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Expression patterns of high-mobility group genes
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The high-mobility group (Hmg) superfamily comprises three nuclear protein families, Hmga, Hmgb and
Hmgn, which regulate cell proliferation and transcription of several genes during development. However, there
are only few reports on the expression of Hmg genes in developing teeth. The aim of this study was to examine
the expression pattern of the Hmg genes, including Hmgal, Hmga2, Hmgbl, Hmgb2 and Hmgnl in developing
teeth at the cap stage.

The expression pattern of the Hmg genes, including Hmgal, Hmga2, Hmgbl, Hmgb2 and Hmgnl was
examined in developing mouse teeth at the cap stage by in situ hybridization assay.

The strong expression of Hmgal, Hmga2, Hmgbl and Hmgnl was detected in the dental epithelium
except in the enamel knot. We found a positional match among the Hmg gene expression, non-Hmg gene
expression and cell proliferation. The most prominent cell proliferation in the lingual dental epithelium
where the expression of Hmg genes overlapped the most; the total number of non-Hmg genes expressed
was higher in the non-enamel knot than in the enamel knot.

These results suggest the possible roles of Hmg proteins in regulating epithelial cell proliferation and

transcription of other genes during tooth development.
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Introduction Hmgb and Hmgn, participates in different cellular
Each of the three nuclear protein families in the functions by modulating chromatin dynamics [1].

high-mobility group (HMG) superfamily, Hmga,  Hmgal~~ mice show cardiac hypertrophy and type 2
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diabetes [2, 3], and Hmga2" mice show the pygmy

"~ and Hmgb2~ mice do not

phenotype [4]. Hmgbl~
show significant morphological defects [5, 6], but the
development arrests at E9.5 in Hmgbl™~; Hmgh2™"
mice and Hmgbl ~; Hmgh2"" mice exhibit a loss of
the most posterior digit in the forelimb [7]. Hmgnl ™~
mice exhibit abnormalities in the development of
corneal epithelium [8].

Although Hmga is a family with no transcrip-
tional activity, this family is able to positively or neg-
atively regulate the transcriptional activity of several
genes by modulating the chromatin structure with
other transcription machinery [9-11]. The expression
level of Hmgal and Hmga? is the highest during em-
bryonic development but reduces in fully differentiat-
ed cells [12]. Homozygous mutations in both Hmgal
and Hmga?2 result in the ‘superpygmy’ phenotype,
suggesting a role of Hmgal and Hmga2 in cell prolif-
eration during development [13].

Hmgbl and Hmgb?2 are ubiquitously and high-
ly expressed during development, suggesting their
essential roles in embryonic development [6, 14].
Hmgb proteins regulate numerous activities, such as
transcription, replication and repair, through interac-
tions with nucleosome and transcription factors [15-
18] by bending DNA and binding preferentially to the
structurally distorted DNA [19].

Proteins in the Hmgn family are highly specific
transcription modulators of several genes; they act by
affecting the local or global chromatin composition
and structure through protein—protein interactions
with specific transcription factors [20, 21].

A tooth is an organ that develops through a series
of processes, such as cell proliferation and differen-

tiation. Thus, it is expected that Hmg superfamily
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genes participate in tooth development. However,
there are few reports on the expression of Hmga?2
and Amgb! in teeth. In the dental tissues that have
already developed, Hmga2/HMGA?2 protein local-
izes in cervical loop epithelial cells of rat incisors at
post-natal day (PN) 4 and PN 8 [22] and in pulp cells
of human deciduous teeth [23]. The localization of
HMGBI protein was reported in adult human gin-
gival epithelial cells and gingival fibroblasts [24].
Among developing tissues, the Hmga2 mRNA ex-
pression has been reported in the dental epithelium of
tooth germs at the bud, cap and bell stages [25], and
Hmgb1 protein expression was particularly high in
ameloblasts and odontoblasts at regions of mineral-
ization [26].

Thus, information on the expression of Hmg su-
perfamily genes during tooth development is relative-
ly limited. Therefore, in the present study, we exam-
ined the expression pattern of Hmg genes, including
Hmgal, Hmga2, Hmgbl, Hmgb2 and Hmgnl, in the
developing tooth at the cap stage and compared their
expression patterns with those of the expression of
non-Hmg genes and cell proliferation in order to find
the possible roles of Hmg proteins in regulating the

cell proliferation and transcription of other genes.

Materials and methods

Animals

All animal experiments in this study were ap-
proved by the Yonsei University College of Dentistry,
Intramural Animal Use and Care Committee. Embry-
os at E (embryonic day) 14.5 ICR mice (Koatech Co,

Pyeongtaek, Korea) were used in this study.
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Whole mount in situ hybridization

Mandibles and maxillae were isolated from
E14.5 embryos and fixed overnight in 4% parafor-
maldehyde and dehydrated in methanol. Hybridiza-
tions were performed as described previously [27].
on these embryos with digoxigenin-labelled cRNA
probes in hybridization buffer for 20 hours at 69°C.
Hybridization signals were detected by alkaline-phos-
phatase-conjugated anti-digoxigenin antibodies
plus nitro blue tetrazolium chloride and 5-bromo-4-
chloro-3-indolyl phosphate, toluidine salt substrate
(Roche, Mannheim, Germany). Tissue samples were
embedded in OCT compound (Tissue Tek”, Sakura
Finetek, Tokyo, Japan), and sectioned at a thickness

of 8 um.

Immunohistochemistry for cell proliferation
Slides with 6 pm paraffin-embedded sections
were incubated in antibody against Ki67 (Thermo
Fisher Scientific) and incubated with secondary
antibody and streptavidin peroxidase. Results were
visualized using a DAB substrate kit (Thermo Fisher

Scientific).

Gene expression pattern analysis

To identify the expression patterns of previously
reported genes in the dental epithelium of molars at
the cap stage, we selected genes from ‘Gene expres-
sion in tooth” (http://bite-it.helsinki.fi) [28], which
provides large data of gene expression during tooth
development. The selected genes were classified into
three groups: a group of genes expressed only in
the enamel knot region, a group of genes expressed
only in the dental epithelium except for the enamel

knot (non-enamel knot region), and a group of genes
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expressed in both enamel knot and non-enamel knot

regions.

Results

Hmgal, Hmga2, Hmgbl, Hmgb2 and Hmgnl were
expressed in various developing organs in the oral
cavity

The mRNA expression patterns of Hmgal, Hmga?2,
Hmgbl, Hmgb2 and Hmgnl were observed in the de-
veloping palatal rugae, tongue papillae, incisors, molars
and whiskers of mouse embryos at E14.5 (Fig. 1).

In the palate, all five genes were expressed. Inter-
estingly, Hmga2 and Hmgb2 were expressed on palatal
rugae (Fig. 1B, D), while Hmgal and Hmgnl were
expressed between palatal rugae (Fig. 1A, E). Hmgbl
was weakly expressed in palatal rugae (Fig. 1C).

Hmgal, Hmga2, Hmgbl and Hmgb2 were ex-
pressed in the tongue papillac. Hmgal was expressed
only in the circumvallate papillae and foliate papillae
(Fig. 1F), and Hmga2 and Hmgb2 were expressed
only in the fungiform papillae (Fig. 1G, I). Hmgbl
was not expressed in the fungiform papillac but was
weakly expressed in the circumvallate and foliate
papillae (Fig. 1H). Hmgnl was not observed in
tongue papillae. In addition, expressions of all five
Hmg genes were observed in developing whiskers at
E14.5.

Hmgal, Hmga2, Hmgbl and Hmgnl were
strongly expressed in the developing molars of max-
illaec and mandibles, whereas Hmgh2 was weakly
expressed in molars (Fig. 1F-H). Hmgal, Hmga?2,
Hmgbl, Hmgb2 and Hmgnl were expressed in inci-

sors in the maxilla and mandible.
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-
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Fig. 1. Expression patterns of Hmga1, Hmga2, Hmgb1, Hmgb2 and Hmgn1 in various organs in the oral cavity of E14.5
mouse embryos. (A—E) In maxillary molars (black arrows) and incisors (white arrows), Hmga1, Hmga2, Hmgb1, Hmgb2
and Hmgn1 are expressed. Hmga2 and Hmgb2 are expressed in palatal rugae (black arrowheads in B and D), while
Hmga1 and Hmgb1 are expressed between palatal rugae (white arrowheads in A and E). Whiskers (*) show the expres-
sion of all five genes. (F-J) Hmga1, Hmga2, Hmgb1, Hmgbh2 and Hmgn1 are expressed in mandibular molars. Among
tongue papillae, fungiform papillae (blue arrowheads in G and |) express Hmga2 and Hmgb2; circumvallate papilla (red
arrowheads in F and H) expresses Hmga1 and Hmgb1; and foliate papillae (yellow arrowheads in F) express Hmga1.

Scale bar: 500 pm

Hmgal, Hmga2, Hmgbl and Hmgnl were ex-
pressed in the dental epithelium except in the
enamel knot

At E14.5 in the frontal section of the maxillary
and mandibular first molars, Hmgal, Hmga2, Hmgbl
and Hmgnl were strongly expressed in the dental ep-
ithelium rather than in the dental mesenchyme (Fig.
2). However, Hmgbh?2 expression was not observed
anywhere in the dental epithelium or the dental mes-
enchyme (Fig. 2D, I).

On examining the expressions in the dental
epithelium in higher detail, two evidently common
features were found. The first common feature was

that Hmgal, Hmga2, Hmgbl and Hmgnl were not
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expressed in the enamel knot (Fig. 2A-C, E, F-H, J),
which is known as the signaling center of developing
tooth [29]. The second feature was that there was an
unbalanced expression pattern of Hmga2, Hmgbl
and Hmgnl in the dental epithelium. Hmga?2, and
Hmgbl were more strongly expressed in the lingual
dental epithelium than in the buccal dental epitheli-
um, whereas Hmgal was expressed uniformly in the
dental epithelium (Fig. 2A, F). The imbalance was
particularly severe in the Hmga?2 expression (Fig. 2B,
D). This unbalanced expression of Hmga2 was repro-
duced in the developing incisors of the maxilla and
mandible at E14.5 (Fig. 3A-B).

In the dental mesenchyme, Hmgnl expression
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was observed adjacent to the dental lamina in the
mandible (Fig. 2J), and Hmga2 and Hmgnl were ex-
pressed weakly in the dental follicles (Fig. 2B, G, E).

In the oral epithelium, Hmga?2 and Hmgb2 were

strongly expressed in the lingual oral epithelium in

Mandible

Maxilla

rr—

=
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maxillary molars (Fig. 2B, D). Interestingly, in the
buccal oral epithelium of the mandibular molar, the
basal layer strongly expressed Hmgal, whereas sur-
face layer cells strongly expressed Hmga?2 (Fig. 2F,
G).

Fig. 2. Expression patterns of Hmga1, Hmga2, Hmgb1,
Hmgb2 and Hmgn1 in molars of E14.5 mouse embryos.
(A-J) In the frontal section of maxillary and mandibular
molars, dental epithelium (de) shows the expression of
Hmga1, Hmga2, Hmgb1 and Hmgn1 (A-C, E, F-H, J)
but not of Hmgb2 (D, I). Oral epithelium (oe) expresses
Hmga2 and Hmgb2 (yellow arrowheads in B, D, G, ). In
the buccal oral epithelium of the mandibular molar, the
basal layer strongly express Hmga1, whereas surface
layer cells strongly expresses Hmga2 (red arrowheads
in F, G). None of five genes are expressed in the enamel
knot (ek in A-J). Hmga2 and Hmgb1 are more strongly
expressed in the lingual dental epithelium than in the buc-
cal dental epithelium (* in B-C, G-H), whereas Hmga1
and Hmgn1 are expressed uniformly in the dental epi-
thelium (A, E, F, J). The dental mesenchyme shows the
expression of Hmga2 and Hmgn1 not in the dental papilla
(dp) but in the dental follicle (df in B, E, G). Scale bar: 100
pm

Cell proliferation was the most prominent where
the expression of Hmg superfamily gene over-
lapped the most

To summarize the Hmg genes expressing in each
part of the dental epithelium of E14.5 mandibular
molar, the expression patterns of Hmg genes were
superimposed on a schematic (Fig. 3C). The dental
epithelium generally expressed several Hmg genes.
Among them, the lingual dental epithelium expressed
the largest number of Hmg genes, including Hmgal,

Hmga2, Hmgbl and Hmgn2.
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Q)

Incisor’at E14.5

Molar at E14.5

Fig. 3. Expression patterns of HmgaZ2 in incisors and the
localization of proliferating cells in molars at E14.5. (A-B)
The expression of HmgaZ2 is more pronounced in the lin-
gual dental epithelium (* in A, B) than in the buccal dental
epithelium in the developing incisors of maxilla (Mx) and
mandible (Mn). (C) A schematic summarizing the patterns
of Hmg genes expressing in the dental epithelium of
E14.5 mandibular molar. (D) The Ki67-positive proliferat-
ing cells generally observed in the oral epithelium (oe),
dental epithelium (de), dental papilla (dp) and dental folli-
cle (df) but not in the enamel knot (ek). The lingual dental
epithelium (*), where the expression of Hmg genes over-
lapped the most, shows a high Ki67-positivity. Scale bars:
100 ym

The fact that Hmg genes were not expressed
in the enamel knot, where cell division is absent,
led us to investigate the positional match between
cell proliferation and the expression of Hmg genes.
Ki67-positive proliferating cells were generally
found in the non-enamel knot, dental papilla and den-
tal follicle of developing teeth, but not in the enamel
knot. Furthermore, the highest immunoreactivity for
anti-Ki67 antibody was found in the lingual dental
epithelium, where the expression of Hmg genes over-

lapped the most.
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The number of genes expressed in the dental ep-
ithelium except for the enamel knot was greater
than the number of genes expressed in the enamel
knot

Since Hmg proteins, which are known to regu-
late the transcription of many genes, were expressed
in the non-enamel knot region, we investigated the
expression patterns of the previously reported genes
in the enamel knot or non-enamel knot regions. Con-
sequently, 132 genes expressed in the dental epitheli-
um of molars at the cap stage were extracted from the
‘Gene expression in tooth’ website [28]. These genes
were rearranged according to whether they were ex-
pressed in the enamel knot and/or non-enamel knot
regions (Table 1). Among them, the number of genes
expressed only in the enamel knot was 19, and the
number of genes expressed only in the non-enamel
knot was 57. The remaining 56 genes were expressed
in both enamel knot and non-enamel knot regions.
The enamel knot cells expressed 10 signaling mole-
cules, whereas the non-enamel knot cells expressed

13 signaling molecules.

Discussion

The expression of Hmgal, Hmga2, Hmgbl, Hmgb2
and Hmgnl in various developing organs

It has been reported that Hmgal, Hmga2,
Hmgbl, Hmgb2 and Hmgnl are ubiquitously and
highly expressed in embryonic cells and play an
important role in development [3, 6, 12, 14, 30-33].
Consistent with this, in the present study, Hmgal,
Hmga?2, Hmgbl, Hmgb2 and Hmgnl were expressed

in various developing organs, such as palatal rugae,
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Table 1. Genes expressed in the enamel knot and/or the non-enamel knot of the dental epithelium in molar at cap

stage (extracted from http://bite-it.helsinki.fi)

EK only (n =19)

non-EK only (n = 58)

EK & non-EK (n = 57)

Axin2, Bmp2, Bmp4,
Bmp7, Cdknla, Ctgf,
Edar, Edaradd, Fgf3,
Fgf4, Fgf9, Jarid1b,
Ndrl, Nfkbia, Shh,
Slitl, Wntl0a, Wnt10b,
Wnt3
Wnt4, Wnt5a, Wnt7b

Alcam, Bpagl, Cd44, Cdhl, Chuk, Coll, Co-
13al, Crabpl, Creb3l1, DIxS5, Dsg, Eda, EGFR,
Egrl, ErbB3, Fgf2, Fgfrl, Fgfr2, Fst, Fus, Glil,
Gli3, Hspg?2, Itga6, Jagl, Krt13, Krt7, Lamc2,
Lfng, Mdk, Met, Mlarp, Ngfr, Nmyc1, Notchl,
Notch2, Ntf3, Ntf5, Ntrk2, Oazl, Odc, Pcdha,

Pcdhga, Ptchl, Reln, Runx1, Smo, Sostdcl,

Sp6, Spryl, Spry4, Tgtb3, Timp3, Tjpl, Tjp2,

Axinl, Btrc, Cdh3, Ctnnbl, DIx2, Fadd, Fas,
Fbinl, Fgfl, Gfral, Hes1, Ikbkg, Isl1, Itgav,
Itgb1, Itgb4, Itgbs, Jag2, Jup, Krt18, Krt19,
Krt5, Krt8, Lama3, Lama5, Lamb3, Lefl,
MFz6, Mmp14, Mmp2, Mmp9, Msx2, Ngf,
Nrp2, Pace4, Pitx2, Ptch2, Rara, Robol, Rorl,
Ror2, Rxra, Rxrb, Sdcl, Sema3c, Sema3f,
Spry2, Tgfbl, Tnfrsf19, Tnfsf6, Trafl, Traf2,
Traf3, Traf4, Traf6, Vim, Wnt6

tongue papillae, incisors, molars and whiskers, at
E14.5. Just as whiskers expressed all five genes, ex-
pressions of some genes overlapped among some or-
gans in the oral cavity. However, there were no genes
whose expression patterns were exactly the same.
For example, the expression patterns of Hmga2 and
Hmgb?2 were similar in both palatal rugae and fungi-

form papillae but were different in molars.

Positional identity between cell proliferation and
Hmg gene expression in developing teeth

A close relationship between cell proliferation
and Hmg proteins has been previously reported in
many types of cells and tumor tissues. HMGA1 is
enriched in hematopoietic stem cells [34, 35] and is
up-regulated in medulloblastoma and gastric cancer
cells [36, 37]. HMGA2 knockdown suppressed the
proliferation of human lung carcinoma cells, whereas
the ectopic expression of HMGA2 in human adeno-
carcinomic alveolar basal epithelial cells increased
cell proliferation [38]. Hmga2"" and Hmga2™ mice
showed a pygmy phenotype with a decrease in body

size of 60% and 25%, respectively, relative to the

wild-type mice size [4, 39]. HMGA2 expression is
increased in acute myeloid leukemia [40]. Hmgbl
enhances embryonic neural stem cell proliferation
in rats [41], and HMGBI1 overexpression has been
reported in melanoma [42]. Hmgb2 knockdown by
siRNA inhibited cell proliferation in rat hepatocellu-
lar carcinoma cells [43]. In hepatocellular carcinoma,
HMGB?2 was co-localized with a cell proliferation
marker [44]. HMGNI1 promotes both human B cell
proliferation in vitro and B cell acute lymphoblastic
leukemia in vivo [45].

In the present study, we found the same relation-
ship between cell proliferation and Hmg gene ex-
pression in the epithelium of developing teeth at the
cap stage. Among Hmgal, Hmga2, Hmgbl, Hmgb2
and Hmgnl, none were expressed in the enamel knot
where cell division does not occur, whereas cell pro-
liferation was the most prominent where the expres-
sion of Hmg genes overlapped the most.

Among the tumors in the oral cavity, the tumor
most associated with human HMG genes is Oral
squamous cell carcinoma (OSCC), which accounts

for more than 90% of all oral malignancies and
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approximately 40% of head and neck tumors [46].
OSCC is characterized by a high mortality because
of the high incidence of nodal metastasis and high
recurrence rate. HMGA2 and HMGBI proteins
were found to be highly expressed in human OSCC
[47, 48], and the high expression of HMGA?2 and
HMGBI induce the reduced recurrence-free Sur-
vival and poor prognosis of OSCC [49, 50]. On the
other hand, HMGA1 and HMGB2 are known to be
independent of OSCC [51, 52], and the relationship
between HMGN1 and OSCC has not been reported.
Interestingly in the present study, the lingual dental
epithelium, which most strongly shows cell prolifer-
ation, is the only place where expressions of Hmga?2
and Hmgbl overlap. These results suggest that
Hmga2 and Hmgb1 are more closely related to cell
proliferation than other Hmg genes.

In the mesenchyme of developing teeth at the
cap stage, their relationship was not observed. The
active cell proliferation in the dental mesenchyme,
where Hmgal, Hmga2, Hmgbl, Hmgb2 and Hmgnl
genes were either not expressed or weakly expressed,
suggests that mesenchymal cell proliferation may be
regulated by other genes, which should be clarified in

the future.

Possible role of Hmg genes in regulation of many
genes in the non-enamel knot region of developing
tooth

The enamel knot is a signaling center in the
dental epithelium that secretes many signaling mol-
ecules during tooth development [29]. In the present
study, by investigating the expression patterns of
the previously reported genes in the enamel knot

or non-enamel knot regions, we found that both the
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number of signaling molecules secreted and the total
number of genes expressed are significantly higher
in the non-enamel knot than in the enamel knot. This
finding implies that the non-enamel knot is as import-
ant as the enamel knot as a signaling center during
tooth development.

The presence of Hmgal, Hmga2, Hmgbl and
Hmgnl expression in the non-enamel knot, where
more genes are expressed, leaves open the possibility
that the expression of genes in the non-enamel knot
region may be related with Hmg proteins in develop-
ing tooth at the cap stage.

In summary, Hmgal, Hmga2, Hmgbl, Hmgb2
and Hmgnl were expressed in various developing
organs in the oral cavity at E14.5. Hmgal, Hmga2,
Hmgbl and Hmgnl were expressed in the non-enam-
el knot of the dental epithelium. Cell proliferation
was the most prominent where the expression of
Hmg genes overlapped the most. The total number
of genes were significantly higher in the non-enamel
knot than in the enamel knot. This positional match
among the Hmg gene expression, non-Hmg expres-
sion and cell proliferation suggests the possible roles
of Hmg proteins in regulating the epithelial cell pro-
liferation and the transcription of other genes during

tooth development.
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