer of collagen bundles rich in blood vessels. This zonal

division was confirmed via CD31 immunohistochemical staining as outlined below.

Immunohistochemical analysis

Immunohistochemical analysis of the keloid samples was performed using paraffin-
embedded sections as described here. The sections were deparaffinized, rehydrated
and washed in phosphate-buffered saline (PBS). Antigen material was retrieved via
treatment in 10 mM sodium citrate (pH 6.0) for 10 min. using a microwave oven.
After a 10-min. period of incubation with 3% hydrogen peroxide, nonspecific

antigens were blocked with 10% normal goat serum (Dako, CA, USA) for 20 min.



The sections were then incubated with primary antibodies (anti-LC3, rabbit
polyclonal antibody (dilution: 1:1,000; MBL, Nagoya, Japan), anti-CD31, rabbit
polyclonal antibody (1:25; Thermo Scientific, Waltham, MA), anti-LDH, rabbit
polyclonal antibody (H-70) (1:100; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-MCT1, rabbit polyclonal antibody (H-160) (1:50; Santa Cruz), anti-MCT4,
rabbit polyclonal antibody (H-90) (1:50; Santa Cruz), anti-HIF-1 o, mouse
monoclonal (1:300; Novus Biologicals, Littleton, CO), anti-HIF-2 «a, rabbit
polyclonal antibody (1:50; Novus Bio.)) for an hour at 37°C. The sections were
washed and incubated with a reagent containing goat anti-mouse and anti-rabbit
immunoglobulins conjugated to peroxidase-labelled polymer (EnVision + System
HRP kit, Dako, Tokyo, Japan) at room temperature for 30 min. The sections were
examined after incubation using ImmPACT DAB Peroxidase (HRP) Substrate
(Vector, Burlingame, CA). Counter staining was performed with hematoxylin
(Wako, Osaka, Japan). Negative control on each slide was performed by replacing
the primary antibody with either PBS or normal serum, corresponding to primary
antibodies being used. For positive control, slides of normal rat testes and/or human
ovarian cancer were stained, consistent with recent publications (Salem et al .2012;
Rato et al., 2016; Horibe et al.2017; Martinez-Outschoorn et al., 2017; Thuwajit et

al., 2017).

Single- and double-labeling immunofluorescence

The sections were deparaffinized, rehydrated and washed in PBS. Antigen material
was retrieved via treatment in 10 mM sodium citrate (pH 6.0) for 10 min. using a

microwave oven. After a 20-min. period of blocking with 3% bovine serum



albumin, the sections were incubated with primary antibodies (anti-LC3, mouse
monoclonal antibody (dilution: 1:100; MBL), anti-LDH (1:100; Santa Cruz), anti-
MCT1 (1:50; Santa Cruz), anti-MCT4 (1:50; Santa Cruz), anti-vimentin, goat
polyclonal antibody (1:40; Sigma-Aldrich, St. Louis, MO, USA), anti-pan-
cathepsin, goat polyclonal (1:50; Santa Cruz)) for an hour at room temperature. The
sections were then washed in PBS and incubated with secondary antibodies (Alexa
Fluor 594 chicken anti-rabbit or Alexa Fluor 488 donkey anti-goat (1:250; Life
Technologies, Inc., Rockville, MO, USA) for 30 min. at room temperature. For
double-labeling immunofluorescence, the sequential method previously reported by
the authors (Narabayashi et al., 2015; Betsuyaku et al., 2017) was used. The samples
were washed and mounted in Vectashield (Vector, Burlingame, CA) supplemented
with 4’,6-diamidino-2-phenylindole (DAPI) to enable visualization of nuclei. The
labeled sections were observed with a confocal scanning laser microscope (TCS

SP8, Leica, Germany).

Measurement procedure and selection of keloid nodules

A total of 35 collagen nodules was randomly chosen from 10 keloid samples with
previously identified/evaluated central and marginal zones. Using Adobe
Photoshop, images of either central or marginal zones of keloids were captured and
saved for computer analysis. We used image J (National Institutes of Health,
Bethesda, MA, USA) for quantitative immunohistochemical analysis of the two
keloid zones by setting a “threshold”, as previously reported by us and other
researchers (Ito et al., 2006; Chong et al., 2015; Eid et al.;2016; Betsuyaku et al.,

2017; Horibe etal.,2017). Under higher magnification, positive intensity was



detected, then at low power field, positive areas were captured and automatically

calculated by the software (http://imagej.nih.gov/ij/).

Statistical analysis

Data analysis was performed using JMP 10.0 (SAS Institute, Cary, NC), with
Student’s t-test used to compare continuous variables between groups. P values of
< 0.05 were considered statistically significant. Data here are expressed as means

and standard deviations.

Results

Definition of central hypoxic and marginal normoxic zones in keloid nodules

Based on H&E keloid staining (Fig. 1 A), thin hyaline collagen fibers with deep
eosinophilia were identified at the reticular layer of corium forming several spiral-
shaped collagen nodules (marked by asterisks; Fig. 1 A a). As shown in Fig. 1 A b,
these nodules were defined as central or hypoxic (less vascular; shown with a red
line), and their peripheral parts were defined as marginal or normoxic (more
vascular; area between red and blue lines) (Figs. 1 A b — e). Immunohistochemical
analysis with anti-CD31 (an endothelial blood vessel marker) confirmed H&E
staining and keloid zonation patterns. Enhanced expression of CD31 (Fig. 1 B) was
observed in the marginal zone in contrast to very weak expression in central areas,

and was statistically significant (Fig. 1 C).
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Enhanced expression of autophagy and lysosomal proteins in central hypoxic

keloid-zone fibroblasts

Immunohistochemical analysis (Figs. 2 A-a, b) and immunofluorescence (Fig. 2 B)
labeling of LC3 (an essential autophagy marker) demonstrated enhanced expression
with characteristic puncta or dot patterns (based on nuclear morphology) in central-
zone fibroblasts in contrast to weaker expression in peripheral-zone fibroblasts,
indicating enhanced autophagosome formation, and was statistically significant
(Fig. 2 C) (Narabayashi et al., 2015; Eid et al., 2016; Betsuyaku et al., 2017; Horibe
et al.,, 2017). Double-labeling immunofluorescence with vimentin (a fibroblast
marker) and LC3 showed co-localization (Fig. 2D), indicating enhanced autophagy
predominantly in fibroblasts. Importantly, double-labeling with pan-cathepsin
(lysosomal marker) and LC3 showed enhanced expression and co-localization
specifically in central-zone fibroblasts in contrast to weaker signals in marginal-
zone fibroblasts (Fig. 2 E), indicating enhanced autolysosome formation and
autophagic activity (Narabayashi et al., 2015; Eid et al., 2016 Betsuyaku et al.,

2017; Horibe et al., 2017).

Upregulation of glycolysis and lactate export markers in keloid central-zone

fibroblasts

To evaluate lactate production via glycolysis in keloids, immunohistochemical
analysis using anti-LDH antibodies was performed (Figs. 3 A — C). The relative
positive area of LDH was significantly higher in the central zone than in the

marginal zone (Figs. 3 A, B). The double-labeling immunofluorescence of LDH
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with vimentin showed co-localization, indicating that most LDH-expressing cells
were specifically fibroblasts (Fig. 3 C). The expression of MCT4 (a lactate
exporter) and MCTI (a lactate importer) was also examined via
immunohistochemical analysis (Fig. 4 A). Expression of MCT1 was observed in
both keloid zones (Fig. 4 A a), while MCT4 was upregulated in the central zone
(Fig. 4 A b). The relative positive areas of MCT4 were greater than MCT1-positive
areas (Fig. 4 B). The histograms in Figs. 4 C and D clarify the
immunohistochemical patterns of MCT1 and MCT4 shown in Figs. 4 A a and b.
Comparison of differences between MCT1 and MCT4 positivity in individual
collagen nodules indicates more MCT4-dominant nodules (62.9 vs. 37.1%; data not
shown). As illustrated in Fig. 5, vimentin double-labeling immunofluorescence
either with MCTI1 (5 A) or MCT4 (5 B) showed enhanced co-localization,

indicating that most MCT1- and MCT4-positive cells were fibroblasts.

Differential enhanced expression of HIF isoforms in keloid-zone fibroblasts
Immunohistochemical analysis with anti-HIF-1 o and anti-HIF-2 a antibodies in
keloids was performed (Fig. 6). The nuclear expression of HIF-1 o was higher and
more prevalent in central-zone fibroblasts (based on nuclear morphology) than in
marginal-zone fibroblasts (Fig. 6 A), while nuclear HIF-2 a expression was higher
in the marginal zone, specifically in fibroblasts and vascular endothelial cells (Fig.
6 B). This was confirmed via double-labeling immunofluorescence of HIF isoforms
with vimentin (data not shown). However, the positive area for HIF-1 o was
significantly larger than that for HIF-2 o (Fig. 6 C). Immunohistochemical

statistical analysis of HIF-1 a and HIF-2 a is shown in the histograms of Figs. 6 D
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and E, respectively. Positive cells for HIF-1 a were mostly located in the central
zone (Fig. 6 D), while significantly more HIF-2 a-positive cells were found in the

marginal zone (Fig. 6 E).

Discussion

The novel findings of the study were: 1) greater expression of autophagy proteins
(LC3-II, pan-cathepsin), lactate exporter (MCT4) and HIF-1 a in central-zone
fibroblasts than in marginal-zone fibroblasts; 2) greater expression of HIF-2 a in
marginal-zone fibroblasts and endothelial cells than in the central zone; and 3) equal
expression of MCT1 in both keloid zones. These findings are based on conventional
H&E staining, statistical analysis, and immunohistochemical and double-labeling
immunofluorescence techniques showing the expression and specific cellular

localization of autophagy and glycolysis markers in keloid compartments.

In this study, observation under a light microscope indicated selectively enhanced
autophagic response in central-zone fibroblasts as compared to the marginal zone
based on a significant increase of LC3 puncta (evidence of autophagosome
formation) and co-localization with overexpressed lysosomal pan-cathepsin,
indicating the formation of autolysosomes and enhanced autophagic flux
(Narabayashi et al., 2015; Eid et al., 2016; Betsuyaku et al., 2017; Horibe et al.,
2017). The enhanced autophagy observed in central-zone fibroblasts could be an
anti-apoptotic mechanism involving either the clearance of dysfunctional

organelles such as mitochondria (Eid et al., 2016) or sequestration of caspase-8 in
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autophagosomes, thus blocking the Fas-signaling pathway (Lu et al., 2007 a,b; Hou
et al., 2010), and their recycling for lactate and other nutrients, resulting in ATP
production (Kroemer et al., 2010; Galluzi et al., 2014; Martinez-Outschoorn et al.,
2017). This may be supported by recent reporting indicating that autophagy
activation is essential for fibroblast survival in long-lived mice (Wang and Miller,
2012), myofibroblast differentiation during the healing of human oral mucosa
(Vescarelli et al., 2017) and promotion of fibrogenesis by hepatic stellate cells
(Hernandez-Gea and Friedman, 2012). A recent study also showed that lactate may
play a protective role for cultured skin fibroblasts against aging-related
mitochondrial dysfunction via mitohormesis (Zelenka et al., 2015). The question of
whether lactate may play a similar role for keloid fibroblasts requires further
research. This enhanced autophagy in central-zone fibroblasts may also help to
explain not only their resistance to apoptosis but also their specific features such as
quiescence and longevity, reported in earlier studies (Sayah et al., 1999; Lu et al.,
2007 a, b; Syed et al., 2011; Li et al., 2013; Tang and Rando, 2014). Importantly,
the enhanced autophagy observed in hypoxic-zone fibroblasts in the current study
may activate glycolysis and lactate production via enhanced expression of LDH and
MCTH4 as reported in relation to breast cancer-associated fibroblasts (Salem et al.,
2012; Wang et al., 2016; Martinez-Outschoorn et al., 2017; Thuwajit et al., 2017).
Collectively, the effects of autophagy may underpin the main survival mechanism
orchestrating the regulation of stress responses, metabolic demand and cell

proliferation in keloid fibroblasts.
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The study also showed enhanced glycolytic activity in central-zone fibroblasts as
demonstrated by enhanced expression of HIF-1 a, LDH and MCT4, in contrast to
lower levels in the marginal zone. The enhanced autophagy and glycolysis observed
in central-zone fibroblasts in the current study may be a mechanism by which
lactate is provided to MCTl1-expressing fibroblasts in the peripheral zone via
metabolic coupling or lactate shuttling, allowing their proliferation and resulting in
excessive collagen production and fibrogenic activity (Syed et al., 2011). The
prosurvival metabolic coupling in keloid zones observed in the present study may
be supported by recent studies indicating activity in solid tumors (between
fibroblasts and cancer cells, or between hypoxic and normoxic cancer cells)
(Whitaker-Menezes et al., 2011; Chiavarina et al., 2012; Adijanto and Philp 2012;
Salem et al., 2012; Martinez-Outschoorn et al., 2017; Thuwajit et al., 2017) (as

detailed in the Introduction section).

The upregulation of autophagy proteins and glycolysis markers observed in
central-zone fibroblasts in the current study may be induced by hypoxia, as
evidenced by enhanced expression of the transcriptional factor HIF-1 a (Ullah et
al.2006; Martinez-Outschoorn et al., 2017; Chiavarina et al., 2012). However,
hypoxia may activate autophagy via AMPK activity and LC3 -II induction
independently of HIF-1 o and its target genes, BNIP3, and BNIP3L (Papandreou et
al., 2008). Meanwhile, the authors’ research group reported that expression of HIF-
2 a (an essential factor for the survival, integrity and morphology of vascular
endothelial cells and hyperproliferation via oxidative phosphorylation) (Hara et

al.1999; Takahashi et al., 2004; Chiavarina et al., 2012; Skuli et al., 2009, 2012)
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was lower in central-zone endothelial cells and fibroblasts than in the peripheral
zone, consistent with CD31 expression. Recent studies have also shown that
deletion of endothelial HIF-2 o in tumors resulted in tumor vessel collapse,
abnormal morphology and fewer functional vessels (Skuli et al., 2009, 2012). It can
therefore be inferred that the downregulation of HIF-2 a in the keloid central zone
as observed in the current study may be linked to vascular flattening and crushing
in this zone as previously reported by the authors (Ueda et al., 1999, 2004;
Kurokawa et al.2010; Touchi et al.2016). Further research is needed to explore the
mechanism of HIF-2 a downregulation in central keloid zone. Figure 7 summarizes
the study’s results and conclusions. The main limitation of this study was the
relatively small sample size of surgically resected human keloids. Further
experiments involving the use of cultured keloid fibroblasts and animal keloid
models are needed to fully support the findings of the current work. These should
include the use of electron microscopy, which is the most sensitive and revealing

method for autophagy detection.

In conclusion, higher expression of autophagy proteins (LC3 and lysosomal pan-
cathepsin) and glycolytic markers (HIF-1 a, LDH and MCT4) was observed in
fibroblasts in the central hypoxic zone of collagen nodules than in normoxic
peripheral-zone fibroblasts. This may allow autophagic fibroblasts in keloid
hypoxic compartments to resist death signals and support the transfer of lactate to
peripheral-zone fibroblasts, allowing them to proliferate with the subsequent
persistence and longevity of keloids. An approach involving the targeting of

fibroblasts in solid cancers using autophagy inhibitors (such as chloroquine) and/or

16



glycolysis inhibitors (such as AZ93) has been found to suppress the proliferation
and metastasis of cancer epithelial cells (Martinez-Outschoorn et al.2017). As
keloid fibroblasts behave like malignant cells in terms of proliferation, invasion and
biological characteristics (Vincent et al., 2008; Mari et al., 2015), it can be inferred
that autophagy inhibitors and MCT4 blockers may have therapeutic implications

for keloid treatment.
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Figure legend

Fig. 1. Central (hypoxic) and marginal (normoxic) keloid zones. A: H&E staining
of keloid nodules at low magnification (asterisks) and magnified (b — e). E,
epidermis. The keloid central zone (CZ) and marginal zone (MZ) (b) are identified
by red and blue circular lines. A higher magnification of the keloid zones in c
(framed areas) is shown in d and e. Arrows in e indicate blood vessels in the
marginal zone. B: Immunohistochemical analysis of CD31 in keloid zones. CD31
expression in endothelial cells was more marked in the marginal zone (red arrow
heads) than in the central zone with statistical significance C: *P < 0.0001. Black
arrow heads indicate the outer limiting border of keloid nodule The inset in B is a

magnification of the framed area.

Fig. 2. Enhanced expression of autophagy proteins in hypoxic-zone fibroblasts. A
a, b: Immunohistochemical analysis of LC3 (an autophagosome marker) in keloid
zones at low magnification and related expression in the central zone (a) (arrow
heads). The higher magnification in b shows the dot-like pattern of LC3-II in cells
with fibroblast-like morphology (based on nuclear shape) (black arrows)
(magnified in inset). B: Immunofluorescence staining of LC3-II puncta (white
arrows) and quantification in keloid zones. C: *P < 0.0005. D: Double-labeling
immunofluorescence for LC3 (red) with vimentin (a fibroblast marker) (green). The
framed areas are magnified on the right to show enhanced co-localization upon
mergence (arrows) (yellow). E: Double-labeling immunofluorescence for LC3 (red)
with pan-cathepsin (a lysosomal marker) (green). The framed area is magnified on

the right to show enhanced co-localization upon mergence (arrows) (yellow).
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Fig. 3. LDH expression upregulated in central-zone fibroblasts. A:
Immunohistochemical analysis of LDH and quantification. B: Statistically
significant increase of LDH expression in the central zone (arrow heads show
keloid nodule borders) (*P < 0.0001). C: Double-labeling immunofluorescence for
LDH (red) with vimentin (green). The LDH-positive area is overlapped with

vimentin signals and appears yellow upon mergence (arrows).

Fig. 4. Immunohistochemical analysis for MCT1 and MCT4 in keloid zones
demonstrating selective upregulation of MCT4 in the hypoxic zone. MCT1-positive
areas (Fig. 4 A a) are expressed moderately in both nodule zones, while MCT4 (Fig.
4 b) is overexpressed specifically in the central zone. Arrow heads indicate the
keloid nodule border. The histograms in B — D show immunohistochemical

quantitative analysis.

Fig. 5. MCT4 and MCT1 expression is predominantly seen in keloid-zone
fibroblasts. Double-labeling immunofluorescence for vimentin (green) with either
MCT1 (Fig. 5 A) or MCT4 (Fig. 5 B) (red) showed enhanced co-localization in

fibroblasts (arrows, yellow).

Fig. 6. Immunohistochemical analysis for HIF-1 a and HIF-2 a showed differential
expression in keloid zones (large arrow heads indicate the keloid nodule border).
HIF-1 a expression was mostly detected in the central zone of collagen nodules. A:
In fibroblasts (based on nuclear morphology; long arrows in the magnified figure
on the right). The divided arrows indicate nuclear expression. (B) HIF-2 «

expression is mostly observed in the marginal zone. The magnified figure on the
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right shows expression in fibroblasts (small arrow heads) and endothelial cells
(arrows) of blood vessels (asterisks mark the lumen of blood vessels). The
histograms in C — E show immunohistochemical statistical analysis. *P <0.0001 in

Cand 0.371nE.

Fig. 7. Main achievements/findings of the current study and implications for
keloidogenesis. A: Categorization of keloid central (hypoxic) and marginal
(normoxic) zones based on expression of CD31, HIF-1 a and HIF-2 a (hypoxic- and
marginal-zone fibroblasts express HIF-1 o and HIF-2 o, respectively, while
vascular endothelial cells in the peripheral zone express both CD31 and HIF-2 a, as
shown and detailed in B). B: Enhanced expression of autophagy markers (LC3-II
and lysosomal pan-cathepsin) and glycolytic markers (LDH and MCT4) in hypoxic
central-zone fibroblasts may be mediated by HIF-1 a, and may be a prosurvival
mechanism. It may also stimulate lactate exportation to MCT1-expressing
fibroblasts in the marginal zone for proliferation via lactate shuttling (metabolic
symbiosis, or the reverse Warburg effect), thus supporting the tumor-like behavior,

invasion and persistence of keloids.
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