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1. Introduction

Immunohistochemistry (IHC) is an ancillary method, widely used in pathologist practice, that
allows to identify diagnostic and prognostic/predictive therapeutic response protein markers on tissue
samples by the use of specific monoclonal antibodies and chromogenic substances that guarantee
the visualization of the antibody—antigene binding complex under the light microscope [1]. Coon
et al. in 1941 [2] first introduced the use of fluorochrome-conjugated antibodies in clinical practice.
Since then, IHC has gone from being a useful tool for identifying the differentiation line of otherwise
undifferentiated cells, to a technique capable of providing not only diagnostic but also prognostic and
predictive indications of response to specific therapeutic options [1,3]. The aforementioned peculiarities
have made IHC one of the most used ancillary methods in the histopathological approach to human
neoplastic and non-neoplastic diseases [3-5].

This Special Issue contains 11 accepted papers that provide readers with a comprehensive update
on the current and future applications of IHC in medical practice.

2. Diagnostic Applications of Inmunohistochemistry

The detection on tissue specimens of protein markers capable of identifying the differentiation line
(melanocytic, epithelial, neural, mesenchymal or lymphoproliferative) of poorly differentiated tumors
is undoubtedly one of the major advantages of IHC [3]; since its introduction, it has represented a valid
diagnostic tool that, combined to the “evergreen” morphology, allowed pathologists to formulate a
more accurate diagnosis of neoplasms, previously labeled as “undifferentiated” [3]. Furthermore, the
increasing knowledge about the genetic landscape of human neoplasms has allowed the identification
of specific genes, deriving from molecular alterations and encoding proteins, whose expression was
restricted to a specific cancer type [3]; such proteins could be easily targeted by IHC, greatly improving
the diagnostic accuracy of neoplasms that harbored specific molecular alterations, such as solitary
fibrous tumor (SFT) [6] or glioblastoma multiforme (GBM) [7].

3. Prognostic and Predictive Value of Imnmunohistochemistry

However, the major clinical impact of IHC is not in the diagnostic field but that of providing
the oncologist with essential prognostic and predictive information of therapeutic response [3]. The
aforementioned application field of IHC was born with the introduction in clinical practice of the
immunohistochemical detection of Hormone Receptors (estrogen and progesterone receptors) and
HER-2/neu in the diagnostic approach to breast cancer [8,9]; in this regard, the “molecular” classification
of breast cancer (Luminal A vs. Luminal B vs. HER-2/neu vs. Basal-like), based on the different
combinations of Hormone Receptor and HER-2/neu immunoexpression has almost replaced the
morphological one, since the former was able to select specific patient subgroups with a similar
outcome and potential candidates to “personalized” treatments [8,9].

Appl. Sci. 2021, 11, 360; doi:10.3390/app11010360 1 www.mdpi.com/journal/applsci
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The search for new prognostic factors, promptly identifiable by IHC, has been and still is
particularly intense in the field of rare malignancies with poor prognosis. In recent years, our research
group reported some immunohistochemical markers with prognostic significance in terms of overall
survival, disease-free survival and risk of distant metastasis in rare and prognostically poor tumors,
such as uveal melanoma (UM) [10-15] and malignant mesothelioma (MM) [16-19].

4. Future Perspectives

The introduction of new molecular tests, including fluorescence in situ hybridization (FISH),
real-time polymerase chain reaction (rt-PCR) or next generation sequencing (NGS) has not replaced
IHC, that, due to its low costs and its immediate applicability, remains the most used first level test [3].
The 11 published papers included within this Special Issue provide the scientific community with new
potential application fields of IHC in human neoplastic and non-neoplastic diseases, emphasizing the
concept that the identification of new factors capable of predicting the biological behavior of diseases
must represent a direction to follow in medical scientific research.
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Abstract: Congenital anomalies of the kidney and urinary tract (CAKUT) include isolated kidney
malformations and urinary tract malformations. They have also been reported in Prune-Belly
syndrome (PBS) and associated genetic syndromes, mainly 13, 18 and 21 trisomy. The AA focuses on
bladder and urethral malformations, evaluating the structural and histological differences between
two different cases of megacystis. Both bladders were examined by routine prenatal ultrasound
screening and immunohistochemistry, comparing the different expression of smooth muscular actin
(SMA), 5100 protein and WT1c in megacystis and bladders of normal control from fetuses of XXI
gestational age. Considering the relationship between the enteric nervous system and urinary tract
development, the AA evaluated S100 and WT1c expression both in bladder and bowel muscular
layers. Both markers were not expressed in the bladder and bowel of PBS associated with anencephaly.
In conclusion, megacystis could be considered only a macroscopic definition, concerning the size of
the fetal bladder rather than the embryologic origin; it may be a single or multiple malformation; the
possible association with the bowel and/or encephalic malformations will decide the outcome and
prognosis in fetal megacystis.

Keywords: immunohistochemistry; urinary tract malformations; megacystis; enteric nervous system;
outcome and prognosis

1. Introduction

Congenital anomalies of the kidney and urinary tract (CAKUT) are the most common congenital
malformations, with a frequency of 3-6 per 1000 live births. They include: isolated kidney
malformations (agenesis, hypo-dysplasia, multicystic renal disease, ureteropelvic junction obstruction)
and urinary tract malformations (megaureters, megacystis, posterior urethral valve (PUV), urethral
atresia/obstruction, urogenital sinus and cloacal malformations, obstructive ureterocele). CAKUT have
also been reported in Prune-Belly syndrome (PBS) and associated genetic syndromes, mainly 13, 18
and 21 trisomy [1].

The fetal bladder may be viewed and evaluated by ultrasound from the 12th gestational week,
as a pelvic, oval, anechogen structure less than 6 mm of sagittal diameter.

An increased sagittal diameter of the fetal bladder has been considered as megacystis, regardless
of etiologic factors and macroscopic features. Therefore, prenatal megacystis may be considered mainly
an ultrasound diagnosis [1,2].

We aimed to evaluate the structural and histological differences between two megacystis diagnosed
by routine prenatal ultrasound screening in the Obstetrical and Gynecological Clinic, University of

Appl. Sci. 2019, 9, 5155; doi:10.3390/app9235155 5 www.mdpi.com/journal/applsci



Appl. Sci. 2019, 9, 5155

Catania, Italy, and examined in the Pathologic Anatomy Section of G.F. Ingrassia Department, University
of Catania.

2. Materials and Methods

Two fetuses with urinary tract malformations were examined in the Pathologic Anatomy Section
of the G.F. Ingrassia Department, University of Catania, Italy. The study was conducted in accordance
with with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of
Catania 1 (48102 of 7 November, according to national legislation about osservational studies, 20 March
2008, AIFA).

Case 1: 19th week termination of pregnancy (TOP); male, 330 gr; total length 24 cm; crown—rump
(CR) length 15.3 cm; medial length of foot 3 cm; cranial circumference 15.5 cm; thoracic circumference
13 cm; abdominal circumference 11 cm. Ruby red skin; perforated orifices. Umbilical cord stump
10 x 0.7 cm; edema of penis. The anatomic relationship of thoracic organs was normal: heart in situs
solitus with atrium—ventricular and ventricular—vascular concordance and lung development coherent
with gestational age. Examination of the abdominal cavity showed: megacystis (25 mm sagittal
diameter) with thickened wall (6 mm), megaureter with stenosis of ureteral orifices in the bladder, and
bilateral hydronephrotic kidneys (both 18 mm maximum diameter).

Ecographic diagnosis: urinary obstruction syndrome due to posterior urethral valve (PUV). The
US (ultrasonographic) examination showed a megacystis with a maximum diameter of 44 mm and mild
hydroureteronephrosis with bright hyperechogenic kidneys. The bladder had the so-called “key hole
sign”, suggesting a possible PUV. Fetal biometry and amniotic fluid were appropriate for gestational
age (GA). No other major abnormalities were detected (Figure 1).

Figure 1. Case 1, US (ultrasonographic). (A) Sagittal view of the entire fetus with megacystis.
(B) Coronal view of the bladder with the keyhole sign. (C) Coronal view of the hyperechogenic kidneys.
Courtesy of Dr. G. Giunta.

Case 2: 15th week TOP; XXY karyotype; 40 gr; total length 11 cm; crown—rump (CR) length
8.5 cm; medial length of foot 1.5 cm; cranial circumference 7 cm; thoracic circumference 6 cm;
abdominal circumference 7 cm. Ruby red skin; imperforated orifices. Turricephal and anencephal
skull, prognathism, prominent ocular bulbs and low implant of the ears. The abdominal wall was
flaccid due to the incomplete development of the diaphragm and ribs. The abdominal organs were
herniated in the thoracic cavity and in the neck across the skin. Megacystis (65 mm sagittal diameter)
with a thinned wall (2 mm) occupied the abdominal and thoracic cavities; both kidneys and surrenal
glands were underdeveloped (both with a maximum diameter of 10 mm).

Ecographic diagnosis: Prune-Belly syndrome, PBS. The ultrasonographic (US) examination was
very difficult due to maternal BMI > 35 and the anhydramnios—absence of amniotic fluid. The fetus
showed a megacystis with a maximum diameter of 38 mm. The whole fetal body had a very uncommon
posture and it was impossible to assess other fetal structures because of the anhydramnios (Figure 2).
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Figure 2. Case 2, US. Megacystis and anhydramnios. Courtesy of Dr. G. Giunta.

The organs of both fetuses were carefully dissected, separated from each other, fixed in 10% buffered
formalin and processed until paraffin embedding. 5 um sections were stained with hematoxylin-eosin
(EE). Additional immunohistochemical stainings with smooth muscular actin (SMA, Clone 1A4, Dako,
Glostrup, Denmark, Dil: 1:100), S100 protein (polyclonal, Dako, Glostrup, Denmark, Dil. 1:100) and
WTlc (clone WT 6F-H2, Dako, Glostrup, Denmark, prediluted) were performed on bladder and
bowel slides. Bladder and bowel samples from a fetus of XXI gestational age were considered as a
normal control.

3. Results

3.1. Normal Control

Bladder: SMA staining marked longitudinal and transversal muscular layers intersected by
embryonal mesenchyme; nervous plexuses were evaluated with S100 protein, showing their
arrangement among the muscular layers; WT1c was poorly marked in ganglion cells, neural cells and
their cytoplasmic extensions (Figure 3).

Figure 3. Normal bladder. Immunohistochemical staining shows smooth muscular actin (SMA) (A) in
longitudinal and transversal muscular layers, S100 (B) in nervous plexuses (arrow) among the muscular
layers and WTl1c in ganglion cells (arrow) and neural cells (C).

Large and small bowel: SMA stained longitudinal and transverse muscular layers and interposed
embryonal mesenchyme; S100 protein marked submucosal and myenteric plexuses with neural and
ganglion cells; WT1c was shown in ganglion cells and their cytoplasmic extensions (Figure 4).
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Figure 4. Normal bowel. Immunohistochemical staining shows: SMA (A) in longitudinal and
transverse muscular layers (arrow), 5100 (B) in submucosal and myenteric plexuses (arrow) and WT1c
(C) in ganglion cells (arrow).

3.2. Case 1 PUV

Bladder: SMA highlighted muscular fiber disarray (shredded-carrots-like) with interposed
embryonal mesenchyme; S100 staining showed hyperplastic neural plexus with irregular arrangement
among muscular fibers; WT1c was poorly expressed in ganglion cells and in their cytoplasmic
extensions (Figure 5).

Figure 5. Case 1, posterior urethral valve (PUV). Immunohistochemical staining in bladder shows:
SMA (A) in disarrayed muscular fibers (arrow), S100 (B) in hyperplastic neural plexus (arrow) and
WT1c (C) poorly expressed in ganglion cells (arrow).

Large and small bowel: as in the normal control, SMA highlighted two muscular layers and
interposed embryonal mesenchyme, S100 marked submucosal and myenteric plexuses with neural and
ganglion cells, and WT1c was shown in ganglion cells and in their cytoplasmic extensions (Figure 6).

el @ﬁ {
Figure 6. Case 1, PUV. Imnmunohistochemical staining in bowel: SMA (A) in the muscular layers
(arrow), S100 (B) in submucosal and myenteric plexuses (arrow) and WT1c in ganglion cells (C) (arrow).
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3.3. Case 2 (PBS)

Bladder: SMA highlighted a thin, longitudinal, muscular layer with disarray of muscular fibers
(shredded-carrots-like) and poor interposed embryonal mesenchyme; S100 was shown only in
peripheral nervous fibers and WT1c was negative (Figure 7).

l"r'.‘u . \ \ \
Figure 7. Case 2, Prune-Belly syndrome (PBS). Inmunohistochemical staining in bladder: SMA (A) in
a thin, longitudinal, muscular layer (arrow), S100 (B) only in peripheral nervous fibers (arrow), WT1c
(C) negative.

Large and small bowel: SMA highlighted two longitudinal side-by-side muscular layers, without
interposed embryonal mesenchyme; S100 protein and WT1c were not expressed (Figure 8).

Figure 8. Case 2, PBS. Immunohistochemical staining in bowel: SMA (A) in two longitudinal
side-by-side muscular layers (arrow), S100 (B) and WT1c (C) were not expressed.

4. Discussion

The kidney and urinary tract develops from two different embryonal sheets: kidneys, ureters and
bladder trigone from the mesodermal sheet, and bladder and urethra from the endodermal sheet. The
bladder develops from the fourth to seventh week of gestational age from the urogenital sinus. At the
ninth week, after the involution of cloaca, the urogenital sinus opens into the amniotic cavity. CAKUT
represent up to 20%-30% of all major congenital pre and postnatal defects [3], including both sporadic
and familial cases and associated anomalies, such as syndromic malformations.

Among all CAKUT, our paper focuses on mainly bladder and urethral malformations. Isolated
bladder anomalies, such as bladder agenesis, complete/incomplete duplication or bladder extrophy,
are rare. Instead, morphologic bladder anomalies, known as megacystis, are more frequent and related
to urethral or neuromuscular anomalies.

Fetal bladder is defined as megacystis if its longitudinal diameter is >10% of crown—rump length
in different gestational ages. In the first trimester, the longitudinal diameter may be more than 6 mm.

Prenatal detection of a larger bladder could suggest an outlet obstruction, mainly due to urethral
obstruction, but also other congenital complex malformations of the kidney and urinary tract. Moreover,
in the case of megacystis, microcolon syndrome as well as neuro-muscular malformations should
be considered.
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PUV has been considered the most common cause of urethral obstruction in newborn males,
while obstruction of the anterior urethral valve is less common and its complications are less severe
than PUV.

Three types of PUV have been described: type 1, the most common (95%), with two mucosal
folds from the bottom of veromontanum to the membranous urethra; type 2, with mucosal folds
extending along posterolateral urethral wall from the ureteric orifice to the veromontanum; type 3,
with a circular diaphragm with a central opening in the membranous urethra. In any type of urethral
obstruction, the high intravesical pressure leads to defects in the muscular differentiation, with fibrotic
tissue interposed among muscular fibers and a thickened bladder wall [1,2].

PBS occurs mainly in baby or infant males (97%) and is characterized by atrophy of the anterior
abdominal wall due to muscular absence, anomalies in the urinary tract, such as megaureters and
bilateral hydronephrosis, and testicular agenesis or cryptorchidism. More often, the bladder shows
thickened walls with dilated ureteral orifices in the vesical trigone and vesicoureteral reflux. However,
bladder histology is variable, showing both increased and decreased muscular fibers, with or without
interposed connective tissue. In a previous study, Volmar et al. [4] described PBS with increased
muscular thickness of the bladder in a case of intravesical obstruction, while a more recent work [5]
reported PBS with decreased muscular thickness of the bladder in a case of urethral obstruction. In the
latter case, the higher intravesical pressure, together with atrophy of the abdominal wall, could cause
decreased muscular thickness, increased fibroblastic activity and overproduction of collagen typel,
inhibiting muscular contractility and electrical impulse diffusion through the muscular layers.

Megacystis/megaureter syndrome is characterized by megacystis with thinned walls, vesicoureteral
reflux, bilateral hydroureters and hydronephrosis and, often, dysplastic kidneys. It is frequently
associated with microcolon and functional obstruction of the gastrointestinal and urinary tracts [6].

However, gestational age and vesical longitudinal diameter may be considered the main prognostic
factors: it has been reported [2] that mild megacystis (8-12 mm) in early pregnancy (10-14 weeks) could
spontaneously resolve, while severe megacystis (>17 mm) had a poor prognosis at any gestational
age. Moreover, the ultrasound “keyhole sign”, which is more frequently but not exclusively linked
to PUV, has been considered the only important discriminant criteria. Some surgical therapies have
been suggested to treat fetal megacystis, including amnioinfusion, vescicoamniotic shunting and
vescicocentesis, but their outcome has been considered uncertain because fetal megacystis is often
associated with other adverse prognostic factors.

Our two cases showed different gestational age (19 and 15 weeks), severe megacystis (25 mm
and 85 mm) and, above all, different development of the muscular layers (thickened and thinned
muscular layers).

Due to the heterogeneity in the definition of megacystis, in bladder development evaluation, and
in future outcomes, we proposed to evaluate the histological differences and potential relationship
with enteric nervous system development.

The immunohistochemical expression of S100 protein, SMA and WT1c was assessed and their
expression in the bladder and in the small and large bowel from normal fetus and fetuses with
megacystis were compared.

Comparing normal bladder with the bladder in PUV, SMA staining highlighted a disarray of
muscular fibers and increased embryonal mesenchyme, due to the higher intravesical pressure, while in
PBS, it showed thinned muscular layers with only longitudinal fibers and poor interposed embryonal
mesenchyme (Figure 9).

To our knowledge, for the first time, the distribution of neural components among muscular fibers
using S100 protein and WT1c has been assessed in the bladder [7].

In the normal bladder, 5100 protein showed small ganglionic plexuses running parallel to the
muscular fibers. In PUV, S100 staining showed small and giant hyperplastic ganglionic structures
running parallel to the muscular fibers, while in PBS, 5100 was negative (Figure 10).
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Figure 10. Comparative 5100 expression in normal bladder (A), PUV (B) and PBS (C).

As concerns WT1c expression, normal bladder and PUV showed poor positivity in ganglion cells,
in neural cells and in their cytoplasmic extensions, while WT1c was negative in PBS (Figure 11).

Figure 11. Comparative WT1c expression in normal bladder (A), PUV (B) and PBS (C).

Considering the relationship between the enteric nervous system and urinary tract development [6],
SMA, 5100 and WT1c expressions were also assessed in the enteric wall of the fetuses in order to to
prove or deny their relationship and, above all, the pre or postnatal outcome as well as life expectancy.

In the normal fetus and PUV, SMA showed a double muscular layer and muscularis mucosae

with interposed embryonal mesenchyme; in PBS, a single thickened muscular layer and disrupted
muscularis mucosae are shown (Figure 12).

Figure 12. Comparative SMA expression in normal bowel (A), PUV (B) and PBS (C).
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5100 and WT1c expression are shown in myenteric and submucosal plexuses in the normal bowel
and in PUV; both antibodies were not expressed in PBS, proving the same neuromuscular defect in the
bladder and bowel (Figures 13 and 14).
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Figure 14. Comparative WT1c expression in normal bowel (A), PUV (B) and PBS (C).

Recent literature reports interesting data about the relationship between the intrinsic enteric
nervous system (ENS) and the central nervous system, communicating through the gut-brain axis.
Both systems develop from the neural crest progenitor and are regulated by the interactions among
enteric neurons, glia and enteric-endocrine cells [8]. We hypothesized the same embryologic nature
in enteric and vesical neural plexuses. Therefore, S100 and WT1c expression were evaluated in
bladder and bowel muscular layers. Both markers were not expressed in the bladder and bowel of
PBS associated with anencephaly, confirming a close relationship between encephalic and peripheral
neural development.

In conclusion, megacystis could be considered only a macroscopic definition, concerning the
size of the fetal bladder rather than the embryologic origin [9]. A larger bladder may be a single
malformation or multiple malformations associated with the bowel and/or encephalic malformations,
which decide the outcome and prognosis in fetal megacystis.
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Abstract: Prostate cancer (PCa) is one of the most common cancers in men. The main risk factors
associated with the disease include older age, family history of the disease, smoking, alcohol and
race. Vitamin D is a pleiotropic hormone whose low levels are associated with several diseases
and a risk of cancer. Here, we undertook microarray analysis in order to identify the genes
involved in PCa. We analyzed three PCa microarray datasets, overlapped all genes significantly
up-regulated, and subsequently intersected the common genes identified with the down-regulated
genes transcriptome of LNCaP cells treated with 1x,25(0OH),Dj3, in order to identify the common
genes involved in PCa and potentially modulated by Vitamin D. The analysis yielded 43 genes
potentially involved in PCa and significantly modulated by Vitamin D. Noteworthy, our analysis
showed that six genes (PRSS8, SOX4, SMYD2, MCCC2, CCNG2 and CD2AP) were significantly
modulated. A Pearson correlation analysis showed that five genes out of six (SOX4 was independent),
were statistically correlated with the gene expression levels of KLK3, and with the tumor percentage.
From the outcome of our investigation, it is possible to conclude that the genes identified by our
analysis are associated with the PCa and are potentially modulated by the Vitamin D.

Keywords: Vitamin D; prostate cancer; immunohistochemistry

1. Introduction

Vitamin D is synthesized in the body through a complex series of steps beginning in the skin, under
the influence of ultraviolet light, where a cholesterol precursor molecule (7-dehydrocholesterol) is
transformed into the Vitamin D hormone precursor, cholecalciferol (also known as Vitamin D3). Vitamin
D3 is subsequently hydroxylated in the liver by the 25-hydroxycholecalciferol and transformed in
calcidiol or calcifediol (25(0OH)Dj3 or 25D3), and this latter is subjected, in the kidney, to an hydroxylation,
to yield the most active hormone form of these compounds, calcitriol (1,25-dihydroxycholecalciferol
or 1,25(0OH),;Dj3 or 1,25D3) [1]. The three main stages in Vitamin D metabolism, 25-hydroxylation,
la-hydroxylation and 24-hydroxylation, are all performed by cytochrome P450 mixed-function
oxidases (CYPs).

These enzymes are distributed either in the endoplasmic reticulum (ER) (CYP2R1) or in the
mitochondria (CYP27A1, CYP27B1 and CYP24A1). The 24-hydroxylase (CYP24A1) and 1-hydroxylase
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(CYP27B1) enzymes are considered to be pivotal determinants of the local concentration of active
vitamin D. When Vitamin D3 is transferred to the liver, it is hydroxylated (by CYP27A1) and then
converted to 25-hydroxyvitamin D3, which is the major form of vitamin D present in the blood. In this
form it is also hydroxylated in other tissues, predominantly the kidney, through 1-a hydroxylase
(CYP27B1), which is then converted to 1,25-dihydroxyvitamin D3. This form is able to bind to vitamin
D-binding proteins (VBP) in the bloodstream and modulate the transcription of its target gene through
binding to the vitamin D receptor (VDR) in tissues. The last steps of Vitamin D3 catabolism are
played by the catalytic enzyme, 24-hydroxylase, encoded by CYP24A1 and responsible for vitamin D
catabolism, which is then metabolized to calcitroic acid, a bile secretion [2].

Serum 25(OH)Dj is the barometer for Vitamin D status. Serum calcitriol provides no information
about Vitamin D status, and it is often at physiological or even elevated due to secondary
hyperparathyroidism associated with Vitamin D deficiency.

The Vitamin D plays a relevant role in bone formation, activates the immune cells [3-5], regulates
the host defense against microbial and virus infections [6-8], inhibits several tumor pathways, such as
the proliferation and angiogenesis [9] and it has been hypothesized that it is able to reduce prostate
cancer (PCa) risk [10]. In this regard, it has been shown that a ‘U’ shaped relationship may exist
between Vitamin D status (cholecalciferol, calcidiol, calcitriol and calcitroic acid) and PCa, and that the
optimal range of circulating 25(OH)Dj3 for PCa prevention may be narrow [11].

Prostate cancer (PCa) is one of the most common causes of morbidity and mortality in men. Several
factors have been linked to the incidence of PCa and its aggressiveness. Among these, age, race and
family history are some of the strongest [12]. The incidence rate is high in men 65-74 years of age with
amedian age at diagnosis of 66. The percent of PCa deaths is highest among men between 75 to 84 years
old with a median age at death of 80 [13] Epidemiologic studies regarding PCa showed that there are
significant differences in geographical distribution and race. The African-American race, for example,
experiences an incidence rate of 60% compared to Caucasian men, other than more aggressive forms
and worse treatment management, leading to increased mortality [14]. Interestingly, one of the
major correlations between Vitamin D levels and PCa is based on studies on African-American men.
In these individuals, 25(OH)D3 levels are often low (probably for the effect of skin pigmentation on the
synthesis of Vitamin D), and PCa risks are clearly higher than those of Caucasian men. Nowadays,
the mechanisms for this association are still unclear.

There are a large number of epidemiologic studies linking Vitamin D and prostate cancer risk
and outcomes. The high serum vitamin D3 levels, estimated by measuring 25(OH)D3, play important
roles in the prevention of various forms of cancer, including prostate cancer [15]. An in vitro study
using prostate cancer LNCaP cells reported that a potent analog of 1,25(0OH),D3 (EB108928) plays
an inhibitory role on the growth of cancer cells [16]. In another study in immortalized human prostate
cell lines (PZ-HPV-7 cells), 10nM of 25(OH)D3 was reported to have growth inhibitory activity [16].
In 2018, a meta-analysis study, composed of seven eligible cohort studies with 7808 participants,
suggested that higher 25(OH)Dj level was associated with a reduction of mortality in prostate cancer
patients, suggesting that Vitamin D can be considered an important protective factor in the progression
and prognosis of prostate cancer [17]. Recently, it has been shown that dietary Vitamin D causes
a dose-dependent increase in serum 25(OH)Dj levels and a reduction in the percentage of mice with
adenocarcinoma, but it did not improve bone mass. In contrast, high calcium did suppress serum
1,25(0OH);D; levels, leading to an increased incidence of adenocarcinoma and improved bone mass.
These data support the hypothesis that the loss of Vitamin D signaling accelerates the early stages of
prostate carcinogenesis [18]. Furthermore, it is important to note that several factors could influence
the anticancer action played by Vitamin D on PCa, such as the polymorphism of its receptor (VDR) [19]
or the expression of the enzymes (CYP24A1 and CYP27B1) that regulate its metabolism [20].

The aim of this study was to find new target genes of PCa, and those potentially modulated by the
action of Vitamin D (1,25D3 and 25D3). We explored several microarray datasets in order to investigate
and identify possible cancer gene pathways hypothetically modulated by the action of Vitamin D.
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2. Materials and Methods

2.1. Dataset Selection

In our analysis, we have selected several microarray datasets based on mRNA expression profiling
available on the NCBI GEODataset (https://www.ncbi.nlm.nih.gov/gds/). Mesh terms “Prostate cancer”
and “Vitamin D” were used to identify potential datasets of interest. We sorted the obtained datasets by
the number of samples (High to Low) and for clinical data made available by the authors. Three dataset
of PCa and two of the LNCaP cell line were selected: GSE70770 [21,22], GSE62872 [23], GSE6919 [24,25],
GSE64657, and GSE107438 [26].

The GSE70770 (platform GPL10558), was composed by 293 prostate biopsies samples obtained by 74
matched benign tissue (indicated as healthy) and 219 patients subjected to robotic radical prostatectomy
(RRP) surgery. As regards the GSE62872 (platform GPL19370), the overall design included 160 normal
prostate tissue samples from the Health Professionals Follow-up Study (indicated as healthy) and 264
with a prostate tumor. In the GSE6919 (platform GPL8300), we selected 18 adjacent normal prostate
tissue biopsies free of any pathological alteration (indicated as healthy) and 65 primary prostate tumor
biopsies from patients subjected to prostatectomy. Furthermore, our study included a further one
dataset (GSE64657, platform GPL4133) of an in-vitro model of the PCa cell line (LNCaP) after 24 h
treatment with different nuclear receptor ligands, and with time-matching control. We have decided to
consider only the data coming from the LNCaP treatment with Vitamin D (100 nM 1,25Dj3 for 24 h),
the natural ligand for VDR. There is no publication available for this dataset. The experimental details
are recoverable on the following link (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64657).
In order to verify the gene pathways modulation by Vitamin D in prostate cancer, we analyzed the
GSE107438 dataset, composed by LNCaP cells line transfected with control siRNA (siCT), siRNA
for CYP27B1 (siCYP27B1) or siRNA for VDR (siVDR) followed by 100 nM of 25(OH)D3 (25D3) or
1,25(0OH),D3 (1,25D3) treatment for another 24 h. Complete experimental details are available in the
following publication [26].

Complete demographic data of patients and healthy controls can be obtained from the relative
publication cited above.

2.2. Data Processing

To process and identify significant differentially expressed genes (SDEG) in data sets, we used
the MultiExperiment Viewer (MeV) software (The Institute for Genomic Research (TIGR), J. Craig
Venter Institute, Rockville, MD, USA). In cases where multiple genes probes have insisted on the same
GenelD NCBI, we have used those with the highest variance. The significance threshold level for all
data sets was p < 0.05. The genes with p < 0.05 were selected for further analysis. For all datasets
we performed a statistical analysis with GEO2R, applying a Benjamini & Hochberg (False discovery
rate) to adjust p values for multiple comparisons [27-29]. From GSE70770, we identified, respectively,
2279 and 9785 genes that were significantly up-regulated and down-regulated, comparing the prostate
biopsies samples of healthy vs. tumor patients. Regarding GSE62872, we obtained a total of 2312 and
1060, respectively, of significantly up-regulated and down-regulated genes, comparing the prostate
biopsies samples of healthy vs. tumor patients. The analysis of GSE6919 produced 1747 and 1060 genes,
respectively, that were significantly up-regulated and down-regulated in prostate biopsies samples of
healthy vs. tumor patients. Furthermore, the analysis of GSE64657 produced 995 up-regulated and
2196 down-regulated and significantly expressed genes, comparing the LNCaP cells line treated with
vehicle (ethanol) and 1,25D3 (100 nM) for 24 h. All data analysis are available in Table S1.

In order to identify genes commonly modulated between the four GSEs, we performed a Venn diagram
analysis, using the web-based utility Venn Diagram Generator (http://bioinformatics.psb.ugent.be/webtools/
Venn/). To analyze a 2 x 2 contingency table, a chi-square with Yates correction was performed by GraphPad
Prism software (http:/graphpad.com/quickcalcs/contingency1.cfm). The association between rows (groups)
and columns (outcomes) with p < 0.01 was considered to be statistically significant.
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The genes Ontology analysis was performed using the web utility GeneMANIA (http://genemania.
org/, http://genemania.org/) [30] and the GATHER (Gene Annotation Tool to Help Explain Relationships)
(http://changlab.uth.tmc.edu/gather/) [31]. The GeneMANIA was also used for built the weighted gene
networks commonly modulated. GeneMANIA searches publicly-available genomics and proteomics
data, including data from gene and protein expression profiling studies and primary and curated
molecular interaction networks and pathways, to find related genes. The network weighting method
is ‘Gene-Ontology (GO)-based weighting, Biological Process-based’. This weighting method assumes
the input gene list is related in terms of biological processes (as defined by GO).

GHATER (Gene Annotation Tool to Help Explain Relationships) (http://changlab.uth.tmc.edu/
gather/) is an online tool that explains the function of a group of genes, such as a cluster of co-regulated
genes from microarrays. The tool is a comprehensive system that combines gene function, ontology,
pathways and statistical tools that enable researchers to analyze large-scale, genome-wide data from
sequencing, proteomics or gene expression experiments. The analysis of gene ontology is based
on the Bayes factor. This is a measure of the strength of the evidence supporting an association of
an annotation with your gene list. Higher Bayes factors indicate stronger evidence that the annotation
is relevant to your genes. The p value restituted during the analysis is calculated based on the
probability of seeing a Bayes factor of a particular magnitude in a query. Complete explanation of
the online tool can be retrieved in the following publication [31] and in the following online website
(http://changlab.uth.tmc.edu/gather/FAQ.html).

2.3. The Immunohistochemistry (IHC) Analysis by the Human Atlas Project

The analysis of the data from the microarray provided results about the mRNA expression
levels. To confirm these results, we decided to use the web utility “The Human Protein Atlas”
(https://www.proteinatlas.org/) [32-34]. This web site is licensed under the Creative Commons
Attribution-ShareAlike 3.0 International License (https://creativecommons.org/licenses/by-sa/3.0/) for
all copyrightable parts (https://wiki.creativecommons.org/wiki/Data) of the database. We selected the
immunohistochemistry analysis available on the web site. For each antibody, the observed staining has
been assigned a validation score. The validation score is based on the result of two different validations
that are separately evaluated. The different levels of validation score are Supported, Approved
or Uncertain (https://www.proteinatlas.org/about/antibody+validation#ifv). Annotation parameters
include an evaluation of staining intensity (SI) (negative, weak, moderate or strong), fraction of stained
cells (rare, <25%, 25-75% or >75%) and subcellular localization (nuclear and/or cytoplasmic/membranous).
The reliability scores are based on the following criteria:

Supportive: Two independent antibodies yielding similar or partly similar staining patterns;
two independent antibodies yielding dissimilar staining patterns, both supported by experimental
gene/protein characterization data; one antibody yielding a staining pattern supported by experimental
gene/protein characterization data; one antibody yielding a staining pattern with no available
experimental gene/protein characterization data, but supported by other assay within the protein
atlas; one or more independent antibodies yielding staining patterns not consistent with experimental
gene/protein characterization data, but supported by siRNA assay.

Uncertain: Two independent antibodies yielding partly similar staining patterns, but not
consistent with experimental protein/gene characterization data; two independent antibodies yielding
dissimilar staining patterns with no available, or partly supportive/partly conflicting, experimental
gene/protein characterization data; one antibody yielding a staining pattern with no available, or partly
supportive/partly conflicting experimental gene/protein characterization data.

Details of analysis performed are available in Table S1.

2.4. Statistical Analysis

For statistical analysis, Prism 7 software (GraphPad Software, San Diego, California, USA) was used.
Based on the Shapiro-Wilk test, almost all data were skewed, so nonparametric tests were used. Significant
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differences between groups were assessed using the Mann-Whitney U test, and a Kruskal-Wallis test
was performed to compare data between all groups followed by Dunn’s post hoc test. Correlations were
determined using Spearman’s g correlation. All tests were two-sided and significance was determined at
p <0.05. To analyze a 2 X 2 contingency table, a Chi-square with Yates correction was performed
by GraphPad Prism software (http://graphpad.com/quickcalcs/contingencyl.cfm). The association
between rows (groups) and columns (outcomes) with p < 0.0001 was considered to be extremely
statistically significant.

The analysis of microarray data by Z-score transformation was used in order to allow the
comparison of microarray data independent of the original hybridization intensities [35].

3. Results
3.1. The Vitamin D Is Able to Modulate 43 Key Genes in PCa

The comparison of the three human PCa datasets (GSE70770, GSE62872 and GSE6919) produced
276 common significantly up-regulated genes (458 down-regulated genes) (Figure 1A) (Table S1).
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Figure 1. Venn diagram analysis of PCa transcriptome. (A) The three PCa datasets (GSE70770,
GSE62872 and GSE6919) overlapping produced 276 common significantly up-regulated key genes.
The overlapping between GSE70770 (2279 SUG) vs. GSE62872 (2312 SUG) showed 1010 genes in
common (the sum of 276 and 734). As regard GSE6919 (1747 SUG) vs. GSE70770 overlapping, we
identified 411 genes. Similar results were obtained when we compared GSE6919 vs. GSE62872 (444
genes in common). (B) The analysis of the intersection between the transcriptome of genes common
up-regulated in the three PCa datasets (276) and the transcriptome of the down-regulated genes in
LNCaP cell line treated with Vitamin D for 24 h (2196 SUG), showed 43 (almost 15%) significantly
common regulated (chi-squared, p < 0.0001). (C) When we loaded the 43 genes in the GATHER browser,
we showed that the biological process most significantly regulated by these genes were organogenesis,
organ development, skeletal development, chromatin assembly, morphogenesis and cell migration.

These common regulated key genes were compared to significantly down-regulated genes in
GSE64657, composed by the transcriptome of the LNCaP cell line, treated for 24 h with 100 nM of 1,25D3
(Figure 1B). The data overlapping produced 43 genes significantly in common between the dataset
(chi-square p < 0.0001), namely meaning being virtually modulated by the action of Vitamin D in PCa.
Gene Ontology (GO) analysis of the 43 genes belonging to the common group modulated by Vitamin
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D identified six main molecular functions as statistically significant: organogenesis (GO:0009887)(neg
In(p value) = 6.37); organ development (GO:0048513)(neg In(p value) = 6.37); skeletal development
(GO:0001501)(neg In(p value) = 5.43); regulation of chromatin assembly or disassembly (GO:0001501)(neg
In(p value) = 5.06); morphogenesis (GO:0009653)(neg In(p value) = 4.95); cell migration (GO:0016477)(neg
In(p value) = 4.41) (Figure 1C). Complete annotation, significance and genes involved are available in
Table S1, section Gather Analysis.

We also overlapped the common down-regulated key genes in PCas obtained by the Venn analysis
of the three datasets, with the significantly up-regulated genes in GSE64657. The overlap produced 41
genes significantly in common between the dataset (chi-square p < 0.0001), also modulated by Vitamin
D (Table S1).

In this study, we decided to focus our analysis only to the 43 key genes in common obtained
overlapping the up-regulated genes in cancer and the genes down-regulated by the Vitamin D. We used
these 43 genes to generate a network analysis by GeneMania web utility software (Figure 2A).
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Figure 2. Network and GO analysis by GeneMania. (A) The 43 key genes up-regulated in PCa biopsies
and down-regulated in the LNCaP cell line treated with Vitamin D (100 nM for 24 h) were loaded into
GeneMania, in order to generate a GO and a Regulatory molecular network. Red circle genes represent
the six most significantly up-regulated in PCa and down-regulated by the action of Vitamin D in our
LNCaP cell line (B). The analysis showed that 92.30% of genes resulted co-expressed, 4.61% belonging
to the same pathways, 1.97% present a genetic interaction, 0.82% were co-localizated and 0.30% shared
the same protein domains.

The 92.30% of genes resulted co-expressed, 4.61% belonging to the same pathways, 1.97% present
a genetic interaction, 0.82% were co-localizated and 0.30% shared the same protein domains (Figure 2B).
Complete data report is available in Table S2. Belonging to among the 43 key genes, we selected the
six most significantly up-regulated in PCa and down-regulated by the action of Vitamin D in LNCaP
cell line: serine protease 8 (PRSS8); SRY-box 4 (SOX4); SET and MYND domain containing 2 (SMYD2);
methylcrotonoyl-CoA carboxylase 2 (MCCC2); cyclin G2 (CCNG2); CD2 associated protein (CD2AP).
We decided to perform a Z-score transformation in order to allow the comparison of microarray data
independent of the original hybridization intensities.

The three microarray dataset clustering (GSE70770, GSE62872 and GSE6919) allowed us to obtain
a large number of samples (251 healthy control and 548 PCa samples). Complete demographic data
of patients and healthy controls can be retrieved from the relative publication and in the Table S1.
The samples were homogeneous for the age (Table S1). We showed that all genes increased significantly
with respect to the single dataset (Figure 3A) (Figure S1).
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Figure 3. Selection of six key genes modulated in PCa. (A) In order to allow the comparison of
microarray datasets independent of the original hybridization intensities, we decided to apply a Z score
transformation. The normalization allowed us to applicate a Z test for the six genes most significantly
up-regulated in PCa and down-regulated by the action of Vitamin D in the LNCaP cell line. We obtained
251 healthy subjects and 548 PCa samples. All genes selected (KLK3, PRSS8, SOX4, SMYD2, MCCC2,
CCNG?2 and CD2AP) resulted significantly up-regulated in PCa biopsies compared to prostate biopsies
of healthy subject (p < 0.0001) (B). A significantly positive correlation was observed between all six key
genes selected and KLK3 expression levels. (C) Similar results were obtained when we analyze the
correlation between the six genes’ z-score expression levels and the tumor percent. Data are expressed
as z-score intensity expression levels and presented as vertical scatter dot plots. p values < 0.05 were
considered to be statistically significant **** p < 0.00005).

In order to verify a possible correlation between the selected genes and the PCa tumor progression,
we correlate the z-score intensity expression levels of all six genes highlighted with the genes expression
of kallikrein related peptidase 3 (KLK3). The KLK3 is a serine protease produced by epithelial cells in
the prostate and its protein is also known as PSA (prostate specific antigen). It is largely demonstrated
that the serum levels of PSA increase in the presence of cancer [36].We showed a significantly positive
correlation between all genes and KLK3 gene expression (Figure 3B). SOX4 was an exception (Table S1).

Interesting data were obtained when we decided to analyze the correlation between the z-score
expression levels of the six genes and the histological parameter of tumor percent, available in the
datasets. We showed that all genes were significantly positively correlated to the tumor % (p < 0.0001
with r = 0.3246 for PRSS8; p = 0.0003 with r = 0.2449 for MCCC2; p = 0.0045 with r = 0.1922 for SOX4;
p < 0.0001 with r = 0.3734 for CCNG2; p < 0.0001 with r = 0.3030 for SMYD2; p < 0.0001 with r = 0.3162
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for CD2AP) (Figure 3C) (Table S1), particularly, we identified that CCNG2 was the most correlated to
the tumor %.

Furthermore, we also hypothesized that the genes involved in the production and inactivation
of Vitamin D could be modulated in PCa patients. The expression levels analysis of the cytochrome
P450 family 27 subfamily B member 1 (CYP27B1), the cytochrome P450 family 24 subfamily A member 1
(CYP24A1), the cathelicidin antimicrobial peptide (CAMP) and the vitamin D receptor (VDR) showed
interesting results (Figure 4).
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Figure 4. The Vitamin D metabolism genes modulated in PCa patients. (A) The expressions of CYP24A1,
CAMP and VDR were significantly down-regulated in PCa patients compared to healthy controls
subjects. Also, the expression levels of VDR and CYP24A1 were correlated negatively with KLK3 in
healthy (B) and in PCa patients (C). Data are expressed as expression levels and presented as vertical
bars. p values < 0.05 were considered to be statistically significant (** p < 0.005; **** p < 0.00005).

All genes, except CYP27B1 (p = ns), were downregulated in PCa patients compared to healthy
controls subjects (CYP24A1 p < 0.0001; CAMP p < 0.0001; VDR p< 0.0001) (Figure 4A). In addition,
we showed that the expression levels of VDR and CYP24A1 were negatively correlated with KLK3 in
healthy (CYP24A1 with r = —0.1513 and p = 0.0164; VDR with r = —0.1616 and p = 0.0103) (Figure 4B)
and in PCa patients (CYP24A1 with r = —0.1975 and p < 0.0001; VDR with r = —0.2651 and p < 0.0001)
(Figure 4C).

3.2. PCa Related Genes Were Modulated by Vitamin D in LNCaP Cell Line

In the LNCaP cell line, the 1,25D3 played significant modulatory effect on the expression levels of
PRSS8 (p = 0.0006), SOX4 (p = 0.0004), SMYD2 (p = 0.0049), MCCC2 (p = 0.0002), CCNG2 (p = 0.0074)
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and CD2AP (p = 0.0048). Indeed, all genes were significantly down-regulated by the 1,25D3 (100 nM
for 24 h) (Figure 5A).
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Figure 5. The Vitamin D-modulated PCa related genes. (A) The expression of PRSS8, SOX4, SMYD2,
MCCC2, CCNG2 and CD2AP were significantly down-regulated in this LNCaP cell line at 24 h after
exposition to 100 nM of 1,25D;. (B) In addiction, the expression levels of Vitamin D metabolism genes
were significantly modulated in LNCaP cells line under 1,25D5 exposition (no significant modulation
was observed for CYP27B1) (Data are expressed as expression levels and presented as vertical bars.
p values < 0.05 were considered to be statistically significant ** p < 0.005; *** p < 0.0005; **** p < 0.00005).

Noteworthy, we investigated the expression levels of Vitamin D target genes such as CYP27B1,
CYP24A1, VDR and CAMP, and we showed that CYP24A1 (p < 0.0001) and CAMP (p = 0.0015) were
significantly up-regulated in LNCaP cells treated with 1,25D5 for 24 h (no significantly modulation
was observed for CYP27B1, p = 0.8430) (Figure 5B). Conversely, the VDR gene expression levels were
significantly downregulated by 1,25D3 treatment (p = 0.0012) (Figure 5B).

3.3. The Vitamin D Regulatory Mechanism on the Six PCa Genes Selected

In order to explain how Vitamin D plays a role in the modulation of the marker genes highlighted
in our study, we analyzed a new dataset (GSE107438) composed of LNCaP cells transfected with control
siRNA (siCT), siRNA for CYP27B1 (siCYP27B1) or siRNA for VDR (siVDR), followed by 100 nM of
25Dj3 or 1,25D; treatment for a further 24 h. The analysis of genes belonging to the Vitamin D pathway
such as CAMP, VDR, CYP27B1 and CYP24A1 demonstrated that in this LNCaP cell line, the 1,25D5
reduced the expression levels of CYP27B1 and CAMP, and on the contrary, increased the expression
levels of CYP24A1. No variation was observed for VDR expression levels (Figure 6A,B).

These results showed accordance with the analysis previously effectuated (Figure 5, GSE64657).
In addition, the 25D3 LNCaP cell treatment strongly increases CAMP and CYP24A1 expression levels.
The siCYP27B1 and siVDR LNCaP cells treatment have demonstrated that CYP24A1 and CAMP
are regulated principally by 25D3 in LNCaP cells via CYP27B1 and VDR. As regards the PCa genes
highlighted in our analysis, we have demonstrated that all genes were sensitive to the effect of 1,25D3
and 25D; at the dose of 100 nM for 24 h (were an exception the expression levels of MCC2) (Figure 6C,D).
Furthermore, the siCYP27B1 and siVDR LNCaP cells treatment showed that the downregulation of
KLK3 depends strictly on the CYP27B1 gene transcription. More mildly, the PRSS8 and SMYD2 genes
expression also depends on the transcription of the CYP27B1 gene. Co-silencing of the CYP27B1
and VDR genes was determinant in the transcription of the CCNG2, PRSS8, SMYD2 and SOX4
genes (Figure 6C,D).
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Figure 6. PCa-related genes modulated in the LNCaP cell line under 1,25D3 and 25D5 treatment.
(A) In the LNCaP cell line the 1,25D3 reduced the expression levels of CYP27B1 and CAMP, and on
the contrary increased the expression levels of CYP24A1. An exception were VDR expression levels.
(B) The CYP24A1 and CAMP expression levels are regulated by 25D3 in LNCaP cells via CYP27B1
and VDR. (C) All PCa related genes were sensitive to the effect of 1,25D5 and 25D3 (an exception was
MCC2). (D) The siCYP27B1 and siVDR LNCaP cells treatment showed a strong modulation of KLK3
gene transcription.

We showed that all selected genes were modulated by 1,25D3 and its precursor 25D5. In addition,
25D3 downregulates KLK3 and SMYD3 genes expression with CYP27B1 activity. Furthermore,
25D5; modulates the expression levels of CCNG2, CD2AP, PRSS8, SMYD2 and SOX4 via VDR
transcription (Figure 6).

3.4. Immunohistochemistry Analysis of the Six PCa Genes Selected

In order to evaluate the protein expression levels of PRSS8, SOX4, SMYD2, MCCC2, CCNG2 and
CD2AP in heathy subjects and PCa patients, we explored the Human Atlas project portal. Aware that
the number of biopsies available on The Human Protein Atlas database was small (Table 1), taking into
consideration the limits related to this, but in order to verify our hypothesis, we decided to proceed
by analyzing the histological biopsies of healthy and pathological tissue with protein staining of the
six genes that were the object of our study. For all protein detected, we found a potentially increased
staining in prostate adenocarcinoma with High grade compared to healthy prostate tissue biopsies,
except for SMYD2 which did not present changes in intensity between the healthy and pathological
prostate tissue (Figure 7).
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Figure 7. IHC of the six PCa-selected genes. Immunostaining for PRSS8 (A), SOX4 (B), SMYD2 (C),
MCCC2 (D), CCNG2 (E) and CD2AP (F) in Prostate Adenocarcinoma High grade compared to normal
prostate tissue (Control) (see the text for the details). The images downloaded from the Human Atlas
Project (https://www.proteinatlas.org/) have been re-adapted using CorelDraw. The original files web
site links are available as well as the complete analyzes, in Table 1 and Table S1.

Particularly, MCCC2, CD2AP and SOX4 presented an higher intensity staining in adenocarcinoma
with High grade compared to healthy prostate tissue biopsies (Figure 7B,D,F) (Table 1).

The immunostaining details are reported in Table 1 and in Table S1. However, as regards CD2AP
and MCCC2, the protein expression levels seemed quite high in normal epithelium; the higher staining
observed in cancer is probably due to the higher number of epithelial cells in cancer tissue.
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4. Discussion

In this paper, we undertook an analysis to identify the key genes involved in PCa. We analyzed
three PCa microarray datasets (GSE70770, GSE62872 and GSE6919), merged all the genes significantly
up-regulated and subsequently, intersected the common genes identified (n = 276) with the
transcriptome of genes down-regulated in the LNCaP cell line treated with Vitamin D, in order
to identify the common key genes involved in PCa and potentially modulated by the action of Vitamin
D. The analysis yielded 43 genes involved in PCa significantly modulated by Vitamin D. These genes
were involved in different molecular processes, among which the most interesting were organogenesis,
morphogenesis and cell migration, all mechanisms involved in the genesis and in the tumor progression.
Noteworthy, our analysis showed that six genes (PRSS8, SOX4, SMYD2, MCCC2, CCNG2 and CD2AP)
were significantly modulated in both PCa biopsies and in the LNCaP cell line treated with Vitamin D.
A literature investigation showed that all these genes were involved in different tumor progressions.
Furthermore, a Z-score transformation of all datasets allowed us to group all the healthy prostate
samples (n = 251) and PCa (n = 548), thus significantly increasing the court of subjects included in
the study. A Spearman’s g correlation analysis showed that five genes out of six (PRSS8, SMYD?2,
MCCC2, CCNG2 and CD2AP), were positively and statistically correlated with the gene expression
levels of KLK3 and with the tumor %. Contrary note, SOX4 expression levels were positively correlated
only with the tumor %, but not with KLK3 gene expression levels. Furthermore, the analysis of the
data deriving from GSE107438, the treatment of LNCaP cell line with siCYP27B1 and siVDR, showed
that a downregulation of KLK3 expression levels depends strictly on the CYP27B1 gene transcription.
More mildly, the PRSS8 and SMYD2 genes expression also depends on the transcription of the CYP27B1
gene. Co-silencing of the CYP27B1 and VDR genes was determinant in the transcription of the CCNG2,
PRSS8, SMYD2 and SOX4 genes. Our results have been in part confirmed by the immunostaining
obtained by the Human Atlas Project portal. The immunohistochemistry analysis showed that five
genes (PRSS8, SOX4, MCCC2, CCNG2 and CD2AP) out of six appeared more expressed in PCa biopsies
compared to healthy prostate tissue. No difference was observed for SYMD?2.

Prostasin (PRSSS) is a serine protease, mainly expressed in normal prostate epithelia, the prostate
gland and in seminal fluid [37]. This protein is implicated in epithelial sodium channel regulation
and essential for terminal epithelial differentiation [38]. Nowadays, the role played by this molecule
in cancer is unclear. It was shown that it may be related to tumor promoter mechanisms [39] as
well as tumor suppression [40—-42]. In several studies it has been shown that PRSS8 plays a role as
a tumor suppressor in various malignancies, such as in hepatocellular carcinoma [43]. In 2016 Tamir
et al. showed that abundant amounts of secreted prostasin found in the sera of early stage ovarian
cancer (OVC) can potentially be used as a minimally invasive screening biomarker for early stage
OVC [44]. As regarding the role of PRSS8 and PCa, there is no large bibliography. Noteworthy, in 2003,
Takahashi and colleagues demonstrated that in 54 patients (Japanese), the PRSS8 mRNA expression
levels, measured by northern blot analysis, were not correlated with the clinical stage of human PCa.
Furthermore, almost in all cases of metastatic and hormone-refractory cancers, these demonstrated
a down-regulation of prostasin expression. The authors at the end of their manuscript suggested that
prostasin cannot be regarded as a prognostic indicator for human PCa, although it may be a useful
marker for tumor differentiation [45]. In light of this, our results are totally contrasting with the results
obtained by Takahashi in 2003. It must be kept in mind that the samples analyzed in this study come
from different ethnic groups, and there was also a difference in the number of the subjects recruited
(54 with respect the 548 present in our analysis) and the control samples, healthy, were subjects with
benign prostatic hyperplasia (BPH). This difference could be the basis for the different results obtained
in the study.

In any case, the increase in mRNA levels in prostate tumor biopsies, their positive correlation with
the tumor percentage and the messenger of KLK3 and their modulation by Vitamin D, need further
confirmation from an in vitro experimental point of view.
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As regard SOX4, in our analysis we showed that the expression levels were increased in PCa
patients’ biopsies compared to the healthy prostate subjects. These results are totally in agreement
with the recent bibliography [46,47]. SOX4 is a transcription factor involved in the regulation of
embryonic development. SOX4 is highly expressed in several human cancers of epithelial origin and
is associated with a poor clinical outcome. It has been related with the loss of epithelial features
and the gain of mesenchymal traits, including cell migration and invasion [48]. SOX4 knockdown
repressed the cell proliferation and migration ability. Moreover, inhibition of SOX4 could reverse the
epithelial-mesenchymal transition processes through up-regulation of adhesion molecules such as
E-cadherin and the down-regulation of vimentin [47]. In our analysis we showed that Vitamin D was
able to reduce significantly the expression of SOX4 in the LNCaP cell line. Noteworthy, it has been
shown that the Vitamin D is able to induce E-cadherin expression in breast cancer cells by promoter
demethylation [49]. Taking all of this into consideration, the Vitamin D could be able to reduce
the tumor cell migration and invasion, via SOX4 down-regulation and consequently up-regulation
of E-Cadherin.

SMYD2 (SET and MYND domain-containing protein 2) is a histone lysine methyltransferase
enzyme, belonging to the family that contains five enzymes that share two highly conserved domains
(the catalytic SET domain and the MYND domain) [50]. This enzyme is highly expressed in a variety
of cancers [51,52]. Recently, it has been shown that SMYD?2 inhibits tumor suppressor proteins p53 [53]
and PTEN [54]. However, to date, there has been no report on the clinical and prognostic significance
of SMYD2 in patients with PCa. In our analysis, we showed that mRNA of SYMD?2 is over-expressed
in PCa and the treatment of the LNCaP cell line with Vitamin D reduces the expression levels, but this
result was not confirmed by the PCa biopsies observation. Consequently, the Vitamin D could increase
PTEN expression via a down-regulation of SYMD?2, and inhibit cell proliferation in PCa. In support of
this hypothesis, it has been shown that the Vitamin D plays an inhibitory effect on the hepatocellular
carcinoma cells proliferation through the down-regulation of HDAC2 and up-regulation of PTEN [55].

The expression analysis of MCCC2 in PCa biopsies, showed an over-expression on mRNA and
a positive correlation with KLK3 gene expression levels and tumor %. This enzyme catalyzes the
carboxylation of 3-methylcrotonyl-CoA to form 3-methylglutaconyl-CoA. There is evidence that
mutations of this gene is associated with 3-Methylcrotonylglycinuria, an autosomal recessive disorder
of leucine catabolism [56]. As regards its role in cancer, there exist only two reports that bind it to tumor
development. These two reports identified MCCC2 over-expression linked to LNM PCa tissues [57]
and to low-grade PCa [58]. Our results could be a good start to investigate the role of MCCC2 in cancer.

In our analysis, another interesting molecule identified as potentially a marker of PCa was
CCNG2. This molecule belongs to the cyclin family, and its expression is significantly higher in cell
cycle-arrest [59]. The current literature suggests that CCNG2 plays an important inhibitory role in
cancer initiation and progression [60]. It has been shown that CCNG2 dysregulation is related to cancer
progression and could play an important role in cell transformation and the early stages of cancer
development [60,61]. Seemingly, our findings would seem to contrast with the role played by CCNG2
in cancer. Recently, Canovas et al. demonstrated that primary prostate tumors show a significantly
higher expression of PTOV1, CCNG2 and MYC compared to benign tissue [62]. Furthermore, in this
set of tumors, the expression of CCNG2 significantly correlates with prostate tumor aggressiveness.
The authors concluded their study, hypothesizing that CCNG?2 is as potential markers of metastasis
and bad prognosis when detected in primary prostate tumors. These results are in good agreement
with our finding. Moreover, it has been shown that the Vitamin D plays an anti-proliferative effect in
the LNCaP cell line reducing the cyclin-dependent kinase 2 activity [63].

The CD2AP is a protein closely associated with the cytoskeleton structure. This protein interacts
with the filamentous actin and a variety of cell membrane proteins. Its expression is involved in
kidney diseases, including nephrin and polycystin-2 [64]. Although several studies have indicated that
CD2AP regulates cell shape and movements, little attention has been paid to the cancer [65]. To date,
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there has been no report on CD2AP expression levels in PCa. To our knowledge, this is the first study
which suggests the role of CD2AP in PCa.

5. Conclusions

Investigating the target genes, significantly up-regulated in the present analysis and down-
regulated by the Vitamin D action, may help to discover the molecular mechanisms involved in PCa
progression. The large cohort of our analysis allowed us to improve the diagnostic meaning of our
results. Further IHC analysis on a much broader court than the one analyzed in our study could
further confirm our results. From the outcome of our investigation, it is possible to conclude that the
mechanism involved during the PCa progression could be modulated by Vitamin D. Further research
on the role played by the Vitamin D on PCa key genes is necessary to extend our results and to try
an answer to the several questions which still remain to be addressed.
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Featured Application: EGCG, an active constituent of green tea acts as a hepatoprotectant
by reducing the serum levels of liver functional enzymes, increasing total anti-oxidative
capacity, reducing pathological changes and apoptosis. Moreover, EGCG displayed a powerful
hepatoprotective additive as it considerably mitigates the liver toxicity and apoptosis induced
by DEN.

Abstract: Liver diseases are one of the most detrimental conditions that may cause inflammation,
leading to tissue damage and perturbations in functions. Several drugs are conventionally available for
the treatment of such diseases, but the emergence of resistance and drug-induced liver injury remains
pervasive. Hence, alternative therapeutic strategies have to be looked upon. Epigallocatechin-3-gallate
(EGCQ) is a naturally occurring polyphenol in green tea that has been known for its disease-curing
properties. In this study, we aimed to evaluate its anti-oxidative potential and protective role against
diethylnitrosamine (DEN)-induced liver injury. Four different groups of rats were used for this study.
The first group received normal saline and served as the control group. The second group received
DEN (50 mg/kg body wt) alone and third group received DEN plus EGCG (40 mg/kg body wt) only.
The fourth group were treated with EGCG only. The liver protective effect of EGCG against DEN
toxicity through monitoring the alterations in aspartate transaminase (AST), and alanine transaminase
(ALT) and alkaline phosphatase (ALP) activities, serum level of pro-inflammatory mediators and
anti-oxidant enzymes, histopathological alterations, measurement of cellular apoptosis, and cell
cycle analysis was examined. The rats that were given DEN only had a highly significantly elevated
levels of liver enzymes and pro-inflammatory cytokines, highly decreased anti-oxidative enzymes,
and histological changes. In addition, a significant elevation in the percentage of apoptotic nuclei
and cell cycle arrest in the sub- G1 phase was detected. EGCG acts as a hepatoprotectant on DENs
by reducing the serum levels of liver functional enzymes, increasing total anti-oxidative capacity,
reducing pathological changes and apoptosis, as well as causing the movement of cells from the sub
G1 to S or G2/M phase of the cell cycle. In conclusion, EGCG displayed a powerful hepatoprotective
additive as it considerably mitigates the liver toxicity and apoptosis induced by DEN.

Keywords: DEN; liver; inflammation; ultra-structural changes; oxidative stress; EGCG
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1. Introduction

The liver is one of the important organs of our body, having a vital role in the processes of
metabolism and detoxification [1]. Around 10% of the world population is oppressed by liver
disease [2]. Diseases, such as non-alcoholic fatty liver disease, are actively correlated with obesity,
alcoholic steatosis, fibrosis, cirrhosis, and diabetes mellitus. Metabolic syndrome, chronic hepatitis,
and hepatocellular carcinoma are some of the most comprehensive and colloquial liver diseases,
drawing considerable attention from medical professionals and scientists [3,4]. In chronic liver injury,
a large number of pro-inflammatory cytokines are released from injured cells, which stimulate cells,
such as Kupffer cells, to deliver more inflammatory mediators and various types of free radicals.
This signal is further amplified by the recruitment of neutrophils to the site of injury. Free radicals
release is known to induce cell/tissue damage via lipid peroxidation. As a result, the wound healing
process is also induced to maintain homeostasis, wherein hepatic stellate cells are activated to release
fibrogenic mediators accountable for the degradation of damaged cells and construction of new cells.
However, Liver fibrosis results from chronic damage to the liver in conjunction with the accumulation
of ECM proteins, which is a characteristic of most types of chronic liver diseases during persistent
injury, wound healing is disturbed, and the degradation process is constrained. Subsequently, a large
amount of collagen accumulates and causes fibrosis or cirrhosis [5].

Treatment methods involve the use of drugs, such as corticosteroids, anti- tumor necrosis factor
(TNF) antibodies, and other antioxidants [6]. Several drugs are directly or indirectly linked to

’

drug-induced liver injury and exhibit trivial adverse drug reactions, such as cell swelling, degeneration,
necrosis, inflammation, hemorrhages, and fatty changes. Drug toxicity is a major issue of the
available therapeutic drugs against liver disease. Despite these adverse reactions, a large mass
of drugs shows stunted incidences of detrimental hepatic reactions. Consequently, liver injury
is predominantly diagnosed only after extensive clinical applications of drugs. Antibiotics, statins,
non-steroidal anti-inflammatory drugs, antiepileptics, and tuberculostatics are the most common causes
of drug-induced liver injury [7]. Similarly, N-nitroso compounds, such as diethylnitrosamine (DEN)
and dimethylnitrosamine (DMN), bear hepatotoxic and carcinogenic effects. These compounds are
biotransformed to alkylating metabolites that causes DNA adduct formation. This biotransformation is
mediated by a cyto-chrome P450 enzyme-dependent pathway, mainly including the enzyme CYP2E1.
Parenteral or oral administration of modest quantities of DEN or DMN may cause extensive liver
damage, including fibrosis, intense neutrophilic infiltration, extensive centrilobular hemorrhagic
necrosis, and bridging necrosis, ultimately resulting in hepatocarcinogenesis. The tenacity of hepatic
alterations induced via DEN have allowed it to be used in the establishment of a provocative
experimental model for studies in anticipation of pathogenic alterations in hepatocarcinogenesis [8-10].

Although prerogative methods of treatment exist for maximum liver diseases, many types still
remain immedicable and the emergence of drug resistance is most prevalent [2]. Also, drug-induced
liver injury remains a challenge in diagnosis. Therefore, other safe, inexpensive, effective, and more
reliable strategies for treatment are needed to control liver-associated diseases. Alternative medicines
based on natural products are being increasingly used in the treatment of various diseases without any
adverse effects on normal physiological processes. Natural products and their related products are
being used as alternatives to conventional drugs in the management of various diseases. They are
normally associated with secondary metabolites produced by an organism, which are actively involved
in stimulating defense mechanisms against microorganisms, insects, and competing plants. A large
number of plant products, including flowers, bark, leaves, and stem, are still commonly used in
healthcare management worldwide. They have engendered a rich origin of structurally diverse
substances with an expanded range of biological activities that may lead to the development of
alternative therapies [11-14].

Green tea is one type of tea that is made from Camellia sinensis leaves and is frequently used as a
beverage worldwide, including in Saudi Arabia. Green tea is mixture of various compounds and is
also rich in polyphenols, which are powerful antioxidants [15,16]. Among the various polyphenolic
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substances, epigallocatechin-gallate (EGCG) is usually measured as a primary antioxidant in green tea
extract [17], which has been proposed as being responsible for many of the potential promoting effects of
tea[18,19]. EGCG is supposed to mitigate inflammatory processes and oxidative stress, thereby reducing
liver injury [16,20-22]. Considering the importance and essentiality of the pathogenesis of liver diseases
and its increasing incidence worldwide, we have made this study. Henceforth, an experimental study
was performed to evaluate the liver protective effect of EGCG against nitrosodimethylamine-induced
liver injury in rats.

2. Materials and Methods

2.1. Animal Model and Sample Collection

Rats (male Wistar 200 + 25 g), aged 6 weeks, were collected from King Saud University, Saudi Arabia
and were acclimatized for one week. The animal house was suitably ventilated with a 12-h cycle of day
as well as night light conditions and the temperature was maintained at around 25 °C. The animals were
fed a standard rodent pellet diet and had ad libitum access to water. All protocols concerning current
study were in compliance with the ethical guidelines of the institute. The animals were categorized into
four groups (a total number of eight rats in each group): Group 1: control; group 2: DEN (50 mg/kg bw
in vehicle solution, oral gavage); group 3: DEN + EGCG (40 mg/kg bw in vehicle solution, oral gavage);
and group 4: EGCG only, Table 1. All animals were sacrificed after 10 weeks of treatment and samples,
such as blood and tissue, were collected for further analysis to achieve the objectives of the study.
The serum was collected from the blood by centrifugation for 10 min at 1500x g and stored at a
low temperature of —80 °C until further biochemical analysis. The aim of the study was achieved
through the measurement of liver enzyme levels, levels of pro-inflammatory markers, expression of
Phosphatase and tensin homolog (PTEN) protein through immunohistochemistry, and identification
of apoptosis by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining.
To provide greater insight into the subject, flow cytometry and transmission electron microscopy were
done to evaluate the cell cycle and ultra-structural changes of the tissue. The research methodologies
were directed towards the following landmark in a stepwise manner.

Table 1. Animal grouping.

Number of Animals

Experimental Group Group Number Treatment Per Group (n)

Negative control 1 Normal rats adminis.tered with 08
vehicle solution

DEN administered via oral

Disease control 2 08
gavage

Treatment 3 DEN and EGCG 08

Treatment 4 EGCG with vehicle solution 08

2.2. Determination of Liver Function (ALT, ALP, and AST) Enzymes, SOD, CAT, and GPx Antioxidant
Enzymes and Total Antioxidant Capacity

Aspartate transaminase (AST), alanine transaminase (ALT), and alkaline phosphatase (ALP) levels
were measured in serum. Total antioxidant capacity (TAC), superoxide dismutase (SOD), Glutathione
peroxidase (GPx) and catalase (CAT) were assayed to measure the levels of hepatic injury, according to
the instructions provided by the manufacturer (Abcam, UK).

2.3. Determination of C-Reactive Protein, Interleukin-6 (IL-6), and Tumor necrosis factor-o (TNF-v)

Serological analysis was performed to measure the serum levels of C-reactive protein (CRP), IL-6,
and TNF-«. Specific rat ELISA kits (Abcam, UK) were used for the measurement of serum C- reactive
protein (CRP), IL-6, and TNF-« according to the instructions provided by the manufacturer.
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2.4. Histopathological Analysis

Liver tissues were collected and fixed in 10% formalin solution (neutral buffered saline) and
processed for histopathological analysis as per the standardized procedure [23]. A paraffin block was
sectioned using a rotary microtome, sections were placed onto glass slides, and then dried overnight.
Thin paraffin sections (5 um) were prepared and then stained with hematoxylin and eosin (H&E) dyes
and observed under a light microscope, and photomicrographs were taken by pathologists who were
blinded to the control and treatment groups.

2.5. Immunohistochemical Analysis

Expression of PTEN protein was analyzed through immunochemistry as per the method previously
described [24,25]. Briefly, tissue sections were deparaffinized in xylene, and treated with 3% hydrogen
peroxide for 15 to 20 min to block endogenous peroxidase activity. Antigen retrieval was made in citrate
buffer, pH 6.0, for 25 min and then tissues were blocked in 5% normal serum for 30 min. Slides were
incubated with primary antibody as PTEN monoclonal mouse antihuman antibody followed by
secondary biotinylated antibody. Sections were then washed in phosphate buffer and incubated with
streptavidin peroxidase for 20 to 25 min. Lastly, diaminobenzidine (DAB) was used as chromogen and
then sections were counterstained with hematoxylin stain, a photograph was captured, and the results
were interpreted accordingly.

Scoring Method

PTEN protein showing less than or equal to 10% of cells showing positivity was considered a
negative case. If more than 10% of cells were positive for PTEN, this was considered as a positive
case. The expression positivity was applied, +1 for 10% to 30% expression was considered as weak
expression, +2 for 31% to 70% expression was moderate positivity, and +3 for more than 71% was
considered strong expression. A total of 5 fields from each tissue were selected, and 100 cells from each
field were counted and the result was interpreted

2.6. TUNEL Assay

Apoptosis in liver tissues was detected by the terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labelling (TUNEL) kit (Abcam, UK) following the manufacturer’s protocol. Concisely,
terminal deoxynucleotidyl transferase (TdT) attached to 3’-OH ends of DNA fragments generated and
catalyzed the addition of biotin-labeled deoxynucleotides. Moreover, biotinylated nucleotides were
bound with a streptavidin-horseradish peroxidase conjugate. Finally, diaminobenzidine (DAB) reacted
with the horseradish peroxidase-labelled sample to generate a colored (brown) substrate at the site of
DNA fragmentation. Apoptotic activity was quantified by the apoptotic index, which represented
the percentage of apoptotic epithelial cells in each tissue. Apoptosis was measured by counting the
percentage of positive cells and a photograph was taken, and the result was interpreted.

2.7. Transmission Electron Microscopy (TEM)

Transmission electron microscopy was performed using the method previously described [16]
with little modifications. Briefly, around a 3 to 5 mm piece of liver tissue was fixed in freshly prepared
3% glutaraldehyde at 4 °C for 24 h. The samples were washed in phosphate buffer and stored
at 4 °C for further processing. After fixation, the samples were washed in 1% osmium tetroxide,
dehydrated via ethanol series and cleared using propylene oxide, and then embedded in resin.
Round 50-nm thick sections were cut using ultramicrotome and sections were stained through uranyl
acetate and lead citrate, photographed with transmission electron microscopy, and the results were
interpreted accordingly.
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2.8. Cell Cycle Analysis

Flow cytometry using propidium iodide (PI) staining was used to identify the cell distribution
during the various phases of the cell cycle according to the manufacturer’s instructions. Concisely,
cells were harvested and washed in phosphate buffer saline, and fixed in cold ethanol for 25 to 30 min
at a low temperature of 4 °C. In addition, cells were washed two times in phosphate buffer saline
and centrifuged and the RNase was added. Finally, 150200 puL of propidium iodide was added and
forward scatter and side scatter were measured to identify single cells. This is usually determined by
their frequency histogram, which offers information about the relative frequency of cells in the phases
of the cell cycle.

2.9. Statistical Analysis

Data from each treated group are expressed as means + SEM. Statistical comparison between
groups was made using SPSS software by matching analysis of variance. A p-value < 0.05 was
considered as statistically significant.

3. Results

3.1. EGCG Reduces the Serum Level of Biochemical Enzymes

In liver injury, alterations occur in the transportation function of hepatocytes, thus triggering
leakage in the plasma membrane and henceforth causing an increase of serum levels of liver enzymes.
The levels of liver function enzymes, including alanine transaminase (ALT), alkaline phosphatase
(ALP), and aspartate transaminase (AST), were measured in all experimental groups. The levels of
enzymes, including ALT, ALP, and AST, were significantly higher in the DEN only-treated group
(disease control) than the normal control group (p < 0.05). Moreover, DEN with EGCG-treated group
demonstrated significantly lower levels of all tested enzymes in comparison to the DEN-only group
(p < 0.05) (Figure 1).
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Figure 1. Effect of EGCG on Alanine aminotransferase (ALT), Alkaline phosphatase (ALP), and
Aspartate transaminase (AST) activity in DEN-induced liver injury. Enzyme levels, including ALT,
ALP, and AST, were significantly higher in the DEN-treated group than the normal control group.
Moreover, the DEN + EGCG group revealed considerably lower ALT, ALP, and AST values than the
DEN-only group. Statistical significances are compared between control versus DEN-treated groups
only (p < 0.01), and DEN-treated versus DEN plus EGCG (p < 0.05).
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3.2. Antioxidant Activity of EGCG

The antioxidant activity of EGCG was analyzed by measuring the serum levels of hepatic
antioxidant enzymes, including SOD, CAT, and GPx. The activities of antioxidant enzymes, such as
SOD, CAT, and GPx, were found to be significantly decreased in the DEN only-treated group compared
to the control group (Figure 2). Furthermore, the activities of SOD, CAT, and GPx meaningfully
increased in the DEN + EGCG group (p < 0.005). Moreover, the total antioxidant capacity was
significantly decreased in the DEN only-treated group as compared to the control group. However,
the total antioxidant capacity was found to be significantly increased in the DEN + EGCG group
(p < 0.005) (Figure 2). This result clearly demonstrated that EGCG plays a vital role in liver damage
protection by improving antioxidant enzyme levels.
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Figure 2. Effect of EGCG on antioxidant enzymes Superoxide Dismutase (SOD), Catalase (CAT),
and Glutathione peroxidase (GPx) and total antioxidant capacity in DEN-induced liver injury. The
levels of antioxidant enzymes were significantly lower in the DEN only-treated group than the control
group. The DEN + EGCG group displayed significantly higher antioxidant enzyme levels than the
DEN-only group (p < 0.01). Total antioxidant capacity was also found to be significantly increased in
the DEN + EGCG group (p < 0.05).

3.3. EGCG Reduces the Serum Levels of CRP and Pro-Inflammatory Mediators—TNF-a and IL-6

DEN treatment increases the levels of pro-inflammatory cytokines TNF-o and IL-6 in the serum
of animals, as compared to the serum of animals without any treatment (control) (p < 0.05). On the
other hand, treatment with EGCG significantly decreased their levels (p < 0.05). The level of CRP was
high in the serum of animals of the DEN only-treated group, as compared to the serum of animals
without any treatment, and treatment with EGCG significantly decreased the level of CRP (Figure 3).
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Figure 3. Effect of EGCG on the serum levels of TNF-«, CRP, and IL-6. EGCG treatment significantly
decreases the levels of Tumour Necrosis Factor alpha (TNF-«), c-reactive protein (CRP), and Interleukin
6 (IL-6) in the DEN + EGCG group (p < 0.05) as compared to the DEN-treated group (p < 0.01).

3.4. EGCG Reduces Hepatic Histological Alterations

Liver tissues from all the experimental groups were analyzed through H&E staining and
histological findings were compared accordingly (Figure 4a-e).

found to be significantly mild/lower in the EGCG-treated group (p < 0.05).
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Figure 4. Histopathological analysis. H&E (X40) stained photomicrographs of liver tissues showing
(a) the normal architecture of hepatocytes—control group. (b—d) DEN only-treated tissues displaying
dilate and congested central vein, hemorrhage, and increased inflammatory cells in the portal tract,
hemorrhage, and necrosis. (e) EGCG-treated tissue, where the liver tissue alteration was significantly
lowered compared to the disease control group (DEN only-treated group).

3.5. Immunohistochemical Analysis

Expression of PTEN protein was evaluated in the tissues of different groups via
immunohistochemistry staining. PTEN protein expression was noticed in all groups (Figure 5a-d) and
loss of PTEN protein expression was not observed in any of the groups. The expression pattern of
PTEN protein among different groups was found to be statistically insignificant (p > 0.05).
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Figure 5. Inmunohistochemical analysis. Phosphatase and tensin homolog (PTEN) protein expression
was evaluated in different treatment groups (a-d). (a) The control group showed high PTEN expression;
(b) the DEN-treated group also displayed a high expression of PTEN; (c). PTEN expression was also
noted in the DEN + EGCG treated group and (d) EGCG-only group.

3.6. Evaluation of Apoptotic Bodies Via TUNEL Assay

Control tissue, EGCG-treated group, and DEN + EGCG group tissue did not possess apoptotic
nuclei as indicated by the TUNEL assay. However, some positive TUNEL cells were observed in the
DEN only-treated group (Figure 6a—d).

Figure 6. TUNEL Assay. Apoptotic nuclei were absent in (a) the liver tissue of the control group;
(c) tissue from the DEN + EGCG group and (d) tissue from the EGCG only-treated group. However,
(b) the liver tissue of DEN only-treated group indicated the presence of some positive apoptotic nuclei.
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3.7. Effect of EGCG on Ultrastructure Changes of Liver

An electron microscopy-based experiment was performed to analyze the ultrastructure of
liver tissue. The hepatocytes of the liver tissue of the normal control group demonstrated normal
mitochondria and most of the mitochondria were spherical or round-shaped, dense granulated
cytoplasm, smooth endoplasmic reticulum tubules with cristae normally present and normal rough
endoplasmic reticulum whereas the observation of hepatocytes in the DEN-treated group showed
extensive cellular damage. It was seen that a swollen and reduced number of mitochondria, distorted
shape mitochondria, large clumps of glycogen surrounding cell organelles, broken SER tubules,
and dilation of the rough endoplasmic reticulum (p < 0.05). A number of damaged hepatocytes were
found in the DEN-only treatment group, and the majority of the cytoplasmic organelles in these
cells were degraded. The hepatocytes of liver tissue of the DEN plus EGCG-treated group showed a
reduction of the damage in hepatocytes. Mitochondria are spherical or round-shaped but the presence
of some dilated mitochondria, presence of glycogen clump, well-developed SER-ER tubule, and few
lysosomes. The normal hepatocytes were seen in the EGCG only-treated group (Figure 7a—d).

Figure 7. Ultrastructural changes of liver. Electron microscopy was used to observe the ultrastructure

of hepatic cells. (a) Hepatocytes of the liver tissue of the control group revealed normal mitochondria
and most of the mitochondria are spherical or round-shaped, smooth endoplasmic reticulum tubules
with cristae normally present, and normal rough endoplasmic reticulum; (b) DEN only-treated tissues
displaying extensive cellular damage. Swollen and reduced number of mitochondria, distorted shape
mitochondria, large clumps of glycogen surrounding cell organelles, broken SER tubules, and dilation
of the rough endoplasmic reticulum was seen. (¢) EGCG plus DEN-treated tissue—where the liver
tissue alteration was significantly reduced as compared to the disease control group (p < 0.05) (DEN
only-treated group). (d) EGCG only-treated group exhibited normal hepatocytes.
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3.8. Effect of EGCG on the Cell Cycle

Cell cycle analysis was done using flow cytometry. A relative frequency of cells in different phases
of the cell cycle were calculated. The control group (a) contained around 80% of cells in the S and G2/M
phase. However, cells were arrested in the sub-G1 phase in tissues treated with DEN only (b). On the
other hand, the EGCG plus DEN (c) treatment allowed the cells to move from the sub-G1 phase to
the G1 and S phase as indicated by an increased frequency of cells in the S and G2/M phase (~93%).
(d) The EGCG only-treated group (Figures 8a—d and 9a—d).
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Figure 8. Cell cycle analysis. Relative frequencies of cells in different phases of the cell cycle in The
control group (a) contained around 80% of cells in the S and G2/M phase. However, cells were arrested
in the sub-G1 phase in tissues treated with DEN only (b). On the other hand, the EGCG plus DEN (c)
treatment allowed the cells to move from the sub-G1 phase to the G1 and S phase as indicated by an
increased frequency of cells in the S and G2/M phase. (d) The EGCG only-treated group.
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Figure 9. Cell cycle significance analysis between the groups using a bar diagram. Relative
frequencies of cells in different phases of the cell cycle in (a) control, (b) DEN only-treated, (c¢) DEN +
EGCG-treated, and (d) EGCG only-treated groups.

4. Discussion

The current study results provide evidence of the role of EGCG in the regulation of apoptosis,
antioxidant production, and inflammatory cytokines in rat liver damage with the concept of
mitochondrial homeostasis. Significantly, the current study results also advocate for an argument for
further analysis of EGCG or structurally related molecules as inhibitors of TNF-« and IL-6 synthesis
and possibly other cytokine-regulated diseases. The anti-inflammatory, tumor-suppressing, and
anti-oxidative effects of EGCG have been studied formerly. Howbeit, its antioxidant effect is the most
imperative one [26,27]. During liver injury, the generation of free radicals and reactive oxygen species
plays a critical role in the augmentation of tissue damage. As the injury proceeds, inflammatory
cascades are activated, leading to the release of pro-inflammatory cytokines and free radicals, which
finally causes activation of inflammatory Kupffer cells and recruitment of neutrophils at the site of
injury. Stimulated inflammatory cells are accountable for the generation of more free radicals and
provoked secretion of pro-inflammatory mediators. A large amount of released free radicals induce
lipid peroxidation in the cellular phospholipid bilayer, which can damage the cytosol and other cellular
organelles [5]. Thoughtfully, the anti-oxidative effects of EGCG come into action through activation of
anti-oxidation protective signaling, thus reducing injury [28,29]. Similarly, other studies have shown
anti-oxidative and preventive effects of EGCG on different hepatic injury animal models [30,31].

In the current study, DEN-induced liver injury in a rat model was characterized by an increase
in the secretion of pro-inflammatory cytokines, including IL-6 and TNF-«. This study shows that
EGCG ameliorated liver injury along with a decrease of IL-6 and TNF-« levels in serum. These
results are supported by previous studies in which IL-6 deficiency or IL-6R blockade ameliorated
hepatocyte damage, indicating that the control of IL-6 production may produce a valuable outcome
in liver injury [32,33]. A previous study by Jamal et al. [34] showed that administration of green
tea polyphenols showed a role in the prevention of acute liver injury in mice by reducing CRP, IL-6,
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and TNF-«. However, this study specifically provides insight into one of the potential mechanisms of
EGCG’s liver protective activity.

Moreover, EGCG treatment also increases the levels of anti-oxidative enzymes SOD, CAT, and GPx,
suggesting the activation of anti-oxidation protective signaling pathways to provide protection against
oxidative damage. The upregulation of serum levels of AST, ALP, and ALT is a strong indication of the
manifestation of oxidative stress in DEN-induced liver injury. The current study result demonstrates
that EGCG reduces oxidative stress by reducing the serum levels of these liver functionality enzymes.
It has been reported that oxidative stress regulates the apoptotic signaling pathway in cells. This result
agrees with a previous finding that treatment with EGCG plays a significant role in the reduction of
liver injury, oxidative stress, and the inflammatory response [5]. Moreover, EGCG also significantly
attenuated the severity of CCI (4)-induced liver injury and the progression of liver fibrosis. Another
study reported that in vitro model of oxidative stress induced by ethanol provided evidence that EGCG
prevented some aspect of liver cell injury caused by ethanol [35].

PTEN is one of the tumor suppressor genes and it is located in the 10923 region encoding for a
403-amino acid multifunctional protein that comprises lipid and protein phosphatase activities [36].
The overexpression/altered expression of PTEN protein has been noticed in tumors [37]. Several studies
have suggested a role for PTEN in hepatic injury [38,39], but the expression pattern of PTEN protein
among different groups was statistically insignificant in the current study.

Mitochondria are the major source of endogenous reactive oxygen species, and altering
mitochondrial homeostasis is a known mechanism for toxic compounds, including DEN [40,41].
EGCG treatment significantly improves mitochondrial health and number as determined by our TEM
study; several studies [42-44] with EGCG are in accordance with our study. Further studies are needed
to fully investigate this mechanism.

Previous study have suggested that PARP is a family of proteins involved in a number of cellular
processes including DNA repair and apoptosis [45]. This has been evidently established by an increase
in apoptotic nuclei upon DEN-induced liver injury. However, EGCG decreases the presence of
apoptotic nuclei as demonstrated by the TUNEL assay. Therefore, the present data advocate that
administration of EGCG plays a role in the reduction of liver injury-related cell apoptosis, possibly
by decreasing cleaved caspase-3 and cleaved caspase-9 levels. Thus, the accumulation of DEN in
the liver caused several damaging effects, including marked pathological changes in liver enzyme
activities, generation of reactive oxygen species, and DNA damage, as well as apoptosis. These effects
were reversed by administration of EGCG. Additionally, EGCG administration displayed a clear effect
on the cell cycle, accompanied by a decrease in the sub-G1 population (indicating apoptosis) and
a significant increase in S or G2/M (indicating cell proliferation), the mechanism of which needs to
be further elucidated. A previous finding was in accordance with the current finding and the study
reported negative regulators of the protein kinases and cyclins, thus arresting the cell cycle at the
eGy/G; phase [46], and EGCG, a chief compound of green tea, inhibited DNA synthesis and arrested
the cell cycle at the GO/G; phase [47].

In conclusion, the result of the current study demonstrates that EGCG treatment reduced the
amount of DEN-induced hepatic injury by decreasing mitochondrial oxidative stress and cellular
apoptosis. Furthermore, it was also revealed that EGCG inhibits CRP, TNF-«, and IL-6 production and
suppresses the inflammation process. Hence, EGCG can be used as a plausible therapeutic tool against
liver injury and other liver-associated diseases.
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Abstract: Hsp27, Hsp60, Hsp70, and Hsp90 are chaperones that play a crucial role in cellular
homeostasis and differentiation, but they may be implicated in carcinogenesis. Follicular neoplasms
of the thyroid include follicular adenoma and follicular carcinoma. The formeris a very frequent benign
encapsulated nodule, whereas the other is a nodule that infiltrates the capsule, blood vessels and the
adjacent parenchyma, with a tendency to metastasize. The main objective was to assess the potential
of the Hsps in differential diagnosis and carcinogenesis. We quantified by immunohistochemistry
Hsp27, Hsp60, Hsp70, and Hsp90 on thin sections of human thyroid tissue with follicular adenoma or
follicular carcinoma, comparing the tumor with the adjacent peritumoral tissue. Hsp60, Hsp70, and
Hsp90 were increased in follicular carcinoma compared to follicular adenoma, while Hsp27 showed
no difference. Histochemical quantification of Hsp60, Hsp70, and Hsp90 allows diagnostic distinction
between follicular adenoma and carcinoma, and between tumor and adjacent non-tumoral tissue.
The quantitative variations of these chaperones in follicular carcinoma suggest their involvement in
tumorigenesis, for instance in processes such as invasion of thyroid parenchyma and metastasization.

Keywords: Hsp27; Hsp60; Hsp70; Hsp90; molecular chaperone; chaperonopathies; thyroid; follicular
adenoma; follicular carcinoma; differential diagnosis; carcinogenesis

1. Introduction

Thyroid tumors are the most frequent endocrine malignancies and their incidence is steadily
increasing [1]. They are divided into epithelial and non-epithelial tumors. Follicular neoplasms of the
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thyroid gland include benign follicular adenoma (FA) and follicular carcinoma (FC) [2]. FA is the most
common benign thyroid tumor and occurs in follicular cells. Macroscopically, it may appear as a single
nodule, whose diameter can vary from a few millimetres to a few centimetres, surrounded by a single
capsule. Microscopically, it is characterized by the proliferation of many follicles surrounded by a
capsule and, depending on their size the adenomas can be sorted into normofollicular, microfollicular,
macrofollicular, and solid-trabecular.

Among thyroid carcinomas, FC is the second most common epithelial tumor after papillary
carcinoma, occurring late in life, with the fifth and sixth decades being the most affected, and is more
aggressive than papillary carcinoma [3]. Macroscopically it appears as a thyroid nodule of variable
diameter and may or may not possess a capsule. Microscopically, FC consists of a proliferation of
follicles, similarly to FA, but the neoplastic follicles invade the tumor capsule when present, penetrating
into blood vessels and/or the adjacent normal thyroid tissue, a feature that can only be appreciated
with histological but not with cytological techniques [4].

Immunohistochemical analysis does not usually allow the differentiation between benign and
malignant lesions and, as a consequence, the majority of patients with these lesions are referred to
surgery without a precise diagnosis. For this reason, it is necessary to improve the preoperative
diagnosis also because no clinical, radiological, or laboratory test currently available is sufficiently
sensitive and specific to distinguish benign from malignant follicular lesions detected by fine-needle
aspiration [5].

Molecular chaperones are the main components of the chaperoning system with canonical and
non-canonical functions [6,7]. The former functions pertain to maintenance of protein homeostasis and
include assisting in the: folding of nascent polypeptides as soon as they emerge from the ribosome and
until they reach their native and biologically active tridimensional structure; prevention of protein
misfolding and aggregation; translocation of proteins from one cell compartment to another; and
driving damaged or unnecessary proteins toward degradation [8-12].

Many chaperones are heat shock proteins (Hsp) but although not all Hsp are chaperones the terms
molecular chaperone (or chaperone in short) and Hsp are used as synonyms. Chaperones are classified
according to molecular weight [7] and designated variously, which causes confusion, and because of
this, attempts at nomenclature standardization have been made [13].

Although chaperones are considered essentially cytoprotective, it is now known that they
can also be pathogenic if abnormal in structure, or location, or quantity, causing diseases named
chaperonopathies, including several types of cancer [7,14].

Some chaperones are increased in various cancers with the magnitude of the increase being closely
associated with prognosis and with resistance to anticancer therapy, the former being worse and the
latter being higher as the chaperones increase is bigger [15,16].

There are few data in the literature on the role of Hsp in thyroid cancer, for example Hsp27 was
increased in anaplastic carcinoma [17], and in papillary carcinoma, in which it was induced by 17
{-estradiol, which facilitates proliferation and confers resistance to apoptosis [18]. In this study, we
performed immunomorphological analysis on samples of FA and FC to evaluate, for the first time to
our knowledge, the tissue levels of Hsp27, Hsp60, Hsp70, and Hsp90. We focused on these chaperones
based on the fact that they are implicated in chaperonopathies, including carcinogenesis [15,19].

2. Materials and Methods

2.1. Sample Collection

Formalin-fixed and paraffin-embedded thyroid tissue of human FA and FC (10 samples for each
group) were retrieved from the archives of the Department of Human Pathology of the University
of Palermo to perform immunohistochemical assays for Hsp27, Hsp60, Hsp70, and Hsp90. These
samples were from patients who had undergone thyroidectomy surgery in the Department of Surgical,
Oncological and Oral Sciences at the University of Palermo (Table 1). The experiments related to this
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study were conducted as part of the study project approved by the Ethics Committee of University
Hospital AUOP Paolo Giaccone of Palermo (N° 05/2017 of 05/10/2017).

Table 1. Patient demographics and tumor characteristics.

Thyroid Weight Nodules Size

Sex Age (yrs) Localization ® (mm)
FOLLICULAR ADENOMA

M 27 Right lobe 35 17

F 39 Right lobe 15 28

F 69 Left lobe 30 24

M 46 Right lobe 35 32

F 73 Left lobe 120 30

F 55 Left lobe 20 20

F 67 Right lobe 40 22

M 35 Left lobe 55 38

F 29 Isthmus 60 42

F 48 Right lobe 70 15

Stage
FOLLICULAR CARCINOMA (AJCC/TNM)

F 41 Left lobe 45 25 I

F 29 Right lobe 35 30 I
M 62 Right lobe 80 35 I

F 51 Right lobe 50 40 1

F 48 Isthmus 20 28 1

F 39 Left lobe 25 25 1
M 67 Right lobe 45 38 11

F 57 Right lobe 60 22 I

F 29 Left lobe 25 19 1

F 61 Right lobe 30 41 1

*Abbreviations. Yrs, years; M, male; F, female; AJCC, American Joint Committee on Cancer;

TNM, Tumor-Nodes-Metastasis.

2.2. Immunohistochemistry

Immunohistochemical experiments were performed on 5-micron thick sections of
paraffin-embedded tissue, obtained with a cutting microtome. The slides were dewaxed in xylene for
30 min at 60 °C and rehydrated, at 22 °C, by sequential immersion in a graded series of alcohols and
transferred into distilled water for 5 min. Then, the sections were incubated for 8 min in Sodium Citrate
Buffer (pH 6) at 95 °C for antigen unmasking and immersed for 8 min in acetone at —20 °C to prevent
the detachment of the sections from the slide. After a wash of sections with PBS (Phosphate Buffered
Saline pH 7.4) at 22 °C for 5 min, the experiments for Hsp60, Hsp70, and Hsp90 were performed
applying a streptavidin-biotin complex method, using Histostain®-Plus 3rd Gen ITHC Detection Kit
(Life Technologies, Frederik, MD, USA; Cat. No. 85-9073). Therefore, the sections were treated for
5 min with Peroxidase Quenching Solution (reagent A of Histostain®-Plus 3rd Gen THC Detection Kit,
Life Technologies) to inhibit endogenous peroxidase activity, and after another wash with PBS at 22 °C
for 5 min, were treated with blocking solution (reagent B of Histostain®-Plus 3rd Gen THC Detection
Kit, Life Technologies) for 10 min to block non-specific antigenic sites. Subsequently, the sections
were incubated overnight at 22 °C, with a primary antibody against human Hsp60 (rabbit anti-Hsp60
polyclonal antibody, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, cat. N°: sc-13966, dilution
1:300), human Hsp70 (mouse anti-Hsp70 monoclonal antibody, clone W27, Santa Cruz Biotechnology,
Inc, Santa Cruz, CA, USA, cat. N°: sc-24, dilution 1:200) and human Hsp90 (mouse anti-Hsp90
monoclonal antibody, clone F-8, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, cat. N°: sc-13119,
dilution 1:200). Appropriate positive and negative (isotype) controls, were run concurrently. The
following day, after a wash with PBS at 22 °C for 5 min, the sections were incubated with a universal
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biotinylated secondary antibody (Biotinylated Secondary Antibody reagent C Histostain®-Plus 3rd
Gen IHC Detection Kit, Life Technologies) for 10 min. After a subsequent washing with PBS for 5 min,
the sections were incubated with streptavidin-peroxidase complex (Streptavidin-Peroxidase Conjugate
reagent D Histostain®-Plus 3rd Gen THC Detection Kit, Life Technologies) for 10 min, and following
a further washing in PBS for 5 min, the slides were incubated in the dark for 5 min with the DAB
chromogen (diaminobenzidine) (DAB chromogen reagents E1 and E2 Histostain®-Plus 3rd Gen IHC
Detection Kit, Life Technologies). The experiments for Hsp27 were performed using an IHC goat kit
(Cell & Tissue Staining Kit, R&D Systems, Inc., Minneapolis, MN, USA, Cat N° CTS008). Sections,
after deparaffinization, were treated at 22 °C for 5 min with Peroxidase Blocking Reagent (Cell &
Tissue Staining Kit, R&D Systems, Inc.) to inhibit endogenous peroxidase activity and after another
wash with PBS for 5 min, with a Serum Blocking Reagent D (Cell & Tissue Staining Kit, R&D Systems,
Inc.) for 15 min to block non-specific antigenic sites. Since the detection is based on the formation of
Avidin-Biotin compleXx, the sections were treated with Avidin Blocking Reagent (Cell & Tissue Staining
Kit, R&D Systems, Inc.) at 22°C for 15 min. After a wash with PBS, the sections were incubated with
Biotin Blocking Reagent for 15" (Cell & Tissue Staining Kit, R&D Systems, Inc.). After another wash
with PBS, the sections were incubated at 22 °C overnight, with a primary antibody against human
Hsp27 (goat anti-Hsp27 polyclonal antibody, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA,
cat. N°: sc-1048, dilution 1:150). For all samples, appropriate positive and negative (isotype) controls
were run concurrently. So the samples were washed at 22 °C three times in PBS for 15 min/wash, and
then the sections were incubated with Biotinylated Secondary Antibody (Cell & Tissue Staining Kit,
R&D Systems, Inc.) for 40 min most often (the length of this incubation time varies depending on the
thickness of the section). After that, the slides were washed three times in PBS for 15 min/wash. The
high detection sensitivity of this method is obtained by using premium quality biotinylated secondary
antibodies and High Sensitivity Streptavidin-conjugated HRP (HSS-HRP). HSS is a chemical analog
of Streptavidin that interacts only with Biotin bound to secondary antibodies. The sections were
incubated at 22 °C with HSS-HRP (Vial B, Cell & Tissue Staining Kit, R&D Systems, Inc.) for 30 min.
For all samples, the visualization is based on enzymatic conversion of chromogenic substrates 3,3
Diaminobenzidine (DAB) into a colored precipitate (brown), by horseradish peroxidase (HRP) at the
sites of antigen localization, after two subsequent washing with PBS for 2 min/wash, the slides were
incubated in the dark for 5 min with the DAB chromogen (200 pL of DAB chromogen solution were
required to cover tissue section on a single slide). Two drops of DAB Crhomogen were added to 2 mL
of DAB Chromogen Buffer (Cell & Tissue Staining Kit, R&D Systems, Inc.).

The nuclei were counterstained with hematoxylin (Hematoxylin aqueous formula, REF
05-06012/LN. Cat. 52020, Bio-Optica, Milano, Italy). Finally, the slides were mounted for observation
with coverslips using a permanent mounting medium (Vecta Mount, H-5000, Vector Laboratories, Inc.
Burlingame, CA, USA). The observation of the sections was carried out with an optical microscope
(Leica DM 5000 B, Leica Microsystems Srl, Buccinasco (MI), Italy) connected to a digital camera
(Leica DC 300F).

Two independent observers (F.C, and ER) examined all specimens on two separate occasions
and performed a quantitative analysis to quantify the percentage of epithelial cells positive for Hsp27,
Hsp60, Hsp70, and Hsp90. All the observations were done at a magnification of 400X and the
percentage of positive cells was calculated in a high-power field (HPF) and repeated for 10 HFP.
The immunopositivity evaluation is expressed as average percentage of all immuno-quantifications
performed in each case for each Hsp. Statistical analyses were carried out using the GraphPad Prism 4.0
package (GraphPad Inc., San Diego, CA, USA). One-way ANOVA analysis of variance with Bonferroni
post-hoc multiple comparisons was used to detect significant statistical differences. All data are
reported as the means + SD, and the level of statistical significance was set at p < 0.05.
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2.3. Results

The presence and levels of Hps27, Hsp60, Hps70 and, Hsp90 were determined in the tumor
tissue itself and in the adjacent parenchyma (AP) of FA and FC. The immunopositivity for Hsp27 was
observed in the cytoplasm and the nucleus in tumoral cells while only in the cytoplasm in the cells of
the adjacent parenchyma. It was high in all specimens and it did not show significant quantitative
differences between the specimens or tissue type: it was 73% in FA and 70% in its AP, and 68% in FC
and 47% in its AP (Figure 1).

Tumor tissue ~ Adjacent parenchyma

FA APFA FC  APFC

Figure 1. Hsp27 Immunohistochemistry. (A) Representative images of immunohistochemical results
for Hsp27. Magnification 200x; scale bar 100 um. (B) The histogram shows statistical results for
the immunohistochemical evaluation for Hsp27 in follicular adenoma (FA), adjacent parenchyma of
follicular adenoma (AP FA), follicular carcinoma (FC) and adjacent parenchyma of follicular carcinoma
(AP FC). Data are presented as mean +SD.

The Hsp60 tissue levels were 33% in FA and 7% in its AP with a significant difference (p < 0.01),
and in FC the immunopositivity was 74% and 6% in its AP with a significant difference (p < 0.001).
In the FA and FC epithelial cells, the immunopositivity was diffuse in the cytoplasm while in the
epithelial cells of the AP was also in the cytoplasm but mild and granular. Statistical analysis also,
showed a significant difference between FA and FC (p < 0.001) (Figure 2).
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Figure 2. Hsp60 Immunohistochemistry. (A) Representative images of immunohistochemical results
for Hsp60. Magnification 200X; scale bar 100 um. (B) The histogram shows statistical results for
the immunohistochemical evaluation for Hsp60 in follicular adenoma (FA), adjacent parenchyma of
follicular adenoma (AP FA), follicular carcinoma (FC) and adjacent parenchyma of follicular carcinoma
(AP FC). Data are presented as the mean +SD. * p < 0.0001, # p < 0.01.

The results for Hsp70 showed a positivity of 18% and 8% in FA and its AP, respectively, with no
statistical difference, and of 55% and 7% in FC and its AP, respectively, with a statistical difference
(p < 0.001). The epithelial cells of FC showed a high cytoplasmic positivity while those of FA and the
AP of both neoformations, showed a mild and pointed immunopositivity. Statistical analysis also
showed a significant difference between FA and FC (p < 0.001) (Figure 3).

Adjacent parenchyma B
&
] i,
E ¢ oy
o b
g y
Q
k-]
<
]
3
2
°
w
®
£
o
£
= -
3 g
o
Sy -
°
w

FA APFA FC APFC

Figure 3. Hsp70 Immunohistochemistry. (A) Representative images of immunohistochemical results
for Hsp70. Magnification 200x; scale bar 100 um. (B) The histogram shows statistical results for
the immunohistochemical evaluation for Hsp70 in follicular adenoma (FA), adjacent parenchyma of
follicular adenoma (AP FA), follicular carcinoma (FC) and adjacent parenchyma of follicular carcinoma
(AP FC). Data are presented as the mean +SD. * p < 0.0001.

54



Appl. Sci. 2019, 9, 4324

The tissue levels of Hsp90 were 25% in FA and 15% in its AP, and were 56% in FC and 33% in
its AP with no statistical difference. In all specimens the immunopositivity was cytoplasmic, intense
in the FC and FA cells while mild in the cells of the AP. Statistical analysis also showed a significant
difference between FA and FC (p < 0.05) (Figure 4).
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Figure 4. Hsp90 Immunohistochemistry: (A) Representative images of immunohistochemical results
for Hsp90. Magnification 200x; scale bar 100 um. (B) The histogram shows statistical results for
the immunohistochemical evaluation for Hsp90 in follicular adenoma (FA), adjacent parenchyma of
follicular adenoma (AP FA), follicular carcinoma (FC) and adjacent parenchyma of follicular carcinoma
(AP FC). Data are presented as the mean +SD. * p < 0.05.

Our immunohistochemical observation was also dedicated to the evaluation of the intracellular
localization of the Hsp immunopositivity. We observed an accumulation of Hsp60, Hsp70, and Hsp90
in the cytoplasm and of Hsp27 in the cytoplasm and in the nucleus.

3. Discussion

In this work, we studied the immunohistochemical levels of Hps27, Hsp60, Hps70, and Hsp90 in
human thyroid tissue with follicular adenoma (FA) and follicular carcinoma (FC). FC is characterized
by the ability to invade the tumor capsule when this is present and forcing its way inside blood vessels
and in the adjacent normal thyroid tissue. This characteristic distinguishes FC from FA. In general,
the pathological condition of cancer is characterized by an imbalance between cell proliferation and
differentiation. A physiological balance between cell proliferation and differentiation is essential to
ensure proper growth and development of multicellular organisms, and to maintain adult tissue and
organ homeostasis. It is of fundamental interest in cancer pathology to understand the mechanisms
underpinning the origin of the loss of cell differentiation capability and the induction of malignancy
progression. Molecular chaperones play a key role in the maintenance of cellular and tissue homeostasis
and in the regulation of organ remodelling [20-23]. However, when abnormal in structure and/or
quantity and/or function, and/or location, chaperones can cause disease, the chaperonopathies [7,14],
and numerous scientific reports showed their involvement in the pathogenesis and progression of
various human neoplasms [15,19,24]. High tissue levels of Hsps are often associated with cancer
progression and invasiveness, as shown by studies in which it was suggested that these proteins are
augmented in some types of tumors with tendency to invade surrounding tissues and to spread to
distant organs [19,25-27].
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Hsp27 was initially characterized as a chaperone that facilitates the refolding of damaged proteins
in response to heat shock. Further investigations revealed that Hsp27 also responds to oxidative
and chemical stressors, mainly acting as an antioxidant and antiapoptotic agent. It was observed
that an increase of Hsp27 levels is transiently induced at specific stages during development and
cell differentiation and occurs concomitantly with the differentiation-associated decrease of cellular
proliferation [28,29]. Other studies reported that Hsp27 is augmented in different types of tumors and
its levels are directly associated with a more aggressive malignant behavior (cancer cell proliferation,
invasiveness, and metastasis) and resistance to chemotherapy [30,31]. Furthermore, Hsp27 mediates
endothelial cell mobility, improving angiogenesis [32].

The eukaryotic Hsp60 resides and works in the mitochondrial matrix where, together with its
co-chaperonin Hsp10, drives the proper folding of proteins destined to the mitochondrial matrix. In
addition to this intramitochondrial function, Hsp60 plays a role in other cellular processes beyond
the mitochondrion, for instance in the cytosol, plasma-cell membrane, extracellular environment,
and biological fluids) [33]. Hsp60 seems to be directly or indirectly involved in carcinogenesis in
different organs, since its levels change during the carcinogenetic steps [15,24]. Hsp60 levels are
increased in various tumors such as colorectal cancer, liver and uterine cervical cancers and its levels
are correlated with cancer progression, which makes this chaperonin a useful biomarker indicating
poor prognosis [34,35].

There are many reports of a strong association of Hsp70 with cancer development. For instance, it
promotes carcinogenesis by acting as survival factor owing to its tumor-associated expression and
anti-apoptotic effects [36]. Hsp70 abundance gives the neoplasm greater invasiveness [37].

Hsp90 is also augmented in various cancers, apparently playing important roles in cancer
biology by regulating tumor growth, invasion, metastasis, angiogenesis, and apoptosis, and induces
neoangiogenesis by stabilizing vascular endothelial growth factor and nitric oxide syntheses [38-40].

In light of what is available in the literature in the field of Hsp and cancer, very briefly summarized
in the preceding paragraphs, we decided to evaluate the tissue levels of the four molecular chaperones
discussed above, simultaneously, in samples of thyroid follicular neoplasms, about which there is little
information. We also observed the localization of these Hsp in tumor cells to evaluate their possible
localization change.

Hsp27 levels did not show significant quantitative differences between the groups studied. This
result is in contrast with the data present in the literature on other types of tumors, which indicates that
the thyroid tumors deserve detailed analysis to elucidate the basis for this unique feature regarding
Hsp27. However, even if we did not find a quantitative difference, we observed a nuclear localization
that, according to the data in the literature, would be linked to the phosphorylation of the chaperone [41].

Conversely, we observed a higher immunopositivity of Hsp60, Hsp70, and Hsp90 in FC compared
to FA and their adjacent parenchyma. These data are in agreement with what has been published in
the literature on other types of tumors. The increase of Hsp60 and Hsp70 in FC suggest its implication
in carcinogenesis and in the progression of this tumor. Hsp60 and Hsp70 levels in FC were higher
compared to adjacent parenchyma levels. In normal cells, Hsp 60 is detected in the mitochondria
while in tumoral cells it is abundant in the cytoplasm. These data are interesting because both Hsps
could be considered tumor tissue markers. Likewise, the higher levels of Hsp90 might indicate its
implication in the process of FC invasion of surrounding tissue. This could be attributed to the known
stabilizing effects of Hsp90 on matrix metalloproteinases, which would favor tumor infiltration and
invasion [42,43].

In conclusion, our immunohistochemical data suggest an involvement of Hsp60, Hsp70, and
Hsp90 in the mechanisms of carcinogenesis of thyroid follicular carcinoma. The immunomorphological
observation showed a change in cellular localization of the Hsps studied. This pattern is found in
various carcinogenic processes [19,24]. It is necessary to continue these studies to clarify the molecular
mechanisms underlying the increase in tissue levels of these chaperones in this human cancer. In this
regard, determination of chaperone-gene expression levels and elucidation of post-transcriptional
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mechanisms that might be involved in augmenting the levels of the chaperones in thyroid tumors
seem to be the most promising approaches toward finding points of attacks by anti-cancer agents.
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Abstract: Renal hypouricemia (RHUC) is caused by an inherited defect in the main (reabsorptive)
renal urate transporters, URAT1 and GLUT9. RHUC is characterized by decreased concentrations
of serum uric acid and an increase in its excretion fraction. Patients suffer from hypouricemia,
hyperuricosuria, urolithiasis, and even acute kidney injury. We report the clinical, biochemical, and
genetic findings of a pediatric patient with hypouricemia. Sequencing analysis of the coding region
of SLC22A12 and SLC2A9 and a functional study of a novel RHUC1 variant in the Xenopus expression
system were performed. The proband showed persistent hypouricemia (67-70 umol/L; ref. range
120-360 umol/L) and hyperuricosuria (24-34%; ref. range 7.3 + 1.3%). The sequencing analysis
identified common non-synonymous allelic variants ¢.73G > A, ¢.844G > A, ¢.1049C > T in the SLC2A9
gene and rare variants ¢.973C > T, ¢.1300C > T in the SLC22A12 gene. Functional characterization
of the novel RHUC associated ¢.973C > T (p. R325W) variant showed significantly decreased urate
uptake, an irregular URAT1 signal on the plasma membrane, and reduced cytoplasmic staining.
RHUC is an underdiagnosed disorder and unexplained hypouricemia warrants detailed metabolic
and genetic investigations. A greater awareness of URAT1 and GLUT9 deficiency by primary care
physicians, nephrologists, and urologists is crucial for identifying the disorder.

Keywords: SLC22A12; URAT1; hypouricemia; uric acid transporters; excretion fraction of uric acid

1. Introduction

Hypouricemia is defined as serum uric acid concentrations below 119 umol/L (2 mg/dL). It is
characterized by increased uric acid clearance or decreased uric acid production. Hypouricemia is
a relatively rare condition, occurring in about 0.15-3.3% of the general population and 1.2-4% in
hospitalized patients [1,2]. Malignancy is ranked first as a possible etiology of secondary hypouricemia,
followed by diabetes mellitus, renal tubulopathies such as Fanconi syndrome, and medication.
Excretion fraction of uric acid (EF-UA) is a key biochemical marker for a differential diagnosis of
primary hypouricemia. Markedly elevated EF-UA suggests renal hypouricemia while lower or normal
EF-UA suggests hereditary xanthinuria [3].

Renal hypouricemia (RHUC) is a heterogeneous hereditary disorder caused by a dysfunction of
the main renal urate transporters, URAT1 and GLUT9. Characteristic biochemical markers include
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markedly decreased serum uric acid concentrations (S-UA) and elevated EF-UA. Clinical markers
include exercise-induced acute renal failure, urolithiasis, and hematuria along with fatigue, nausea,
vomiting, and diffuse abdominal discomfort. However, RHUC is also characterized by clinical
variability, and only about 10% of all patients with a URAT1 defect have nephrolithiasis and/or
acute kidney injury due to spasms of the renal artery. Currently there is no treatment for RHUC;
however, allopurinol has been used to prevent recurrence of acute kidney injury episodes, and oral
supplementation with antioxidants is recommended [4].

The role of URATI and the association of genetic variants of the SLC22A12 gene with renal
hypouricemia (RHUC type 1, OMIM no. 220150) were identified in 2002 [5], and to date, about
200 patients have been identified. The relationship between the GLUT9 transporter (gene SLC2A9)
and renal hypouricemia (RHUC type 2, OMIM no. 612076) was reported in 2008 [6], and to date,
about 15 patients have been identified. Homozygous or compound heterozygous loss-of-function
mutations in the SLC22A12 gene lead to a partial defect in absorption of uric acid, while variants in the
SLC2A9 are responsible for severe hypouricemia and hyperuricosuria (SUA < 10 umol/L, EF-UA >
90%), which is often complicated by nephrolithiasis and acute kidney injury, such as that seen in
RHUCI. Genetic variants in the SLC22A12 gene are the primary cause of renal hypouricemia (>90%)
with major variants reported in Asia region (Japanese and Korea, variant p.W258X with frequencies
2.3%) and in the Roma population (p.L415_G417del and p.T467M with frequencies of 1.9% and 5.6%,
respectively) [7-10].

This case study expands our understanding of the molecular mechanisms of renal hypouricemia
and confirms the distribution of dysfunctional URAT1 variants in non-Asian patients.

2. Materials and Methods

2.1. Patient

A three-year-old Caucasian girl was referred for an endocrine examination due to her small stature.
The child’s mother had been under long-term treatment for a psycho-affective disorder, which also
included the pregnancy with her daughter; the father was healthy. The child was born during the 31st
week of pregnancy, by C-section, due to premature discharge of amniotic fluid. Birth weight was 1330 g,
and length was 37 cm. Oxygen therapy was necessary for 5 days but without the need for artificial
pulmonary ventilation. During development, the child showed symptoms of psychomotor retardation.
Therefore, developmental rehabilitation was initiated. Rehabilitation was carried out, however, family
compliance was poor. The mother abandoned the family, and the girl was in alternating custody of
her father and grandmother. On initial examination by an endocrinologist, the girl was 94.5 cm tall
(=3.4SD), had a body weight of 13.4 kg (~1.8 SD), and had only grown about 2.7 cm in the previous year.
The father’s body height was 163.5 cm, but the mother’s height was unknown. The child’s physical
examination was without irregularities except for orbital hypertelorism. Her level psychomotor
development corresponded approximately to that of a two-year-old child. Because hypouricemia
(67-70 pmol/L) was repeatedly found during endocrine re-examinations, further analyses were carried
out, mainly focused on purine metabolism disorders. High-performance liquid chromatography
determination of hypoxanthine and xanthine in urine was performed on Waters Alliance 2695 [3].

2.2. Genetic Analysis

Genomic DNA was extracted from a blood sample using a QIAmp DNA Mini Kit (QiagenGmbH,
Hilden, Germany). All coding exons and intron-exon boundaries of SLC22A12 and SLC2A9 were
amplified from genomic DNA using polymerase chain reaction and subsequent purificated using a PCR
DNA Fragments Extraction Kit (Geneaid, New Taipei City, Taiwan). DNA sequencing was performed
on an automated 3130 Genetic Analyzer (Applied Biosystems Inc., Foster City, CA, USA). Primer
sequences and PCR conditions used for amplification were described previously [11,12]. The reference

62



Appl. Sci. 2019, 9, 3479

genomic sequence was defined as version NC_000011.8, region 64,114,688..64126396, NM_144585.3 for
SLC22A12; NM_020041.2, NP-064425.2, SNP source dbSNP 132 for SLC2A9.

2.3. Functional Analysis

A missense variant of URAT1, p.R325W, was tested for urate transport activity using in vitro
expression analysis in Xenopus oocytes as previously described [11,13]. Subcellular localization was
determined using immunocytochemical analysis. Immunodetection of URAT1 was performed on
3.5 um paraffin sections using rabbit anti-SLC22A12 polyclonal antibody (Sigma, St. Louis, MO,
USA). The paraffin sections were stained after heat-induced antigen retrieval (10 mM citrate buffer,
pH 6.1, for 20 min at 97.0 °C in a water base) using standard blocking procedures. The primary
antibody against URAT1 was diluted 1:25 in PBS and applied overnight at 4 °C. Detection of bound
primary antibodies was achieved using Alexa Fluor 488-conjugated with anti-rabbit IgG (diluted 1:500;
Abcam, Cambridge, Britain). For image acquisition, we used an Olympus BX53 fluorescent microscope
(Olympus, Hamburg, Germany).

3. Results

3.1. Patient

The proband had persistent hyperuricemia (67-70 umol/L; ref. range 120-360 umol/L) and an
increased EF-UA (24.3-34.2%; ref. range 7.3 + 1.3%) with normal urinary excretion of hypoxanthine
and xanthine, Table 1. No clinical or laboratory symptoms of renal disease were present in the patient.
During follow-up, the patient was without episodes of acute kidney injury; her ultrasound exam
showed no nephrolithiasis, and her creatinine clearance (estimated as eGF) was within the normal
range. Supporting examinations to determine the cause of her small stature found normal serum levels
of Thyroid Stimulating Hormone (TSH) and fT4, however, IGFBP-3 was low, and IGF-1 was well below
the reference level. A growth hormone deficit was demonstrated with stimulation tests (clonidine
test, hypoglycemia test). Brain magnetic resonance imaging found a markedly small hypophysis;
the pituitary stalk was evaluated as normal. Cytogenetic analysis demonstrated a normal 46, XX
karyotype. Growth hormone replacement therapy was initiated.

Table 1. Biochemical and genetic parameters of the proband and her father. 2 reference range for
women and children; P reference range for men.

Serum UA o Serum Creatinine  Identified Variants
Table Cont. (umol/L) EF-UA (%) (umol/L) in SLC22A12
¢.973C > T (C/T);
Proband 67-70 24.3-34.2 32 1300C > T (C/T)
Father of proband 205 N/A 62 ¢.1300C > T (C/T)
120-360 2 73+13%2

Reference range 50-110 -

120420 ® 10.3 +4.2b

3.2. Genetic Analysis

Sequencing analysis of SLC2A9 revealed six intron variants (rs2240722, rs2240721, rs2240720,
1528592748, rs13115193 and rs61256984), three synonymous variants (rs13113918, rs10939650 and
1513125646) and three common non-synonymous allelic variants (rs2276961, p.G25R; rs16890979,
p-V282I and rs2280205, p.P350L). A sequencing analysis of SLC22A12 revealed one intron variant
(rs11231837), four synonymous (rs3825016, rs11231825, rs1630320, and rs7932775), and two
heterozygous rare non-synonymous allelic ¢.973C > T variants (p.R325W, rs150255373, Figure 1A,B),
and a previously identified ¢.1300C > T variant (p.R434C, rs145200251) [14]. Segregation analysis was
not fully performed because the child’s family was not interested.
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A

GAGGCTGGCCCATGCTCAGCTCCTCCCRCATGGCT GAAAGCAAGACCTGTGGAGG

Proband

WT allele

7%, exon 6

p.R325W

pmol/oocyte/min

AT

MOCK  URAT1WT URAT1R3ZSW

Figure 1. [Illustration of allelic variant p.R325W in genetic, protein and functional context.
(A) Electropherograms of partial sequences of exon 6 showing a heterozygous ¢.973C > T variant
in the SLC22A12 gene. (B) Position of identified allelic variant p.R325W in a URAT1 membrane
topology model. (C) Immunohistochemical analysis of Xenopus oocytes injected with 50 ng of cRNA
encoding the wt or p.R325W using anti-URAT1 polyclonal antibodies. The URAT1 signal is green,
autofluorescent granules in the cytoplasm of oocytes are blue. Water-injected oocyte without any
detectable URAT1 signal. Oocyte injected with wt cRNA exhibited a strong linear signal on the plasma
membrane and a finely granular intracytoplasmic signal. The variant p.R325W was characterized
by a weak discontinuous URAT1 signal on the plasma membrane, and reduced intracytoplasmic
staining compared to the wt. Scale bar represents 50 um. (D) Uric acid accumulation in Xenopus
oocytes transfected with wt URAT1 and p.R325W URAT1 allelic variant after 30 min of incubation
in [8-14C] 600 uM uric acid/ND - 96 solution. The data was tested by One-way Analysis of variance
(ANOVA). In comparison to wt URAT1, significantly lower UA accumulation (* p < 0.05) was detected
in p.R325W URAT1 injected oocytes (n = 5; means + SD). H,O injected (mock) oocytes were used as a
negative control.
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3.3. Functional Analysis

Urate transport via the p.R325W variant was significantly decreased in comparison to the wild
type (wt) (* p < 0.05), Figure 1C. This finding indicated that the above-mentioned URAT1 variant leads
to reduced urate reabsorption at the apical membrane of proximal renal tubules leading to decreased
serum urate levels. Oocytes expressing the wt exhibited strong continuous URAT1 immunostaining on
the plasma membrane and dispersed finely granular staining in the cytoplasm. Oocytes expressing
p-R325W showed a weak discontinuous URAT1 signal on the plasma membrane and intracytoplasmic
staining was lower than in the wt, Figure 1D.

4. Discussion and Conclusions

Urate transport in the kidney is a complex process involving several transmembrane proteins that
provide reabsorption (URAT1, GLUT9) and secretion (ABCG2). In genome-wide association studies,
the SLC2A9 gene is a well-established locus that is significantly associated with hyperuricemia while the
ABCG?2 locus had the most significant association with gout susceptibility [15-17]. The dysfunctional
variants in URAT1 and GLUT9 cause hereditary renal hypouricemia, and genetic analysis is needed to
confirm the diagnosis and/or to identify the specific type of renal hypouricemia.

The SLC22A12 gene is located on chromosome 11q13. Ten exons encode two transcript variants of
the URAT1 transporter (332 and 553 amino acids), which are specifically expressed on the epithelial
cells of the proximal tubules in the renal cortex [4]. At present, 52 variations in the SLC22A12 coding
region (40 missense/nonsense, two splicing, three regulatory, three small deletions, two small insertions,
one gross deletion, and one complex rearrangement) have been described (HGMD Professional 2018.4,
http://www.hgmd.cf.ac.uk). Thirty-six URAT1 variants are currently associated with the hypouricemia
phenotype. Functional analysis confirmed in part of these variants impact on urate uptake ability
and/or cytoplasmatic expression and localization [7,11,13,14]. However, not all URAT1 allelic variants
have effect on decreasing of protein expression and/or function (p.R228E, R477H) [7,11].

The analysis of SLC2A9 coding regions in our proband revealed three common non-synonymous
variants: heterozygous rs2276961 (p.G25R, Caucasian MAF = 0.53), rs16890979 (p.V282I, Caucasian
MAF = 0.21), and homozygous rs2280205 (p.P350L, Caucasian MAF = 0.48). These variants have not
been previously reported in association with hypouricemia. Variant p.V282I was previously described
relative to the hyperuricemia and gout phenotype [18]. Moreover, in our previous study, which used
association analysis together with functional and immunohistochemical characterization of these
variants identified in the adult population, we did not find any influence of these allelic variants on
expression, subcellular localization, or urate uptake of GLUT9 transporters [19].

Our analysis of SLC22A12 coding regions revealed two rare heterozygous non-synonymous
variants: rs150255373 (p.R325W, Caucasian MAF = 0.001) and rs145200251 (p.R434C, Caucasian MAF
unknown). Variant p.R434C was previously associated with renal hypouricemia 1 in a five-year-old
Macedonian girl suffering from distal renal tubular acidosis and renal hypouricemia [14]. The patient
had symptoms of dehydration, polyuria, and vomiting. The patient also had rickets and slow
growth. There was evidence of hyperchloremic metabolic acidosis (pH 7.23, HCO3; 13.6 mmol/L,
BE = 12.6 mmol/L), hypokalemia (3.0 mmol/L), hypophosphatemia (0.84 mmol/L), hypouricemia
(73 umol/L), and hyperuricosuria (EF-UA 24-31%). Bilateral nephrocalcinosis and a solitary cyst in
the left kidney were discovered during an ultrasound examination. The patient was given alkali
therapy; metabolic compensation was achieved, serum electrolytes normalized, and low molecular
proteinuria resolved. Only the hypouricemia parameter persisted during the two-year observational
period. The mother of this patient was a heterozygote for the same missense variant (S-UA 136 umol/L,
EF-UA 19%) and a history of renal colic and the passage of a single renal calculus. Functional studies
of p.R434Cs were previously performed using transiently transfected HEK293 cells [14]. Plasma
membrane expression levels of the p.R434C variant were low, intracellular localization was not strongly
observed, and urate uptake showed a significant reduction of urate transport function (P < 0.001).
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The structural model for URAT1 is mainly focused on the organization and alignment of residues
within 12 transmembrane spanning domains. Variant p.R325W was localized within the putative
extracellular loop. This variant has not yet been identified in the patients of those with renal
hypouricemia, but the nature of this mutation strongly suggests that it is pathogenic; PolyPhen
software (http://genetics.bwh.harvard.edu/pph/) suggested that the variant is possibly damaging (score
0.72). Moreover, another predictive software, SIFT (http://siftjcvi.org/), suggests that this variant
is deleterious (score 0). On the other hand, CADD (https://cadd.gs.washington.edu/), REVEL, and
MetaLR predictive software indicate that the impact of the variant is likely to be tolerated or benign.
In the middle stands Mutation Assessor (http://mutationassessor.org/r3/) which predicts a moderate
functional impact. Evolutionary analysis of URAT1 paralogs, including six mammalian species,
revealed conservation of p.R325W only between human and chimpanzee (Figure 2). Human and
Simian monkeys possess high affinity and low capacity URAT1 transporter which diverged from
the original low affinity, high capacity paralog (mouse, rat, horse and dog) 43 MYA [20]. Authors
described four key amino acid substitutions in human URAT1 positions 25, 27, 365 and 414 as a crucial
for the high to low affinity and low to high capacity shift. Similarly, as a variant p.R325W, all four
amino acid residues are conserved between human and baboon, but not among other mammalian
species. The functional characterization of p.R325W showed significantly decreased urate uptake
and a weak, discontinuous URAT1 signal on the plasma membrane and reduced intracytoplasmic
staining. The results suggested that p.R325W variant may not affect URAT1 function qualitatively (via
alteration of its intrinsic transporter activity), but rather do so quantitatively (via decreasing its cellular
protein level). Taken together, the data confirm the causality of the p.R325W variant relative to renal
hypouricemia 1.

p.R325W p.R434C

Human VLLSAMREELSMG .. HEMGALRSALAVL
Chimpanzee  VLLSAMREELSMG... HEMGALRSALAVL
Horse VLLSAMQEELSAS... EWLWDLRSALAAL
Dog VLLSAMQEELSAG.... YEMGALRSALAVL
Rat VLRSAMQEEPNGN.. REMG | LRSSLAVL
Mouse VLRSAMEEEPSRD, .. HGMGVLRSALAVL

Figure 2. Alignment of the p.R325W URAT1 amino acids in the studied allelic variants with chimpanzee,
horse, dog, rat and mouse paralogs.

Detailed investigations of serum uric acid concentrations and excretion fractions of uric acid in
patients with unexplained hypouricemia are needed. Many patients with RHUC may be asymptomatic;
however, pediatric nephrologists know that RHUC can cause acute renal failure, especially after
strenuous physical activity. Another risk of RHUC is the development of nephrolithiasis. Although
renal hypouricemia is a rare hereditary disorder, the frequency of novel URAT1 associated variants
shows that this condition is underdiagnosed. RHUC should be considered not only in patients from
Japan or Asia. The phenotypic severity of RHUCI is not correlated with results from functional
characterizations of URAT1 variants. Functional studies regarding the impact of novel associated
variants are necessary to determine their correlation with scores from prediction algorithms and to
confirm causality.
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Abstract: MacroH2A is a histone variant whose expression has been studied in several neoplasms,
including cutaneous melanomas (CMs). In the literature, it has been demonstrated that macroH2A.1
levels gradually decrease during CM progression, and a high expression of macroH2A.1 in CM cells
relates to a better prognosis. Although both uveal and cutaneous melanomas arise from melanocytes,
uveal melanoma (UM) is biologically and genetically distinct from the more common cutaneous
melanoma. Metastasis to the liver is a frequent occurrence in UM, and about 40%-50% of patients die
of metastatic disease, even with early diagnosis, proper treatment, and close follow-up. We wanted
to investigate macroH2A.1 immunohistochemical expression in UM. Our results demonstrated that
mH2A.1 expression was higher in metastatic UM (21/23, 91.4%), while only 18/32 (56.3%). UMs without
metastases showed mH2A.1 staining. These data could suggest a possible prognostic role for mH2A.1
and could form a basis for developing new pharmacological strategies for UM treatment.

Keywords: immunohistochemistry; macroH2A; prognostic factor; uveal melanoma; metastasis

1. Introduction

Uveal melanoma (UM) is the most frequent primitive intraocular neoplasm in middle age [1]:
it occurs mainly in the choroid and ciliary bodies and less frequently in the iris, and some authors have
suggested that these melanomas arise from previous benign nevi [2]. Histologically, three forms of
UMs can be identified: (a) the spindle cell variant; (b) the epithelioid cell variant; and (c) the mixed cell
variant, showing both epithelioid and spindle cells [3]. The prognosis of UM is poor because about 50%
of patients will develop hepatic metastasis even 10-15 years after surgery [4]. Because of the strange
behavior of this tumor, researchers have tried to determine what could be the mechanisms underlying
the late development of liver metastases. Histone variants are chromatin components that replace
replication-coupled histones in a fraction of nucleosomes and confer unique biological functions to
chromatin [5]. MacroH2A (mH2A) is a histone variant whose expression has been studied in cutaneous
melanomas (CMs). It has been shown that the loss of mH2A isoforms in cutaneous melanomas is
correlated with increasing malignant phenotypes: this mechanism would seem to be mediated by the
upregulation of CDKS8, which inhibits the proliferation of melanoma cells. During CM progression,
tumor cells show a low expression of mH2A, and conversely, high levels of mH2A expression correlate
with a better prognosis [6,7].
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In the present study, we studied the immunohistochemical expression of mH2A.1 in 55 primitive
UMs, both with and without metastases, to understand whether expression may be correlated with a
greater risk of metastasis in order to identify a marker able to predict the behavior of UM.

2. Materials and Methods

2.1. Patients and Tissue Samples

A retrospective study was performed on 55 primitive choroid and/or ciliary body melanomas
after surgical treatment consisting of enucleation in cases not eligible for radiotherapy, such as plaque
brachytherapy or proton beam radiotherapy [8], at the Eye Clinic, University of Catania, from October
2009 to October 2017.

No written informed consent was necessary because of the retrospective nature of the study.

The research protocols were conformed to the ethical guidelines of the Declaration of Helsinki.

The patients were 28 males and 27 females at an average age of 67 years (range 29-85). In particular,
the patients with metastatic UM were 11 males and 12 females at an average age of 72 years (range
50-85): disease progression caused death in 13 of the 23 patients. The patients with nonmetastatic UM
were 17 males and 15 females at an average age of 64 years (range 29-84) (Tables 1 and 2).

Table 1. Demographics, tumor parameters, disease-free time, follow-up, and macroH2A expression in
primary uveal melanomas (UMs) without metastasis (n = 32).

Pathological DFS

Age . Thickness Largest Cell Follow-U MacroH2A
Sex (yeirs) Location (mm) Diameter Type T Stage (Months) (Months)P
(mm) ES IRS
F 29 Ch 14.2 16.2 Mc pT2a 138 138 3 4 12 H
F 83 Ch/CB 14.84 16.8 Mc pT2b 123 123 0 0 0 L
F 55 Ch 9.8 13.9 Sc pT2a 122 122 0 0 0 L
F 30 Ch/CB 12.05 9.2 Sc pT2b 122 122 2 1 2 L
M 74 Ch/CB 10.04 16.1 Sc pT2b 121 121 3 4 12 H
M 64 Ch 7.7 11.5 Sc pTla 112 112 3 4 12 H
F 36 Ch 5.81 12.7 Sc pTla 109 109 3 1 3 L
F 59 Ch 8.4 16.7 Mc pT2a 108 108 2 2 4 L
M 36 Ch 6.47 9.8 Mc pTla 108 108 0 0 0 L
M 84 Ch/CB 119 14.8 Mc pT2b 106 106 0 0 0 L
F 67 Ch 10.42 13.02 Mc pT3a 105 105 0 0 0 L
M 73 Ch 9.7 11.3 Mc pT2a 102 102 0 0 0 L
F 45 Ch 13.7 10.2 Mc pT2a 96 96 0 0 0 L
M 58 Ch 131 143 Mc pT2a 96 96 2 1 2 L
M 63 Ch 3.3 11.7 Sc pT2a 85 85 2 3 6 L
M 54 Ch 6.32 10 Sc pT2a 83 83 3 4 12 H
F 84 Ch 11.7 17.4 Mc pT3a 78 78 3 4 12 H
M 73 Ch 9.24 17.7 Ec pT2a 72 72 2 1 2 L
M 83 Ch 10.62 9.4 Ec pT3a 72 72 3 4 12 H
F 71 Ch 3.68 6.4 Ec pTla 71 71 0 0 0 L
M 55 Ch/CB 7.5 8.9 Ec pT2b 61 61 3 4 12 H
M 52 Ch 9.2 12.1 Sc pT2b 60 60 3 4 12 H
M 46 Ch 8.76 113 Sc pT2a 54 54 0 0 0 L
F 76 Ch 8.02 10.7 Mc pTla 48 48 3 2 6 L
F 63 Ch 10.3 13.7 Mc pT2a 42 42 0 0 0 L
F 41 Ch 5.85 10.3 Mc pTla 42 42 0 0 0 L
F 55 Ch 32 7.6 Mc pT2a 24 24 2 4 8 L
F 74 Ch 8.6 10.2 Mc pT4b 24 24 2 1 2 L
M 68 Ch/CB 10.1 10.1 Ec pTib 24 24 0 0 0 L
M 74 Ch/CB 14.45 17.5 Ec pT4b 18 18 2 1 2 L
M 70 Ch/CB 16.27 20.8 Sc pT4b 12 12 0 0 0 L
M 66 Ch 9.2 14.1 Mc pT3a 12 12 1 1 1 L

Abbreviations: DFS, disease-free survival; Ch, choroid; CB, ciliary body; Mc, mixed cell; Sc, spindle cell; Ec,
epithelioid cell.
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Table 2. Demographics, tumor parameters, disease-free time, follow-up, and macroH2A expression in
primary UMs with metastasis (n = 23).

Pathological DFS

Age . Thickness Largest Cell Follow-U MacroH2A
Sex (yeirs) Location (mm) Diameter Type T Stage (Months) (Monthsr
(mm) IS ES 1IRS
F 58 Ch 6.04 17.8 Mc pT2a 63 64 (1) 3 3 9 L
M 69 Ch 7.21 15.8 Mc pT2a 54 81 (1) 3 4 12 H
F 75 Ch/CB 15.5 15.3 Mc pT3b 44 62 (1) 3 4 12 H
F 50 Ch 7.36 15.6 Ec pT2a 41 81 3 4 12 H
M 62 Ch 13.68 16 Mc pT3a 38 51 (1) 3 4 12 H
F 51 Ch/CB 11.4 18.5 Mc pT3b 38 61 3 4 12 H
M 71 Ch 13.14 17.1 Ec pT3a 33 34 (1) 3 4 12 H
M 76 Ch/CB 11.6 6.5 Mc pTla 31 39 0 0 0 L
M 72 Ch 10.3 15.4 Mc pT3b 27 35 (1) 3 4 12 H
F 85 Ch/CB 7.3 14.7 Sc pT2d (EE) 26 49 (1) 3 4 12 H
M 73 Ch 5.73 11.7 Ec pT2a 26 42 () 3 4 12 H
F 51 Ch 9.42 19 Mc pT3a 25 39 1 1 1 L
F 74 Ch 5.7 12.1 Sc pT2a 24 37 () 3 4 12 H
F 67 Ch 349 20 Mc pT4a 24 31 (1) 3 4 12 H
M 74 Ch 11.35 10.5 Ec pT3a 19 47 3 4 12 H
M 82 Ch 9.7 11 Ec pT2a 19 42 3 4 12 H
F 72 Ch 6.7 15.2 Ec pT2a 14 28 (1) 3 4 12 H
M 76 Ch 13.7 17.1 Mc pT2a 14 70 3 4 12 H
M 79 Ch 13.91 16.1 Ec pT3b 13 38 3 4 12 H
F 66 Ch/CB 8.95 12.5 Mc pT2b 12 37 () 3 4 12 H
F 60 Ch 8.25 16.5 Ec pT2a 11 37 (1) 3 4 12 H
F 57 Ch/CB 13.6 19 Ec pT2b 6 55 3 4 12 H
M 72 Ch/CB 13.3 154 Mc pT3b 0 51 3 4 12 H

Abbreviations: DFS, disease-free survival; Ch, choroid; CB, ciliary body; Mc, mixed cell; Sc, spindle cell; Ec,
epithelioid cell; EE, extrascleral extension; (1) death.

The size and site of tumor onset were studied by ophthalmoscopy and A and B scan
ultrasonography, while the study of metastases was performed by physical examination, hepatic
ultrasound, and computerized tomography. The median follow-up period was 60 months (range
8-138 months). Forty melanomas were localized only in the choroid, while 15 involved both the choroid
and the ciliary body: only in one case was an extrascleral extension found. As concerns histotypes,
15 cases were classified as epithelioid cells and 12 as spindle cells, and 28 cases were diagnosed as
mixed type.

Based on the eighth TNM classification, 23 metastatic UMs were distributed as follows: pTla
(1 case, 4.3%), pT2a (9 cases, 39.1%), pT2b (2 cases, 8.7%), pT2d (1 case, 4.3%), pT3a (4 cases, 17.4%),
pT3b (5 cases, 21.7%) and pT4a (1 case, 4.3%). TNM staging in 32 patients with metastatic UMs
included pT1a (6 cases, 18.7%), pT1b (1 case, 3.1%), pT2a (12 cases, 37.5%), pT2b (6 cases, 18.7%),
pT3a (4 cases, 12.5%), and pT4b (3 cases, 9.4%). We also tested mH2A in two cases of metastasis from
uveal melanoma.

The cases were collected from the files of the Anatomic Pathology Department of Medical, Surgical,
and Advanced Technologies, Gian Filippo Ingrassia, University of Catania. Some cases were excluded
from the study for the following reasons: (1) if it was not possible to obtain sections from paraffin blocks
for immunohistochemical staining, (2) the absence of representative tumor tissue, (3) the presence of
exclusively necrotic material, and (4) preoperatively treated UMs.

Five sections were cut from each paraffin block. Briefly, the deparaffinized slides were pretreated
with 10 mg/mL of ovalbumin in phosphate-buffered saline (PBS) followed by 0.2% biotin+ in PBS, each
for 15 min at room temperature, and they were rinsed for 20 min with PBS (Bio-Optica, Milan, Italy) in
order to reduce the usually seen nonspecific immunoreactivity due to endogenous biotin. Microwave
pretreatment was performed to unmask antigenic sites. Then the slides were incubated overnight at
4 °C with rabbit polyclonal anti-macroH2A.1 antibody (ab37264; Abcam, Cambridge, UK) diluted 1:200
in PBS (Sigma, Milan, Italy). Sections were counterstained with hematoxylin, dehydrated, mounted
(Zymed Laboratories, San Francisco, CA, USA), and observed with a light microscope (Carl Zeiss,
Oberkochen, Germany).
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The immunohistochemical expression of mH2A.1 was evaluated as positive if brown chromogen
was observed in the nucleus. Normal skin was tested as a positive control, while the negative control
was obtained through omission of the primary antibody.

Immunoreaction intensity and the percentage of stained cells were evaluated by light microscopy.
Four levels (0-3) of the intensity of staining (IS) were identified: no evidence of immunoreactivity
= 0, mild immunoreactivity = 1, intermediate immunoreactivity = 2, and intense immunoreactivity
= 3, as described previously [9]. The extent score (ES), understood as the proportion of mH2A.1
immunopositive cells, included five levels: <5% (0), 5%-30% (+), 31%-50% (++), 51%~75% (+++), and
>75% (++++). Counting was performed at 200x magnification. The intensity reactivity score (IRS)
was obtained by multiplication of the intensity of staining (IS) and the percentage of positive cells:
when the IRS was <6, mH2A.1 expression was considered to be “low” (L-IRS), while an IRS >6 was
considered to be “high” expression (H-IRS).

The evaluation of immunohistochemical expression of mH2A was performed separately by three
specialists in anatomic pathology (R.C., L.P,, and L.S.), who were blind to the patient’s identity, clinical
data, and group identification.

2.2. Statistical Analysis

We compared the rate of high and low levels of mH2A.1 expression in melanoma of patients with
and without metastasis using a chi-square test. The agreement among observations was assessed by
Cohen’s kappa coefficient.

We performed a univariate analysis based on a Cox proportional hazards regression model to test
factors related to time free from metastasis. The parameters investigated were gender, age, melanoma
location (choroid or ciliary body), temporal or nasal location, cell type (epithelioid, spindle cells, or
mixed), echographic parameters (height, greatest diameter), and mH2A.1 expression (low and high).

Factors with a p-value <0.15 were included in the multivariate analysis.

We performed a survival analysis based on high and low mH2A.1 expression using the
Kaplan—-Meier test: survival rates were compared using a log-rank (Mantel-Cox) test, and p-values
lower than 0.05 were considered to be statistically significant.

3. Results

3.1. Clinicopathological Characteristics of UMs

Comparing patients without metastasis and with metastasis, no significant difference was observed
in median age, site (choroid or choroid/ciliary body), thickness, cell type, extrascleral extension, and
pTNM: patients with metastatic melanoma showed a greater median largest diameter (15.6 mm vs
11.9 mm, p = 0.007) and higher median mH2A.1 expression (12 vs 2, p < 0.001). They also had lower
median disease-free survival (25 months vs 81 months, p < 0.001) (Table 3).
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3.2. mH2A.1 Expression and Clinicopathological Features in UMs

Immunohistochemistry showed only mH2A.1 nuclear staining: no immunohistochemical
expression of mH2A.1 was observed in non-neoplastic ocular tissue. Interobserver agreement
was excellent (kappa = 0.943).

Considering the whole group (n = 55), the median mH2A.1 value was 12: H-IRS was observed in
28 (50.9%) melanomas and L-IRS in 27 (49.1%).

In 32 nonmetastatic primary UMs, mH2A.1 IS was intense/intermediate in 18 cases (56.3%) and
mild in only one case (3.1%), while in 13 (40.6%) cases no immunoreactivity was observed (Figure 1).
ES was >50% in 10 cases (31.3%) and 5%-30% in 9 cases (28.1%). Only 8/32 cases (25%) showed H-IRS,
while 24 cases (75%) showed L-IRS (Table 1) (Fisher’s exact test, p < 0.001, Table 4).

Figure 1. Immunohistochemical expression of mH2A.1 in nonmetastatic uveal melanomas. Melanoma
cells showed weak staining for macroH2A.1 (low magnification in (A) and high magnification in (B)).

Table 4. Number of UMs (with and without metastasis) with low and high macroH2A.

mH2A Metastasis (n = 23) Metastasis-Free (n = 32)
Low 3 (13%) * 24 (75%)
High 20 (87%) 8 (25%)

Abbreviations: mH2A, macroH2A. p (Fisher’s exact test). * p < 0.0001.

In 23 metastatic primary UMs, mH2A.1 IS was intense/intermediate in 21 cases (91.4%) and mild
in 1 case (4.3%). Only 1 case (4.3%) showed an absence of immunoreactivity (Figure 2). ES was >75%
in 20 cases (87%), 50%-75% in 1 case (4.3%), and 5%-30% in 1 case (4.3%). Here, 20/23 cases (87%)
showed H-IRS, while only 3 cases (13%) had L-IRS (Table 2) (Fisher’s exact test, p < 0.001, Table 4).
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Figure 2. Immunohistochemical expression of mH2A.1 in metastatic uveal melanomas. Tumor cells
revealed moderate (IS 2) immunoreactivity in (A). (B) and (C) show strong staining (IS 3), respectively,
at low and high magnifications.

In two cases of metastasis from uveal melanoma, mH2A.1 showed diffuse and intense
immunoreactivity with H-IRS (Figure 3).

Figure 3. Inmunohistochemical expression of mH2A.1 in metastases from uveal melanomas. Metastatic
cells revealed diffuse (ES 4) and strong (IS 4) immunoreactivity, respectively, at low (A) and high
magnifications (B).

Univariate analysis based on a Cox proportional hazards regression model revealed that factors
related to the presence of metastasis were age (p = 0.053), greater tumor size (p = 0.009), pT (pathological
Tumor) stage (p = 0.016), the epithelioid variant (p = 0.011), and mH2A.1 expression (p < 0.001). Factors
significantly related to the presence of metastasis in the multivariate analysis were mH2A.1 expression
(p = 0.002), greater tumor size (p = 0.026), and the epithelioid variant (p = 0.019).

Here, mH2A.1 expression was not related to histological type (Spearman’s rho, p = 0.173).
A Kaplan-Meier survival analysis showed that the estimated survival times free from metastasis were
greater in patients with low mH2A.1 expression in UMs: mean values (SE (Standard error), with 95% CI
(confidential interval)) were 110.3 (6.80) (CI: 97.0 to 123.7) in patients with low mH2A.1 expression and
56.7 (10.0) (CIL: 37.2 to 76.2) in patients with high mH2A.1 expression (p < 0.001, log-rank (Mantel-Cox)
test, Figure 4).
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Figure 4. Kaplan—-Meier test. Survival analyses (Kaplan—Meier) in patients with UMs with low and
high macroH2A expression (p < 0.001, log-rank (Mantel-Cox) test).

4. Discussion

UM is an ambiguous neoplasia because regardless of the histological subtype and initial stage, it
can metastasize to the liver, even after 10-15 years [4]. From the diagnosis of hepatic metastasis, death
usually occurs within one year, and there is a lack of effective treatment. Asymptomatic patients with an
early detection of metastasis seem to have an apparent benefit, while adjuvant therapies and screening
do not seem to provide a significant survival benefit [10,11]. The prognosis of UM depends on multiple
clinical data points: adult/senile age, male gender, large tumor, tumor thickness, ciliary body site, eye
or skin melanocytosis, extraocular involvement at presentation, and advanced stage. Histopathological
parameters (epithelioid cell variant, numerous mitoses, microvascular proliferation, microvascular
loops and patterns, intratumoral lymphocytes, intratumoral macrophages, strong expression of IGF-1R
(insulin-like growth factor-1 receptor) and HLA (Human Leucocyte Antigen) class I and II), cytogenetic
factors (monosomy 3, chromosome 8q-gain or 8p-loss, chromosome 1p-loss, chromosome 6g-loss), and
transcriptomic factors (gene expression profile class 2) [10,11] play a role as prognostic factors.

However, much remains to be understood to limit the onset of metastases or to identify effective
treatments in metastatic patients.

Indeed, research is being focused on factors that can identify tumors with aggressive behavior and
find new therapeutic targets. Our research group has tried to determine the unusual behavior of UM by
testing different molecules and factors such as ADAM10, RKIP, pRKIP, ABCB5, and SPANX-C [9,12,13].

Recent studies have reported the inactivation of somatic mutations in gene-encoding
BRCA-1-associated protein 1 (BAP1) in about 84% of metastasizing UMs [14]: the high frequency of
BAP1 mutations in metastatic UMs encouraged us to search for new therapeutic strategies with the
target molecule BAP1, which have deubiquitinase activity on histone H2A [15,16]. In different tumors,
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including skin melanoma, mH2A and its variants, which are widely distributed along chromatin [17-19],
have been regarded as a potential prognostic marker [20,21].

Previously, Kapoor et al. [6] reported that the histone variant mH2A suppressed the tumor
progression of malignant cutaneous melanoma and that the loss of mH2A isoforms was positively
correlated with increasing malignant phenotypes of cutaneous melanoma cells in culture and human
tissue samples. In addition, they suggested that the tumor-promoting function of mH2A loss was
mediated, at least in part, through direct transcriptional upregulation of CDKS.

Lei et al. [7] showed that high expression of mH2A suppressed melanoma cell progression and
arrested cells in the G2/M phase. Thus, we hypothesized that an alteration in mH2A expression could
contribute to a change in the phenotype of UMs, promoting tumor progression. Therefore, mH2A
would be the basis for this mechanism, whose final effect would be stabilizing the cell cycle, which is
frequently observed in malignant neoplasms, in particular in tumor lesions with a low proliferative
index. Furthermore, the arrest of the cell cycle would make the cell not very sensitive to chemotherapy,
suggesting a further predictive role in the response to therapy. In the present study, we showed that
an elevated increased expression of mH2A correlated with tumor progression: indeed, metastasizing
UMs showed the highest expression of mH2A. This assay might prove that a high expression of histone
protein correlates with an advanced tumor phase.

In this study, we saw that mH2A overexpression was a prognostic factor for the risk of metastasis.
In our series of UMs, mH2A was strongly expressed in more than 75% of neoplastic cells, with a
median IRS value of 12. In patients with H-IRS, we observed an increased incidence of metastasis after
surgical treatment. These data were also confirmed by the high expression of mH2A in metastases,
although this was limited to only two cases. Conversely, the cases with L-IRS showed a decreased
risk of metastasis. In addition, a Kaplan—Meier survival analysis showed that patients with UMs and
H-IRS had lower metastasis-free survival times.

In conclusion, our results highlight the important role played by mH2A in UM progression.
The immunohistochemical expression of mH2A could be a suitable and easily detectable marker in
the primary tumor, predicting the risk of UM metastasis and thus directing strategies for monitoring
and therapy.
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Abstract: Uveal melanoma represents the most common primary intraocular malignancy in adults;
it may arise in any part of the uveal tract, with choroid and ciliary bodies being the most frequent
sites of disease. In the present paper we studied ABCB5 expression levels in patients affected by
uveal melanoma, both with and without metastasis, in order to evaluate if ABCB5 is associated with
a higher risk of metastatic disease and can be used as a poor prognostic factor in uveal melanoma.
The target population consisted of 23 patients affected by uveal melanoma with metastasis and 32
without metastatic disease. A high expression of ABCB5 was seen in patients with metastasis (14/23,
60.9%), compared to that observed in patients without metastasis (13/32, 40.6%). In conclusion, we
found that ABCB5 expression levels were correlated with faster metastatic progression and poorer
prognosis, indicating their role as a prognostic factor in uveal melanoma.

Keywords: ABCB5; uveal melanoma; prognosis; metastasis; immunohistochemistry

1. Introduction

Uveal melanoma (UM) is a rare neoplasm which, despite its rarity, represents the most common
primary ocular malignancy in adults; it develops more frequently from melanocytes of the choroid but
can also arise in other sites, such as ciliary bodies and iris [1]. UM has rarely been reported in pediatric
ages, especially in advanced stages, with extraocular extension [2,3].

Several risk factors have been proposed in the pathogenesis of UM, including the presence
of choroidal nevus, exposure to ultraviolet radiation, clear phototypes, ocular melanocytosis and
extraocular conditions such as cutaneous dysplastic nevus syndrome, nevus of Ota and type 1
neurofibromatosis [4].

Clinically, although UM may remain silent and be accidentally detected by routine ophthalmic
screening, a retinal detachment, causing visual disturbances like photopsia, is the most common
presenting symptom of the disease; intraocular infections, vitreous bleeding and secondary glaucoma
are frequent complications characterizing the natural history of the neoplasm [5].

Histologically, three distinct histotypes of UM have been identified: epithelioid cells, spindle cells
and mixed cell type; a greater proportion of epithelioid cells has traditionally been associated with
poorer prognosis [6].
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It has been demonstrated on the basis of cytogenetic studies that monosomy 3 is the most common
chromosomal aberration in UMs and correlates with lower survival rates; other cytogenetic alterations
including loss of 1p, 6q and gain of 6p and 8q have been also associated with UM [7].

The biological history of the neoplasm has been characterized in almost 50% of cases by
hematogenous dissemination, with the onset of secondary disease localizations, especially at the
liver. Despite the improvements in therapeutic strategies, no significant increase in survival has been
obtained and liver metastases are expected within 10-15 years after the diagnosis in about half of
patients [8].

ATP-binding cassette sub-family B member 5 (ABCB5) is a human transmembrane P-glycoprotein
that plays an active role in transmembrane transport of several substances including chemotherapeutic
drugs; therefore, it is physiologically involved in the development of chemoresistance of cancer
cells [9-11]. An overexpression of ABCB5 has been found in tumor stem cells, of which it is therefore a
full-fledged marker of several malignancies such as hepatocellular carcinoma, breast cancer, cutaneous
melanoma and Merkel cell carcinoma [12-14]. Furthermore, ABCB5 has been shown to be correlated
with tumor growth and invasion [15,16].

Regarding cutaneous melanoma, ABCB5-positive malignant melanoma-initiating cells (MMICs)
are believed to be involved both in the onset and in the progression of disease and ABCB5 has also
been found to play a crucial role in promoting distant metastasis through the activation of the NF-kB
signaling pathway [17].

In the present study, we retrospectively investigated ABCB5 expression in primary uveal
melanoma in patients both with non-metastatic and metastatic disease and we evaluated its potential
role as a prognostic marker and predictive factor of metastatic potential of the neoplastic cells.

2. Materials and Methods

A retrospective analysis of clinical data and histologic specimens of all cases of uveal melanoma
treated by enucleation at the Eye Clinic of the University of Catania, during the eight years until to
October 2017, was performed. Tumors not suitable for radiotherapy, such as plaque brachytherapy or
proton beam radiotherapy were subjected to enucleation. Formalin-fixed and paraffin-embedded tissue
specimens were obtained from the surgical pathology archive at the Section of Anatomic Pathology,
Department G.F. Ingrassia, University of Catania. Cases in which paraffin blocks containing the tumor
could not be used to obtain additional slides for immunohistochemical evaluation, representative tumor
tissue was not present, the tumor was totally necrotic or had been treated previously, were excluded
from the study. At least five sections were obtained from paraffin-embedded tissue specimens. Because
of the retrospective nature of the study, no written informed consent from patients was obtained.
The research protocols were approved by the Local Medical Ethics Committee (University of Catania)
and conformed to the ethical guidelines of the Declaration of Helsinki. 23 UMs with metastasis and 32
UMs without metastasis were part of the study. The following clinical data were collected: tumor size
and location, evaluated through ophthalmoscopy and A and B scan ultrasonography, and presence of
metastasis, investigated with standard methods such as physical examination, liver ultrasound and
total body computed tomography. The A-scan ultrasound refers to a mono-dimensional amplitude
modulation scan, mainly used in common sight disorders because it provides important data on the
axial length of the eye; the other major use of the A-scan is to determine the size and ultrasound
characteristics of intraocular masses. B-scan ultrasound is a two-dimensional, cross-section brightness
scan, that, when used in conjunction with A-scan imaging, allows direct visualization of the lesion,
including anatomic location, shape, borders, and size, thereby ensuring a more detailed preoperative
diagnosis. All histological sections were evaluated by two pathologists (GB and RC) in order to get the
most objective assessment possible.
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2.1. Immunohistochemistry

Sections were processed as previously described [18,19]. Briefly, the slides were dewaxed in
xylene, hydrated using graded ethanols and incubated for 30 min in 0.3% H,O,/methanol to quench
endogenous peroxidase activity, then rinsed for 20 min with phosphate-buffered saline (PBS; Bio-Optica,
Milan, Italy). The sections were heated (5 min x 3) in capped polypropylene slide-holders with citrate
buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0; Bio-Optica, Milan, Italy), using a microwave oven
(750 W) to unmask antigenic sites. To reduce the commonly seen non-specific immunoreactivity due to
endogenous biotin, sections were pretreated with 10 mg/mL of ovalbumin in PBS followed by 0.2%
biotin in PBS, each for 15 min at room temperature. Then, the sections were incubated for 18 h at 4 °C
with mouse monoclonal anti-ABCB5 antibody (ab140667; Abcam, Cambridge, UK), diluted 1:100 in PBS
(Sigma, Milan, Italy). The secondary biotinylated anti-mouse antibody was applied for 30 min at room
temperature, followed by the avidin-biotin—peroxidase complex (Vector Laboratories, Burlingame, CA,
USA) for a further 30 min at room temperature. The immunoreaction was visualized by incubating
the sections for 4 min in a 0.1% 3,3’-diaminobenzidine (DAB) and 0.02% hydrogen peroxide solution
(DAB substrate kit, Vector Laboratories, CA, USA). The sections were lightly counterstained with
Mayer’s hematoxylin (Histolab Products AB, Goteborg, Sweden) mounted in GVA mountant (Zymed
Laboratories, San Francisco, CA, USA) and observed with a Zeiss Axioplan light microscope (Carl
Zeiss, Oberkochen, Germany).

2.2. Evaluation of Immunohistochemistry

Immunostained histologic sections were separately evaluated by two pathologists (GB and RC),
with no information on clinical data. Immunohistochemical positive ABCB5 staining was defined
as the presence of brown chromogen detection in the cell membrane. Liver cancer and breast cancer
tissues (Figure 1a) were used as positive controls to test the validity of the antibody reaction. Negative
controls, involving benign prostatic tissue, were included (Figure 1b).

Figure 1. (a) ABCB5 staining on breast cancer tissue used as positive control (Immunoperoxidase stain;
original magnification 150 x); (b) absence of expression of ABCB5 in benign prostatic tissue used as

negative control (Immunoperoxidase stain; original magnification 150 ).

Stain intensity and proportion of immunopositive cells were assessed by light microscopy, as
previously described [18]. Intensity of staining (IS) was graded on a scale of 0-3, according to the
following assessment: no detectable staining = 0, weak staining = 1, moderate staining = 2, strong
staining = 3. The percentage of ABCB5 immunopositive cells (Extent Score, ES) was scored in five
categories: <5% (0); 5-30% (+); 31-50% (++); 51-75% (+++), and >75% (++++). Counting was performed
at 200 x magnification. Staining intensity was multiplied by the percentage of positive cells to obtain
the intensity reactivity score (IRS); IRS < 6 was considered as low expression (L-IRS), IRS > 6 was
considered as high expression (H-IRS).
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2.3. Statistical Analysis

Non parametric comparison of the rate of high and low levels of ABC5 expression in melanoma of
patients with and without metastasis was performed by chi-square test. Agreement among observers
was tested by Cohen K.

Univariate and multivariate analysis were based on a Cox proportional hazards regression model
(time free from metastasis as outcome); this model included gender, age, melanoma location (choroid
or ciliary body), temporal or nasal location, cells type (epithelioid, spindle cells or mixed), echographic
parameters (height, greatest diameter), ABCB5 expression (low and high). All predictors that had a
p-value < 0.15 (cut off) in the univariate analysis were included in the multivariate analysis. Survival
analysis according to ABC5 expression levels (high and low) was performed by Kaplan-Meyer test;
survival rates were compared by log-rank (Mantel-Cox) test. p-values < 0.05 were considered as
statistically significant.

3. Results

3.1. Clinico-Pathological Characteristic of Uveal Melanomas

The study was conducted on of 55 patients, 28 of whom were males and 27 women; median age
was 67 years (range 29-85). 40 melanomas were localized only in the choroid, while 15 affected both
choroid and ciliary body; extrascleral involvement was present and histologically confirmed in only
one case. Regarding the histotypes, 15 cases were classified as epithelioid cells, 12 as spindle cells,
while 28 cases were diagnosed as mixed type UM with both epithelioid and spindle cells. Considering
the “TNM classification of malignant tumours”, pathological T stage was: pTla in 7 patients, pT1b
in 1 patient, pT2a in 21 patients, pT2b in 8 patients, pT2d in 1 patient, pT3a in 8 patients, pT3b in 5
patients, pT4a in 1 patient and pT4b in 3 patients. Liver metastasis were present in 23 patients. Median
follow-up period was 60 months (range 12-138 months).

Out of 32 patients without metastatic disease, 17 were males and 15 females; the median age was
64 years (range 29-84). Considering 23 patients with metastatic localization of primary UM, 11 were
males and 12 females; median age was 72 (range 50-85). 13 of 23 patients died during the follow-up
period for disease progression (Tables 1 and 2).

Comparing patients without metastasis and those with metastasis, no significant difference was
seen in median age, location of the melanoma (choroid or choroid/ciliary body), tumor thickness, cell
type, extrascleral extension, pathological pT stage; patients who developed metastasis had melanoma
with greater median largest diameter (15.6 mm vs 11.9 mm, p = 0.007), and higher median ABCB5
expression (9 vs 3, p = 0.030); they had lower median disease free survival (25 months vs 81 months,
p <0.001). (Table 3)
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3.2. Correlations between ABCB5 Expression and Clinico-Pathological Factors in Uveal Melanomas

In the whole group (1 = 55) the median ABCB5 value was 4. ABCB5 expression was high in 27

(49.1%) melanomas (Figure 2), and low in 28 (50.9%) melanomas (Figure 3).

Figure 2. ABCB5 in uveal melanoma. Strong and diffuse cytoplasmic positivity in mixed cell type uveal
melanoma at medium (a) and high magnification (b) (Immunoperoxidase stain; original magnification
100x (a) and 200% (b)).
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Figure 3. ABCB5 in uveal melanoma. Mild and heterogeneous cytoplasmic positivity in mixed cell
type uveal melanoma at medium (a) and high magnification (b) (Immunoperoxidase stain; original
magnification 100 (a) and 200x (b)).

In 32 primary uveal melanomas without metastasis, ABCB5 IS was strong/moderate in 14 cases
(43.7%) and weak in 10 cases (31.3%). 8 cases (25%) were totally negative; ES was >50% in 14 cases
(43.7%), variable between 5-30% in 10 cases (31.3%). Only 13/32 cases (40.6%) showed H-IRS, while
the remaining 19 cases showed L-IRS (59.4%) (Fisher’s exact test, p = 0.026, Table 4). In 23 primary
uveal melanomas with metastasis, ABCB5 IS was strong/moderate in 15 cases (65.2%) and weak in 7
cases (30.5%). Only 1 case (4.3%) was completely negative. ES was >75% in 3 cases (13.1%), >50% in
11 cases (47.8%), 30-50% in 7 cases (30.5%), <30% in 1 case (4.3%); lack of expression of ABCB5 was
observed in only 1 case (4.3%). 14/23 cases (60.9%) showed H-IRS, while only 9 cases (39.1%) had

L-IRS (Fisher’s exact test, p = 0.026, Table 4).
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Table 4. Number of uveal melanoma (with and without metastasis) with low and high ABCB5.

Metastasis (n=23) Metastasis free (n=32)
Low 10 (43.5%) * 18 (56.3%)
High 13 (56.5%) 14 (43.8%)

Abbreviations: ABCB5, ATP-binding cassette sub-family B member 5. p (Fisher’s exact test). * p = 0.026

Factors related to the presence of metastasis at univariate analysis on a Cox proportional hazards
regression model were: age (p = 0.053), tumor greater diameter (p = 0.009), pT stage (p = 0.016),
epithelioid cell type (p = 0.011) and ABCB5 expression (p = 0.047); at multivariate analysis tumor greater
diameter (p = 0.010), ABCB5 expression (p = 0.003) and epithelioid cell type (p = 0.026) were significant.

No correlation was found between the histological type and ABCB5 expression (Spearman’s rho
p =0.334).

Figure 4 shows the results of Kaplan-Meier survival analyses in patients with uveal melanomas
with low and high ABCB5 expression. The estimated survival times free from metastasis (SE, with 95%
CI) were respectively: 101.1 (10.0) (CI: 81.6 to 120.7) and 64.4(10.5) (CI: 43.9 to 85.0).

Survival Functions
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Disease Free Survival (months)

Figure 4. Kaplan-Meier survival analyses in patients with uveal melanomas with low and high ABCB5
expression. The log-rank test showed a significant difference (p = 0.039) between the two groups in
ABCBS expression.

The log-rank test showed a significant difference (p = 0.039) between the two groups in
ABCBS expression.

4. Discussion

UM is a rare neoplasm with an “indolent” but slowly progressive biological behavior,
characterized by the onset of liver metastasis within 10-15 years after diagnosis in about 50% of
patients and a high rate of mortality [8]. Although in the last years several improvements have been
recorded in the conservative management of UM with the aim of preserving the visual function [20],
recurrence of disease and metastasis are still frequent events in the natural history of this neoplasm.
Therefore, the study of molecular alterations in UM is currently of great scientific interest aiming at
identifying possible biological factors capable of predicting a more aggressive biological behavior of
the disease.
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Histopathological factor of poor prognosis such as epithelioid cell type, tumor size, mitotic index,
tumor infiltrating lymphocytes (TILs), extrascleral invasion, vascular pattern and necrosis, and clinical
risk factor (male sex and older age of the patient) are not very accurate in identifying a high-risk
prognostic category of patients.

Cytogenetic studies demonstrated that patients with disomy 3 have a lower risk of developing
metastasis; instead, the loss of heterozygosis of chromosome 3 was associated with a high rate of
metastatic disease and poorer prognosis in UM: in particular, Prescher et al. [21] evaluated 30 patients
with UM in association with monosomy 3 and 24 patients with disomy 3, and reported that 50% of
patients with monosomy 3 showed metastasis within 3 years, whereas no metastatic disease was
noted in those with disomy 3. In recent years, inactivating mutations of BRCA1 associated protein-1
(BAP-1), confirmed by lower nuclear immunohistochemical expression, have been found and reported
in literature as poor prognostic factors [22,23]; moreover, high levels of expression of nestin, a member
of the intermediate filament protein family, seem to correlate with metastatic progression and reduced
survival rate in UM [24]. We previously evaluated the expression of ADAM10, RKIP and pRKIP [19,25],
demonstrating their role as negative prognostic markers: in particular, regarding ADAM10 expression,
high levels were found in 11/13 patients with metastatic UM and in only 15/39 patients without
metastasis, and the difference was statistically significative [19].

As previously said, ABCB5 is a marker of cancer stem cells and is implicated in the tumorigenesis
and tumor growth of several neoplasms, such as cutaneous melanoma, breast cancer and hepatocellular
carcinoma [9-16]. Particularly, Wang et al. [17] found that in vitro ABCB5-negative melanoma cell
sub-population displayed a reduction in cell migration and invasion compared to the ABCB5-positive
one; this finding was also confirmed at the transwell assays: lentivirus-mediated knockdown of
ABCBS5 in two different melanoma cell cultures induced a decline of cell migration and invasion.
NEF-kB signaling pathway has been discovered to be involved in this process: ABCB5 activates the
NEF-kB pathway by inhibiting p65 ubiquitination to enhance p65 protein stability, resulting in an
accumulation of p65 in ABCB5-positive MMICs [17]. Among the traditional NF-kB targeting genes,
MMP?9 is involved in tumor cells invasion and metastasis [26]: an overexpression of MMP9, induced
by ABCBS5, seems to be one of the most important steps in the stimulation of metastatic potential
of cutaneous melanoma [17]. In this paper, we first tested ABCB5 as prognostic factor in UM and
observed that higher immunohistochemical levels of ABCBS5 correlated to higher risk of metastasis.
In our study, the median value of ABCB5 was 4 (moderate staining in more than 75% of neoplastic
cells, or severe staining in more than 50% of neoplastic cells). Higher risk of metastasis was observed
in UMs with higher expression of ABCB5 and lower metastatic risk in UMs with lower expression of
the antibody. According to Kaplan-Meier survival analyses, lower survival times free from metastasis
were seen in patients with UM and high expression of ABCB5.

In conclusion, we suggest using ABCB5 as an easily detectable prognostic marker in primary
UMs and advocate its use as a predictor of the risk of liver metastasis and as guide for monitoring
and treatment. In fact, ABCB5 levels expressed in UM biopsies could be a useful guide towards better
treatment between enucleation and more conservative method.

The weakness of the present study was to evaluate only the morphological evidence based on
immunohistochemistry, to investigate the expression of ABCB5 as a potential prognostic factor in uveal
melanoma. Further studies are needed to confirm our morphological data with other relevant and
sensitive techniques, such as quantitative RT-PCR, ELISA (or similar), and/or western blot.
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Abstract: Neutrophil gelatinase-associated lipocalin (NGAL) is a biomarker of several injuries and is
upregulated in inflammatory conditions. Vitamin D was shown to have anti-inflammatory effects
and to increase after physical activity. This work aimed to assess, through immunohistochemistry,
the effects of an adapted moderate training exercise (AMTE) on the expression of NGAL and vitamin
D receptor (VDR) in the kidney and heart of rats. Sixteen rats were distributed into two groups:
the sedentary control group and the experimental group, subjected to AMTE on the treadmill for
12 weeks. The results showed the basal expression of NGAL and VDR in both the heart and the
kidney in sedentary rats; no differences in the expression of both NGAL and VDR in the heart;
and a decreased NGAL and an increased VDR expression in the kidney of rats subjected to AMTE.
These results suggest a possible protective role of AMTE on NGAL-associated injuries in the kidney,
probably through the vitamin D signaling pathway. Our results represent an interesting preliminary
data that may open new horizons in the management of NGAL-associated kidney injuries. However,
further studies are needed to confirm these results and to comprehend the specific interaction between
NGAL and VDR pathways in the kidney.

Keywords: training exercise; NGAL; VDR; kidney; heart; immunohistochemistry

1. Introduction

The adapted moderate training exercise (AMTE), corresponding to the adapted nonexhaustive
aerobic physical activity is an exciting approach, is increasingly considered by the scientific community
to prevent metabolic disabling diseases and increase physical well-being. Data from the literature
show that moderate physical activity can reduce inflammation and improve general physical function
in humans [1-9] and animals [10,11]. In a rat model, aerobic interval exercise protocol was shown to
prevent the development of diabetic nephropathy and to affect the metabolism of certain minerals [12].
Moreover, aerobic training in association with L-arginine supplementation also demonstrated to
ameliorate kidney and liver damage in myocardial infarction rats, via antioxidant mechanisms [13].
The expression of many cytokines and adipokines associated with metabolic syndrome has also been
investigated in obese women, after aerobic training protocol, with positive results [14]. In recent
literature, authors described that AMTE has beneficial effects on the preservation of articular cartilage
and muscle tissues, confirming its protective role on the musculoskeletal system as well [15-18].
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Neutrophil gelatinase-associated lipocalin (NGAL) is a small protein of the lipocalin superfamily,
also known as lipocalin-2 [19]. It is physiologically and basally present at low levels in many tissues
including heart, kidney, liver, uterus, bone marrow, lung, adipose tissue, and macrophages [20-22]. Its
upregulation follows the activation of the NF-kB pathway [23]. NGAL was shown to play a pivotal
role as a modulator of the innate immune system in inflammation [24-26]. Of note, the complex
NGAL-MMP-9 extends the proteolytic activity of the latter by inhibiting its degradation [27], which
leads to several pathophysiological conditions [28]. In human diseases, several studies have shown
that NGAL increases significantly and rapidly in case of renal cell damage, suggesting that NGAL is a
biomarker of various forms of kidney injuries [29,30]. NGAL upregulation could also be a biomarker
in patients who suffer from heart failure [31] or in those who undergo cardiac surgery [32]. NGAL is
upregulated in several other inflammatory states, like chronic obstructive pulmonary disorder and
bowel inflammatory condition [33]. Strenuous exercise, causing oxidative stress and reactive oxygen
species (ROSs) production, can induce changes in NGAL concentration as well [34-36]. Bongers
et al. reported that prolonged endurance exercise in healthy adults could induce an increase in
NGAL urinary concentration [34]. Increased NGAL urinary levels have also been found in endurance
cycling athletes [35]. These findings were validated by Lippi et al., who demonstrated increased acute
expression of serum NGAL in long distance running athletes (strenuous exercise) [36]. The expression
of NGAL has also been investigated in physically active individuals, after short-term maximal exercise,
but no differences in its expression have been reported [37,38]. However, the expression of NGAL in
association with an AMTE protocol has never been investigated.

Another, recently emerging important compound positively associated with physical activity is
represented by vitamin D. It is a fat-soluble molecule able to exert antioxidant functions, responsible
for the body’s mineral homeostasis. This vitamin can be taken exogenously with food or endogenously
produced by the skin during the exposure to sunlight. After synthesis, vitamin D is inactive. The liver
operates the conversion from the inactive form to 25-hydroxyvitamin D or calcidiol by hydroxylation
at carbon 25. The latter is then collected in the adipose tissue as a reserve. To become active,
25-hydroxyvitamin D needs the participation of kidneys and 1-hydroxylase enzyme to be converted
into 1,25-dihydroxyvitamin D, known as calcitriol [39]. The body cells respond to vitamin D in its active
form through its receptor called vitamin D receptor (VDR) [40]. Vitamin D can regulate important
mechanisms of immunity and inflammation and to modulate cardiovascular and musculoskeletal
systems [41]. Indeed, it was shown that calcitriol suppresses NF-«B activity in a VDR-dependent
manner. VDR binds IKKf, and this interaction is enhanced by calcitriol. Thus, VDR overexpression
downregulates IKK3-induced NF-«B activity [42]. Its deficiency represents a risk factor for the onset of
metabolic syndrome, but it also determines an increase in oxidative stress. Several studies indicate that
physical activity promotes an increase in vitamin D level, despite sun exposure [43—46]. Indeed, it has
been evidenced that the vitamin D receptor (VDR) increases during exercise [47,48]. These findings
would suggest that physical activity exerts its positive effects also through the vitamin D pathway.
Summing up, (i) physical activity is shown to increase the circulating levels of vitamin D [43-46];
(ii) vitamin D is also shown to exert its anti-inflammatory effects through the NKkB inhibition [49];
and (iii) NGAL is shown to be upregulated by induction of the NF-kB pathway [50,51]. The question
remains: Does AMTE have any effect on NGAL expression? If so, does the VDR expression change as
well? The goal of the present research was to answer these questions and to evaluate the expression of
NGAL and VDR in kidneys and hearts of rats subjected to AMTE for 12 weeks.

2. Materials and Methods

2.1. Breeding and Housing of Animals

Sixteen 3-month-old healthy male Wistar Outbred Rats (Charles River Laboratories, Milan, Italy)
with an average body weight of 300 & 20 g were housed in polycarbonate cages (cage dimensions:
10.25” W x 18.75” D x 8” H) at controlled temperature (2023 °C) and humidity during the entire
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experimentation at the “Center for Advanced Preclinical In Vivo Research (CAPIR)”. The animals had
free access to food and water and lived a photoperiod of 12 h light/dark. The day after the last training
(the experiment lasted 12 weeks), the rats were sacrificed by an intravenous lethal injection of anesthetic
overdose using a mixture of Zoletil 100 (Virbac, Milan, Italy) at a dose of 80 mg/kg and DEXDOMITOR
(Virbac, Milan, Italy) at a dose of 50 mg/kg. After the sacrifice, kidney and heart were explanted
and histological and immunohistochemical analyses were performed. All procedures conformed to
the guidelines of the Institutional Animal Care and Use Committee (I.A.C.U.C.) of the University of
Catania (Protocol n. 2112015-PR of the 14.01.2015, Italian Ministry of Health). The experiments were
performed accordingly with the European Community Council Directive (86/609/EEC) and the Italian
Animal Protection Law (116/1992).

2.2. Experimental Design

Sixteen 3-month-old healthy male Wistar Rats were randomly divided into two groups, with 8
rats per group:

e  Group 1: sedentary rats.
e Group 2: rats undergoing AMTE on treadmill.

Group 2 rats performed moderate exercise on the treadmill (2Biological instrument, Varese,
Italy), for 12 weeks, five days a week, for 20/30 min daily. The treadmill was set with an inclination
of 2° (between 2 and 6 degrees) and speed of 10/30 m/minute (type of exercise: interval training,
between mild and moderate intensity). Physical activity was executed by the method previously
described [52,53]. Briefly, a minimal electric shock (0.2 mA) forced the rat to walk on the treadmill. The
shock serves to stimulate the rat to walk and to instruct it. Usually, the rat learns this activity in the
first 2 min of the exercise. This type of exercise is used to stimulate the muscles, joints, and bones in the
work of flexion—extension of the limbs. During the exercise, the possible suffering of the animals was
evaluated. The rats that exceeded five electric shocks (0.2 mA) without learning the work to be done on
the treadmill, have been discarded from the experiment. On the day following the last training (after
12 weeks of the experiment) the animals were humanely sacrificed by a lethal intravenous injection
of anesthetic overdose, and kidney /heart samples were explanted and fixed for the histological and
immunohistochemical analysis.

2.3. Histology

Kidney and heart samples were fixed in 10% neutral buffered formalin (Bio-Optica, Milan, Italy).
Embedding in paraffin followed overnight washing, as previously described [54]. The samples were
placed in the cassettes after wax infiltration. A rotary manual microtome (Leica RM2235, Milan,
Italy) was used to cut the paraffin blocks into tissue samples (4-5 um) which were then mounted
on silane-coated slides (Menzel-Glaser, Braunschweig, Germany) and stored at room temperature.
Histological analysis and examination of structural alterations were possible by dewaxing the sections
in xylene, hydrating them by graded ethanol, and then staining with hematoxylin and eosin.

A Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany) and a digital camera
(AxioCam MRc5, Carl Zeiss, Oberkochen, Germany) were used to examine slides.

2.4. Immunohistochemistry

Kidney and heart samples were processed for immunohistochemical evaluation as formerly
discussed [55]. Thoroughly, the slides were dewaxed in xylene, hydrated by graded ethanol, incubated
for 30 min in 0.3% hydroperoxyl (H,0O,)/methanol to block endogenous peroxidase activity, and then
rinsed in phosphate-buffered saline (PBS; Bio-Optica, Milan, Italy) for 20 min. The antigenic sites were
unmasked by storing the slides in capped polypropylene slide holders with citrate buffer (10 mM
citric acid, 0.05% Tween 20, pH 6.0; Bio-Optica, Milan, Italy) and heated for 5 min for three times
inside a microwave oven (750 W, LG Electronics Italia S.p.A., Milan, Italy). Nonspecific binding of
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the antibodies was prevented by the applying of a blocking buffer with 5% bovine serum albumin
(BSA, Sigma, Milan, Italy) in PBS for one h in a moist chamber, and then the primary antibodies were
applied. The sections of tissue were then incubated overnight at 4 °C with the following antibodies;
rat monoclonal anti-vitamin D receptor (ab115495; Abcam, Cambridge, UK) diluted 1/100 in PBS
(Bio-Optica, Milan, Italy) and rabbit monoclonal anti-NGAL [EPR5084] (ab125075; Abcam, Cambridge,
UK), diluted 1/100 in PBS (Bio-Optica, Milan, Italy). The slides were then covered with a biotinylated
antibody (horseradish peroxidase (HRP)-conjugated anti-rat and anti-rabbit were used as secondary
antibodies), and the peroxidase-labeled streptavidin allowed the detection of the immune complexes
(labeled streptavidin-biotin (LSAB) + System-HRP, K0690, Dako, Glostrup, Denmark), after incubation
for 10 min at room temperature. The immunoreaction was perceived by incubating the sections for
2 min in a 0.1% 3,3'-diaminobenzidine, 0.02% hydrogen peroxide solution (DAB substrate Chromogen
System; Dako, Denmark). The slides were mildly counterstained with Mayer’s Hematoxylin (Histolab
Products AB, Goteborg, Sweden) and mounted in GVA mount (Zymed, Laboratories Inc., San Francisco,
CA, USA).

2.5. Computerised Densitometric Measurements and Image Analysis

Image analysis software (AxioVision Release 4.8.2-5P2 Software, Carl Zeiss Microscopy GmbH,
Jena, Germany) was used to quantify the grade of staining of positive anti-vitamin D receptor and
anti-NGAL antibodies immunolabeling. It also calculated the densitometric count (Log2 densitometric
count-pixel2) of the immunostained area in seven fields, the area of which was about 150,000 pm?,
randomly selected from slides. Digital micrographs were taken using the Zeiss Axioplan light
microscope (Carl Zeiss, Oberkochen, Germany), using a lens with a magnification of %20, i.e., total
magnification 200) fitted with a digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).
Evaluations were performed by three blinded investigators (two anatomical morphologists and
one histologist). The values were accepted as correct if they did not show statistically significant
difference [56]. Every single interpretation of the results was discussed in favor of a standard agreement,
in case of disputes [53].

2.6. Statistical Analysis

GraphPad Instat® Biostatistics version 3.0 software (GraphPad Software, Inc., La Jolla, CA, USA)
and IBM SPSS Statistics (version 20, IBM Corporation, Somers, Armonk, NY, USA) were used as
instruments of statistical evaluations. An unpaired -test was used to compare two groups. p-values of
less than 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
and ns not significant) as previously described [57]. The data were presented as the mean + SD.

3. Results

3.1. Histology

Hematoxylin & eosin staining made possible to inspect morphological alterations in the kidney
and heart tissue of the experimental groups. No damages in the histological structure of kidney and
heart tissue were appreciated (data not shown).

3.2. Immunohistochemistry (IHC) Observations and Statistical Analysis

3.2.1. NGAL-Kidney

NGAL immunostaining was mainly detected in the cytoplasm of cells in the medulla of kidney
samples of both Groups, 1 and 2, involving collecting ducts and loops of Henle (Figure 1A,C). In the
cortex, the NGAL immunostaining was found at the different degree in groups, involving both distal
and proximal convoluted tubules; glomeruli were rarely and slightly immunostained (Figure 1B,D).
The intensity of NGAL immunostaining (Log2 densitometric count-pixel2) was lower in Group 2
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(16.60 & 1.71) when compared to sedentary control group (Group 1) (17.87 & 0.59) (p = 0.0028), as
reported in graph (Figure 1E).

Log, Densitometriccount [Pixel’]

Figure 1. Kidney neutrophil gelatinase-associated lipocalin (NGAL) immunohistochemistry in Group
1 (A,B) and in Group 2 (C,D). NGAL immunostaining in kidney tissue and image analysis by software
in which the red color indicates the immunolabeling (inserts). NGAL immunostaining was mainly
detected in the medulla of kidney samples (A,C) and in the cortex where it was at a different degree in
groups (B,D); glomeruli were rarely and slightly immunostained. (E) Graph showing the intensity of
NGAL immunostaining (Log, Densitometric count pixel?) with statistical analysis. For details, see the
text. (A-D): scale bars: 50 um. The data are presented as mean =+ SD.

3.2.2. VDR-Kidney

VDR immunostaining was highlighted both in cytoplasm and nucleus of cells in kidney samples of
both Groups, 1 and 2. It had different expression levels in the collecting ducts and loops of Henle of the
medulla (Figure 2A,C) and the distal and proximal convoluted tubules of the cortex (Figure 2B,D) about
different groups. Glomeruli were rarely VDR immunostained. The intensity of VDR immunostaining
(Log2 densitometric count-pixel2) was much higher in Group 2 (18.15 & 0.71) when compared to
Group 1 (15.11 £ 2.09) (p < 0.0001), as reported in the graph (Figure 2E).
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Figure 2. Kidney vitamin D receptor (VDR) immunohistochemistry in Group 1 (A,B) and in Group
2 (C,D). VDR immunostaining in kidney tissue and image analysis by software in which the red
color indicates the immunolabeling (inserts). VDR immunostaining had different expression levels
in the medulla (A,C) and in the cortex (B,D) in groups; glomeruli were rarely VDR immunostained.
(E) Graph showing the intensity of VDR immunostaining (Logy Densitometric count pixel?) with
statistical analysis. For details, see the text. (A-D): scale bars: 50 um. The data are presented as
mean =+ SD.

3.2.3. NGAL-Heart

NGAL immunostaining was mainly detected in the cardiomyocytes cytoplasm of both Groups,
1 and 2 (Figure 3A,B). The intensity of NGAL immunostaining (Log2 densitometric count-pixel2) was
almost equal in Group 2 (19.56 + 0.79) if compared to Group 1 (sedentary) (19.48 + 0.89), and the
difference between means was not significant (p = 0.7655, ns), as reported in the graph (Figure 3C).
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Figure 3. Heart NGAL immunohistochemistry in Group 1 (A) and Group 2 (B). NGAL immunostaining
in heart tissue and image analysis by software in which the red color indicates the immunolabeling
(inserts). NGAL immunostaining detected in the cytoplasm of cardiomyocytes, at similar levels
of expression in the groups. (C) Graph showing the intensity of NGAL immunostaining (Log,
Densitometric count pixel?) with statistical analysis. For details, see the text. (A,B): scale bars: 50 pm.
The data are presented as mean =+ SD.

3.2.4. VDR-Heart

In heart samples, VDR immunostaining was detected mainly in the cytoplasm of cardiomyocytes
of both Groups 1 and 2 (Figure 4A,B), and rarely in nuclei. The intensity of VDR immunostaining
(Log?2 densitometric count-pixel2) was similar both in Group 2 (19.11 £ 0.79) and Group 1 (sedentary)
(18.81 £ 0.67) and the difference between means was not significant (p = 0.1847, ns), as reported in the
graph (Figure 4C).
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Figure 4. Heart VDR immunohistochemistry in Group 1 (A) and in Group 2 (B). VDR immunostaining
in heart tissue and image analysis by software in which the red color indicates the immunolabeling
(inserts). VDR immunostaining was found to have similar degrees of expression in the groups, mainly
in the cardiomyocytes cytoplasm and rarely in nuclei. (C) Graph showing the intensity of VDR
immunostaining (Log, Densitometric count pixel?) with statistical analysis. For details, see the text.
(A,B): scale bars: 50 um. The data are presented as mean =+ SD.
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4. Discussion

The presented research aimed to assess if AMTE may exert a protective role on body homeostasis,
through vitamin D and NGAL pathways. Our results, as expected, showed the augmented expression
of VDR in kidneys of rats subjected to AMTE, in comparison to the sedentary controls. These results
may hint an increased release of vitamin D in the circulation after physical activity, confirming findings
from literature [43-46]. Makanae et al. demonstrated that indeed intramuscular VDR expression
could be effectively promoted by physical activity [47]. Another work suggests that rats performing
swimming activity experienced increases in vitamin D level in the serum and, consequently, a greater
expression of its receptors in the pancreas, adipose tissue, and muscle [48]. In the present study, the
authors did not evaluate the circulating levels of vitamin D in the serum of rats undergoing AMTE
protocol; this represents a limitation of the study. Nevertheless, curiously, in our results, the expression
of VDR in the heart of active rats did not change significantly when compared to the sedentary controls.
A reason for that could be hypothesized by the fact that the circulating vitamin D is converted in its
active form in the kidney and, then, determines the increased local expression of its receptor at this
level, but does not determine its increase in other organs. Nevertheless, further long-term studies
should be done to clarify this aspect. Vitamin D was shown to inhibit the NF-kB pathway [24,25]. Thus,
since the promoter region of NGAL contains a consensus-binding site for NF-«B [58,59] and VDR was
shown to inhibit the activation of NF-«B, it is conceivable that increased levels of circulating vitamin D
indirectly inhibit the NGAL expression (Figure 5). In our work, we observed the basal expression of
NGAL both in hearts and kidneys of sedentary rats, suggesting that sedentary lifestyle may represent
a condition in which it is easier to develop NGAL-involved pathophysiological states. We also assisted
to a significant reduction in the detection of NGAL in kidneys inactive rats, as expected, but curiously,
not in their hearts. These data suggest that, regarding the crosslink between VDR and NGAL pathways,
AMTE did not have any effects on heart tissue, but only on the kidney one. Moreover, a significant
and inversely proportional expression of both proteins in kidneys, but not in hearts, of active rats,
when compared to the sedentary controls, further confirms the involvement of VDR in the NGAL
downregulation. This reasonably happened through the NF-«B inhibition. However, these preliminary
findings certainly need further studies to confirm the crosslink between these two pathways. Albeit
above reported scientific data highlight that physical activity may increase NGAL levels, they refer to
strenuous anaerobic exercise. In our experimental design, we preferred to use AMTE, since this type
of exercise is more inclined to induce an adaptive response by the body and our results were different
from those reported concerning the strenuous anaerobic exercise. These findings have intriguing
clinical implications related to physical activity in humans, emphasizing the beneficial effects of
AMTE, but not strenuous exercise, particularly in obese people, given that obesity is associated with
inflammation [60]. The limitations of our study refer to the nondosing of NGAL in organic liquids
such as urine and blood, which could strengthen immunohistochemical data on tissue; this will lead
us to further future studies to deepen the topic of our research.
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Figure 5. The possible VDR action on kidney cells. The hypothetical mechanism involved during the
stress condition in kidney cells. The deprivation of vitamin D3 and stress condition determines the
NKKB activation, which results in NGAL upregulation and inflammation. On the contrary, the increased
levels of vitamin D3 may determine the inhibition of NFkB pathway, which indirectly may block NGAL
synthesis, exerting its anti-inflammatory effect. This figure was drawn using the software CorelDraw
(Version, Company, City, US State Abbr., Country and Year) and the vector image bank of Servier
Medical Art (http://smart.servier.com/). Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses /by /3.0/).

5. Conclusions

In the present study, once again in agreement with the current literature, we provide experimental
evidence supporting the concept that physical activity improves metabolic homeostasis, leading to
physical wellness. We can also confirm the positive effects of physical activity-dependent vitamin D
mobilization/synthesis, counteracted by NGAL behavior in the kidney. We believe that the present
morphological study, although it has some limitations, can give an interesting contribution in basic
research to better understand the role of molecule biomarkers for kidney injuries, such as NGAL, and,
consequently, adopt strategies that can improve and maintain the state of health of the individual.
However, additional investigations should be realized to confirm our preliminary morphological data.
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Abstract: The human Wilms’ tumor gene (WT1) was originally isolated in a Wilms’ tumor of the
kidney as a tumor suppressor gene. Numerous isoforms of WT1, by combination of alternative
translational start sites, alternative RNA splicing and RNA editing, have been well documented.
During human ontogenesis, according to the antibodies used, anti-C or N-terminus WT1 protein,
nuclear expression can be frequently obtained in numerous tissues, including metanephric and
mesonephric glomeruli, and mesothelial and sub-mesothelial cells, while cytoplasmic staining is
usually found in developing smooth and skeletal cells, myocardium, glial cells, neuroblasts, adrenal
cortical cells and the endothelial cells of blood vessels. WT1 has been originally described as a tumor
suppressor gene in renal Wilms” tumor, but more recent studies emphasized its potential oncogenic
role in several neoplasia with a variable immunostaining pattern that can be exclusively nuclear,
cytoplasmic or both, according to the antibodies used (anti-C or N-terminus WT1 protein). With the
present review we focus on the immunohistochemical expression of WT1 in some tumors, emphasizing
its potential diagnostic role and usefulness in differential diagnosis. In addition, we analyze the WT1
protein expression profile in human embryonal/fetal tissues in order to suggest a possible role in the
development of organs and tissues and to establish whether expression in some tumors replicates
that observed during the development of tissues from which these tumors arise.

Keywords: immunohistochemistry; WT1; human embryonal/fetal tissues; neoplastic tissue;
differential diagnosis

1. Introduction

The human Wilms’ tumor gene (WT1), first isolated as a tumor suppressor gene and involved in the
development of Wilms’ tumor of the kidney [1], was among the principal tumor suppressor genes to be
cloned [2]. The WT1 gene maps to chromosomal band 11p13, and encodes a transcription factor of the
zinc finger type family, containing four zinc finger motifs at the C-terminus and a proline/glutamine-rich
DNA-binding domain at the N-terminus. It spans approximatively 50 kb of genomic sequence and
comprises 10 exons that produce a 3 kb mRNA [3,4].

Numerous isoforms, developing from a combination of alternative translational start sites,
alternative RNA splicing, and RNA editing, have been well-documented [5-8]. The most studied
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are the exon 5 variants and the KST (lysine-threonine—serine) isoforms, and, in some cases, these
can have specific functions. Although WT1 was originally discovered as a tumor suppressor gene
involved in the pathogenesis of renal Wilms’ tumor, subsequent studies emphasized its potential
oncogenic role in hematologic malignancies [9] and in different malignant solid tumors [10], including
lung cancer [11], colorectal cancer [12], pancreatic cancer [13], breast cancer [14], desmoid tumors [15],
ovarian cancer [16,17], brain tumors [18,19] and soft tissue sarcomas [20]. This hypothesis is supported
by several functional studies showing that WT1 inhibition, by using antisense oligonucleotides, reduces
cell proliferation, migration and endothelial tube formation [21]. WT1 could play an important role in
angiogenesis, the onset of metastases and the inhibition of the immune response. In fact the endothelial
cells, haematopoietic progenitor and myeloid-derived suppressor cells express high levels of WT1
inducing the control of the expression of CD31 and CD117. Therefore, the inactivation of WT1 in
the aforementioned cells can reduce angiogenesis, the development of metastases and promote the
immune response [22].

Although the first function defined for WT1 was that of a transcriptional regulator, in the
last 10 years several studies have emerged indicating its function as an activator, a repressor or a
coactivator [23,24]. Nevertheless, it is known that the role of WT1 is more complicated than once
believed, and it could be involved in at least two distinct cellular processes: transcription control and
RNA metabolism. All these roles of WT1 are supported by alternative splicing of the WT1 RNA to
generate two main isoforms that differ by the insertion of three amino acids, KTS (lysine-threonine—
serine), inside the zinc finger region of the protein [25-27]. In this regard, several studies have
demonstrated that the isoform of WT1 that lacks the KTS insertion, -KTS WT1, binds to DNA with
higher affinity and functions as a transcriptional regulator. On the other hand, the form having the
KTS insertion, +KTS WT1, plays a role in mRNA splicing rather than transcriptional control [28,29].
Larsson et al. found the first correlation between the WT1 protein and RNA metabolism, showing that
the +KTS WT1 isoform colocalized specially with splicing factors within nuclear speckles. In the last
few years it has been demonstrated that a considerable amount of transcription and/or splicing factors
shuttle to the cytoplasm, acquiring a new function. The cytoplasmic role attributed to shuttling proteins
is predominantly the nucleocytoplasmic transport of mRNA or RNA. Niksic et al. [27], emphasized
not only that WT1 is a shuttling protein, but also that a substantial part of endogenous WT1 protein
is located in the cytoplasm. Furthermore, they showed that both WT1 isoforms shuttle between the
nucleus and the cytoplasm [30].

WTT1 is not only differentially spliced, but in turn alters the splicing and function of other genes,
such as the vascular endothelial growth factor (VEGF), through the activation of Serine/arginine-rich,
protein-specific splicing factor kinase (SRPK1), and indirectly Serine/arginine-rich splicing factor 1
(Srsfl). Comparing healthy tissues with neoplastic tissues, there is a greater expression of Wtl1, Srpk1,
Srsfl and the pro-angiogenic VEGF isoforms. WT1 inhibition regulates negatively the expression of
Srpkl and Srsfl in endothelial cells, inducing the development of the antiangiogenic VEGF isoform,
associated with apoptotic cell death [31,32].

In the past many authors believed that WT1 immunohistochemical expression, using antibodies
directed against the C-terminal portion of the protein [33,34], was exclusively limited to the nucleus,
and that the occasional cytoplasmic staining obtained in some tumors was the result of an artifact
(non-specific staining). The variability of staining with anti-WT1 C-terminus antibodies could be due
to the use of different clones of the same antibody. Subsequently, with the advent of newly available
antibodies against the N-terminal portion of WT1 (clone WT6F-H2), it has been demonstrated that WT1
expression can be found in the nucleus or in the cytoplasm, or concurrently in both the nucleus and
cytoplasm [35-42].

During human ontogenesis, according to the antibodies used, anti-C or N-terminus WT1
protein, [36,39-47], nuclear expression can be frequently obtained in metanephric and mesonephric
glomeruli, primary sex cords, gonadic stroma and mesothelial and sub-mesothelial cells, while
cytoplasmic staining is usually found in developing skeletal muscles, myocardium, radial glia of the
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spinal cord and cerebral cortex, sympathetic neuroblasts, adrenal cortical cells and the endothelial cells
of blood vessels [33,34,37,38,48-52]. With regard to neoplastic tissues, WT1 protein has been found in
several tumors with variable immunostaining patterns, i.e., exclusively nuclear, cytoplasmic or both,
according to the antibodies used (anti-C or N-terminus WT1 protein) [35,36,39-47]. The variable nuclear
and cytoplasmic WT1 staining may be explained by assuming that the expression of this transcription
factor in some neoplastic tissues (Wilms tumor, ovarian, mesothelial neoplasms, Sertoli cell tumor and
rhabdomyosarcoma) mirrors its normal developmental regulation [37,38,41]. In addition, our research
group have recently demonstrated that WT1 shows an oncofetal expression pattern, being abundantly
detected in developing and neoplastic skeletal muscle tissues, while its expression is down-regulated
in adult normal skeletal muscle tissues [41,46].

The present review focuses on the immunohistochemical expression of WT1 in some common and
less common tumors (Table S1), emphasizing its potential diagnostic role and usefulness in differential
diagnosis. In addition, we analyze WT1 protein expression profiles during human ontogenesis to
provide suggestions about its role in the development of organs and tissues, and to establish if its
expression in some tumors replicates that observed during the development of tissues from which
these tumors arise.

2. WT1 Immunohistochemical Expression in Human Embryonal/Fetal and Neoplastic Tissues

2.1. WT1 Immunohistochemical Expression in Human Embryonal/Fetal Tissues

From gestational weeks 7 to 24, WT1 expression has been found in several tissues, in a nuclear or a
cytoplasmic localization. WT1 nuclear staining can be observed in different structures of metanephros
and mesonephros [37,51,52], including glomeruli and sub-capsular blastema of nephrogenic zone
(Figure 1). WT1 expression in round, undifferentiated mesenchymal cells (blastematous component)
undergoing epithelial differentiation is a model of controlled epithelial-mesenchymal transition
resulting in nephrogenesis [53-56]. WT1 is expressed in mesothelial cells (excoelomic epithelium) that
are found above both ovaries and testes, in the developing sex cords and in the gonadal mesenchyme
(Figure 1). In the later phases of development, nuclear staining is manteined in the secondary sex cords
of both testes and ovaries, while it gradually disappears from their surrounding mesenchyme, to be
restricted to epithelial cells surrounding the oocytes [51]. Between the seventh and the tenth week
of gestational age, WT1 nuclear expression can be found in the mesothelial cells of serosal surfaces
covering the abdominal and pelvic visceral organs (uterus and ovaries, bladder, stomach, small and
large intestine, pancreas) pleura and peritoneum. Notably, a conspicuous amount of mesenchymal
sub-mesothelial cells along mesothelial cells displays WT1 nuclear expression [37].

During human developmental phases (from 8 to 28 wGA) small clusters of neuroblasts are
located in the paravertebral regions, in the cortex of adrenal glands and within the muscle wall of the
developing stomach and small/large intestine. WT1 cytoplasmic expression in neuroblasts is strong
and diffuse during the different phases of development, while no nuclear immunoreactivity can be
demonstrated. These cells gradually differentiate into ganglion cells, at first as immature ganglion cells
and finally as mature ganglion cells. In immature ganglion cells, unlike neuroblasts, WT1 cytoplasmic
immunoexpression is weak/focal and sometimes absent, while ganglion cells of adult sympathetic
ganglia, adrenal glands and myoenteric nervous plexuses, are completely negative. Similar to the
adult adrenal medulla and paraganglia, extra- and intra-adrenal differentiating chromaffin cells are
not WT1 stained. The expression of WT1 is strongly localized in the cytoplasm of radial glia cells of
both the developing spinal cord and cerebral cortex along the entire thickness of the neural tube. WT1
expression in the undifferentiated radial glial cells seems to support the theory that it is necessary to
maintain cells in an undifferentiated state [30,57-59].
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Figure 1. Nuclear expression of the Wilms’ tumor gene (WT1) (N-terminus) in human metanephros (A),
in gonadic stromal cells (B) and in the mesothelial cells covering the surface of the ovary (B) of the
fetus of 11 weeks of gestational age. Cytoplasmic expression of WT1 (N-terminus) in myocardium (C)
and in the skeletal cells (D) in a fetus of 22 weeks of gestational age.

During the early phases of development (from 6 wGA) embryonic myoblasts forming myotomes
exhibit strong cytoplasmic staining for WT1. Moreover, in both primary and secondary myotubes
of the developing muscles, WT1 is strongly and diffusely expressed in the cytoplasm of these cells.
From 20 wGA, WT1 cytoplasmic expression becomes more heterogeneous, ranging from focally strong
to weak or absent within the same muscle fiber (mosaic-type expression) (Figure 1). WT1 nuclear
immunoreactivity is lacking in skeletal muscle during all phases of myogenesis [41]. Several studies
have shown that WT1 is crucial for heart development [60,61], and it may also be involved in the
proliferation of cardiac myocytes. In addition, WT1 plays a key role in the conversion of epicardial cells
to mesenchymal cells. This is demonstrated by strong WT1 cytoplasmic expression in cardiomyocytes of
both atria and ventricles during the different phases of heart development, as in somatic skeletal muscle
cells. In addition, WT1 is expressed in the cytoplasm of the endothelial cells of blood vessels (aorta,
arteries, veins, capillaries) in all developing tissues (Figure 1) [62]. These findings are also maintained
in the endothelial cells of both adult tissues and benign and malignant tumors. In developing human
lungs, from 8 to 14 wGA, WT1 nuclear staining is limited to the mesothelial cells of visceral pleura,
with a weak cytoplasmic expression in some mesenchymal cells surrounding branching epithelial
structures. Between 7 and 14 wGA, WT1 staining is missing in the human fetal epidermis, except for
an intense cytoplasmic expression in the progenitor cells of the developing dermis [41].

WT1 is expressed in the myoenteric plexus of the developing gastroenteric system [38], while a
weak cytoplasmic staining is observed in the cells of the muscularis propria, especially of the small
intestine [52]. A strong WT1 nuclear staining is found in the mesothelial cells of serosal surfaces
covering the stomach, small and large intestine, pancreas and liver [52].

2.2. Wilms” Tumor

Wilms’ tumor is a malignant embryonal neoplasm, also known as a nephroblastoma of pediatric
age, resulting from a disturbance of the differentiation of nephrogenic blastematous cells, which
replicates various stages of the developing kidneys [53,54,63,64]. Microscopically, Wilms’ tumor is
typically composed of three components: blastematous, mesenchymal (stromal) and epithelial [65-67].
Most Wilms’” tumors show all three components, but their proportions vary widely. Some tumors
are biphasic, while others are monophasic. The blastematous component is extremely cellular and
composed of small round-to-oval cells with scanty cytoplasm, dark nuclei and frequent mitotic figures,
arranged in diffuse, nodular, cord-like (serpentine), or basaloid (with peripheral palisading) patterns.
The stromal component is composed of spindle-shaped cells set in a myxoid stroma.
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In most tumors, stromal differentiation, including smooth and skeletal muscle, bone and chondroid
tissues, adipocytic tissue, or more rarely, neuroglia and mature ganglion cells, may be observed. Skeletal
muscle in various stages of differentiation, including rhabdomyoblasts, represents the most common
heterologous component [68,69]. The epithelial component is composed of tubules, papillary and
glomerular-like structures, which are closely reminiscent of normal nephrogenesis.

There is not a single marker or panel of immunostains that is diagnostic of Wilms’ tumor, but the
immunohistochemical profile depends on the different tumor components examined. WT1 is certainly
the most sensitive and specific marker for the diagnosis of Wilms’ tumor, with positivity in more than 90%
of cases (Figure 2). Itis expressed in the nuclei of primitive blastemal cells using antibodies directed both
to the C-terminal or N-terminal portions of the protein, while it is absent in the differentiated epithelial and
stromal elements. When a Wilms’ tumor is composed predominantly/exclusively of the blastematous
component, it may be diagnostically challenging, especially when pathologists are dealing with small
biopsies, and the differential diagnosis includes other small, round cell tumors (differential diagnosis
with other small, round blue cell tumors-PNETs/Ewing sarcoma, neuroblastomas, rhabdomyosarcomas,
clear cell sarcomas, synovial sarcomas and lymphomas). In this context, the demonstration of WT1
nuclear expression with antibodies directed against the C-terminal portion of the protein (clone WT1C19)
is helpful in confirming the diagnosis.

Figure 2. Wilms’ tumor showing blastematous, epithelial and stromal components (A). Blastematous
component showing diffuse and strong nuclear WT1 (N-ternminus) expression (B).

2.3. Malignant Mesothelialioma

Malignant mesothelioma is a primary tumor of serosal membranes, including pleura, peritoneum,
pericardium and tunica vaginalis of the testis. The majority of these tumors arise from pleura followed
by peritoneum, and are related to asbestos exposure. Histologically, mesotheliomas are classified
in three forms: epithelioid, sarcomatoid, or mixed (biphasic). The majority of these tumors are
predominantly epithelioid, with tumor cells forming papillae, pseudoacini or solid epithelial nests [70].
These tumor cells show abundant and acidophilic cytoplasm with round nuclei and occasionally
prominent nucleoli. Early forms can be difficult to distinguish from reactive mesothelial hyperplasia.
Infiltration of deep tissues, obvious cytologic atypia, prominent cell groupings and necrosis favor the
diagnosis of malignant mesothelioma [71]. Sarcomatoid mesothelioma [72] is composed of spindle
cells with oval nuclei, scant amphophilic cytoplasm and occasionally prominent nucleoli, arranged in
a fascicular pattern, sometimes with a fibrosarcoma-like appearance.

Epithelioid mesotheliomas may show a wide variety of morphologies, which can mimic
numerous metastatic carcinomas, especially adenocarcinoma of the lung. The correct diagnosis
of mesothelioma is usually achieved by the application of a panel of immunohistochemistry, including
WTT1 antibodies. Early studies on WT1 expression in mesotheliomas were published in 2000, reporting
a positivity of 45-75% of the cases using a polyclonal antibody [73,74]. With the advent of new,
commercially-available antibodies (6F-H2), a higher percentage of expression has been reported.
Currently, WT1 is considered a highly sensitive and relatively specific marker for distinguishing
mesothelioma from lung adenocarcinoma [75]. However, in daily diagnostic practice, WT1 must be
used in combination with other, usually positive, markers for mesothelioma (calretinin, Keratin5/6).

In mesotheliomas, WT1 protein expression is restricted to the nucleus (Figure 3), even if it can
be focally observed in the cytoplasm of the cells of sarcomatoid mesotheliomas [74-78]. As normal/
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hyperplastic mesothelial cells lining pleura show nuclear staining for WT1 [37], this marker is not
helpful in distinguishing benign from malignant lesions. Nuclear WT1 expression in mesothelioma
is not surprising if we consider that a similar expression has been documented in embryonal/fetal
mesothelial cells covering cavities. The diagnosis of mesothelioma continues to rely on a multimodal
approach that incorporates clinical features, gross, microscopic and immunohistochemical features [79].

Figure 3. Epithelioid mesothelioma of the pleura (A). Diffuse nuclear expression of WT1 (N-terminus)
in the neoplastic cells of mesothelioma (B).

2.4. WT1 Expression in Epithelial Tumors of Ovary

Epithelial tumors are the most common ovarian tumors, comprising about 60% of all ovarian
tumors. Serous tumors constitute approximately 30% of all ovarian tumors. About half of the cases
are benign, approximately 35% are malignant and the remaining cases are classified as borderline.
They usually show positive staining for CK7, and they do not stain for CK20 or CDX-2. Parenti
et al. [37] reported WT1 nuclear expression in mesothelial cells lining the fetal ovaries, thus it is not
surprising if the tumors that originate from the epithelium covering the ovary express WT1. In fact,
several studies show that the WT1 nuclear expression in serous ovarian tumors is around 90-95%, and
that this marker is also helpful in differentiating ovarian serous carcinoma from endometrial serous
carcinoma, which has a similar microscopic appearance, but is less likely to stain for WT1 [16,80-89].
WT1 shows a different expression in the different histological subtypes of ovarian carcinomas. Serous
ovarian carcinomas that originate in the fallopian tubes, in the peritoneum and in the ovarian cortical
inclusion cysts, are always WT1 positive. Recent studies demonstrated not only the diagnostic utility,
but also the possible prognostic role of WT1. High grade serous ovarian carcinomas positive to
WTT1 have a better prognosis, especially when the neoplastic cells co-express WT1 and the estrogen
receptor [90]. Mucinous and clear-cell carcinomas are negative, according to Waldstrem and Grove [89],
Goldstein et al. [80] and Hashi et al. [82]. In contrast, another study carried out by Shimizu et al. [16]
demonstrated the immunohistochemical expression of WT1 in both mucinous and clear-cell carcinomas,
with a higher expression in serous carcinomas than in clear-cell carcinomas, while not a significantly
higher expression than mucinous carcinomas. It is likely that these conflicting results may be due to
the use of different primary antibodies. Indeed, Shimizu et al. [16], used the C19 clone, whereas in
other studies the 6F-H2 clone was the antibody used against WT1.

Numerous reports show that WT1 is not expressed in endometrioid carcinomas [82,86,87], with
only a few studies showing focal WT1 positivity [81,83,84]. Recently, immunohistochemical studies
indicated a significant difference in WT1 expression between highly-differentiated, endometrioid
carcinomas, compared with tumors of lower grade [89]. As suggested by Gilks [88], low-grade
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endometrioid carcinomas differ from high-grade endometrioid carcinomas in biological behavior and
gene expression profile, and this theory may explain the different expression of WT1.

2.5. WT1 Expression in Granulosa Cell Tumor

Granulosa cell tumors are sex cord-stromal ovarian neoplasms showing differentiation toward
follicular granulosa cells. The two types of granulosa cell tumors are known as adult and juvenile types.
Macroscopically, adult granulosa cell tumors appear as unilateral, usually solid or solid-cystic masses,
with an area of hemorrhage or necrosis following torsion. In the adult type granulosa cell tumors,
the tumor cells resemble normal granulosa cells. They are small and round, cuboidal, or spindle shaped,
with pale cytoplasm and ill-defined cell borders. The nuclei are round or oval, with fine chromatin and a
single small nucleolus. An important diagnostic feature is the presence of longitudinal folds or grooves
in the nuclei with a ‘coffee-bean” appearance [91]. Occasionally, mitotic figures, nuclear pleomorphism
and bizarre nuclei are seen, but do not appear to affect the prognosis adversely [92-94]. The tumor cells
are rarely extensively (>50% of cells) luteinized with abundant eosinophilic cytoplasm, well-defined
cell borders and central nuclei resembling the luteinized granulosa cells of the corpus luteum. Cells are
arranged in different patterns, including diffuse, trabecular, micro-follicular, macro-follicular, insular
and pseudopapillary. Macroscopically juvenile granulosa cell tumors are solid-cystic masses, rarely
exclusively solid. They are variably composed of a double component, granulosa and theca component.
The former shows polygonal cells with abundant cytoplasm, from eosinophilic to vacuolated, and clear
and hyperchromatic nuclei without grooves. The second is composed of oval- to spindle-shaped cells
with pale cytoplasm. Several growth patterns are observed, from solid to follicular or pseudo-papillary.
In the atypical forms, brisk mitotic activity is seen. Bizarre nuclei may occur. WT1 is a marker that has
not been widely studied in granulosa cell tumors. It is expressed in 65% to 88% of adult granulosa
cell tumors (Figure 4) [95-98]. Although several different non-sex cord-stromal tumors can express
WT1 [99], most of them are not in the differential diagnosis of ovarian sex cord-stromal tumors, and
tumors that are in the differential diagnosis are typically negative or limited for WT1 expression.

Figure 4. Ovarian granulosa cell tumor, adult type (A). Nuclear WT1 (N-terminus) expression in
neoplastic cells at low (B) and high (C) magnification.

2.6. WT1 Expression in Sertoli Cell Tumors

Sertoli cell tumors are composed of Sertoli cells with rare Leydig cells. They are typically a solid
mass with a tan to yellow cut surface. The tumor cells are cuboidal or columnar with pale cytoplasm,
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and less frequently, deeply eosinophilic or vacuolated. The nuclei are round-oval in shape and uniform
with inconspicuous nucleoli. Atypical and bizarre nuclei are rarely observed. Mitotic activity is
variable, but not > 5/10 HPF. The lesion is well limited by the surrounding ovarian parenchyma.

The cells are typically arranged in a diffuse or nodular pattern, but they can be observed as a
mixture of different patterns (tubules, cord or trabeculae, sheets, pseudo-papillae and more rarely,
retiform, islands or spindly patterns). The main differential diagnoses are the Sertoli-Leydig cell tumor,
endometrioid carcinoma, carcinoid tumor and female adnexa tumor.

Several studies have investigated the expression of WT1 in Sertoli cell tumors in order to identify
new diagnostic markers. Zhao et al. [99] suggested including WT1 protein (6F-H2 antibody) in the
immunohistochemical panel, together with inhibin, to distinguish Sertoli cell tumors from endometrioid
and neuroendocrine tumors. In addition, the authors stated that the diagnostic utility of WT1 in
Sertoli cell tumors is similar to inhibin, and better than that of calretinin [99]. Another study evaluated
WT1 expression in ovarian stroma and its tumors. The results showed that ovarian stromal cells,
ovarian fibroma, cellular fibroma, fibrothecoma and ovarian leiomyoma expressed WT1, whereas
non-gynecologic smooth muscle tumors and other spindle cell tumors were usually negative for
WT1. These findings suggest that WT1 may be used as an immunohistochemical marker for spindle
cell tumors derived from the ovary and uterus, including Sertoli cell tumors (Figure 5). WT1, SF-1
and inhibin are the most informative sex cord-stromal markers to be used for the distinction of
non-sex cord-stromal tumors; however, the usefulness of immunohistochemistry for the diagnosis of
fibroma/fibrothecoma is limited [100].

Figure 5. Sertoli cell tumor (A). Neoplastic cells showing nuclear WT1 (N-terminus) expression (B).
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2.7. WT1 Expression in Breast Carcinoma

Several studies have demonstrated WT1 expression in breast carcinomas, with low expression in
adjacent normal breast tissues. Nasomyon et al. [101], confirmed WT1 protein expression by using
Western blotting. These results suggested that WT1 (17AA+) might be a crucial isoform in cancer
progression and development, and might work together with WT1 (17AA~) as a protein partner. In the
same study, the authors showed that WT1 plays an oncogenic role in ERx and HER2 protein regulation.

In addition, they observed that ER-oc and HER2 proteins were highly expressed in breast cancer,
but expressed at low levels in adjacent normal breast tissues, while WT1 (17AA+) was strongly
expressed in breast cancer and slightly in adjacent normal breast tissues. The result of WT1 (17AA+)
mRNA expression was confirmed at the protein level.

Several studies focused on immunohistochemical nuclear expression of WT1 in breast cancer,
predominantly in the mucinous histotype [43,102-104], while it is occasionally co-expressed in
non-mucinous carcinoma components of mixed mucinous carcinoma [102]. In addition, WT1 expression
was observed, not only in mucinous carcinoma, but also in associated solid papillary carcinoma.
A good correlation of WT1 immunohistochemical expression between solid papillary carcinoma and
associated mucinous carcinomas does exist, indicating that the former could be the precursor of the
latter [105]. With the advent of immunotherapy in malignancies, expression of WT1in mucinous breast
carcinomas provides a molecular target in these relatively indolent breast tumors [102]. Conflicting
results are reported regarding WT1 expression and the prognosis of breast carcinoma. A study
demonstrated that WT1 expression in breast cancer is correlated to poor prognosis, due to cancer-related
epithelial-to-mesenchymal transition (EMT) and poor chemotherapy response [106]. Conversely,
another study displayed that the immunoreactivity for WT1, together with RSPO1 and P16, was
significantly associated with a more favorable disease-free survival [107]. Furthermore, high levels of
Wilms” Tumor 1 (WT1) protein and mRNA had been associated with aggressive phenotypes of breast
tumors, because HER2/neuoncogene increases WT1 expression. Increased levels of WT1 are due to the
engagement of Akt, resulting in HER2/neu overexpression [108].

2.8. WT1 Expression in Lung Carcinomas

WT1 expression was analyzed, by using immunohistochemical and quantitative real-time
(qQRT-PCR) analyses, in several types of lung carcinoma (41 adenocarcinomas, 13 squamous
cell carcinomas, two large cell carcinomas and six small cell carcinomas). Data obtained from
immunohistochemical analyses showed cytoplasmic WT1immunoreactivity in 5/6 small cell carcinomas,
1/2 large cell carcinomas, 1/1 squamous cell carcinomas and in 4/5 adenocarcinomas. (In normal
lung tissues, no immunoreactivity was observed). In the same study WT1 genomic DNA obtained
from seven lung cancer tissues was PCR-amplified and examined for mutations by direct sequencing.
The absence of mutations in all of the 10 exons of the WT1 gene was demonstrated, suggesting that
the non-mutated, wild-type WT1 gene plays an important role in the tumorigenesis of de novo lung
cancers, and may provide the rationale for new therapeutic strategies for lung cancer targeting the
WT1 gene and its products [11].

2.9. WT1 Expression in Pancreatic Ductal Adenocarcinomas

WT1 expression was also reported in a series of pancreatic ductal adenocarcinomas. Oji et al. [13]
showed that WT1 was expressed at the cytoplasmic level in 30/40 cases of pancreatic ductal carcinoma,
while normal pancreatic cells adjacent to carcinoma cells were negative. No significant correlation was
observed between WT1 expression and age, sex, T or N stage, tumor site and differentiation. These
results suggest that the WT1 gene plays an important role in the tumorigenesis of pancreatic ductal
adenocarcinoma [13]. Conversely, more recent studies have shown that the nuclear expression of
WT1 in pancreatic ductal adenocarcinoma correlates with gender and tumor stage, while cytoplasmic
staining correlates with gender, histological grade and perineural invasion. In addition, the same
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authors reported that a high nuclear expression of WT1 in pancreatic tumor tissues was significantly
associated with poor overall survival, suggesting a possible role for it as a molecular biomarker of a
poor prognosis among patients with pancreatic ductal adenocarcinoma [109].

2.10. WT1 Expression in Melanocytic Lesions

Several studies have reported the usefulness of WT1 in the differential diagnosis between nevi
and melanomas. The first study on WT1 expression in melanocytic lesions dates back to 1997 [110],
when it was observed that WT1 in melanoma, in the context of absent or mutated p53, acted as a
transcriptional activator, whereas in the presence of wild-type p53, it acted as a repressor. Later, Wilsher
and Cheerala [111] showed that WT1 (6F-H2) was a complementary marker of malignant melanoma.
Indeed, by using immunohistochemistry, they demonstrated cytoplasmic WT1 expression in most
invasive primary cutaneous melanomas, including spindle cell and desmoplastic melanomas, and in
metastatic melanomas. However, its usefulness was limited by the fact that most Spitz nevi and a
minority of dysplastic nevi expressed WT1. In another study, apart from demonstrating cytoplasmic,
and more rarely, nuclear WT1 expression in melanoma, it was proven that the silencing of WT1 inhibited
melanoma cell proliferation, supporting the role of WT1 cell proliferation in melanoma [21,112,113].
In contrast, Garrido-Ruiz et al. [114] reported a higher rate of WT1 staining in melanocytic nevi against
melanomas, and an increased expression in advanced stages of melanoma progression. In addition,
they supported an association of WT1 protein expression with a shorter overall survival. A significant
expression of WT1 in desmoplastic (71%), compared with non-desmoplastic melanoma (47%), has also
been recently observed. The same study reported that vertical growth phase melanomas exhibited
an expression of WT1 more frequently than radial growth phase melanomas (46.5% vs. 16.0%) [115].
Finally, a study on 40 cases of desmoplastic melanomas showed a strong and diffuse cytoplasmic
expression of WT1 (6F-H2 antibody) in all cases examined, suggesting the use of WT1 along with
S-100p, SOX10, p75 and nestin as an optimal panel for the diagnosis of desmoplastic melanoma [116].

2.11. WT1 Expression in Colorectal Carcinoma

Colorectal cancer is one of the most commonly diagnosed cancers worldwide, accounting for an
estimated 9.4% of all malignancies [117]. The treatment is surgery, but approximately 60% of patients
experience local recurrence and/or distant metastases (Andre and Schmiegel, 2005). Despite advances
in surgical techniques and in chemotherapy, around 20% of patients with colorectal carcinoma die
from disease recurrence [117]. Thus, new diagnostic tools and therapeutic approaches are required.
A previous study showed immunoreactivity in 89% of the cases examined [118]. In addition, in the
same study, a quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) was
performed that showed that WT1 mRNA was expressed in all (100%) of the 28 cases of colorectal
adenocarcinoma. Moreover, WT1 mRNA expression levels were higher in 71% of the cases when
compared to those of normal-appearing mucosal tissues. These results suggested an important
role of WT1 in the tumorigenesis of primary colorectal adenocarcinoma, and that WT1 could be a
new molecular target for the treatment of colorectal adenocarcinoma expressing WT1. However,
no significant correlations were observed between WT1 mRNA expression levels and age, gender, site
of tumors, T stage, N stage and M stage [118]. Miyata et al. recently evaluated the correlation between
WT1 mRNA levels and other tumor-associated antigens with clinicopathological factors [119]. Notably,
WTT1 expression in colorectal carcinoma is significantly correlated with tumor progression, lymph node
and distant metastasis, and clinical stage. These results suggest that WT1 could be an important novel
independent marker for prognosis and tumor progression in colorectal adenocarcinoma [120].

2.12. WT1 Expression in Cerebral Tumors

Several authors have studied WT1 expression in cerebral neoplasms, including glial tumors and
medulloblastomas [121]. The WT1 cytoplasmic expression using the anti-WT1 C-19 and anti-WT1
6F-H2 antibodies, in high-grade astrocytic tumors (glioblastoma and anaplastic astrocytoma), was
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significantly higher than that in low-grade ones (pilocytic astrocytoma and diffuse astrocytoma)
(Figure 6) [122]. WT1 expression was also examined in anaplastic ependymomas, and anaplastic
oligodendrogliomas, which showed diffuse cytoplasmic staining.

Figure 6. Glioblastoma multiforme showing pseudopalisading necrosis (A). Neoplastic cells showing
strong and diffuse cytoplasmic expression of WT1 (N-terminus) (B).

Some authors correlated the expression of WT1 with the MIB-1 staining index because histological
examination areas with features of anaplasia and high perivascular proliferation and cellularity show a
strong WT1 protein expression [123]. A more recent article reported that in diffuse astrocytic tumors,
high levels of WT1 expression are related to a higher World Health Organization (WHO) tumor grade,
absence of IDH1 mutation, older age, but not related to O(6)- methyl guanine methyl transferase
(MGMT) promoter methylation status. In addition, it would seem that WT1 expression is associated
with a worse outcome in patients with diffuse astrocytoma, but not glioblastoma [124].

2.13. WT1 Gene Expression in Soft Tissue Sarcomas

Sotobori et al. [125] showed that WT1 mRNA expression levels in adult cases of soft tissue sarcomas
were significantly higher than in normal soft tissues, and that the disease-specific survival rate for
patients with elevated WT1 mRNA expression levels was found to be significantly worse in patients
with low levels. Furthermore, their results demonstrated that the WT1 mRNA expression level is a
significant prognostic indicator in patients with soft tissue sarcoma. On the contrary, other authors [126]
evaluated WT1 protein and mRNA expression levels in various pediatric tumors, and showed that
while WT1 protein was widely detected in these malignancies, WT1 mRNA expression varied widely
in the different types of pediatric cancers. However, no significant relationship was evaluated between
WT1 mRNA expression and clinical factors.

2.14. WT1 Expression in Malignant Peripheral Nerve Sheath Tumors

Malignant peripheral nerve sheath tumors (MPNSTs) are an aggressive and rare type of sarcoma,
usually arising from peripheral nerves. They can occur sporadically or more frequently (up to 50%
of cases) from pre-existing neurofibromas in the context of neurofibromatosis type 1 (NF1) [127].
Most MPNSTs are deeply localized, and often they are greater than 10 cm in maximum diameter
by the time of presentation. Histologically, they show a spindle-cell fascicular appearance with
abrupt alternations between cellular and more myxoid areas, suggesting neural differentiation. Some
cases have a uniformly cellular and fascicular pattern reminiscent of a monophasic synovial sarcoma.
In other cases, an abundant myxoid stroma can be observed, configuring the diagnosis of myxoid
MPNST. Cells have a pale, poorly defined cytoplasm and narrow nuclei, often with a wavy or buckled
configuration. In addition, the nuclei tend to be hyperchromatic, and at least focally pleomorphic
with inconspicuous nucleoli. Mitoses are generally frequent. In about 10-15% of MPNSTs, especially
in those arising in patients with NF1, heterologous differentiation can be present [128]. The most
frequent divergent differentiation is the rhabdomyosarcomatous component, configuring the so-called
malignant Triton tumor, which is associated with a poor prognosis. Less frequently, osteosarcomatous
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or chondrosarcomatous differentiation can be observed. Immunohistochemically, the S-100 protein is
positive in about 50% of cases of MPNST [129,130].

Early studies on WT1 expression reported the positivity in Schwann cells of normal nerves.
In peripheral nerve sheath tumors, including MPNSTs, neurofibromas and schwannomas, neoplastic
cells expressed WT1 protein at the cytoplasmic level (Figure 7) [44]. A recent study by Kim et al. [131]
evaluated WT1 expression in 87 cases of soft tissue sarcoma, including liposarcoma, MFH,
rhabdomyosarcoma, leiomyosarcoma, MPNST, synovial sarcoma, fibrosarcoma and others. The authors
observed cytoplasmic expression of WT1 (6F-H2) in 71% of the cases of malignant peripheral nerve
sheath tumors, revealing no association between WT1 expression and overall survival or disease-free
survival. Conversely, Ueda et al. [132] reported that the WT1 gene is frequently overexpressed
in various types of soft tissue sarcoma [132], and that WT1 mRNA overexpression is significantly
associated with a poor prognosis. This result was proved only in 4 out of 52 and 3 out of 36 samples,
by immunoblotting [121] and immunohistochemistry. Therefore, further studies on the correlation
between the protein and mRNA of the WT1 gene in larger cohorts are required, together with survival
analysis, to validate the WT1 expression level as a prognostic factor. Parenti et al. [133] investigated
WT1 expression in the MPNST sNF96.2 cell line, showing a strong WT1 staining in the nuclear and
perinuclear areas of neoplastic cells. In addition, they studied the effects of silencing WT1 by RNA
interference through Western Blot analysis and proliferation assays. The result was a reduction of cell
growth in a time- and dose-dependent manner, suggesting that WT1 is involved in the development
and progression of MPNSTs, and that it could be a potential therapeutic target for MPNSTs.

Figure 7. Peripheral nerve sheath tumor consisting of spindle cells arranged in a fascicular pattern
(A,B). Immunohistochemical cytoplasmic expression of WT1 (N-terminus) in neoplastic cells at low (C)
and high (D) magnification.

2.15. WT1 Expression in Desmoplastic Small Round Cell Tumors (DSRCTs)

DSRCTs are highly aggressive tumors, typically with intra-abdominal localization (pelvic
peritoneum, mesentery, surface of the liver and omentum), but can arise in many other sites, including
meninges, scalp, pleura, paranasal sinuses, parotid gland, pancreas, scrotum, ovary, kidney and
bone [134]. These tumors are typical of pediatric and adolescent age, with a male predilection.
Histologically, they are composed of round cells with scant cytoplasm, indistinct cell borders and
hyperchromatic round to oval, or slightly angulated, nuclei that have finely granular chromatin and
small nucleoli. The cells are arranged in variably-sized nests, trabeculae, or lobules, usually separated
by a prominent fibro-sclerotic stroma. In some cases, necrosis in the central portion and calcification may
be seen. Mitoses are usually observed. In rare cases neoplastic cells with glandular or pseudo-rosettes
formation and rhabdoid or signet ring appearance have been reported [134]. Immunohistochemically,
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the neoplastic cells show a polyphenotypic profile, including desmin, vimentin and epithelial markers,
such as epithelial membrane antigen and cytokeratin and WT1 (Figure 8) [134].

Figure 8. Desmoplastic small round cell tumor showing neoplastic cells arranged in variably-sized
nests, separated by a prominent fibro-sclerotic stroma (A). Neoplastic cells showing diffuse nuclear
expression with WT1 (C-terminus) (B) and cytoplasmic expression with WT1 (N-terminus) (C).

In most cases (>90%) of desmoplastic small round cell tumors, strong nuclear staining with
antibodies directed against the C-terminal portion of WT1 protein (clone WT1 C19), due to a
recurrent chromosomal translocation (11;22)(p13;q12) resulting in the EWSR1-WT1 fusion transcript,
is observed [134-136]. In rare cases, unusual nuclear WT1 staining with N-terminus antibodies was
described, and was due, probably, to novel fusion transcripts [35,43,137].

2.16. WT1 Expression in Malignant Rhabdoid Tumors

Malignant rhabdoid tumors are highly aggressive tumors that usually occur in the kidneys of
children. Other sites are rarely affected, such as somatic soft tissues, liver, gastrointestinal tract,
pelvis, retroperitoneum, abdomen, heart and central nervous system [138]. Interestingly, soft tissue
localization prevails in fetuses, newborns and young children, while in adolescents, renal and nervous
system sites, they are more frequent [138]. In some cases, tumors are metastatic at presentation and
have a fatal course [138]. Histologically, they show solid or trabecular growth patterns composed of
round/epithelioid to polygonal cells. Typically, neoplastic cells have abundant, deeply eosinophilic
cytoplasm with a paranuclear eosinophilic, PAS-positive inclusion and large, round, vescicular
nuclei with finely dispersed chromatin, containing a prominent eosinophilic nucleolus. Mitoses and
necrosis are commonly seen. In some cases, minor tumor components consisting of smaller, round,
undifferentiated cells with a scant cytoplasmic rim may be present or even prominent. Similarly to
desmoplastic small round cell tumors, malignant rhabdoid tumors exhibit polyphenotipic profiles,
with variable co-expression of different markers, including vimentin, cytokeratins, epithelial membrane
antigen (EMA) and CD99 [138]. However, the complete absence of nuclear immunoreactivity for INI1
protein is the most useful diagnostic clue [139-142]. Tumors can express additional markers, such as
muscle specific actin, alpha-smooth muscle actin, S100 protein, synapthophisin, and CD56. Occasionally,
WT1 (clone WT-C19) can be expressed at nuclear or nucleo-cytoplasmic levels (Figure 9) [33,34,138].
We have experience of similar results also by using antibodies against the N-ferminal portion (clone WT
6F-H2) [143].

117



Appl. Sci. 2020, 10, 40

Figure 9. Malignant rhabdoid tumor of the kidney (A). Diffuse and strong nuclear WT1 (N-terminus)
expression of neoplastic cell (B).

2.17. WT1 Expression in Rhabdonyosarcomas

Rhabdomyosarcomas (RMSs) are malignant tumors composed of cells that show evidence of
skeletal muscle differentiation. Based on morphological, immunohistochemical and molecular features,
at least four major subtypes can be recognized: (i) embryonal; (ii) alveolar; (iii) spindle cell/sclerosing;
and (iv) pleomorphic. Embryonal, alveolar and spindle cell/sclerosing rhabdomyosarcomas are
predominantly tumors of children and adolescents, while the pleomorphic subtype tends to occur in
adults. Histologically, the typical pattern of embryonal rhabdomyosarcoma consists of small, round or
spindle-shaped cells, admixed with variable numbers of round, strap-, or tadpole-shaped eosinophilic
rhabdomyoblasts set in a myxoid stroma. In 20-30% of cases, cytoplasmic cross striations are present.
Spindle cell/sclerosing rhabdomyosarcoma most commonly arises in the head and neck or paratesticular
soft tissues, and shows a striking male predilection. Alveolar rhabdomyosarcoma is a distinct subtype
of rhabdomyosarcoma usually associated with an aggressive behavior. It consists of larger, more
rounded, undifferentiated cells with larger nuclei than those in the embryonal variant, admixed with
variable numbers of eosinophilic thabdomyoblasts and multinucleate giant cells with peripheral
nuclei. These cells are most often arranged in an alveolar pattern. Spindle cell rhabdomyosarcomas
are mainly composed of primitive-looking spindle, ovoid, or round cells, often associated with
pseudovascular clefts, embedded in a prominent hyalinized collagenous stroma. Small foci of obvious
rhabdomyoblastic differentiation may be evident. Immunohistochemically, regardless of histological
type (embryonal, alveolar, spindle/sclerosing), albeit with a variable extension, desmin, myogenin and
MyoD1 are considered the most sensitive and specific markers of skeletal muscle differentiation [144].
Several studies have reported a diffuse and strong cytoplasmic expression of WT1 N-terminus antibodies
(cloneWT 6F-H2) in all variants of rhabdomyosarcomas, including embryonal, sclerosing/spindle
cell and alveolar (Figure 10) [35,36,41,45,143,145]. These results are consistent with those reported in
studies on WT1 expression in the cytoplasm of human developing myoblasts and myotubes during
the early phases of skeletal myogenesis [37,41,42,46,52,146].
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Figure 10. Embryonal rhabdomyosarcoma, botryoid type (A) and alveolar rhabdomyosarcoma (B).
Neoplastic cells showing strong and diffuse cytoplasmic WT1 (N-terminus) staining (C,D).

2.18. WT1 Expression in Neuroblastic Tumors

Neuroblastic tumors arise in children and adolescents. They occur especially in the adrenal gland,
retroperitoneum or, and more rarely, in the posterior mediastinum. On the basis of a different degree
of differentiation of immature neuroblasts in mature ganglionic cells, three variants of neuroblastic
tumors are identified: (i) neuroblastoma in which the schwannian stroma component is poor, including
undifferentiated, poorly differentiated and differentiating neuroblastomas; (ii) ganglioneuroblastoma in
which the schwannian stroma component is dominant, but foci of neuroblasts are still present, including
intermixed and nodular ganglioneuroblastomas; (iii) ganglioneuroma in which the schwannian stroma
is predominant and neuroblasts are absent, including maturing and mature ganglioneuromas [147].
Neuroblastoma consist of small, round cells, with scant cytoplasm and round, hyperchromatic nuclei,
arranged around a fibrillar area (neuropil). The neuroblastoma is classified as poorly differentiated if
<5% of the tumor cells show ganglionic differentiation, while, if the neuroblastic component shows
ganglionic differentiation in more than 5% of the tumor cells, the neuroblastoma is classified as
differentiating; the neuroblastoma is classified as undifferentiated when ganglionic differentiation is
almost or completely absent [147]. Ganglioneuroblastoma is a neuroblastic tumor with intermediate
features of differentiation between neuroblastoma and ganglioneuroma. Histologically, two variants are
recognized, intermixed and nodular. In the former, the ganglioneuromatous component is associated
with a collection of immature ganglion cells that are interspersed among the schwannian stroma,
while in the latter, in addition to the ganglioneuromatous component, there is a well-circumscribed
area of neuroblastoma [147]. When the tumor is composed of mature or maturing ganglion cells
surrounded by fascicles of Schwann cells, it is called ganglioneuroma [147]. This tumor model perfectly
summarizes what happens during developmental stages of a normal peripheral sympathetic nervous
system [148-153]. In some studies, a focal and weak nuclear WT1 staining in neuroblastoma was
reported [35,135,145]. Wang et al. showed WT1 expression preferentially in ganglioneuroblastoma
and ganglioneuroma [154].
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In our experience, by using antibodies against the N-terminal portion of the WT1 protein (clone
WT6F-H2), a variable cytoplasmic WT1 staining was found only in the ganglion cell component of
both ganglioneuroblastoma and ganglioneuroma, while the neuroblastic component was negative
(Figure 11) [143].

Figure 11. Neoplastic cells of poorly-differentiated neuroblastoma showing no immunohistochemical
expression of WT1 (N-terminus) (A). Ganglion cell of a maturing ganglioneuroma showing heterogeneous
cytoplasmic WT1 (N-terminus) expression (B).

2.19. Infantile-Type Fibromatoses

Young-type fibromatoses are a group of fibroblastic and myofibroblastic tumor and tumor-like
lesions occurring in the soft tissues of children and adolescents. This group includes the fibrous
hamartoma of infancy, myofibroma/myofibromatosis and lipofibromatosis. The biological behavior
of these lesions is variable, with lesions showing a benign course such as fibrous hamartomatous
of infancy, and lesions with a tendency to local recurrence such as myofibroma/myofibromatosis
and lipofibromatosis. Although each of these entities exhibits characteristic morphological features,
differential diagnostic problems may arise especially from small biopsy specimens. Interesting results
have emerged from the study of WT1 in these lesions. All cases of young-type fibromatoses, including
fibrous hamartoma of infancy, myofibroma/myofibromatosis and lipofibromatosis, exhibited a diffuse
WTT1 cytoplasmic staining. On the contrary, all cases of adult-type fibromatoses and nodular fasciitis,
from which young-type fibromatoses are to be distinguished, are not immunoreactive for WT1 [39].
Amini Nik et al. [15], investigated the expression of WI1 mRNA and protein in desmoid-type
fibromatoses. They found that the levels of WT1 mRNA, revealed by TagMan quantitative PCR,
in all examined miofibroblastic tumor cells, were from medium to high, while contiguous normal
fibroblasts exhibited a lower expression. WT1 protein overexpression was confirmed by Western blot
and immunohistochemistry analyses. These data suggest that WT1 may play a role in the tumorigenesis
of desmoid-type fibromatoses.

2.20. Congenital/Infantile Fibrosarcoma

This is a malignant tumor currently classified in the category of intermediate neoplasms. It occurs
in the first two years of life, with a significant number of cases diagnosed at birth or antenatally [155].
It occurs in the soft tissues of the trunk and distal extremities, with only rare cases reported in the
retroperitoneum. Distant metastases rarely occur and when they do, prognosis is favorable [155].
Histologically, it shows a fascicular pattern, focally with a herring-bone configuration; it consists
predominantly of spindle cells showing only a mild to focally moderate degree of nuclear atypia.
Mitoses are usually numerous. The diagnosis of fibrosarcoma is frequently of exclusion, being mainly
based on negative results for specific lineage markers such as desmin, myogenin, CD34, S-100, HMB-45,
and cytokeratins. Fibrosarcoma may variably express, even if with focal extension, alpha-smooth
muscle actin and/or desmin. We recently reported a series of congenital/infantile fibrosarcoma with a
strong and diffuse cytoplasmic expression of WT1 by using antibodies against the N-terminal portion
of the WT1 protein (cloneWT6F-H?2) (Figure 12) [39,143]. Then the WT1 protein could be useful as
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an immunomarker to support a diagnosis of fibrosarcoma, mostly in daily practice, in distinguishing
congenital/infantile fibrosarcoma from desmoid-type fibromatosis.

Figure 12. Congenital/infantile fibrosarcoma with herring-bone configuration (A). Neoplastic cells
showing diffuse cytoplasmic WT1 (N-terminus) expression (B).

Although both tumors may show overlapping morphological and immunohistochemical features
(expression of alpha-smooth muscle actin), desmoid-type fibromatosis is typically WT1-negative.
However, the diagnosis of congenital/infantile fibrosarcoma is usually confirmed by the identification
of the recurrent translocation t (12;15)(p13;q25) with an ETV6-NTRKS3 gene fusion [156,157].

2.21. WT1 Expression in Vascular Tumors

Vascular lesions are a heterogeneous group of tumors, including benign and malignant tumors,
as well as malformations. Vascular tumors and malformations can be diagnostically challenging.
Although they may initially appear very similar, they have distinct clinical courses and management.
To provide a correct diagnosis, several studies have been conducted to identify immunohistochemical
markers. Among the antibodies studied, interesting results have emerged from the study of WT1
cytoplasmic expression. Based on the studies available in the literature that compare vascular
lesions, both benign and malignant, with malformations, it emerged that almost all benign lesions,
such as capillary hemangioma, pyogenic granulomas, cherry angiomas and tufted angiomas,
are WT1-positive, while lymphangioma and cavernous hemangioma are negative. Malignant
tumors, such as angiosarcomas, hemangioendotheliomas and Kaposi’s sarcomas, are strongly
WT1-positive (Figure 13). WT-1 expression in vascular malformations (angiokeratoma/verrucous
hemangioma, combined vascular malformations, venous malformations, glomuvenous malformations,
lymphatic malformations/lymphangioma, telangiectasia and targetoid hemosiderotic hemangioma) is
generally completely negative or weak and focal positive. Interestingly, a strong and diffuse WT-1
staining was reported in a case of thrombosed vascular malformation with prominent endothelial
hyperplasia [158-160]. WT1 expression in vascular tumors was also analyzed in fetal tissues, where a
moderate to strong staining intensity in the cytoplasm of the endothelial cells of blood vessels was
reported [37,52]. As WT1 staining has been obtained in the cytoplasm of embryonal/fetal endothelial
cells, the reported cytoplasmic expression of this marker in many vascular tumors is not at all surprising.
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Figure 13. Angiosarcoma (A). Diffuse nuclear expression of WT1 (N-terminus) in neoplastic cells (B).

2.22. Mammary Myofibroblastoma, Epithelioid Cell Variant

Myofibroblastomais a rare, benign tumor composed of both fibroblastic and myofibroblastic
cells [161-163], which localizes typically in the breast [163], vulvovaginal region [164,165] and soft
tissues. Itis composed of a proliferation of bland-looking spindle-shaped cells to epithelioid cells setin a
predominant fibrous stroma. When the epithelioid cell component predominates, the myofibroblastoma
is referred to as “epithelioid”. It was observed that WT1 expression is limited to epithelioid-type
myofibroblastoma, while all other variants (classic-type, collagenized/fibrotic-type, myxoid-type,
lipomatous-type and palisaded/Schwannian-like) are completely negative [40]. Indeed, all cases
reported of epithelioid-type myofibroblastomas exhibited a diffuse and strong WT1 cytoplasmic
expression. In the evaluation of small breast biopsies, WT1 is an important marker, together
with desmin, alpha-smooth muscle actin, Myogenin, MyoD1, h-caldesmon, S-100 protein, HMB45,
EMA, Pancytokeratins and CD34, which are helpful in the differential diagnosis of lesions with
epithelioid morphology.
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10/1/40/s1.

Author Contributions: Conceptualization, L.S. and G.M. (Gaetano Magro); Data curation, L.S., G.C., R.P, GM.V.,
LP,R.C., GM. (Giuseppe Musumeci), G.M. (Gaetano Magro); Methodology, L.S., G.M.V. and G.M. (Gaetano
Magro); Resources, G.M. (Gaetano Magro); Writing—original draft, L.S.; Writing—review & editing, L.S. and G.M.
(Gaetano Magro). All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Call, KM,; Glaser, T.; Ito, C.Y.; Buckler, AJ.; Pelletier, J.; Haber, D.A.; Rose, E.A.; Kral, A.; Yeger, H.;
Lewis, W.H. Isolation and characterization of a zinc finger polypeptide gene at the human chromosome 11
Wilms’ tumor locus. Cell 1990, 60, 509-520. [CrossRef]

2. Haber, D.A.; Buckler, A.]; Glaser, T.; Call, K.M.; Pelletier, J.; Sohn, R.L.; Douglass, E.C.; Housman, D.E. An
internal deletion within an 11p13 zinc finger gene contributes to the development of Wilms’ tumor. Cell 1990,
61,1257-1269. [CrossRef]

3. Gessler, M; Poustka, A.; Cavenee, W.; Neve, R.L.; Orkin, S.H.; Bruns, G.A. Homozygous deletion in Wilms’
tumours of a zinc-finger gene identified by chromosome jumping. Nature 1990, 343, 774-778. [CrossRef]
[PubMed]

122



Appl. Sci. 2020, 10, 40

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mrowka, C.; Schedl, A. Wilms’ tumor suppressor gene WT1: From structure to renal pathophysiologic
features. J. Am. Soc. Nephrol. 2000, 11 (Suppl. 516), S106-S115. [PubMed]

Bruening, W.; Pelletier, J. A non-AUG translational initiation event generates novel WT1 isoforms. J. Biol.
Chem. 1996, 271, 8646-8654. [CrossRef] [PubMed]

Scharnhorst, V.; Dekker, P.; van der Eb, A.].; Jochemsen, A.G. Internal translation initiation generates novel
WT1 protein isoforms with distinct biological properties. J. Biol. Chem. 1999, 274, 23456-23462. [CrossRef]
Haber, D.A.; Sohn, R.L.; Buckler, A.].; Pelletier, J.; Call, KM.; Housman, D.E. Alternative splicing and
genomic structure of the Wilms’ tumor gene WT1. Proc. Natl. Acad. Sci. USA 1991, 88, 9618-9622. [CrossRef]
Sharma, PM.; Bowman, M.; Madden, S.L.; Rauscher, EJ., 3rd; Sukumar, S. RNA editing in the Wilms’ tumor
susceptibility gene, WT1. Genes. Dev. 1994, 8, 720-731. [CrossRef]

Miwa, H.; Beran, M.; Saunders, G.F. Expression of the Wilms’ tumor gene (WT1) in human leukemias.
Leukemia 1992, 6, 405-409.

Oji, Y,; Ogawa, H.; Tamaki, H.; Oka, Y.; Tsuboi, A.; Kim, E.H.; Soma, T.; Tatekawa, T.; Kawakami, M.;
Asada, M.; et al. Expression of the Wilms’ tumor gene WT1 in solid tumors and its involvement in tumor cell
growth. Jpn. J. Cancer Res. 1999, 90, 194-204. [CrossRef]

Oji, Y.; Miyoshi, S.; Maeda, H.; Hayashi, S.; Tamaki, H.; Nakatsuka, S.; Yao, M.; Takahashi, E.; Nakano, Y.;
Hirabayashi, H.; et al. Overexpression of the Wilms’ tumor gene WT1 in de novo lung cancers. Int. J. Cancer
2002, 100, 297-303. [CrossRef] [PubMed]

Koesters, R.; Linnebacher, M.; Coy, ].F.; Germann, A.; Schwitalle, Y.; Findeisen, P.; von Knebel Doeberitz, M.
WTT1 is a tumor-associated antigen in colon cancer that can be recognized by in vitro stimulated cytotoxic T
cells. Int. J. Cancer 2004, 109, 385-392. [CrossRef] [PubMed]

Oji, Y.; Nakamori, S.; Fujikawa, M.; Nakatsuka, S.; Yokota, A.; Tatsumi, N.; Abeno, S.; Ikeba, A.; Takashima, S.;
Tsujie, M.; et al. Overexpression of the Wilms” tumor gene WT1 in pancreatic ductal adenocarcinoma. Cancer
Sci. 2004, 95, 583-587. [CrossRef] [PubMed]

Loeb, D.M.; Evron, E.; Patel, C.B.; Sharma, PM.; Niranjan, B.; Buluwela, L.; Weitzman, S.A.; Korz, D.;
Sukumar, S. Wilms’ tumor suppressor gene (WT1) is expressed in primary breast tumors despite tumor-specific
promoter methylation. Cancer Res. 2001, 61, 921-925.

Amini Nik, S.; Hohenstein, P; Jadidizadeh, A.; Van Dam, K.; Bastidas, A.; Berry, R.L.; Patek, C.E.; Van der
Schueren, B.; Cassiman, ].].; Tejpar, S. Upregulation of Wilms’ tumor gene 1 (WT1) in desmoid tumors. Int. |.
Cancer 2005, 114, 202-208. [CrossRef]

Shimizu, M.; Toki, T.; Takagi, Y.; Konishi, I.; Fujii, S. Immunohistochemical detection of the Wilms’ tumor
gene (WT1) in epithelial ovarian tumors. Int. ]. Gynecol. Pathol. 2000, 19, 158-163. [CrossRef]

Andersson, C.; Gji, Y.; Ohlson, N.; Wang, S.; Li, X; Ottander, U.; Lundin, E.; Sugiyama, H.; Li, A. Prognostic
significance of specific anti-WT1 IgG antibody level in plasma in patients with ovarian carcinoma. Cancer
Med. 2014, 3, 909-918. [CrossRef]

Oji, Y.; Suzuki, T.; Nakano, Y.; Maruno, M.; Nakatsuka, S.; Jomgeow, T.; Abeno, S.; Tatsumi, N.; Yokota, A.;
Aoyagi, S.; et al. Overexpression of the Wilms’ tumor gene WT1 in primary astrocytic tumors. Cancer Sci.
2004, 95, 822-827. [CrossRef]

Menssen, H.D.; Bertelmann, E.; Bartelt, S.; Schmidt, R.A.; Pecher, G.; Schramm, K.; Thiel, E. Wilms’ tumor
gene (WT1) expression in lung cancer, colon cancer and glioblastoma cell lines compared to freshly isolated
tumor specimens. J. Cancer Res. Clin. Oncol. 2000, 126, 226-232. [CrossRef]

Athale, U.H.; Shurtleff, S.A.; Jenkins, ].].; Poquette, C.A.; Tan, M.; Downing, ].R.; Pappo, A.S. Use of reverse
transcriptase polymerase chain reaction for diagnosis and staging of alveolar rhabdomyosarcoma, Ewing
sarcoma family of tumors, and desmoplastic small round cell tumor. J. Pediatr. Hematol. Oncol. 2001, 23,
99-104. [CrossRef]

Wagner, N.; Michiels, ].E,; Schedl, A.; Wagner, K.D. The Wilms” tumour suppressor WT1 is involved in
endothelial cell proliferation and migration: Expression in tumour vessels in vivo. Oncogene 2008, 27,
3662-3672. [CrossRef] [PubMed]

Wagner, K.D.; Cherfils-Vicini, ].; Hosen, N.; Hohenstein, P; Gilson, E.; Hastie, N.D.; Michiels, J.F.; Wagner, N.
The Wilms” tumour suppressor Wtl is a major regulator of tumour angiogenesis and progression. Nat.
Commun. 2014, 5, 5852. [CrossRef] [PubMed]

Lee, S.B.; Haber, D.A. Wilms tumor and the WT1 gene. Exp. Cell. Res. 2001, 264, 74-99. [CrossRef] [PubMed]

123



Appl. Sci. 2020, 10, 40

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Little, M.; Holmes, G.; Walsh, P. WT1: What has the last decade told us? Bioessays 1999, 21, 191-202.
[CrossRef]

Davies, R.; Moore, A; Schedl, A.; Bratt, E.; Miyahawa, K.; Ladomery, M.; Miles, C.; Menke, A.; van
Heyningen, V.; Hastie, N. Multiple roles for the Wilms’ tumor suppressor, WT1. Cancer Res. 1999, 59,
1747s-1750s.

Hastie, N.D. Life, sex, and WT1 isoforms—three amino acids can make all the difference. Cell 2001, 106,
391-394. [CrossRef]

Niksic, M.; Slight, J.; Sanford, J.R.; Caceres, J.F.; Hastie, N.D. The Wilms’ tumour protein (WT1) shuttles
between nucleus and cytoplasm and is present in functional polysomes. Hum. Mol. Genet. 2004, 13, 463-471.
[CrossRef]

Scholz, H.; Kirschner, KM. A role for the Wilms’ tumor protein WT1 in organ development. Physiology 2005,
20, 54-59. [CrossRef]

Roberts, S.G. Transcriptional regulation by WT1 in development. Curr. Opin. Genet. Dev. 2005, 15, 542-547.
[CrossRef]

Hohenstein, P.; Hastie, N.D. The many facets of the Wilms’ tumour gene, WT1. Hum. Mol. Genet. 2006, 15,
196-201. [CrossRef]

Wagner, K.D.; El Mai, M.; Ladomery, M.; Belali, T.; Leccia, N.; Michiels, J.F.; Wagner, N. Altered VEGF
splicing isoform balance in tumor endothelium involves activation of splicing factors Srpk1 and Srsfl by the
Wilms’ tumor suppressor Wtl. Cells 2019, 8, 41. [CrossRef] [PubMed]

Amin, EM,; Oltean, S.; Hua, ].; Gammons, M.V.; Hamdollah-Zadeh, M.; Welsh, G.L; Cheung, M.K_; Ni, L.;
Kase, S.; Rennel, E.S.; et al. WT1 mutants reveal SRPK1 to be a downstream angiogenesis target by altering
VEGE splicing. Cancer Cell 2011, 20, 768-780. [CrossRef] [PubMed]

Ramani, P.; Cowell, ].K. The expression pattern of Wilms’ tumour gene (WT1) product in normal tissues and
paediatric renal tumours. J. Pathol. 1996, 179, 162-168. [CrossRef]

Charles, A.K.; Mall, S.; Watson, J.; Berry, P.J. Expression of the Wilms” tumour gene WT1 in the developing
human and in paediatric renal tumours: An immunohistochemical study. Mol. Pathol. 1997, 50, 138-144.
[CrossRef] [PubMed]

Carpentieri, D.E; Nichols, K.; Chou, PM.; Matthews, M.; Pawel, B.; Huff, D. The expression of WT1 in the
differentiation of rhabdomyosarcoma from other pediatric small round blue cell tumors. Mod. Pathol. 2002,
15, 1080-1086. [CrossRef] [PubMed]

Bisceglia, M.; Vairo, M.; Galliani, C.; Lastilla, G.; Parafioriti, A.; De Maglio, G. Immunohistochemical
investigation of WT1 expression in 117 embryonal tumors. Pathologica 2011, 103, 182-183.

Parenti, R.; Perris, R.; Vecchio, G.M.; Salvatorelli, L.; Torrisi, A.; Gravina, L.; Magro, G. Inmunohistochemical
expression of Wilms’ tumor protein (WT1) in developing human epithelial and mesenchymal tissues.
Acta Histochem. 2013, 115, 70-75. [CrossRef]

Parenti, R.; Puzzo, L.; Vecchio, G.M.; Gravina, L.; Salvatorelli, L.; Musumeci, G.; Vasquez, E.; Magro, G.
Immunolocalization of Wilms” Tumor protein (WT1) in developing human peripheral sympathetic and
gastroenteric nervous system. Acta Histochem. 2014, 116, 48-54. [CrossRef]

Magro, G.; Salvatorelli, L.; Vecchio, G.M.; Musumeci, G.; Rita, A.; Parenti, R. Cytoplasmic expression of
Wilms” tumor transcription factor-1 (WT1): A useful immunomarker for young-type fibromatoses and
infantile fibrosarcoma. Acta Histochem. 2014, 116, 1134-1140. [CrossRef]

Magro, G.; Longo, F; Salvatorelli, L.; Vecchio, G.M.; Parenti, R. Wilms’ tumor protein (WT1) in mammary
myofibroblastoma: An immunohistochemical study. Acta Histochem. 2014, 116, 905-910. [CrossRef]
Magro, G.; Salvatorelli, L.; Puzzo, L.; Musumeci, G.; Bisceglia, M.; Parenti, R. Oncofetal expression of Wilms’
tumor 1 (WT1) protein in human fetal, adult and neoplastic skeletal muscle tissues. Acta Histochem. 2015,
117,492-504. [CrossRef] [PubMed]

Magro, G.; Longo, ER.; Angelico, G.; Spadola, S.; Amore, EE; Salvatorelli, L. Immunohistochemistry as
potential diagnostic pitfall in the most common solid tumors of children and adolescents. Acta Histochem.
2015, 117, 397-414. [CrossRef] [PubMed]

Nakatsuka, S.; Oji, Y.; Horiuchi, T.; Kanda, T.; Kitagawa, M.; Takeuchi, T.; Kawano, K.; Kuwae, Y.; Yamauchi, A_;
Okumura, M.; et al. Immunohistochemical detection of WT1 protein in a variety of cancer cells. Mod. Pathol.
2006, 19, 804-814. [CrossRef] [PubMed]



Appl. Sci. 2020, 10, 40

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Schittenhelm, J.; Thiericke, J.; Nagel, C.; Meyermann, R.; Beschorner, R. WT1 expression in normal and
neoplastic cranial and peripheral nerves is independent of grade of malignancy. Cancer Biomark. 2010, 7,
73-77. [CrossRef] [PubMed]

Bisceglia, M.; Magro, G.; Carosi, I.; Cannazza, V.; Ben Dor, D. Primary embryonal rhabdomyosarcoma of
the prostate in adults: Report of a case and review of the literature. Int. J. Surg. Pathol. 2011, 19, 831-837.
[CrossRef]

Salvatorelli, L.; Bisceglia, M.; Vecchio, G.; Parenti, R; Galliani, C.; Alaggio, R. A comparative
immunohistochemical study of oncofetalcy-toplasmic WT1 expression in human fetal, adult and
neoplasticskeletal muscle. Pathologica 2011, 103, 186.

Singh, A.; Mishra, A K.; Ylaya, K.; Hewitt, S.M.; Sharma, K.C.; Saxena, S. Wilms’ tumor-1, claudin-1 and
ezrin are useful immunohistochemical markers that help to distinguish schwannoma from fibroblastic
meningioma. Pathol. Oncol. Res. 2012, 18, 383-389. [CrossRef]

Pritchard-Jones, K.; Fleming, S.; Davidson, D.; Bickmore, W.; Porteous, D.; Gosden, C.; Bard, J.; Buckler, A.;
Pelletier, J.; Housman, D. The candidate Wilms’ tumour gene is involved in genitourinary development.
Nature 1990, 346, 194-197. [CrossRef]

Sharma, PM.; Yang, X.; Bowman, M.; Roberts, V.; Sukumar, S. Molecular-cloning of rat Wilms’ tumor
complementary DNA and a study of messenger RNA expression in the urogenital system and the brain.
Cancer Res. 1992, 52, 6407-6412.

Armstrong, J.E; Pritchard-Jones, K.; Bickmore, W.A.; Hastie, N.D.; Bard, J.B. The expression of the Wilms’
tumour gene, WT1, in the developing mammalian embryo. Mech. Dev. 1993, 4, 85-97. [CrossRef]
Mundlos, S.; Pelletier, J.; Darveau, A.; Bachmann, M.; Winterpacht, A.; Zabel, B. Nuclear localization of the
protein encoded by the Wilms’ tumor gene WT1 in embryonic and adult tissues. Development 1993, 119,
1329-1341. [PubMed]

Parenti, R.; Salvatorelli, L.; Musumeci, G.; Parenti, C.; Giorlandino, A.; Motta, F.; Magro, G. Wilms’ tumor
1 (WT1) protein expression in human developing tissues. Acta Histochem. 2015, 117, 386-396. [CrossRef]
[PubMed]

Davies, J.A.; Ladomery, M.; Hohenstein, P.; Michael, L.; Shafe, A.; Spraggon, L.; Hastie, N. Development of
an siRNA-based method for repressing specific genes in renal organ culture and its use to show that the Wt1
tumour suppressor is required for nephron differentiation. Hum. Mol. Genet. 2004, 13, 235-246. [CrossRef]
[PubMed]

Miller-Hodges, E.; Hohenstein, P. WT1 in disease: Shifting the epithelial-mesenchymal balance. ]. Pathol.
2012, 226, 229-240. [CrossRef]

Kreidberg, J.A.; Sariola, H.; Loring, ].M.; Maeda, M.; Pelletier, ].; Housman, D.; Jaenisch, R. WT-1 is required
for early kidney development. Cell 1993, 74, 679-691. [CrossRef]

Wagner, N.; Wagner, K.D.; Scholz, H.; Kirschner, K.M.; Schedl, A. Intermediate filament protein nestin is
expressed in developing kidney and heart and might be regulated by the Wilms’ tumor suppressor Wtl. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R779-R787. [CrossRef]

Wagner, K.D.; Wagner, N.; Vidal, V.P; Schley, G.; Wilhelm, D.; Sched], A.; Englert, C.; Scholz, H. The Wilms’
tumor gene Wtl is required for normal development of the retina. EMBO . 2002, 21, 1398-1405. [CrossRef]
Clark, A.J.; Ware, ]J.L.; Chen, M.Y.; Graf, M.R.; Van Meter, T.E.; Dos Santos, W.G.; Fillmore, H.L.; Broaddus, W.C.
Effect of WT1 gene silencing on the tumorigenicity of human glioblastoma multiforme cells. ]. Neurosurg.
2010, 112, 18-25. [CrossRef]

Johannessen, C.M.; Reczek, E.E.; James, M.E;; Brems, H.; Legius, E.; Cichowski, K. The NF1 tumor suppressor
critically regulates TSC2 and mTOR. Proc. Natl. Acad. Sci. USA 2005, 102, 8573-8578. [CrossRef]

Moore, A.W.; Mclnnes, L.; Kreidberg, J.; Hastie, N.D.; Schedl, A. YAC complementation shows a requirement
for Wtl in the development of epicardium, adrenal gland and throughout nephrogenesis. Development 1999,
126, 1845-1857.

Martinez-Estrada, O.M.; Lettice, L.A.; Essafi, A.; Guadix, J.A ; Slight, J.; Velecela, V.; Hall, E.; Reichmann, J.;
Devenney, P.S.; Hohenstein, P; et al. Wtl is required for cardiovascular progenitor cell formation through
transcriptional control of Snail and E-cadherin. Nat. Genet. 2010, 42, 89-93. [CrossRef] [PubMed]

Wagner, N.; Wagner, K.D.; Theres, H.; Englert, C.; Schedl, A.; Scholz, H. Coronary vessel development
requires activation of the TrkB neurotrophin receptor by the Wilms’ tumor transcription factor Wtl. Genes
Dev. 2005, 19, 2631-2642. [CrossRef] [PubMed]

125



Appl. Sci. 2020, 10, 40

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Chau, Y.Y.; Hastie, N.D. The role of Wtl in regulating mesenchyme in cancer, development, and tissue
homeostasis. Trends Genet. 2012, 28, 515-524. [CrossRef] [PubMed]

Al-Hussain, T.; Ali, A.; Akhtar, M. Wilms tumor: An update. Adv. Anat. Pathol. 2014, 21, 166-173. [CrossRef]
[PubMed]

Beckwith, J.B. Wilms’ tumor and other renal tumors of childhood: A selective review from the National
Wilms’ Tumor Study Pathology Center. Hum. Pathol. 1983, 14, 481-492. [CrossRef]

Charles, A.K.; Brown, K.W.; Berry, P.J. Microdissecting the genetic events in nephrogenic rests and Wilms
tumor development. Am. ]. Pathol. 1998, 153, 991-1000. [CrossRef]

Marsden, H.B.; Lawler, W. Primary renal tumours in the first year of life. A population based review.
Virchows. Arch. A Pathol. Anat. Histopathol. 1983, 399, 1-9.

Garvin, AJ.; Surrette, F; Hintz, D.S.; Rudisill, M.T,; Sens, M.A.; Sens, D.A. The in vitro growth and
characterization of the skeletal muscle component of Wilms’ tumor. Am. J. Pathol. 1985, 121, 298-310.
Wigger, H.J. Fetal rhabdomyomatous nephroblastoma-a variant of Wilms’ tumor. Hum. Pathol. 1976, 7,
613-623. [CrossRef]

Attanoos, R.L.; Gibbs, A R. Pathology of malignant mesothelioma. Histopathology 1997, 30, 403-418. [CrossRef]
McCaughey, W.T.; Al-Jabi, M. Differentiation of serosal hyperplasia and neoplasia in biopsies. Pathol. Annu.
1986, 21, 271-293. [PubMed]

Klebe, S.; Brownlee, S.A.; Mahar, A.; Burchette, J.L.; Sporn, T.A.; Vollmer, R.T.; Roggli, V.L. Sarcomatoid
mesothelioma: A clinical-pathologic correlation of 326 cases. Mod. Pathol. 2010, 23, 470-479. [CrossRef]
[PubMed]

Qates, J.; Edwards, C. HBME-1, MOC-31, WT1 and calretinin: An assessment of recently described markers
for mesothelioma and adenocarcinoma. Histopathology 2000, 36, 341-347. [CrossRef] [PubMed]

Ordonez, N.G. Value of thyroid transcription factor-1, E-cadherin, BG8, WT1, and CD44S immunostaining in
distinguishing epithelial pleural mesothelioma from pulmonary and non pulmonary adenocarcinoma. Arm.
J. Surg. Pathol. 2000, 24, 598-606. [CrossRef]

Ordoniez, N.G. The immunohistochemical diagnosis of mesothelioma: A comparative study of epithelioid
mesothelioma and lung adenocarcinoma. Am. J. Surg. Pathol. 2003, 27, 1031-1051. [CrossRef]

Ordoénez, N.G. The diagnostic utility of immunohistochemistry in distinguishing between mesothelioma
and renal cell carcinoma: A comparative study. Hum. Pathol. 2004, 35, 697-710. [CrossRef]

Kushitani, K.; Takeshima, Y.; Amatya, V.J.; Furonaka, O.; Sakatani, A.; Inai, K. Differential diagnosis of
sarcomatoid mesothelioma from true sarcoma and sarcomatoid carcinoma using immunohistochemistry.
Pathol. Int. 2008, 58, 75-83. [CrossRef]

Tsuta, K.; Kato, Y.; Tochigi, N.; Hoshino, T.; Takeda, Y.; Hosako, M.; Maeshima, A.M.; Asamura, H.; Kondo, T.;
Matsuno, Y. Comparison of different clones (WT49 versus 6F-H2) of WT-1 antibodies for immunohistochemical
diagnosis of malignant pleural mesothelioma. Appl. Immunohistochem. Mol. Morphol. 2009, 17, 126-130.
[CrossRef]

Harwood, T.R.; Gracey, D.R.; Yokoo, H. Pseudomesotheliomatous carcinoma of the lung. A variant of
peripheral lung. Cancer Am. ]. Clin. Pathol. 1976, 65, 159-167. [CrossRef]

Goldstein, N.S.; Bassi, D.; Uzieblo, A. WT1 is an integral component of an antibody panel to distinguish
pancreaticobiliary and some ovarian epithelial neoplasms. Am. . Clin. Pathol. 2001, 116, 246-252. [CrossRef]
Lee, B.H.; Hecht, J.L.; Pinkus, J.L.; Pinkus, G.S. WT1, estrogen receptor, and progesterone receptor as markers

’

for breast or ovarian primary sites in metastatic adenocarcinoma to body fluids. Am. J. Clin. Pathol. 2002,
117,745-750. [CrossRef]

Hashi, A.; Yuminamochi, T.; Murata, S.; Iwamoto, H.; Honda, T.; Hoshi, K. Wilms" tumor gene
immunoreactivity in primary serous carcinomas of the fallopian tube, ovary, endometrium, and peritoneum.
Int. J. Gynecol. Pathol. 2003, 22, 374-377. [CrossRef]

Logani, S.; Oliva, E.; Amin, M.B.; Folpe, A.L.; Cohen, C.; Young, R.H. Immunoprofile of ovarian tumors
with putative transitional cell (urothelial) differentiation using novel urothelial markers: Histogenetic and
diagnostic implications. Am. |. Surg. Pathol. 2003, 27, 1434-1441. [CrossRef]

Hecht, J.L.; Lee, B.H.; Pinkus, ].L.; Pinkus, G.S. The value of Wilms’ tumor susceptibility gene 1 in cytologic
preparations as a marker for malignant mesothelioma. Cancer 2002, 96, 105-109. [CrossRef]

Goldstein, N.S.; Uzieblo, A. WT1 immunoreactivity in uterine papillary serous carcinomas is different from
ovarian serous carcinomas. Am. J. Clin. Pathol. 2002, 117, 541-545. [CrossRef]

126



Appl. Sci. 2020, 10, 40

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Al-Hussaini, M.; Stockman, A.; Foster, H.; McCluggage, W.G. WT-1 assists in distinguishing ovarian from
uterine serous carcinoma and in distinguishing between serous and endometrioid ovarian carcinoma.
Histopathology 2004, 44, 109-115. [CrossRef]

Acs, G.; Pasha, T.; Zhang, PJ. WT1 is differentially expressed in serous, endometrioid, clear cell, and mucinous
carcinomas of the peritoneum, fallopian tube, ovary, and endometrium. Int. J. Gynecol. Pathol. 2004, 23,
110-118. [CrossRef]

Gilks, C.B. Subclassification of ovarian surface epithelial tumors based on correlation of histologic and
molecular pathologic data. Int. ]. Gynecol. Pathol. 2004, 23, 200-205. [CrossRef]

Waldstrem, M.; Grove, A. Immunohistochemical expression of Wilms’ tumor gene protein in different
histologic subtypes of ovarian carcinomas. Arch. Pathol. Lab. Med. 2005, 129, 85-88.

Taube, E.T.; Denkert, C.; Sehouli, J.; Kunze, C.A.; Dietel, M.; Braicu, I.; Letsch, A.; Darb-Esfahani, S. Wilms’
tumor protein 1 (WT1)—Not only a diagnostic but also a prognostic marker in high-grade serous ovarian
carcinoma. Gynecol. Oncol. 2016, 140, 494-502. [CrossRef]

Norris, H.J.; Taylor, H.B. Prognosis of granulosa-theca tumors of the ovary. Cancer 1968, 21, 255-263.
[CrossRef]

Young, R.H.; Scully, R.E. Ovarian sex cord-stromal tumors with bizarre nuclei: A clinicopathologic analysis
of 17 cases. Int. |. Gynecol. Pathol. 1983, 1, 325-335. [CrossRef]

Gaffey, M.].; Frierson, H.E,, Jr.; Iezzoni, ].C.; Mills, S.E.; Clement, P.B.; Gersell, D.J.; Shashi, V.; von Kap-Herr, C.;
Young, R.H. Ovarian granulosa cell tumors with bizarre nuclei: An immunohistochemical analysis with
fluorescence in situ hybridization documenting trisomy 12 in the bizarre component [corrected]. Mod. Pathol.
1996, 9, 308-315.

Young, R.H. Sex cord-stromal tumors of the ovary and testis: Their similarities and differences with
consideration of selected problems. Mod. Pathol. 2005, 18, S81-598. [CrossRef]

Arora, D.S.; Cooke, L.E.; Ganesan, T.S.; Ramsdale, J.; Manek, S.; Charnock, EM.; Groome, N.P.; Wells, M.
Immunohistochemical expression of inhibin/activin subunits in epithelial and granulosa cell tumours of the
ovary. J. Pathol. 1997, 181, 413-418. [CrossRef]

Cathro, H.P; Stoler, M.H. The utility of calretinin, inhibin, and WT1 immunohistochemical staining in the
differential diagnosis of ovarian tumors. Hum. Pathol. 2005, 36, 195-201. [CrossRef]

Deavers, M.T.; Malpica, A.; Liu, J.; Broaddus, R.; Silva, E.G. Ovarian sex cord-stromal tumors: An
immunohistochemical study including a comparison of calretinin and inhibin. Mod. Pathol. 2003, 16, 584-590.
[CrossRef]

He, H.; Luthringer, D.J.; Hui, P,; Lau, S.K.; Weiss, L.M.; Chu, P.G. Expression of CD56 and WT1 in ovarian
stroma and ovarian stromal tumors. Am. J. Surg. Pathol. 2008, 32, 884-890. [CrossRef]

Zhao, C; Bratthauer, G.L.; Barner, R.; Vang, R. Diagnostic utility of WT1 immunostaining in ovarian Sertoli
cell tumor. Am. J. Surg. Pathol. 2007, 31, 1378-1386. [CrossRef]

Zhao, C.; Vinh, T.N.; McManus, K.; Dabbs, D.; Barner, R.; Vang, R. Identification of the most sensitive and
robust immunohistochemical markers in different categories of ovarian sex cord-stromal tumors. Am. J.
Surg. Pathol. 2009, 33, 354-366. [CrossRef]

Nasomyon, T.; Samphao, S.; Sangkhathat, S.; Mahattanobon, S.; Graidist, P. Correlation of Wilms’ tumor 1
isoforms with HER2 and ER-o and its oncogenic role in breast Cancer. AntiCancer Res. 2014, 34, 1333-1342.
Domfeh, A.B.; Carley, A.L.; Striebel, ].M.; Karabakhtsian, R.G.; Florea, A.V.; McManus, K.; Beriwal, S.;
Bhargava, R. WT1 immunoreactivity in breast carcinoma: Selective expression in pure and mixed mucinous
subtypes. Mod. Pathol. 2008, 21, 1217-1223. [CrossRef]

Hwang, H.; Quenneville, L.; Yaziji, H.; Gown, A.M. Wilms tumor gene product: Sensitive and contextually
specific marker of serous carcinomas of ovarian surface epithelial origin. Appl. Immunohistochem. Mol.
Morphol. 2004, 12, 122-126. [CrossRef]

Lee, A.H.; Paish, E.C.; Marchio, C.; Sapino, A.; Schmitt, EC.; Ellis, I.O.; Reis-Filho, J.S. The expression of
Wilms’ tumour-1 and Cal25 in invasive micropapillary carcinoma of the breast. Histopathology 2007, 51,
824-828. [CrossRef]

Oh, EJ.; Koo, ].S.; Kim, J.Y.; Jung, W.H. Correlation between solid papillary carcinoma and associated
invasive carcinoma according to expression of WT1 and several MUCs. Pathol. Res. Pract. 2014, 210, 953-958.
[CrossRef]

127



Appl.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

Sci. 2020, 10, 40

Artibani, M.; Sims, A.H.; Slight, J.; Aitken, S.; Thornburn, A.; Muir, M.; Brunton, V.G.; Del-Pozo, J.;
Morrison, L.R; Katz, E.; et al. WT1 expression in breast cancer disrupts the epithelial/mesenchymal balance
of tumour cells and correlates with the metabolic response to docetaxel. Sci. Rep. 2017, 7, 45255. [CrossRef]
Choi, EJ.; Yun, J.A.; Jeon, E.K,; Won, H.S; Ko, Y.H.; Kim, S.Y. Prognostic significance of RSPO1, WNTT1, P16,
WT1, and SDC1 expressions in invasive ductal carcinoma of the breast. World J. Surg. Oncol. 2013, 11, 314.
[CrossRef]

Tuna, M.; Chavez-Reyes, A.; Tari, A.M. HER2/neu increases the expression of Wilms’ Tumor 1 (WT1) protein
to stimulate S-phase proliferation and inhibit apoptosis in breast cancer cells. Oncogene 2005, 24, 1648-1652.
[CrossRef]

Li, B.Q.; Huang, S.; Shao, Q.Q.; Sun, J.; Zhou, L.; You, L.; Zhang, T.P; Liao, Q.; Guo, J.C.; Zhao, Y.P.
WT1-associated protein is a novel prognostic factor in pancreatic ductal adenocarcinoma. Oncol. Lett. 2017,
13, 2531-2538. [CrossRef]

Rodeck, U.; Bossler, A.; Kari, C.; Humphreys, C.W.; Gyorfi, T.; Maurer, J.; Thiel, E.; Menssen, H.D. Expression
of the WT1 Wilms’ tumor gene by normal and malignant human melanocytes. Int. ]. Cancer 1994, 59, 78-82.
[CrossRef]

Wilsher, M.; Cheerala, B. WT1 as a complementary marker of malignant melanoma: An immunohistochemical
study of whole sections. Histopathology 2007, 51, 605-610. [CrossRef]

Wagner, N.; Panelos, J.; Massi, D.; Wagner, K.D. The Wilms’ tumor suppressor WT1 is associated with
melanoma proliferation. Pflug. Arch. 2000, 455, 839-847. [CrossRef]

Michiels, J.E; Perrin, C.; Leccia, N.; Massi, D.; Grimaldi, P.; Wagner, N. PPARbeta activation inhibits melanoma
cell proliferation involving repression of theWilms’ tumour suppressor WT1. Pflug. Arch. 2010, 459, 689-703.
[CrossRef]

Garrido-Ruiz, M.C.; Rodriguez-Pinilla, S.M.; Pérez-Gémez, B.; Rodriguez-Peralto, ].L. WT1 expression in
nevi and melanomas: A marker of melanocytic invasion into the dermis. J. Cutan. Pathol. 2010, 37, 542-548.
[CrossRef]

Garrido Ruiz, M.C.; Requena, L.; Kutzner, H.; Ortiz, P.; Pérez-Gomez, B.; Rodriguez-Peralto, ].L. Desmoplastic
melanoma: Expression of epithelial-mesenchymal transition-related proteins. Am. ]. Dermatopathol. 2014, 36,
238-242. [CrossRef]

Plaza,]J.A.; Bonneau, P; Prieto, V.; Sangueza, M.; Mackinnon, A.; Suster, D.; Bacchi, C.; Estrozi, B.; Kazakov, D.;
Kacerovska, D.; et al. Desmoplastic melanoma: An updated immunohistochemical analysis of 40 cases with
a proposal for an additional panel of stains for diagnosis. . Cutan. Pathol. 2016, 43, 313-323. [CrossRef]
Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics. CA Cancer |. Clin. 2014, 64, 9-29. [CrossRef]

Oji, Y.; Yamamoto, H.; Nomura, M.; Nakano, Y.; Ikeba, A.; Nakatsuka, S.; Abeno, S.; Kiyotoh, E.; Jomgeow, T.;
Sekimoto, M.; et al. Overexpression of the Wilms’ tumor gene WT1 in colorectal adenocarcinoma. Cancer Sci.
2003, 94, 712-717. [CrossRef]

Miyata, Y.; Kumagai, K.; Nagaoka, T.; Kitaura, K.; Kaneda, G.; Kanazawa, H.; Suzuki, S.; Hamada, Y.;
Suzuki, R. Clinicopathological significance and prognostic value of Wilms’ tumor gene expression in
colorectal Cancer. Cancer Biomark. 2015, 15, 789-797. [CrossRef]

Aslan, A.; Erdem, H.; Celik, M.A_; Sahin, A.; Cankaya, S. Investigation of Insulin-Like Growth Factor-1
(IGF-1), P53, and Wilms’ Tumor 1 (WT1) Expression Levels in the Colon Polyp Subtypes in Colon Cancer.
Med. Sci. Monit. 2019, 25, 5510-5517. [CrossRef]

Nakahara, Y.; Okamoto, H.; Mineta, T.; Tabuchi, K. Expression of the Wilms’ tumor gene product WT1 in
glioblastomas and medulloblastomas. Brain Tumor. Pathol. 2004, 21, 113-116. [CrossRef] [PubMed]
Schittenhelm, J.; Mittelbronn, M.; Nguyen, T.D.; Meyermann, R.; Beschorner, R. WT1 expression distinguishes
astrocytic tumor cells from normal and reactive astrocytes. Brain. Pathol. 2008, 18, 344-353. [CrossRef]
[PubMed]

Hashiba, T.; Izumoto, S.; Kagawa, N.; Suzuki, T.; Hashimoto, N.; Maruno, M.; Yoshimine, T. Expression of
WT1 protein and correlation with cellular proliferation in glial tumors. Neurol. Med. Chir. 2007, 47, 165-170.
[CrossRef] [PubMed]

Rauscher, J.; Beschorner, R.; Gierke, M.; Bisdas, S.; Braun, C.; Ebner, EH.; Schittenhelm, . WT1 expression
increases with malignancy and indicates unfavourable outcome in astrocytoma. J. Clin. Pathol. 2014, 67,
556-561. [CrossRef]

128



Appl.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Sci. 2020, 10, 40

Sotobori, T.; Ueda, T.; Oji, Y.; Naka, N.; Araki, N.; Myoui, A.; Sugiyama, H.; Yoshikawa, H. Prognostic
significance of Wilms’ tumor gene (WT1) mRNA expression in soft tissue sarcoma. Cancer 2006, 106,
2233-2240. [CrossRef]

Oue, T,; Ueharaa, S.; Yamanakaa, H.; Takamaa, Y.; Ojib, Y.; Fukuzawa, M. Expression of Wilms’ tumor 1 gene
in a variety of pediatric tumors. J. Ped. Surg. 2011, 46, 2233-2238. [CrossRef]

Weiss, S.W.; Goldblum, J.R. Enzinger and Weiss’s Soft Tissue Tumors, 5th ed.; Mosby, ]J.S., Ed.; Elsevier:
Amsterdam, The Netherlands, 2008; pp. 903-925.

Ducatman, B.S.; Scheithauer, B.W. Malignant peripheral nerve sheath tumors showing. Cancer 1984, 54,
1049-1057. [CrossRef]

Wick, M.R.; Swanson, P.E.; Scheithauer, B.W.; Manivel, ].C. Malignant peripheral nerve sheath tumor. An
immunohistochemical study of 62 cases. Am. ]. Clin. Pathol. 1987, 87, 425-433. [CrossRef]

Johnson, T.L.; Lee, M.W.; Meis, ].M.; Zarbo, R.J.; Crissman, J. Inmunohistochemical characterization of
malignant peripheral nerve sheath tumors. Surg. Pathol. 1991, 4, 121-135.

Kim, A.; Park, E.Y,; Kim, K.; Lee, J.H.; Shin, D.H.; Kim, J.Y.; Park, D.Y.; Lee, C.H.; Sol, M.Y.; Choi, K.U,;
et al. Prognostic significance of WT1 expression in soft tissue sarcoma. World J. Surg. Oncol. 2014, 12, 214.
[CrossRef]

Ueda, T; Oji, Y.; Naka, N.; Nakano, Y.; Takahashi, E.; Koga, S.; Asada, M.; Ikeba, A.; Nakatsuka, S.; Abeno, S.;
et al. Overexpression of the Wilms’ tumor gene WT1 in human bone and soft-tissue sarcomas. Cancer Sci.
2003, 94, 271-276. [CrossRef]

Parenti, R.; Cardile, V.; Graziano, A.C.; Parenti, C.; Venuti, A.; Bertuccio, M.P.; Furno, D.L.; Magro, G. Wilms’
tumor gene 1 (WT1) silencing inhibits proliferation of malignant peripheral nerve sheath tumor sNF96.2 cell
line. PLoS ONE 2014, 9, €114333. [CrossRef]

Antonescu, C.R.; Ladanyi, M. Desmoplastic small round cell tumour. In WHO Classification of Tumours of Soft
Tissue and Bone; Fletcher, C.D.M., Bridge, ].A., Hogendoorn, P.C.W., Mertens, E,, Eds.; IARC: Lyon, France,
2013; pp. 225-227.

Barnoud, R.; Sabourin, J.C.; Pasquier, D.; Ranchere, D.; Bailly, C.; Terrier-Lacombe, M.].; Pasquier, B.
Immunohistochemical expression of WT1 by desmoplastic small round cell tumor: A comparative study
with other small round cell tumors. Am. J. Surg. Pathol. 2000, 24, 830. [CrossRef] [PubMed]

Hill, D.A.; Pfeifer, ].D.; Marley, E.F.; Dehner, L.P.; Humphrey, P.A.; Zhu, X.; Swanson, P.E. WT1 staining
reliably differentiates desmoplastic small round cell tumor from Ewing sarcoma/primitive neuroectodermal
tumor. An immunohistochemical and molecular diagnostic study. Am. ]. Clin. Pathol. 2000, 114, 345-353.
[CrossRef]

Murphy, A.].; Bishop, K.; Pereira, C.; Chilton-MacNeill, S.; Ho, M.; Zielenska, M.; Thorner, P.S. A new
molecular variant of desmoplastic small round cell tumor: Significance of WT1 immunostaining in this
entity. Hum. Pathol. 2008, 39, 1763-1770. [CrossRef]

Alaggio, R.; Coffin, C.M.; Vargas, S.O. Soft tissue tumors of uncertain origin. Pediatr. Dev. Pathol. 2012, 15
(Suppl. S1), 267-305. [CrossRef]

Hoot, A.C.; Russo, P.; Judkins, A.R.; Perlman, E.J.; Biegel, ].A. Inmunohistochemical analysis of hSNF5/INI1
distinguishes renal and extra-renal malignant rhabdoid tumors from other pediatric soft tissue tumors. Am. J.
Surg. Pathol. 2004, 28, 1485-1491. [CrossRef]

Sigauke, E.; Rakheja, D.; Maddox, D.L.; Hladik, C.L.; White, C.L.; Timmons, C.E,; Raisanen, J. Absence of
expression of SMARCB1/INI1 in malignant rhabdoid tumors of the central nervous system, kidneys and
soft tissue: An immunohistochemical study with implications for diagnosis. Mod. Pathol. 2006, 19, 717-725.
[CrossRef]

Judkins, A.R. Immunohistochemistry of INI1 expression: A new tool for old challenges in CNS and soft
tissue pathology. Adv. Anat. Pathol. 2007, 14, 335-339. [CrossRef]

Machado, I.; Noguera, R.; Santonja, N.; Donat, J.; Fernandez-Delgado, R.; Acevedo, A.; Baragafio, M.;
Navarro, S. Immunohistochemical study as a tool in differential diagnosis of pediatric malignant rhabdoid
tumor. Appl. Immunohistochem. Mol. Morphol. 2010, 18, 150-158. [CrossRef]

Salvatorelli, L.; Parenti, R.; Leone, G.; Musumeci, G.; Vasquez, E.; Magro, G. Wilms tumor 1 (WT1) protein:
Diagnostic utility in pediatric tumors. Acta Histochem. 2015, 117, 367-378. [CrossRef] [PubMed]

Parham, D.M.; Alaggio, R.; Coffin, C.M. Myogenic tumors in children and adolescents. Pediatr. Dev. Pathol.
2012, 15 (Suppl. S1), 211-238. [CrossRef] [PubMed]

129



Appl.

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Sci. 2020, 10, 40

Sebire, N.J.; Gibson, S.; Rampling, D.; Williams, S.; Malone, M.; Ramsay, A.D. Immunohistochemical findings
in embryonal small round cell tumors with molecular diagnostic confirmation. Appl. Immunohistochem. Mol.
Morphol. 2005, 13, 1-5. [CrossRef] [PubMed]

Musumeci, G.; Castrogiovanni, P.; Coleman, R.; Szychlinska, M.A.; Salvatorelli, L.; Parenti, R.; Magro, G.;
Imbesi, R. Somitogenesis: From somite to skeletal muscle. Acta Histochem. 2015, 117, 313-328. [CrossRef]
[PubMed]

Rosai, J. Rosai and Ackerman’s Surgical Pathology, 10th ed.; Elsevier: New York, NY, USA, 2011.

Magro, G.; Grasso, S.; Emmanuele, C. Inmunohistochemical distribution of S-100 protein and type IV
collagen in human embryonic and fetal sympathetic neuroblasts. Histochem. J. 1995, 27, 694-701. [CrossRef]
[PubMed]

Magro, G.; Ruggieri, M.; Fraggetta, F.; Grasso, S.; Viale, G. Cathepsin D is a marker of ganglion cell
differentiation in the developing and neoplastic human peripheral sympathetic nervous tissues. Virchows
Arch. 2000, 437, 406-412. [CrossRef]

Magro, G.; Grasso, S. Immunohistochemical identification and comparison of glial cell lineage in fetal,
neonatal, adult and neoplastichumanadrenal medulla. Histochem. ]. 1997, 29, 293-299. [CrossRef]

Magro, G.; Grasso, S. The glial cell in the ontogenesis of the human peripheral sympathetic nervous system
and in neuroblastoma. Pathologica 2001, 93, 505-516.

De Preter, K.; Vandesompele, J.; Heimann, P,; Yigit, N.; Beckman, S.; Schramm, A.; Eggert, A.; Stallings, R.L.;
Benoit, Y.; Renard, M.; et al. Human fetal neuroblast and neuroblastoma transcriptome analysis confirms
neuroblast origin and highlights neuroblastoma candidate genes. Genome Biol. 2007, 8, 401. [CrossRef]
Hoehner, J.C.; Hedborg, F; Eriksson, L.; Sandstedt, B.; Grimelius, L.; Olsen, L.; Pahlman, S. Developmental
gene expression of sympathetic nervous system tumors reflects their histogenesis. Lab. Investig. 1998, 78,
29-45.

Wang, L.L.; Perlman, E.J.; Vujanic, G.M.; Zuppan, C.; Brundler, M.A.; Cheung, C.R.; Calicchio, M.L.; Dubois, S.;
Cendron, M.; Murata-Collins, J.L.; et al. Desmoplastic small round cell tumor of the kidney in childhood.
Am. . Surg. Pathol. 2007, 31, 576-584. [CrossRef] [PubMed]

Coffin, C.M.; Alaggio, R. Fibroblastic and myofibroblastic tumors in children and adolescents. Pediatr. Dev.
Pathol. 2012, 15, 127-180. [CrossRef]

Bourgeois, ].M.; Knezevich, S.R.; Mathers, J.A.; Sorensen, PM. Molecular detection of the ETV6-NTRK3 gene
fusion differentiates congenital fibrosarcoma from other childhood spindle cell tumors. Am. J. Surg. Pathol.
2000, 24, 937-946. [CrossRef] [PubMed]

Sheng, W.Q.; Hisaoka, M.; Okamoto, S.; Tanaka, A.; Meis-Kindblom, ].M.; Kindblom, L.G.; Ishida, T.;
Nojima, T.; Hashimoto, H. Congenital-infantile fibrosarcoma: A clinico-pathologic study of 10 cases and
molecular detection of the ETV6-NTRKS fusion transcripts using paraffin embedded tissues. Am. ]. Clin.
Pathol. 2001, 115, 348-355. [CrossRef] [PubMed]

Galfione, S.K,; Ro, ].Y.; Ayala, A.G.; Ge, Y. Diagnostic utility of WT-1 cytoplasmic stain in variety of vascular
lesions. Int. ]. Clin. Exp. Pathol. 2014, 7, 2536-2543. [PubMed]

Timar, J.; Mészaros, L.; Orosz, Z.; Albini, A.; Raso, E. WT1 expression in angiogenic tumours of the skin.
Histopathology 2005, 47, 67-73. [CrossRef]

Al Dhaybi, R.; Powell, J.; McCuaig, C.; Kokta, V. Differentiation of vasculartumors from vascular
malformations by expression of Wilms’tumor 1 gene: Evaluation of 126 cases. |. Am. Acad. Dermatol. 2010,
63,1052-1057. [CrossRef]

Magro, G.; Bisceglia, M.; Michal, M.; Eusebi, V. Spindle cell lipoma-like tumor, solitary fibrous tumor and
myofibroblastoma ofthe breast: A clinic pathological analysis of 13 cases in favor of a unifying histologic
concept. Virchows Arch. 2002, 440, 249-260. [CrossRef]

Magro, G.; Gurrera, A.; Bisceglia, M. H-caldesmon expression in myofibroblastoma of the breast: Evidence
supporting the distinctionfrom leiomyoma. Histopathology 2003, 42, 233-238. [CrossRef]

Magro, G.; Greco, P.; Alaggio, R.; Gangemi, P.; Ninfo, V. Polypoid angiomyofibroblastoma-like tumor of the
oral cavity: A hitherto unreported soft tissue tumor mimicking embryonal rhabdomyosarcoma. Pathol. Res.
Pract. 2008, 204, 837-843. [CrossRef]

130



Appl. Sci. 2020, 10, 40

164. Magro, G. Stromal tumors of the lower female genital tract: Histo-genetic, morphological and
immunohistochemical similaritieswith the “benign spindle cell tumors of the mammary stroma”. Pathol. Res.
Pract. 2007, 203, 827-829. [CrossRef] [PubMed]

165. Magro, G.; Caltabiano, R.; Kacerovska, D.; Vecchio, G.M.; Kazakov, D.; Michal, M. Vulvovaginal
myofibroblastoma: Expanding themorphological and immunohistochemical spectrum. A clinico-pathologic
study of 10 cases. Hum. Pathol. 2012, 43, 243-253. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).






friried applied
L sciences

Review

Matrix Metalloproteinases and Temporomandibular
Joint Disorder: A Review of the Literature

Logan Herm, Ardit Haxhia, Flavio de Alcantara Camejo, Lobat Tayebi and
Luis Eduardo Almeida *

Surgical Sciences Department, Oral Surgery, School of Dentistry, Marquette University, Milwaukee, WI 53233,
USA; logan.herm@marquette.edu (L.H.); ardit.haxhia@marquette.edu (A.H.);
flavio.dealcantaracamejo@marquette.edu (F.d.A.C.); lobat.tayebi@marquette.edu (L.T.)

* Correspondence: luis.almeida@marquette.edu

Received: 30 September 2019; Accepted: 21 October 2019; Published: 24 October 2019

Abstract: Temporomandibular disorders (TMD) are progressive degenerative disorders that affect the
components of the temporomandibular joint (TM]), characterized by pain and limitations in function.
Matrix metalloproteinases (MMP) are enzymes involved in physiological breakdown of tissue that can
have a pathological effect from an increase in activity during inflammation. A PubMed search of the
current literature (within the past 10 years) was conducted to identify human studies involving matrix
metalloproteinases activity in TM] components of patients with TMD. Two separate searches results
in 34 studies, six of which met inclusion criteria. Immunohistochemistry and gene analysis were used
to evaluate MMP expression in the study groups. This review showed the strongest evidence for
involvement of MMP-1, MMP-2, and MMP-9 in TMD; however, limitations included low sample sizes
and a lack of recent clinical studies. Future research with more definitive conclusions could allow for
additional pharmaceutical targets in MMP when treating patients with temporomandibular disorders.

Keywords: matrix metalloproteinases; temporomandibular joint disorder; temporomandibular joint

1. Introduction

The temporomandibular joint (TM]) is classified as a ginglymoarthrodial joint, allowing for
rotational and translational movements in normal function. Its primary components include the glenoid
fossa of the temporal bone, the articular disc, the head of the mandibular condyle, and masticatory
muscles. This joint is capable of remodeling even after growth has stopped, allowing it to make
structural changes and adapt to different physiological demands [1].

Temporomandibular disorders (TMD) are a group of degenerative disorders involving the
components of the TM], which can lead to displacement of the disc, joint remodeling, and eventually
osteoarthritis [2]. Disc displacement can occur anteriorly, posteriorly, medially, or laterally; however,
it is most commonly displaced anteriorly [3]. TMD affects around 25% of the population, and it is
characterized by orofacial pain, restricted range of motion, joint dysfunction, and ultimately, a decreased
quality of life [2,4]. The etiology of TMD is still a topic of discussion; however, some known risk
factors include trauma and microtrauma, malocclusion, and psychological factors, such as stress and
anxiety [5].

The progression of TMD is classified primarily based on the location of the disc and its mobility
during mandibular movement. In a normal functioning joint, the disc remains between the head of
the mandibular condyle and the glenoid fossa through the full range of movement. In early stage
TMD, the disc is displaced anteriorly when the mandible is closed and reduces to a normal location
upon opening, classified as anterior disc displacement with reduction (ADDwR). In late stages of
TMD, the disc is anteriorly displaced in both closed and open positions, classified as anterior disc
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displacement without reduction (ADDwoR). These later stages tend to be associated with more pain
and limitation in mandibular mobility [2].

A more advanced staging guide to the internal derangements of TMD was created by Wilkes in
1989, placing patients into five categories based on clinical, radiographic (tomographic, arthrographic,
and magnetic resonance imaging) and findings during surgery, including gross surface and anatomic
changes to the discand other components of the TMJ [6]. In the first stage, the early stage, patients present
with clicking of the joint, but no pain, limited range of motion, or other symptoms. Radiographically
and surgically, the disc is displaced slightly anteriorly, but all other aspects of the joint are normal.
In Wilke’s early/intermediate stage, the patient presents with additional symptoms, including episodes
of pain, tenderness, and mechanical problems associated with the joint. Radiographically and surgically,
the disc is displaced anteriorly, with slight deformation of its posterior aspect. In the intermediate stage
there are more occurrences of pain, mechanical problems, including locking and decreased range of
motion. In Wilke’s intermediate/late stage of TMD, the patient has a chronic pain and decreased range
of motion. Radiographically and surgically, an increased severity in comparison to the intermediate
stage is noted, along with remodeling of the hard tissue surfaces of the joint. The disc, however,
has yet to be perforated up to this stage. In the final stage, the late stage, patients present with
crepitus and grinding in the joint with mandibular movement, chronic pain, restricted range of motion,
and an overall decrease in function. Radiographically and surgically, the disc and hard tissues of
the joint have undergone significant deformation, remodeling, and arthritic changes have occurred,
including perforations of the attachments and erosion of articulating surfaces [6].

Matrix metalloproteinases (MMPs) are the major enzymes involved in extracellular matrix
(ECM) and basement membrane remodeling and degradation, along with other enzymes, such as
a disintegrin and metalloproteinases (with or without thrombospondin), and plasminogen activators,
among others [7-9]. These enzymes are seen in both physiological and pathological processes,
including embryogenesis, apoptosis, bone remodeling, inflammation, arthritis, and cancer [7,8].
However, the role of MMPs is not limited to the ECM, as they have also been shown to play a role
in regulating inflammatory response, namely by processing chemokines, growth factors, receptors,
proteases, and other molecules and proteins [9]. They are a family of 26 endopeptidases that degrade
collagen, gelatin, proteoglycans, and other ECM components, and they are regulated at the level of
their gene expression (cytokines, growth factors, hormones, and others), posttranslational activation,
and endogenous inhibition (tissue inhibitors of metalloproteinases [TIMP]) [8,10]. As inflammation
occurs, however, processes involving these enzymes shift from physiological to pathological, and MMP
activity results in excess tissue breakdown and damage [11].

Some MMPs have been suggested as being involved in angiogenesis, apoptosis, and osteoarthritis,
processes which are seen in temporomandibular joint disorders [7]. Angiogenesis, found mostly in the
synovial membrane in TMD, allows for new vessel formation to combat the hypoxia associated with
an increase in the intra-articular pressure seen in TMD [12]. Chondrocytes undergo apoptosis in the
early stages of TMD as the disc begins to remodel, and eventual cartilage degradation occurs, leading
to osteoarthritic changes [4]. With evidence of the involvement of MMPs in these processes, and with
the processes playing a crucial role in the progression of TMD, it would seem that MMP activity would
be increased in joints of patients with the disorder. This paper aims to review the current scientific
literature in order to investigate potential links between various MMPs and TMD.

2. Methodology

2.1. Search Protocol

Two independent electronic searches were conducted by two reviewers using PubMed to find
relevant literature using Medical Subjective Headings (MeSH) Terms. The MeSH terms included in
each search were:
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1.  “Temporomandibular Joint Disorders/enzymology” (Mesh) OR “Temporomandibular
Joint Disorders/metabolism” (Mesh) OR “Temporomandibular Joint Disorders/pathology”
(Mesh)) AND “Humans” (Mesh)) AND “Immunohistochemistry” (Mesh)) AND “Matrix
Metalloproteinases” (Mesh)

2. “Temporomandibular Joint Disorders” (MeSH Major Topic) AND “Matrix Metalloproteinases”
[MeSH Major Topic]) AND “Humans” (MeSH Terms)

2.2. Selection Protocol

Inclusion and exclusion criteria were determined before the search results were evaluated.
Inclusion criteria used in selection included the following:

English language;

Living human subjects;

Publication within the past 10 years (since 2009);

Studies that evaluated samples of TMD and the level of MMP in the disease.

@ e

Exclusion criteria used in selection included the following:

1.  Case studies;
Pilot studies;
3.  Literature reviews.

2.3. Data Analysis

The data collected from each selected study, summarized in Table 1, included MMP type assessed
in the study, sample size and groups, mean age involved in study, TM] assessment, and the results
of the study. Since the studies differed significantly in their methodology, a direct data analysis was
unable to be conducted, and further evaluation of the quality of the included studies, such as statistical
power, was not done beyond looking at the sample size.

Table 1. Studies that fit the inclusion criteria and published within the past 10 years [11,13-17]. Anterior
disc displacement with reduction (ADDwR); anterior disc displacement without reduction (ADDwoR);
matrix metalloproteinases (MMP); temporomandibular joint (TM]).

Included Researcher’s Characteristics and Main Results

. Age of
Authors Experimental Experimental MMP TM]J Assessment Result
Sample S Assessed and Method
ample (Mean)
Group 1: Healthy 8
Samples MMP-13
Perotto et al., Group 2: ADDwR Clinical Examination, ~ No significant different
33.59 Immuno- . .
2018 21 Samples . . Symptoms, Panorex in MMP-13 expression
Histochemical
Group 3: ADDwoR Staining (IHC)
10 Samples
Upregulation of
Almeida etal.,, 45 Samples from 33 3096 MMP-2, MMP-9 Clinical Examination, ~ MMP-2. No significant
2014 Subjects ’ THC Symptoms, Panorex difference in MMP-9
expression.
Loreto etal, 25 Samples from 25 342 MMP-7, MMP-9 Clinical Examination, ~ Upregulation of both
2013 Subjects - IHC Symptoms, MRI MMP-7 and MMP-9.
Upregulation of
Planello et al., 115 Samples from MMP-1, MMP ?/ MMP-9 CT Imaging, MRI, MMP-1. No
. 42.82 DNA Purification, PCR, . L. .
2011 115 Subjects Genotype Analvsis History of Symptoms association with
YP Y MMP-3 and MMP-9.
. . MMP-9 . . .
Milosevic etal., 100 Samples from . Clinical Evaluation, Upregulation of
2015 100 Subjects 37.12 DNA Extraction, History of Symptoms MMP-9
Genotype Analysis, PCR :
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Table 1. Cont.

Included Researcher’s Characteristics and Main Results

. Age of
Authors Experimental Experimental MMP TM]J Assessment Result
Sample Assessed and Method
Sample (Mean)
Group A: 185
Healthy
Group B: 141 Group A: 33.49 MMP-1 Clinical and Upregulation of
Luoetal., ADDwR G B: 36.64 DNA S, li Radiographic MMP-1 in ADDwoR
2015 Toup Br 20- Genot anll:\a]?gs"s Examinations, with or without TMJ
Group C1: 115 Gr C:3722 P et Symptoms osteoarthritis.
ADDwoR w/o OA oup & 97
Group C2: 206
ADDwoR w/ OA
3. Results

3.1. General Outcomes

Initial searches using the MeSH terms indicated above resulted in 34 studies, nine of which were
duplicates and three of which were unable to be accessed. After removing duplicates and inaccessible
studies, 22 studies remained. One study was not included due to samples being cadaveric, one focused
on interleukins (IL) and used unspecified MMPs as markers for IL, two were animal studies, and two
others were literature reviews. All other studies satisfied both the English language and the living
human subject inclusion criteria, leaving 16 total studies. After including only studies published within
the past 10 years, 6 studies remained, all of which were accepted based on all other indicated inclusion
and exclusion criteria. Studies with researcher’s characteristics and main results excluded from this
review due to date of publication are included in Table 2 for additional comparison.

Table 2. Studies that fit all inclusion criteria, but were published more than 10 years ago [18-27].

Excluded Researcher’s Characteristics and Main Results

. Age of
Authors Experimental Experimental MMP TM]J Assessment Result
Samples S Assessed and Method
amples (Mean)
545, 1 No significant difference
Tiilikainen et ¢ amg 4es 363 MMP-3, MMP-8 Clinical Examination, between severity of
al., 2005 ST};T::cts : IHC CT, MRI, Symptoms TMD in expression of
) MMP-3 or MMP-8.
Clinical Examination,
Ishimaru et 94 Sampl 31.33 MMP-1, MMP-3 Panorex, Arthrograms, Upregulation of both
al., 2000 amples : THC Visual Analog Score MMP-1 and MMP-3.
Calculations
Kanyama et 10 Samples MMP-1, MMP-2, MMP-3, Clinical Examination Upregulation of MMP-1,
lyZOOO from 10 29.7 MMP-9 IMRI S : ¢ MMP-2, MMP-3 and
b Subjects THC s Symptoms MMP-9.
Marchetti et . No Mean MMP-2 MRI and Macroscopic .
al., 1999 11 Subjects  ponge: 26-43 IHC Examination Upregulation of MMP-2.
Yoshida et al., . MMP-3 .
1999 16 Subjects 41.12 THC - Upregulation of MMP-3.
Fujita et al 54 Samples Enz moNr[;\Af\-s Western Clinical and
) v from 50 36.2 ymography, Radiographic Upregulation of MMP-3.
2008 . Blot Analysis, Immuno- O
Patients N Examinations,
precipitation
Symptoms, Clinical and
Srinivas et al., 44 Subject: 36 EMn I;/II[’X-‘Z,XHZI&;& xMtP ;2‘ Radiographic Upregulation of MMP-2,
2000 Jects yme Activity, Teste Examination, Surgical MMP-8, and MMP-9
Immunoblotting .
Observation
Yoshida et al., 44 Samples MMP-2, MMP-Q Clinical Examination, Upregulation of MMP-2
2006 from 35 36.6 Sample Collection, MRI, MR Symptoms " ind MMP-9
Subjects Western Immunoblotting s Oymp! .
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Table 2. Cont.

Excluded Researcher’s Characteristics and Main Results

. Age of
Authors Experimental Experimental MMP TM]J Assessment Result
Samples Assessed and Method
Samples (Mean)
N MMP-2
Mizui et al., . . . . . . .
2001 86 Subjects Range: 19-84 Proteolytic Activity, Radiographic Analysis ~ Upregulation of MMP-2.
Enzymogram
41 Samples MMP-2, MMP-9 MMP-2 and MMP-9
Tanaka et al., from 1;8 - 48 Enzyme Activity, Inmuno- ~ Symptoms, Clinical and ~ were upregulated more
2001 Subiects ’ blotting, Gelatinolytic Radiographic Exam in ADDwoR than in
) Activity ADDwR.

3.2. Description of Included Studies

In 2018, Perotto et al. used 39 disc samples from 27 patients to look at MMP-13 expression in
TMD. Exclusion criteria for subjects Perotto’s study included use of orthodontic appliances, chronic
anti-inflammatory use, history of diseases causing impaired immune function, such as HIV, diabetes,
or any use of immunosuppressive therapy. The patients, with a mean age of 33.59, then filled out
a pain questionnaire, had a clinical examination, and radiographs or CT imaging was performed
for diagnostic purposes, placing patients into groupings of either ADDwWR or ADDwoR. Surgery
was performed on patients and samples were obtained and underwent immunohistological staining
to analyze for MMP-13 activity. The researchers did not find a significant difference in expression
of MMP-13 in samples from patients with TMD, in either the ADDwR or the ADDwoR groupings,
when compared to the control group.

Almeida et al. (2014) analyzed activity of two matrix metalloproteinases and their protein levels in
TMD, both MMP-2 and MMP-9. In this study, 45 disc samples from 33 patients (mean age of 32.36 years)
were analyzed using immunohistological staining. Diagnosis was made using a pain questionnaire and
clinical examination, grouping patients into ADDwWR and ADDwoR, and selected patients were treated
surgically following unsuccessful non-surgical treatment. Following immunohistochemical staining of
samples obtained during surgery, MMP-2 was found to be significantly increased in samples from
subjects with TMD when compared to the control. It was also found that there was an increase in
MMP-2 in samples from patients with ADDwoR when compared to ADDwR, suggesting a correlation
between progression of TMD and MMP-2 levels. Levels of MMP-9 showed no significant difference
between the TMD disc samples when compared with control disc samples.

Loreto et al. (2013) used immunohistochemical staining to look at MMP-7 and MMP-9 in disc
samples from subjects with TMD. They used 25 disc samples from 25 patients (mean age of 34),
which were obtained surgically following unsuccessful non-surgical intervention after diagnosis using
a history of present illness, clinical examination, and MRI. They assessed the severity of the disease
by looking at unassisted maximum mouth opening and using a visual analog scale to assess pain.
Following staining, both MMP-7 and MMP-9 were found to be expressed at levels significantly higher
in samples from patients with TMD when compared to control samples.

Planello et al. (2011) analyzed the frequency of polymorphisms in genes coding for MMP-1,
MMP-3, and MMP-9 proteinases in patients with TM] degeneration. The study was conducted on
232 individuals, 115 of which had TM] degeneration and a mean age of 42.82. To diagnose the study
group, the researchers used MRI and/or CT scans to image one or both mandibular condyles. Genomic
DNA was gathered from epithelial buccal cells and a PCR reaction was performed for MMP-1, MMP-3,
and MMP-9 coding genes. A genotype analysis using restriction fragment length polymorphisms
was performed, and the frequency of each allele was determined in both groups. Compared to the
control group, there was a statistically significant association between the MMP-1 genotype and the
TM] degeneration group. No association was found between the MMP-3 and MMP-9 genotypes and
TM] degeneration.
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Milosevic et al. (2015) studied polymorphisms of multiple genes in order to investigate their role in
TMD. The study included 182 healthy individuals and 100 patients with TMD, with a mean age of 37.12.
The TMD in the study group was assessed using clinical signs and symptoms. Genomic DNA was
gathered from buccal swabs and genotyping was conducted in order to evaluate MMP-9 polymorphisms,
as well as other enzyme polymorphisms outside the scope of this review. The researchers found
a significant difference in genotype and allele frequency in the MMP-9 gene of TMD patients when
compared to the control group.

Luo et al. (2015) studied polymorphisms of MMP-1 genes in healthy individuals and patients with
articular disc derangement and TM] osteoarthritis. The researchers split patients into three groups,
as follows: Group A included 185 healthy individuals; Group B included 141 patients with unilateral
ADDwWR; and Group C included 321 patients with ADDwoR, 115 of which did not present TM]
osteoarthritis (C1) and 206 of which presented TM] osteoarthritis (C2). These patients were diagnosed
through clinical and radiographic examinations. Genomic DNA was extracted from buccal swabs
and a PCR analysis was conducted in order to assess variations in the MMP-1 gene. Comparisons
between the groups showed a variety of allele distributions. Groups A and B did not show a significant
statistical difference. Groups A and C showed a noticeable statistical difference with an odds ratio of
2.455 after adjusting for age. When observing the subgroups in Group C, Group C1 had no difference
with group B, while Group C2 had a significant statistical difference and an odds ratio of 1.912. Groups
C1 and C2 showed no significant statistical difference. Overall, their findings suggest the MMP-1 gene
is upregulated in patients with ADDwoR, and the presence of TM] osteoarthritis had no influence.

4. Discussion

Differences in study design, groupings of samples, and MMPs analyzed prevented direct analysis
of data in the present studies. Three studies, those of Perotto, Almeida, and Luo, not only grouped
samples on the presence and absence of TMD, but also in the degree to which the disease had progressed,
either ADDwR or ADDwoR. Many of the studies analyzed different MMPs, and there were different
techniques used to test for expression of the MMP, including immunohistochemical staining and PCR.
Four of the included studies, those of Almeida, Loreto, Planello, and Milosevic, analyzed the same
MMP, MMP-9, and while Almeida and Planello found that there was no significant different in samples
from subjects with TMD, Loreto and Milosevic found an increase in expression. The Kanyama study in
2000, the Srinivas study in 2000, the Yoshida study in 2006, and the Tanaka study in 2001, which were
excluded due to date of publication, found that MMP-9 was upregulated in disc samples from subjects
with TMD. The inconclusiveness as to whether or not there is a correlation between the levels of MMP-9
expression and TMD of some of the studies can likely be contributed to the small sample size in each.

Aside from MMP-9, the only other overlap of MMP in the included studies was MMP-1, which was
found to be upregulated in TMD samples in both the study conducted by Planello, as well as the
study conducted by Luo. Aside from these two MMPs, there is no additional overlap between MMPs
analyzed in the included studies; however, there is some ability to compare with the studies excluded
due to date of publication. MMP-2, which was found by Almeida to be upregulated in disc samples
from subjects with TMD, was also found to have higher expression in TMD samples by Kanyama,
Marchetti, Srinivas, Mizui, and Tanaka.

Based on the information present in the included studies, it is difficult to draw a definitive
conclusion with respect to the involvement of most MMPs in TMD, even when the studies that were
excluded due to date of publication are considered. The strongest evidence for MMP involvement
in TMD lies with MMP-1, MMP-2, and MMP-9; however, there were limitations in all of the studies,
the biggest being sample size, which ranged from only 25 to 141 samples in the included studies.

5. Conclusions

Despite the high prevalence of TMD in the population, current treatment modalities tend to
have a poor long-term success and few patients seek treatment [2]. The available modalities are
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diverse, ranging from non-invasive techniques, such as physical therapy, ultrasound, low-level laser
therapy, and splints, to minimally invasive techniques, such as corticosteroid injections, arthrocentesis
of the joint, with or without platelet-rich plasma or hyaluronic acid injections, and arthroscopic
surgery, to invasive procedures for the more advanced stage of TMD, which include discectomy,
disc replacement, and the most invasive, total joint replacement [2,28,29]. It is recommended that
attempts at treatment begin with non-invasive techniques and progress to invasive techniques, as risks
with the invasive techniques involving open joint surgery can include facial nerve and optic lesions,
transarticular and intracranial perforations, and pre-auricular hematoma, among others [3]. Further
limitations and complications of arthroscopy, arthrocentesis, and orthognathic surgery used for
treatment of TMD include arteriovenous fistula, pseudoaneurysm, infection, broken instruments in
the joint, and condylar resorption [30,31]. Additionally, bruxism and dysfunctional oral habits have
been shown to be risk factors for recurrent TMD symptoms after orthognathic surgery [32]. Due to
limitations and complications of surgery, it is necessary to develop more efficacious techniques in
non-invasive and pharmaceutical therapies for treating TMD.

Some of the pharmaceutical therapies for TMD include botox and cyclobenzaprine, which induce
muscle relaxation, NSAIDs, and corticosteroids, which reduce pain and inflammation, and tricyclic
antidepressants, which work to reduce pain [33]. However, these agents work to target the effects that
TMD has on the patient rather than an underlying cause. To the researchers” knowledge, there are
currently no pharmaceutical agents that are used to target an element of the underlying pathogenesis
of TMD, such as MMPs, to stop the progression of this debilitating disorder.

There is ongoing pharmaceutical research to uncover potential MMP inhibitors for therapeutic
use in different disease processes, such as cancer [34]. Thus far, however, limitations have prevented
identification of a suitable therapeutic agent. The poorly understood specificity of their biological
substrates makes it difficult to target specific MMPs, which causes detrimental problems, as MMPs
are vital to survival [34]. There have been additional problems in its use, some of which include
problems with oral bioavailability, toxicity, and metabolic stability [34,35]. Despite the unsuccessful
attempts, knowledge of MMPs continues to evolve and the use of new and future technological
advances, including use of CRISPR-Cas9 and MMP-activatable optical probes, make the use of MMP
as a pharmaceutical target more hopeful [34,35]. If and when a successful pharmaceutical agent is
discovered targeting MMPs, having a good understanding of the specific MMPs involved in TMD
progression could provide an expedited route to applying the therapy to TMD treatment.

More studies with larger sample sizes are needed to analyze the involvement of specific MMPs in
TMD. With more concrete evidence of its role, and because of the nature of the enzymes, MMPs could
prove to provide a better understanding of the progression of TMD and be a valuable pharmaceutical
target for therapy:.
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Abstract: A great interest has developed over the last several years in research on interstitial Cajal-like
cells (ICLCs), later renamed to telocytes (TCs). Such studies are restricted by diverse limitations.
We aimed to critically review (sub)epicardial ICLCs/TCs and to bring forward supplemental
immunohistochemical evidence on (sub)epicardial stromal niche inhabitants. We tested the epicardial
expressions of CD117/c-kit, CD34, Cytokeratin 7 (CK7), Ki67, Platelet-Derived Growth Factor Receptor
(PDGFR)-oc and D2-40 in adult human cardiac samples. The mesothelial epicardial cells expressed
D2-40, CK7, CD117/c-kit and PDGFR-«. Subepicardial D2-40-positive lymphatic vessels and isolated
D2-40-positive and CK7-positive subepicardial cells were also found. Immediate submesothelial
spindle-shaped cells expressed Ki-67. Submesothelial stromal cells and endothelial tubes were
PDGFR-a-positive and CD34-positive. The expression of CD34 was pan-stromal, so a particular
stromal cell type could not be distinguished. The stromal expression of CD117/c-kit was also
noted. It seems that epicardial TCs could not be regarded as belonging to a unique cell type until
(pre)lymphatic endothelial cells are inadequately excluded. Markers such as CD117/c-kit or CD34
seem to be improper for identifying TCs as a distinctive cell type. Care should be taken when
using the immunohistochemical method and histological interpretations, as they may not produce
accurate results.

Keywords: heart; pericardium; cytokeratin; c-kit; PDGFR; initial lymphatics

1. Introduction

Telocytes (TCs) were proposed in 2010 as being stromal cells morphologically different from other
interstitial resident cells [1]. They were previously considered interstitial Cajal-like cells (ICLCs) [2-10].
Telocytes are small-sized cells residing in stem niches; they project long, slender, and moniliform
prolongations, which are known as telopodes [11-14]. In recent years, TCs have been noted in almost
all organs and tissues in the human body [15,16]. To date, no selective marker has been found for
TCs [17]. The immunophenotype of TCs ‘is similar to that of interstitial, endothelial, smooth muscle,
mast and haematopoietic stem cells and neurons’ [18]. Increasing evidence strongly suggests that,
rather than being a distinctive cell type, TCs are just a cell morphology [11] of other TC-like cell types
(fibroblasts, immune cells, endothelial cells, stem cells, etc.) [19-21], or a morphology resulted if thin,
flat, pancake-like cells are cut and documented on two-dimensional slices [22]. Nevertheless, TCs, as a
group, could simply be the result of a lack of uniformity and consensus in the terminology relating
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to CD34-positive stromal cells used by different research teams [23]. Telocytes do not appear in the
Terminologia Histologica [24,25].

The cardiac lymph is drained through the initial lymphatics from the subendocardial plexus to
Sappey’s subepicardial plexus by intramyocardial channels; precollecting vessels drain the subepicardial
plexus into collecting vessels running alongside the major coronary branches [26]. When cardiac
ICLCs/TCs were documented previously, they were not distinguished from lymphatic endothelial
cells [26].

Following our research on the general background of TCs, we decided to critically review and
provide new immunohistochemical evidence on (sub)epicardial stromal niche inhabitants. Very few
studies have attempted to characterize epicardial ICLCs/TCs in different species and by different
methods [10,27-29] or to test whether or not such stromal inhabitants of a niche supplied by the
overlying mesothelium belong to Sappey’s subepicardial plexus. We found no previously existing
evidence indicating a potential mesothelial origin of (sub)epicardial ICLCs/TCs. We therefore applied
an epithelial and a lymphatic marker within a panel of antibodies that also included c-kit and CD34,
commonly used markers for ICLCs/TCs [10,30-33], but also hematopoietic markers, to document
potentially overlooked cells discrimination when TCs were found in the subepicardial niche.

2. Materials and Methods

We performed a retrospective immunohistochemical study on archived paraffin-embedded
samples of adult human cardiac tissue (seven cases) resulting from donor cadavers who died of
non-cardiac diseases, with age ranges from 54 to 65 years. The study was tacitly approved by the
responsible authorities where the work was carried out, and it was conducted in accordance with the
general principles of medical research, as stated in the Declaration of Helsinki.

The paraffin-embedded samples were processed with an automatic histoprocessor (Diapath,
Martinengo, BG, Italy) with paraffin embedding. Sections were cut manually at 3 pm and mounted
on SuperFrost® electrostatic slides for immunohistochemistry (Thermo Scientific, Menzel-Glaser,
Braunschweig, Germany). Histological evaluations used 3-um-thick sections stained with hematoxylin
and eosin. Internal negative controls resulted when the primary antibodies were not applied on slides.

The following antibodies have been used in immunohistochemical reactions: CD117/c-kit (Y145
clone), rabbit monoclonal antibody, Biocare Medical, Concord, CA, USA; CD34 (QBEnd/10 clone),
mouse monoclonal antibody, Biocare Medical, Concord, CA, USA; Cytokeratin 7/CK7 (OV-TL 12/30
clone), mouse monoclonal antibody, Biocare Medical, Concord, CA, USA; Ki67 (MIB clone), mouse
monoclonal antibody, Biocare Medical, Concord, CA, USA; Platelet-Derived Growth Factor Receptor
(PDGFR)-« (C-9 clone), mouse monoclonal antibody, Santa Cruz Biotechnology Inc. CA, USA; D2-40
Lymphatic Marker (D2-40 clone) and mouse monoclonal antibody, Biocare Medical, Concord, CA, USA.

In all cases, the tissues were deparaffinized and rehydrated prior to labelling and then treated
according to the protocol to block endogenous enzymes or to unmask the antigens. For CD34, Ki67, CK7,
D2-40 Lymphatic Marker and CD117/c-kit, the endogenous peroxidase was blocked using a stabilized
hydrogen peroxide compound (Peroxidazed 1-Biocare Medical, Concord, CA, USA). The samples
labelled with PDGFR-« antibody were heated at 95 °C for 5 min in sodium citrate buffer, pH 6.0,
to unmask the antigen. The next steps were performed according to manufacturer’s instructions.
Briefly, the separate protocols are indicated below.

CD34: The samples were pretreated enzymatically using a trypsin kit (Carezyme I-Biocare Medical
Concord, CA, USA). To reduce nonspecific background staining, a Background Punisher Kit (Biocare
Medical, Concord, CA, USA) was used for 10 min at room temperature (RT). Next, the primary antibody
was added at a dilution of 1:50 for one hour at RT. A two-step detection system was used: Universal
Horseradish Peroxidase (HRP) Detection Kit (Biocare Medical Concord, CA, USA), employing a DAB
(3,3’-diaminobenzidine) substrate for HRP-based detection.

Ki67, CK7, D2-40 Lymphatic Marker, and CD117/c-kit: Pretreatment for epitope retrieval was
performed at a high temperature in a controlled environment using a Decloaking Chamber (Biocare
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Medical, Concord, CA, USA) and a retrieval solution at pH 6 (Revealer Decloaker-Biocare Medical,
Concord, CA, USA); these solutions are specially formulated for superior pH stability at high
temperatures. Blocking endogenous biotin and reducing nonspecific background was done similarly
to CD34 staining. Subsequently, primary antibodies were added at a specified dilution (1:100 for Ki67,
CK7, and D2-40 Lymphatic Marker and 1:200 in the case of CD117/c-kit) for half an hour to one hour at
RT. Next, a secondary probe and an enzyme-labelled tertiary polymer were added consecutively at RT
for 10 min each. These two steps belong to the MACH 4™ Universal Alkaline Phosphatase Polymer
Detection Kit (Biocare Medical, Concord, CA, USA).

CD117/c-kit was treated with an enzyme-labelled secondary polymer, at RT, according to the
MACH 2 Universal Alkaline Phosphatase Polymer Detection Kit (Biocare Medical, Concord, CA, USA).
Finally, a HRP-based detection system employing a DAB substrate (Biocare’s DAB) was used.

PDGFR-o: The specimens were incubated for 1 h in UltraCruz® Blocking Reagent (Santa Cruz
Biotechnology Inc. CA, USA), followed by adding up the primary antibody at a dilution of 1:50 for
30 min at room temperature. After three washes with PBS, the slides were incubated for 45 min
with biotin-conjugated secondary antibody diluted in UltraCruz® Blocking Reagent and next with
avidin-biotin complex, using the A and B reagents from the ImmunoCruz® ABC Kit (Santa Cruz
Biotechnology Inc. CA, USA) for another 30 min. A peroxidase substrate and a chromogen mixture
system employing hydrogen peroxide and DAB chromophore were used for detection.

The negative controls included omission of either the first- or the second-step reagent and
substitution of the first-step reagent with an irrelevant isotype-matched antibody.

In all cases, the sections were counterstained with haematoxylin and rinsed with purified,
deionised water.

The slides were analysed and sorted using a calibrated station for scaling numerous
microphotographs. We used a Zeiss working station composed of an Axiolmager M1 microscope
and an AxioCam HRc camera, both integrated by AxioVision imaging software capable of image
acquisition, processing, analysis, and interpretation (Carl Zeiss AG, Oberkochen, Germany).

3. Results

We accurately identified the epicardial histology of hematoxylin and eosin-stained slides. The
single-cell mesothelial layer of epicardium covers the subepicardial stroma consisting of subepicardial
fat embedding microvessels, nerves (occasionally with intrinsic solitary neurons) and microganglia,
and isolated cells, both spindle-shaped and rounded.

On several samples, the epicardium appeared to be denuded of mesothelial cells. When
hypertrophied mesothelial epicardial cells were present, they expressed D2-40 (Figure 1), CK7
(Figure 2), CD117/c-kit (Figure 3) and PDGFR-« (Figure 4). We did not observe the mesothelial
expression of CD34.

Immediately beneath the mesothelial layer, lumina-presenting, thin, lymphatic vessels with
circumferential dispositions were labelled with the D2-40 marker (Figure 1). Moreover, large lymphatic
vessels with nuclei bulging into lumina (Figure 1) and isolated D2-40-expressing rounded cells with
eccentric nuclei and small protrusions (Figure 1) were found embedded within the submesothelial fat
of the samples. We noted that the endothelial cells of longitudinally cut lymphatic vessels could have
a TC-like appearance, but the identification of lumina made the distinction between these cell types
(Figure 1).

Rounded CK7-positive isolated subepicardial cells were identified on the slides (Figure 2).
Moreover, immediate submesothelial spindle-shaped cells expressed the proliferation marker Ki-67
(Figure 2). Stromal cells and endothelial tubes in the submesothelial stroma were found expressing
PDGFR-« (Figure 4) as well as CD34 (Figure 5). The expression of CD34 seemed pan-stromal, so no
particular stromal cell type could be identified. The stromal expression of CD117/c-kit was also
observed in the slides (Figure 3).
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Figure 1. Human adult cardiac wall (A-D: left atrial wall, E: left atrial appendage). Epicardial
and subepicardial expression of podoplanin (D2-40). Thin subepicardial lymphatics express D2-40
(A-C, arrows). When they are tangentially cut, they could be confused with telopodes (A, inset, digitally
magnified) if the narrow lumen (double-headed arrow) is overlooked. The arrowhead in (D) indicates
a D2-40-expressing isolated cell embedded within the subepicardial fat. Although epicardium was
largely denuded of epithelium (*) in the studied samples, there were found areas covered by D2-40 +
hypertrophied mesothelial cells (E, triple-headed arrow). Large lymph collectors with intraluminally
bulged endothelial cells were found embedded within the subepicardial fat (E, white arrows).
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Figure 2. Human adult cardiac wall. Cytokeratin 7 is expressed in epicardial (mesothelial) cells
(A, arrows), as well as in isolated subepicardial round cells (B, arrow) and in immediate subepicardial
spindle-shaped slender cells (C, arrow). Theselast also express Ki67 (D, arrows), the proliferative marker.

Figure 3. Human adult cardiac wall. CD117/c-kit has epicardial (mesothelial) (arrow) and subepicardial
(arrowheads) expression.
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Figure 4. Human adult cardiac wall. Epicardial (mesothelial) (arrows) and subepicardial (arrowheads)
expression of Platelet-Derived Growth Factor Receptor (PDGFR«).
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Figure 5. Human adult cardiac wall. Immediate submesothelial expression of CD34 includes nascent
endothelial tubes (arrows).

4. Discussion

4.1. The Epicardial Lymphatics

The cardiac lymph is drained through the initial lymphatics from the subendocardial
lymphatic plexus to Sappey’s subepicardial lymphatic plexus via intramyocardial lymphatic channels;
precollecting vessels from the subepicardial plexus further drain into collecting vessels neighboring the
major coronary branches [26]. Here, we detected the immediate submesothelial location of Sappey’s
subepicardial lymphatic plexus, which consists of lymphatic vessels with circumferential dispositions.
As lymphatics were overlooked in tissue samples in which cardiac ICLCs/TCs were discriminated [26],
the molecular anatomy of the epicardial niche must be revisited.

4.2. C-Kit-Positive Cardiac Cells

The c-kit protein (CD117) is a type III tyrosine-protein kinase that recognises the stem cell factor
(SCF) ligand [34]. During development, the c-kit receptor is expressed both in cardiac progenitors
capable of cardiomyogenesis and in others with divergent evolution patterns [35]. This receptor-ligand
interaction activates signaling pathways that are responsible for cellular proliferation, development and
differentiation. We found c-kit expressed equally in epicardial mesothelial and subepicardial stromal
cells, which could indicate the presence of a stem/progenitor niche and transdifferentiation processes.

The cardiac stem cells expressing c-kit have been studied extensively (see [35]). Approximately
1.1-1.8% of the myocardial cell population in humans are c-kit-positive [36,37]. Approximately half of
these cells are multipotent cells, and the other half are early committed cells [38]. Interestingly, most
of the detected c-kit-positive cells were found to also express two other proteins: CD45 and CD34,
the pan-leukocyte and endothelial/hematopoietic progenitor markers, respectively [39,40]. With rare
exceptions, freshly isolated c-kit-positive cells do not express myocytes (x-sarcomeric actin, cardiac
myosin, desmin, x-cardiac actinin and connexin 43), endothelial cells (von Willebrand factor, CD31
and vimentin), smooth muscle cells (x-smooth muscle actin and desmin) or fibroblast cytoplasmic
proteins (fibronectin, procollagen I and vimentin) [41]. In vitro, isolated, c-kit-positive cardiac stem
cells are spindle-shaped, like cardiac fibroblasts, and co-express GATA4 and NKX2.5 [36,42].

The pattern of markers displayed by c-kit-positive cells raised doubts with regards to their
origin. Beltrami et al. found that endothelial progenitor cells (EPCs) express both c-kit and CD34,
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while c-kit-positive stromal cells are negative for the endothelial/hematopoietic progenitor marker
CD34 [41]. They are also different from bone-marrow-derived cells, which express CD45 [41].
Interestingly, several studies demonstrated that most c-kit-positive stromal cardiac cells are mast cells
that co-express CD45 [43,44], while c-kit-positive/CD45 stromal cells express mRNA of the endothelial
lineage [45]. Accordingly, either c-kit-expressing TCs will not express CD34 or CD34-positive TCs
are not c-kit-expressing cells. The expressions of c-kit and CD34 in cardiac interstitia are mutually
exclusive and not concomitant. If they are found to be concomitant, the immunohistochemical method
and its results should be checked or repeated to avoid producing inaccurate data (Figure 6).
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Figure 6. Reprinted with permission from John Wiley and Sons (License Number: 4562340930830)
from [27]. The original legend in the *.pdf version of the article indicates “Figure 3(A) Immunostaining
for CD34 (brown). CD34 positivity might be expressed by telocytes and endothelial cells. (B) Localization of
double positive cells for c-Kit (red) and CD34 (brown). (C) Human epicardium, deep layer. Vimentin positivity is
stronger than c-Kit positivity by sandwich method. (D) Cells expressing T protein (arrows). (A-D) Original
magnification, 40X”. One could observe from the figure and the legend that the thin arrow added
by the authors in (A) was not assigned to endothelial tubes, nor was it regarded as a telocyte, but it
rather belongs to an endothelial tube (we added an additional white arrow). The cells indicated as
“telocytes” in (B,C) do not display the peculiar telopodes. The expression of Tau-protein demonstrated
in (D) is rather pan-tissular due to a consistent background staining. The double-labelling result in
(B) indicating a c-kit+/CD34+ phenotype of telocytes (TCs) is highly speculative due to an invalid
immunohistochemical method that determined the pan-labelling of the slide.
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4.3. What Are (Sub)epicardial TCs?

Stem cells can originate from the epithelial-mesenchymal transformation (EMT) of epicardial
mesothelial cells (EMCs) in the adult human heart [46,47]. Epicardium-derived cells (EPDCs) are known
to express CD117/c-kit [46], which matches with our results. Inmunofluorescence of the ICLCs found
subepicardial TCs immediately beneath the CD34-positive epicardial mesothelium, which were either
CD34-positive/c-kit-positive or purely c-kit-positive [10]. It appears that subepicardial ICLCs/TCs are
EPDCs. This is reinforced by our discovery of proliferative immediate submesothelial Ki-67-positive
spindle-shaped cells. Such submesothelial ICLCs were further documented through transmission
electron microscopy (TEM) by the same research group; beneath them, ‘isolated smooth muscle cells’
were found [29]. In that study [29], subepicardial ICLCs were speculated through TEM without the
aid of any antibodies. Further studies of the subepicardial niche were performed by Popescu et al.,
who reported an enlarged panel of markers useful for the identification of subepicardial TCs, such as
vimentin, 5100 protein, tau protein, CD57 and nestin [27]. This last antibody was listed in the report’s
Materials and Methods section but was not documented in the Results section of that article [27].
A polyclonal antibody was then used against CD117/c-kit [27], but that immunohistochemical method
included an antigen retrieval stage (though this procedure may produce nonspecific staining results) [48].
Completely and nonspecifically stained slides were then used to sample the findings on the subepicardial
TCs (Figure 6), so the respective evidence could not convince. This is demonstrative of the highly
subjective manner in which TCs were assigned molecular phenotypes in the past. As we discussed
previously, a lack of evidence for telepodes does not exclude the possibility of a TC morphology being
present [20]. Notably, the possible expression of tau protein in TCs was speculated (Figure 6) but not
discussed further in that study [27], although the presence of this protein would have indicated the
presence of microtubular content in TCs. This, in turn, may have been perplexing; when this research
team identified the ultrastructural anatomy of TCs [1], microtubules were not listed.

In another study, epicardial ICLCs were found to be positive for c-kit and/or CD34, or they
co-expressed c-kit and vimentin [10]. In a subsequent study, epicardial TCs were found to co-express
either c-kit and CD34 or c-kit and vimentin [27]. In both these studies, Popescu et al. did not examine
the epicardial expressions of lymphatic markers, mast cell markers or CD45. The expression of c-kit
combined with the expressions of well-known endothelial markers, such as CD34 and vimentin, could
not exclude TCs from the possibility of being of the endothelial lineage. It was suggested to use CD31
to discriminate the endothelial cells from TCs [49]. We also noted the striking histological resemblance
of c-kit-positive epicardial ‘telocytes” (Figure 2B in [27]) to c-kit-positive mast cells (Figure 1D in [50]).
Both appear as large and degranulating cells. All these observations support recent and consistent
evidence for TCs’ failure to be categorized as a distinctive cell type [11,24,26].

4.4. The Epicardial and Subepicardial Expression of Podoplanin

Although in the central nervous system (CNS) and thymus, endothelial cells and pericytes result
from ectoderm-derived neural crest cells, they are mesoderm- and mesothelium-derived in coelomic
organs [51]. This supports the (re)activated mechanism of mesothelial-to-endothelial/pericitary
transformation in epicardial cells, which is actually an epithelial-mesenchymal transformation (EMT),
ensuring that either subepicardial vasculogenesis or subepicardial lymphvasculogenesis occurs. This
reasonably correlates with our evidence of podoplanin-expressing mesothelial cells and submesothelial
lymphatics and isolated cells. We also found PDGFR-«x-expressing epicardial mesothelial cells; this is
normal, as signaling through both PDGFRs,  and 3, is needed for epicardial EMT and the formation
of EPDCs [52]. In these regards, testing the PDGFR expression in mesothelial cells would support a
potential of EMT in the samples studied. PDGFR-¢ is crucial in the differentiation of cardiac fibroblasts
from EPDCs [53], so a PDGFR-a-positive subepicardial stroma would clearly indicate a subepicardium
with reparatory potential, regardless of whether the respective stromal cells do or do not have telopodes.
A strong expression of PDGFR-o in human adult cardiac tissue was demonstrated in the interstitial
cells of the subepicardium, myocardium, endocardium, coronary smooth muscle and endothelial
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cells, as we also found, and cardiomyocytes express this marker [13,54]. PDGFR-« was not tested
in previous studies on epicardial and subepicardial TCs, although Cretoiu and Popescu indicated
that ‘CD34/PDGFR[-]x double immunohistochemistry can orientate the diagnosis’ [55]. This double
expression was used for TC identification in other normal and pathological non-cardiac tissues [56—60].
Cardiac TCs were indicated to have a CD34-positive/PDGFR-«-positive phenotype [61], but this
resulted in cell cultures that did not use any sorting molecules; cells were sorted solely based on
morphological criteria. Moreover, the rodent hearts analysed ‘were minced into 1 mm?> pieces and
incubated on an orbital shaker” [61], which could not permit the discrimination of epicardium-specific
cells from other cell populations in those cardiac samples.

Podoplanin (or GP36, E11 antigen, oncofetal antigens M2A and T1A-2, aggrus) is a mucin-type
transmembrane glycoprotein first identified as podoplanin in podocytes [62-64] but as the E11 antigen
in osteoblasts and osteocytes [65,66]. Podoplanin is homologous to the oncofetal antigen M2A,
which is recognized by the D2-40 antibody [67]. Lymphatic endothelial cells express high levels of
podoplanin [68]. Podoplanin has homologues in humans, mice, rats, dogs and hamsters and is relatively
well-conserved between species [68]. Podoplanin is a cell morphological regulator [67] and is required
for normal heart development, specifically for EMT in epicardium-derived cells [68], and our evidence
reasonably suggests that this role of podoplanin also exists in adult tissues. During development,
podoplanin is expressed in the epithelial lining of the coelomic wall of the pericardio—peritoneal canal
and in the cells lining the pleural and pericardial cavities [66]. Podoplanin is expressed in epithelial
and mesothelial cells, such as those in the intestinal epithelium, alveolar type I cells, podocytes, the
mesothelium of the visceral peritoneum [66] and, as we demonstrated, in epicardial mesothelial cells.

Several markers could be used to identify lymphatic endothelial cells on slides, such as CD31
(the pan-endothelial marker), podoplanin (D2-40), Vascular Endothelial Growth Factor Receptor-3
(VEGEFR-3), Lymphatic Vascular Endothelial Hyaluronan Receptor-1 (LYVE-1) and Prospero related
homeobox1 (PROX1) [69]. Therefore, further co-staining experiments could be helpful in better
assessing the lymphatic anatomy of subepicardium. CD31 was noted as useful in discriminating
between TCs and endothelial cells, as both are known to express CD34 [70]. It was recently demonstrated
that pre-lymphatic interstitial spaces are lined by TC-like endothelial cells that express vimentin, CD34
and D2-40 but do not express other lymphatic markers, such as CD31, ERG (avian v-ets erythroblastosis
virus E26 oncogene homolog) or LYVE-1 [71]. Therefore, neither CD31 nor lymphatic markers other
than podoplanin/D2-40 could disprove the relationship between TCs and the lymph drainage pathway.

The processes of EMT allow epithelial cells to become mobile mesenchymal cells after the epithelial
adherens junctions loosen through E-cadherin loss [66]. Podoplanin can be presented as an inhibitor
of E-cadherin, thus stimulating the EMT process, which involves the epicardium in myocardial
differentiation [66]. Therefore, expression of D2-40 in mesothelial cells, such as we found, could be
indicative of the EMT potential of D2-40-positive mesothelial cells. Such transdifferentiations could
support the potential for cardiac lymphatic vasculature to increase in major cardiac pathological changes,
such as acute and chronic ischaemia, progressive atherosclerosis, myocarditis and hypertrophy [72].

4.5. Processes of Epicardial Transdifferentiation

The transition of a cell from an epithelial to a mesenchymal phenotype, or EMT, has been shown
to play critical roles in several physiological and pathological contexts, from embryogenesis to fibrosis
and cancer progression [73]. The postnatal mammalian epicardium is a dormant single-cell layer [74].
After an injury, the adult epicardium is activated, which involves the induction of a developmental
gene program, EMT and migration [75]. Several genes are involved in epicardial activation, including
WT1 (Wilms’ tumour 1), TBX18 and RALDH?2 [74]. Human EPDCs closely resemble submesothelial
fibroblasts and express cardiac marker genes, such as GATA4 and cardiac troponin T [76]. EPDCs
display intense p-catenin staining, which supports their epithelial nature [76]. The reactivation of the
epicardium occurs in ischaemia, with the re-expression of developmental genes and renewed EMT [77].
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We have brought forward evidence of CK7 expression in EMCs as well as in isolated subepicardial
stromal cells that could be viewed as EPDCs. To our knowledge, the CK7 marker has not been tested
previously on human cardiac samples. CK7 should therefore be included in the list of known markers
of EPDCs, such as 3-catenin, CD44, CD46, CD90, CD105, HLA-ABC [76] and WT1 [78]. The expression
of CD117/c-kit was also associated with EPDCs [46]. We also found c-kit expressed in mesothelial cells,
which could indicate that the stem/progenitor phenotype of future EPDCs could be acquired prior to the
stromal migration of the epithelial cells. During human cardiogenesis, ventricular and atrial epicardia
exhibit different pan-cytokeratin expression patterns and cell arrangements; atrial epicardial cells are
distributed in a stochastic fashion on the surface with a diffuse cytokeratin expression throughout the
cytoplasm, whereas ventricular epicardial cells exhibit a spindle-cell morphology and preferential
alignment, being orientated side-by-side with strong cytokeratin staining outlining the cell membrane
and cytoskeletal filaments [79]. Polyclonal anti-keratin antibodies were used to stain the mesothelial
and mesenchymal cells of the proepicardium, as well as epicardium, in quail embryos [80,81], and not
in human samples.

Adult EPDCs can form tube-like structures [75]. Tangentially cut tube-like structures, if tangentially
cut, could appear on slides or grids as TC-like cells [82]. We found such D2-40-expressing tubes
immediately beneath the podoplanin-expressing epicardial mesothelium, which strongly suggests that
subepicardial lymphatics could acquire an epicardial-based support for their maintenance.

In a static two-dimensional TEM study of epicardial ICLCs, Gherghiceanu and Popescu observed
that mesenchymal cells, ‘guided by ICLCs, were found migrating from [the] sub-epicardial area in the
mesothelial layer’; that is, they were ‘migrating under the basal lamina of the epicardial mesothelial
cell’ [29]. The authors also speculated that ‘epithelial-mesenchymal transition is not a common process
involved in cardiac regeneration in vivo’ [29]. That concept inspired us to document the processes of
mesenchymal—epithelial transition (MET) mentioned by this TEM study.

TGFB-induced EMT could be reversed through inhibition of the Smad?2 signaling pathway [83].
Serum-free culture media, as well as TGFp receptor inhibitors, notch receptor inhibitors or
Rho-associated coiled-coil protein kinase (ROCK) inhibitors could inhibit EMT in differentiated
epithelial cells or could induce MET in dedifferentiated epithelial cells [84].

The metanephric mesenchyme suffers an epithelial transformation regulated by WNT4 [85].
During this transformation, the WNT4 signal can be replaced by other members of the WNT gene
family, including WNT1, WNT3A, WNT7A and WNT7B [86]. WNT proteins are also involved in
cardiac development and differentiation [87]. The classic canonical WNT signaling pathway involves
{-catenin [87]. The epicardial retinoic X receptor « is required for the EMT of epicardial cells, as the
loss of that receptor results in damaged myocardial growth and coronary artery formation. WNT9B is
downstream of the epicardial retinoic X receptor o, which in turn regulates FGFf3 expression in the
myocardium [87,88]. The in vitro EMT of human adult epicardial cells is regulated by TGF(3-signaling
and WT-1 [78]. Gherghiceanu and Popescu’s TEM discovery of isolated smooth muscle cells in the
subepicardial space was appreciated as ‘quite unique’ and able to explain why EPDCs generate
smooth muscle cells in cultures [29]. This is not a novelty, as both human and rat epicardial
cells could be transdifferentiated to smooth muscle cells [76], and TGFf stimulates the process of
transdifferentiation [89].

Interestingly, during cardiac development, the atrial and ventricular epicardia behave differently
under ex vivo conditions: only the ventricular EPDCs spontaneously undergo EMT (that is, growing
with a spindle-like morphology and diminishing the expressions of WT-1, GATA5, TBX18 and
TCF21) [79].

5. Conclusions

As the epicardium may undergo several different transdifferentiation processes, it is hazardous
to designate intermediate cell stages as specific cell types. Epicardial ICLCs/TCs cannot be regarded
as a particular cell type as (pre)lymphatic endothelial cells are inadequately excluded. Markers
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such as CD117/c-kit and CD34 seem to be unsuitable for identifying TCs as a distinctive cell type.
The identification of TCs on two-dimensional slides should be regarded with caution, and researchers
using the immunohistochemical method and related protocols should be careful to avoid gathering
and promoting nonspecific or inaccurate results.

Author Contributions: Conceptualization, C.B.I. and M.C.R.; methodology, L.M.; software, S.H. and M.C.R.;
validation, M.C.R., S.H. and L.M.; investigation, C.B.I, O.D.T.; writing—original draft preparation, C.B.I.;
writing—review and editing, M.C.R. and S.H.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Popescu, L.M.; Faussone-Pellegrini, M.S. TELOCYTES—A case of serendipity: The winding way from
Interstitial Cells of Cajal (ICC), via Interstitial Cajal-Like Cells (ICLC) to TELOCYTES. J. Cell. Mol. Med. 2010,
14, 729-740. [CrossRef] [PubMed]

Ciontea, S.M.; Radu, E.; Regalia, T.; Ceafalan, L.; Cretoiu, D.; Gherghiceanu, M.; Braga, R.I.; Malincenco, M.;
Zagrean, L.; Hinescu, M.E ; et al. C-kit immunopositive interstitial cells (Cajal-type) in human myometrium.
J. Cell. Mol. Med. 2005, 9, 407-420. [CrossRef] [PubMed]

Cretoiu, D.; Ciontea, S.M.; Popescu, L.M.; Ceafalan, L.; Ardeleanu, C. Interstitial Cajal-like cells (ICLC) as
steroid hormone sensors in human myometrium: Immunocytochemical approach. . Cell. Mol. Med. 2006,
10, 789-795. [CrossRef]

Gherghiceanu, M.; Hinescu, M.E.; Andrei, E; Mandache, E.; Macarie, C.E.; Faussone-Pellegrini, M.S.;
Popescu, L.M. Interstitial Cajal-like cells (ICLC) in myocardial sleeves of human pulmonary veins. J. Cell.
Mol. Med. 2008, 12,1777-1781. [CrossRef] [PubMed]

Gherghiceanu, M.; Hinescu, M.E.; Popescu, L.M. Myocardial interstitial Cajal-like cells (ICLC) in caveolin-1
KO mice. J. Cell. Mol. Med. 2009, 13, 202-206. [CrossRef]

Hinescu, M.E.; Gherghiceanu, M.; Mandache, E.; Ciontea, S.M.; Popescu, L.M. Interstitial Cajal-like cells
(ICLC) in atrial myocardium: Ultrastructural and immunohistochemical characterization. J. Cell. Mol. Med.
2006, 10, 243-257. [CrossRef]

Hinescu, M.E.; Popescu, L.M. Interstitial Cajal-like cells (ICLC) in human atrial myocardium. J. Cell. Mol. Med.
2005, 9, 972-975. [CrossRef]

Kostin, S.; Popescu, L.M. A distinct type of cell in myocardium: Interstitial Cajal-like cells (ICLCs). J. Cell.
Mol. Med. 2009, 13, 295-308. [CrossRef]

Pieri, L.; Vannucchi, M.G.; Faussone-Pellegrini, M.S. Histochemical and ultrastructural characteristics of an
interstitial cell type different from ICC and resident in the muscle coat of human gut. J. Cell. Mol. Med. 2008,
12, 1944-1955. [CrossRef]

Suciu, L.; Popescu, L.M.; Regalia, T.; Ardelean, A.; Manole, C.G. Epicardium: Interstitial Cajal-like cells
(ICLC) highlighted by immunofluorescence. J. Cell. Mol. Med. 2009, 13, 771-777. [CrossRef]

Iancu, C.B.; Rusu, M.C.; Mogoanta, L.; Hostiuc, S.; Grigoriu, M. Myocardial Telocyte-Like Cells: A Review
Including New Evidence. Cells Tissues Organs 2019. [CrossRef]

Rusu, M.C; Folescu, R.; Manoiu, V.S.; Didilescu, A.C. Suburothelial interstitial cells. Cells Tissues Organs
2014, 199, 59-72. [CrossRef]

Rusu, M.C.; Hostiugc, S.; Vrapciu, A.D.; Mogoanta, L.; Manoiu, V.S.; Grigoriu, F. Subsets of telocytes:
Myocardial telocytes. Ann. Anat. 2017, 209, 37-44. [CrossRef]

Grigoriu, E; Hostiuc, S.; Vrapciu, A.D.; Rusu, M.C. Subsets of telocytes: The progenitor cells in the human
endocardial niche. Rom. |. Morphol. Embryol. 2016, 57, 767-774.

Varga, I.; Polak, S.; Kyselovic, J.; Kachlik, D.; Danisovic, L.; Klein, M. Recently Discovered Interstitial Cell
Population of Telocytes: Distinguishing Facts from Fiction Regarding Their Role in the Pathogenesis of
Diverse Diseases Called “Telocytopathies”. Medicina 2019, 55, 56. [CrossRef]

Dobra, M.A.; Vrapciu, A.D.; Pop, E; Petre, N.; Rusu, M.C. The molecular phenotypes of ureteral telocytes are
layer-specific. Acta Histochem. 2017. [CrossRef]

153



Appl. Sci. 2019, 9, 1615

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Vannucchi, M.G.; Traini, C. The telocytes/myofibroblasts 3-D network forms a stretch receptor in the human
bladder mucosa. Is this structure involved in the detrusor overactive diseases? Ann. Anat. 2018, 218, 118-123.
[CrossRef] [PubMed]

Mitrofanova, L.B.; Gorshkov, A.N.; Konovalov, P.V; Krylova, J.S. Telocytes in the human sinoatrial node.
J. Cell. Mol. Med. 2017. [CrossRef] [PubMed]

Rusu, M.C.; Hostiug, S. Telocytes and telocytes-like cells. Past, present, and above all future. Ann. Anat.
2019. [CrossRef]

Petrea, C.E.; Craitoiu, S.; Vrapciu, A.D.; Manoiu, V.S.; Rusu, M.C. The telopode- and filopode-projecting
heterogeneous stromal cells of the human sclera niche. Ann. Anat. 2018, 218, 129-140. [CrossRef] [PubMed]
Petrea, C.E.; Rusu, M.C.; Manoiu, V.S; Vrapciu, A.D. Telocyte-Like Cells Containing Weibel-Palade Bodies in
Rat Lamina Fusca. Ann. Anat. 2018, 218, 88-94. [CrossRef] [PubMed]

Neuhaus, J.; Schroppel, B.; Dass, M.; Zimmermann, H.; Wolburg, H.; Fallier-Becker, P.; Gevaert, T.;
Burkhardt, C.J.; Do, H.M.; Stolzenburg, ].U. 3D-electron microscopic characterization of interstitial cells in
the human bladder upper lamina propria. Neurourol. Urodyn. 2018, 37, 89-98. [CrossRef]

Diaz-Flores, L.; Gutierrez, R.; Garcia, M.P,; Saez, FJ.; Diaz-Flores, L., Jr.; Valladares, F.; Madrid, J.F. CD34+
stromal cells/fibroblasts/fibrocytes/telocytes as a tissue reserve and a principal source of mesenchymal cells.
Location, morphology, function and role in pathology. Histol. Histopathol. 2014, 29, 831-870. [CrossRef]
Varga, L; Kyselovi¢, J.; Danisovi¢, L'.; Galfiova, P.; Kachlik, D.; Polak, S.; Klein, M. Recently discovered
interstitial cells termed telocytes: Distinguishing cell-biological and histological facts from fictions. Biologia
2018. [CrossRef]

Varga, I.; Danisovic, L.; Kyselovic, J.; Gazova, A.; Musil, P.; Miko, M.; Polak, S. The functional morphology
and role of cardiac telocytes in myocardium regeneration. Can. J. Physiol. Pharmacol. 2016. [CrossRef]
Rusu, M.C.; Hostiug, S. Critical review: Cardiac telocytes vs cardiac lymphatic endothelial cells. Ann. Anat.
2019, 222, 40-54. [CrossRef] [PubMed]

Popescu, L.M.; Manole, C.G.; Gherghiceanu, M.; Ardelean, A.; Nicolescu, M.I.; Hinescu, M.E.; Kostin, S.
Telocytes in human epicardium. J. Cell. Mol. Med. 2010, 14, 2085-2093. [CrossRef] [PubMed]

Popescu, L.M.; Gherghiceanu, M.; Manole, C.G.; Faussone-Pellegrini, M.S. Cardiac renewing: Interstitial
Cajal-like cells nurse cardiomyocyte progenitors in epicardial stem cell niches. J. Cell. Mol. Med. 2009, 13,
866-886. [CrossRef]

Gherghiceanu, M.; Popescu, L.M. Human epicardium: Ultrastructural ancestry of mesothelium and
mesenchymal cells. J. Cell. Mol. Med. 2009, 13, 2949-2951. [CrossRef]

Rusu, M.C.; Pop, E; Hostiug, S.; Dermengiu, D.; Lala, A.I; Ion, D.A.; Manoiu, V.S.; Mirancea, N. The human
trigeminal ganglion: C-kit positive neurons and interstitial cells. Ann. Anat. 2011, 193, 403—411. [CrossRef]
Suciu, L.; Popescu, L.M.; Gherghiceanu, M.; Regalia, T.; Nicolescu, M.I,; Hinescu, M.E.; Faussone-Pellegrini, M.S.
Telocytes in human term placenta: Morphology and phenotype. Cells Tissues Organs 2010, 192, 325-339.
[CrossRef]

Chang, Y,; Li, C,; Lu, Z; Li, H.; Guo, Z. Multiple immunophenotypes of cardiac telocytes. Exp. Cell Res. 2015,
338, 239-244. [CrossRef]

Petre, N.; Rusu, M.C.; Pop, F; Jianu, A.M. Telocytes of the mammary gland stroma. Folia Morphol. 2016, 75,
224-231. [CrossRef]

Iancu, C.B.; Iancu, D.; Rentea, I.; Hostiuc, S.; Dermengiu, D.; Rusu, M.C. Molecular signatures of cardiac
stem cells. Rom. J. Morphol. Embryol. 2015, 56, 1255-1262.

Keith, M.C.; Bolli, R. “String Theory” of c-kitpos Cardiac Cells: A New Paradigm Regarding the Nature of
These Cells That May Reconcile Apparently Discrepant Results. Circ. Res. 2015, 116, 1216-1230. [CrossRef]
Bearzi, C.; Rota, M.; Hosoda, T.; Tillmanns, J.; Nascimbene, A.; De Angelis, A.; Yasuzawa-Amano, S.;
Trofimova, I.; Siggins, R.W.; Lecapitaine, N.; et al. Human cardiac stem cells. Proc. Natl. Acad. Sci. USA 2007,
104, 14068-14073. [CrossRef]

Choi, S.H.; Jung, S.Y.; Asahara, T.; Suh, W.; Kwon, S.-M.; Baek, S.H. Direct comparison of distinct
cardiomyogenic induction methodologies in human cardiac-derived c-kit positive progenitor cells. Tissue Eng.
Regen. Med. 2012, 9, 311-319. [CrossRef]

Bearzi, C.; Cascapera, S.; Nascimbene, A.; Casarsa, C.; Rastaldo, R.; Hosoda, T.; De Angelis, A.; Rota, M.;
Quaini, F; Urbanek, K.; et al. Late-Breaking Basic Science Abstracts. Late Breaking Developments in Stem
Cell Biology and Cardiac Growth Regulation. Circulation 2005, 111, 1720-1724.

154



Appl. Sci. 2019, 9, 1615

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ye, J.; Boyle, A,; Shih, H.; Sievers, R.E.; Zhang, Y.; Prasad, M.; Su, H,; Zhou, Y.; Grossman, W.;
Bernstein, H.S.; et al. Sca-1+ cardiosphere-derived cells are enriched for Isl1-expressing cardiac precursors
and improve cardiac function after myocardial injury. PLoS ONE 2012, 7, e30329. [CrossRef]

Barile, L.; Messina, E.; Giacomello, A.; Marban, E. Endogenous cardiac stem cells. Prog. Cardiovasc. Dis. 2007,
50, 31-48. [CrossRef]

Beltrami, A.P.; Barlucchi, L.; Torella, D.; Baker, M.; Limana, F.; Chimenti, S.; Kasahara, H.; Rota, M.; Musso, E.;
Urbanek, K.; et al. Adult cardiac stem cells are multipotent and support myocardial regeneration. Cell 2003,
114, 763-776. [CrossRef]

Choi, S.H.; Jung, S.Y.; Suh, W.; Baek, S.H.; Kwon, S.M. Establishment of Isolation and Expansion Protocols
for Human Cardiac C-kit-Positive Progenitor Cells for Stem Cell Therapy. Transplant. Proc. 2013, 45, 420-426.
[CrossRef]

Zhou, Y.; Pan, P; Yao, L.; Su, M.; He, P; Niu, N.; McNutt, M.A.; Gu, J. CD117-positive cells of the heart:
Progenitor cells or mast cells? J. Histochem. Cytochem. 2010, 58, 309-316. [CrossRef]

Veinot, J.P,; Prichett-Pejic, W.; Song, J.; Waghray, G.; Parks, W.; Mesana, T.G.; Ruel, M. CD117-positive cells
and mast cells in adult human cardiac valves-observations and implications for the creation of bioengineered
grafts. Cardiovasc. Pathol. 2006, 15, 36-40. [CrossRef]

Sandstedt, J.; Jonsson, M.; Lindahl, A.; Jeppsson, A.; Asp, J. C-kit+ CD45- cells found in the adult human
heart represent a population of endothelial progenitor cells. Basic Res. Cardiol. 2010, 105, 545-556. [CrossRef]
Di Meglio, E.; Castaldo, C.; Nurzynska, D.; Romano, V.; Miraglia, R.; Bancone, C.; Langella, G.; Vosa, C.;
Montagnani, S. Epithelial-mesenchymal transition of epicardial mesothelium is a source of cardiac
CD117-positive stem cells in adult human heart. J. Mol. Cell. Cardiol. 2010, 49, 719-727. [CrossRef]
Bronnum, H.; Andersen, D.C.; Schneider, M.; Nossent, A.Y.; Nielsen, S.B.; Sheikh, S.P. Islet-1 is a dual
regulator of fibrogenic epithelial-to-mesenchymal transition in epicardial mesothelial cells. Exp. Cell Res.
2013, 319, 424-435. [CrossRef]

Min, K.W. Interstitial cells of Cajal (pICC) in the pancreas. ]. Cell. Mol. Med. 2005, 9, 737-739. [CrossRef]
Manetti, M.; Guiducci, S.; Ruffo, M.; Rosa, I.; Faussone-Pellegrini, M.S.; Matucci-Cerinic, M.; Ibba-Manneschi, L.
Evidence for progressive reduction and loss of telocytes in the dermal cellular network of systemic sclerosis.
J. Cell. Mol. Med. 2013, 17, 482-496. [CrossRef]

Metzger, R.; Rolle, U.; Fiegel, H.C.; Franke, EE.; Muenstedt, K.; Till, H. C-kit receptor in the human vas
deferens: Distinction of mast cells, interstitial cells and interepithelial cells. Reproduction 2008, 135, 377-384.
[CrossRef]

Armulik, A.; Genove, G.; Betsholtz, C. Pericytes: Developmental, physiological, and pathological perspectives,
problems, and promises. Dev. Cell 2011, 21, 193-215. [CrossRef]

Smith, C.L.; Baek, S.T.; Sung, C.Y.; Tallquist, M.D. Epicardial-derived cell epithelial-to-mesenchymal transition
and fate specification require PDGF receptor signaling. Circ. Res. 2011, 108, e15-e26. [CrossRef]

Rudat, C.; Norden, J.; Taketo, M.M.; Kispert, A. Epicardial function of canonical Wnt-, Hedgehog-, Fgfr1/2-,
and Pdgfra-signalling. Cardiovasc. Res. 2013, 100, 411-421. [CrossRef]

Chong, J.J.; Reinecke, H.; Iwata, M.; Torok-Storb, B.; Stempien-Otero, A.; Murry, C.E. Progenitor cells
identified by PDGFR-alpha expression in the developing and diseased human heart. Stem Cells Dev. 2013, 22,
1932-1943. [CrossRef]

Cretoiu, S.M.; Popescu, L.M. Telocytes revisited. Biomol. Concepts 2014, 5, 353-369. [CrossRef]

Manole, C.G.; Gherghiceanu, M.; Simionescu, O. Telocyte dynamics in psoriasis. J. Cell. Mol. Med. 2015, 19,
1504-1519. [CrossRef]

Wang, F; Bei, Y.; Zhao, Y.; Song, Y.; Xiao, J.; Yang, C. Telocytes in pregnancy-induced physiological liver
growth. Cell. Physiol. Biochem. 2015, 36, 250-258. [CrossRef]

Marini, M.; Mencucci, R.; Rosa, I.; Favuzza, E.; Guasti, D.; Ibba-Manneschi, L.; Manetti, M. Telocytes in
normal and keratoconic human cornea: An immunohistochemical and transmission electron microscopy
study. . Cell. Mol. Med. 2017, 21, 3602-3611. [CrossRef]

Milia, A.F; Ruffo, M.; Manetti, M.; Rosa, I.; Conte, D.; Fazi, M.; Messerini, L.; Ibba-Manneschi, L. Telocytes in
Crohn’s disease. J. Cell. Mol. Med. 2013, 17, 1525-1536. [CrossRef]

Vannucchi, M.G.; Traini, C.; Manetti, M.; Ibba-Manneschi, L.; Faussone-Pellegrini, M.S. Telocytes express
PDGFRalpha in the human gastrointestinal tract. J. Cell. Mol. Med. 2013, 17, 1099-1108. [CrossRef]

155



Appl. Sci. 2019, 9, 1615

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Zhou, Q.; Wei, L.; Zhong, C.; Fu, S.; Bei, Y.; Huica, R.I; Wang, E; Xiao, ]. Cardiac telocytes are double positive
for CD34/PDGFR-alpha. J. Cell. Mol. Med. 2015, 19, 2036-2042. [CrossRef]

Breiteneder-Geleff, S.; Matsui, K.; Soleiman, A.; Meraner, P.; Poczewski, H.; Kalt, R.; Schaffner, G.; Kerjaschki, D.
Podoplanin, novel 43-kd membrane protein of glomerular epithelial cells, is down-regulated in puromycin
nephrosis. Am. J. Pathol. 1997, 151, 1141-1152.

Al-Rawi, M.A_; Mansel, R.E.; Jiang, W.G. Molecular and cellular mechanisms of lymphangiogenesis. Eur. J.
Surg. Oncol. 2005, 31, 117-121. [CrossRef]

Adamczyk, L.A.; Gordon, K.; Kholova, I.; Meijer-Jorna, L.B.; Telinius, N.; Gallagher, PJ.; van der Wal, A.C.;
Baandrup, U. Lymph vessels: The forgotten second circulation in health and disease. Virchows Arch. 2016,
469, 3-17. [CrossRef]

Wetterwald, A.; Hoffstetter, W.; Cecchini, M.G.; Lanske, B.; Wagner, C.; Fleisch, H.; Atkinson, M.
Characterization and cloning of the E11 antigen, a marker expressed by rat osteoblasts and osteocytes. Bone
1996, 18, 125-132. [CrossRef]

Mahtab, E.A.; Wijffels, M.C.; Van Den Akker, N.M.; Hahurij, N.D.; Lie-Venema, H.; Wisse, L.J.; Deruiter, M.C.;
Uhrin, P; Zaujec, J.; Binder, B.R; et al. Cardiac malformations and myocardial abnormalities in podoplanin
knockout mouse embryos: Correlation with abnormal epicardial development. Dev. Dyn. 2008, 237, 847-857.
[CrossRef]

Sawa, Y. New trends in the study of podoplanin as a cell morphological regulator. Jpn. Dent. Sci. Rev. 2010,
46,165-172. [CrossRef]

Astarita, J.L.; Acton, S.E.; Turley, S.J. Podoplanin: Emerging functions in development, the immune system,
and cancer. Front. Immunol. 2012, 3, 283. [CrossRef]

Karunamuni, G.; Yang, K; Doughman, Y.Q.; Wikenheiser, J.; Bader, D.; Barnett, J.; Austin, A.;
Parsons-Wingerter, P.; Watanabe, M. Expression of lymphatic markers during avian and mouse cardiogenesis.
Anat. Rec. 2010, 293, 259-270. [CrossRef]

Manetti, M.; Rosa, I.; Messerini, L.; Guiducci, S.; Matucci-Cerinic, M.; Ibba-Manneschi, L. A loss of telocytes
accompanies fibrosis of multiple organs in systemic sclerosis. ]. Cell. Mol. Med. 2014, 18, 253-262. [CrossRef]
Benias, P.C.; Wells, R.G.; Sackey-Aboagye, B.; Klavan, H.; Reidy, J.; Buonocore, D.; Miranda, M.; Kornacki, S.;
Wayne, M.; Carr-Locke, D.L.; et al. Structure and Distribution of an Unrecognized Interstitium in Human
Tissues. Sci. Rep. 2018, 8, 4947. [CrossRef] [PubMed]

Kholova, I; Dragneva, G.; Cermakova, P.; Laidinen, S.; Kaskenpaa, N.; Hazes, T.; Cermakova, E.; Steiner, L;
Yla-Herttuala, S. Lymphatic vasculature is increased in heart valves, ischaemic and inflamed hearts and
in cholesterol-rich and calcified atherosclerotic lesions. Eur. |. Clin. Investig. 2011, 41, 487-497. [CrossRef]
[PubMed]

Simeone, P; Trerotola, M.; Franck, J.; Cardon, T.; Marchisio, M.; Fournier, I.; Salzet, M.; Maffia, M.; Vergara, D.
The multiverse nature of epithelial to mesenchymal transition. Semin. Cancer Biol. 2018. [CrossRef] [PubMed]
Smits, A.M.; Dronkers, E.; Goumans, M.J. The epicardium as a source of multipotent adult cardiac progenitor
cells: Their origin, role and fate. Pharmacol. Res. 2018, 127, 129-140. [CrossRef]

Moerkamp, A.T.; Lodder, K.; van Herwaarden, T.; Dronkers, E.; Dingenouts, C.K.; Tengstrom, E.C.;
van Brakel, T.].; Goumans, M.J.; Smits, A.M. Human fetal and adult epicardial-derived cells: A novel model
to study their activation. Stem Cell Res. Ther. 2016, 7, 174. [CrossRef] [PubMed]

Van Tuyn, J.; Atsma, D.E.; Winter, EM.; van der Velde-van Dijke, I.; Pijnappels, D.A.; Bax, N.A,;
Knaan-Shanzer, S.; Gittenberger-de Groot, A.C.; Poelmann, R.E.; van der Laarse, A.; et al. Epicardial
cells of human adults can undergo an epithelial-to-mesenchymal transition and obtain characteristics of
smooth muscle cells in vitro. Stem Cells 2007, 25, 271-278. [CrossRef] [PubMed]

Gittenberger-de Groot, A.C.; Winter, E.M.; Poelmann, R.E. Epicardium-derived cells (EPDCs) in development,
cardiac disease and repair of ischemia. J. Cell. Mol. Med. 2010, 14, 1056-1060. [CrossRef] [PubMed]

Bax, N.A.; van Oorschot, A.A; Maas, S.; Braun, J.; van Tuyn, J.; de Vries, A.A.; Groot, A.C.; Goumans, M.J.
Invitro epithelial-to-mesenchymal transformation in human adult epicardial cells is regulated by
TGFbeta-signaling and WT1. Basic Res. Cardiol. 2011, 106, 829-847. [CrossRef]

Risebro, C.A.; Vieira, ] M.; Klotz, L.; Riley, PR. Characterisation of the human embryonic and foetal
epicardium during heart development. Development 2015, 142, 3630-3636. [CrossRef]



Appl. Sci. 2019, 9, 1615

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Viragh, S.; Gittenberger-de Groot, A.C.; Poelmann, R.E.; Kalman, E. Early development of quail heart
epicardium and associated vascular and glandular structures. Anat. Embryol. 1993, 188, 381-393. [CrossRef]
[PubMed]

Vrancken Peeters, M.P.; Mentink, M.M.; Poelmann, R.E.; Gittenberger-de Groot, A.C. Cytokeratins as a
marker for epicardial formation in the quail embryo. Anat. Embryol. 1995, 191, 503-508. [PubMed]

Manta, L.; Rusu, M.C.; Pop, F. What podoplanin tells us about cells with telopodes. Ann. Anat. 2018, 218,
124-128. [CrossRef] [PubMed]

Liu, X.N.; Wang, S.; Yang, Q.; Wang, Y.J.; Chen, D.X.; Zhu, X.X. ESC reverses epithelial mesenchymal
transition induced by transforming growth factor-beta via inhibition of Smad signal pathway in HepG2 liver
cancer cells. Cancer Cell Int. 2015, 15, 114. [CrossRef] [PubMed]

Tian, H.; Xu, ].Y;; Tian, Y.; Cao, Y.; Lian, C.; Ou, Q.; Wu, B; Jin, C.; Gao, F.; Wang, J.; et al. A cell culture
condition that induces the mesenchymal-epithelial transition of dedifferentiated porcine retinal pigment
epithelial cells. Exp. Eye Res. 2018, 177, 160-172. [CrossRef] [PubMed]

Stark, K.; Vainio, S.; Vassileva, G.; McMahon, A P. Epithelial transformation of metanephric mesenchyme in
the developing kidney regulated by Wnt-4. Nature 1994, 372, 679-683. [CrossRef]

Kispert, A.; Vainio, S.; McMahon, A.P. Wnt-4 is a mesenchymal signal for epithelial transformation of
metanephric mesenchyme in the developing kidney. Development 1998, 125, 4225-4234.

Gessert, S.; Kuhl, M. The multiple phases and faces of wnt signaling during cardiac differentiation and
development. Circ. Res. 2010, 107, 186-199. [CrossRef]

Merki, E.; Zamora, M.; Raya, A.; Kawakami, Y.; Wang, J.; Zhang, X.; Burch, J.; Kubalak, S.W.; Kaliman, P.;
Izpisua Belmonte, J.C.; et al. Epicardial retinoid X receptor alpha is required for myocardial growth and
coronary artery formation. Proc. Natl. Acad. Sci. USA 2005, 102, 18455-18460. [CrossRef]

Compton, L.A.; Potash, D.A.; Mundell, N.A ; Barnett, J.V. Transforming growth factor-beta induces loss of
epithelial character and smooth muscle cell differentiation in epicardial cells. Dev. Dyn. 2006, 235, 82-93.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

157






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Applied Sciences Editorial Office
E-mail: applsci@mdpi.com
www.mdpi.com/journal/applsci







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-0365-0401-8



	Blank Page

