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Abstract

Purpose During head and neck cancer radiotherapy, oral mucositis is the most frequent early side effect. Systemic
dermatan sulfate (DS) administration has been shown to significantly decrease oral mucosal radiation reactions during
daily fractionated irradiation (IR) in an established mouse model. The aim of this study was to investigate the mechanism
of the oral epithelial differentiation process, during IR alone and in combination with DS treatment in the same mouse
model.

Methods Fractionated IR 5x 3 Gy/week was given to the snouts of mice over two weeks, either alone (IR) or in combination
with daily DS treatment of 4 mg/kg (IR +DS). Groups of mice (n=3) were sacrificed every second day over the course of
14 days in both experimental arms. Their tongue was excised and subjected to immunohistochemical processing.

Results In the pl6 analysis as a proliferation marker, the difference between IR alone and IR+ DS in the germinal
(proliferation) layer was not significant, not stimulating the proliferation process. For the p21 analysis as a differentiation
marker on the functional (differentiation) layer, the difference between IR alone and IR + DS arms was significant, indicating
that DS inhibited the differentiation process. In the cytokeratin (CK) analysis as the indicator of cellular skeletal integrity,
the percentage of antibody-positive cells was above the normal level in both experimental arms and significantly superior
in the IR+DS arm.

Conclusion The mucosal protective activity of DS, instead of stimulating proliferation, is based on prevention of cell
loss by a combination of effects leading to the inhibition of cellular differentiation and an increase in the expression of
epithelial mechanical strength between intercellular mechanical junctions.

Keywords Fractionation - Proliferation - Differentiation - Cellular junctions - Mechanical strength

Introduction

>4 Nilsu Cini

nilsucini @gmail.com Oral mucositis is a frequent, often dose-limiting early ad-

Sylvia Gruber verse effect of head and neck cancer radio(chemo)therapy

sylvia.gruber @meduniwien.ac.at

Zumre Arican Alicikus
zlarican @yahoo.com

Wolfgang Dorr
wolfgang.doerr@meduniwien.ac.at

Department of Radiation Oncology, Kartal Dr. Lutfi Kirdar

Training and Research Hospital, Istanbul, Semsi Denizer Cad.

E-5 Karayolu Cevizli Mevkii, 34890 Kartal, Istanbul, Turkey

Department Radiation Oncology/CD Lab. Med. Radiation
Research for Radiation Oncology, Applied and Translational
Radiobiology, Medical University/AKH Vienna, Wihringer
Giirtel 18-20, 1090 Vienna, Austria

Department of Radiation Oncology, Faculty of Medicine,
Dokuz Eylul University, Inciralti, 35340 Izmir, Turkey

[1, 2], especially when the oral cavity and major salivary
glands are in the radiotherapy treatment field [3]. The ep-
ithelium of the oral cavity is well suited for its many unique
functions, having regional differences in the keratinization
of the mucosa [4]. Aside from differences in keratinization,
there are regional differences in tissue thickness and cell
turnover time. Epithelial homeostasis requires that the rate
of cell production equals the rate of desquamation. This
concept is known as turnover time [4]. Turnover time also
dictates the rate of healing. The balance between epithelial
cell production and desquamation has important implica-
tions for mucosal health and disease [5]. Proliferation is
based on tissue-specific stem cells, which represent a frac-
tion (of unknown size) of the proliferating cells. Stem cells
physiologically divide into one new stem cell (a self-renew-
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ing system) and one non-stem daughter cell. The latter can,
as a transit cell, undergo a limited number of cell divisions
before terminal differentiation and loss at the surface [6].
The cell production, either from stem cell proliferation or
transit cell division, is limited to the basal layer and the
deeper parts of the spinos layer; these are depicted as a ger-
minal layer (stratum germinativum). The functional epithe-
lial layer contains the residual part of spinos layer and the
granular layer, which is characterized by basophilic kerato-
hyalin containing granules [7]. During differentiation, cells
increase in size and flatten towards the superficial layer.
A finely regulated differentiation program process is char-
acterized by the sequential expression of different proteins,
coincident with the phenotypic evolution from basal cell
to the mature, nonviable stratum layer [8]. The superficial
layer is composed of the keratin layer where the kerato-
hyalin is converted in keratin and displays final differen-
tiation with complete keratinization [9, 10]. Murine oral
mucosa presents as a multilayered squamous epithelium
composed of a germinal layer, a functional layer, and a su-
perficial layer, and is largely comparable to human oral
mucosa [11]. Taken together, the oral mucosa represents
a perfectly suited model for studying proliferation and dif-
ferentiation. However, the molecular mechanisms govern-
ing mucosal differentiation are still largely unknown [8].
Typical early IR effects are found in turnover tissues, where
physiologically permanent cell loss from the differentiated,
post-mitotic compartments of the tissue is well balanced by
proliferation in the germinal parts of the tissue [12, 13]. Fol-
lowing mechanical or chemical interactions, superficial cell
loss triggers cell production in the germinal layer [14]. As
a consequence of the proliferative impairment, the reduced
cellular supply to the differentiated tissue layers results in
progressive hypoplasia and, eventually, incomplete cell de-
pletion [15]. The molecular pathogenesis of this ulcera-
tive epithelial process is still unclear, but the involvement
of changes in epithelial differentiation processes is highly
likely. DS plays an important role in wound healing, like
other glycosaminoglycans (GAG), and it binds to fibroblast
growth factor (FGF)-2, which stimulates cell proliferation
in response to injury [16]. FGF-2 has been reported to be
connected to DS and activated by DS [17], and it func-
tions as a mitogen that signals mesenchymal cell migration,
proliferation, and differentiation [5]. Furthermore, the un-
derlying mechanisms of DS’ mucositis-ameliorating action
may include modulation of epithelial differentiation, which
needs to be defined [16]. The aim of the present study,
therefore, is to investigate and characterize oral epithelial
differentiation process during daily fractionated IR alone
and in combination with DS treatment in the same well-
established mouse model.
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Methods

All underlying in vivo experiments were carried out ac-
cording to the current animal welfare legislation with
the approval of the respective authorities (approval no.
BMWF66.009/0039-11/3b/2014).

Animals and housing For all experiments, mice of the in-
bred C3H/Neu strain from the Department for Biomedical
Research of the Medical University of Vienna were used
to acquire the tissue samples used in the present investi-
gation. No gender-related differences have been found in
the radiation response of the oral mucosa [18]. Therefore,
both male and female mice were included in this study.
Mice were housed in a conventional environment with con-
trolled temperature (22 +2 °C) and humidity (55+ 10%) and
a day/night thythm of 12/12h. The animals were housed
in Makrolon® cages, 1284L Eurostandard type IIL, with
a floor area of 530cm? (Techniplast GmbH, Hohenpeiflen-
berg, Germany), maximum 5 animals per cage, on aspen
wood bedding (ABEDD-LAB & VET-Service GmbH, Vi-
enna, Austria) and had free access to standard diet (sniff-
Spezialdidten-GmbH, Soest, Germany) and freshwater ad
libitum from standard Perspex drinking bottles. The age of
the mice at the onset of the experiments ranged from 8 to
12 weeks [11].

Irradiation technique and dermatan sulfate treatment The
study comprises two experimental arms: daily fractionated
IR alone and in combination with daily systemic adminis-
tration of DS (IR+DS) arm. DS was administered to the
IR + DS group over two weeks, from day 3 to 11, IR started
at day 0. In two-day intervals, groups of animals (n=3)
were immobilized with 60mg/kg pentobarbitone sodium,
injected intraperitoneally, and were sacrificed by neck dis-
location. The experimental design is represented in Fig. 1.

Irradiation Snout IR with a dose of 3 Gy/day, 5 fractions/
week over 2 weeks, was performed without anesthesia. IR
was performed with an X-ray device (YXLON-Y.TU320-
D03, YXLON:-International GmbH, Hamburg, Germany),
with a voltage of 200kV, a tube current of 20mA, a fo-
cus size of 5.5mm, and a beam filter of 3mm beryllium
(Be) and 3mm aluminum (Al). The dose rate at the fo-
cus—object distance of 45.5cm was 1027 Gy/min [19]. The
unanesthetized animals were guided into plastic tubes (in-
ner diameter 2cm) and their snouts were positioned in the
conical hole (10mm — 6pm) in a Perspex block, which
closed the front end of the tubes. The rear ends were closed
to prevent withdrawal of the mice. Five to eight animals
were irradiated simultaneously; dose homogeneity between
the individual snout positions was 3.2+0.5%. The beam
direction was vertical. The set-up for simultaneous IR of
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Fig.1 Experimental design. IR comprised fractionated IR with 3 Gy
per day over two weeks. No IR was given at the weekend (days 5-6
and 12-13). IR was applied either alone or in combination with daily
4mg/kg DS treatment over 14 days. At two-day intervals, 3 animals
were sacrificed per experimental group, 3 untreated mice (day 0) served
as controls

animals was positioned in a standardized way in the cen-
tral beam of the IR device. An additional 4mm Al and
0.6 mm Cu beam filter was used. The bodies of the animals
were shielded by a 12mm thick collimator plate consisting
of lead equivalent MCP-96 (HEK-Medizintechnik, Liibeck,
Germany). The treatment field encompassed the area from
the eyes to the throat, thus including the entire tongue. The
mice were irradiated between 10:00am and 1:00pm [20].

Dermatan sulfate administration A daily dose of 4 mg/kg
DS (Sigma-Aldrich, MO, USA, Cat.no. C3788) dissolved
in saline at a concentration of 1 mg/ml was administered
subcutaneously over varying time intervals. On IR days,
the drug was administered two hours after IR.

Immunohistochemical staining Immunohistochemical stain-
ing performed by Leica Biosystems BOND RX for forma-
lin-fixed, paraffin-embedded and cut in 3um thick tongue
sections according to optimized (for the specific tissue)
standard protocols. Histological preparation procedures
have been reported in detail previously [21]. Stainings
comprised 30 min incubation at 95°C, dewaxing with
Leica Bond Dewax solution (Leica-Biosystems, Inc., Buf-
foalo. Groove, IL; Cat.no. AR9222), antigen retrieval with
Bond Epitope Retrieval-1 solution (Leica Biosystems, Inc.,
Buffoalo. Groove, IL; Cat. no. AR9961), and blocking
of unspecific binding sites with 2% goat serum. Primary
antibody binding was visualized with diaminobenzidine
chromogen and a hematoxylin counterstain, using the Le-
ica Bond Refine Detection kit (Leica-Biosystems, Inc.,
Buffalo. Groove, IL; Cat. no. DS9800). Primary antibodies
were diluted in the Leica Bond Antibody Diluent buffer
(Leica-Biosystems, Inc., Buffoalo. Groove, IL; USA, Cat.
no. AR9352) as follows [20]; anti-p16 ARC antibody 1:50

(Abcam, Cambridge, MA, USA; Cat.no. 51243; rabbit-
monoclonal), anti-p21 Ras antibody 1:100 (Abcam, Cam-
bridge, MA, USA; Cat.no. 86696; mouse-monoclonal), and
anti-cytokeratin 5 antibody 1:5000 (Abcam, Cambridge,
MA, USA; Cat.no. 52635; rabbit monoclonal).

Evaluation of stained cells Microscopic analyses were per-
formed field by field with an Axio Lab. A1-HAL. 35
(Carl-Zeiss Microscopy, LLC, Thornwood, NY, USA)
at 400x 0.65 magnification by using a square grid. The
lower mouse tongue epithelium was analyzed from the tip
(field 1) to the end of the tongue. An average of five visual
fields were evaluated (from 3 to 8). In each visual field,
the number of marker-positive cells was normalized to the
total number of cells. The fraction of positive cells was
evaluated separately for the germinal and the functional
epithelial layer. Additionally, the staining intensity, corre-
sponding to the amount of protein expressed, was assessed
semi-quantitatively with an arbitrary score from O (no sig-
nal), 1 (weak signal), 2 (intermediate signal), to 3 (strong
signal). Staining intensity was scored per visual field, not
for each marker-positive cell individually. Also, epithe-
lial thickness was measured for the germinal, functional,
and keratin layer of the epithelium at two representative
positions of the ventral surface of the tongue. Marker-
positive cells and their respective staining intensity were
evaluated by two independent and experienced researchers
in a blinded fashion after extensive training. Intra-observer
variability was found to be negligible [20].

Statistics For statistical analysis, the SPSS 17 statistical
software (SPSS Inc., Chicago, IL, USA), for graphical rep-
resentation, GraphPad Prism 5 (GraphPad Software, Inc.,
CA, USA) was used. Mean values and standard deviation
(SD) were calculated for each experimental group. The
analysis of variance (one-way ANOVA [Analyis of vari-
ance]) was used to test for the significance of a difference
between the mean values of experimental arms. A p-value
of <0.05 was regarded as statistically significant [20].

Results

Representative histophotographs of immunohistochemical
staining for p16, p21, and CK in untreated control mucosa
on day 0 and on day 14 are presented in Fig. 2.

p16 labeling index and staining intensity

Germinal layer The percentage of pl6-positive cells in
the control group was 91.2-98.2% in both experimental

arms. Significance between experimental armsIR-only and
IR+DS was only observed at day 12 p=0.009 (Fig. 3a).
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Fig.2 pl6, p21, and CK expression during fractionated IR + DS. Representative histophotographs of p16-, p21-, and CK-stained lower mouse
tongue epithelia were taken on day O (unirradiated and untreated controls) and day 14. Scale bar: 50 um
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Fig.3 Effect of fractionated IR + DS number of cells immunohistochemically positive stained cell percentage and staining intensity for p16. p16
expression changes were analyzed in the germinal and the functional epithelial compartment. The staining signal intensity was scored semi-quan-
titatively with an arbitrary score of O (no signal), 1 (weak), 2 (intermediate), or a maximum of 3 (strong). pl6 was analyzed in 3 specimens per
experimental arm, every second day over the course of 14 days. Data points represent the mean of 3 animals, error bars indicate +1 SEM. The
shaded areas illustrate the mean (+1 SEM) from 3 control animals. The fractionation protocol is indicated on top of the abscissae. Asterisk p<0.05;
double Asterisk p<0.01
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Fig.4 Effect of fractionated IR + DS number of cells immunohistochemically positive stained cell percentage and staining intensity for p21. p21
expression changes were analyzed in the germinal and the functional epithelial compartment. The staining signal intensity was scored semi-quan-
titatively with an arbitrary score of O (no signal), 1 (weak), 2 (intermediate), or a maximum of 3 (strong). p21 was analyzed in 3 specimens per
experimental arm, every second day over the course of 14 days. Data points represent the mean of 3 animals, error bars indicate +1 SEM. The
shaded areas illustrate the mean (+1 SEM) from 3 control animals. The fractionation protocol is indicated on top of the abscissae. Asterisk p<0.05;

double Asterisk p<0.01; triple Asterisk p<0.001

The staining intensities deviated from the control group
interval, which is 1.6-2.0 arbitrary unit (a.u.) for the IR-
only arm on the 6th, 10th, and 14th day; and for the IR + DS
arm on the 8th and 14th day, and no significant difference
between two experimental arms (Fig. 3b).

Functional layer The percentage of pl6-positive stained
cells did not represent a significant difference between
IR-only and IR+DS arms, except on day 14, p=0.02,
and control group range 89.5-91.2% (Fig. 3c). The stain-
ing intensity was increased in the IR-only arm at days
6, 10, and 14 from the control group range which was
between 1-1.2a.u., no significant difference between two
experimental arms (Fig. 3d).

p21 labeling index and staining intensity

Germinal layer The percentage of p21-positive stained cells
in the control arm was 95.8-97.8%. The minimum values

were as follows: for the IR-only arm 83.2% on day 14 and
for the IR+ DS arm 89.5% on day O and day 14. Signifi-
cance was p=0.04 (day 0), p=0.003 (day 2) (Fig. 4a). The
staining intensity significance between IR-only and IR + DS
arms only observed at day 6 p=0.001. For IR+DS arm,
the lowest level of staining intensity was on day 0, and in-
creased to the control group level (1.8-2.8a.u.) until day 4
and later on progressed by decreasing until day 14 (Fig. 4b).

Functional layer The percentage of p21-positive stained
cells is significantly lower in the IR+ DS arm compared
to the IR-only arm until day 10. From day 10 onwards,
IR+DS arm and IR-only arm reached the close values.
The significance between experimental arms was p=0.001
(day 0), p=0.002 (day 2), p=0.016 (day 4), p=0.001
(day 6), p=0.008 (day 8). The control group range was
95.8-97.7% (Fig. 4c). Staining intensity was significantly
higher in the IR+ DS arm until the 10th day when com-
pared with the IR-only arm. It was observed that the values
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for the IR-only arm varied within the control group range
which was 1-1.40a.u. The significance between experi-
mental arms was p=0.04 (day 0), p=0.03 (day 2), p=0.01
(day 4), p=0.007 (day 6), p=0.03 (day 8) (Fig. 4d).

Cytokeratin labeling index and staining intensity

Germinal layer The percentage of CK-positive cells did not
fall below the control group interval (95.2-96.3%) in either
arm. The IR+DS arm was significantly higher than the
IR-only arm, except on day 4. The significance between
experimental arms was p=0.011 (day 0), p=0.015 (day 2),
p=0.034 (day 6), p=0.007 (day 8), p=0.021 (day 10),
p=0.02 (day 12), and p=0.00 (day 14; Fig. 5a). The stain-
ing intensity was significantly higher in the DS-applied
arm, p=0.025 (day 0), p=0.025 (day 2), p=0.003 (day 4),
p=0.001 (day 6), p=0.035 (day 8), p=0.015 (day 10),

@ Springer

p=0.004 (day 12). Control group range 1.67-1.33a.u.
(Fig. 5b).

Functional layer The percentage of CK-positive cells was
near the upper limit of the control group in the IR-only
arm, while the IR+DS arm did not fall below the con-
trol group range (91.9-92.9%). Significantly higher CK-
positive percentage was observed until day 14 on IR+DS
arm, p=0.001 (day 0), p=0.028 (day 2), p=0.001 (day 4),
p=0.002 (day 6), p=0.003 (day 8), p=0.04 (day 10),
p=0.022 (day 12; Fig. 5¢). Also, the staining intensity was
significantly higher in the DS-applied arm and IR only arm
observed around the control group range which was 1a.u.
The significance between experimental arms was p=0.016
(day 2), p=0.024 (day 4), p=0.000 (day 6), p=0.000
(day 8), p=0.015 (day 10), p=0.000 (day 12; Fig. 5d).
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Fig.6 Relative epithelial thickness during daily fractionated IR + DS
treatment on the epithelial expression of p16, p21, and CK. Epithelial
thickness was determined at representative spots in each tongue sec-
tion. p16, p21, and CK were analyzed in 3 specimens per experimental
arm, every second day over the course of 14 days. Data points represent
the mean of 3 animals, error bars indicate +1 SEM. The shaded areas
illustrate the mean (x1 SEM) from 3 control animals. The fractionation
protocol is indicated on top of the abscissae. Asterisk p<0.05; double
Asterisk p<0.01; triple Asterisk p<0.001

Epithelial thickness and cell numbers

Epithelial thickness The average epithelial thicknesses for
the IR-only arm were 57.5um; 3.59um (p16); 57.9um
(p21), and 55.2um (CK); for the IR+DS arm 63.15 um;
3.63um (p16); 61 um (p21), and 65.33um (CK). Signif-
icance between experimental arms for pl6 was p=0.04

(day 6; Fig. 6a), for p21 p=0.03 (day 14; Fig. 6b), and
for CK p=0.05 (day 6; Fig. 6¢). DS-applied arm average
epithelial thicknesses were higher than the IR-only arm for
pl6, p21, and CK.

Cell numbers

Total The average total cell numbers for the IR-only arm
were 349,371 for pl6, 343 for p21, and 335 for CK; for
the IR+ DS arm 328,325 (p16), 343 (p21), and 316 (CK).
Significance between experimental arms was only given for
p21 p=0.043 (day 6; Fig. 7d).

Germinal epithelium The average number of cells in the
IR-only arm was 233,239 (p16), 232 (p21), and 230 (CK);
for IR+ DS arm 218,217 (p16), 226 (p21), and 213 (CK).
Significance between experimental arms was only given for
p21 p=0.028 (day 6; Fig. 7e).

Functional epithelium The average number of cells in the
IR-only arm was 116,132 (p16), 112 (p21), and 105 (CK);
for the IR+DS arm 110,108 (p16), 117 (p21), and 103
(CK). Significance between experimental arms was only
given for p16 p=0.012 (day 6; Fig. 7c). There is no strong
significance between IR-only and IR+DS arms for total,
germinal, and functional cell numbers.

Discussion

Oral mucositis refers to erythematous and painful ulcerative
lesions of the oral mucosa observed in patients with head
and neck cancer who are treated with chemo- and/or radio-
therapy [22]. DS has been shown to significantly increase
oral mucosal radiation tolerance during daily fractionated
IR in an established mouse model [23]. One of the ba-
sis mucosal protective property of DS anticoagulant activ-
ity, which increases blood support in areas where vascular
structures are narrowed, is thought to reduce inflammation
[17]. Gruber et al. found out the advantage and effect of
daily fractionated radiotherapy on adherent vs. tight junc-
tions in the recovery of oral mucositis [20]. As a result, the
effect of IR on the epithelial cell junctions is significantly
superior, and reduces the probability of development of oral
mucositis. Also, Gruber et al. observed the effect of DS on
the healing of oral mucositis, through the epithelial junc-
tion, hypoxia, and inflammation markers. The development
of epithelial integrity and cohesion caused by DS prevents
the loss of quality cells [24]. Our study focused to ob-
serve effects of DS on radiation-induced oral mucositis and
due to this aim immunohistochemical staining planned on
cell proliferation marker (p16), cell differentiation marker
(p21), and indicative of cellular skeletal integrity antibody
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Fig.7 Relative number of epithelial cells during daily fractionated IR + DS treatment on the epithelial expression of p16, p21, and CK for total
epithelium, germinal epithelium, and functional epithelium. Cell numbers were determined at representative spots in each tongue section. p16,
p21, and CK were analyzed in 3 specimens per experimental arm, every second day over the course of 14 days. Data points represent the mean
of 3 animals, error bars indicate +1 SEM. The shaded areas illustrate the mean (+1 SEM) from 3 control animals. The fractionation protocol is
indicated on top of the abscissae. Asterisk p<0.05; double Asterisk p<0.01; triple Asterisk p<0.001

(CK). The activity of pl6 in the phases of the cell cycle
has been investigated, and it has been associated with the
S-phase which indicates proliferation [25]. In our study,
pl6 did not make a significant difference in the germinal
(proliferation) layer when the experimental arms compared.
This supports the knowledge from the Hertzendorfer et al.
study that DS did not stimulate the proliferation process
[19]. p21 is involved in the process of terminal differentia-
tion [26] and inhibits the activity of cyclin-dependent kinase
which controls the transition from G1 to S-phase during the
cell cycle [27]. In our study, the percentage of p21-positive
cells decreased for the functional (differentiation) layer in
the DS-applied arm. The oral mucosal protective feature of
DS is considered to inhibit the differentiation process by
stimulating the junction. In this case, cells whose cellular
differentiation is inhibited cannot escape from the layer in
which they are located to the surface, and the number of
cells before IR will be prevented by this effect. Our study

@ Springer

is one of the first to examine the epithelial differentiation
process. The main function of CK is to give mechanical
strength to the epithelial cells [28]. Radiation induces dam-
age to the epithelium, with the release of CK resulting in
cell death and inhibition of basal cell proliferation [29-31].
These epithelial changes possibly lead to differential ex-
pression of CK in each phase [32, 33]. Keratins are the
predominant cytoskeletal protein of stratified keratinized
epithelial cells and are the most sensitive markers of ep-
ithelial differentiation and proliferation [34-36], because
their expression is both region specific and differentiation
specific [37]. However, no previous study has focused on
CK expression in oral radiation-induced mucositis. Bonan
et al. observed that increased CK expression can be asso-
ciated with the reactive proliferation of the epithelium and
increasing resistance of the oral mucosa during the initial
phases of IR [38]. The results of our study for the per-
centage of CK-positive stained cells, the DS-applied arm
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superior to IR-only arm in both germinal and functional
layers, which shows that DS supports mechanical strength
at the cellular level. Besides, when the significance between
germinal and functional layers is compared for each experi-
mental arm, the effect of DS on the mechanism of inhibition
of differentiation made a significant difference in the func-
tional (differentiation) layer in favor of the IR+ DS arm.
But still, the percentage of positive cells did not fall below
the control group range of percentage of positive cells for
either experimental arm. This effect supports the positive
activity of fractionated IR on junctions [20]. In this sense,
our study is one of the leading studies examining the epithe-
lial differentiation process of CK expression on radiation-
induced oral mucositis.

Kozma et al. investigated the effect of DS on breast can-
cer tumor cell samples instead of normal tissues and showed
that DS often causes adverse effects on breast cancer cells,
and high doses of DS lead to a decrease in breast cancer cell
proliferation. The results of this study clearly demonstrated
the complex role of DS in the cancer setting and revealed
the anti-cancer potential of GAG [39].

Conclusion

Dermatan sulfate inhibits differentiation by stimulating the
junctions and supports mechanical strength at the cellular
level and creates the integrity of the epithelial layer, while
does not stimulate the proliferation. Based on these curative
effects of DS, protection of existing cells will reduce the
possibility of clinical manifestation, duration, and/or sever-
ity of oral mucositis. Our study is one of the first studies
examining the epithelial differentiation process on radia-
tion-induced oral mucositis by differentiation marker p21
and cytokeratin expression. As a result in our study, we ob-
served the normal tissue-protective effects of DS on the oral
mucosa and Kozma et al. reported the anti-cancer potential
of DS on breast cancer samples.

The promising features of DS including the mechanisms
of the mucosa-protective activity, anti-cancer potential, in-
hibition of differentiation and not effecting the proliferation
could be examined on the head and neck tumour sections,
via proliferation and differentiation markers for further re-
search.

Compliance with ethical guidelines

Conflictofinterest N. Cini, S. Gruber, Z. Arican Alicikus, and W. Dorr
declare that they have no competing interests.

Ethical standards All institutional and national guidelines for the
care and use of laboratory animals were followed. All experiments
were performed with approval from the respective authorities (Federal
Ministry of Science, Research, and Economy, file no. 66.009/0039-
11/3b/2014).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http:/
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Sonis ST (2013) Oral mucosits in head and neck cancer: risk, biol-
ogy, and management. Am Soc Clin Oncol Educ Book 33:236-240
2. Rodriguez-Caballero A, Torres-Lagares D, Robles-Garcia M et al
(2012) Cancer treatment-induced oral mucositis: a critical review.
Int J Oral Maxillofac Surg 41(2):225-238
3. Agbaje JO, Jacobs R, Michiels K et al (2009) Bone healing after
dental extractions in irradiated patients: a pilot study on a novel
technique for volume assessment of healing tooth sockets. Clin Oral
Investig 13(3):257-261
4. Squier CA, Kremer MJ (2001) Biology of oral mucosa and esoph-
agus. J Natl Cancer Inst Monogr 29:7-15
5. Qin R, Steel A, Fazel N (2017) Oral mucosa biology and salivary
biomarkers. Clin Dermatol 35(5):477-483
6. Gruber S, Dorr W (2016) Tissue reactions to ionizing radia-
tion—oral mucosa. Mutat Res 770:292-298
7. Murase N, Fukui S, Mori M (1986) Heterogeneity of keratin distri-
bution in the oral mucosa and skin of mammals as determined using
monoclonal antibodies. Histochem Cell Biol 85(4):265-276
8. Ruiz S, Segrelles C, Bravo A et al (2003) Abnormal epidermal
differentiation and impaired epithelial-mesenchymal tissue interac-
tions in mice lacking the retinoblastoma relatives p107 and p130.
Development 130(11):2341-2353
9. Hume WJ, Moore JK (1985) Sheet preparations of the stratum
granulosum from mammalian skin and oral epithelium. J Anat
140:669-678
10. Schroeder HE, Amstad-Jossi M (1984) Type and variability of the
stratum corneum in normal and diseased human oral stratified ep-
ithelia. J Biol Buccale 12(2):101-116
11. Gruber S (2016) Epithelial cell signaling in radiation-induced oral
mucositis as a basis for biological targeting—preclinical studies.
PhD Thesis, Med Uni Vienna
12. Dorr W (2009) Time factors in normal tissue responses to irradia-
tion. In: Joiner M, Van der Kogel A (eds) Basic clinical radiobiol-
ogy, 4th edn. CRC, Hodder Arnold, London, pp 149-157
13. Dorr W, Schmidt M (2014) Normal tissue radiobiology. In:
Brahme A, Hendry JH (eds) Comprehensive biomedical physics,
7th edn. Elsevier, Amsterdam, pp 75-95
14. Sonis ST (2004) The pathobiology of mucositis. Nat Rev Cancer
4(4):277-284
15. Dorr W (2015) Radiobiology of tissue reactions. Ann ICRP 44(1
Suppl):58-68
16. Penc SF, Pomahac B, Winkler T et al (1998) All dermatan sul-
fate released after injury is a potent promoter of fibroblast growth
factor-2 function. J Biol Chem 273:28116-28121
17. Trowbridge JM, Gallo RL (2002) Dermatan sulfate: new functions
from an old glycosaminoglycan. Glycobiology 12:117-125
18. Gruber S, Schmidt M, Bozsaky E et al (2015) Modulation of radi-
ation-induced oral mucositis by pentoxifylline: preclinical studies.
Strahlenther Onkol 191(3):242-247
19. Hetzendorfer S (2015) Impact of dermatan sulfate on the prolifer-
ative activity of the oral epithelium in mice. Bachelor of Science
thesis, Uni Vienna
20. Gruber S, Cini N, Kowald LM et al (2018) Upregulated epithe-
lial junction expression represents a novel parameter of the epithe-

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

94

Strahlenther Onkol (2020) 196:85-94

21.

22.

23.

24.

25.

26.

217.

28.

lial radiation response to fractionated irradiation in oral mucosa.
Strahlenther Onkol 194(8):771-779

Gruber S, Bozsaky E, Roitinger E et al (2017) Early inflammatory
changes in radiation-induced oral mucositis effect of pentoxifylline
in a mouse model. Strahlenther Onkol 193:499-507

Lalla RV, Bowen J, Barasch A et al (2014) MASCC/ISOO clinical
practice guidelines for the management of mucositis secondary to
cancer therapy. Cancer 120(10):1453-1461

Dorr W et al (1987) Untersuchung zur Strahlenreaktion des unbe-
handelten und stimulierten Zungenepithels der Maus, Diss. med.
vet., Ludwig Maximilian University of Munich Faculty of Veteri-
nary Medicine

Gruber S, Arnold M, Cini N et al (2018) Radioprotective effects of
dermatan sulfate in a preclinical model of oral mucositis—targeting
inflammation, hypoxia and junction proteins without stimulating
proliferation. Int J Mol Sci 19(6):E1684

Kakei Y, Akashi M, Komatsubara H et al (2012) p16 overexpression
in malignant and premalignant lesions of the oral and esophageal
mucosa following allogeneic hematopoietic stem cell transplanta-
tion. Head Neck Oncol 4:38

Kanavaros P, Stefanaki K, Rontogianni D et al (2001) Immunohis-
tochemical expression of p53, p21/wafl, Rb, p16, cyclin 01, p27,
Ki67, c.yclin A, cyclin 81, bcl2, bax and bak proteins and apoptotic
index in normal thymus. Histol Histopathol 16(4):1005-1012
Yanamoto S, Kawasaki G, Yoshitomi I et al (2002) p53, mdm?2,
and p21 expression in oral squamous cell carcinomas: relationship
with clinicopathologic factors. Oral Surg Oral Med Oral Pathol Oral
Radiol Endod 94(5):593-600

Chougule P, Sumitran-Holgersson S (2012) Cytokeratins of the
liver and intestine epithelial cells during development and diseas.
In: Hamilton G (ed) Cytokeratins—tools in oncology, 1st edn.
Intech, Rijeka, pp 15-32

@ Springer

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Sonis ST (1998) Mucositis as a biological process: a new hypote-
sis for the development of chemotherapy-induced stomatotoxicity.
Oral Oncol 34(1):39-43

Pico JL, Avila-Garavito A, Naccache P (1998) Mucositis: its oc-
curence, consequences, and treatment in the oncology setting. On-
cologist 3:446-451

Scully C, Epstein JB (1996) Oral health care for the cancer patient.
Eur J Cancer B Oral Oncol 32B:281-292

Morgan PR, Shirlaw PJ, Johnson NW et al (1987) Potential appli-
cations on antikeratin antibodies in oral diagnosis. J Oral Pathol
16:212-222

Paramio JM, Casanova ML, Segrelles C et al (1999) Modulation
of cell proliferation by cytokeratins K10 and K16. Mol Cell Biol
19:3086-3094

Presland RB, Dale BA (2000) Epithelial structural proteins of the
skin and oral cavity: function in health and disease. Crit Rev Oral
Biol Med 11(4):383-408

Kirfel J, Magin TM, Reichelt J (2003) Keratins: a structural scaffold
with emerging functions. Cell Mol Life Sci 60(1):56-71

Gibbs S, Ponec M (2000) Intrinsic regulation of differentiation
markers in human epidermis, hard palate and buccal mucosa. Arch
Oral Biol 45:149-158

Dale BA, Salonen J, Jones AH (1990) New approaches and con-
cepts in the study of differentiation of oral epithelia. Crit Rev Oral
Biol Med 1(3):167-190

Bonan PR, Kaminagakura E, Pires FR et al (2006) Cytokeratin
expression in initial oral mucositis of head and neck irradiated
patients. Oral Surg Oral Med Oral Pathol Oral Radiol Endod
101(2):205-211

Kozma EM, Wisowski G, Latocha M et al (2014) Complex influ-
ence of dermatan sulphate on breast cancer cells. Exp Biol Med
(Maywood) 239(12):1575-1588



	Modulation of radiation-induced oral mucositis (mouse) by dermatan sulfate: effects on differentiation processes
	Abstract
	Introduction
	Methods
	Results
	p16 labeling index and staining intensity
	p21 labeling index and staining intensity
	Cytokeratin labeling index and staining intensity
	Epithelial thickness and cell numbers
	Cell numbers

	Discussion
	Conclusion
	References


