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Figure 2

Regulation of osteoblast differentiation and Bglap1 expression by Maf in cooperation with Runx2. (A) ALP and alizarin red staining of WT
and Maf- calvarial cells. ALP activity and bone nodule formation were quantitated. (B) Proliferation and apoptosis of WT and Maf”- cal-
varial cells. (C) mRNA expression of osteoblast-specific genes in WT and Maf~- calvarial cells (GeneChip analysis). (D) Bglap? expression
in WT and Maf- calvarial cells cultured with osteogenic medium for 7 days (RNA blot analysis). (E) Schematic of 5 MARE-like sequences
(MARE1-MAREDS) in the regulatory region of Bglap1, and Bglap1-luc variants harboring point mutation(s) in MARE-like sequences. pDHS
and dDHS indicate proximal and distal DNase hypersensitive sites, respectively (23). Arrows indicate the primer set used for ChiP. Numbers
within ovals represent corresponding MARE sequences. Ovals with “X”s indicate sequences without that respective MARE sequence. (F)
Effect of Maf on the Bglap 7-luc variants. (G) Recruitment of Maf to the Bglap7 promoter region containing MARE 1-MARES3. Calvarial cells
cultured with osteogenic medium for 7 days were analyzed by ChiIP. (H) Effect of Runx2 and AP-1 family members on Maf-mediated activa-
tion of 10500c-luc. *P < 0.05; **P < 0.01.
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DNA binding activity of Cebpd, further supporting Maf-mediated
inhibition of the Pparg promoter being independent of Maf bind-
ing to DNA (Supplemental Figure 16C). In addition, AP-1 family
members and Runx2 did not affect Maf-mediated inhibition of the
Pparg promoter (Supplemental Figure 16D). As it has been docu-
mented that Maf and Cebpd commonly use CREB-binding pro-
tein gene (Crebbp) as their crucial transcriptional coactivator (29)
(Supplemental Figure 8), we inferred that competition for the lim-
ited amount of Crebbp accounts for the inhibitory effect of Maf
on the Cebpd activity. As expected, the interaction of Cebpd with
Crebbp was suppressed by the overexpression of Maf (Figure 4F).
Overexpression of Crebbp recovers the Maf-mediated inhibition
of the effect of Cebpd on the Pparg promoter (Figure 4E), lend-
ing support to the notion that Maf inhibits Cebpd activity due to
Crebbp squelching, although this may not be the sole mechanism
underlying Maf inhibition of adipogenesis.

Decreased Maf expression accelerates age-related osteoporosis and fatty
bone marrow. Although the perinatal lethality of Maf~~ mice ren-
ders it difficult to evaluate the development of fatty marrow with
aging, the expression of Pparg in the bone marrow is much higher
in perinatal Maf~~ mice than WT mice (Figure SA), suggesting
that the adipogenesis is enhanced in vivo in the case of Maf defi-
ciency. Haploinsufficiency of Maf did not affect bone formation
in embryos or neonatal mice (Figure 1B and Supplemental Figure
17). At the age of 22 weeks, however, histological analysis revealed
that the bone marrow was filled with adipocytes characterized by
fat vacuoles, and the bone volume was reduced in the Maf*~ mice
(Figure S, B and C, and Table 2). In contrast, no abnormalities in
cartilage were found in the adult or neonatal Maf*~ mice (Supple-
mental Figures 6 and 18). The accelerated fatty marrow formation
was accompanied by a decrease in osteoblast number and bone
formation (Figure 5D), while osteoclastic bone resorption was not
affected in the Maf”~ mice, with the serum calcium and phosphate
levels being normally maintained (Supplemental Figures 19-21).
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Thus, haploinsufficiency of Maf results in enhanced adipogen-
esis and decreased osteogenesis in vivo, which was obvious at an
advanced age, suggesting that the decreasing level of Maf with age
contributes to the age-related switch in mesenchymal cell differen-
tiation into adipocytes rather than osteoblasts.

To determine whether forced expression of Maf in mesenchymal
cells would rescue an aging phenotype of Maf*~ mice, we
overexpressed Maf in calvarial cells by retroviral transfer and trans-
planted them into the femurs of aged mice (Supplemental Figure 22).
Maf*/~ mice transplanted with Maf-transduced calvarial cells had
a higher trabecular bone mass (but not cortical bone mass) and
a decreased number of intramedullary adipocytes compared with
those transplanted with mock-infected calvarial cells (Figure 6A
and Table 3). We observed similar results when we transplanted
Maf-transduced calvarial cells into aged WT mice (Supplemental
Figure 22D). These results indicate that overexpression of Maf
resulted in effective restoration of both an accelerated aging phe-
notype in Maf*~ mice and age-related changes in WT mice.

ROS regulation of Maf expression through Trp53. How is Maf expres-
sion regulated during aging? Since it has been reported that age-
related bone loss is related to an increased expression of the Wnt
inhibitor secreted frizzled-related protein 4 (30) or a decreased
production of soluble factors, such as IGF1, TGFB1, IL-11, and
bone morphogenetic protein 2 (6, 14, 15), we evaluated the effect
of these factors as well as the effect of ROS on Maf expression.
Although none of the soluble factors increased Maf expression in
osteoblast precursor cells (Supplemental Figure 23), treatment
with the hydrogen peroxide led to a marked decrease in Maf expres-
sion, which was restored by the addition of the antioxidant N-ace-
tylcysteine (Figure 6B). These results prompted us to investigate
whether administration of N-acetylcysteine rescue the bone phe-
notype of Maf*/~ mice. As expected, administration of N-acetylcys-
teine led to an increased bone mass and decreased intramedullary
fat in Maf*~ mice (Figure 6, C and D).
October 2010 3459
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Maf inhibition of adipocyte differentiation by suppressing Cebpé/a-mediated induction of Pparg. (A) mRNA expression of adipocyte-specific
genes in WT and Maf~- calvarial cells cultured with osteogenic medium (GeneChip analysis). (B) Adipocyte formation in WT and Maf-- calvarial
cells cultured with osteogenic medium (oil red O staining). (C) Expression of Pparg and Fabp4 in WT and Maf~- calvarial cells cultured with
osteogenic medium (real-time RT-PCR analysis). (D) Effect of Maf overexpression on adipocyte and osteoblast differentiation of C3H10T1/2

cells. Scale bar: 200 um. (E) Effect of Crebbp overexpression on Maf-m
of interaction between Cebps and Crebbp by Maf. *P < 0.05; **P < 0.0

Furthermore, to gain mechanistic insight into the downregulation
of Mafby ROS, we focused on the regulation of Mafby Trp53, which
isreported to be induced by ROS and involved in aging (1,2,31,32).
Indeed, the Maf promoter contains multiple TrpS53 binding sites and
overexpression of Trp53 markedly inhibited the activity of the Maf
promoter (Supplemental Figure 24). In addition, the downregula-
tion of Maf by ROS was markedly attenuared in Trp537~ osteoblasts
(Figure 6B). Although NF-xB is involved in aging (33) and activated
by ROS, Maf expression was not restored by an NF-xB inhibitor
3460
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ediated inhibition of Cebpd activation of the Pparg promoter. (F) Inhibition
i

(Supplemental Figure 25). These results suggest that the oxidative
stress that accumulates with aging mediates, at least in part, the age-
related decrease in Maf expression through TrpS53.

Discussion

The molecular basis for age-related changes in higher organisms
is poorly understood, particularly in the skeletal system. Although
many factors have been suggested to regulate the bifurcation of
osteoblasts and adipocytes, the function of a few factors has been
October 2010

Volume 120 Number 10



No. of adipocytes

0 -

0157

(%)

face

0.1+

*
*

0.054

Bone formation rate
per bone surface
(mm*/mm?fyr)
Mineralized
surface (%)
Mineral apposition
Osteoblast surface

per bone sur

demonstrated by genetic loss-of-function studies (7), and how the
expression level of these factors changes in aging is not well known.
A combination of a genome-wide screening and mouse genetic
studies led us to identify the expression level of Maf to be both
under the influence of aging and a determinant of mesenchymal
cell differentiation into osteoblasts and adipocytes (Figure 6E).

Maf promotes osteoblast differentiation by regulating osteoblast
genes, including Bglapl, in cooperation with Runx2. We propose
that Maf functions as a modulator of bone formation by regulating
the activity of crucial determinants like Runx2. Even in aged mice,
bone marrow cells expressed a normal level of Runx2 (based on the
screening shown in Figure 1A and Supplemental Table 1),butalow
level of Maf expression resulted in a decrease in Runx2-mediated
transcriptional activity. Therefore, Maf is a potential candidate to
help explain the gradual and moderate decrease in bone formation
observed in age-related osteoporosis. We also demonstrated that
Maf inhibited adipocyte differentiation through the downregula-
tion of Pparg expression, thus indicating that Maf regulates the
bifurcation of the mesenchymal cell lineage into osteoblasts and
adipocytes. It is interesting to note that the MAF locus was recently
identified as one of the risk loci for obesity (34).
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Figure 5

Increased adipogenesis in the Maf
deficiency. (A) Expression of Pparg
in the tibia of WT and Maf~- litter-
mates (in situ hybridization). Scale
bar: 100 um. (B) Histological analy-
sis of the bone marrow of 22-week-
old WT and Maf+- female mice
(femur, toluidine blue staining). Yel-
low boxed regions in the top panels
are shown at higher magnification
in the bottom panels. Note that
Maf+- bone marrow is filled with
adipocytes. The number, but not
the size, of adipocytes was signifi-
cantly increased (n = 6). Scale bar:
500 pum (top row); 50 pm (bottom
row). (C) Three-dimensional micro-
computed tomography images of
the femurs of 22-week-old WT and
Maf+- mice. Scale bar: 200 um. (D)
Parameters of osteoblastic bone
formation in the bone morphometric
analysis (n = 6; 22—26 weeks old).
*P <0.05; **P < 0.01.
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Using genetically modified mice, AP-1 superfamily members
Fral, Junb, and AFosb were shown to regulate bone formation
(35-37), but AFosb was the only member that also regulates adi-
pogenesis (19). However, since the adipogenic function of AFosb
depends on a non-cell-autonomous mechanism (38), Maf is the
only AP-1 superfamily member that has a cell-autonomous role
in the regulation of both osteoblast and adipocyte differentia-
tion. Interestingly, Maf also regulated osteoclastogenesis in a cell-
autonomous manner, possibly by modulating NFAT activity (Sup-

Table 2
Skeletal development of 22-week-old Mar+~ mice

WT Maf-
BV/TV (%) 443045 317+ 0.544
Th.N (mm-) 1.90 £0.02 1,54+ 0.144
Tb.Sp (wm) 503.82 + 5.69 623.86 + 51.19
Tb.Th (um) 23.35 + 0.59 20.98 + 0.604

Microcomputed tomography analysis of the femﬁrs of 22-week-old WT
and Maf+- mice. AP < 0.05.
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Figure 6

Aging and Maf-mediated regulation of osteoblastogenesis and adipogenesis. (A) Effect of Maf overexpression in mesenchymal cells on an aging
phenotype of Maf*~ mice. Three-dimensional microcomputed tomography images and histological analysis of the bone marrow (toluidine blue
staining) of Maf+- mice transplanted with Maf-transduced or mock-infected calvarial cells. Scale bar: 200 um (top row); 100 um (bottom row). (B)
Effect of hydrogen peroxide on Maf expression in WT and Trp53-- calvarial osteoblasts (real-time RT-PCR analysis). (C) Effect of N-acetylcys-
teine (NAC) administration on an aging phenotype of Maf+- mice. Three-dimensional microcomputed tomography images (top row) and histology
of the bone marrow (toluidine blue staining, middle and bottom rows) of mice (n = 4). Images in the middle row are shown at higher magnification
in the bottom row. Scale bar: 500 um (top and middle rows); 50 um (bottom row). (D) Microcomputed tomography and histological analysis of
WT and Maf+- mice. (E) A model of Maf-mediated reciprocal regulation of osteoblast and adipocyte differentiation. *P < 0.05; **P < 0.01.
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Table 3
Skeletal development and adipogenesis in Maf+- mice trans-
planted with Maf-transduced and mock-infected calvarial cells

Maf-transduced
calvarial cells

Maock-infected
calvarial cells

BV/TV (%) 4.95+0.77 6.81 £0.574
CVITV (%) 35.06 £ 0.43 35.09 £ 0.71
Adipocytes (mm-?) 97.1+6.6 62.8+6.78

Effect of Maf overexpression in mesenchymal cells on an aging pheno-
type of Maf+- mice (n = 4). CV/TV, cortical bone volumeftotal volume.
AP < 0.05. BP < 0.01.

plemental Figure S, C and E), suggesting that Maf plays a distinct
role in each skeletal cell type.

Since Ppary inhibits the expression of Maf (39), a small reduc-
tion in Maf expression would form a vicious cycle: an increasing
expression of Pparg further inhibits Maf expression, leading to a
severe reduction in Maf. Antidiabetic drugs — such as TZDs, which
activate Ppary — are known to reduce bone mass and increase
fracture risk (12). Interestingly, treatment with rosiglitazone led
to decreased Maf expression (data not shown). This is possibly
because Ppary agonists accelerate this vicious cycle through sup-
pression of Maf expression.

" Mathematical modeling of gene expression is helpful for under-
standing how the gradual reduction of Maf expression leads to a
dramatic change in cell differentiation. Based on this simulation,
if the expression of Maf decreased by more than 60% of the maxi-
mum level, the adipogenic genes became preferentially expressed
(Supplemental Figure 26 and Supplemental Methods). Reduction
of Maf gene expression in neonatal Maf*~ mice was not sufficient
for activation of this switch, as we observed no obvious bone
phenotype in neonatal Maf*/~ mice (Figure 1B and Supplemental
Figure 17). As the level of Maf gradually decreased with age, they
exhibited an osteopenic phenotype with fatty marrow.

Currently, there are few drugs available in the clinic that effec-
tively increase bone formation. The modulation of Maf expression
appears to hold considerable promise as what we believe to be a
novel antiaging therapeutic target in the skeletal system.

Methods

Mice. Maf~- mice were previously generated and described elsewhere (16).
Maf- mice were backcrossed into CS?BL/ 6 mice for more than 9 genera-
tions, unless otherwise described. All mice were born and maintained under
specific pathogen-~free conditions. All animal experiments were performed
with the approval of the Animal Study Committee of Tokyo Medical and
Dental University and conformed to relevant guidelines and laws.

Microcomputed tomography analysis. CT scanning was performed using a
ScanXmate-A100S Scanner (Comscantechno). Three-dimensional micro-
structural image data were reconstructed and structural indices were calcu-
lated using TRI/3D-BON software (RATOC). Bone mineral density (BMD)
was calculated using TRI/3D-BON-BMD-PNTM software (RATOC). Bone
morphometric and BMD analyses were performed at a region 0.8-1.8 mm
above the distal growth plate of the femur in adult mice and using the full-
length femur in postnatal mice; unless otherwise described.

In situ hybridization and immunobistochemical analysis. Embryos and bones
were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned
(S wm). In situ hybridization was performed using *S-labeled Bglap1,
Runx2, and Collal probes as described previously (40). The Pparg probe
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is a 521-bp fragment of the Pparg coding region. Immunohistochemical
analysis was performed using a standard avidin-biotin peroxidase method
(Vector Laboratories), according to the manufacturer’s protocols. Paraffin-
embedded sections were dewaxed, rehydrated, and subjected to an antigen
retrieval procedure. The sections were then blocked with 5% lamb serum
and incubated with the antibody. The antibodies are listed in Supplemen-
tal Table 2. For the proliferation assay, pregnant mice were injected with
BrdU 1 hour before sacrifice. We detected mitotic cells using the BrdU
Staining Kit (Zymed) and detected apoptotic cells by TUNEL staining with
the ApoAlert DNA Fragmentation Kit (Clontech).

Cell cultures. For in vitro osteoblast and adipocyte differentiation, cells
derived from bone marrow or calvaria were cultured with osteogenic medi-
um (50 uM ascorbic acid, 10 nM dexamethasone, and 10 mM B-glycero-
phosphate) or adipogenic medium (0.5 mM 3-isobutyl-1-methylxanthine,
5 pug/ml insulin, and 1 pM dexamethasone), as described previously (20,
41). ALP assay (7 days of culture), alizarin red staining (21 days of cul-
ture), and oil red O staining (10 days of culture) were performed as previ-
ously described (20, 41). We determined the rate of cell,proliferation using
the Cell Proliferation ELISA kit (Roche) and detected apoprotic cells by
TUNEL staining with the MEBSTATIN Apoptosis Kit Direct (MBL). The
method for in vitro osteoclast differentiation was described previously
(42—44)‘ Briefly, bone marrow-, fetal liver-, or spleen-derived cells, cultured
with 10 ng/ml M-CSF (R&D Systems) for 2 days, were used as osteoclast
precursor cells, which were further cultured with 50 ng/ml RANKL (Pepro-
tech) in the presence of 10 ng/ml M-CSF for 3 days. In the coculture system
used to generate osteoclasts, bone marrow cells were cultured with calvarial
cells in the presence of 1 nM 1,25-dihydroxyvitamin Ds (Wako) and 1 uM
prostaglandin E, (Cayman Chemical) for 7 days.

To obtain the stable transformants constitutively expressing Maf the ret-
roviral vectors pMX-HA-Maf-IRES-Puro and pMX-IRES-Puro, as the control,
were introduced into C3H10T1/2 and ST2 donal cells, and the stable trans-
formants were selected with puromycin. To establish the stable transformants
expressing shRNAs targeting Maf, the retroviral vectors pSTREN-shMaf and
PSIREN-shControl were introduced into ST2 clonal cells, and stable trans-
formants were selected with puromycin. For osteoblast and adipocyte differ-
entiation, transformants were cultured under an osteogenic condition (50
UM ascorbic acid, 10 nM dexamethasone, 10 mM B-glycerophosphate, and
100 ng/ml BMP2) and adipogenic condition (0.26 mM 3-isobutyl-1-methyl-
xanthine, 85 nM insulin, and 0.5 pM dexamethasone), respectively.

Transplantation of Maf-transduced calvarial cells. The transplantation experi-
ment was performed as described previously (45) with minor modifications.
Briefly, we used 32-week-old WT and Maf*”~ mice as recipients and newborn
Maf*/~ mice as donors. The mice were obtained from an intercross between
Maf*~ mice, which are backcrossed into C57BL/6 mice for more than 9 gen-
erations. The mice were anesthetized by an injection of somnopentyl into
the peritoneal cavity, and the proximal femur was gently drilled with a dia-
mond-coated burr. Cells were obtained from calvaria derived from newborn
Maf*- mice and transduced with a retroviral vector (pMX-HA-Maf-IRES-
GFP or pMX-IRES-GFP). The Maf-transduced or mock-infecred calvarial
cells were directly injected into the bone marrow cavity through the holein
the femur using a 28-gauge needle (approximately 1 x 10° cells per femur).
The needle was inserted almost to the distal metaphysis. After transplanta-
tion, the drilled hole was filled with bone cement (Fuji Lute, GC). The mice
were analyzed 1 month after transplantation. Microcomputed tomogra-
phy analysis and measurement of fat marrow were performed within 1 mm
above the distal growth plate of the femur.

Administration of N-acetylcysteine. Maf*/~ mice were backcrossed into
CS57BL/6 mice for more than 3 generations. Mice were supplied drinking
water containing 2 mg/ml N-acetylcysteine ad libitum for 14 weeks. At
22 weeks of age, mice were sacrificed and analyzed.
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RNA blot and real-time RT-PCR analyses. Total RNA was extracted with
ISOGEN (Wako) or the RNeasy Lipid Tissue Mini Kit (Qiagen). Total
RNA was blotted and hybridized with [a-32P]dCTP-labeled probes
for Maf, Bglapl, and Gapdh, as described previously (39, 41). Real-time
RT-PCR was performed with a LightCycler (Roche) using SYBR Green
(Toyobo) as described previously (44). The primer sequences are listed
in Supplemental Table 3.

GeneChip analysis. GeneChip analysis, clustering analysis, and GSEA were
performed as described previously (42, 46, 47). Calvarial cells cultured with
osteogenic medium for 0, 7,.and 21 days were analyzed. BMSCs derived from
8- and 32-week-old mice were isolated as described previously (48) with minor
modifications. Briefly, bone marrow cells from each of the mice were isolated
by flushing the femurs and tibiae with c-MEM with 10% FBS, and these cells
were plated on plastic dishes. After 3 days, adherent cells were used. BMSCs
contain a precursor of osteoblasts and adipocytes (data not shown) (49). The
total RNAs extracted from these cells were used for cDNA synthesis by reverse
transcription, followed by synthesis of biotinylated cRNA through in vitro
transcription. After cRNA fragmentation, hybridization with the Mouse
Genome 430 2.0 Array (Affymetrix) was performed as described previously
(42). The main part of the data set was deposited and can be obrained from
the Genome Network Platform (http://genomenetwork.nig.ac.jp/).

ChIP assay. After calvarial cells were cultured with osteogenic medium for
7 days, ChIP assay was performed using the ChIP Assay Kit (Upstate) with
minor modification. The antibodies used are listed in Supplemental Table2.
The primer sequences are listed in Supplemental Table 3.

Retroviral gene transfer. Retroviral vectors pMX-HA-Maf-IRES-GFP
and pMX-HA-Maf-IRES-Puro were constructed by inserting DNA frag-
ments encoding HA and Mafinto pMX-IRES-GFP and pMX-IRES-Puro
(50). Retroviral vectors pSIREN-shMaf and pSIREN-shControl were
constructed by inserting annealed oligonucleotide into RNAi-Ready

pSIREN-RetroQ (BD Biosciences). The oligonucleotide sequences are
listed in Supplemental Table 3. Retroviral packaging was performed by
transfecting the plasmids into Plat-E or Plat-A cells using FuGENE®G as
described previously (50).
Reporter gene assay. The reporter plasmids, Bglap1-luc variants, were con-
“structed from 10500c-luc (41), and mutations in MARE-Iike'sequences
were introduced by PCR. A site-directed mutagenesis performed with
sequential PCR steps was used to engineer the mutated MARE-like
sequences. Two overlapping PCR fragments, each containing the MARE1~
MARES mutation, were generated. The corresponding PCR fragments
were used as templates for the second PCR step. The primer sequences
are listed in Supplemental Table 3. Maf-luc was constructed by subclon-
ing a 2-kb fragment of the 5’ flanking region of the Maf gene into the
pGL3-basic vector (Promega). Luciferase assay was performed in NIH3T3
cells or mouse embryonic fibroblasts (MEFs) established from WT and
Runx27/~ E14 embryos (51). Pparg-luc was constructed by subcloning a
2.2-kb fragment of the §’ flanking region of the Pparg gene (52) into the
pGL3-basic vector, and mutations in MAREs were introduced by PCR.
The primer sequences are listed in Supplemental Table 3: Luciferase assay
was performed in 3T3-L1 cells. The expression'plasmids of Maf, Runx2,
Fos, Fosb, Fosl1, Fosl2, Jun, Junb, Jund, Cebpa, CebpB, Cebpd, Crebbp,
pS0, p65, and TpS3 have been described elsewhere (16, 41, 42, 53-58).
The expression plasmids of AFosb and A2AFosb were constructed from
full-length Fosb ¢cDNA using PCR. The reporter plasmids (pAcpS-luc,
ref. 42, and pNfatcl-luc, ref. 43) were described previously. MEFs and
NIH3T3 and 3T3-L1 cells were transfected using Lipofectamine plus
reagents (Invitrogen). After 30-36 hours, dual luciferase assay was per-
formed according to the manufacturer’s protocols (Promega).

Immunoblot and immunoprecipitation analyses. Immunoblot and immuno-
precipitation analyses were performed as previously described (59). The
3464 The Journal of ClinicalInvestigation
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antibodies used are listed in Supplemental Table 2. For analyzing the
interaction between Maf and Runx2, HA-tagged Maf, HA-tagged N-ter-
minal region of Maf (HA-tagged MafAC), HA-tagged C-terminal region
of Maf (HA-tagged MafAN), HA-tagged Runx2, HA-ragged Runx2AN,
HA-tagged Runx2AC, FLAG-tagged Maf, and FLAG-tagged Runx2 pro-
teins were produced by the in vitro transcription/translation system
(Promega). These proteins were mixed in a binding buffer and incubated
with anti-FLAG antibody-conjugated agarose beads (Sigma-Aldrich).
Recovered proteins were subjected to immunoblot analysis with anti-
FLAG and anti-HA antibodies. For analyzing the interaction among
Maf, Cebpd, and Crebbp, HA-tagged Maf and Cebpd proteins were pro-
duced by the in vitro transcription/translation system. FLAG-tagged
Crebbp proteins were produced by transfecting FLAG-Crebbp expression
plasmids into HEK293T cells using FuGENEG (Roche). These proteins
were mixed and incubated with anti-FLAG antibody-conjugated agarose
beads. Recovered proteins were subjected to immunoblot analysis with
anti-Cebpd, anti-FLAG, and anti-HA antibodies.

Treatment of TrpS3/~ osteoblasts with hydrogen peroxide. Osteoblasts were iso-
lated from the calvaria of newborn mice deficient in Trp53 (accession no.,
CDBO0001K; http://www.cdb.riken.jp/arg/mutant%20mice%20list. html)
(60) and treated with 600 pM hydrogen peroxide. Five days after the treat-
ment, mRNAs were extracted and subjected to real-time PCR analysis.

- EMSA. EMSA was performed as previously described (59). Maf and
Cebpd proteins were produced by the in vitro transcription/translation
system. The CCAAT probe for binding of Cebpd and the MARE probe for

binding of Maf were generated by annealing synthetic oligonucleotides.

The oligonucleotide sequences are listed in Supplemental Table 3. Anti-
bodies against Maf and Cebpd were used for supershift analysis.

ELISA. Soluble osteocalcin levels and TRAP activity in serum were detect-
ed using the mouse osteocalcin EIA kit (Biomedical Technologies Inc.) and
mouse TRAP assay (SBA Sciences), respectively.

Statistics. Statistical analysis was performed using Student’s ¢ test for
comparisons between 2 groups and analysis of variance with Bonferroni
post-hoc test for comparisons among 3 or more groups, unless otherwise
described. All data are expressed as mean * SEM. .
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Down-regulation of keratin 4 and keratin 13 expression in oral squamous cell carcinoma and
epithelial dysplasia: a clue for histopathogenesis

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.
Immunohistochemical expression of the major keratins
was examined in 100 OSCC and oral epithelial dyspla-
sia (OED) cases. Many changes in keratin expression
were observed and, significantly, consistent down-
regulation of keratin 4 (K4) and K13 expression was
observed. Aberrant expression of K4 and K13 was
associated with morphological changes in the affected

oral epithelium. Experiments with cell cultures trans-
fected with various keratin subtypes suggested that
alterations in keratin subtype expression can cause
changes in cell shape and movement.:

Conclusions: Aberrant expression of K4 and K13,
which are the dominant pair of differentiation-related
keratins in oral keratinocytes, indicates dysregulation
of epithelial differentiation in OSCC and OED. These
keratins, especially K4, may be useful for pathological
diagnosis. We propose that the aberrant expression of
K4 and K13 and concomitant up-regulation of the
other keratins may be one of the causative factors for
morphological alterations in the affected epithelium.

Keywords: cytokeratin, epithelial dysplasia, keratin, keratin 4, keratin 13, oral mucosa, squamous cell carcinoma

Abbreviations: EDTA, Tris/ethylenediamine tetraacetic acid; OED, oral epithelial dysplasia; OSCC, oral squamous

cell carcinoma; SCC, squamous cell carcinoma

Introduction

Keratin is an intermediate filament cytoskeletal protein.
The human genome contains 54 genes encoding func-
- tional 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.! Because the composition
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of keratin pairs varies depending on cell type, differen-
tiation status and environment, the assessment of the
distribution of different keratin subtypes can facilitate
cell typing and identificationi. Moreover, keratin subtyp-

ing is useful for cancer diagnosis, as cancer cells often

exhibit abnormal keratin expression profiles.’

Several studies have indicated that some specific
keratin subtypes are either down-regulated or up-
regulated in oral squamous cell carcinoma (OSCC) and
oral epithelial dysplasia (OED).?'” 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 different antibodies. The correla-
tion of each keratin subtype and its significance in
pathogenesis has not been assessed fully.

In this study, we performed exhaustive keratin
profiling to elucidate the comprehensive alterations in
the expression of keratin subtypes in OSCC and OED.

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
(fve), buccal mucosa (three) and palate (one). Written

informed consent was obtained from all the patients,

and all the experimental procedures were approved by
the Tokyo Medical and Dental University ethics com-
mittee. In addition, 100 specimens of OSCC and OED
that were large enough to be sufficiently informative
and containéd 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.'®

CDNA MICROARRAY ANALYSIS

Cancer- cells were isolated by laser capture microdis-
section. Squamous epithelial cells adjacent to OSCC
were isolated from the specimens of nine patients as a
normal control. Microarray analyses were performed as
described previously.'® :

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed according to the
standard protocol. For antigen retrieval, the sections
were placed in Tris/ethylenediamine tetraacetic acid
(EDTA) buffer (10 mm Tris (pH = 9.0) and 1 mm EDTA)

and autoclaved at 120°C for 20 min. The primary
antibodies were anti-K1 (N-20;-Santa Cruz, CA, USA),
K2e (Ks2.342.7.1; Progen, Heidelberg, Germany), K4
(EP1599Y; Epitomics, Burlingame, CA, USA), K5
(XM26; Monosan, Uden, Netherlands), K6 (LHK6B;
Neomarkers, Lab Vision, Fremont, CA, USA), K7 (RN7;
Dako, Glostrup, Denmark), K8 (TS1; Novocastra, Leica
Microsystems, Wetzlar, Germany), K9 . (Ks9.70/
Ks9.216; EuroDiagnostica, Malmo, Sweden), K10
(DE-K10; Neomarkers), K13 (KS-1A3; Novocastra),
K14 (LLOO2; Abcam, Cambridge, MA, USA), K15
(EPR1614Y; Epitomics), K16 (LLO25; Neomarkers),
K17 (E3; Dako), K18 (DC10; Dako), K19 (EP1580Y;
Epitomics), K20 (PW1; Dako) and hair keratins (AE13;
Santa Cruz). Antimouse IgG-Alexafluor 594, anti-rabbit
IgG-Alexafluor 488 (Invitrogen, Carlsbad, CA, USA), or
Envision Dual link kit (Dako) was used as the secondary
antibody. Evaluation of the expression was performed by
comparing immunoreactivity 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 K5, K13,
K14 and K17 cDNAs were synthesized by reverse
transcriptase-polymerase chain reaction of RNA ob-
tained from the gingiva of a male volunteer. K4 and K5
were cloned into pAcGFP1-C2 (Clontech, Mountain

~ View, CA, USA) and K13, K14 and K17 were cloned into

pDsRed-Monomer-N1 (Clontech). Dominant negative K4
(dnK4), lacking the carboxyl terminal region (from S414
toR594), 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 Dulb-
ecco’s modified Eagle’s medium containing 10% fetal calf
serum. Transfections were performed using FuGene6
(Roche Diagnostics, Basel, Switzerland BD Falcon,
Franklin Lakes, NJ, USA). To assess the effect of different
keratin expression on the cell motility, cells seeded in a
Boyden chamber (pore size 8 pm; BD Falcon) were trans-
fected with mock, K13 or K17 plasmid, and cell move-
ment assay was performed as described previously.2°

Results
CDNA MICROARRAY ANALYSIS OF OSCC

Expression level of the genes encoding each keratin
subtype was represented as the mean of the signal -

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 531-542.
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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 nine 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. K3 1-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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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 down-regulated signifi-
cantly in the OSCC cells, while those of K6b, K10, K14,
K16, K17 and K75 (K6hf) were up-regulated. The
down-regulation of K4 or K13 was observed in
most cases (Figure 1C). Although many studies have
reported up-regulation of K8 and K18 during oral
carcinogenesis,>¢11:16-2122 0SCC cases with elevated
expression of K8, K18 were exceptional and their
expression levels were low compared to those of the
other keratins (data not shown and Figure 1D). In
contrast, significant up-regulation of K17 was observed
in most cases (Figure 1D).

IDENTIFICATION OF THE KERATINS WITH ALTERED
EXPRESSION PATTERNS IN ORAL NEOPLASTIC
LESIONS

Because the microarray data revealed complex varia-

tions in the expression of the different keratin subtypes,

we examined 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
expressed strongly 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 K13 expression was
weakly detected in dispersed cells and K1 and K10 were
expressed instead. . :

The expression of keratins was investigated in 10
cases of OSCC associated with OED in the tongue,
gingiva, buccal mucosa and oral floor. A panel of
keratin expression in a representative case is presented
in, the Supporting Information. K4 and K13 were
significantly down-regulated or almost disappeared in
0OSCC and OED. K17, which was negative or faintly
detected in normal mucosa, was up-regulated in the
basal and suprabasal layer of most cases. K1 and K10
were also up-regulated considerably in the suprabasal
layers of more than half of OSCC and OED cases. K6
and K16 were up-regulated diffusely in OSCC and also

in OED of six cases. K2 was negative in normal mucosa
but was detected in dispersed cells of two 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 expressed
exclusively in the basal cells of normal epithelium but
the expression frequently 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 immunohistochem-
ical findings are summarised schematically in Fig-
ure 2A. Overall alteration of keratin expression
revealed by microarray array analysis and immuno-
histochemistry is depicted schematically on a genome
map (Figure 2B). These results confirmed the micro-
array data and highlighted relevant keratins to distin-
guish OED and OSCC from a normal epithelium.
Among these, the down-regulation of K4 and K13
expression in lining mucosa was the most consistent. In
contrast, expression of the other keratins showed
various case-dependent alterations. K4 and K13 are a
dominant and specific pair in suprabasal cells of oral
lining mucosa, and represent their terminal differenti-
ation. Therefore, we focused upon K4 and K13
expression in further experiments.

K4 AND K13 EXPRESSION ARE DOWN-REGULATED
CONSISTENTLY IN OSCC AND OED

The immunohistochemical expression of K4 and K13 in
0SCC and OED was investigated in 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 of
50) cases of OED. The down-regulation 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 broadly
in the lesions compared to K13(—) cells (Figure 3A,B).
This suggests that the expression of K4 represents the
terminal 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—C), although cancer
nests with dispersed K4- and/or K13-positive cells were
observed occasionally (Figure 3A). Using immuno-
histochemistry we investigated the cases in which a

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 331-542.
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Figure 2. A, 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 basal and the suprabasal compartments and expression is represented by a
three-grade evaluation. The black shading (strong expression) represents that the expression was observed strongly in virtually all 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. The numbers of cases with an altered expression
pattern is shown. B, Schematic illustration of the keratin loci, also showing keratins up-regulated (upward arrow) or down-regulated (downward
arrow) in OSCC and OED. Only major epithelial keratins and keratins that exhibit significant changes of expression are depicted. The sizes of
the genes are not shown.
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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 down-regulation of K4
and K13. This minor inconsistency between the micro-
array analysis and the immunohistochemical examina-
tion was due apparently 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 absent or significantly
down-regulated in all cases (Figure 3D). Both leu-
coplakic and erythroplakic lesions showed aberrant
K4 expression, regardless of the grade of OED (Fig-
ure 3C,D). K13 was also down-regulated significantly
in six of 16 cases of mild OED, 19 of 24 cases of
moderate OED and all the cases of severe 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. As
the adjacent epithelium usually showed normal K4
expression, the borders of K4 expression were clearly

visible. At the periphery of the lesion, the distribution of

K4(-) cells could be divided into two patterns:

Type 1

In a majority of cases (38 of 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. In this category, a clear

histological demarcation between the normal epithe--

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

Type 2

In a minority of cases (22 of 60), there was a gradual
increase in the number of K4(-) cells towards the centre
of the lesion, forming a transition zone with a mixed
population of K4-positive and K4-negative cells. In these
cases, no distinct histological border was visible.

We examined the coexpression of K4 and K13 in
individual cells by immunofluorescent double staining
in 10 representative cases of 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 observed predominantly in

the lesion with very few K4(-)K13(+) cells (Figure 4B).
In the cases with Type 2 borders, the transition zones
comprised mixed populations of K4(+)K13(+),

‘K4(-)K13(-), and K4(-)K13(+) cells. 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

Because the loss of K4 expression was correlated highly
with the presence of OED, we hypothesized that
aberrant expression of K4 and K13, with concomitant
up-regulation of the other keratins, may be one cause
of OED. To test 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 of keratin filaments. DnK4 could form

aggregates with a broad range of keratin subtypes,

causing impaired keratin network formation (data not
shown). Cotransfection of cognate keratin subtypes (i.e.
K4 and K13) resulted in a filamentous arrangement of
each keratin subtype (Figure 5A). In contrast, cotrans-
fection of dnK4 with K13 resulted in 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 func-

_tional in the absence of its cognate partner using the

osteosarcoma cell line U20S in which no keratins are
expressed (data not shown). We transfected U20S cells

Figure 3. K4 and K13 éxpression in oral squamous cell carcinoma (OSCC) and dysplasia (OED). A, Absence of K4 and K13 expression in
well-differentiated squamous cell carcinoma (SCC) of tongue. Most of the cancer cells are negative for both K4 and K13. Some cancer nests
contain K4(+) or K13(+) cells in a scattered fashion, where K13(+) cells are observed more than K4(+) cells. B, Absence of K4 and K13
expression in early SCC of tongue. The small dysplastic lesion between invasive cancer and normal epitheliumn shows absent K4 expression, and
remaining but down-regulated expression of K13. C, A representative case of buccal SCC associated with epithelial dysplasia (OED) that was
observed clintcally as a mixture of erythroplakia and leucoplakia. High magnification views of selected areas are shown (a—f}. The lesion exhibited
various histological appearances. (a) Invasive squamous cell carcinoma. (b) Hyperparakeratosis and acanthosis with irregularly elongated
rete ridges. (c) Weak keratinization and slightly bulbous rete ridges. (d) Orthokeratinization with minimal architectural and cellular atypia.
(e) Weak keratinization with irregular shapes of rete ridges. (f) The periphery of the lesion, revealed by the expression of K4 and K13 as well as
by histology. On the left, the affected epithelium is thin with little tendency to keratinization. K4 and K13 were down-regulated in all these
lesions (a—f). D. Summary of the immunohistochemistry — a number of cases with distinct down-regulation of K4 or K13 are shown.

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 531-542.
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Merge + DAPI

Figure 4. K4 and K13 expression in epithelial dysplasia (OED) revealed by -immunofluorescent double staining. A, Normal epithelium with
K4(+)K13(+) suprabasal cells. B, Mild OED with K4(~)K13(+) cells at the periphery of the lesion. C, Type 2 border of moderate OED showing a
transition zone with a few K4(+)K13(-) cells (arrows).

with the genes of keratin subtypes: K4, K5, K13 and
K14 and then examined the distribution of each keratin
subtype. As shown in Figure 5B, basic keratins (K4 and
K5) exhibited a filamentous network, whereas acidic
keratins (K13 and K14) exhibited a diffuse distribution
and lacked a filamentous network. This finding sug-
gested that K13 and K14 were not functional in the
absence of the basic keratins, although K4 and K5 were
somehow integrated into the cytoskeletal network of
the U20S cells. These results suggested that aberrant
expression of only one keratin subtype could cause an
impaired cytoskeletal network. Nevertheless, a majority
of the cells in OED retain relatively normal cytomor-
phology in the absence of K4 or K13 expression. We
assumed that the other keratin subtypes that were

induced ectopically could compensate for the loss of
K4 or K13.

To test this hypothesis, we cotransfected the U20S
cells with different pairs of these keratins to investigate
the mutual interaction of each keratin in. the cytoskel-
etal network formation. Cotransfection with any of the
combinations of keratin subtypes, ie. K4/K13 (a
cognate pair of differentiation-related keratins), K5/
K14 (a cognate pair of basal cell keratins), K4/K14
and 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.

@ 2011 Blackwell Publishing Lid. Histopathology. 58, 531-542.
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Figure 5. A, Ca9-22 cells cotransfected with K4 or dominant negative K4 (dnK4) and K1 3, tagged with GFP and RFP, respectively. B, K4 /K14 or
K5/XK13 pairs are incorporated into the cytoskeletal networks similar to K4 /K13 and K5 /K14 pairs. U20S cells were transfected with GFP-K4.
GFP-K5. K13-RFP and K14-RFP at the indicated combination. C, Cell movement assay. HEK29 3T cells were transfected with a mock, K13 or
K17 plasmid. After 24 h, the cells that moved to the external plate were counted. The results are the mean value of a triplicate experiment.

© 2011 Blackwell Publishing Ltd. Histopathology. 58, 531-542.



540 K Sakamoto et al.

Finally, we examined the effect of keratin subtype
expression on cell movement using a Boyden chamber
assay. K17-transfected cells showed increased motility
compared to mock- or K13-transfected cells (Fig-
ure 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 together with the in situ observations,
demonstrating that the epithelia with aberrant K4
or/and K13 expression always exhibited morphologi-
cal alterations, we assume that aberrant expression of
these differentiation-related keratins and. concomitant
up-regulation of other keratins may be one of the
causative factors for cytological and architectural
alteration of the affected epithelium.

Discussion

We have demonstrated that features of K4 and K13
render them as relevant biomarkers for OED and OSCC.
Distinct expression in individual cells enables precise
and reliable evaluation; they are down-regulated con-
sistently in OSCC and OED; and, because these keratins

are major keratin pairs in the suprabasal cells of oral

epithelium, their aberrant expression indicates abnor-
mal terminal differentiation. As K4 was more sensitive
and was down-regulated more broadly in the lesions
than K13, we think that K4 is the first choice as a
marker for dysregulation of oral epithelial differentia-
tion. 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 (K. Sakamoto,
unpublished data). Combined usage of these markers
for different cellular properties would facilitate more
precise diagnosis. ‘

OEDs are experienced commonly as a white patch
(leukoplakia) or a red lesion (erythroplakia). Leukopla-
kia could be divided roughly into two groups on the
basis of their keratin profiles. One was a K1(+)K10(+)
lesion, in which the expressions of K4 and K13 were
substituted for by their epidermal counterparts, K1 and
K10, respectively, and the lesion exhibited an ortho-
keratotic appearance. The other was a K1(-)K10(-)
lesion that typically

K4 and K13 pairs but by the other up-regulated
keratins such as K5, K6, K14, K16, and especially K17.
When little expression of the differentiation-related
keratins was induced, the lesion led to poor develop-
ment of the prickled cell layer, exhibiting an ery-
throplakic appearance (unpublished data). These are

showed hyperparakeratosis, -
although this keratosis was not achieved by original

examples.of the direct correlation between alteration of
keratin expression and changes in the epithelial mor-
phology. In any case, down-regulation of K4 and K13
seemed essential as we never observed the other
keratins up-regulation in the presence of normal
expression of K4 and K13.

Missense mutations in either K4 and K13 genes can
cause white sponge nevus (WSN).>324 Purthermore,
K4 knockout mice show a cellular phenotype that
resembles epithelial dysplasia in humans, including
hyperkeratosis, atypical nuclei and cell degeneration.?”
Although commonly experienced OED usually show
somewhat different histological features from that of
WSN and the K4-knockout mice, these imply that
aberrant expression of K4 or K13 may lead possibly to
morphological change of the affected epithelium. We
have demonstrated that regions with aberrant K4 and
K13 expression coincide with altered epithelial mor-

.- phology, including the concurrent formation of a

histological border with a K4-expression border. Cell
culture experiments suggest that aberrant keratin

expression and impaired formation of a cytoskeletal

network could cause changes in cell shape. This may
not be a dominant factor for alteration of the whole
epithelial morphology, because other keratins are
usually induced in order to compensate for the absence
of the original keratins. Rather, increased cell motility
represented by K6, K16 and K17 expression may
associate with architectural alterations. These keratins
are induced robustly in a hyperproliferative epithelium
after injury, and their presence correlates with changes
in the morphology of epithelial cells at a wound edge.>®
Forced expression of K16 in progenitor skin keratino-

‘cytes impacts directly properties such as adhesion and

migration.27 Our results demonstrate that forced
expression of K17 leads to increased cell migration.
Altogether, we assume that alteration of keratin
subtype expression is one of the factors that 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 are currently

unknown. We examined immunohistochemically
several 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 corre-
lation between K4 and K13 expression patterns
suggests the presence of a common mechanism to
regulate their transcription, but little sequence homol-
ogy was found in their promoter regions (data not

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 531-542. ‘



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 12q back
to back with K8), are aligned tandemly on 12g
and 17g, respectively, and this genomic organization
is evolutionarily well conserved. Qur comprehensive
keratin profiling reveals that each of the up-regulated
and down-regulated keratins in OSCC and OED is
clustered on the genome (Figure 2B). This implies 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 differ-
ent keratin subtypes.

In conclusion, our study demonstrated that aberrant
expression of K4 and K13, which are differentiation-
related keratins in oral keratinocytes, is the most
essential feature observed in OSCC and OED.
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