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Statistical analysis

All data in the tables and figures are expressed as the
mean + standard error of the mean (SEM). Statistical
analysis was carried out using Static Analysis System
(SAS) software. The significance of difference was deter-
mined using the Dunnett multiple test (in the intermittent
treatment group or the continuous treatment group for
comparison between C-CON and C40-PTH or C280-PTH)
and the Student’s ¢ test (in the continuous treatment group
for comparison between C-CON and C40-PTH or in the
continuous-withdrawal treatment group). A p value of
<0.05 was considered significant.

Results

Effects of various PTH treatment regimens on serum
calcium

Because a critical adverse effect of PTH treatment is the
induction of hypercalcemia, we first determined the
appropriate PTH-treatment regimens that do not induce
hypercalcemic action. As shown in Fig. |, intermittent PTH
injections both once a week (Ix1-PTH) and 3 times a week
(Ix3-PTH) did not induce any increase in serum calcium
levels, as compared with those of control rats (I-CON). In
contrast, continuous PTH treatment with a high dose of
PTH (280 pg/kg/week; C280-PTH) significantly increased
the serum calcium levels from day 1 to day 7 during the
treatment, resulting in hypercalcemia (defined as a serum
calcium level greater than 10.5 mg/dl). Continuous PTH
treatment with a dose of 40 pg/kg/week (C40-PTH) tran-
siently increased the serum calcium level only on day 2, as
compared with that in control rats, though it was within the
normocalcemic range (8.4-10.4 mg/dl). Similarly, contin-
uous PTH treatment for 24 h followed by withdrawal of
PTH treatment for 6 days (PTH-WD) increased the serum
calcium level only on day 1, but this level was also within
the normocalcemic range. Thus, among the PTH treatment
regimens described above, a high-dose continuous PTH
treatment (C280-PTH) induced apparent hypercalcemia
during PTH treatment. We therefore excluded this group
from further investigations of bone status.

Effects of various PTH treatment regimens on BMD

Table 2 summarizes the BMD of the entire femur and the
proximal, diaphyseal, and distal parts of the femur. Inter-
mittent PTH treatment for 4 weeks with 1 injection per
week (Ix 1-PTH) produced no significant differences in the
BMD at each part of the bones measured, but the inter-
mittent PTH treatment for the same period with 3 injections
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Fig. 1 Serum total calcium in rats treated with intermittent PTH (a),
continuous PTH (b), and continuous PTH withdrawal (c). a Solid
triangles indicate the days of PTH injections, and open triangles
indicate the days of vehicle injections. b, ¢ The treatment periods are
indicated as black bars. Values are represented as mean + SEM
(n =5). % < 0.05 vs. C-CON, "p < 0.05 vs. CON-WD

per week (Ix3-PTH) significantly increased the BMD of
the entire femur and the diaphyseal and distal parts of the
femur, as compared with that in the corresponding control
rats (I-CON). Continuous treatment with PTH (C40-PTH)
for 4 weeks significantly decreased the BMD of the entire
femur and the proximal region of the femur, as compared
with that in the corresponding control rats (C-CON). In
contrast, repetitive treatments for 4 weeks with continuous
PTH infusion for 24 h followed by withdrawal for 6 days
(PTH-WD) significantly increased the BMD in the
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Table 2 Bone mineral density of femurs in rats treated with various PTH treatment protocols

Whole (mg/cm?)

Proximal (mg/cmz)

Diaphysis (mg/cm?) Distal (mg/cm?)

[-CON 1144 £ 1.4 113.8 + 1.8
Ix1-PTH 118.6 + 1.7 116.1 + 1.8
Ix3-PTH 1217 £ 2.6 119.2 £ 2.7
C-CON 1175 + 1.2 117.2 + 1.1
C40-PTH 112.1 + 1.4° 110.8 + 1.5°
CON-WD 1144 £ 20 119 +15
PTH-WD 1184 £ 1.5 1187 £ 1.7

1054 £ 1.5 1230+ 1.2
109.8 £ 2.3 1287 £ 2.2
112.3 £ 1.8° 1319 + 3.4°
109.7 £ 1.9 1284 + 3.8
1045 £ 2.1 1199 £ 19
1064 £ 1.3 1234 + 3.4
109.2 £ 1.7 1262 £ 1.5

Values are expressed as mean £ SEM (n = 6). Comparisons of data were performed using Dunnett’s test (I-CON, Ix 1-PTH, and Ix3-PTH) and

the unpaired ¢ test (C-CON and C40-PTH; CON-WD and PTH-WD)

Significance is indicated by: “p < 0.05, Ix3-PTH vs. I-CON; ®p < 0.05, C40-PTH vs. C-CON; and °p < 0.05 PTH-WD vs. CON-WD group

proximal region by 6.0%, as compared with that in the
control group (CON-WD).

puCT analysis of cortical bone

Both intermittent PTH treatments, i.e., Ix1-PTH and Ix3-

PTH, slightly increased the cortical thickness, but this

increase was not significantly different from that observed

in the control group (I-CON; Fig. 2). C40-PTH induced no

apparent changes in cortical thickness, as compared with

those in the control rats (C-CON; Fig. 2). PTH-WD sig-
nificantly increased the cortical thickness, as compared

with that in the control group (CON-WD; Fig. 2).

Bone histomorphometric analyses for cancellous bone

Figure 3 summarizes the results of bone histomorphomet-
ric analyses at the metaphyseal region of the proximal ti-
biae. Ix1-PTH induced no significant differences in any
parameter, as compared with those in the control rats (I-
CON). However, I x3-PTH increased the values of BV/TV,
Tb.Th, Ob.S/BS, and BFR/BS, as compared with those in
the control rats (I-CON). C40-PTH increased the osteoclast
number (N.Oc¢/BS), but produced no significant differences
in the other parameters. PTH-WD significantly increased
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Fig. 2 Cortical thickness of femoral diaphyses measured by micro-
CT, as described in “Materials and methods.” Values are presented as
mean = SEM (n = 6). °p < 0.05 vs. CON-WD
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the OV/BV, Tb.Th, Ob.S/BS, and BFR/BS, as compared
with those in the control rats (CON-WD). In the PTH-WD
group, a slight but significant decrease in the trabecular
number (Tb.N) was also observed. No apparent increase in
the N.Oc/BS was observed in this group. We found no
significant differences on mineralization lag time (Mit:
O.TYMAR x OS/MS) among each group (Fig. 3). These
data indicate that PTH-WD treatment produces anabolic
effects on trabecular bones by stimulating bone formation,
without the continuously elevated osteoclastic bone
resorption observed in the C40-PTH treatment.

Mechanical properties of the femoral neck

Table 3 summarizes the mechanical properties of the
femoral neck in rats treated with various regimens. Ix3-
PTH and PTH-WD slightly increased the maximum load,
but these values were not significantly different from those
in the control rats. The stiffness of the femoral neck tended
to be less in the C40-PTH and PTH-WD treatment groups
than in each control group. PTH-WD treatment increased
the energy required to fracture by 47%, but this value was
not significantly different from the values ‘of the control
femurs.

Discussion

Various animal experiments have shown that in rats, a
continuous infusion of PTH induced catabolic actions in
bones, resulting in decreased bone mass and hypercalce-
mia. However, intermittent treatment with PTH exerted
anabolic effects by increasing the bone mass in intact and
ovariectomized (OVX) rats and humans [4, 6, 8]. Previous
pharmacokinetic studies have indicated that the duration of
the serum concentration of PTH above the baseline level of
endogenous PTH is a critical factor in regulating such
catabolic and anabolic actions on the bone mass [6, 13].
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Fig. 3 Histomorphometric
indices of trabecular bone in the
proximal metaphyses of tibiae
in rats treated with various
administration regimens for

4 weeks, as described in
“Materials and methods”.
I-CON, intermittent treatment
control; Ix 1-PTH, intermittent
injection of PTH once a week;
Ix3-PTH, intermittent I-
injections of PTH 3 times a '
week; C-CON, continuous
treatment control; C40-PTH,
continuous infusion of PTH for
4 weeks; CON-WD, control for
PTH continuous treatment
followed by PTH withdrawal;
PTH-WD, continuous infusion
of PTH for 24 h followed by
PTH withdrawal for 6 days.
Values are presented as

mean + SEM (n = 6).

3 < 0.05 vs. I-CON, "p < 0.05
vs. C-CON, °p < 0.05 vs.
CON-WD
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Sustained serum concentration of PTH above the baseline
level for more than 6 h per day causes catabolic effects
such as decreased bone mass and hypercalcemia; these
effects are symptoms of hyperparathyroidism [5, 14]. We
showed that the repetition of a continuous infusion of PTH
for 24 h followed by a 6-day withdrawal period (PTH-WD)
induced some anabolic activity in the bone metabolism,
" without causing hypercalcemia. This PTH treatment may
increase the serum PTH level for more than 6 h on the day
of infusion; therefore, a substantial period of withdrawal is
important to induce the anabolic effects of PTH in bone
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metabolism, regardless of continuous treatment with PTH
for 24 h. Interestingly, Ishii et al. [15] reported that inter-
mittent lowering of the serum PTH level exerted “ana-
bolic-like” effects on bone mass in rats with chronic renal
insufficiency. In their study, intermittent lowering of the
serum PTH level increased the trabecular bone thickness,
but not the trabecular number; this finding is similar to that
observed in the rats of the PTH-WD group in our study.
Another study reported that a continuous PTH infusion for
7 days followed by a 21 day withdrawal period increased
the mechanical properties of bones [16]; however, the dose
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Table 3 Mechanical properties of the femoral head in rats treated
with various treatment protocols of PTH for 28 days

Femoral head compression

Maximum Stiffness Energy to

load (N) (N/mm) fracture (N mm)
I-CON 86.7 £ 5.5 264 + 27 19.0 £ 24
Ix1-PTH 829 + 50 194 + 28 234 £ 3.6
Ix3-PTH 96.8 + 2.8 304 + 38 21.0 £ 34
C-CON 85.1 £ 57 205 + 13 17.0 £ 3.0
C40-PTH 73.6 £ 3.1 176 £ 23 19.8 £ 2.7
CON-WD 81.2 + 8.0 273 + 36 214 £ 58
PTH-WD 96.1 £ 7.3 172 + 32 313+ 44

Values are expressed as mean £ SEM (n = 6). No significance was
detected

used in this study (40 pg/kg/day for 7 days) caused tran-
sitional hypercalcemia in our experiment (Fig. 1). These
results indicate that suitable periods of sustained serum
PTH level and PTH withdrawal are important to induce the
anabolic effects of PTH on bone, even after continuous
PTH treatment.

Our study showed that 4 cycles of PTH-WD treatment
as well as Ix3-PTH treatment induced some anabolic
activity in the bone metabolism. Both treatments increased
Tb.Th, Ob.S/BS, and BFR/BS. However, these 2 regimens
also produced some other effects. PTH-WD treatment
significantly increased the OV/BV, but Ix3-PTH treatment
failed to significantly increase it. In contrast, PTH-WD
treatment failed to increase BV/TV, and Ix3-PTH treat-
ment significantly increased it. The Tb.N was maintained
in the Ix3-PTH group at the level of the control group, but
the Tb.N was reduced in the PTH-WD group. This
decrease in the Tb.N in the PTH-WD group may be a cause
of the non-elevated values of BV/TV, which was observed
in the Ix3-PTH group. Further, the dissociation between
increased Tb.Th and decreased Tb.N in the PTH-WD group
will provide important information to understand the action
mechanism of PTH-WD treatment. We speculate that the
decreased Tb.N might be due to transient or acute bone
resorption during continuous PTH treatment for the initial
24 h, though N.Oc/BS was not significantly increased at
the end of PTH-WD treatment. Thereafter, active bone
formation occurred, and it contributed the increased Tb.Th.
Thus, anabolic actions induced by the PTH-WD treatment
on the bone structure seem to be different from those
observed in the intermittent PTH treatment group without
changes in mineralization lag time.

Cortical bone thickness is an important factor that
determines the mechanical characteristics of a femur and
predicts the bone strength and fracture risk in patients with
osteoporosis [17]. Although PTH-WD treatment increased
the cortical thickness, the PTH-WD group had mild
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increases in ultimate force at maximal load without sig-
nificant differences as well as the Ix3-PTH group. The
PTH-WD group showed the increase in energy to fracture,
but it was not significantly different from other groups.
Since PTH-WD treatment failed to induce significant
changes in the mechanical properties, it is necessary to
conduct long-term studies for more than 4 weeks to record
apparent improvements in the mechanical properties.

Continuous PTH treatment as well as intermittent PTH
treatment stimulates bone formation, but the former treat-
ment enhances osteoclastic bone resorption that exceeds
the stimulated bone formation. In the present study, PTH-
WD treatment as well as Ix3-PTH treatment prevented
increases in the N.Oc/BS, whereas prolonged continuous
PTH teatment for 7 days (C40-PTH) significantly
increased the N.Oc/BS. These results suggest that a suit-
able PTH withdrawal period contributes to the induction of
anabolic bone action by preventing overstimulation of
osteoclastic bone resorption. This assumption is supported
by studies that showed that the ratio of the receptor acti-
vator of the nuclear factor kB ligand (RANKL) to osteo-
protegerin (OPG) (RANKL/OPG ratio) and MCP-1
expression, which are known to be the key regulators of
osteoclast differentiation, depend on the exposure time to
PTH [18, 19].

The recommended regimen of recombinant human
PTH(1-34), Forteo, which is a potent FDA-approved drug
for the treatment of osteoporosis, is once a day by self-
administered injections. The compliance of patients with
this treatment is moderate because of high cost and adverse
effects such as pain at the injection site [9, 20, 21]. To
overcome these problems, several researchers have
attempted the use of less- or noninvasive and inexpensive
delivery systems for PTH [l1, 22, 23], including an
injectable formulation with a low frequency of injection
and an oral delivery system. Balck et al. [24] showed that
daily injections of PTH (1-84) for a month followed by
weekly injections of PTH (1-84) for 11 months increased
the vertebral BMD in patients with osteoporosis; this
suggests that less frequent PTH injections can be used as an
anabolic therapeutic regimen. One of the hurdles in oral
administration appears to be the attainment of pulsatile
PTH plasma concentrations, which induce anabolic effects
in the bone. In the present study, we showed that the rep-
etition of 24-h continuous infusions of PTH followed by 6-
day withdrawal periods induced anabolic effects in the
bone. Another critical issue that should be considered
carefully is the induction of hypercalcemia by PTH
administration. Horwitz et al. [25] revealed that continuous
infusion of PTH for 23 h did not induce severe hypercal-
cemia in healthy human volunteers. Our results indicated
that continuous PTH infusion for 24 h slightly increased
the serum calcium level, which remained lower than the
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hypercalcemic level on day 1, and the normocalcemic level
was regained from day 2. Since the serum calcium level
after the oral administration of PTH will return to normal
level within 24 h, oral administration followed by PTH
withdrawal will be a potential therapeutic regimen of PTH
treatment that can induce anabolic effects in the bone
without inducing hypercalcemia.

It is essential to determine the suitable intervals of PTH
exposure and withdrawal in order to establish a therapeutic
regimen for PTH treatment. Katz et al. [26] reported that in
9- to 13-week-old male rats, the resorption and formation
periods are 2.1 days and 14.4 days, respectively, and these
periods are prolonged in older rats and humans; therefore,
the bone turnover period, expressed as the activation fre-
quency or bone remodeling unit, is a critical factor in
determining suitable treatment periods. In addition, this
study raised the possibility that variable regimens of PTH
treatment regulate osteoclastic bone resorption and osteo-
blastic bone formation. Further studies on the doses of PTH
and the durations of PTH exposure and withdrawal are
required to determine a suitable regimen that induces more
effective anabolic action of PTH on the bone structure.
Since a recent study demonstrated that PTH predominantly
affected preosteoblastic proliferation rather than osteo-
blastic bone synthesis, the effects of PTH-WD treatment on
proliferation of preosteoblastic cells will be of particular
interest for understanding the mechanism underlying such
PTH treatment [27].
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Abstract

Aims:

This study aimed to identify relevant keratin subtypes that may associate with the pathogenesis of
oral epithelial neoplasms. '

Methods and results:

Expression of all the keratin subtypes was examined by cDNA microarray analysis of 43 oral
squamous cell carcinoma (OSCC) cases. Expression of the major keratins was further examined by
immunohistochemical staining of 100 OSCC and oral epithelial dysplasia (OED) cases. Many
changes in keratin expression were observed, and significantly, consistent downregulation of keratin
4 (K4) and K13 expression was also observed. Aberrant expression of K4 and K13 was associated
with changes of the affected oral epithelial morphology. Experiments with cell cultures transfected
with various keratin subtypes suggested that alterations in keratin subtype expression can cause
changes in cellular properties such as shape and movement.

Conclusions:

Aberrant expression of K4 and K13, which are the dominant pair of differentiation-related keratins
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in oral keratinocytes, indicates dysregulation of epithelial differentiation in OSCC and OED.

Therefore, these keratins, especially K4, would be useful for pathological diagnosis. We propose

that the aberrant expression of K4 and K13 and concomitant upregulation of the other keratins may

be one of the causative factors for morphological alterations in the affected epithelium.

KEYWORDS

oral mucosa, squamous cell carcinoma, epithelial dysplasia, keratin, keratin 4, keratin 13,

cytokeratin

Introduction
Keratin is an intermediate filament cytoskeletal
protein. The human genome contains 54 genes
encoding functional keratins, of which 37
encode epithelial keratins and 17 encode hair
keratins. Keratins can be divided into acidic
and basic types; both types are coexpressed
during the differentiation of epithelial tissues
and arranged in heterotypic pairs to form chains
of laterally aligned coiled-coil structure.' Since
the composition of keratin pairs varies
depending on cell type, differentiation status
and environment, the assessment of the
distribution of different keratin subtypes can
typing

Moreover, keratin subtyping is useful for

facilitate cell and 1identification.
cancer diagnosis, since cancer cells often
exhibit abnormal keratin expression profiles.'

Several studies have indicated that some
subtypes

downregulated or upregulated in oral squamous

specific  keratin were  either
cell carcinoma (OSCC) and oral epithelial
dysplasia (OED).”"7 However, these studies
have investigated limited numbers of selective
keratin subtypes, and hence, the results of
different studies are often conflicting; this is
probably because of the variations in the
experimental procedures used, including the
use of antibodies. Furthermore, the correlation
in

of each subtype and its significance

pathogenesis has not been fully assessed. In

order to understand the significance of keratin
expression in OSCC and OED, an in-depth
analysis of all the keratin subtypes is required.

In this study, we performed exhaustive keratin
profiling to elucidate the comprehensive
alterations in the expression of keratin subtypes
in OSCC and OED. Many changes in keratin
expression were observed, but the most
remarkable feature observed in OSCC and
OED was the downregulation of keratins 4 and
13 that might be of relevance to both

pathogenesis and diagnosis of these lesions.

Materials and methods

Clinical specimens

The surgical specimens from 43 patients with
OSCC were collected for microarray analysis.
The primary sites of cancer were tongue (18),
gingiva (16), oral floor (5), buccal mucosa (3)
and palate (1). Written informed consent was
obtained from all the patients, and all the
experimental procedures were approved by the
Tokyo Medical and Dental University ethics
committee. In addition, 100 specimens of
OSCC and OED that were large enough to be
sufficiently informative and contained normal
epithelium were collected from the archives of
the Dental Hospital at Tokyo Medical and
Dental University. Grading of OED was
performed according to the generally accepted

criteria.'®



c¢DNA microarray analysis
Cancer cells were isolated by laser capture
microdissection. epithelial cells

adjacent to OSCC were isolated from the

Squamous

specimens of 9 patients as a normal control.

Microarray analyses were performed as

described previously."’

Immunostaining )
Immunostaining was performed according to
the standard protocol. For antigen retrieval, the
sections were placed in TE buffer (10 mM Tris
(pH =9.0) and 1 mM EDTA) and autoclaved at
120 °C for 20 min. The primary antibodies used
in this study were anti-K1 (N-20, Santa Cruz),
K2e (Ks2.342.7.1, Progen), K4 (EP1599Y,
Epitomics), K5 (XM26, Monosan), K6
(LHK6B, Neomarkers), K7 (RN7, Dako), K8
(TS1, Novocastra), K9 (Ks9.70/Ks9.216,
EuroDiagnostica), K10 (DE-K 10, Neomarkers),
K13 (KS-1A3, Novocastra), K14 (LL002,
Abcam), K15 (EPR1614Y, Epitomics), K16
(LLO025, Neomarkers), K17 (E3, Dako), K18
(DC10, Dako), K19 (EP1580Y, Epitomics),
K20 (PWI1, Dako) and hair keratins (AE13,
Santa Cruz). Anti-mouse IgG-Alexafluor 594,
anti-rabbit IgG-Alexafluor 488 (Invitrogen), or
Envision Dual link kit (Dako) was used as the
of the

expression was done by comparing the staining

secondary antibody. Evaluation
in the lesion with that in the normal epithelium

of the same specimen. .

Molecular cloning of keratin genes
Human K4 cDNA (IMAGE: 5453644) was
purchased from Geneservice (Cambridge, UK).
Human K35, K13, K14 and K17 cDNAs were
by

synthesized reverse
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transcriptase-polymerase chain reaction of
RNA obtained from the gingiva of a male
volunteer. K4 and K5 were cloned into
pAcGFP1-C2 (Clontech) and K13, KI4 and
K17 were cloned into pDsRed-Monomer-N1
(Clontech). Dominant negative K4 (dnK4),
lacking the carboxyl terminal region (from
S414 to R594), was the deletion construct of
K4. Details of the cloning procedures will be

provided upon request.

Cell culture

HEK293T, Ca9-22, and U20S cells were
cultured in Dulbecco’s modified Eagle medium
containing 10% fetal calf serum. Transfections
were performed using FuGene6 (Roche
Diagnostics). To assess the effect of different
keratin expression on the cell motility, cells
seeded in a Boyden chamber (pore size 8 um,
BD Falcon) were transfected with mock, K13,
or K17 plasmid, and cell movement assay was

performed as previously described.?’

Results

c¢DNA microarray analysis of OSCC

Expression level of the genes encoding each
keratin subtype was represented as the mean of
the signal intensities of OSCC samples and
control samples (Figure 1A) and the ratios of
the expression level in the OSCC samples to
that in the control samples (Figure 1B). The
genes with a low signal in Figure 1A (for
example, K84) were ignored in evaluating the
ratio in Figure 1B. The results demonstrated
that the expressions of K4, K13, K15, K76
(formerly known as K2b) and K78 (K5b) were
significantly downregulated in the OSCC cells,
while those of K6b, K10, K14, K16, K17 and
K75  (K6hf) The

were  upregulated.



downregulation of K4 or K13 was observed in
most cases (Figure 1C). Although many studies
have reported upregulation of K8 and K18
during oral carcinogenesis $61L16.2L.22 o5CC
cases with elevated expression of K8, KI8
were exceptional and their expression levels
were low compared to those of the other
keratins (data not shown and Figure 1D). In
~ contrast, significant upregulation of K17 was
observed in most cases (Figure 1D).
Identification of the keratins with altered
expression patterns in oral neoplastic lesions
Since the microarray data revealed complex
variations in the expression of the different
keratin subtypes, we attempted to thoroughly

examine their expression patterns at a
histological level. Considering that oral
epithelium  shows  diverse  appearances

depending on the site, we first examined the
keratin expression profile in normal oral
epithelium including tongue, gingiva, buccal
mucosa and oral floor. Keratin expression
profiles were basically the same throughout the
oral cavity K4 and K13 were strongly
expressed in suprabasal cells, whereas in the
basal cells, K5, K14, K15 and K19 were
expressed. K6 and K16 were also expressed
weakly in the suprabasal layer. Parts of the
gingiva, palate and tongue papilla that are sites
of masticatory mucosa showed a different
expression pattern, where K4 and KI3
expression was weakly detected in dispersed
cells and K1 and K10 were expressed instead.
Next we collected 10 cases of OSCC associated
with OED in the tongue, gingiva, buccal
mucosa and oral floor and investigated the
expression of the keratins. A panel of keratin

expression in a representative case is presented
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in the Supporting Information. K4 and KI3
were significantly downregulated or almost
disappeared in OSCC and OED. K17, which
was negative or faintly detected in normal
mucosa, was upregulated in the basal and
suprabasal layer of most cases. K1 and K10
were also considerably upregulated in the
suprabasal layers of more than half of OSCC
and OED cases. K6 and K16 were diffusely
upregulated in OSCC and also in OED of 6
cases. K2 was negative in normal mucosa but
was detected in dispersed cells of 2 cases. K5
and K14 showed no alteration of expression in
the basal cells, while the expression retained in
the suprabasal cells of OED and was detected
in virtually all the OSCC cells. The expression
of K15 and K19 showed various alterations in
OSCC and OED: both were exclusively
in the

epithelium, but the expression frequently

expressed basal cells of normal
disappeared in OED, either completely or in
dispersed cells. In OSCC, K15 and K19 were
either completely negative or were detected
diffusely or in dispersed cells. The summary of
the
schematically
Overall

revealed by microarray array analysis and
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2A..

expression

immunohistochemical  findings

represented in Figure
alteration of keratin

immunohistochemistry is also  depicted
schematically on a genome map (Figure 2B).
These results confirmed the microarray data
and highlighted relevant keratins to distinguish
OED and OSCC from a normal epithelium.
Among these, the downregulation of K4 and
K13 expression in lining mucosa was the most
consistent and apparent. In contrast, expression
of the

case-dependent alterations. K4 and K13 are a

other keratins showed wvarious

dominant and specific pair in suprabasal cells



of oral lining mucosa, and represent their

terminal differentiation. Therefore, we focused

on K4 and KI13 expression in further
experiments.
K4 and KI3 expression is consistently

downregulated in OSCC and OED

To further investigate the expression of K4 and
K13 in OSCC and OED, we performed
immunohistochemical examination of an
additional 90 cases (40 OSCCs and 50 OEDs)
(Figure 3). K4 expression was aberrant in all
cases of OSCC and OED. K13 expression was
aberrant in all cases of OSCC except one case
of very well-differentiated SCC, and in 70%
(35/50) cases of OED. The downregulation of
these proteins was a result of an increase in the
number of cells with complete loss of K4 and
K13 expression, and not a result of reduction of
expression in individual cells. Loss of K4 and
K13 expression usually occurred concomitantly,
but K4(-) cells were often distributed more
broadiy in the lesions compared to K13(-) cells
(Figure 3A, B). This that the
expression of K4 represents the terminal

suggests

differentiation of oral keratinocytes more
strictly than K13, and thus can be used as a
more sensitive indicator for its dysregulation.
In the OSCC lesions, most of the cancer cells‘
were negative for both K4 and K13 expression
(Figure 3A, B, C), although cancer nests with
dispersed K4- and/or K13-positive cells were
occasionally observed (Figure 3A). Using
immunohistochemistry we investigated the
cases in which a considerably retained level of
K4 or/and K13 expression was indicated by the
microarray analysis (marked with ‘+’ or ‘#’
respectively in Figure 1C), and confirmed that
they also showed significant downregulation of

lesions

K Sakamoto et al

K4 and K13. This minor inconsistency between
the the

immunohistochemical was

microarray analysis and
examination
apparently due to the sampling from the lesions
in which K13-positive (and a few K4-positive)
and K13-negative cancer nests coexisted.

In OED, K4 expression was
significantly downregulated in all cases (Figure
3D). Both leukoplakic and erythroplakic
showed aberrant K4 expression,
regardless of the grade of OED (Figure 3C, D).
K13 was also significantly. downregulated in 6
out of 16 cases of mild OED, 19 out of 24 cases

of moderate OED and all the cases of severe

absent or

OED. A prominent feature in this observation
was that aberrant K4 expression was always
observed in a region that exhibited abnormal
morphology (dysplasia) and was not observed
in epithelium with normal appearance. Since
the adjacent epithelium usually showed normal
K4 expression, the borders of K4 expression
were clearly visible. Because of these features,
a dysplastic lesion could be distinguished from
a normal epithelium by examining the K4
expression. At the periphery of the lesion, the
distribution of K4(-) cells could be divided into
2 patterns.

Type 1: In a majority of the cases (38/60), a
definite border between the K4 positive and
negative regions was observed. The border of
K13 expression matched that of K4 expression,
although some K13(+) cells often remained in
the K4(-) region .

histological demarcation between the normal

In this category, a clear

epithelium and OED was visible, and the
histological border coincided with the K4
expression border.

Type 2: In a smaller number of cases (22/60),

there was a gradual increase in the number of



K4(-) cells towards the center of the lesion,
forming a transient zone with a mixed
population of K4-positive and negative cells. In
these cases, no distinct histological border was
visible.

We examined the coexpression of K4 and K13
by
double staining in 10 representative cases of

in individual cells immunofluorescent

OED. In the normal oral mucosa, suprabasal

cells coexpressed both K4 and K13 (Figure 4A).

In cases with Type 1 borders, K4(-)K13(-)
cells were predominantly observed in the lesion
with very few K4(-)K13(+) cells (Figure 4B).
In the cases with Type 2 borders, the transient
zones comprising mixed populations of
K4(+)K13(+), K4(-)K13(-), and K4(—)K13(+)
cells were observed. In addition, a few cells
with K4(+)K13(-) phenotype, which were
never observed in the normal epithelia, were
observed (Figure 4C).

Pathophysiological role of altered keratin
expression

Since the loss of K4 expression was highly
correlated with the presence of OED, we
hypothesized that aberrant expression of K4
and K13, as well as concomitant upregulation
of the other keratins, may be one of the causes
of OED. To check this hypothesis, we
transfected K4, dnK4, and K13 in Ca9-22 cells.
The keratins were tagged with GFP (K4; green)
or RFP (K13, red), allowing direct visualization
DnK4 could form

aggregates with a broad range of keratin

of keratin filaments.

subtypes, causing impaired keratin network
formation (data not shown). Cotransfection of
" cognate keratin subtypes (i.e., K4 and KI3)
resulted in a filamentous arrangement of each

keratin subtype (Figure 5A). In contrast,
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cotransfection of dnK4 with K13 resulted in the
aggregation of both -the keratin subtypes, and
the dnK4-expressing cells decreased in size,
were round, and showed poor adhesion to the
surrounding cells (Figure 5A). These results
implied that the impaired formation of a keratin
network resulted in alteration in cell shape and
attachment. We next investigated whether K4
or K13 is functional in the absence of its
cognate partner. To address this issue, we used
the osteosarcoma cell line U20S because no
keratins were expressed in this cell line (data
not shown). We first transfected U20S cells
with the genes of the following keratin
subtypes: K4, K5, K13, and KI4; we then
examined the distribution of each keratin
subtype. As shown in Figure 5B, basic keratins
(K4 and K5) exhibited a filamentous network,
(K13 and KI14)
exhibited a diffuse distribution and lacked a
filamentous network. This finding suggested
that K13 and K14 were not functional in the
absence of the basic keratins, although K4 and
K5 were the
cytoskeletal network of the U20S cells. These

results suggested that aberrant expression of

whereas acidic Kkeratins

somehow integrated into

only one keratin subtype could cause an
impaired cytoskeletal network. Nevertheless, a
majority of the cells in OED retain relatively
normal cytomorphology in the absence of K4
or K13 expression. We assumed that the other
keratin subtypes that were ectopically induced
could compensate for the loss of K4 or K13. To
check this hypothesis, we cotransfected the
U20S cells with different pairs of these
keratins to investigate the mutual interaction of
each keratin in the cytoskeletal network
formation. Cotransfection with any of the

combinations of keratin subtypes, that is,



K4/K13 (a of
differentiation-related keratins), K5/K14 (a
cognate pair of basal cell keratins), K4/K14 and

cognate pair

K5/K13, resulted in the formation of similar
cytoskeletal network, as observed with the
single-gene transfection of K4 or K5 (Figure
5B). This suggested that K5 and K14 could
compensate for the function of K4 and K13,
respectively, in the cytoskeletal network
formation. Finally, we examined the effect of
keratin subtype expression on cell movement
using a Boyden
K17-transfected

motility compared to mock- or K13-transfected

chamber assay.

cells showed increased
cells (Figure 5C). This result implies that
induction of K17 expression, which occurs in
most cases of OSCC and OED, may lead to
architectural alteration of the epithelium due to
increased cell movement. Taking these results
with  the

demonstrating that the epithelia with aberrant

together in situ observations
K4 or/and K13 expression always exhibited
morphological alterations, we assume that
of

differentiation-related keratins and concomitant

aberrant expression these
upregulation of other keratins may be one of
the causative factors for cytological and
of the affected

architectural alteration

epithelium.

Discussion

We demonstrated that the following features of
K4 and KI3 render them as relevant
biomarkers for OED as well as OSCC: (1)
Distinct expression in individual cells enables
precise and reliable evaluation. (2) They were
consistently downregulated in OSCC and OED.
(3) These keratins are major keratin pairs in the

suprabasal cells of oral epithelium, and thus
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their aberrant expression indicates abnormal
terminal differentiation. Since K4 was more
sensitive and was more broadly downregulated
in the lesion than K13, we think that K4 is the
first choice as a marker for dysregulation of
oral epithelial differentiation. We compared the
expression of K4 with that of Ki67 and TP53,
and found that the usability of K4 was
comparable to or even more sensitive than
these commonly used markers for malignancy
(unpublished data). Combined usage of these
markers for different cellular properties would
facilitate more precise diagnosis.

OEDs are commonly experienced as a white
patch  (leukoplakia)
(erythroplakia). The former could be roughly

divided into two types of lesions in the context

or a red lesion

of their keratin profiles. The one was a
K1(+)K10(+) lesion, in which the expressions
of K4 and K13 were substituted for by their
K1l and KI10,
and the lesion exhibited an

epidermal  counterparts,
respectively,
orthokeratotic appearance. The other was a
K1(-)K10(-) that typically

hyperparakeratosis, although this keratosis was

lesion showed
not achieved by original K4 and K13 pairs, but
by the other upregulated keratins such as K5,
K6, K14, K16 and especially K17. When little
of the
keratins was induced, the lesion led to poor
of the prickled cell
erythroplakic
(unpublished data). These are examples of the

expression differentiation-related

development layer,
exhibiting an appearance
direct correlation between alteration of keratin
expression and changes in the epithelial
morphology. In any case, downregulation of K4
and K13 seemed essential since we never
observed the other keratins upregulation in the

presence of normal expression of K4 and K13.



Missense mutations in either K4 and K73 genes
can cause white sponge nevus (WSN).2
Furthermore, K4 knockout mice show the
cellular phenotype that resembles epithelial
dysplasia in humans, including hyperkeratosis,
atypical
Although commonly experienced OED usually
somewhat different histological
that of WSN the

K4-knockout mice, these imply that aberrant

nuclei, and cell degeneration.®’
showed

features from and
expression of K4 or K13 may possibly lead to
of the affected

epithelium. In fact, we demonstrated that

morphological . change

regions with aberrant K4 and K13 expression
highly
morphology,

altered
the

formation of a histological border with a

coincided with epithelial

including concurrent
K4-expression border. Cell culture experiments
suggest that aberrant keratin expression and

impaired cytoskeletal network formation could

cause changes in cell shape. However, this may -

not be a dominant factor for alteration of the
whole epithelial morphology, because other
keratins are wusually induced so as to
compensate for the absence of the original
keratins expression. Rather, increased cell
motility represented by K6, K16 and K17
expression may associate with architectural
alteration. These keratins are robustly induced
in a hyperproliferative epithelium after injury,
and their presence correlates with changes in
the morphology of epithelial cells at the wound
edge.?® Forced expression of K16 in progenitor
skin keratinocytes directly impacts properties
such as adhesion and migration.”” Furthermore,
our results demonstrated that forced expression
of K17 led to increased cell migration.
Altogether, we assume that alteration of keratin

subtype expression is one of the factors that
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underlie  cytological and  architectural
alterations observed in OED and OSCC. If so,
keratin profiling is not only a practical but also
a rational aid for pathological diagnosis.

The upstream factors that initiate changes in
keratin subtype expression in the oral mucosa
We

several

are currently unknown.

immunohistochemically  examined
factors that reportedly regulate keratinocyte
differentiation, such as p63, FoxN1, AKT, ERK,
FAK and integrins, but none showed a
correlation with K4 and K13 expression (data
not shown). A high correlation between K4 and
K13 expression patterns suggests the presence
of a common mechanism to regulate their
transcription, but little sequence homology was
found in their promoter regions (data not
shown). The well-coordinated regulation of
multiple keratin expression may be associated
with the unique genome organization of keratin
genes. Basic and acidic keratin genes, except
K18 (which locates on /2¢g back to back with
K8), are tandemly aligned on /2g and [7g,
respectively, and this genomic organization is
Our

comprehensive keratin profiling revealed that

evolutionary well-conserved.
each of the upregulated and downregulated
keratins in OSCC and OED was seemingly
clustered on the genome (Figure 2B). This
implicated that the epigenetic status of keratin
loci may be important for the selective
expression of specific repertoires of keratins. In
this sense, analysis of methylation states in the
keratin loci would be an interesting future
project for understanding the coordinated
expression of different keratin subtypes.

In conclusion, our study demonstrated that
aberrant expression of K4 and K13, which are
in  oral

differentiation-related  keratins



keratinocytes, was the most essential feature
observed in OSCC and OED.
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Figure 1. cDNA microarray analysis of oral squamous cell carcinoma (OSCC). A) The expressions of
each keratin subtype in 43 OSCC samples and 9 normal control samples are represented as the
mean of the fluorescent signal intensity. Numerals in the horizontal axis denote the keratin
subtypes. K1-K8 and K71-K80 are basic epithelial keratins. K9-K27 are acidic epithelial keratins.
K31-K40 are acidic hair keratins and K81-K86 are basic hair keratins. Expressions of pseudogenes
were omitted. B) The expression levels are represented as the ratios of the mean expression in
OSCC to that in the normal samples. Error bars denote standard errors. Numerals denote the
keratin subtypes. The vertical axis is logarithmic. C) The K4 and K13 signal intensities of each OSCC
that arose in tongue (t), gingiva (g), oral floor (f), buccal mucosa (b) and palate (p). Nine samples
to the right are the normal control samples. Crosses denote the cases with considerably retained
expression of K13 but not K4. Sharps denote the cases with considerably retained expression of
both K4 and K13. D) The K17 and K18 signal intensities of each case.
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Figure 2A. Schematic illustration of keratin expression profile in the normal oral mucosa, oral
epithelial dysplasia (OED) and oral squamous cell carcinoma (OSCC). The epithelium is divided into
two compartments - the basal and the suprabasal compartments - and the expression is
represented by a 3-grade evaluation. The black shading (strong expression) represents that the
expression was observed strongly in virtually ail cells in the positive case. The white shading (no
expression) represents that the expression was almost completely negative in all the cases. The
dotted shading (weak expression) represents that the expression was detected weakly or partially.
Number of the cases with an altered expression pattern is also shown.
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Figure 2B. Schematic illustration of the keratin loci, also showing keratins upregulated (upward
arrow) or downregulated (downward arrow) in OSCC and OED. Only major epithelial keratins and
keratins that exhibited significant change of expression are depicted. The sizes of the genes are not
reproduced in the figure.
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