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This study examines the molecular pathways of cell-cell com-
munication in chronic inflammatory processes associated with
long-term low-dose urinary bladder exposure to ionizing radiation
in people without major disease living more than 19 years in
radio-contaminated areas of Ukraine after the Chernobyl accident.
Patterns of components of the E-cadherin/p-catenin complex,
and transforming growth factor-1 (TGF-B1) and inducible nitric
oxide synthase (iNOS) expression were immunohistochemically
evaluated in urinary bladder biopsies from 52 males with benign
prostate hyperplasia and 8 females with chronic cystitis (group 1).
For comparison, 25 males and 6 females living in non-contaminated
areas of Ukraine were also investigated (group 2). Fourteen patients
with primary urothelial carcinomas, which were operated on
before the Chernobyl accident, were included as a carcinoma
group. Chronic proliferative atypical cystitis (‘Chernobyl
cystitis’) was observed in group 1 patients. Foci of dysplasia and
carcinoma in situ were found in 51 (85%) and 34 (57 %) of the 60
cases, respectively. Chronic cystitis with areas of dysplasia was
detected in only 4 (13%) cases of 31 group 2 patients. Statistically
significant differences in immunohistochemical scores for TGF-1
in the urothelium and lamina propria, iNOS in the urothelium and
both B-catenin and E-cadherin in the cytoplasm were observed
between groups 1 and 2 with marked expression in group 1.
Furthermore, TGF-B1 overexpression and alteration in E-cadherin/B-
catenin complexes in bladder urothelium might play a crucial role
in urinary bladder carcinogenesis in humans exposed to long-term
low-dose ionizing radiation. (Cancer Sci 2006; 97: 45-50)

Urinary bladder cancer risk from high doses of ionizing
radiation (IR) is well known from epidemiological
studies of Japanese atomic bomb survivors and of secondary
malignancies in radiotherapy patients."? Risks at low doses
especially in cases of chronic long-term radiation exposure
cannot be extrapolated directly from the high dose data.®
Accumulating evidence on the close relationship between
chronic inflammatory processes and carcinogenesis in
humans stimulated us to elucidate the effects of chronic low
dose IR on the urinary bladder urothelium in people living in
radio-contaminated areas of Ukraine. Cesium 137 (*¥Cs) is
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known to account for approximately 90% of internal
radioactivity, which is concentrated and eliminated through
urinary excretion in such people.” During the 19-year period
subsequent to the Chernobyl accident the incidence of
urinary bladder cancers has gradually increased from 26.2 in
1986 to 50.3 in 2003 per 100 000 of the total population in
the Ukraine.®

The Chernobyl accident introduced for the first time the
problem of chronic persistent long-term human low-dose
exposure to IR. Recent studies by our group showed an
increase in the incidences of dysplasia, carcinoma in situ
(CIS) and even small developing urothelial carcinomas (UC)
pT,—pT,. associated with chronic irradiation cystitis, accom-
panied by the accumulation of stable pS3 protein and specific
pS3 mutations with G:C to A:T transitions at CpG sites,
related to increased oxidative stress in urinary bladder
urothelium of patients with benign prostate hyperplasia
(BPH).¢"

In our latest study,® we have documented for the first time
that chronic long-term (maximum of 17 years after the Cher-
nobyl accident) low-dose IR leads to the development of a
previously unknown urinary bladder disease, radiation-
induced chronic proliferative atypical cystitis, so-called
‘Chernobyl cystitis’, in humans. This is characterized by
multiple areas of dysplasia and CIS of the urinary bladder
urothelium in association with sclerosis of connective tissue
and strongly increased angiogenesis without a marked
inflammatory cell infiltration. It is necessary to note that
Chernobyl cystitis is different from the well-known radiation
cystitis induced by high doses of IR.®

The biologic effects of chronic low doses of IR and their
relationship with chronic inflammation and carcinogenesis
have received a great deal of attention in the last few years.!?
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Low-dose IR is known to act not only as a mitogen, but also
a generator of reactive oxygen species (ROS) and nitric oxide
(NO) or its derivatives; these are key contributors to carcino-
genesis. NO is a short-lived free radical, producing many
reactive intermediates that account for its bioactivity. Sus-
tained induction of the inducible form of nitric oxide syn-
thase (iNOS) in chronic inflammation may be mutagenic,
through NO-mediated DNA damage or hindrance to DNA
repair, and thus potentially carcinogenic.'V

Redox homeostatic processes in the microenvironment,
involving signaling pathways and interaction between cells
and also with the extracellular matrix, could be targets of
chronic low-dose IR. Cellular interactions are modulated by
cytokines and growth factors, which are known to be multi-
functional molecules that orchestrate most aspects of the
inflammatory response, eliciting their effects locally or sys-
temically in an autocrine or paracrine manner.'*'¥

One of the transforming growth factor (TGF)-f family
multifunctional cytokines, TGF-B1, is known to regulate
cell growth and differentiation, tissue remodeling, immune
response and angiogenesis. Three major isoforms of TGF-3
exist in mammals: TGF-B1, 2, and 3. TGF-B1 has been pre-
viously reported as a potential extracellular signaling sensor
of damage.

Recently, alterations to cadherin—catenin complexes has
attracted interest as an important step in the progression of
many carcinomas in humans. The cadherin gene superfamily
contains more than 40 members that encode for transmembrane
proteins regulating calcium-dependent cell—cell adhesion.?
Epithelial (E)-cadherin is known to play major roles in inter-
cellular homophilic Ca?* dependent adhesion. This is medi-
ated by a group of cytoplasmic proteins, including the o-, -
and 7y-catenins that link E-cadherin to the actin cytoskeleton.
[B-catenin, a key regulator located within the Wingless signal
transduction signaling cascade, is involved in the control of
gene expression, cell behavior, cell adhesion and cell polar-
ity.!> Several studies have shown that loss or reduction of
either E-cadherin or catenin expression is linked to clinico-
pathological features of bladder tumors, and E-cadherin
expression might in fact constitute a prognostic factor.®

The present study was carried out in order to examine the
extracellular matrix alterations associated with the develop-
ment of Chernobyl cystitis induced by chronic low-dose IR
effects in urinary bladders in different patient groups with or
without chronic exposure to irradiation. Components of the
E-cadherin/B-catenin complex, as well as TGF-B1 and iNOS,
were evaluated in urinary bladder specimens in an attempt to
detect molecular lesions of cellular membranes with a pos-
sible role in urothelial changes in patients chronically exposed
to low-dose IR after the Chernobyl accident in Ukraine.

Materials and Methods

Patients and urinary bladder samples

Our subjects were selected according to the contamination
level of the inhabited area (Ci/km?) The BPH patients in
group 1 lived for many years in radio-contaminated areas
with densities of '*'Cs contamination of >0.5-30 Ci/km?
(Table 1). The controls, group 2 of the analog BPH patients,
were from clean areas with no indicated radio-contamination

46

Table 1. Characteristics of patients who took part in this study
Group 1 Group 2 Group 3
No. of patients (women) 60 (8) 31 (6) 14 (0)
Median age (range) 63 (24-76) 65 (48-75) 68 (48-92)
Cigarette smokers (%)" 21 (35.0) 18 (58.0) 8 (57.0)
Year of surgery 2002-04 2002-04 1999-2003
Contamination levels 0.5-30 NC NC

in soils (Ci’lkm?)*

"More than 20 cigarettes per day for more than 10 years. ‘Data from
Raes et al.?® NC, not contaminated.

but with possible chemical contamination, as all of Ukraine
is considered to be an ecologic disaster area. Importantly,
BPH patients might have had urinary retention, which
radiation exposure to the urothelium would have been
enhanced. Additionally, a group of 14 cases of CIS and UC
(group 3) was studied from patients who lived in non-
contaminated areas. These patients were operated on in Kiev
before the Chernobyl accident. Unfortunately, we have no
means of determining what radiation dose our patients
received. Recently, however, we obtained results for '*’Cs
measurements in 1-day urine of the analog patients with BPH
in groups 1 and 2. We found a significant elevation of '¥’Cs
levels (5.15 Bg/L) compared with the control patients (0.29
Bg/L) from so-called clean areas.'”

All patients gave their written informed consent and the
study was approved by the Institute of Urology Ethics Com-
mittee (Kiev, Ukraine). All subjects resided in the same areas
before and after the Chernobyl accident. Multiple mapping
biopsies (four biopsies from each patient between 0.1 and
0.4 cm in diameter) of bladder urothelium including lamina
propria were taken from areas of the bladder neck, both ori-
fices and erythematous sites if they were detected. All biopsy
samples from groups 1 and 2 were of suitable quality for
diagnosis and investigation. It is important to note that the
primary urothelial cancer in urinary bladder or in renal pelvis
was never diagnosed in any patient of either group.

A total of 364 formalin-fixed, paraffin-embedded speci-
mens were histologically investigated, including 308 from 77
male patients without hematuria and any symptoms of blad-
der disease who underwent a suprapubic prostatectomy for
BPH and 56 from 14 female patients with symptoms of
chronic cystitis treated at the Institute of Urology in Kiev
during 2002-04. All patients who were treated in the Institute
during this period were included in our study, without excep-
tion, and they were never included in our previous reports. It
is necessary to add that, from 1994, the Institute of Urology
in Kiev has collected all BPH patients who underwent
suprapubic prostatectomy. We have a computerized register
of the patients enrolled from 1994 until now. Unfortunately,
the number of patients in control group 2 was lower because
the so-called clean areas of Ukraine are small compared
with the radio-contaminated areas.

Histopathology and immunohistochemical (IHC) staining

Sections (4-5 wm thick) of bladder samples were stained
with hematoxylin and eosin (H&E) and bladder lesions were
classified according to the histological typing defined by the
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new classification of the World Health Organization.”” THC
staining was carried out for all 46 patients, using the standard
avidin-biotin-peroxidase complex method and a Vectastain
ABC Elite kit (Vector Laboratories, Burlingame, CA, USA).
Serial sections were deparaffinized and microwaved in cit-
rate buffer (pH 6.1) for 30 min for antigen retrieval, except
for those used for TGF-B1. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide in distilled water
for 5 min. Nonspecific binding was blocked with 5% normal
goat serum for TGF-B1, or horse serum for E-cadherin, -
catenin and iNOS type II in phosphate-buffered saline at
room temperature for 30 min. Incubation was carried out
with antirabbit TGF-B1 polyclonal antibody (sc 146; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 1:1000 dilution,
antimouse E-cadherin (sc 8426) monoclonal antibody (Santa
Cruz Biotechnology) at 1:100 dilution, antimouse [-catenin
(c 19220) monoclonal antibody (Transduction Laboratories,
Lexington, KY, USA) at 1:500 dilution and antimouse
iNOS/NOS type II monoclonal antibody (Transduction
Laboratories) at 1300 dilution, overnight at 4°C. Tissue
sections known to be positive were used as one set of controls;
for negative controls, exposure to the primary antibody was
omitted. Color was developed with 3,3’-diaminobenzidine,
and counterstaining was performed with Mayer’s hematoxy-
lin for 1 min. IHC was conducted in a blind fashion without
the knowledge of the patient group. Consecutive serial sec-
tions were used for IHC and H&E staining. All specimens
were evaluated independently by at least two pathologists.
Approximately 14—16 sections per case were analyzed.

Quantitative analysis

Quantitative estimation of IHC staining was performed according
to a system for evaluating and grading immunostaining patterns,
with multiple values for extent and intensity, using a scoring
system of 0-9."® The extent of staining was scored on a
semiquantitative scale of 03, using the following criteria: 0,
no detectable staining; 1, <10% scattered cells; 2, >10%
but <50% stained cells; 3, homogeneous staining in >50% of
cells. The intensity of staining was scored using the following
criteria: 0, no detectable staining; 1, weakly stained cytoplasm
and/or nuclei; 2, moderately stained cytoplasm and/or nuclei;
3, strongly stained cytoplasm and/or nuclei. Final scores were
derived by multiplying the extent score by the intensity score.
Estimation of IHC was performed in a blind fashion without
the knowledge of the patient group. Consecutive serial sections
were used for IHC and H&E staining.

Statistical analysis

The significance of differences between groups for
incidences of urothelial lesions was analyzed using the y? test
or Fisher’s exact probability test (Statview SE + Graphics,
version 4.5 (1996); Abacus Concepts, Berkeley, CA, USA).
IHC scores for each case were evaluated separately using the
non-parametric Mann—Whitney U-test with the same software.

Results
Patients and histopathology

Table 1 lists the characteristics of patients in all three groups.
The gender ratio and the average age were not significantly
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Table 2. Incidence of urinary bladder dysplasias and carcinomas in
patients from contaminated (group 1) and non-contaminated
(group 2) areas of Ukraine

Group 1 Group 2
No. of cases 60 31
No. with dysplasia (%) 51 (85)* 4 (13)
No. with carcinoma (%)
Carcinoma in situ 34 (57)8 0
Urothelial carcinoma 6 (10) 0
Total no. of cases (%) 40 (67) 0

"Mild dysplasia. *Significantly different versus group 1 at P < 0.01 (x?
or Fisher’s exact probability test). SSignificantly different versus
group 1 at P < 0.001 (x? or Fisher’s exact probability test).

different between the groups, although the number of female
patients was few in both cases. Table 2 shows the significant
differences in incidences of urinary bladder dysplasia and
urothelial carcinomas in patients in groups 1 and 2. Urinary
bladder biopsies from group 1 patients demonstrated typical
features of chronic proliferative atypical cystitis, or Chernobyl
cystitis. Multiple areas of dysplasia (low-grade intraurothelial
neoplasia) and CIS, or high-grade intraurothelial neoplasia,
were observed in 51 (85%) and 34 (57%), respectively, of the
60 group 1 patients. Areas of CIS in eight (24%) of 34 cases
had a nested pattern with microinvasion into the lamina
propria in three cases. Grade I papillary pT, (three cases) and
invasive pT, (three cases) small urothelial carcinomas were
also detected incidentally in group 1 patients. Proliferative
forms of chronic cystitis with von Brunn’s nests and cystitis
cystica as well as cystitis glandularis were detected in 28
(47%) patients with frequent dysplasia. Large areas of
sclerosis and fibrosis in the bladder lamina propria were
observed in 41 (68%) of the 60 patients. Along with these
lesions, definite new vascularization, sometimes with the
development of dilated vessels full of erythrocytes and
hemorrhage, was detected in 51 (85%) of the cases. Scattered
inflammatory cellular infiltration consisting of macrophages,
lymphocytes, histiocytes and plasma cells was also present in
16 (27%). Three (37%) of the 8 females exhibited areas of
dysplasia and CIS in association with large areas of sclerosis
and some inflammatory infiltration with patchy hemorrhage
in the lamina propria. Grade I papillary urothelial carcinoma
pT,, leucoplakia with areas of dysplasia and nephrogenic
adenoma without malignancy were also detected in three
group 1 females. Remarkable urothelial proliferative changes
or neoplastic lesions were not present in group 2 patients,
although clear cells in the urothelium and urothelial
hyperplasia were evident in 5 (16%) of the 31 patients. Areas
of mild dysplasia were detected in four (13%) of the group 2
male patients. The majority of UC (64%) from the additional
group were superficial (pT—pT,), grade 1-2. Invasive UC
(pT,—pT,), grade 1-2 were detected in five (35%) of 14 patients.

Immunohistopathology

Table 3 shows average IHC scores for TGF-B1 (separately
for urothelial lesions and bladder lamina propria) and iNOS,
as well as for E-cadherin/B-catenin (separately for urothelial
membrane and cytoplasmic localization), respectively, in
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Table 3. Immunohistochemical scores of proteins and factors in
patients from contaminated (group 1) and non-contaminated
(group 2) areas of Ukraine

Protein/factor Group 1 Group 2
TGF-B1 (epithelium) 4.9+ 3.0 0.5+1.3
TGF-B1 (lamina propria) 6.7 +£2.3" 24+18
Inducible nitric oxide synthase 5.7 +2.57 22+19
B-catenin (cytoplasm) 5.2+2.7°F 1.6+1.7
B-catenin (membrane) 6.5+2.5 6.0+2.3
E-cadherin (cytoplasm) 43+3.2* 1.9+2.1
E-cadherin (membrane) 6.2+2.4 5.7+25

Significantly different versus group 2 at P < 0.0001. *Significantly
different versus group 2 at P < 0.001. TGF, transforming growth factor.

groups 1 and 2. Histological and THC findings in areas of
urothelial dysplasia and CIS of group 1 patients are
illustrated in Fig. 1.

Statistically significant differences in TGF-f1 in both
urothelial lesions and bladder lamina propria, and for iNOS,
cytoplasmic B-catenin and E-cadherin in urothelial lesions
were observed between groups 1 and 2 (P < 0.0001, < 0.0001,
<0.0001, < 0.0001 and < 0.008, respectively). However, no
significant variation was found for B-catenin or E-cadherin
expression in membranes. Group 1 specimens showed mod-
erate to strong (scores 6-—9) cytoplasmic and membrane
iNOS and TGF-B1 immunostaining, mainly in superficial
layers of urothelial lesions in 38 (63%) and 30 (50%) of the
60 patients, respectively. TGF-B1 expression (scores 9 and 6)
was elevated in endothelial cells and fibroblasts in the lamina
propria. Strong homogeneous staining was also noted with
large areas of sclerosis and fibrosis, especially close to the
urothelium, detected in 88.4% of group 1 patients.

Strong immunoreactivity for B-catenin with urothelial
cytoplasmic immunostaining was found in group 1 patients.
Moreover, B-catenin had accumulated in the urothelial cyto-
plasm in 51 (85%) out of the 60 group 1 patients. In accord-
ance, increased levels of this protein were observed in 46
(77%) patients. The same correlation was obtained with E-
cadherin immunoreactivity (scores 9 and 6), both membrane
and to a lesser extent cytoplasmic, irregular staining being
present in 48 (80%) and 41 (68%) group 1 patients, respectively.
However, negative or very slight E-cadherin cytoplasmic
staining was detected in 16 (27%) patients of the same group.
In addition, membrane B-catenin and E-cadherin immunos-
taining (scores 6 and 9) was also evident in 26 (83%) and 24
(77%) patients, respectively, in group 2, although regions
with normal immunostaining of E-cadherin and [B-catenin
were seen more frequently in the urothelium of this group,
with localization predominantly in the basal cell layers.

The expression pattern of B-catenin was similar to that of
E-cadherin in the different areas of urothelial dysplasia and
CIS. These lesions were strongly positive (score 9) for pre-
dominantly cytoplasmic staining, with lower expression
(scores 4-6) observed for TGF-B1 and iNOS. Papillary and
invasive small urothelial carcinomas were scored from 0 to 2
for TGF-B1 and iNOS and for B-catenin and E-cadherin with
predominantly cytoplasmic localization. Reduced expression
of E-cadherin and B-catenin was particularly evident in the

48

Fig. 1.

Immunohistochemical findings in group 1 male patients
with so-called Chernobyl cystitis, areas of urothelial dysplasia (a—j).
(a, f) hematoxylin and eosin; (b, g) inducible nitric oxide synthase;
(¢, h) transforming growth factor-B1; (d, i) E-cadherin; (e, j) B-
catenin. Magnification x 400.

invasive borders of these tumors. All tumors were negative
for iNOS and TGF-B1 immunostaining. Blood vessels,
endothelial cells, macrophages, plasma cells and histiocytes
demonstrated positive membrane iNOS, B-catenin and E-
cadherin immunostaining.

The staining patterns in the additional UC group showed
significantly decreased levels of TGF-B1 (predominantly
negative epithelial and lamina propria staining) as well as -
catenin cytoplasmic and membranous expression with aver-
age scores of 1.5 (+ 1.6) and 5.0 (+2.1), respectively,
compared with group 1 cases (P < 0.0001; Fig. 2). E-cadherin
expression in the epithelial membranes and cytoplasm was
significantly stronger in the areas of dysplasia and CIS of
group 1 cases, compared with the CIS and UC of the
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Fig. 2. Immunohistochemical findings in group 1 male patients
with urothelial carcinoma (a—e) and group 2 male patients with
dysplasia (f-j). (a, f) hematoxylin and eosin; (b, g) inducible nitric
oxide synthase; (c, h) transforming growth factor-f1; (d, i) E-
cadherin; (e, j) B-catenin. Magnification x 400.

additional UC group (P < 0.0001). iNOS expression was not
significantly different between these two groups. Moreover,
B-catenin and E-cadherin expressions in group 2 and the
additional UC group were not changed significantly, with
predominantly cytoplasmic expression in UC.

Discussion

In this report, we have documented for the first time that
Chernobyl cystitis with foci of urothelial dysplasia and CIS,
and fibrosis of the lamina propria, is associated with
activation of TGF-B1, as well as disruption of E-cadherin/B-

Romanenko et al.

catenin expression, which might be a result of chronic long-
term low-dose IR exposure. It is important to note, as also
confirmed in our recent studies, that preneoplastic urothelial
lesions occur in men living in radio-contaminated areas with
BPH, who might presumably be suffering from urinary
retention and demonstrate increased '¥’Cs levels in the
urine.!” Chronic inflammation of the urinary tract is a
significant risk factor for the development of bladder
cancer'” and chronic long-term exposure to IR leads to
extensive tissue damage, due to continuous production of
potent oxidants and generation of ROS and NO.!” Our
previous study showed markedly elevated levels of iNOS,
8-OHdG and COX2 expression in bladder urothelium lesions
from the analog group 1 patients associated with p53
accumulation together with the frequent G:C to A:T
transitions at CpG dinucleotides in the p53 gene with a hot
spot in codon 245,© and this is typical for NO-mediated
DNA deamination. Our present results of elevated levels of
iNOS expression in bladder urothelium in patients from
radio-contaminated areas (group 1) support our recent
suggestion concerning the possible interaction between toxic
peroxynitrites, 8-OHdG and p53 that offers an explanation of
molecular mechanisms of multistep carcinogenesis in human
bladder cancer.®” These data also support the hypothesis that
DNA deamination was induced by oxidative stress in human
bladder urothelium induced by long-term low-dose IR in
people living for more than 19 years in radio-contaminated
(1¥7Cs) areas of Ukraine, which results in the development of
preneoplasia in the urinary bladder.

Excess ROS production clearly damages DNA; low levels
might affect cell signaling, and in particular, redox modula-
tion. TGF-B1 is a major extracellular signaling sensor of
damage, as it mediates redox homeostasis in cells and con-
tributes to cell-cell communication."'? Interestingly, it is
known as a mediator of tissue response to IR, pointing to a
role in orchestrating changes due to oxidative stress.?” The
present results indicate that alteration of TGF-BI is a fre-
quent event in background bladder urothelium of group 1
patients, with a decrease observed in areas of dysplasia and
CIS and little to no immunoreactivity in urothelial carcino-
mas. Furthermore, TGF-f1 immunostaining was here found
to be most pronounced in the lamina propria, in particular, in
areas of sclerosis and fibrosis, where production of inflam-
matory cell cytokines is clearly important.!® IR appears to be
one of a few exogenous agents, which can cause TGF-1
activation in situ.

Evidence has accumulated that gap junctional intercellular
communication is sensitive to oxidative stress.?" Cadherin/
catenin complexes are required for formation of gap junc-
tions and intercellular communications,®® and mutations in
the B-catenin gene have been described for various human
cancers.® Our findings indicate that alterations of E-cadherin/
B-catenin are frequent in bladder urothelium of people
living in radio-contaminated areas. Elevated protein levels
and abnormal intracellular localization could be early events
in bladder carcinogenesis induced by long-term low-dose
IR exposure. Several studies have suggested that oxidative
stress causes internalization of E-cadherin from the
plasma membrane to the cytosol.?? Intracellular accumula-
tion of B-catenin might correspond to an increased level of
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hypophosphorylated B-catenin caused by a mutation, in turn
leading to transduction of oncogenic signals and cancer pro-
gression.® Overexpression might result in the premature re-
entry of cells into the cell cycle after y-irradiation-induced
DNA damage, and thereby promote the accumulation of
oncogene mutations and carcinogenesis.®

Importantly, aberrant expression of B-catenin and E-
cadherin, in association with TGF-B1 upregulation in lamina
propria, are the essential molecular alterations in the patho-
genesis of urothelial carcinomas in an environment of contin-
ued chronic long-term low-dose IR exposure, in comparison
with CIS and UCs which had developed before the Cherno-
byl accident.
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