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Fig. 5 Distribution of
osteocytes and the
lacunocanalicular system in the
cortical bones of the femurs (a,
b, d, e) and vertebrae (c, f) in
four-toed tortoise (Testudo
horsfieldii) (a—c) and green
iguana (Iguana iguana) (d-f).
Sections in a, ¢, d, and f were
stained by Schoen’s silver
method, and those in b and

e were stained with fluorescein-
conjugated phalloidin. Bars

20 pmin a, ¢, d and e; 50 pm in
b and e

Fig. 6 Distribution of
osteocytes and the
lacunocanalicular system in
cortical bone of the femur in
mouse (a, b), and human (c).
Sections in a and ¢ were stained
by Schoen’s silver method, and
that in b was stained with
fluorescein-conjugated
phalloidin. Bars 20 pm in a and
¢; 50 ym in b

connect with the adjacent osteocytes. On the other hand,  reptiles, and mammals. Since zebrafish possess only the
thick and long cytoplasmic processes that were observed in vertebral bone, we also compared the osteocyte lacuno-
the osteocyte lacunocanalicular system of other animals canalicular system between vertebral bones and femurs in
were rarely observed in zebrafish osteocytes by Schoen’s other animals. The vertebrae in these animals also retained
silver staining, fluorescein-conjugated phalloidin staining,  well-developed osteocyte lacunocanalicular systems as
or electron microscopy (Figs. If, g, 2). The number of  well as femurs. These results indicate that a poorly
these cytoplasmic processes in zebrafish is limited to one or ~ developed osteocyte lacunocanalicular system in the zeb-
two in each osteocyte, while osteocytes in other animals  rafish is not due to the difference between vertebral bone
exhibited numerous such structures. These results suggest  and long bone.

that zebrafish bones have a poorly developed osteocyte We showed the accumulation of an eosinophilic sub-
lacunocanalicular system, compared to that in amphibians, stance around some osteocytes in the sections of zebrafish
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bones stained by Schoen’s silver method. These structures
might correspond to the amorphous substances with vary-
ing electron densities seen under the electron microscope.

Since these structures were never observed in the osteocyte -
lacunae of Xenopus laevis and mouse, further studies are

needed to reveal the nature of these substances.

Aquatic and land vertebrates live in different habitats. In
this context, bones of these vertebrates are exposed to
different mechanical strains and mineral acquisitions, both
of which are important factors in regulating bone metab-
olism. Aquatic vertebrates are less affected by gravity as
compared to land vertebrates. Since osteocytes play a
central role in the mechanical adaptation ‘of mammalian
bones [1, 3], it will be interesting to-compare the distri-
bution of osteocytes and their lacunocanalicular systems
between aquatic and land vertebrates. We revealed that the
medaka has few osteocytes (acellular bone) and the zeb-
rafish has apparent osteocytes (cellular bone) with a poorly
developed osteocyte lacunocanalicular system. Interest-
ingly, mature Xenopus laevis, which lives only in fresh-
water during its lifetime, exhxblted numerous osteocytes
and a well- developed osteocyte Iacunocanahcular system
as did the land vertebrates mcludmg Rana mgromaculata.
These findings indicate that an aquatic habitat is ‘not
directly related to the development of an osteocyte
lacunocanalicular system. Although the fish lives in rela-
tively weightless conditions due to less gravity, it experi-
ences mechanical strain dunng locomotion. Therefore,
bones in teleost fishes may possess a mechanical sensing
system .other than osteocytes and the lacunocanahcular
system. Although Witten and Huysseune suggested that
osteoblasts and bone-lining cells might be involved in such
a system [13], further studles are needed to conclude this
hypothesis. :

Bone plays vital roles in calcium and phosphate
metabolism and is a reservoir of these minerals in land
vertebrates; however, such functions in teleost bones have
not been investigated extensively. In tms context, Moss’s
experiments [24] using a fracturée model of teleosts with
cellular bone or acellular bone provide interesting findings
in understanding the role of calcium in bone metabolism in
teleost fishes. When goldfish (Carassius auratus), which
has ‘a cellular bone, and tilapia (Tilapia macrocephala),
which has an acellular bone, were kept in calcium-depleted
water, the goldfish formed a fracture callus composed of
calcified cartilage and bone, but the tilapia formed uncal-
cified cartilage callus during fracture repair. These results
. suggest that calcium mobilization from bone is limited in
teleost fishes with acellular bones and supports the idea that
osteocytes play some role in calcium mobilization.

We conducted a comparative study on the morphology of
the osteocyte lacunocanalicular system in the bones of var-
ious vertebrates by using Schoen’s silver staining and
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fluorescein-conjugated phalloidin methods. In zebrafish
bones, we observed fine and short cytoplasmic processes
extending from the osteocytes in the fluorescein-conjugated
phalloidin stained specimens, but not in the Schoen’s silver-
stained sections. These results suggest that fluorescein-
conjugated phalloidin staining is more sensitive in detecting
fine osteocyte cytoplasmic processes than Schoen’s silver
staining method. In the bones of other vertebrates, fluores-
c¢ein-conjugated phalloidin staining clearly demonstrated an
osteocyte lacunocanalicular system. Furthermore, this
staining also allows observation of the three-dimensional
structure of the osteocyte lacunocanalicular system under a
confocal laser microscope. Thus, fluorescein-conjugated
phalloidin staining is a useful technique to observe details of
the osteocyte lacunocanalicular system.

Our study revealed that amphibians and land vertebrates
possess a well-developed osteocyte lacunocanalicular sys-

‘tem. Among amphibians, femurs of frogs (Xenopus laevis

and Rana nigromaculata) exhibited osteocyte lacunocana-
licular systems arranged perpendicular to the long axis, but
femurs of newts (Cynops pyrrhogaster) showed a random
arrangement of the osteocyte lacunocanalicular system.
This might be due to the different maturation stage of the
animals, because Hirose et al. [22] reported that the
alignment of osteocyte lacunocanalicular systems changed
depending on the maturation stages of mice. Alternatively,
these results may also suggest that the alignment of the
osteocyte lacunocanalicular systems may differ among the
various species of vertebrates. In this context, further
studies on the structure of osteocyte lacunocanalicular
systems of various vertebrates, including the different
developmental stages of each species, will provide more
information and help to understand the phylogenic devel-

 opment and function of osteocytes.
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Structural differences in the osteocyte network between the calvaria and long
bone revealed by three-dimensional fluorescence morphometry, possibly
reflecting distinct mechano-adaptations and sensitivities
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ARTICLE INFO ABSTRACT

The structural features of osteocytes and their cellular process network are thought to allow for mecha-
notransduction from the bone tissue to these cells. This study applied three-dimensional fluorescence
microscopy to fixed and decalcified bone specimens to quantitatively compare the osteocytes and their
networks between mouse parietal bone and tibia that are physiologically enforced by distinct mechanical
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Keywords: loads. The subsequent morphometric analysis by the surface rendering of osteocyte cell bodies revealed
;?ls‘e“yte o the tibia to have relatively enriched cytoplasm in the osteocyte cell body in comparison to the parietal
M\(J)cr:‘r);s:;r;c;yxmagmg bone. Furthermore, quantitative tracing of the cellular processes in silico demonstrated that the numbers

of the cellular processes and their bifurcation points per osteocyte in the tibia were significantly higher
than those in the parietal bone. Though the total length of the processes per osteocyte in the tibia was
two times longer, its total surface area and total volume were smaller than those in the parietal bone,
due to its thinner diameter. These architectural differences in the osteocytes and their networks are thus
implicated in the adaptation to physiologically different loading, and may also induce distinct

Shear stress

mechanosensitivities.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Osteocytes are embedded in the hard bone matrix of the lacu-
nae, and form an intercellular network by extending slender cellu-
lar processes within narrow bony tubes of the canaliculi [1-4]. This
structure ensures. intercellular communication among bone cells
including ostecblasts and osteoclasts. Osteocytes account for
90-95% of all bone cells and they are thought to sense mechanical
loads and accordingly transmit the signals to osteoblasts and
osteoclasts through the osteocyte network, and thus regulate bone
remodeling [5-10]. Osteocytes also play a key role in phosphate
metabolism by producing an endocrine factor, fibroblast growth
factor 23 (FGF23), whose target organ is the kidney [11].

How osteocytes sense external loads remains unknown; how-
ever, the mechano-transduction of physical loads to the bone
tissue must be tightly influenced by the structural features of bone
including the lacunocanalicular and osteocyte network. Loading-
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induced fluid flow through the canalicular network has been
thought to result in a fluid shear stress on the surface of osteocyte
processes [12]. The interaction of the pericellular matrix and the
osteocyte cellular process could amplify the physiological ampli-
tude of loads to the bone tissue, thus producing sufficient levels
of force to induce cellular response [13-16].

The skeletal system contains bones that are inherently loaded
by distinct mechanical force patterns [17,18]. Long bones are
loaded predominantly along the longitudinal direction with much
higher amplitude than flat bones such as calvariae that are loaded
radially and tangentially by intracranial pressure and mastication.

" The human fibula is estimated to have a load that is nearly twice

that of the skull bone [19]. Extracellular mechanical forces are cou-
pled to the intracellular organization of the cytoskeleton that reg-
ulates cellular connections to other cells and the extracellular
matrix, thus affecting cell shape and functional outputs [20,21].
This suggests that the morphology of osteocytes, the patterning
of the osteocyte network and their function are determined by
external loading whose directional patterns and amplitudes are
physiologically different in each bone. It is, therefore, relevant
and intriguing to quantitatively manifest the structural differences
of osteocytes and the osteocyte networks in distinct bones such as
parietal bone and tibia.
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This study applied three-dimensional fluorescence microscopy
to fixed and decalcified bone specimens followed by surface ren-
dering of osteocyte cell bodies and tracing of osteocyte cellular
processes in silico for better imaging acquisition of the osteocyte

network to compare the mouse parietal bone and tibia. These mor-"

phometric analyses revealed significant quantitative architectural
differences in the osteocytes and their networks in these bones.

2. Materials and methods
2.1. Animals and preparati'on of skeletal tissues

Mice (laboratory strain C57BL6J) were purchased from a local
distributor. The parietal bones and tibiae were dissected from
8-week-old mice after anesthetizing the animals with 0.1% ethy-
lanthranilate. Bone specimens were fixed in 4% paraformaldehyde
for 4°C. The specimens were washed with phosphate-buffered
saline, and decalcified. in 20%  ethylenediaminetetraaceticacid
(EDTA) for 14days for 4°C. The decalcified specimens were
embedded in an optimal cutting temperature (OCT) compound
(Sakura Finetek, Tokyo, Japan) to obtain cryosections. Frontal sec-
tions of the parietal bones and longitudinal sections of tibiae
(10-20 pm) were prepared, respectively. The subsequent observa-
tions were focused on the outer cortical plates of parietal bones
and the diaphysis of tibiae. )

2.2. Staining for actin filaments with fluorescent dye-conjugatedphal
loidin ) .

The specimens were stained with phalloidin AlexaFluor 488
(Invitrogen, Carlsbad, CA, USA) for visualizing actin-rich cell bodies
and cellular processes, and BOBO-3 (Invitrogen) for counter stain-
ing of nuclear DNA with 20 pg/ml of RNAasel (Invitrogen) at room
temperature for 2 h, as previously described [22].

2.3. Confocal laser scanning images

Confocal optical sectioning was performed with a system of LSM5
Pascal5 confocal laser scanning microscopy (Carl Zeiss, Oberkochen,
Germany) with a PlanFluor objective (63x, N.A. = 1.4). Two laser
lines, 488 nmand 543 nm were used. The theoretical xy- and z-axes
resolutions were 0.178 and 0.700 pm, respectively. The refraction
index correction was 0.934. The frame size of the image was

146.2 x 146.2 pm with 512 % 512 pixels and 8-bit color depth. Pixel
size was 0.286 pm. Confocal images were taken with a 0.29 pim step

size for voxel sampling and then were processed four times with
Kalfman averaging.

2.4. Three-dimensional (3D) reconstruction followed by the morphom
etry of osteocytes and the cellular network tracing in silico

The 3D structure of the osteocyte network was constructed
from a z-series of CLS images using IMARIS software (Bitplane,
Ziirich, -Switzerland). The diameters of the osteocyte cell body
and point-to-point distances between osteocytes were measured
using the Measurement Pro function of IMARIS by rotating the
3D-reconstructed images. The surface area and volume of single
osteocytes were measured by surface rendering using the Surface
function of IMARIS. The threshold for the surface rendering of
osteocytes was determined by super imposing the surface images
to the 3D-reconstructed images until these two images overlapped.
Any cellular processes measuring less than 0.5 um in diameter
were excluded in this rendering to separate the cell body and cell
processes. The Filament Tracer function of IMARIS was originally
.~ developed to analyze neurite morphology and designed to recon-

struct 3D dendritic tree models. This software package was em-
ployed to obtain dendritic tree-models of the osteocyte network
and to quantitate the pattern of the osteocyte cellular processes
by measuring the numbers. of endpoints, branching points, seg-
ments between a branching point to another branching point,
and the diameter, surface area and volume of each segment. The
beginning point at each osteocyte was set in the 3D-reconstructed
irages to trace the cellular processes radiating from single osteo-
cytes, and the endpoints of the cellular process were set in several
different sizes of the diameter (0.2, 0.3, 0.4 and 0.5 pm). The aver-
age total length of the processes, the average surface area, the aver-
age volume, the average number of endpoints, the average number
of branching points and the average number of segments per oste-
ocyte were calculated by dividing each total value by the number
of osteocytes analyzed.

2.5. Statistics

The mean values of the morphometric parameters were statis-
tically analyzed using paired t-test. Differences were considered
to be significant if p < 0.01.

3. Results

The decalcified parietal bones and tibiae of the 8-week-old mice
stained by a fluorescent dye-conjugated phalloidin were scanned
by the high-resolution optical slices of the confocal z-series, which
clearly showed the presence of the intercellular osteocyte net-
works in pa’rietaly bone and tibia (Fig. 1A and B, respectively). The
3D reconstitution and the surface rendering of the osteocytes ob-

‘tained from the confocal z-series images revealed the morphology

of the osteocyte cell body in the parietal bone and tibia (Fig. 1C and
D, respectively). The morphology of the osteocytes in the parietal
bone appeared relatively spherical or oval shaped, whereas those
in the tibia were elongated and spindle-shaped. This morphologi-
cal distinction was quantitatively confirmed by determining the
lorigest and shortest diameters in-the 3D-reconstructed images
(Table 1). The diameters of the osteocyte cell bodies in the parietal
bone and tibiae ranged from 6.46 +0.39 t010.78 £ 0.37 um, and
from 5.71£0.30 to 15.52+0.92 pm, respectively. Though the .
shortest diameter showed no significant difference, the longest
diameter of the osteocyte cell body in the tibia was 44% longer than
that in the parietal bone. The ratio of the longest to the shortest
diameter obviously demonstrated that the osteocytes in the tibia
were more elongated than those in the parietal bones. The dis-
tances between neighboring osteocytes in the two types of bone
showed no significant differences (Table.1). This study next ana-
lyzed the volume and the surface area of the osteocyte cell bodies
(Table 1). The volume and the surface area of the tibial osteocytes
were significantly higher than those of the parietal osteocytes.
There was no significant difference in the nuclear volumes of both
groups of the osteocytes (Fig. 1E and F), thus the ratios of the cel-
lular volume was compared to the nuclear volume. This compari-
son demonstrated that the cytoplasmic volume in the tibial
osteocytes was nearly 50% larger than that in the parietal
osteocytes.

The osteocyte cellular processes were traced using the Filament
Tracer function to quantitatively compare the intercellular osteo-
cyte networks in the parietal bone and tibia. The beginning point
at each single osteocyte was set in the 3D-reconstituted images,
and the endpoint diameter of the cellular process was set in several
different sizes (Fig. 2). Preliminary manual measurements of 3D-
reconstructed images revealed the size of the cellular processes
originating from the cell surface to range from approximately
0.8-0.5 um in diameter, and that the size of recognizable slender
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Fig. 1. Three dimensional (3D) reconstitution and surface rendering of osteocytes in the parietal bone (A, C, E and G) and tibia (B, D, F and H). The actin-rich cell body and
cellular processes of osteocytes are visualized by a fluorescent dye-conjugated phalloidin (Pallioidin AlexaFluor 488) in green. Nuclei were conterstained by a cyanine nucleic
acid dye (BOBO-3) in red. (A, B) Representative 3D-reconstituted images of the confocal z-series slices from parietal bone (A) and tibia (B) show osteocytes and theircellular
process networks. Bar, 10 pm. (C, D) Surface renderings of osteocyte cell bodies of parietal bone (C) and tibia (D) from the 3D-reconstituted images (A and B, respectively)
enable morphometric analyses (see Table 1). (E, F) Surface renderings of osteocyte nuclei of parietal bone (E) and tibia (F) from the 3D-reconstituted images (A and B,
respectively) are shown. (G, H) Merged images (G and H) of the surface renderings of cell bodies and nuclei (C-E and D-F, respectively) are shown with 50% transparency of
the cell bodies to visualize relative position of nucleus in cell body. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

cellular processes forming the intercellular network and connec-
tions was nearly 0.2 pum in diameter. Therefore, the endpoints were
set at 0.2, 0.3, 0.4 and 0.5 pum in diameter. Fig. 2 shows the den-
dritic tree models in different settings of the endpoint diameter.
These tree models demonstrated that increasing number of the cel-
lular processes and their bifurcations and more intensive and de-
tailed appearances of the network were observed as the endpoint
diameter setting got smaller in diameter. However, the settings

of 0.2 and 0.3 pm in diameter revealed that the detailed rough sur-
faces of the osteocyte cell bodies that did not participate in the
intercellular network were traced as the cellular processes. Fur-
thermore, quite a few of the traced networks did not fit into the
recognizable osteocyte network in the 3D-reconstructed images
with connecting small separated fluorescence signals. Consistently,
the quantification and statistical data at these settings often
showed unreasonably small values in comparison to the actual
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Table 1
Morphometric data of the osteocytes in mouse parietal bone and tibia.
Parietal bone Tibia
Shortest diameter (1tm) 6.46 £0.39 571+030
Longest diameter (pm) 10.78 £0.37 15.52£0.92

Diameter ratio, long/short 1.67 2.67
Cell-cell distance (pm) 22.09+1.30 21.06 £1.20
Cell volume (pum?) 242.93 £21.63 413.25+41.69
Cell surface area (pm?) 2794112491 458.26 + 53.60
Nuclear volume (pm?) 115.74£7.60 135.54+11.94
Volume ratio, cell/nucleus 2:1 3.05

The values are the mean + SEM of 20 osteocytes in each bone.
" P<0.01.

resolution of this microscopy system and image processing (data
not shown). Therefore, the osteocyte network was further evalu-
ated by the endpoint setting at 0.4 pm in diameter.

This in silico tracing of the cellular processes by Filament Tracer
function was used to calculate the average length, the average vol-
ume, the average surface area and the average diameter of each
segment (Table 2). All the values exhibited significant differences
indicating that the tibia has a thinner cellular process network
with a higher branching rate, in comparison to the parietal bone.
The numbers of endpoints, branching points and segments per
osteocyte in the tibia revealed higher scores than those in the pari-
etal bones, suggesting more a comprehensive network in the tibia
(Table 3). The total length of the cellular processes per osteocyte

Fig. 2. Dendritic tree models of the osteocyte cellular processes in parietal bone (A, C, E and G) and tibia (B, D, F and H) from the 3D-reconstituted images (Fig. 1A and B,
respectively). Dendritic tree models with different endpoint diameter settings at 0.5 um (A and B), 0.4 pm (C and D), 0.3 pm (E and F) and 0.2 um (G and H) are shown. Green
dots, red dots and white bars indicate end points branching points and cellular process segments, respectively (see Tables 2 and 3). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Morphometric values of the osteocyte networks in mouse parietal bone and tibia.
Parietal bone Tibia
" Average length (um) 257+0.10 2.04+0.05
Average volume (um?®) 2.39%0.18 0.36£0.02°
Average surface area (um?) 6.07£0.35 2.26 £ 0.08
Average diameter (pum) 0.95+0.05 0.39+0.01

Average values pef segment with the endpoint diameter setting at 0.4 pm are
shown. A segment is defined as a cellular process segment from a branching point
“to another branching point or an endpoint. The values are the mean £ SEM.

© P<001.

Table 3
Morphometric data of the osteocyte networks in mouse parietal bone and tibia (Total
values of cellular processes per single osteocyte).

Parietal bone Tibia
Total length (pm) 311.06 637.67
Total volume (um?) 288.87 112.49
Total surface area (um?) 73463 - 708.49
Total endpoints 64.00 162.00
Total branching poeint 58.00 152.33
Total segments 121.00 31333

Total average values of cellular processes per single osteocyte were calculated from
the values shown in Table 3. ’

was longer than that in the parietal bones. However, the total vol-
ume and the total surface area of the cellular processes per osteo-
cyte in the tibia revealed lower scores than those in the parietal
bone, due to the thinner diameter of the cellular process in the ti-
bia. These findings indicated that the tibia has a longer and thinner
intercellular network than that in the parietal bone. ;

4. Discussion

Vatsa et al. reported the morphometric differences in osteocytes
and lacunae between the fibula and calvaria by combinatorial
scanning of live bone fragments from 3 to 6-month-old mice using
confocal microscopy and nano-computed tomography [23]. This
revealed that osteocytes in the fibula had a spindle shape and

stretched along the longitudinal axis of the principal loading direc--

tion, whereas those in the calvaria were spherical without any
particular alignment in direction. The current study conducted
two-color fluorescence morphometry by using three-dimensional
confocal scanning followed by surface rendering of the osteocyte
cell bodies and nuclei. This analysis revealed that the average
volume and surface area of single osteocytes in the tibia was signif-
icantly larger than those in the parietal bone, which was mainly
due to more cytoplasm in the tibial osteocytes. Cells engaging in
active functions such as secretion and absorption tend to have
relatively large volumes of cytoplasm probably due to their well-
‘developed cell organelles. Therefore, the significant difference in
the cytoplasmic volume of osteocytes between the tibia and parie-
tal bone suggests a functional diversity in these cells to modulate
bone metabolism. ‘

Aline of studies by Sugawara et al. performed quantitative mor-
phometry for the cellular processes of osteocytes and provided a
method to calculate the average length of the cellular processes
per single osteocyte [24,25]. The current study attempted to mea-
sure and compare the sizes of the cellular processes of osteocytes
in the parietal bone and tibia by tracing the cellular processes in
silico. Considering the theoretical resolution of the microscopy sys-
tem and the voxel size of the 3D reconstituted images, measure-
ment of structures smaller than 0.4 pm was not expected to
provide trust worthy data. In fact, the in silico tracings achieved

by setting the endpoint at 0.3 and 0.2 pm did not fit for the visually
recognizable network of the cellular process in the 3D reconsti-
tuted images. These settings revealed artificial connections of fluo-

rescence signals that affected reasonable measurements. Though

some part of the recognizable network smaller than 0.4 pm in
diameter was not entirely traced, the morphometric analysis of
the cellular processes revealed significant differences in the archi-
tectures of the osteocyte networks between the parietal bone and
tibia. '

The analysis revealed that osteocytes in the tibia radiate a sig-
nificantly larger number of the cellular processes and branches in
comparison to the parietal bone. Furthermore, the surface area
and volume of each segment of the cellular process in the tibia
was significantly smaller than those in the parietal bone, due to
its smaller diameter. These data possibly indicate that tibia devel-
oped a more comprehensive and detailed osteocyte intercellular
network in comparison to the parietal bone. Mechanical forces
on cells influence their cytoskeletal structure, and thus their cellu-
lar shape and connection to the surrounding cells [20,21]. Imma-
ture osteocytes possibly align themselves and develop their
intercellular network in response to distinct loading patterns dur-
ing bone development, when they are being embedded in osteoid.
The osteocyte cell body plays a key role for initial mechano-sensing
during this process, as discussed by Vatsa et al. [23]. Hirose et al.
reported a gradual arrangement and flattening of cortical osteo-
cytes along the longitudinal axis of long bone with age [26]. There-
fore, the architectural differences in the osteocytes and their

. cellular process networks between the parietal bone and tibia are

probably adaptations to the physiologically different loading pat-
terns. In our previous work, zebrafish have a poorly developed
osteocyte lacunocanalicular network, whereas amphibians, reptiles
and mammals all show well-developed lacunocanalicular systems,

- which could be intriguing because such osteocytic adaption to the

mechanical loads might be invelved in the phylogenetic diversity
of bone [22].

The architectural differences in the network of osteocyte cellular
processes may transduce extraosseous loads to cellular responses
with distinct efficiency. The ultrastructure of osteocyte processes,
the pericellular matrix and the encasing canaliculi provides the ba-
sic elements for fluid flow-based theoretical models [13,15,16].
Physical dynamics predicts that the extraosseous load could cause
a shear strain and a hoop strain on the surface of the processes
[12,13]. These two strains are in inverse proportion to the surface
area and the inner diameter, respectively, in each basic physical
model. Therefore, the surface area and the diameter of the-cellular
process could provide critical values with the mechanosensitivity of

" osteocytes. On the other hand, there is little view available regard-

ing how the other quantitative values, such as the length, the num-
ber and the branching rate of the cellular processes affect the
mechanosensitivity. These values also possibly reflect the compre-
hensiveness of the intercellular network system rather than simply -
the local ultrastructure. Therefore, these factors are likely to influ-
ence the cellular and intercellular flow of molecules associated with
mechanosensitivity and biological functions [27]. The current find- .
ings collectively provoke views for the architectural differences in
the osteocyte networks as the systems of molecular transduction
and mechanotransduction, which may be associated with the func-
tional diversity of the osteocyte itself.

In conclusion, our quantitative analyses based on the three-
dimensional fluorescence microscopy revealed significant differ-
ences in the structural architecture of the osteocyte networks in
the parietal bone and tibia. These morphometric differences in

_ the osteocyte networks between flat bone and long bone probably

reflect adaptations to different physiological loading patterns to
these bones, and suggest different activities of the networks. The

" current analysis is therefore considered to provide new insights
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into the physiological, pathological and phylogenetic mechanisms
of mechanosensing and metabolism in bone [28,29].
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Reduction of NOTCH1 expression pertains to maturation
abnormalities of keratinocytes in squamous neoplasms

Kei Sakamoto', Takuma Fujii?, Hiroshi Kawachi®, Yoshio Miki?,

Ken Omura®, Kei-ichi Morita®, Kou Kayamori’,
Ken-ichi Katsube' and Akira Yamaguchi’ :

Notch is a transmembrane receptor functioning in the determination of cell fate. Abnormal Notch signaling promotes
tumor development, showing either oncogenic or tumor suppressive activity. The uncertainty about the exact role of
Notch signaling, partially, stems from inconsistencies in descriptions of Notch expression in human cancers. Here, we
clarified basal-cell dominant expression of NOTCH1 in squamous epithelium. NOTCH1 was downregulated in squamous
neoplasms of oral mucosa, esophagus and uterine cervix, compared with the normal basal cells, although the expression
tended to be retained in cervical lesions. NOTCH1 downregulation was observed even in precancers, and there was little
difference between cancers and high-grade precancerous lesions, suggesting its minor contribution to cancer-specific
events such as invasion. In culture experiments, reduction of NOTCH1 expression resulted in downregulation of keratin 13
and keratin 15, and upregulation of keratin 17, and NOTCHT knockdown cells formed a dysplastic stratified epithelium
mimicking a precancerous lesion. The NOTCH1 downregulation and the concomitant alterations of those keratin ex-
pressions were confirmed in the squamous neoplasms both by immunohistochemical and cDNA microarray analyses. Our
data indicate that reduction of NOTCH1 expression directs the basal cells to cease terminal differentiation and to form an
“immature epithelium, thereby playing a major role in the histopathogenesis of epithelial dysplasia. Furthermore,
downregulation of NOTCH1 expression seems to be an inherent mechanism for switching the epithelium from a normal
and mature state to an activated and immature state, suggesting its essential role in maintaining the epithelial integrity.
Laboratory Investigation (2012) 92, 688-702; doi:10.1038/labinvest.2012.9; published online 13 February 2012

KEYWQRDS: epithelial dysplasia; esophagus; Notch1; oral chosa; squamous cell carcinoma; uterine cervix; keratin

epidermal differentiation. Conditional knockout of Notchl in
- skin results in epidermal and corneal hyperplasia.® Over-
expression of constitutively active Notchl in basal cells leads
to hyperplastic epidermis and abnormal hair development.®’

Notch is a transmembrane receptor that regulates cell pro-
liferation and differentiation in various tissues. Notch is
constitutively processed and is tethered on the plasma
membrane as a heterodimeric protein, and the signal is

transduced by the Notch intracellular domain (NICD) pro-
duced by ligand-induced cleavage,”” which translocates to
the nucleus and directly induces the transcription of down-
stream targets by forming a transactivation complex with
several cofactors.” In humans, there are four Notch homologs
(NOTCHI, 2, 3, 4) and they exhibit diverse patterns of ex-
pression, suggesting different contributions in each tissue.
The expression of Notchl, Notch2 and Notch3 in mouse
skin and hair follicles has been documented,*” and Notch
signaling seems to have important roles in the regulation of

In contrast, deletion of Notch2, Notch3 and Notch4 does
not cause significant changes in the epidermis.*'®'' These
results indicate the significance of Notchl in epidermal
differentiation. :

Abnormal Notch signaling can promote tumor develop-
ment. The first indication that Notch has a role in carcino-
genesis was obtained from a mouse mammary tumor virus
integration assay in which four genes were identified as
candidates that associate with tumor progression, the third of
which (int-3) turned out to be a truncated form of Notchd. "
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Gain of function mutation of NOTCHI was detected in many
cases of T-cell acute lymphoblastic leukemia,”® and this
finding gave rise to the concept of treatment by inhibiting the
formation of Notch transactivation complex.'* In cervical
cancer, the upregulation of NOTCH1'>'® and NOTCH2,®
and an increase in nuclear localization of NICD' were
documented. On the basis of these observations, activation of
Notch signaling is thought to be associated with the devel-
opment of cervical cancer.'® However, promotion of carci-
nogenesis by Notch signal activation seems contradictory to
the phenotypes observed in the Notchl knockout mouse,
which exhibits an increase in the incidence of papilloma and
chemical-induced skin cancer,® and the transgenic mouse of
the pan-Notch inhibitor, dominant-negative Mastermind-like
1, which shows dysplasia and SCC of skin.'’ In fact,
expression of NOTCH1 is decreased in skin cancer,”®*
suggesting that NOTCHI acts as a tumor suppressor. To solve
the discrepancy of the proposed role of Notch, accurate
knowledge of its expression is crucial. To assess its con-
tribution in cancer, the Notch expression should be evaluated
in comparison with the normal cells from which the cancer
cells originated. However, it appears that the expression of
Notch in human cancers has not been properly evaluated
along this line. Even the localization of Notch proteins in
normal adult tissue is unclear, partially, because of the dif-
ficulty of detection. ‘

To address this issue, we have engaged in an examination
of Notch expression in adult human tissues. In this study, we
first demonstrate that NOTCH]1 is predominantly expressed
in the basal cells of normal squamous epithelium. Then we
expand the examination to neoplasms that have originated
from squamous epithelium and show that Notchl expression
is downregulated in these lesions. Cell culture experiments
indicate that reduction of NOTCHI expression associates
with abnormal differentiation represented by alteration of
keratin subtype expression. Our data suggest that aberrant
epithelial differentiation in squamous neoplasms is caused by
the reduction of NOTCHI expression, which in turn unveils
its essential function in the maintenance of normal epithelial
integrity.

MATERIALS AND METHODS

Clinical Specimens

A total of 56 specimens of oral lesions (epithelial dysplasia
and squamous cell carcinoma) were collected at the Dental
Hospital of Tokyo Medical and Dental University. Pharyngeal
cancers were excluded; the case summaries are shown in
Supplementary Material 1. A total of 20 specimens of eso-
phageal lesions (squamous cell carcinoma) and normal
tissues were collected at Medical Hospital of Tokyo Medical
and Dental University; the case summaries are shown in
Supplementary Material 2. A total of 57 specimens of uterine
cervical lesions (intraepithelial neoplasm and squamous cell
carcinoma) were collected at Keio University Hospital; the
case summaries are shown in Supplementary Material 3. The

sratoryinvestigation.org | Laboratory investigation | Volume 92 May 2012

tissues were fixed in formalin and embedded in paraffin
according to the routine laboratory protocol. HPV genotyping
was performed as previously described®® from the conven-
tional cytology specimens. All experiments were approved by
the ethics committees of both universities.

¢DNA Microarray Analysis :
Oral squamous cell carcinoma (OSCC) cells were taken from
surgically excised specimens by laser capture microdissection
and were subjected to ¢cDNA microarray analysis, as pre-
viously described.”

Immunostaining and In Situ Hybridization

Immunohistochemical staining was performed using the
Sequenza (Thermo Fisher Scientific, MA, USA). For antigen
retrieval, the sections were autoclaved in alkaline buffer
(10mM Tris (pH=9.0) and 1mM EDTA) at 120°C for
20 min. The primary antibodies used in this study were anti-
Notchl (EP1238Y, Epitomics, CA, USA); cleaved Notchl
(Val1744; D3B8, Cell Signaling, MA, USA) Notch2 (D67CS8,
Cell Signaling); Notch3 (D11B8, Cell Signaling); Hesl
(EPR4226, Epitomics); Heyl (polyclonal, Millipore, MA,
USA); keratin 5 (K5; EPR1600Y, Epitomics); K13 (EPR3671,
Epitomics); K13 (alternative antibody, KS-1A3, Leica Micro-
systems, Wetzlar, Germany); K15 (EPR1614Y, Epitomics);
K17 (D73C7, Cell Signaling); K17 (alternative antibody, E3,
Dako, Glostrup, Denmark); K18 (DC10, Dako); pan-Keratin
(AE1/AE3, Dako); Vimentin (SP20, Epitomics); E-cadherin
(36/E-Cadherin, BD transduction laboratories, CA, USA);
Desmoglein3 (3G133, Santa Cruz, CA, USA); p63 (4A4,
Dako); B-tubulin (9F3, Cell Signaling) and B-actin (C-2,
Santa Cruz). EnVision Dual Link (Dako) was used as the
secondary antibody. Coloration was done in DAB substrate.
For immunofluorostaining, Alexa Fluor 488 anti-rabbit
IgG (Invitrogen, CA, USA) and DAPI were used. In situ
hybridization to mouse E18.5 embryos was conducted as
previously described.?* Antibody adsorption test was
performed as follows. HEK293 cells were transfected with
Notchl or NOTCH3 and were fixed 48h after transfection.
The anti-NOTCH1 or anti-NOTCH3 antibody (diluted
1/500) was applied to the fixed cells, respectively, and
incubated for 1h. The adsorbed supernatants were
collected and used for immunohistochemical staining. The
immunostaining results were compared with that using the
antibody adsorbed to mock-transfected cells.

Protein Extraction from Formalin-Fixed Paraffin-
Embedded Specimens

Formalin-fixed paraffin-embedded specimens were sectioned
at 10 um thick and deparaffinized. Tissues were manually -
dissected under a microscope. The collected tissues were
heated at 95 °C for 1 h and then at 60 °C for 4 h in the protein
extraction buffer (50mM Tris (pH=28.0), 5mM EDTA,
2% SDS).
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Genes ;
Mouse Notchl was provided by Dr J. Nye and constitutive
active Notchl were previously described.”® Notch extra-
cellular domain (NECD) was created by ligating the PCR
amplified Notchl extracellular and transmembrane regions
(1M to 1755G) into pAcGFPI-C2 (Clontech). Human
Notch3 was provided by Dr A. Joutel. Rbpj cDNA was pro-
vided by the RIKEN BioResource Center (Ibaraki, Japan)
courtesy of Dr T. Honjo and cloned into pCMV-Tag4 (Stra-
tagene, CA, USA), and dominant-negative Rbpj (R218H) was
created by PCR mutagenesis. Dominant-negative DIII (chick)
was previously described.?® Human TP63x(TA) was pur-
chased from Invitrogen. TP630(AN) was created as follows.
A plasmid (pBK-CMV-dN) was made, which contained the
sequence corresponding to the TP630(4N)-specific N-term-
inal region by ligating annealed oligoniculeotides into pBK-
CMV (Stratagene). As the N-terminal TP63c(TA)-specific
region incidentally coincides to 5 of MSC1 site, the
N-terminal region was deleted from TP63x(TA) by MSC1
digestion, and the fragment was ligated into pBK-CMV-dN.
The resulting plasmid was confirmed by DNA sequencing to
carry TP630(AN) identical to the wild type. Human KRT13
and KRTI15 promoters were cloned by PCR from the BAC
clone RP11-156A24, and human KRTI17 promoter was
cloned from the BAC clone RP13-415G19, both of which
were provided by the BACPAC Resources Center (CA, USA).
The sequences of the PCR primers used in the cloning pro-
cedures will be provided on request. Stealth RNAs for human
NOTCHI were purchased from Invitrogen. The sequence of
the plus strand of the dsRNA is 5-UCGCAUUGACCAUU-
CAAACUGGUGG-3'.

Cell Culture Experiments

GE-1, Ca9-22, HeLa and CaSki cells were provided by the
RIKEN BioResource Center. HSC-3 and 293 cells were pro-
vided by the Japanese Collection of Research Bioresources
(Osaka, Japan). Human foreskin (HFS) cells were purchased
from Kurabo (Osaka, Japan). Transfections were performed
using Lipofectamine 2000 (Invitrogen) or by calcium phos-
phate method. Cell proliferation was evaluated using a Cell
Counting Kit (Dojindo, Kumamoto, Japan). Cells were lysed
in RIPA buffer and the concentration of the protein was
measured using a BCA Protein Assay Kit (Thermo Fisher
Scientific, MA, USA). Western blot analysis and RT-PCR
were performed according to standard protocols.”” Three-
dimensional culture was conducted using Millicell Culture
Inserts (Millipore). Real-time RT-PCR was performed using a

Lightcycler (Roche, Basel, Switzerland). The PCR primer

sequences are as follows: hN1-5865F, 5'-CAACATCCAGGA
CAACATGG-3’; hN1-6093R, 5'-GGACTTGCCCAGGTCA
TCTA-3’; hN2-7187F, 5'-ATGCTTCCTCAAATGCTGCT-3;
hN2-7513R, 5 -TCATTTCTCTCCCGGATGAC-3'; hN3-7275F,
5-GTCTGGGACCTCCTTCTTCC-3; hN3-7628R, 5'-CCA
AGGGTGCCTACTTGGTA-3; hN4-6444F, 5-TGCAGGCA
TATGGGATGTAA-3'; hN4-6665R, 5'-CATCCCCACAGTGG

690

AGTTCT-3'; HES1-468F, 5'-GCGGACATTCTGGAATGACA-
3/; HES1-594R, 5/-CGTTCATGCACTCGCTGAAG-3'; HEY1-
485F, 5'-GATGACCGTGGATCACCTGAA-3/; HEY1-584R,
5'-CCGAAATCCCAAACTCCGATAG-3'; GAPDH-275F, 5'-
GCACCGTCAAGGCTGAGAAC-3'; GAPDH-417R, 5-ATG
GTGGTGAAGACGCCAGT-3.

Luciferase Activity Assay

KRT13, KRT15 and KRT17 promoter fragments were cloned
as described in the Genes section, and ligated into pGL4.10.
(Promega, WI, USA). The promoter construct of 0.1ug,
0.1 ug of the Notchl construct and 0.01 ug of the Renilla
luciferase standardization plasmid were transfected into GE-1
cells on 48-well plates and the luciferase activity was mea-
sured 48 h after transfection using a Dual-Luciferase Reporter
Assay System (Promega). All transfections were done in
triplicate and the experiments were repeated at least twice.

RESULTS

Expression of NOTCH1 in Basal Cells of Squamous
Epithelium .

In the pilot study, we screened for optimal antibodies that
clearly detect an endogenous level of Notch in western blot
analysis. The selected antibodies revealed that NOTCHI,
NOTCH2 and NOTCH3 were expressed in primary HFS cells
and HEK293 cells, whereas NOTCH4 was not detected (data
not shown). This result was confirmed by RT-PCR analysis,
which revealed expression of NOTCHI, NOTCH2 and
NOTCH3 but not NOTCH4 (data not shown). These
(anti-NOTCH1 and anti-NOTCH3) antibodies reacted with
recombinant Notchl (mouse) and NOTCH3 (human),
respectively, which were overexpressed in HEK293 cells as
well as with the endogenous proteins, as revealed both by
western blot ‘analysis and immunofluorescent staining, vali-
dating their specific reactions (Supplementary Material 4A,
B). We then examined their immunohistochemical expres-
sion in various human adult tissues. Distinct expression of
NOTCH1 was observed in the basal cells of squamous epi-
thelium (Figure 1a). This was consistent with the result of in
situ hybridization, which exhibited basal-cell expression of
Notchl in an embryonic mouse skin (Figure 1b). The
NOTCH1 protein was detected mainly on the plasma
membrane, which is consistent with its function as a trans-
membrane receptor (Figure 1a). Nuclear staining was rarely
observed. Antibody adsorption test showed significantly
reduced staining when the antibody was absorbed to Notchl-
transfected cells, . validating the wusability in immuno-
histochemical detection (Supplementary Material 4C). Both
cornified- = and  non-cornified = squamous  epithelia
expressed NOTCHI. The expression in the esophagus and
vagina appeared weaker than that in the skin and oral
mucosa (Figure 1c), suggesting that the epithelium of ecto-
dermal origin (skin, oral mucosa) expresses NOTCHI more
than that of endodermal origin (esophagus, vagina). Basal
(myoepithelial) cells in the secretory glands were weakly

storyinvestigation.org

Laboratory Investigation | Volurme 92 May 2012 | w



N1, skin

N3, toh,guye

c

 Expression of Notch1/Notch3

N3, vagina

‘Skiyh ~ gingiva tongue oral floor pharynx esophagous
’~‘+:,-i-/\-‘1~+ B Y +4+/++ [+ k H/+ ++
stomach | intestine | trachea uterus vagina bladder
L -/+ ' - -+ I+ +E ++

different from that of NOT Hl‘ showmg weak ublqultous
cytoplasmic staining also in glandular cells (data not shown).

This staining in glandular cells seemed nonspecxﬁc because it

‘did not decrease when the adsorbed antibody was used,
whereas the staining in the basal cells weakened (data
not shown). The NOTCH2 antibody was not- apphcable to
immunohistochemical detectlon, showing no staining in any
" tissues  (data " not shown) In- summary, NOTCHI and
NOTCH3 were expressed mamly in the basal cells of squa—
mous eplthelxum '

NOTCH1 Expressuon Is Downregulated in Squamous
Neoplasms

As the anti-NOTCH3 antlbody yxelded some nonspecific
staining that would hamper correct evaluation, we. deter-

mined to focus on NOTCH1 in this study and expanded our

wyew izboratoryinvestigation.org | Laboratory Investigation | Volume 92 May 2012

H3 in. vanous tlssues (a) lmmunohlstochemlcal stammg of adult human skm, tongue and vagma shows distinct

'mvestlgatlons to neoplasms Because the squamous epithelia
‘were dom nant sites of NOTCH] _expression, we chose

neoplasms that develop at these sites and in-

' vestlg':ted“ whether the expression is- upregulated, down-

egulated  or unchanged. For this purpose, we collected

surgical specimens of squamous cell carcinoma (cancer). To
~assess the contribution of NOTCHI in cancer progression,

urglcal specimens. of 1ntraep1thehal neoplasm (precancer)
were also collected To ‘compensate for the organ-specific
dlfferences, spec1mens were collected from three different

ot sue sources———oral mucosa, esophagus and uterine cervix.

First we exarmned the NOTCH1 expression in 56 cases
of oral epithelial ‘neoplasm,  including OSCC and oral
intraepithelial neoplasm: (OIN). We randomly collected
specimens that contained normal epxthehum, and the expres-
sion was evaluated by the staining intensity in individual
tumor cells in comparison with that in normal basal cells ‘
within the same specimen. The distinct staining pattern with -
abrupt changes at the interface between normal epithelium
and neoplasm enabled us to adopt this methodology. The
expression was scored as being at one of five levels: level 4,

‘upregulated expressmn compared with the normal basal cells;

level 3, expressmn level similar to the normal basal cells
(equivalent to ‘+ +’ in Figure 1c); level 2, expression level
less than ‘th’e normal basal’ cells; level 1, stained only faintly
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(stained at least more than fibroblasts); or level 0, undetected

<

(equivalent to ‘—’ in Figure 1b). NOTCHI expression was
significantly downregulated in most cases of OSCC and OIN
(Figures 2a—d, Supplementary Material 1). The down-
regulation was observed even in the precancerous lesions
with minimum histopathological changes (OIN1) and was
appatent in most of the precancerous lesions with moderate
histological alterations (OIN2), the lesions with prominent
histological alterations (OIN3), and OSCC (Figure 2d). There
were no cases showing an increase of NOTCHI expression.
No significant correlation was observed between the level of
NOTCH]1 expression and the histological variations of OIN
or the histological differentiation grade of OSCC. To confirm
the immunohistochemical evaluation, we dissected normal
tissues and cancers separately from the sections, extracted
proteins and conducted western blot analysis. In all, 4 out of
10 cases were informative, all of which showed reduced
NOTCH]1 expression in cancer, normalized to keratin 5
(Figure 2e). This result is consistent with the im-
munohistochemical observations. Proteins of sufficient
amount and quality were not obtained from the other six
specimens, probably due to the fixation period. The down-
regulation of NOTCHI in OSCC was also confirmed by
c¢DNA microarray analysis of 41 OSCC vs 7 normal oral
epithelia (P<0.001), with the average expression in OSCC
reduced to 0.43-fold compared with the normal control
(Figure 2f). The cDNA microarray showed that NOTCH2
and NOTCH3 were also downregulated in OSCC to 0.78-fold
and 0.83-fold, respectively (data not shown).

Next, we examined the immunohistocheniical expression
of NOTCHI in squamous cell carcinoma of esophagus
(ESCC; Supplementary Material 2 and 5). Downregulation
was evident in 17 out of 20 cases while weak expression
remained. The remaining three cases retained a considerable
expression, but there were no cases with NOTCHI upregu-
lation.

‘Next, we examined the immunohistochemical expression
of NOTCH1 in uterine cervical lesions (Supplementary
Material 3, 6). NOTCH1 expression tended to be down-
regulated in cervical intraepithelial neoplasm (CIN) and
cervical squamous cell carcinoma (CSCC). However, more
than 50% of the cases retained considerable expression

(Supplementary Material 6). More cases showed NOTCH1
downregulation in precancerous lesions with little tendency
of differentiation (CIN3 and CSCC), compared with pre-
cancerous lesions with some tendency of differentiation
(CIN1 or CIN2). No significant difference was observed
between CIN3 and CSCC (Supplementary Material 6). There
was not a single case showing apparent NOTCH1 upregula-
tion in the individual cancer cells. Indistinct nuclear staining
was occasionally observed, but most of the neoplastic cells
exhibited a membranous or cytoplasmic staining. No sig-

" nificant correlation was observed between the level of

NOTCH]1 expression and the type of HPV detected in the
lesion (Supplementary Material 3).

In summary, the NOTCHI expression was downregulated
both in precancer and cancer of non-cornified squamous
epithelium.

NOTCH1 Regulates the Differentiation of Squamous
Epithelium

The fact that NOTCH1 was downregulated not only in cancer
but also in precancer suggests that aberrant NOTCHI ex-
pression associates with changes of epithelial properties ob-
served both in precancers and cancers. The essential
properties that discriminate cancer from precancer are in-
vasion and resultant metastasis, and our data suggest that the

. downregulation of NOTCH1 may not contribute to these

cancer-specific events. In contrast, dysregulation of differ-
entiation is a common feature observed both in cancer and
precancer, appearing as abnormality of cell alignment, stra-
tification and keratinization. Considering that Notch governs
cell-to-cell signaling, we hypothesized that reduction of
Notch signaling might affect the cell-to-cell-based regulation

of epithelial differentiation. To test this hypothesis, we con-

ducted cell culture experiments. First, we examined Notch
expression in cell lines derived from cervical cancers (Hela,
CaSki), oral cancers (BHY, Ca9-22, HSC-3) and primary HFS
cells. Western blot analysis revealed that both NOTCH1 and
NOTCH3 were expressed most abundantly in the normal
cells, and variably, but at much lower levels, in the cancer cell
lines (Figure 3a), which is a finding consistent with the ob-
servation that NOTCHI expression was downregulated in
squamous neoplasms. NOTCH2 was considerably expressed

g

Figure 2 Expression of NOTCH1 in oral squamous cell carcinoma (OSCC, cancer) and oral intraepithelial neoplasm (OIN, precancer). (a) OSCC associated
with OIN. Low-magnification view and the highlighted borders of the lesion (A, B). NOTCH1 expression is significantly reduced in OIN (A) and OSCC (B). Clear
demarcations of NOTCH1 expression are seen, which coincides with the border of the lesion. Scale bar, 0.5 mm. (b) OIN1 (mild epithelial dysplasia). NOTCH1
is significantly downregulated even in this lesion with minimum histological change, and the border of NOTCH1 expression coincides with the border of the
lesion. Scale bar, 0.5 mm. (c) Papillary-type OSCC. Low-magpnification view with the highlighted border of the lesion (C). Downregulation of NOTCH1 is
evident. Scale bar, 0.5 mm. (d) Numbers of cases (and percentage) with reduction of NOTCH1 expression. G1, well-differentiated; G2, moderately
differentiated; G3, poorly differentiated OSCCs. (e) Western blot analysis usmg surgical specimens. Formalin-fixed paraffin-embedded tissues were
separately dissected from normal (N) and cancer (C) tissues, and the proteins were extracted. A sufficient amount of protein was obtained from 4 out of 10
cases, in which NOTCH1 expression was reduced in cancer (Case #1 to #4). Keratin 5 (K5) was used for standardization. Case #5 is shown as an example of a
non-informative case. (f) cDNA microarray analysis of 41 OSCC and 7 normal control epithelia. Vertical axis corresponds to globally normalized signal
intensity of NOTCH7 mRNA expression. NOTCHT is significantly downregulated in OSCC compared with normal ep!thellum (*P<0.001). Short bars,
expression in each case; long bars, mean; error bars, s.e.
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in Ca9-22 and HFS cells, and also in HeLa cells more strongly
(Figure 3a). To assess the possible correlation between
NOTCH1 and differentiation, we examined the expression of
epithelial markers in these cells (Figure 3b). In normal non-
cornified squamous epithelium, the ‘basal cells express
NOTCH], K15, K19, CDHI, DSG3 and TP63, whereas K16
and K17 expression is weak; and K18 and vimentin are not
expressed (data not shown). HES cells mimicked this
expression pattern. The cancer cell lines showed various
expression patterns, reflecting the diversities in differentiation
states of each cell line (Figure 3b). When we compared the
two cervical cancer cell lines, CaSki expressed more NOTCH1
and exhibited a phenotype more similar to normal epithe-
lium than to HeLa. When we compared the three oral cancer
cell lines, Ca9-22 that expressed a significantly higher level of
NOTCHI than BHY and HSC-3 exhibited the phenotype
very similar to normal epithelium. When the cells were cul-
tured at a high density, HFS and Ca9-22 cells spontaneously
differentiated, showing scattered cells positive for K13, a
keratin in terminally differentiated keratinocytes (Figure 3c).

The other cancer cells showed little potential to express K13..

These results suggest that NOTCH]1 expression may associate
with differentiation of non-cornified epithelium. Cervical
cancer cells, which do not fit into this hypothesis, will be
discussed in the Discussion section.

As Ca9-22 mimicked well the phenotype of normal epi-
thelium, and Ca9-22 cells were easily transfected, we thought
that they served as a good cell model for assessing differ-
entiation. Accordingly, we examined the effects of Notch
signaling in Ca9-22 cells. We treated Ca9-22 cells with
gamma-secretase inhibitor (DAPT), which blocks the Notch
signaling, and examined K13, K15 and K17 expression after
72h. These keratins are. expressed Variably in physiological
and pathological conditions, and represent distinct cellular
states; K13 represents keratinocytes under terminal differ-
entiation, K15 represents basal cells and K17 represents
activated keratinocytes such as those appearing in regenerative
epithelium and cancer. DAPT treatment led to reduced

expression of a putative downstream target of Notch signal-
ing, HES1, and K13 expression, whereas K15 and K17 levels
were largely unchanged (Figure 3d), suggesting that Notch
signaling is necessary for terminal differentiation. Next the
cells were transfected with various constructs (Figure 3e).
Constitutively, active Notchl (NICD) upregulated HES1 and
suppressed K13, suggesting that sustained, high-level Notch
signaling inhibits terminal differentiation. Knockdown of
NOTCHI by siRNA led to a decrease of HEY1, another pu-
tative target of Notch signaling, K13 and K15, and an increase
of K17. Rbpjm, which is a mutant Rbpj with a single amino-

“acid replacement (R218H), and dnDI, which is a deletion

mutant of DIlI, are both known to pose a dominant-negative
effect on Notch signaling. Both constructs led to a decrease of
HEY1 and an increase of K13. These results indicate that
proper expression of NOTCHI and its signaling are necessary
for terminal differentiation, and either the absence of its
signaling or its untimely activation results in abnormal dif-
ferentiation. It should be noted that the phenotype observed
in NOTCH1 knockdown differed from that in the autono-
mous inhibition of Notch signaling.

We examined the correlation of TP63, a transcription
factor that regulates keratinocyte differentiation, with
NOTCH!. Among different isoforms, the most abundant TA-
and AN-isoforms were examined. In uterine cervical cells,
TP63(AN) acts as a transcriptional repressor of NOTCHI,
which results in maintenance of self-renewing capacity.”®
In Ca9-22 cells; transfection of TP63(AN) only slightly
decreased NOTCH1 expression and TP63(TA) did not have
a significant effect on NOTCHI1. Both TP63(TA) and
TP63(AN) decreased K13 expression (Figure 3f). NICD
overexpression and NOTCHI knockdown both led to
downregulation of TP63(AN) and K13 (Figure 3g). These
results indicate that TP63(AN) inhibits differentiation par-
tially by repressing NOTCH1 expression, whereas Notch
signaling also mediates TP63(AN) expression.

To further investigate the contribution of Notch signaling
in regulation of keratin subtype expression, we conducted

>

Figure 3 NOTCH1 regulates keratin expression. (a) Expression of NOTCH1, NOTCH2 and NOTCHS3 in cervical cancer cell lines (Hela, CaSki), oral cancer cell
lines (BHY, Ca9-22, HSC-3) and primary human foreskin (HFS) cells, as revealed by western blot. All the antibodies recognize anepitope in the intracellular
domain. Most proteins were detected as a furin-cleaved form containing the transmembrane and intracellular domains. A small amount of full-length
protein was also detected. Gamma-secretase-cleaved C-terminal fragment (NICD) was not observed in NOTCH1 and NOTCHS3 blots. (b) Expression of various
keratins (K), vimentin (Vim), E-cadherin (Cdh1), desmoglein 3 (Dsg3) and TP63 in various cells, as revealed by western blot. As the full-length NOTCH1 was
observed at a much weaker intensity and. in proportion to the intensity of the 120kDa protein, only the 120kDa protein of NOTCH1 is shown. (¢) K13
expression in Ca9-22 and HFS cells cultured at a high density. Immunofluorostaining was conducted using the secondary antibody labeled by Alexafluor
488. The nuclei were counterstained by DAPL K13-expressing cells appear in a scattered manner. Hela, CaSki, BHY and HSC-3 showed no K13 expression. (d)
Ca9-22 cells were treated with only DMSO or 2.5 uM DAPT at 80% confluency and were cultured for 72 h. An equal amount of protein was subjected to
western blot analysis for keratins (K), HES1, HEY1 and B-tublin (8Tub). (e) Ca9-22 cells were transfected at 30% confluency with an empty plasmid (Ctr),
NICD, dominant-negative RBPJ (R218H, RBPJm), dominant-negative DII1 (dnDI) or siRNA for NOTCH1 (siNT) and were cultured for 72 h. (f} Ca9-22 cells were
transfected with TP63(TA) or TP63(4N) and were incubated for 72 h. Western blot analysis revealed the endogenous expression of TP63 (AN), but not TP63
(TA). NOTCH1 was only slightly downregulated by TP63 (AN). K13 was downregulated both by TP63 (TA) and TP63 (AN). (g) Ca9-22 cells were transfected
with NICD or siRNA for NOTCH1 and were incubated for 72 h. Both NICD and siN7 downregulated TP63 and K13. (h) Luciferase reporter assay for human
KRT13, KRT15 and KRT17 promoters. The promoter construct plus of 0.1 ug and 0.1 ug of the Notch1 construct and 0.01 ug of the Renilla luciferase
standardization plasmid (pEF-RL). Transfections were done into GE-1 cells on 48-well plates and the luciferase activity was measured 48 h after transfection
using Dual-Luciferase Reporter Assay System (Promega). The error bars denote standard errors. rlu; relative luciferase unit.
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promoter analysis of the keratin genes using GE-1 cells that
were established from normal mouse gingival epithelium. We
co-transfected the cells with Notchl, NICD or NECD, and the
luciferase reporter constructs for KRT13, KRT15 or KRT17
promoters. NECD is a membrane-tethered Notchl extra-
cellular domain whose intracellular domain was replaced by
AcGFP. Notchl increased the KRT13 promoter activity while
NICD decreased it. NECD decreased the KRT15 promoter

Notch1 in squamous neoplasms
K Sakamoto et a/

activity and slightly increased the KRT17 promoter activity
(Figure 3h). These results suggest that NOTCH]1-expressing
cells have more potential to differentiate, but Notch signaling
itself autonomously inhibits differentiation and directs the
cell to maintain basal-cell phenotype.

Next we examined the effect of NOTCHI knockdown in
normal epithelial cells using the primary HFS cells. The
knockdown efficiency was more than 90% as revealed by
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western blot analysis (Figure 4a). NOTCH]I knockdown sig-
nificantly suppressed the expression of HEYI, whereas HESI
showed only slight (20%) reduction, as revealed by real-time
PCR (Figure 4b, real-time PCR data are not shown). Cell
proliferation was not altered by NOTCHI knockdown (data
not shown). The total amount of keratin protein was un-
changed, and vimentin was not induced by NOTCHI

knockdown (Figure 4c). NOTCHI knockdown led to
downregulation of K13 and K15, and upregulation of K17.
Immunocytostaining using the anti-K13 antibody revealed
that NOTCHI knockdown resulted in a decrease both of the
staining intensity in individual cells and of the number of
stained cells (Figure 4d). The expression of CDH1 (E-cad-
herin), DSG3 (desmoglein 3) and TP63 was not significantly
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Figure 4 Notch1 knockdown in primary foreskin (HFS) cells results in immature epithelium. (a) Efficiency of NOTCHT knockdown. HFS cells were transfected
with negative control siRNA (siCtr)) or siRNA for NOTCHT (siN1) were incubated for 7 days and subjected to western blot analysis. (b) Effect of NOTCH1
knockdown on the target genes. Real-time RT-PCR revealed that HEYT was almost completely suppressed, whereas HEST was downregulated only by 20%
(data not shown). The post-real-time PCR samples were diluted and amplified for an additional two cycles in order to make them visible on gel
electrophoresis. Thus this figure actually shows conventional RT-PCR. (¢) The effect of NOTCH1 knockdown on the expression of keratinocyte differentiation
markers, K, keratin; Vim, vimentin; pank, pan-keratin; Cdh1, E-cadherin; Dsg3, desmoglein 3; No exp, no expression. (d) Expression of K13 in HFS cells
transfected with siCtrl or siN1 7 days after transfection, revealed by immunofluorostaining. The fluorescence intensity in the individual cells and the number
of positively stained cells decreased in the siN1-transfected cells. (e) Vertical sections of three-dimensionally cultured HFS cell layers, stained with
hematoxylin and eosin. Cells were transfected and seeded in Millicell culture inserts and cultured for 10 days.

»

Figure 5 Immunohistochemical expression of NOTCH1, K13, K15 and K17 in squamous neoplasms. (@) In this OIN case, the lesion shows concomitant
downregulation of NOTCH1, K13 and K15, with complimentarily induced expression of K17. Scale bar, 0.5 mm. (b) In this CIN case showing condylomatous
proliferation, the level of NOTCH1 expression in the individual cells is retained, and basaloid cells expressing NOTCH1 and K15 expand in the whole layer.
K17 induction is faint. Scale bar, 0.5 mm. () Schematic summary of the immunohistochemical expression of NOTCH1 and K13 in various squamous
neoplasms. Each group of the lesions is plotted by the average scores of NOTCH1 and K13 expression. OIN, oral intraepithelial neoplasm; OSCC, squamous
cell carcinoma of the oral cavity; ESCC, squamous cell carcinoma of the esophagus; CIN, cervical intraepithelial neoplasm; CSCC, squamous cell carcinoma of
the cervix.
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Figure 6 Correlation of NOTCH1 and KRT13, KRT15 or KRT17 expression. cDNA microarray analysis of 41 OSCC and 7 normal controls. Globally normalized
hybridization intensity data of each sample were scatterplotted. The filled circles represent normal controls and the crosses represent OSCC cases. The
blank circle represents the mean of the normal controls. The large cross represents the mean of OSCC. The error bars represent standard errors.

altered (Figure 4c). In a three-dimensional culture, the
NOTCHI-knockdown cells formed a stratified epithelium
that exhibited a thickened cell layer and a disarray of strati-
fication (Figure 4e), which are reminiscent of the histological
features of precancer. These results suggest that reduced
NOTCH1 expression results in conversion from a differ-
entiated epithelium to an immature or hyperplastic epithe-
lium represented by K17 expression.

Correlation Between NOTCH1 and Keratin Subtype
Expression in Tissue

To validate the results obtained by cell culture experiments,
we immunohistochemically examined the keratin expression
in cancer and precancer of oral mucosa, esophagus and
uterine cervix. NOTCH1 and K13 were concomitantly
downregulated along with downregulation of K15 and up-
regulation of K17 in most oral and esophageal lesions (Figure
5a). In cervical lesions, a similar tendency was observed.
However, there were also cases with considerably retained
NOTCH1 expression, and NOTCH1-retained lesions showed
a different keratin pattern, namely, K15-positive basaloid cell
expansion with minimum induction of K17 (Figure 5b). We
scored the K13 expression either as being at level 2 (un-
affected, almost uniform expression), level 1 (apparent
downregulation but patchy expression remaining) or level 0
(almost complete loss of expression), and analyzed the cor-
relation of these three expression levels with the NOTCH1
scores. Loss of K13 expression was observed in accordance
with NOTCH1 downregulation (Figure 5c¢). The average
scores of K13 and NOTCHI decreased in accordance with the
grades of OIN and CIN, although the high-grade lesions
(OIN2, OIN3, CIN3) showed scores similar to those-of OSCC
or CSCC (Figure 5c), indicating that these precancers and
cancers in each site are essentially the same lesions in the
context of NOTCH1 and K13 expression. The cervical
lesions, especially low-grade CIN, tended to show more
NOTCH! and KI3 expression. Correlation between
NOTCH!1 expression and keratin expression was further
assessed in oral cancers using microarray data. Scatter plots
revealed that the downregulation of NOTCH1 in cancer

698

correlated with downregulation of K13 and K15, and upre-
gulation of K17 (Figure 6).

Asymmetric Activation of NOTCH1

In tissue, NOTCH1 was dominantly observed on the cell
membrane, and nuclear staining was rarely seen. To gain an
insight into when and how NOTCHL is activated, its cellular
localization was further investigated in HFS cells. NOTCH1
was detected on the cell membrane of culture cells, showing
accumulation at the cell-cell interface (Figure 7a). No
NOTCHI accumulation was observed on the free surfaces.
Western blot analysis, using cleaved NOTCH1-specific anti-
body, failed to detect activated NOTCHI1 (data not shown),
probably due to low expression. Still, immunostaining
showed distinct nuclear expression of activated NOTCHI,
but only in a very few (<1%) cells (Figure 7b). This suggests
that NOTCHI protein is tethered to the cell membrane and is
dormant in most cells, and that it is activated only in a
limited population or on infrequent occasions. We further
assessed nuclear translocation of NOTCHI. As the en-
dogenous level of NOTCHI expression was not sufficient for
clear visualization, we overexpressed Notchl by transfection
and examined cellular localization of the protein. Again, cells
whose nuclei were positive for Notchl were rare but
were definitely observed. Interestingly, nuclear localization
of Notchl was occasionally observed in one of two neigh-
boring cells, which appeared as postmitotic daughter cells
(Figure 7c). '

DISCUSSION .
We demonstrated that NOTCH] is expressed predominantly

" in the basal cells of normal squamous epithelium. Contrary

to our findings, previous reports had documented the ex-
pression in both basal and suprabasal layers of the skin®*'
and in the uterine cervix,'>® as well as in the suprabasal layer
of the cornea,®® but we believe the present study correctly
demonstrates the basal-cell dominant NOTCHI expression
in-human squamous epithelium and its neoplasms. The most
prominent feature that supports the validity of our im-
munohistochemical examination is the sharp demarcation of
NOTCH1 expression that matched to the border between
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