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ABSTRACT. Before the secretion of hard dental tissues, tooth germs undergo several distinctive
stages of development (dental lamina, bud, cap and bell). Every stage is characterized by specific
proliferation patterns, which is regulated by various morphogens, growth factors and homeodomain
proteins. The role of MSX homeodomain proteins in odontogenesis is rather complex. Expression
domains of genes encoding for murine Msx1/2 during development are observed in tissues containing
highly proliferative progenitor cells. Arrest of tooth development in Msx knockout mice can be
attributed to impaired proliferation of progenitor cells. In MsxI knockout mice, these progenitor cells
start to differentiate prematurely as they strongly express cyclin-dependent kinase inhibitor p19™&4¢,
p19™¥4 induces terminal differentiation of cells by blocking the cell cycle in mitogen-responsive
G1 phase. Direct suppression of p19™*! by Msx1 protein is, therefore, important for maintaining
proliferation of progenitor cells at levels required for the normal progression of tooth development. In
this study, we examined the expression patterns of MSX1, MSX2 and p19™%*¢ in human incisor
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tooth germs during the bud, cap and early bell stages of development. The distribution of expression
domains of p19™¥*! throughout the investigated period indicates that p19™ ¢ plays active role

during human tooth development. Furthermore, comparison of expression domains of pl

9INK4d with

those of MSX1, MSX2 and proliferation markers Ki67, Cyclin A2 and pRb, indicates that MSX-
mediated regulation of proliferation in human tooth germs might not be executed by the mechanism
similar to one described in developing tooth germs of wild-type mouse.
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INTRODUCTION

During the early odontogenic sequence,
tooth germs undergo several histologically dis-
tinctive stages of development starting with
appearance of thickenings of embryonic oral
ectoderm (dental lamina), and progressing
through bud, cap and bell stages before the
secretion of hard dental tissues (i.e., enamel
and dentin) takes place. Every stage of develop-
ment is characterized by a specific spatial pat-
tern of proliferative activity which is tightly
regulated by the differential action of various
morphogens, growth factors and homeodomain
proteins.'” The role of Muscle Segment Home-
odomain proteins 1 and 2 (MSX1/MSX2) in
odontogenesis is rather complex. Msx1 and
Msx2 (murine homologues of human MSX1/2)
are structurally and functionally related tran-
scription factors which generally act as tran-
scriptional suppressors.® This is executed either
directly by DNA-binding via homeodomain to
target gene’s promoter region, or indirectly by
protein-protein interactions with the target gen-
e’s activators (other transcription factors),
which results with formation of inactive com-
plexes between the individual Msxs and activa-
tors rendering the target gene transcription
suppressed.’ It seems that protein-protein inter-
actions might be the main mechanism through
which Msx1 and Msx2 exert transcriptional
suppression in vivo, but the opposite effect of
transcriptional activation is also possible
depending on the context in which these pro-
tein-protein interactions occur.®® The list of
protein interactors with Msxl and Msx2
includes not only homeodomain proteins such
as Pax9, DIx2, DIx5 (which act as transcription
activators), but also certain members of the
four major signaling parthways (Shh, Wnt,

Bmp, Fgf) involved in organogenesis, meaning
that Msx1 and Msx2 can coordinate multiple
signaling cues regulating development of vari-
ous tissues and organs.'*'¢

Analysis of expression domains of genes
encoding for Msx1/2 during odontogenesis
show that these transcription factors are pre-
dominantly present in areas of tooth germ con-
taining highly proliferative mesenchymal and
epithelial progenitor cells. Expression domains
of Msx1/2 completely overlap only during the
dental lamina stage when both genes are
expressed in the mesenchyme underlying the
dental lamina. Subsequently, the expression
domain of Msx2 shifts to epithelial compart-
ment of the tooth germ, whereas Msx/ remains
to be expressed in the underlying dental mesen-
chyme.” "' This occurs in period when, due
to epithelial-to-mesenchymal interactions,
instructive potential for odontogenesis switches
from epithelial part of the tooth germ to dental
mesenchyme, and is therefore reflected by
diverse phenotypes observed in individual Msx
gene knockouts. While tooth development is
arrested early in the dental lamina stage in
Msx1/2 double knockout mice, in Msx/ knock-
out mice tooth development arrests later during
the bud-to-cap transition.'* 2° Similarly, in
humans, loss-of-function mutations of MSX]/
gene are responsible for various forms of non-
syndromic hereditary hypodontia affecting per-
manent dentition.?" ?? On the other hand, Msx2
knockout mice display late tooth phenotype
with severe hypoplastic defects of enamel and
low resistance of all teeth to occlusal forces.*

Various phenotypes seen in individual Msx
gene knockout mice do have a common theme
and that is impaired proliferation of progenitor
cells in developing tissues where these genes
(and the proteins they encode) are normally
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expressed. The arrest of tooth development in
Msx1 knockout mice during the late bud stage
is due to severe reduction of cell proliferation
in dental mesenchyme. Thus, dental mesen-
chyme remains populated by insufficient num-
ber of progenitor mesenchymal cells and is,
therefore, unable to properly condense around
the tooth bud. Expression profiling of progeni-
tor mesenchymal cells revealed that they spe-
cifically started to express differentiation
markers for neuronal cell-lineage, along with
cyclin-dependent kinase inhibitor p19™<4d 24
p19™%4 belongs to a family of INK4 cyclin-
dependent kinase inhibitors (CKI) whose func-
tion is to induce terminal differentiation of cells
by blocking the progression of cell cycle during
the G1 phase.” It does so by binding to cyclin-
dependent kinases 4 and 6 (Cdk4/6) rendering
them unable to form active complexes with D-
type cyclins. Generally, every phase of the cell
cycle is characterized by different set of com-
plexes between cyclins and Cdks responsible
for deactivation of Retinoblastoma protein (Rb)
by phosphorylating it at specific residues in a
step-wise manner, since hypophosphorylated
form of Rb inhibits progression of the cell cycle
and commitment to mitosis.***® While
p19™*4 and other members of INK4 CKlIs
(p15™K4® p16™NK4 and p18™K4Y) are equally
potent inhibitors of the cell cycle, only
p18™K4 and p19™*4 are found to be ubiqui-
tously expressed during organogenesis when
they regulate physiological withdrawal from
the cell cycle and terminal differentiation of
multiple progenitor cell populations.?” *° In
developing tooth germs of wild-type mouse,
Msx 1-mediated suppression of p19™ *! activ-
ity in dental mesenchyme seems to be the key
mechanism by which proliferation of progeni-
tor cells is maintained at levels required for the
normal progression of odontogenic sequence.
According to a recent report, Msx1 exerts that
effect directly by binding to promoter region of
pI9NEH gope 31

In this study, we examined the expression
patterns of MSX1, MSX2 and p19™** in
human incisor tooth germs during the bud, cap
and early bell stages of development. While
MSX1/2 displayed similar expression domains
to those of Msx1/2 in murine tooth germs, they
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also partially overlapped with expression
domain of p19™** throughout the investigated
period. This implies that MSX-mediated regu-
lation of proliferation during the early stages of
human odontogenesis might not be executed by
the mechanism similar to one described in
developing tooth germs of wild-type mouse.

RESULTS

Following the appearance of dental lamina
by the end of the 5 gestational week, tooth
germs undergo histologically distinctive stages
of development (bud, cap and bell). In this
study, the expression patterns of MSXI,
MSX2, pl19™K4 and proliferation markers
Ki67, Cyclin A2, and pRb were investigated in
human incisor tooth germs in period between
7™ and 14™ gestational week by means of sin-
gle and double immunofluorescence.

Expression patterns of p19™ Kid Ki67,
Cyclin A2 and pRb in human incisor tooth
germ during the bud stage and bud-to-cap
transition

In the 7" gestational week, human incisor
tooth germ is in the bud stage of development.
Moderate cytoplasmic expression of p19™K+
can be observed in tooth bud and adjacent strip
of embryonic oral epithelium, whereas very
weak expression of p19™¥4? can be observed
in the region of jaw mesenchyme surrounding
the tooth bud (dental mesenchyme) (Fig. 1, d1-
el, Subset 1). Ki67-positive cell nuclei can be
seen throughout the tooth bud and in the dental
mesenchyme (Fig. 1, bl-c1, Subset 1). Numer-
ous Cyclin A2-positive and pRb-positive cell
nuclei are distributed throughout the dental
mesenchyme, and can also be seen in most of
the tooth bud (Fig. 1, b2-e2, Subset 2).

Bud-to-cap transition occurs between the 8™
and 9™ gestational week. During this period,
central portion of the epithelial part of human
incisor tooth germ is now enclosed by the inner
and outer enamel epithelia (Fig. 1, a4-6). Den-
tal mesenchyme starts to condense under the
inner enamel epithelium designating formation
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FIGURE 1. Expression patterns of Ki67, p19'N%4d_Cyclin A2, phosphorylated Rb, MSX1 and MSX2
in human incisor tooth germs during the bud stage and bud-to-cap stage transition. Expression pat-
terns of p19'N%4d MSX1, MSX2 and proliferation markers Ki67, Cyclin A2 and pRb in human incisor
tooth germ in the bud stage and during the bud-to-cap transition (Magnification: x 40, scale bar:
25 wm); (a1-6) DAPI staining of nuclei (inverted — red color); (b1-6, d1-6) expression patterns of
investigated factors in epithelial and mesenchymal compartments of human incisor tooth germ;
(c1-6, e1-6) merged image doublets of investigated factors’ expression patterns with DAPI; approx-
imation of expression domains for Ki67 and p19'™K4d (Subsets 1, 4), Cyclin A2 and pRb (Subsets 2,
5), MSX1 and MSX2 (Subsets 3, 6), expression domains are displayed in magenta color (expres-
sion intensity range covered — mild to strong). Designations: oral epithelium (oe), dental lamina
(dI), tooth bud (tb), jaw mesenchyme (m), outer enamel epithelium (oee), inner enamel epithelium
(iee), stellate reticulum (sr), stratum intermedium (si), cervical loop (cl), dental papilla (dp).

DAPI-Ki67 | 4] DAPI - p19

DAPI - MSX1 DAPI - MSX2

DAPI - Ki67
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DAPH- MSX2.

DAPI - MSX1.

of dental papilla. Moderate cytoplasmic expres-
sion of p19™ 44 can be observed in the outer
enamel epithelium, at the confluence of inner
and outer enamel epithelium, and also in the
condensing dental mesenchyme (Fig. 1, d4-e4,

Subset 4). Ki67-positive cell nuclei can be seen
in all tissues of the tooth germ (Fig. 1, b4-c4,
Subset 4). Cyclin A2-positive and pRb-positive
cell nuclei are distributed within the p19™K4
expression domain, as well as in the dental
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TABLE 1. Semiquantification analysis of expression of MSX1, MSX2 and p19'N%4? in epithelial and
mesenchymal parts of human incisor tooth germ between 7 and 14 weeks of development.

Tooth germ parts Epithelial Mesenchymal
Age — weeks Factor tb dl iee oee sr cl Si oe dp df m
7 MSX1 + + + +
MSX2  ++  ++ ++ ++
p1oMd by 4 ++ +
8/9 MSX1 + - + + ++  ++ + +
MSX2  ++  + ++ ++ + + - -
ploNk*d 4y 4 ++ ++ + ++ + +
10 MSX1 ) + + - - ++ + ++ + -
MSX2 ) + ++ ++ - + - + - -
prohad - + + e - +++ + ++ - +
11/12 MSX1 + + +++ - +++ e S o
MSX2 + ++ + - ++ + + + +
p1gNKad ++ - ++ o+t - - + + +
14 MSX1 + 4+ + - + ++ 4+ - + ++
MSX2 ++ 4+ - +++ - +
p1g/NKad + - + - ++ + + ++ - +

Legends: tb — tooth bud; dl — dental lamina; iee — inner enamel epithelium; oee — outer enamel epithelium; sr — stellate reticulum; cp — cervi-
cal loop; si — stratum intermedium; oe — oral epithelium; dp — dental papilla; df — dental follicle; m — jaw mesenchyme
Reactivity: — (absent); + (mild); ++ (moderate); +++ (strong); *(absence of tissue/structure in given stage of development).

lamina and jaw mesenchyme (Fig. 1, b5-e5,
Subset 5).

Expression patterns of p19™** Ki67,
Cyclin A2 and pRb in human incisor tooth
germ during the cap stage

In the 10™ gestational week, human incisor
tooth germ is in the early cap stage of develop-
ment. Central portion of the epithelial part of
the tooth germ is comprised of cells which will
form stellate reticulum, whereas the confluence
regions of inner and outer enamel epithelia
define prospective cervical loops. In the mesen-
chymal part of the tooth germ, dental papilla
and dental follicle are now clearly visible
(Fig. 2, al-6). Moderate to strong cytoplasmic
expression of p19™¥4d can be observed in both
prospective cervical loops, sections of outer
enamel epithelium and in significant portion of
dental papilla (Fig. 2, dl-el, Subset 1). Ki67-
positive cell nuclei are numerous in all tissues
of the tooth germ (Fig. 2, bl-cl, Subset 1).
Cyclin A2-positive and pRb-positive cell nuclei
are still distributed within the pl9™&* expres-
sion domain, as well as in the dental follicle and

jaw mesenchyme surrounding the tooth germ
(Fig. 2, b2-e2, Subset 2). As the cap stage pro-
gresses (period of mid-to-late cap stage between
the 11™ and 12" gestational week), expression
domain of p19™** displays dramatic shift in
both epithelial and mesenchymal parts of the
tooth germ. p19™ *! is now expressed mostly
in the stellate reticulum and outer enamel epi-
thelium, whereas only mild expression could be
observed in the outer rim of dental papilla
(Fig. 2, d4-e4, Subset 4). Furthermore, expres-
sion of Cyclin A2 now displays both nuclear
and cytoplasmic. However, the distribution of
Cyclin A2 expression domain (and pRb-positive
cell nuclei) is similar to the one observed in the
10™ gestational week, meaning it is complemen-
tary to the expression domain of pl9™K4
(Fig. 2, b5-e5, Subset 5).

Expression patterns of p19™ Kid Ki67,
Cyclin A2 and pRb in human incisor tooth
germ during the early bell stage

In the 14% gestational week, human incisor
tooth germ is in the early bell stage of develop-
ment. Epithelial part of the tooth germ is now
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FIGURE 2. Expression patterns of Ki67, p19'N%4d_Cyclin A2, phosphorylated Rb, MSX1 and MSX2
in human incisor tooth germs during the cap stage. Expression patterns of p19'™K4d MSX1, MSX2
and proliferation markers Ki67, Cyclin A2 and pRb in human incisor tooth germ during the cap stage
(Magnification: x 20; scale bar: 40 n.m); (a1-6) DAPI staining of nuclei (inverted — red color); (b1-6,
d1-6) expression patterns of investigated factors in epithelial and mesenchymal compartments of
human incisor tooth germ; (c1-6, e1-6) merged image doublets of investigated factors’ expression
patterns with DAPI; approximation of expression domains for Ki67 and p19'K4d (Subsets 1, 4),
Cyclin A2 and pRb (Subsets 2, 5), MSX1 and MSX2 (Subsets 3, 6), expression domains are dis-
palyed in magenta color (expression intensity range covered — mild to strong). Designations: oral
epithelium (oe), dental lamina (dl), tooth bud (tb), jaw mesenchyme (m), outer enamel epithelium
(oee), inner enamel epithelium (iee), stellate reticulum (sr), stratum intermedium (si), cervical loop
(cl), dental papilla (dp).
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defined as the enamel organ and is significantly
enlarged (Fig. 3, al-3). In the central portion of
the enamel organ, stellate reticulum is populated
by loosely distributed cells. Located between
the stellate reticulum and the inner enamel epi-
thelium there are several layers of densely

packed spindle-shaped cells comprising stratum
intermedium. Cervical loops begin to turn down-
wards as they continue to proliferate and enclose
dental papilla. Mild to moderate cytoplasmic
expression of pl9™** can be observed in the
inner enamel epithelium, both cervical loops,
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FIGURE 3. Expression patterns of Ki67, p19'*4d Cyclin A2, phosphorylated Rb, MSX1 and MSX2
in human incisor tooth germs during the early bell stage. Expression patterns of p19'N<4d MSX1,
MSX2 and proliferation markers Ki67, Cyclin A2 and pRb in human incisor tooth germ in the early
bell stage (Magnification: x 10; scale bar: 100 pm); (a1-3) DAPI staining of nuclei (inverted — red
color); (b1-3, d1-3) expression patterns of investigated factors in epithelial and mesenchymal com-
partments of human incisor tooth germ; (c1-3, e1-3) merged image doublets of investigated factors’
expression patterns with DAPI; approximation of expression domains for Ki67 and p19'"N4d (Sub-
set 1), Cyclin A2 and pRb (Subset 2), MSX1 and MSX2 (Subset 3), expression domains are dis-
played in magenta color (expression intensity range covered — moderate to strong). Designations:
oral epithelium (oe), dental lamina (dI), tooth bud (tb), jaw mesenchyme (m), outer enamel epithe-
lium (oee), inner enamel epithelium (iee), stellate reticulum (sr), stratum intermedium (si), cervical
loop (cl), dental papilla (dp).
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Expression patterns of MSX1 and MSX2
in human incisor tooth germ during the
investigated period

sections of the outer enamel epithelia adjacent to
cervical loops and in the outer rim of dental
papilla (Fig. 3, dl-el, Subset 1; Fig. 4, dl-el,
Subset 1). Ki67-positive cell nuclei are present

in all of these tissues, but they can also be seen During the investigated period, expression

in great numbers in the stratum intermedium
(Fig. 3, bl-cl, Subset 1; Fig. 4, bl-cl, Subset
1). Cyclin A2-positive and pRb-positive cell
nuclei are partially distributed within the
p19™K4 expression domain (Fig. 3, b2-e2, Sub-
set 2; Fig. 4, b2-e2, Subset 2). They can also be
observed in the stratum intermedium and dental
lamina. However, the distribution of Cyclin A2-
positive cell nuclei displays somewhat asymmet-
ric pattern in enamel organ when compared with
the distribution of pRb-positive cell nuclei
(Fig. 3, Subset 2).

domains of MSX1 and MSX2 displayed signifi-
cant overlapping. In the bud stage, MSX1 and
MSX2 are moderately expressed in both the
tooth bud and the underlying dental mesen-
chyme with mixed nuclear and cytoplasmic
expression pattern. Nevertheless, MSX1 exhib-
its predominance in the dental mesenchyme, as
opposed to MSX2 which is more expressed in
the epithelial part of the tooth germ (Fig. 1, b3-
e3, Subset 3). During the bud-to-cap transition,
the expression domain of MSX1 extends over
both sides of the -epithelial-mesenchymal
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FIGURE 4. Expression patterns of Ki67, p19'N¥d_Cyclin A2, phosphorylated Rb, MSX1 and MSX2
in human incisor tooth germs during the early bell stage (epithelial-mesenchymal interface and cer-
vical loops). Expression patterns of p19'™K4d MSX1, MSX2 and proliferation markers at the inner
enamel epithelium-dental papilla interface and in cervical loops of human incisor enamel organ in
the early bell stage (Magnification: x 20; scale bar: 40 um); (al-a4) DAPI staining of nuclei
(inverted — red color); (b1-4, d1-4) expression patterns of investigated factors in epithelial and mes-
enchymal compartments of human incisor tooth germ; (c1-4, e1-4) merged image doublets of
investigated factors’ expression patterns with DAPI; approximation of expression domains for Ki67
and p19'™K4d (Subset 1), Cyclin A2 and pRb (Subset 2), MSX1 and MSX2 (Subsets 3, 4), expres-
sion domains are displayed in magenta color (expression intensity range covered — mild to strong).
Designations: oral epithelium (oe), dental lamina (dI), tooth bud (tb), jaw mesenchyme (m), outer
enamel epithelium (oee), inner enamel epithelium (iee), stellate reticulum (sr), stratum intermedium
(si), cervical loop (cl), dental papilla (dp).
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interface, whereas the expression domain of
MSX2 shifts to the epithelial part of the tooth
germ (Fig. 1, b6-e6, Subset 6). Similar distribu-
tion of their expression domains is maintained
during the succeeding cap stage (Fig 2, b6-¢6,
Subset 6). It is intriguing that mid-to-late cap
stage is the only period when expression
domains of both MSX1 and MSX2 do not sig-
nificantly overlap with expression domain of
p19™K4 (Fig. 2, Subset 4, Subset 6). Namely,

MSX1 and MSX2 are expressed in the inner
and outer enamel epithelia where the expres-
sion of p19™ 44 seems to be down-regulated.
However, MSX2 (and not MSX1) displays
nuclear expression pattern in both enamel
organ epithelia at that period (Fig. 2, b6, db6;
Fig. 5). In the early bell stage, MSX1 and
MSX?2 are expressed throughout the inner and
outer enamel epithelia and stratum interme-
dium, but only MSX2 is expressed from both
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sides of the interface between the inner enamel MSX1 in enamel organ does not extend as
and dental papilla at the site of future cusp tip much as the expression domain of MSX2. The
(Fig. 3, b3-e3, Subset 3; Fig. 4, b3-e3, Subset intensity of expression of MSX1 seems to differ
3). Furthermore, the expression domain of in the opposing cervical loops in contrast to

FIGURE 5. Intensity correlation analysis of MSX1, MSX2, p19'K4d and proliferation markers in
human incisor tooth germs during the investigated period. Intensity correlation analysis of MSX1,
MSX2, p19'N%4d and proliferation markers in human incisor tooth germ during bud (row a), bud-to-
cap (row b), cap (row c) and early bell stage (row d) of development; Expression patterns of investi-
gated factors displayed on color scatterplots are split into red (R) (x-axis) and green (G) channels
(y-axis). Yellow color on scatterplots designates positive correlation between the two channels,
meaning that both factors are not only expressed in the same tissue (overlapping expression
domains/co-occurrence), but also in the same cellular compartment (nuclear or cytoplasmic
expression pattern/co-localization). Scatterplots on the left show the type of expression pattern
specifically for each factor (DAPI columns). Intensity correlation between the expression patterns
of pairs of investigated factors is also shown on (columns Ki67/p19; Cyc A2/pRb; MSX1/MSX2).
Note that expression pattern of Ki67, Cyclin A2 and pRb is predominantly nuclear (rows a-d; col-
umns Ki67/DAPI, Cyc A2/DAPI and pRb/DAPI), whereas p19"™%*? and MSX1 display cytoplasmic
expression pattern (rows a-d; columns p19/DAPI and MSX1/DAPI). Similar correlations can be
made for MSX2, except for a shift from cytoplasmic to nuclear expression pattern observed in the
cap stage (row c; column MSX2/DAPI). Positive intensity correlation between the expression pat-
terns of MSX1 and MSX2 can only be seen during the bud (row a; column MSX1/MSX2) and early
bell stage (row d, column MSX1/MSX2). Framed areas (row d; columns p19/DAPI, MSX1/DAPI,
MSX2/DAPI) show correlation bias since p19™K4d MSX1 and MSX2 display perinuclear and/or
cytoplasmic expression patterns during the early bell stage. Correlation bias is due to low magnifi-
cation of merged image doublets (x 10) on which the intensity correlation analysis has been per-
formed. However, positive correlation between the expression patterns of MSX1 and MSX2 in the
early bell stage is valid since both factors have cytoplasmic expression pattern and their expression
domains significantly overlap (row d; column MSX1/MSX2, framed area).

Ki7 (G) /DAPI (R) p19 (G) / DAPI (R) cmz:c]/nm(n)| ‘pr(GHDAP!(R}‘ msx1 (G) / DAPI (R) [l Msx2 (G) / DAPI (R) IR CAOVASCIG) Cv(AZ(G)/pRhiRJ| MSX1 () / MSX2 (R)
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symmetric expression pattern displayed by
MSX2 (Fig. 3, Subset 3; Fig. 4, b4-c4, Subset
4). It should be noted that the expression pat-
terns MSX1 and MSX2 proteins described here
correspond well with the expression patterns of
MSX1 and MSX2 genes in developing human
tooth germs previously reported in other
studies.”” >

DISCUSSION

Despite the fact that Msx proteins are struc-
turally and functionally similar transcriptional
suppressors, much of their biological function
(as well as the effects caused by the loss of that
function) depends upon the molecular context
in which they operate. During murine odonto-
genesis, the expression of Msx1/2 genes is reg-
ulated by reciprocal cues from key signaling
pathways (Wnt, Shh, Fgfs, Bmps) whose activ-
ity and effects are, in turn, modulated by the
action of Msx proteins. In most cases, Msx pro-
teins achieve this through protein-protein inter-
actions with particular members of those
signaling pathways and other homeodomain
proteins, whereas the direct transcriptional
repression of Msx1/2 target genes by DNA-
binding is rarely described in vivo.® ** In devel-
oping tissues, Msx1/2 protein expression is
found specifically in regions populated by
mitotically active progenitor cells.'* >3 Inter-
estingly, a significant fraction of these cells are
kept in prolonged G1 phase of the cell cycle,
which explains why Msx1/2 by themselves
exert no mitogenic effect, but rather function to
keep the progenitor cells in mitogen-responsive
state until the microenvironment conditions are
favorable for completion of cell division.

Based on a previous report about roles of
Msx1 in regulation of proliferation in mouse
tooth germ, it seems that this is done by Msx1-
mediated transcriptional repression of p19™Vk#
gene which encodes p19"™%*! an important
CKI whose expression induces the exit from
the cell cycle at G1 phase in cells destined to
terminally differentiate.®* According to our
findings, the regulation of proliferation in
human tooth germ by MSX1 (human homo-
logue of murine Msx1) might not be conducted
through direct transcriptional repression of
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p19"™V5# gene. Namely, the expression domains

of MSX1, MSX2 and p19™** partially over-
lapped in epithelial and mesenchymal compart-
ment of human tooth germ throughout the
investigated period. On a cellular level, MSX1
displayed predominantly cytoplasmic expres-
sion which implies that, in developing human
tooth germ, MSXI1 probably mediates its
effects most through protein-protein interac-
tions. Since the promoter region of human
p19"™K¥ gene has also been shown to contain
MSX1-binding sites, and since the modes of
action of MSX proteins are highly context-
dependent, we cannot exclude that MSXI-
mediated transcriptional repression of p19™V&#
does not occur in other organs during human
organogenesis as the actual mechanism of regu-
lation of proliferation. For example, we have
observed a clear demarcation of expression
domains of both MSX1 and MSX2 with expres-
sion domain of pl9™¥4? in developing eye
lens, where MSX1 and MSX2 were expressed
in highly proliferative marginal region, while
pl9™*¥4 was expressed in central portion
which contains already differentiating cells
(article in preparation). Recently, MSX1 has
been implicated in tumorigenesis of anterior
lobe of human pituitary gland during which
expression of MSX1 makes dramatic shift from
cytoplasmic to predominantly nuclear expres-
sion pattern.*® Although we are not aware of
any studies about expression patterns of
p19™%4 in human pituitaries, it is intriguing
that p19"™%#*! knockout mice exhibit hyperpla-
sia and tumors of the anterior lobe of pituitary,
which is exactly where both p19™%*! and
Msx1 are normally expressed in wild-type
animals.?’

The observation that expression domain of
p19™%4 in human tooth germ partially over-
lapped with expression domains of prolifera-
tion markers Ki67, cyclin A2 and pRb
throughout the investigated period can be inter-
preted from several different aspects. Firstly,
normal progression of the cell cycle in prolifer-
ating cells depends on oscillating levels of the
main cell cycle regulators, i.e., cyclins and
CKIs.*®*° Namely, every phase of the cell
cycle is characterized by the expression of dif-
ferent subsets of cyclins, where, for example,
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D-type cyclins are strongly expressed in mito-
gen-responsive G1 phase, as opposed to A-type
cyclins which accumulate during the S phase.
Interestingly, p19™** is the only member of
INK4 CKI which displays dynamic expression
pattern during the cell cycle, and is, therefore,
present at incrementally higher levels as the
cell cycle progresses, especially during the S
and G2 phases.”” Secondly, findings from cell
culture studies indicate that p19™*® protein
has quite a rapid turnover and, in contrast to
p18™K4¢ which is more prone to post-transcrip-
tional regulation, changes in p19™**! protein
levels almost faithfully reflect the activity of its
encoding gene.* Thirdly, although Cdk4/6 are
the only downstream targets of p19"™ ¢ identi-
fied thus far, there is circumstantial evidence
that during the very early stages of embryogen-
esis p19"™%*! might operate through cyclin D-
Cdk4/6-Rb independent mechanism.*' Namely,
withdrawal from the cell cycle and terminal dif-
ferentiation of multiple progenitor cells in
developing and adult tissues are the main
effects mediated by p19™ ! due to its ability
to bind and inhibit Cdk4/6, which, in turn, pre-
vents formation of active cyclin D-Cdk4/6
complexes required for sequential phosphoryla-
tion of growth suppressive Rb and progression
of the cell cycle in proliferating cells. However,
continuous expression of both p19™** protein
and pl9"™* mMRNA in Xenopus laevis
embryos in period prior to mid-blastula transi-
tion (MBT), shows that active transcription of
p19™5# gene can even occur in cells which,
by default, contain very high levels of inactive,
hyperphosphorylated form of Rb (pRb), and
whose cell cycle consists of only S and M
phases.42 Unfortunately, there are no data about
molecular mechanisms regulating expression of
p19™K# or possible p19™ 4! downstream tar-
gets unrelated to cyclin D-Cdk4/6-Rb cascade
during the very early stages of development.
With regard to this, the described overlap-
ping of expression domain of p19™** with
expression domains of proliferation markers
Ki67, cyclin A2 and pRb in developing human
tooth germ does not seem surprising. It is
intriguing, though, why these expression
domains overlap only partially. We could
assume that evaluation of expression patterns
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of p18™ 4 (another member of INK4 family

of CKIs, which is also expressed during organ-
ogenesis), might provide more insight into this
matter since functionally related factors fre-
quently display complementary expression pat-
terns during odontogenesis.*>** In contrast to
what has been reported about involvement of
p19™¥4d in regulation of proliferation during
murine odontogenesis, the results presented in
this study indicate that p19™**® plays more
active role in regulation of proliferation during
human odontogenesis. Tooth germs of wild-
type mouse do not express p19™ 54 in bud and
cap stage, whereas pl9™K* s clearly
expressed in specific areas of both mesenchy-
mal and epithelial parts of human tooth germs
during those stages. Furthermore, the distribu-
tion of expression domains and patterns of
MSX1, MSX2, p19™** with those of prolifer-
ation markers Ki67, cyclin A2 and pRb, indi-
cates that MSX-mediated regulation of
proliferation in human tooth germs might not
be executed by the same mechanisms described
in tooth germs of wild-type mice. Apart from
inter-species differences, the fact that certain
loss-of-function mutations of MSX/ gene in
humans cause hypodontia in permanent denti-
tion only, points out that these mechanisms
might not even be the same in development of
primary and secondary teeth.

MATERIALS AND METHODS

Tissue procurement and processing

For the purpose of this study, we used tissue
samples from ten human fetuses aged 7, 8/9,
10, 11/12 and 14 weeks of gestation, which
were obtained after spontaneous abortions and
tubal pregnancies from the Department of
Pathology, University Hospital in Split, Cro-
atia. The samples were stored in the form of
histological sections and kept at —24°C as a
part of human tissue archival collection of the
Department of Anatomy, Histology and
Embryology, School of Medicine, University
of Split. Tissue processing approval was given
by the Ethical and Drug Committee of Univer-
sity Hospital in Split (Class: 033-081/11-03/
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0005, No: 2181-198-03-04/10-11-0024, 2011)
in accordance with Helsinki Declaration.*’
External measurements were used for the
assessment of gestational age of the human
fetuses.*® Immunohistochemical analysis was
performed on fetal tissues from head area and/
or parts of jaws which contained tooth germs.
Paraffin-embedded fetal tissues were cut in
transversal or frontal planes (serial 7 um sec-
tions) and tissue sections were mounted on
glass slides for microscopic examination using
Olympus BX51 light microscope (Olympus,
Tokyo, Japan). Tissue preservation and pres-
ence of structures of interest was confirmed by
the examination of control sections stained
with haematoxylin and eosin. After that, sec-
tions were processed for single and double
immunofluorescence staining.

Immunofluorescence staining protocol

Tissue sections were deparaffinized by stan-
dard protocol in xylene and descending etha-
nol solutions, rehydrated in distilled water and
left to incubate for 30 min in 0.1% H,O, in
order to suppress endogenous peroxidase
activity. Sections were shortly washed in PBS
before they were placed in sodium citrate
buffer and heated at 95°C in microwave oven
for 15 min. Before the 24 h incubation in dark
chamber with primary antibodies, sections
were left to cool down to room temperature.
Primary antibodies used for immunofluores-
cence staining were as follows: mouse mono-
clonal anti-human Ki67 antibody (proliferation
marker) (1:50; DAKO, Glostrup, Denmark),
rabbit monoclonal anti-human p19™*¢ anti-
body (1:100; ab102842, Abcam, UK), goat
monoclonal anti-human MSX1 antibody
(1:300; ab93287, Abcam, UK), rabbit mono-
clonal anti-human MSX2 antibody (1:300;
ab190070, Abcam, UK), mouse monoclonal
anti-human Cyclin A2 antibody (proliferation
marker; somatic cells in the S/G2 phase of the
cell cycle) (1:200; ab38, Abcam, UK), and
rabbit monoclonal anti-human pRb (prolifera-
tion marker; somatic cells in the S/G2 phase
of the cell cycle) (1:50; ab173289, Abcam,
UK) for hyperphosphorylated form of Rb
(phosphorylated at Serine780 residue). Single
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immunofluorescence staining was performed
for each primary antibody, and following pairs
were selected for double immunofluorescence
staining: (1) anti—Ki67/anti—p19INK4d; (2) anti-
MSX1/anti-MSX2; (3) anti-Cyclin A2/anti-
pRb. After the incubation with primary anti-
bodies, sections were prepared for 1 h incuba-
tion in dark chamber with secondary
antibodies as follows: anti-goat Alexa Fluor
488 (GREEN; 1:400, ab150129, Abcam, UK),
anti-rabbit anti-mouse Alexa Fluor 488
(GREEN; 1:400; abl150105, Abcam, UK),
anti-rabbit Alexa Fluor 594 (RED; 1:300, ab,
Abcam, UK), anti-mouse Alexa Fluor 594
(RED; 1:300, ab150108, Abcam, UK), and
anti-rabbit Alexa Fluor 488 (GREEN; 1:300,
ab150073, Abcam, UK). When the incubation
in secondary antibodies was done, sections
were washed in PBS and counterstained with
4'6'-diamidino-2-phenylindole ~ (DAPI)  for
1-2 min to stain nuclei. Sections were shortly
rinsed in distilled water, air-dried, mounted
and cover-slipped (Immuno-Mount; Shandon,
Pittsburgh, PA). Negative control staining for
antibody specificity was performed by omis-
sion of primary antibodies from the staining
procedure. Secondary antibody signal bleeding
was controlled by comparison of photo-micro-
graphs from single and double immunofluores-
cence staining for each primary antibody used.

Data processing and photo-micrograph
analysis

Immunofluorescence images were taken by
SPOT Insight camera (Diagnostic Instruments,
USA), mounted on Olympus BX61 fluores-
cence microscope (Olympus, Tokyo, Japan).
Raw images were acquired using CellA® soft-
ware. Raw images were further processed in
Adobe Photoshop® CS6 as follows: blue-to-red
inversion for blue immunofluorescence (DAPI
nuclear staining), and red-to-green inversion
for red immunofluorescence (p19™**, MSX2
and Cyclin A2 staining). Color inversion was
not performed for green immunofluorescence
(Ki67, MSX1, pRb staining). Merged image
doublets (inverted primary antibody 1/inverted
DAPI; primary antibody 2/inverted DAPI;
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primary antibody 1/primary antibody 2) were
then assembled for expression domain approxi-
mation and intensity correlation analysis by
using Image] software (NIH, Public domain)
according to recommendations for analysis of
immunofluorescence in biological micros-
copy.*”*® Pixel intensity misalignment ratio
was set at default value (50%) for cytoplasmic
expression patterns. That was done in order to
include minimal overlapping of the background
halo around DAPI stained nuclei with cyto-
plasmic signals into approximation of expres-
sion domain. Intensity correlation analysis was
performed with custom specification of region
of interest (ROI) on merged image doublets in
order to exclude tissues surrounding the tooth
germs. In order to eliminate co-localization/co-
occurrence bias between different signals,
intensity correlation analysis was performed on
merged image doublets at magnifications x 20
and x 40%.

ABBREVIATION

Muscle Segment Homeodomain Protein 1
Muscle Segment Homeodomain Protein 2
Ink4 Family Cyclin-dependent Kinase
Inhibitor p19

phosphorylated Retinoblastoma Protein

MSX1
MSX2

plglNK4d

phospho Rb
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