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Abstract

The role of Ras signaling during tooth development is poorly understood. Ras proteins—which are activated by many upstream pathways,
including receptor tyrosine kinase cascades—signal through multiple effectors, such as the mitogen-activated protein kinase (MAPK) and
PI3K pathways. Here, we utilized the mouse incisor as a model to study how the MAPK and PI3K pathways regulate dental epithelial
stem cells and amelogenesis. The rodent incisor—which grows continuously throughout the life of the animal due to the presence of
epithelial and mesenchymal stem cells—provides a model for the study of ectodermal organ renewal and regeneration. Utilizing models
of Ras dysregulation as well as inhibitors of the MAPK and PI3K pathways, we found that MAPK and PI3K regulate dental epithelial stem
cell activity, transit-amplifying cell proliferation, and enamel formation in the mouse incisor.
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Introduction

The role of Ras signaling and its effectors during tooth devel-
opment is not well understood. Ras signaling is activated by
multiple upstream pathways, including receptor tyrosine kinase
(RTK) signaling cascades (Fig. 1A). When ligands such as
fibroblast growth factors (FGFs) bind RTKs, the small, mono-
meric GTPase Ras proteins (encoded by HRAS, NRAS, and
KRAS) are recruited to the membrane and converted to active
Ras-GTP. Activated Ras proteins then signal through multiple
effector pathways, including mitogen-activated protein kinase
(MAPK)/Raf/MEK/ERK and PI3K/AKT, to regulate cell pro-
liferation and differentiation.

To better understand downstream MAPK and PI3K signal-
ing in dental epithelial stem cell (DESC) regulation and amelo-
blast differentiation, we utilized the mouse incisor as a model.
The mouse incisor (Fig. 1B-B") is a remarkable tooth that is
continuously renewed throughout the life of the animal due to
the presence of epithelial and mesenchymal stem cell popula-
tions (Lapthanasupkul et al. 2012; Zhao et al. 2014), and here,
we focus on the epithelial component of the incisor. The con-
tinuous renewal of the incisor epithelium is fueled by DESCs in
the labial cervical loop (laCL) at the proximal end of the incisor
(Harada et al. 1999; Parsa et al. 2010; Seidel et al. 2010; Juuri
et al. 2012; Biehs et al. 2013). DESCs are housed in the proxi-
mal part of the 1aCL, although whether they reside in the outer
enamel epithelium (OEE) or stellate reticulum (SR) remains an
open question. The DESCs generate the inner enamel epithe-
lium (IEE), where the transit-amplifying (T-A) cells undergo
several rounds of division and move distally along the labial
aspect of the incisor. T-A cells differentiate into ameloblasts that
produce enamel on the labial surface of the incisor.

Previously, a role for upstream effectors and regulators of
Ras signaling was identified in development and maintenance
of the 1aCL in the mouse. Fgf10 is expressed in the mesen-
chyme surrounding the apical portion of the cervical loop and
underlying the IEE, and Fgf10 deletion results in a morphologi-
cally abnormal cervical loop and hypoplastic incisor (Harada
et al. 2002). Furthermore, combined inactivation of Fgf3 and
Fgf10in Fgf3";Fgf10"" animals results in thin or absent incisor
enamel and incomplete formation of the laCL (Wang et al.
2007). Hyperactivating RTK signaling by combined deletion of
Spry2 and Spry4 (Spry2™"; Spry4”" mice)—which encode pro-
teins that, in part, negatively regulate Ras signaling (de Maximy
et al. 1999; Minowada et al. 1999)—results in generation of
ameloblasts that form enamel on the lingual aspect of the inci-
sor (Klein et al. 2008; Boran et al. 2009).

Further downstream, a mouse model carrying an Hras
gain-of-function mutation (Hras GOF; Chen et al. 2009) has thin,
hypomineralized enamel and hyperproliferative and disorganized
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Ras Signaling in the Mouse Incisor

ameloblasts on the labial aspect of the
incisor (Goodwin et al. 2014). However,
a mouse with a Braf™"" gain-of-func-
tion mutation (Braf GOF; Andreadi et al.
2012) has normal incisor development
and maintenance. These specific Hras
GOF and Braf GOF alleles lead to many
features that are characteristic of the
human conditions Costello syndrome
and cardiofaciocutaneous syndrome,
respectively, including abnormal cranio-
facial and dental development, and thus
serve as models of these syndromes.
Taken together, these mouse models
reveal that dysregulation of RTK and
Ras signaling perturbs the mouse laCL,
yet little is known about the effect on
downstream components of the Ras
pathway in the 1aCL.
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Here, we studied the role of Ras sig-
naling in the mouse incisor with the Fgf3”;
Fgf10"", Spry2™":Spry4”", Hras GOF, and
Braf GOF mouse models as well as

Figure |. Phosphorylation of ERK, MEK, and AKT in the mouse laCL. (A) Schematic of the
receptor tyrosine kinase (RTK)/Ras signaling pathway. Fibroblast growth factors bind to RTKs and
activate Ras, which signals through Raf/MEK/ERK and PI3K/AKT. Spry proteins antagonize Ras

inhibitors of the MAPK and PI3K path-
ways. Utilizing these models of Ras dys-
regulation, we determined that MAPK
and PI3K regulate DESC activity and
T-A cell proliferation and that pERK lev-
els affect enamel formation. Finally, our
data reveal crosstalk between the MAPK
and PI3K pathways in the 1aCL.

signaling. (B) The mouse hemimandible contains 3 molars and | incisor, with the [aCL and liCL
present at the proximal end of the incisor. (B") Magnified schematic of the boxed region in panel

B shows the location of the laCL, liCL, pre-am, am, and od. (B"") Magnified view of boxed region

in panel B’ shows the different compartments composing the laCL: DESCs reside in the SR and
OEE of the proximal laCL and give rise to the IEE and T-A cells. T-A cells generate pre-am, which
differentiate into enamel-producing am. (C) Immunofluorescence with an antibody against pERK

in the mouse incisor showed a biphasic expression profile with intense expression in T-A (white
arrowhead), low or no expression in pre-am (¥), and moderate expression in am (blue arrowhead)
regions. (C') Magnified boxed region shows scattered, low-intensity pERK staining in the OEE and
SR (yellow and orange arrowheads, respectively). (D) pMEK was detected in the OEE, SR, and T-A.

(D') Magnified boxed region shows polarized membrane staining in the OEE (yellow arrowhead) and
weak, evenly distributed membrane staining in the SR (orange arrowhead). In the T-A, pMEK staining

Materials and Methods

was evenly distributed along the membrane (white arrowhead), or there was punctate nuclear

staining (green arrowhead). (E) pAKT was detected in the OEE, SR, and T-A. (E’) Magnified boxed

Mouse Lines

region shows weak, diffuse cytoplasmic staining and bright, punctate staining in the OEE and proximal

SR (yellow and orange arrowheads). Cells in the T-A showed a similar pattern of diffuse and punctate

Wild-type mice on mixed background
and mouse lines carrying mutant alleles
of Braf™*"V, Hras®"*", Fgf3", and Fgf10"
on mixed background and Spry4” and
Spry2” on Friend virus B-type inbred
(FVBN) background were generated and genotyped. Eight- to
10-wk-old adult mice were used in all experiments, and litter-
mate wild-type mice were used as controls. All experiments
involving mice were conducted in accordance with protocols
approved by the University of California, San Francisco
Institutional Animal Care and Use Committee.

Tissue Preparation and Immunofluorescence

After CO2 euthanasia and cervical dislocation, adult mice were
perfused with 4% paraformaldehyde. Mandibles were dissected
and fixed in 4% paraformaldehyde overnight at 4 °C and then
decalcified in 0.5M ethylenediaminetetraacetic acid (EDTA) for
2 wk at room temperature, dehydrated, embedded in paraffin,
and cut in 2- to 4-um serial sagittal sections.
Immunofluorescence was performed following standard
protocols with antibodies against pERK (4370, 1:200; Cell

cytoplasmic staining, plus nuclear pAKT staining (green arrowhead). Scale bars = 100 ym. am, ameloblasts;
DESC, dental epithelial stem cell; ERK, extracellular signal-regulated kinases; IEE, inner enamel
epithelium; laCL, labial cervical loop; liCL, lingual cervical loop; od, odontoblasts; OEE, outer enamel
epithelium; pre-am, preameloblast; Spry, Sprouty; SR, stellate reticulum; T-A, transit amplifying.

Signaling), pMEK (9121, 1:200; Cell Signaling), pAKT
(135650, 1:200; Santa Cruz), yTubulin (T5326, 1:500; Sigma-
Aldrich), PH3 (H0412, 1:800; Sigma-Aldrich), Ki67 (9106,
1:400; Thermo Fisher Scientific), and BrdU (6326, 1:500;
Abcam). Click-iT EdU Imaging kit (C10337; Invitrogen) was
used to stain EdU-incorporated cells according to a standard
protocol. Sections were mounted with mounting medium with
DAPI (H-1200; Vector).

Inhibitor Treatment

The MEK inhibitor PD0325901 (Pfizer) and PI3K inhibitor
GDC09%41 (Genentech) were formulated in 0.5% (w/v; hydroxy-
propyl) methyl cellulose (HPMT; Sigma-Aldrich). PD0325901
was administered by oral gavage at 12.5 mg/kg (Trejo et al.
2012) and GDC0941 at 75 mg/kg (Wullschleger et al. 2012)
once per day for 5to 9 d.
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Proliferation Analysis

Each mouse was injected via intraperitoneal injection with 250 pg
of EdU (Invitrogen) 2 h prior to euthanasia, and 4-pum serial
sagittal sections were EdU stained and imaged at 20 on a
Leica upright microscope. Every other serial section was
selected to quantify the percentage of proliferative EQU+ cells
in the T-A region with ImageJ software, and the average was
calculated. Continuous sections (4 pm) were stained with anti-
body against Ki67 and imaged at 20%. The number of Ki67+
cells in the proximal laCL on each section was quantified with
ImageJ, and the average was determined.

Quantification of Ameloblasts Generated in 3 d

BrdU (500 pg) was injected intraperitoneal 3 d prior to eutha-
nasia so that dividing cells exiting the IEE would incorporate
BrdU. EdU (250 pg) was then injected intraperitoneal 2 h prior
to euthanasia, which labeled the cycling T-A cells to define the
T-A region. The length of the preameloblast/ameloblast region
between the most distal BrdU- and EdU-labeled cells was mea-
sured with ImageJ software.

Statistical Analysis

The statistical difference in T-A proliferation, DESC prolifera-
tion, and length of the preameloblast/ameloblast region among
control, MEKi-treated, and PI3Ki-treated mice was tested with
analysis of variance. Student’s 7 test was used to compare the
Braf GOF and littermate control mice.

Results

MAPK and PI3K Pathways Are Active
in the laCL of the Mouse Incisor

Immunofluorescence performed on wild-type mice revealed
that the MAPK and PI3K pathways are both active in the 1aCL
(Fig. 1C-E'). We began by examining phosphorylation of
ERK, a downstream component of the MAPK pathway, as
phospho-ERK (pERK) is considered to be the active form of
the protein. Low levels of pERK were detected in the putative
DESC compartment, composed of the OEE and SR, and high
levels were present in the T-A and ameloblast regions, but no
pERK was detected in the preameloblast region between the
T-A and ameloblasts (Fig. 1C, C'). The pERK staining was
cytoplasmic in all cell types (Appendix Fig. 1A', A”). The
upstream MAPK signaling component MEK was also phos-
phorylated (pMEK) in the DESC and T-A compartments (Fig.
1D, D’). In the OEE, pMEK staining was detected at the mem-
brane of cells contacting the SR (Appendix Fig. 1B’). In the
T-A and SR regions, there was evenly distributed, weak mem-
brane staining, in addition to intense nuclear staining in several
cells (Appendix Fig. 1B"). The PI3K downstream effector
AKT was phosphorylated in the DESC compartment and T-A
region (Fig. 1E, E"). There was generalized weak cytoplasmic

and bright punctate staining in the T-A and DESC regions, and
bright nuclear phospho-AKT (pAKT) staining was evident in
several cells in the T-A region (Appendix Fig. 1C’, C").

MEK and AKT Are Phosphorylated
in Proliferating Cells in the laCL

As a first step in determining whether the MAPK and PI3K
pathways play a role in proliferation in the 1aCL, we performed
immunofluorescence utilizing an antibody against phosphory-
lated histone H3 (PH3) to label cells undergoing division (Hans
and Dimitrov 2001). In the 1aCL, proliferating cells, as marked
by an antibody against PH3, were present in the DESC and T-A
regions, with the majority of proliferating cells residing in the
T-A region and relatively few in the DESC compartment (Fig.
2A1). To determine whether MEK and AKT were phosphory-
lated in proliferating cells, we performed pMEK, pAKT, and
PH3 staining on adjacent 2-um sections. Since mammalian
cells are typically ~15 to 20 um in diameter with nuclei of
approximately ~10 um in diameter, adjacent 2-um sections
were used to capture different sections of the same cells. We
found that MEK was phosphorylated in the nucleus of some
but not all PH3" mitotic cells (Fig. 2A1, A2). Furthermore,
MEK and AKT were both phosphorylated in some of the same
mitotic cells on adjacent sections in the T-A region, suggesting
that phosphorylation of MEK and AKT regulates the prolifer-
ating T-A cells (Fig. 2B1, B2).

In addition to the nuclear pMEK and pAKT staining in the
mitotic cells in the T-A region, we detected 1 to 2 bright foci of
pMEK and pAKT staining that costained with gamma tubulin
(yTu; Fig. 2C-D"), which labels the centrosomal apparatus
required for chromosome separation during mitosis. pMEK
appeared to co-localize with yTu (Fig. 2C), and pAKT staining
showed a co-localization pattern similar to pMEK in some
cells (Fig. 2D, D’). In other cells, punctate pAKT staining sur-
rounded by dots of yTu staining was observed (Fig. 2D"). The
close association among pMEK, pAKT, and yTu points to a
role for MAPK and PI3K signaling in cell division in the pro-
liferative cells of the 1aCL.

Modulation of Activators and Antagonists
of the RTK Signaling Pathway Results
in Changes in MAPK Signaling

To provide insight into MAPK and PI3K signaling in the 1aCL,
we utilized several models with dysregulated RTK and Ras
signaling. We focused on phosphorylation of ERK and MEK
because differential AKT phosphorylation was difficult to
assess due to high variability of antibody staining (data not
shown). Inactivation of both alleles of a single Fgf gene, Fgf3,
did not noticeably affect pERK and pMEK staining as com-
pared with control (Fig. 3A-D); however, deleting both alleles
of Fgf3 and one of Fgfl10 (Fgf3";Fgfl10™") resulted in a mal-
formed 1aCL and a clear decrease in phosphorylation of ERK
and MEK (Fig. 3E, F). We next examined mice that were
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homozygous null at the Spry4 locus and
found that these animals did not have
noticeably altered levels of pERK and
pMEK (Fig. 3G, H). However, when a
combination of Sprouty genes were
deleted in Spry2™";Spry4” mutants, we
observed an extensive increase in pERK
and pMEK staining in the proximal laCL
(Fig. 31, J), indicating increased MAPK
signaling.

In the Braf GOF mutant, pERK stain-
ing was moderately increased in the T-A
and DESC regions (Fig. 3K); however,
there did not appear to be a difference in
pMEK staining (Fig. 3L). In Hras GOF
mutants, pPERK and pMEK staining was
increased in the DESC and T-A compart-
ments (Fig. 3M, N), and pERK staining
was present in the preameloblast region
(Fig. 3M), where it is not observed in wild

type.

Inhibition of the PI3K Pathway
Results in an Increase in MAPK
Signaling through pERK in the laCL

Figure 2. Co-localization of pMEK and pAKT in proliferating cells in the laCL. (Al) PH3+

cells (white arrowheads) were present in the T-A region. (A2) Serial section (2 ym) adjacent

to panel Al showed MEK phosphorylation in some of the same PH3+ cells (white arrowheads).
(A2') Magnified view shows pMEK staining in the cytoplasm of the PH3+ dividing cell in Al’
(green arrowhead). (B1, B2) Immunofluorescence on adjacent 2-um serial sections showed
nuclear co-localization of pMEK and pAKT in the T-A region (white arrowheads). There was also
phosphorylation of AKT and MEK in the IEE, OEE, and SR. (C) Immunofluorescence showed co-
localization of pMEK and yTu staining; pMEK and yTu staining overlapped at opposite poles in the
nucleus of | dividing cell (orange arrowheads). There was also isolated yTu staining that did not
overlap with pMEK (white arrowhead). (D, D’, D"") Immunofluorescence showed co-localization
of pAKT and yTu in the nucleus of some cells in the T-A region (white arrowheads; D) and
closely associated but not overlapping staining of pAKT and yTu (red and white arrowheads; D").
IEE, inner enamel epithelium; laCL, labial cervical loop; OEE, outer enamel epithelium; SR, stellate
reticulum; T-A, transit-amplifying.

To further functionally analyze MAPK

and PI3K signaling in the 1aCL, we utilized MEK and PI3K
inhibitors. Inhibiting MEK phosphorylation with the MEK
inhibitor PD0325901 (MEKi) for 5 to 9 d (mean = 7 d) resulted
in a decrease in pERK staining in the proximal 1aCL, particu-
larly in the IEE, OEE, and SR; however, pERK staining was
still detected in the T-A region with MEKi treatment (Fig. 4B,
B'). Interestingly, inhibiting PI3K activity with the PI3K inhib-
itor GDC0941 (PI3Ki) for the same amount of time resulted in
a distinct increase in pERK staining in the proximal 1aCL,
including the IEE, OEE, and SR (Fig. 4C, C").

Since the MAPK and PI3K signaling pathways are active in
mitotic cells in the laCL (Fig. 2), we analyzed the effect of
MEK and PI3K inhibition on proliferation in the 1aCL. With
MEK:i and PI3Ki treatment, T-A proliferation was increased, as
shown by an increase in the percentage of EdU-labeled prolif-
erative cells in the T-A region (marked by white arrows) after
MEK and PI3K inhibition as compared with control (Fig.
4D-G).

To determine if the increased proliferation after MEK and
PI3K inhibition in the T-A region resulted in an increase in the
number of ameloblasts generated, we carried out cell migration
assays. BrdU was injected 3 d prior to euthanasia to label cells
migrating from the IEE. Then, 2 h prior to euthanasia, mice
were injected with EAU to label the T-A region. The distance
was measured between the most distal BrdU-labeled amelo-
blast and the end of the T-A region labeled by the most distal
EdU-labeled cell. This distance constitutes the preameloblast/
ameloblast region, and since the cells form a single layer on the
labial aspect of the incisor, the length of the preameloblast/

ameloblast region correlates with the number of ameloblasts
produced in 3 d. MEKi treatment resulted in an approximately
30% increase in the length of the preameloblast/ameloblast
region, suggesting an increase in the number of ameloblasts
produced compared with control (Fig. 4H, I). PI3Ki treatment
did not affect the length of the preameloblast/ameloblast region
and thus had no effect on the number of ameloblasts generated
(Fig. 4H, ).

The proportion of EQU+ proliferative cells in the T-A region
was similar with MEK and PI3K inhibition, yet the number of
am generated was higher in the MEKi- versus PI3Ki-treated
samples. One possible explanation for this discrepancy could
be a difference in number of DESCs entering the T-A region
due to a change in proliferation in the DESC compartment. To
test this hypothesis, we measured proliferation in the proximal
laCL with Ki67 staining but found that the number of Ki67+
cells in the DESC region was similar with MEK and PI3K inhi-
bition as compared with control (Appendix Fig. 1A1-B). Thus,
increased DESC proliferation did not account for the increased
number of ameloblasts generated in the MEKi-treated laCL.

The Braf GOF model showed a moderate increase in pERK
staining, suggesting that Braf activation leads to phosphoryla-
tion of ERK in the Braf GOF model (Fig. 3K). Similar to the
PI3Ki-treated mice, Braf GOF mice had increased prolifera-
tion in the T-A region but not DESC compartment, with no
change in the length of the preameloblast/ameloblast region
(Appendix Fig. 2A-E). These findings provide further evi-
dence that inhibition of PI3K results in upregulation of ERK
phosphorylation in the 1aCL.
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Figure 3. Phosphorylation of ERK and MEK in the laCL of mouse
models with dysregulated RTK signaling. Compared with control (A,
B), pERK and pMEK staining was similar in the Fgf3” mutant mouse
laCL (C, D). In the Fgf3";Fgf/ 0" mouse, the levels of ERK and

MEK phosphorylation were greatly reduced, and the laCL was small

and malformed (E, F). While deletion of Spry4™ did not noticeably
affect pERK and pMEK staining (G, H) compared with control, the
Spry2*";Spry4”" mutant showed increased levels of ERK and MEK
phosphorylation in the DESC compartment (SR and OEE) as marked

by green arrows (1, ). In the Braf™""" gain-of-function mutation (Braf
GOF) mouse, pERK staining was increased in the T-A and DESC regions
as marked by white and green arrows, respectively, (K) while pMEK
staining did not differ significantly (L) compared with control. In Hras®
gain-of-function mutation (Hras GOF) mutants, phosphorylation of MEK
and ERK was increased in the T-A (white arrowhead) and OEE (green
arrowhead) regions (M, N) compared with control. pERK staining

was also increased in the pre-am region (blue arrowhead; M). DESC,
dental epithelial stem cell; laCL, labial cervical loop; OEE, outer enamel
epithelium; pre-am, preameloblast; SR, stellate reticulum; T-A, transit-
amplifying.

12v

Discussion

In the work reported here, we found that the MAPK and PI3K
signaling pathways are active in the laCL, and our data suggest
that, in the 1aCL, MAPK and PI3K regulate DESC activity,
proliferation in the T-A region, and enamel formation. First,

our data suggest that MAPK signaling plays a role in regula-
tion of DESC activity. Inhibition of MEK and PI3K increased
proliferation in the T-A region. With higher T-A proliferation,
one would expect more ameloblasts to be produced; however,
only MEK inhibition, not PI3K inhibition, resulted in an
increase in the number of ameloblasts produced when com-
pared with control. One potential explanation for this finding is
that the DESCs were less proliferative with PI3K inhibition
versus MEK inhibition; however, we found that DESC prolif-
eration with MEK and PI3K inhibition did not differ signifi-
cantly from control. Another possibility is that fewer cells exit
the DESC niche with PI3K inhibition, a condition in which
ERK phosphorylation is increased, compared with MEK inhi-
bition. Whether the number of DESCs entering the T-A region
was affected with MEK inhibition is not clear based on our
data; thus, we propose that one hypothesis to test in the future
would be that the MAPK pathway negatively regulates the
decision of the DESCs to exit the niche, with high ERK activ-
ity encouraging DESCs to remain in the niche and pursue the
stem cell fate and with low ERK activity driving DESCs to exit
the niche and differentiate.

Progenitor cells exit the DESC compartment and proliferate
in the T-A region. MEK and PI3K inhibition both resulted in
increased proliferation in the T-A region, suggesting the MAPK
and PI3K pathways negatively regulate T-A cell proliferation.
This finding differs from our previous work, which showed a
decrease in T-A proliferation with MEKi and PI3Ki treatment
(Goodwin et al. 2014); however, the mice were treated for differ-
ent lengths of time in these experiments (previously 21 d vs.
currently 7 d). Long-term treatment with inhibitors may lead to
negative feedback loops that modulate the direct effect of pERK
on T-A proliferation. Similarly, increased pERK in the Braf GOF
mutant resulted in increased proliferation in the T-A region,
which could also result from negative feedback loops. A large
body of work has explored negative feedback loops in the Ras
pathway; for example, ERK negatively regulates the upstream
factors MEK and SOS (Langlois et al. 1995; Dong
etal. 1996; Eblen et al. 2004). The regulatory networks activated
in the context of MEK inhibition or Braf activation are incom-
pletely understood and an important area for study in the future.

As cells exit the T-A region, they differentiate into amelo-
blasts that produce enamel. Deletion of Figf3 alone was insuffi-
cient to cause notable changes in phosphorylation of MAPK,
but combined inactivation of Fgf3 and Fgfl0 in the Fgf3";
Fgf10"" mutant resulted in a clear decrease in pERK and pMEK
staining. Similarly, deleting Spry4 did not obviously affect
MAPK signaling; however, in the Spry2";Spry4” mutant,
staining of pMEK and pERK was significantly increased. As
previously reported, the Fgf3”;Fgf10"" mutant has a small,
malformed cervical loop and no enamel formation (Wang et al.
2007), whereas enamel forms on the labial and lingual aspects
of the incisor of the Spry2™"; Spry4”~ mutant (Klein et al. 2008;
Boran et al. 2009). Thus, the levels of pMEK and pERK appear
highly correlated to the enamel phenotype, since decreased
pMEK and pERK are detected in genotypes, leading to absence
of enamel, while increased pMEK and pERK are detected in
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genotypes, to ectopic enamel
formation.

Furthermore, the location and level of
MAPK signaling are correlated to enamel
phenotype, since the Hras GOF mouse (with
increased ERK phosphorylation in the
DESC, T-A, preameloblast, and ameloblast
regions) resulted in thin, hypomineralized
enamel while the Braf GOF mouse (with
only a moderate increase in pERK expres-
sion in the DESC, T-A, and ameloblast but
not preameloblast compartments) had no
enamel defect (Goodwin et al. 2014). Thus,
MAPK, not PI3K, signaling has a dosage-
dependent effect on enamel phenotype, pri-
marily through ERK activation.

Analysis of Ras signaling in the 1aCL
revealed interactions between the MAPK
and PI3K pathways. We found that short-
term PI3Ki treatment of wild-type mice led
to pERK upregulation in the DESC, T-A,
and ameloblast regions. PI3K is an upstream
regulator of ERK in the mouse 1aCL, and
previous studies have shown crosstalk
between the MAPK and PI3K pathways
through AKT inhibition of Raf (Guan et al.
2000; Reusch et al. 2001; Mabuchi et al.
2002; El-Naggar et al. 2009). Additionally,
PI3K inhibitors have been shown to acti-
vate MEK and ERK signaling in cancer
models (reviewed in Rozengurt et al. 2014).
More work is necessary to understand the
complexities of the crosstalk between the
MAPK and PI3K pathways in the 1aCL.

Thus, MAPK and PI3K are active in the
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Figure 4. Effect of MEK inhibition (MEKi) and PI3K inhibition (PI3Ki) on the labial cervical
loop. (A-C) pERK staining in the labial cervical loop after oral administration of inhibitors for
7 d. (A'-C’) High-magnification images of the area of interest outlined by green dashed line in
panels A—C. MEKi caused a decrease in ERK phosphorylation, particularly in the OEE and IEE
(B, B'). Conversely, PI3Ki led to an increase in ERK phosphorylation, particularly in the OEE,
IEE, and SR (C, C'). (D-F) Increased number of EdU+ cells was observed in the T-A region
(between white arrowheads) with MEKi (E) or PI3Ki (F) as compared with control (D). (G)
Quantification of the percentage of EQU+ cells in the T-A region. (H, I) Mice were coinjected
with BrdU for 3 d and EdU for 2 h, and the length of the pre-am/am region was determined
(between white arrowheads; I). The length of the pre-am/am region increased with MEKi
treatment, but PI3Ki treatment did not affect pre-am/am length (H). am, ameloblast; IEE, inner
enamel epithelium; OEE, outer enamel epithelium; pre-am, preameloblast; SR, stellate reticulum;
T-A, transit-amplifying. Error bars represent SEM; ** P < 0.01.

DESC compartment, and our data suggest

that pERK may play a role in DESC differentiation but not pro-
liferation and that T-A proliferation is sensitive to pERK levels.
Additionally, ERK phosphorylation in the 1aCL must be main-
tained in a specific range, since dental epithelium exposed to
high or low levels of pERK does not produce proper enamel.
Finally, inhibition of the PI3K pathway resulted in increased
ERK phosphorylation in the laCL. These data further our under-
standing of downstream Ras signaling in the 1aCL, increasing
the foundation of knowledge on which future regenerative ther-
apies will be based.
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