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Background: A keloid is composed of several nodules, which are divided into two
zones: the central zone (CZ; a hypoxic region) and the marginal zone (MZ; a nor-
moxic region). Keloid nodules play a key role in energy metabolic activity for con-
tinuous growth by increasing in number and total area. In this study, we aimed
to investigate the roles of the zones in the execution of the Warburg effect and
identify which microRNAs regulate this phenomenon in keloid tissue.

Methods: Eleven keloids from patients were used. Using immunohistochemical
analysis, 179 nodules were randomly chosen from these keloids to identify glyco-
Iytic enzymes, autophagic markers, pyruvate kinase M (PKM) 1/2, and polypyrimi-
dine tract binding protein 1 (PTBP1). Western blot and qRT-PCR tests were also
performed for PKM, PTBP1, and microRNAs (miR-133b and miR-200b, c).
Results: Immunohistochemical analysis showed that the expression of the autoph-
agic (LC3, p62) and glycolytic (GLUT1, HK2) were significantly higher in the CZ
than in the MZ. PKM2 expression was significantly higher than PKM1 expression
in keloid nodules. Furthermore, PKM2 expression was higher in the CZ than in the
MZ. However, PKM1 and PTBP1 expression levels were higher in the MZ than in
the CZ. The qRT-PCR analysis showed that miR-133b-3p was moderately downregu-
lated in the keloids compared with its expression in the normal skin tissue.
Conclusions: The Warburg effect occurred individually in nodules. The MZ
presented PKM2-positive fibroblasts produced by activated PTBP1. In the CZ,
PKM2-positive fibroblasts produced lactate. MiR-133b-3p was predicted to control
the Warburg effect in keloids. (Plast Reconstr Surg Glob Open 2023; 11:e5202; doi:
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10.1097/GOX.0000000000005202; Published online 16 August 2023.)

INTRODUCTION
Keloids are cutaneous fibro-proliferative disorders
characterized by excessive scarring and collagen forma-
tion. We have previously reported that keloid tissues
express high ATP levels and maintain their characteristic
structure, even after 10 years,' whereas nodules express
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metabolic activity for continuous expansion of keloid tis-
sues.”” Keloid nodules are composed of two zones. The
central zone (CZ) is a hypoxic zone due to the presence of
aberrant flattened blood vessels and the production and
export of lactate. This might be due to a higher expres-
sion of glycolytic, autophagic, and lactate secretion pro-
tein markers, as well as an increased L-lactate production
and increased levels of monocarboxylate transporter 4
(MCT4) expression in fibroblasts. The marginal zone
(MZ), which surrounds the CZ nests, is a normoxic and
oxidative phosphorylation (OXPHOS) zone formed by a
circular layer of collagen bundles rich in blood vessels.*
Furthermore, the MZ endothelial cells and fibroblasts
express proliferative nuclear antigens and hypoxia-induc-
ible factor 2-a. (HIF2-a). Fibroblasts in the MZ also express
monocarboxylate transporter 1 (MCT1). It is characteris-
tic of the CZ and MZ to sustain energy and proliferation;
however, further research is required to determine the
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factors executing glycolysis, including the pyruvate kinase
family proteins and microRNAs (miRNAs), and the role of
each zone in energy acquisition.

The Warburg effect refers to the observation that can-
cer cells produce energy (ATP) by glycolysis in both anaer-
obic and aerobic conditions.* It yields not only ATP from
glucose but also nucleic acids, proteins, lipids, and sugars
necessary for proliferation, which are active as byproducts
in the glucose metabolism process.” The reverse Warburg
effect was proposed by Pavlides et al® as a new model to
understand stromal-epithelial metabolic coupling in can-
cer. To explain the high ATP levels found in keloid tissues,
Vincent et al” reported that cultured keloid fibroblasts
show bioenergetics similar to that of cancer cells as they
generate ATP mainly from glycolysis, even under aerobic
conditions. Another study demonstrated that, at the pro-
tein and mRNA levels, keloid fibroblasts show a higher
expression of glycolytic enzymes than do normal skin
fibroblasts.® Glycolysis is induced by glycolytic enzymes,
pyruvate kinase M (PKM) 1/2, or pyruvate kinase L/R
(PKLR). PKM 1/2 catalyzes the final step in glycolysis, and
polypyrimidine tract binding protein 1 (PTBP1) is essen-
tial to produce PKM2 for the Warburg effect.’

MiRNAs are noncoding functional small RNAs that
modify gene expression at the translational level and have
become a new basis for therapeutic strategies for cancer
and other diseases.'”!" Research on nucleic acid therapeu-
tics using miRNAs against cancer are no more at a level of
infancy; such therapeutics are undergoing phase I and II
testing in humans.'*"” Some organ-specific miRNAs regu-
late PKM isoform expression by directly targeting PTBPI,
which is the splicer responsible for PKM2-dominant
expression.'® The miRNAs targeting PTBPI are extensively
studied because of their role in regulating cancer-specific
energy metabolism (ie, the Warburg effect)."”

The miRNA expression profiles of keloids were exam-
ined by miRNA microarray analysis and qRT-PCR analy-
ses to elucidate the underlying pathogenesis of keloids.'®
These previous studies show that keloid fibroblasts have
a great capacity for aerobic and anaerobic glycolysis.
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Takeaways

Question: The aim of this study was to investigate the
execution of the Warburg effect (anaerobic and aerobic
glycolysis), and which miRNA controls the Warburg effect
in nodules which are composed of central (CZ) and mar-
ginal (MZ) zones.

Findings: The keloid produced energy by the Warburg
effect in individual nodules. Pyruvate kinase M1/2 and
polypyrimidine tract binding protein 1 were essential
to execute the Warburg effect. Downregulation of miR-
133b-3p was demonstrated in keloids.

Meaning: MiR-133b-3p is predicted to control the
Warburg effect in keloid tissue, and could be an excellent
noninvasive tool for keloid diagnosis, prognostication,
and treatment.

However, the pathogenesis of the resulting glycolysis and
by which the Warburg and reverse Warburg effects are sus-
tained in keloid tissues remains unclear. A deeper under-
standing of the Warburg effect and its development may
result in the discovery of a new therapy method. Hence,
here we investigated the final promoter for glycolysis, the
miRNAs involved in its regulation, and the roles of the
two keloid zones involved in the Warburg effect.

MATERIALS AND METHODS

Patients and Samples

We resected 11 keloid (duration times: 0.8, 2.2, 3, 4,
5, 10, 13, 20 years) and six normal skin tissue samples at
Osaka Medical and Pharmaceutical University Hospital
from November 2018 to October 2019 (Table 1). Normal
skin samples were obtained from the trunks of healthy
donors during plastic surgery procedures. The study was
approved by the institutional review board of Osaka Medical
Pharmaceutical University (acceptance no.: 1892-3), and
written informed consent was obtained from all patients.

Table 1. Patient and Sample Characteristics and Treatment Details

History of
Disease Intralesional JSW Scar
Case Age Sample Etiology Region Duration Corticosteroid Injections Scale
1 30 K1 Cesarean section Abdomen 2y2mo 5 times NA
2 66 K2 Cesarean section Abdomen 4y 8 mo - NA
(epigastric region)
K3 Abdomen -
(hypogastoric region)
3 38 K4 Unknown Forearm 10y — 20/25
4 40 K5 Endoscopic surgery Abdomen 3y - 8/25
5 27 K6 injection Shoulder 20y - 19/25
K7 Upper arm -
K8 Injury Elbow 13y - NA
7 18 K9 Acne scar Chest 4y — 19/25
K10 Shoulder -
8 35 K11 Thyroidectomy Neck 8 mo - 13/25

JSW, Japan Scar Workshop.
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Western Blotting

Keloid and skin samples were homogenized and lysed
with cold RIPA buffer (Thermo Fisher Scientific Inc.,
Waltham, Mass.) and a 1% Protease Inhibitor Cocktail
(Sigma-Aldrich, St. Louis, Mo.). The SDS-PAGE proce-
dure was performed as described in our previous study.'®
The primary antibodies used for western blotting were
anti-PKM1 (D30G6, 1:1000, Signaling Technology Inc.,
Danvers, Mass.), anti-PKM2 (D78A4, 1:1000, Signaling
Technology), and anti-PTBP1 (ab30317, 1:1000, Abcam,
Cambridge, United Kingdom). An anti-3-actin antibody
(70768, 1:1000, Signaling Technology) was used as a stan-
dard for quantitative protein analysis.

Histopathology

The specimens were fixed in 10% formalin, embed-
ded in paraffin, and cut into 5-um sections for hematoxy-
lin and eosin (H&E) staining and immunohistochemical
analysis.

Transmission Electron Microscopy

To identify the ultrastructural differences between
fibroblasts in the CZ and MZ, the specimens were treated
as described in our previous study'” and observed by
Transmission Electron Microscopy (Hitachi-7800, Tokyo,

Japan).

Immunohistochemical Analysis

Immunohistochemical (IHC) analyses were per-
formed according to our previous study.’ The sections
were then incubated with primary antibodies anti-LC3
(#27751, 1:100, Signaling Technology), anti-p62 (18420-1-
Ap, 1:100, Proteintech, Rosemont, Ill.), anti- hexokinase 2
(HK2;22029-1-Ap, 1:100, Proteintech), antiglucose trans-
porter 1 (GLUT1;ab115730, 1:100, Abcam), and the same
antibodies used in western blotting [ie, anti-PKM1 (1:25),
PKM2 (1:200), and PTBP1 (1:100)]. The labeled sections
were observed and captured using a fluorescent micro-
scope (BZ-X800, Keyence, Osaka, Japan).

Measurement Procedure

The nodules in the keloids were identified on H&E
staining as described in our previous study.” In total,
179 nodules were randomly chosen from the 11 keloid
samples with previously identified/evaluated CZs and
MZs. Using Photoshop (Adobe Inc., San Jose, Calif.) and
Image] (National Institutes of Health, Bethesda, Md.),
the area of a nodule, MZ, and CZ were measured and ana-
lyzed. [See figure, Supplemental Digital Content 1, which
shows the measurement procedure. The evaluated zone

Table 2. Validations of miRNAs Used in this Study

(red) and immune-positive areas (red dots) were cap-
tured using Photoshop and the measured area by pixel
using Image]. http://links.lww.com /PRSGO /C734.]

Single and Double-labeling Immunofluorescence

To demonstrate that fibroblasts express Warburg
effect-related markers, single- and double-labeling fluo-
rescent analyses of the keloid samples were performed as
described in our previous study.” The primary antibodies
were the same as those used in IHC analysis, including
antivimentin (V4630, 1:40, Sigma-Aldrich). The second-
ary antibodies used were Alexa Fluor 594 chicken antirab-
bit or Alexa Fluor 488 donkey antigoat antibodies (1:250,
Life Technologies, Inc., Rockville, Mo.). The labeled sec-
tions were observed with a fluorescent microscope (BZ-
X800, Keyence).

miRNA Extraction and Quantitative Real-time PCR
(QRT-PCR)

We explored the mechanism of PTBP1 activation with
a focus on miRNA expression. Extensive analysis using
the Target Scan Human version 7.2 website (https://
www.targetscan.org/vert_72/) indicated that miR-133b,
miR-200b, and miR-200c were the PTBPI-targeting miR-
NAs. Total RNA was isolated from keloids and skin tissues
using a NucleoSpin miRNA isolation kit (TaKaRa Bio Inc.,
Shiga, Japan). To determine the expression levels of miR-
133b-3p, miR-200b-3p, and miR-200c-3p, we conducted
qRT-PCR tests as described in our previous study.”” Each
AACt value was determined using the Thermal Cycler
Dice Real-Time System Il model TP870 (Takara Bio Inc.).
RNU6B was used as an internal control. The qRT-PCR
tests were performed with the primers listed in Table 2
using THUNDERBIRD SYBR gqPCR Mix (TOYOBO,
Osaka, Japan).

Statistical Analysis

Data analysis was performed using StatMatelll (ATMS,
Chiba, Japan). A Mann-Whitney test was used to com-
pare continuous variables between groups. Results were
expressed as mean + SD (SD), where relevant. According
to the results, Pvalues less than 0.01 were considered sta-
tistically significant.

RESULTS

Detection and Histological Characterization of Nodules
Following H&E staining of the keloid tissues (Fig. 1A)

at the dermis layer (marked by asterisks), we identified

nodules that showed thick hyaline collagen fibers with

miRNA Gene Name (ID) miR133b (442890)

miR200b (406984) miR200c (406985)

Target gene name (ID)  PTBP1 (5725)

PTBPI (5725)

PTBPI (5725)

Species name (ID) Homo sapiens (9606)

Homo sapiens (9606)

Homo sapiens (9606)

Genomic location of 5’ GACCAA
Nucleotide sequence

5’ CAGUAUU

5"CAGUAUU

Primer sequence UUUGGUCCCCUUCAACCAGCUA

UAAUACUGCCUGGUAAUGAUGA  UAAUACUGCCGGGUAAUGAUGGA
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serious eosinophilia. The nodules consisted of the CZ
and MZ regions (Fig. 1B). Concordant with the results
from our previous study, many more serial vessels were
found with a wider lumen in the MZ than in the CZ
region (Fig. 1B).

The TEM analysis revealed ultrastructural differ-
ences between fibroblasts in the CZ and MZ. The CZ
fibroblasts had many autophagic vacuoles in their cyto-
plasm (Supplemental Digital Content 2A, 2B) and a few
apoptotic cells (Supplemental Digital Content 2C). In
contrast, MZ fibroblasts had well-reserved mitochondria
and well-developed rough endoplasmic reticulum (rER),
which resulted in the accumulation of proteins that were
generated in their ribosomes [See figure, Supplemental
Digital Content 2, which shows ultrastructural features of
fibroblasts in the CZ and MZ. A-C, Fibroblast in the CZ.
CZ fibroblasts showed autophagic or apoptotic features.
Thin arrows: fibroblast; red marked arrows: autophagic

A
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vacuoles; yellow marked arrows: apoptotic nucleus show-
ing condensed chromatin; white arrow: autolysosome. D,
Fibroblasts in the MZ. MZ fibroblast showed prominent
active features in protein synthesis. Blue marked arrow:
dilated endoplasmic reticulum. In A-C, Cf: collagen fiber,
m: mitochondrion, N: nucleus. http://links.]lww.com/
PRSGO/C735.]

Keloid Tissue Demonstrated Glycolysis and Autophagic
Markers
Enhancement of Glycolysis and Autophagy Occurred in the CZ
Fibroblasts in nodules that expressed glycolytic (HK2,
GLUT1) and autophagic markers (LC3, p62) showed
the same distribution patterns in different zones, with
a strong expression localized in the CZ (Supplemental
Digital Content 3 in top row). The value of the posi-
tive area of both glycolytic and autophagic markers was
significantly higher in the CZ than in the MZ region

Fig. 1. Pathological features of a keloid and identification of zones. A, Hematoxylin and eosin staining of
keloids (K5) as mentioned in Table 1. Many nodules (*) were located in the dermis and/or subcutaneous
tissue in a keloid. B, A nodule in the boxed area in A was enlarged. Many blood vessels (arrows) were
localized in the MZ, whereas fewer vessels (arrow) were observed in the CZ.
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Fig. 2. Enhanced expression of glycolytic and autophagic markers in nodules. Immunohistochemical analysis of the glycolytic (HK2,
GLUT1) and autophagic (LC3, p62) markers in nodules. ImageJ analysis showed glycolytic markers and autophagic markers were sig-
nificantly increased in the CZ (*P < 0.01, **P < 0.001). Numbers represent the percentage of the immunoreactive area per zone.
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(P<0.01) (Fig. 2). [See figure, Supplemental Digital
Content 3, which shows immunohistochemical analy-
sis. Top row: glycolytic (HK2, GLUT1) and autophagic
(LC3, p62) markers in nodules; bottom row: Warburg
effect markers (PKM1, PKM2, and PTBP1) in nodules.
A dark brown area showed immunopositive fibroblasts.
The dark blue lines indicate the area of a nodule, and
the red lines show the border between the MZ and CZ.
http://links.lww.com/PRSGO/C736.]

The Execution of the Warburg Effect in Skin and Keloid
Tissues
Warburg Effect Marker Was Expressed in Keloids

After western blot analyses of PKM1, PKM2, and PTBP1
in skin and keloid tissues (Fig. 3A), the f-actin loading
control was found highly expressed in keloids and had to
be corrected for comparisons (Fig. 3B). We found that the
levels of PKM1 and PKM2 in keloids were similar to those
in the skin, and the expression of PKM2 was higher in
keloids than in the skin (Fig. 3B), whereas PTBP1 expres-
sion was significantly higher in the skin than in keloids
(P<0.01) (Fig. 3B).

Keloid Nodules and the CZ Showed Robust Expression of PKM2,
and the MZ Showed Strong Expression of PKMI1 and PTBP1

Fibroblasts in nodules expressing PKM2 showed a local-
ized distribution in the CZ, whereas fibroblasts expressing
PKM1 and PTBP1 showed a diffuse distribution in nod-
ules (Supplemental Digital Content 3 in bottom row).
Image] results from IHC analyses showed that, in the nod-
ule, the total PKM2-positive area was significantly higher
than that of PKM1 (**P< 0.001). In the MZ, there was an
enhanced expression of PKM1 (10.25 + 12.45) and PTBP1
(3.22 +2.54), and in the CZ, there was a modestly higher
expression of PKM2 (12.85 + 7.085) than that of the pro-
teins in the other surrounding zones (Fig. 3C).

Fibroblasts in Nodules Expressing Warburg Effect Markers

After double immunofluorescent staining for vimen-
tin (fibroblast marker) and Warburg effect markers (PM1,
PKM2, PTBP1), we found localized fibroblasts expressing
Warburg effect markers in the CZ and MZ. [See figure,
Supplemental Digital Content 4, which shows the double-
labeling immunofluorescent micrographs. The Warburg
effect markers (red) with vimentin (a fibroblast marker,
green) were indicated in the CZ and the MZ. 4’6-diamid-
ino-2-phenylindole (DAPI, blue) was used to stain the
nucleus. Left column: PKM1; middle column: PKM2; left
column: PTBP1. The positive area of the Warburg effect
markers is overlapped with vimentin signals. http://links.
Iww.com/PRSGO/C737.]

Downregulation of PTBPI-targeting miRNA in Keloids

The qRT-PCR tests with primers for miR-133b-3p, 200b-
3p, and 200c-3p showed a moderately lower expression
of miR-133b-3p in keloids than in the skin (**P<0.001)
(Fig. 4).

DISCUSSION
Using clinical keloid specimens and IHC analysis, we
confirmed that the Warburg effect occurs in each nodule

of keloids. In addition, we found moderate lower expres-
sion of miR-133b-3p in keloid tissues than in normal skin
samples by qRT-PCR analysis.

Enzymes GLUTI and HK2 catalyze the first step of
glycolysis, while 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3 (PFKFB3) is involved in one of the
rate-limiting steps of glycolysis.?’ Fibroblasts separated
from keloid tissue expressed higher levels of HK2 and
PFKFB3 than normal skin fibroblasts, while hypertro-
phic, proliferative stage, and atrophic scars did not
express these proteins.” An intracellular metabolic pro-
file assay by western blotting indicated that fibroblasts
underwent reprogramming of their metabolic pheno-
type from OXPHOS to anaerobic glycolysis (Warburg
effect).® Fibroblasts localized in the CZ of nodules
expressed autophagic markers (LC3, p62) and high
levels of glycolytic enzymes. Furthermore, cancer cells
use recycled and high-energy nutrients (ketone bod-
ies, L-lactate, glutamine, etc) produced by autophagy.
The reverse Warburg effect suggests the possibility that
stromal-epithelial metabolic coupling, involving high-
energy nutrient transfers, occurs between cancer cells
and cancer-associated fibroblasts.”** In the first step
of the reverse Warburg effect, the cancer cells induce
oxidative stress and autophagy to stromal fibroblasts.
Then, the tumor stroma exports lactate to the cancer
cells via MCT4 (the transporter for lactate efflux). In
the second step, the cancer cells import lactate via
MCT1 (the transporter for lactate influx).** Studies
on human breast cancer have found that MCT4 and
HIFla-positive cancer-associated fibroblasts and MCT1
and HIF2a-positive cancer cells make a unit-like struc-
ture, and cancer nests are surrounded by cancer-asso-
ciated fibroblasts.”>* In our previous study on keloid
nodules, we found the same structure as the above
studies, including selective upregulation of MCT4 and
HIFla in CZ fibroblasts and significant upregulation of
HIF20 in MZ fibroblasts.” Our TEM study showed that
CZ fibroblasts containing autophagic vacuoles and MZ
fibroblasts showing active features like myofibroblasts
showed the progressive development of rER.*”* These
results suggested that CZ and MZ fibroblasts play differ-
ent roles in the Warburg effect.

Pyruvate kinase M1 expression is abundant in high-
energy demanding organs (eg, the brain and muscles),
and PKM2 is expressed in various proliferating cells (eg,
embryonic and tumor cells)."® Several studies reported
that the upregulation of PKM2 induces reprogramming
of the Warburg effect in cancer cells. It has been pro-
posed that the PKM isoforms switch from PKM1 to PKM2
to establish the Warburg effect during carcinogenesis
and that PTBP1 is expressed in PKM2-dominant tissues.'”
The mRNA gene and protein expression levels of PKM2
were significantly higher in keloid fibroblasts than in nor-
mal skin fibroblasts; the expression levels in other types
of scar fibroblasts were, however, lower than in normal
skin fibroblasts.** Our western blotting analysis demon-
strated that a higher expression of PKM2 in keloids sup-
ported a higher expression of glycolytic enzymes in keloid
fibroblasts, which suggests that PKM2 induces the repro-
gramming of the Warburg effect in keloid fibroblasts. In
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Fig. 3. The Warburg effect occurred in the keloid nodule. A, Western blotting analysis of the Warburg effect proteins (PKM1, PKM2,
PTBP1) in the skin and keloid tissue. B, Normalized blotting bands by (3-actin. Equal expression of PKM1 and PKM2 in skin (n.s.) and
high expression of PKM2 in keloid tissue. Remarkably high expression of PTBP1 in skin (P < 0.01) and low expression in keloid tissue.
Numbers represent the relative expression ratio (miRNA/RNU6B) with the skin taken as 1.0. C, ImageJ analysis of the Warburg effect
markers for nodules. Total PKM2 expression in whole nodules was significantly higher than that of PKM1 (**P < 0.001). PKM1 and
PTBP1 levels were higher in the MZ than in the CZ (**P < 0.001), whereas the opposite was true for PKM2 expression. Numbers repre-
sent the percentage of the immunoreactive area per zone.

contrast, the higher expression of PTBPI in normal skin ~ www.proteinatlas.org). In a previous study, a xenograft
compared with keloids may be due to the high expression =~ model, where human breast cancer cells (MDA-MB-231)
of PTBPI in all epidermis layers (except that of the cor- and fibroblasts overexpressing PKM1 or PKM2 were co-
nea), which consist of proliferating basal and differentiat-  injected into nude mice, showed an increase in the growth
ing granular keratinocytes (Human Protein Atlas; https://  of co-injected MDA-MB-231 cells. The IHC analysis of
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Fig. 4. MiR-133b is a key regulator for PTBP1 in keloids. The qRT-PCR tests were used to analyze the
expression of miR-133b, miR-200b, and miR-200c in the skin and keloid tissue; statistically significant
lower miR-133b expression was observed in keloid tissue (**P < 0.001).

the cancer samples revealed that PKM1 and PKM2 were
highly expressed in the cancer stroma.” Western blot tests
indicated that PKM2 expression was higher in keloids
than in the normal skin; in addition to this expression,
ITHC analysis revealed characteristic localization of PKM
and PTBPI. In the nodules, the total PKM2-positive area
was significantly greater than the total PKMI-positive
area. The extent of PKM2-positive areas were moderately
higher in the CZ and slightly higher than in the MZ than
the respective areas in PKM1. Furthermore, in the CZ, the
distribution of PKM2-positive fibroblasts was higher than
of PKM1-positive fibroblasts. In contrast, the PKM1- and
PTBPI1-positive areas were highly expressed in the MZ
than the CZ. These results raise questions on the mech-
anisms by which PKMI-positive fibroblasts in the CZ are
converted to PKM2-positive fibroblasts because of the low
expression of PTBPI.

MiR-133b, a miRNA targeting PTBPI, is expressed in
a tissue-specific manner in muscle tissue, colorectal can-
cer, gastric cancer, and rhabdomyosarcoma.'®'” In this
study, an extensive analysis of the Target Scan Human 7.2
website identified 26 candidate miRNAs (including miR-
133b, miR-200b, c) for PTBPI. MiRNA expression pro-
files using miRNA microarrays showed that 264 miRNAs
were significantly differentially expressed by greater than
twofold between keloid tissue and normal skin. Of those,
nineteen miRNAs, including miR-133a, b, and miR-
200b and c, were the most downregulated.'™ MiRNAs
have multiple targets and functions. According to the
TargetScan website, miR-133b is the potent regulator of
ol(I) and/or a2(Il) collagen. In skin fibrosis, miR-133b
is downregulated in the scleroderma and keloid.” In
this study, miR-133b was downregulated in keloid tissue,
meaning that miR-133b may promote the expression of
PTBPI and some fibrosis-related genes. Thus, this short
RNA may potentially be a target for oligonucleotide
therapeutics, which inhibit the Warburg effect in keloid
nodules.

Our study findings support the notion that the
Warburg effect occurs in keloid nodules, more specifically

in the CZ area of the nodules. The TEM results showing
the distinct characteristic features of fibroblasts in both
zones suggested that the MZ and CZ play different roles
during the Warburg effect. Furthermore, the significantly
high numbers of PKM2-positive areas indicated that the
Warburg effect occurs in the nodules. With several PTBP1-
and PKMI-positive areas being localized in the MZ, the
PKM2-positive area was smaller in the MZ than in the CZ,
which had a small PTBP1-positive area. We further con-
firmed the downregulation of miR-133b targeting PTBPI
in keloid tissue. However, we did not verify that PTBP1
was activated after the downregulation of miR-133b in MZ
fibroblasts. Based on these results, we propose distinct
roles for the two nodule zones in the Warburg effect. We
hypothesize that the CZ could be the center for glycolysis,
supplying lactate to the MZ. It is at the MZ that PTBP1
would be activated by the downregulation of miR-133b
and PKMI-positive fibroblasts would be converted into
PKM2-positive fibroblasts, which are then presented to the
CZ (Fig. b).

It is important to note that in this study there were
some limitations. First, we used nonadjacent normal skin
tissues as controls for western blot and qRT-PCR analyses.
Second, the disease duration, which is important for nod-
ule formation,” was inconsistent in our samples. Third, we
verified the Warburg effect using IHC analysis and qRT-
PCR tests on keloid tissue. However, there was a lack of
effective keloid animal models, and purified cultured
fibroblasts from keloid samples for in vitro experiments
do not share the same status as fibroblasts in keloid tis-
sue or nodules.” Thus, further studies to verify the effects
of miR-133b-3p for keloid fibroblasts (eg, miRNA trans-
fer experiment in vitro and ex vivo) are needed to better
understand these mechanisms.!”"%*

CONCLUSIONS
Here, we showed that the Warburg effect occurred
in each nodule of the keloids, with the two zones of the
keloid playing different roles in the Warburg effect.
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Fig. 5. The role of the CZ and MZ in the Warburg effect. In the hypoxic CZ, increased glycolysis (Warburg
effect in CZ fibroblasts) and enhanced autophagy occurred to remove oxidative stress and generate
energy (including lactate) for MZ fibroblasts (reverse Warburg effect). Downregulation of miR-133b-3p
occurred in keloid nodules. The higher expression of PTBP1 in normoxic OXPHOS-MZ may promote
PKM1-positive fibroblasts to PKM2-positive fibroblasts, which may be exported to CZ, accelerating the

execution of the Warburg effect in the CZ.

MiR-133b was predicted to control the Warburg effect by
activating PTBPI in keloids, and is a potential candidate
for oligonucleotide therapeutics for keloid treatment.
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