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The continuous growth of mouse incisors depends on epithelial stem cells (SCs) residing in the SC niche, called
labial cervical loop (LaCL). The homeostasis of the SCs is subtly regulated by complex signaling networks. In
this study, we focus on retinoic acid (RA), a derivative of Vitamin A and a known pivotal signaling molecule in
controlling the functions of stem cells (SCs). We analyzed the expression profiles of several key molecules of
the RA signaling pathway in cultured incisor explants upon exogenous RA treatment. The expression patterns
of these molecules suggested a negative feedback regulation of RA signaling in the developing incisor. We dem-
onstrated that exogenous RA had negative effects on incisor SCs and that this was accompanied by downregula-
tion of Fgf10, a mesenchymally expressed SC survival factor in the mouse incisor. Supplement of Fgf10 in incisor
cultures completely blocked RA effects by antagonizing apoptosis and increasing proliferation in LaCL epithelial
SCs. In addition, Fgf10 obviously antagonized RA-induced downregulation of the SC marker Sox2 in incisor epi-
thelial SCs. Our findings suggest that the negative effects of RA on incisor SCs result from inhibition ofmesenchy-
mal Fgf10.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The primary functions of tissue stem cells (SCs) are to replace cells
that die due to injury or disease, and to maintain the steady functions
of organs (Xin et al., 2016). SCs are capable of self-renewal throughout
the lifetime of the organism and can be activated to give rise to fully dif-
ferentiated cells. The numbers of SCs are usually maintained at stable
levels to ensure tissue homeostasis but they may be elevated, at least
transiently, during tissue repair (Fuchs et al., 2013). The maintenance
of homeostasis of the SCs niche relies on a balance between the gain
of SCs through proliferation and the loss of SCs through differentiation
or apoptosis (Alenzi et al., 2009; Biteau et al., 2011). Understanding
how SCs acquire their fates is a central question in stem cell biology.

Mouse incisors grow continuously to compensate for thewear of the
tooth at the apical end. The enamel is deposited asymmetrically on the
surface of the incisor, and the labial side of the incisor is covered with
enamel, whereas the lingual side has only soft dentin. Therefore, the lin-
gual side is more susceptible to abrasion, which leads to the formation
of a cutting edge. The SCs, residing in a structure called the labial cervical
loop (LaCL) at the proximal endof the incisor, provide a continuous sup-
ply of cells to compensate for the constant abrasion (Harada et al.,
1999). The LaCL is composed of loosely arranged stellate reticulum
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(SR) cells and a single layer of basal epithelial cells (inner and outer
enamel epithelium) that surround the SR. The progeny of the SCs are in-
corporated from the SR into the enamel epithelium. The cells move api-
cally as they proliferate in the transit amplifying (TA) zone and
differentiate into enamel secreting ameloblasts (Fig. 1A and B)
(Harada et al., 1999; Tummers and Thesleff, 2003).

Retinoic acid (RA), the primary metabolic derivative of vitamin A
(retinol), is perceived as a “morphogen” (Lewandoski and Mackem,
2009; Schilling et al., 2012). Numerous studies revealed that a broad
range of physiological processes, from embryonic development to
adult homeostasis, are regulated by RA. (Blum and Begemann, 2013;
Cunningham and Duester, 2015; Maden, 2007; Rhinn and Dolle,
2012). RA plays a critical role in craniofacial development. Endogenous
RA is necessary for the initiation of odontogenesis. It is present in the
embryonic mouse mandible and reaches a peak concentration at the
time of the formation of the dental lamina (Kronmiller et al., 1995b).
A 24 h exposure to citral, a known inhibitor of RA synthesis, prior to
the formation of the dental lamina (E9), completely blocked tooth for-
mation in mandibles. Tooth formation was restored by treatment with
RA during citral exposure (Kronmiller et al., 1995a). On the other
hand, an excess of RA was suggested to induce stage-specific inhibition
of tooth morphogenesis. When exogenous RA is applied ex vivo before
the formation of the dental lamina, it leads to formation of supernumer-
ary incisors and missing molars (Kronmiller and Beeman, 1994;
Kronmiller et al., 1995b).
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Fig. 1. Schematic illustrations of the mouse incisor. (A) Sagittal cross section of mandible. (B) Higher magnification of LaCL of incisor in a sagittal section. Am, ameloblasts; Od,
Odontoblasts; LaCL, labial cervical loop; LiCL, lingual cervical loop; TA, transient amplified cells; IEE, inner enamel epithelium; OEE, outer enamel epithelium; SR, stellate reticulum.
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Fgf10 is a crucial growth factor for incisor development. Fgf10 is
expressed in the mesenchyme surrounding the LaCL, and binds to
FGFR2b, which is expressed in the LaCL epithelium (Harada et al.,
1999). Fgf10-null embryos exhibit hypoplastic incisors. Ex vivo cul-
ture of developing incisors in the presence of Fgf10-blocking anti-
bodies causes regression of the LaCL, suggesting that Fgf 10 acts as
a survival factor for SCs in the LaCL (Harada et al., 2002). Conversely,
the loss-of-function of Fgf antagonists Spry2 and Spry4 results in
thickened LaCL and formation of huge tusk-like incisors (Charles et
al., 2011).

Interactions between epithelial and mesenchymal tissues play cru-
cial roles in the development of epithelial organs (Balic and Thesleff,
2015; Biggs and Mikkola, 2014; Ribatti and Santoiemma, 2014; Shaker
and Rubin, 2010), and they also exert key functions in themaintenance
of epithelial SCs during organ renewal (Balic and Thesleff, 2015; Sennett
andRendl, 2012; Shaker and Rubin, 2010; Tummers and Thesleff, 2009).
Like tooth morphogenesis, the maintenance of the cervical loop SC
niche also relies on reciprocal interactions between epithelial and mes-
enchymal compartments (Balic and Thesleff, 2015; Jussila and Thesleff,
2012; Tummers and Thesleff, 2009). The conserved signaling pathways,
such asWnt, Fgf, Tgfβ, Bmp, and Shh, mediate interactions between the
mesenchymal and epithelial cells within the SC niche and form
integrated networks during the renewal of the epithelial tissue in or-
gans such as hair, intestine and teeth (Balic and Thesleff, 2015; Harada
et al., 1999; Le Guen et al., 2015; Sennett and Rendl, 2012).

In this study, we have explored the effects of exogenous RA on the
homeostasis of mouse incisor SC niche in cultured incisor explants.
The expression profiles of several key molecules in the RA signaling
pathway following RA treatment suggest a negative feedback regulation
of the RA signal in the developingmouse incisor.We discovered that ex-
ogenous RA has negative effects on the SC niche and that it up-regulated
apoptosis and down-regulated proliferation and the expression of the
SC marker Sox2 in the LaCL. This was accompanied by inhibition of
Fgf10, an important mesenchymal signaling molecule in the incisor.
The effects of RA on incisor SCs could be completely blocked by exoge-
nous Fgf10, implying that the negative effects of RA on the incisor SC
niche result from downregulation of Fgf10.

2. Materials and methods

2.1. Animals

NMRImice were used at postnatal day 2 (P2). Plug day was taken as
embryonic day 0 (E0). Sox2-GFP mice, in which eGFP expression is



491J. Xi et al. / Stem Cell Research 17 (2016) 489–497
under the control of a 5.5 kb fragment of the upstream regulatory ele-
ment of the Sox2 promoter, were obtained from Jackson Laboratories
(stock no. 017592). All protocols were in accordance with the NIH
Guide for the Care and Use of Laboratory Animals, and conformed to
Regulations for the Administration of Affairs Concerning Experimental
Animals (Hubei Province, China 2005).

2.2. Organ culture

The incisors were dissected from lower jaws at P2 in Dulbecco's
phosphate buffered saline (PBS) pH 7.4, and cultured in Trowell-type
organ culture dishes (RA treatment) or as hangingdrops (all other treat-
ments) as previously described (Narhi and Thesleff, 2010). A minimum
of biological and technical triplicates were used for each treatment. RA
(Sigma)was added in standardmedium (DMEM/F12+ 10% FCS) to ob-
tain three final concentrations, 1 μM, 3 μM and 10 μM. To block the ef-
fects of RA, 100 ng/ml Fgf10 (R&D)was addedwith 3 μMRA inmedium.

2.3. Immunohistochemistry

Immunostaining was conducted on whole explants. After culture,
explants were fixed overnight (O/N) in 4% paraformaldehyde (PFA) at
4 °C. Nonspecific stainingwas blocked by incubation O/N in 10% normal
donkey serum and 0.5% TritonX-100 in PBS at 4 °C. Explants were incu-
bated with primary antibody Caspase 3 (1:400, Cell Signaling Technolo-
gy, RRID: AB_331441) at 4 °C for two days. Subsequently they were
incubated O/N at 4 °C with Alexa Fluor conjugated secondary antibody
(1:300, Life Technologies) and counterstained with Hoechst 33343.
Samples were mounted with Vectashield (Vector Laboratories) and vi-
sualized using a Zeiss LSM 700 confocal microscope. Images were ana-
lyzed with Imaris 7.2.3 software (Bitplane).

2.4. EdU incorporation

In ex vivo experiments, after 2 days culturing explantswere incubat-
ed with 10 μMEdU for 2 h, and then fixed in 4% PFA O/N at 4 °C. EdU in-
corporation into DNA was detected in whole explants by using Click-iT
EdU Alexa Fluor Imaging Kit (Life Technologies) according to the
manufacturer's protocol. The samples were counterstained with
Hoechst 33343 at 4 °C O/N. The tissues were mounted with Vectashield
(Vector Laboratories) and visualized using a Zeiss LSM700 confocal mi-
croscope. Images were analyzed with Imaris 7.2.3 software (Bitplane).

2.5. RNA isolation and quantitative RT-PCR (qRT-PCR)

After 24 h culturing, total RNA of the cultured explants, which in-
cludes the LaCL and LiCL as well as the mesenchyme in between, was
isolated with the RNeasy Plus Micro Kit (Qiagen) according to the
manufacturer's instructions. First strand cDNA was synthesized using
the SuperScript III Reverse Transcriptase (Life Technologies). The quan-
titative PCR (qPCR) reactions were conducted with LightCycler DNA
Master SYBR Green I (Roche). The qPCR thermal cycler conditions
were: initial denaturation at 95 °C for 3 min, followed by 40 cycles of
30 s at 95 °C, 30 s at 60 °C, and 20 s at 72 °C. Data were normalized
against GAPDH expression. A minimum of triplicate samples was
assayed each time. The primers sequences were listed in Table S1.

2.6. In situ hybridization

Whole mount in situ hybridization was performed according to the
protocol described by Wilkinson (1992) with modifications. Briefly,
the explants were fixed O/N in 4% PFA at 4 °C, bleached with 6% H2O2

in PBT (PBS/0.1% Tween), pretreated with proteinase K (Sigma), refixed
in fresh 4% PFA/0.2% glutaraldehyde in PBST, prehybridized for 1 h and
then hybridized O/N with digoxigenin-labelled Shh probe (Kim et al.,
1998) at 70 °C in a hybridization buffer. After hybridization, tissues
were washed in high-stringency conditions and preblocked in antibody
blocking solution, and then incubated with preabsorbed antibody O/N
at 4 °C. Color development was performed in BM Purple AP Substrate
Precipitating Solution (Boehringer Mannheim). The tissues were
postfixed in 4% PFA at 4 °C for 1 h before photography.

2.7. Statistical analysis

One-Way ANOVAwas used for statistical analysis of relative expres-
sion of RARs, RXRs, CYP26s, RALDHs, areameasurement of the LaCL and
fluorescence intensity of GFP in the LaCL. The proliferating and apopto-
tic cell numbers and relative expression folds of Bcl2 and Fgf10 were
tested with the Student t-test. The results are presented as mean ±
SEM. In all comparisons, p b 0.05 was used as the criterion for statistical
significance.

3. Results

3.1. The effects of exogenous RA on the expression of RARs, RXRs, RADLHs
and CYP26s in cultured incisor explants

In order to study the expression patterns of key molecules in the RA
signaling pathway in the LaCL upon treatment with exogenous RA, we
turned to our tissue culture system. The proximal end of the P2 mouse
incisors, which include the LaCL and LiCL as well as the mesenchyme
in between, was dissected and cultured ex vivo. RA was diluted in
DMSO and used with 1 μM, 3 μM or 10 μM concentration. The controls
were supplemented with the equivalent amount of DMSO. The whole
explants were collected after 1 day culture for total RNA extraction.

We measured the expression of two RA receptor families, retinoic
acid receptors (RARs: RARα, RARβ and RARγ) and retinoid X receptors
(RXRs: RXRα, RXRβ and RXRγ). In addition, the expression levels of two
enzyme families, RA synthetases retinaldehyde dehydrogenases
(RALDHs) and RA metabolic enzymes Cytochrome P450 26 (CYP26s)
were analyzed.

Our quantitative PCR data indicated that exogenous RA induced a
marked downregulation of RARα, RARγ, RXRα and RXRβ (10 μM,
p b 0.05), whereas RARβ transcription was increased significantly
upon RA treatment (1 μM, 3 μMand 10 μM, p b 0.05). RA showed no vis-
ible effect on RXRγ expression (Fig. 2A).

In the RALDH family, the expression of all three isoforms (RALDH1,
RALDH2 and RALDH3) decreased upon RA treatment (RALDH1: 3 μM,
p b 0.05; 10 μM, p b 0.01) (RALDH2: 1 μM, 3 μM and 10 μM, p b 0.01)
(RALDH3: 1 μM, p b 0.05; 3 μM and 10 μM, p b 0.01) (Fig. 2B). Among
three isoforms of the CYP26 family (CYP26A1, CYP26B1 and
CYP26C1), CYP26A1 and CYP26B1 transcription was significantly en-
hanced by RA (CYP26A1: 10 μM, p b 0.01) (CYP26B1: 1 μM, p b 0.05;
3 μM and 10 μM, p b 0.01) (Fig. 2B). The RA-induced upregulation of
CYP26B1 appeared to be dose dependent (not statistically significant).
The effects of RA on CYP26C1 were opposite to that of the other two
CYP26members. The expression of CYP26C1was significantly inhibited
by RA (3 μM and 10 μM, p b 0.01) (Fig.2B).

To summarize, the expression profiles of these key molecules sug-
gest a negative feedback regulation of RA signaling in the developing
incisor.

3.2. Exposure of LaCL to exogenous RA ex vivo results in thinning of the LaCL

RA plays a critical role during embryonic development in many
organs (Cunningham and Duester, 2015). Though RA has a known
role in tooth morphogenesis (Gibert et al., 2015; Kronmiller et al.,
1995a,b), its effects on the incisor SC niche are not known. To explore
the effects of RA on the incisor SC niche, we cultured the proximal
parts of P2 Sox2-GFP reporter mouse incisors with different RA con-
centrations (1 μM, 3 μMor 10 μM). Sox2-GFP is expressed specifically
in the LaCL (Juuri et al., 2012). The size of the LaCL and the

nif-antibody:AB_331441


Fig. 2. The effects of exogenous RA on the expression of RARs, RXRs, RALDHs andCYP26s in
P2 mouse incisor cultured ex vivo. The proximal ends of P2 mouse incisors were cultured
with 1, 3, and 10 μM RA respectively for 24 h, and the controls were supplemented with
the equivalent amount of DMSO. Total RNA was extracted from the cultured explants
after 1 day culture. The transcripts of the isoforms of RARs (α, β and γ) and RXRs (α, β
and γ) (A), RALDH1As (1, 2 and 3) and CYP26s (A1, B1 and C1) (B) were measured by
qRT-PCR, and the data are shown as relative expression compared to GAPDH levels.
(*p b 0.05, **p b 0.01).
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fluorescence intensity of GFP in the LaCL were measured after 1 and
2 days of culture. Already after 1 day, the LaCLs cultured with RA
were significantly thinner than controls. The thinning was more ev-
ident after 2 days (p b 0.01) (Fig. 3A and B). Moreover, the inhibitory
effects of RA on LaCL size were concentration-dependent - the higher
the RA concentration in the culture was, the thinner the LaCLs were
(1 day, p b 0.05; 2 days, p b 0.01) (Fig. 3A and B). The intensity of
Sox2-driven GFP expression in the LaCL was also remarkably
inhibited by all three concentrations of RA after 1 and 2 days of cul-
ture (p b 0.01) (Fig. 3A and C).
3.3. RA induces apoptosis and inhibits proliferation in the LaCL

To discover the mechanism of RA-induced thinning of the LaCL, we
next examined cell proliferation and apoptosis using EdU incorporation
and immunostaining of activated Caspase-3, respectively. In the above-
described experiments, all three RA concentrations triggered a clear,
suppressive effect on the size of the LaCL. Therefore, in this part, we
chose the medium dose (3 μM) to examine RA effects on cell prolifera-
tion and apoptosis.
After 2 days of culture, RA inhibited proliferation in the LaCL epithe-
lium, particularly in the SR compartment (Fig. 4A). By using Imaris soft-
ware (Bitplane), confocal 2D image stacks were reconstructed to 3D
stereo and the proliferating cells were counted. The data showed that
the number of proliferating cells in the SR compartment was remark-
ably decreased after 2 days treatment with RA (p b 0.01) (Fig. 4B,
Video S1 and S2).

It has been shown that an apoptotic cell population is located in a
specific area of the SR, close to the outer enamel epithelium (Yang et
al., 2015). We counted the Caspase-3 positive apoptotic cells from
the reconstructed 3D stereo images of the LaCL epithelium. We ob-
served that the region harboring the apoptotic cells had significantly
expanded in the RA treated explants (p b 0.05) (Fig. 4C and D, Video
S3 and S4). In addition, we found that the expression of Bcl2, an anti-
apoptotic molecule, was significantly inhibited by RA (Fig. 4E). These
results were consistent with previous reports that RA-induced apo-
ptosis was associated with downregulation of Bcl-2 in umbilical
cord stem cells and breast cancer cell lines (Pratt et al., 2003;
Saraee et al., 2014).

3.4. Fgf10 rescues the RA-induced thinning of the LaCL via antagonizing
downregulation of cell proliferation and upregulation of apoptosis

Previous studies have demonstrated that Fgf10 is indispensable for
epithelial SC survival in the incisor (Harada et al., 2002). This molecule
furthermore antagonizes the proapoptotic effects of mesenchymal
Wnt activation in the LaCL (Yang et al., 2015).WeanalyzedmRNA levels
of several signaling factors in P2 LaCL explants cultured for 1 day in the
presence or absence of RA, and found that Fgf10 expression was
inhibited remarkably by RA (p b 0.05) (Fig. 5A). Therefore, we speculat-
ed that Fgf10 might be involved in the negative regulatory effects of RA
on the LaCL. To examine the potential of Fgf10 to counteract the effects
of RA, we added Fgf10 (100 ng/ml) to culture medium of P2 Sox2-GFP
incisor explants that either contained or did not contain RA. After
2 days of culture, we measured the sizes of LaCLs and the fluorescence
intensity of GFP in LaCLs. Expectedly, RA induced a remarkable thinning
of the LaCL (p b 0.01) and a significant decrease in the expression of
Sox2-GFP in the LaCL (p b 0.01), whereas Fgf10 increased the size of
the LaCL (p b 0.01) (Fig. 5B, C and D). When the explants were co-cul-
tured with Fgf10 and RA, the thinning of the LaCL and the downregula-
tion of Sox2 expression were rescued and resembled the control (Fig.
5B, C and D). This indicates that Fgf10 blocked the negative effect of
RA on the LaCL.

The effects of Fgf10 on apoptosis and proliferation in the LaCL
were analyzed after 2 days of culture. Enhanced apoptosis was de-
tected in the SR compartment of the RA treated LaCLs, whereas it
was almost completely blocked by Fgf10 treatment (Fig. 5E). The in-
hibition of Cell proliferation in the LaCL induced by RAwas obviously
antagonized by Fgf10, particularly in the SR compartment (Fig. 5E).
To confirm that the blocking effect of Fgf10 on RA was specific, we
also examined the intervention effect of some other key signaling
molecules known to be involved in maintenance of the SC niche.
Our data showed that addition of Fgf8 or Noggin to the culture medi-
um did not block the negative effects of RA (Fig. S1). Noggin is a Bmp
inhibitor and Bmp4 is a negative regulator of SC niche of mouse inci-
sor (Wang et al., 2007).

3.5. RA induced the downregulation of Shh in the transient amplifying (TA)
zone

Besides apoptosis and proliferation, we also examined the ef-
fects of RA on SC differentiation in cultured incisor explants. Our
qPCR results showed that the expression of Sonic hedgehog
(Shh), which marks cells that are differentiating along the amelo-
blast lineage, was remarkably downregulated after the treatment
with exogenous RA in cultured incisor explants. Furthermore, our



Fig. 3. RA treatment results in thinning of the LaCL. The proximal end of P2 Sox2-GFP reporter mouse incisor was dissected and cultured with 1, 3, and 10 μMRA respectively for 24 h and
48 h. The controls were supplemented with the equivalent amount of DMSO. The size of LaCLs and the fluorescence intensity of GFP were measured after the culturing. All three
concentrations (1, 3 and 10 μM) of RA caused the significant thinning of the LaCL (p b 0.01) and the remarkable downregulation of Sox2-driven GFP expression (p b 0.01). The effects
of RA on LaCL size is in a concentration-dependent manner (P2 + 1, p b 0.05; P2 + 2, p b 0.01). (A) Representative images of LaCLs treated with RA. Quantification of LaCL size (B)
and GFP fluorescence intensity (C) of RA treated explants. Scale bar = 50 μm.
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in situ hybridization data displayed the shrinking of the TA zone
consisting of Shh positive pre-ameloblast cells from the proximal
end of the incisor (Fig. 6). Fgf10 has been proven to be vital for
maintaining Shh expression in the developing incisor (Klein et al.,
2008; Rice et al., 2004), therefore, the suppressive effects of RA on
differentiation of incisor SCs could be secondary to the inhibition
of Fgf10.

4. Discussion

In this study, we analyzed the expression profiles of several keymol-
ecules in the RA signaling pathway upon exogenous RA treatment in
cultured incisor explants, two RA receptor families (RARs and RXRs)
and two enzyme families that produce RA (RALDHs) and degrade it
(CYP26s). We explored the effects of exogenous RA on the homeostasis
of mouse incisor SCs, and found that via inhibition of mesenchymal
Fgf10, RA exerted negative effects on the incisor SC niche, which includ-
ed upregulation of apoptosis and downregulation of proliferation in
LaCL epithelial cells.

The mechanisms bywhich RA induces apoptosis have not been fully
elucidated. The existing evidence elucidating the proapoptotic and anti-
proliferative activities of RA is mostly limited to the mechanism of RA
anti-cancer action (Noy, 2010). In breast cancer cell lines, RA was
shown to inducemitochondrial apoptosis accompanied by downregula-
tion of the antiapoptotic protein Bcl2 and to trigger growth inhibition by
inducing cell cycle arrest (Danforth, 2004; Niu et al., 2001). We demon-
strated that in the continuously growing mouse incisor, RA negatively
regulated the homeostasis of themouse SC niche by promoting apopto-
sis and restraining proliferation in LaCL epithelial cells, and that these
effects were accompanied by inhibition of Bcl2 expression.

As a crucial survival signal in themouse incisor, Fgf10 is known to be
expressed in the mesenchyme surrounding the LaCL (Harada et al.,
2002; Zhao et al., 2011). We discovered that RA suppressed the expres-
sion of Fgf10 and the negative effects of RA on mouse incisor SCs were
blocked by addition of Fgf10 to the incisor cultures. Ourfindings suggest
a possible coordination between RA and Fgf10 during incisor develop-
ment. In addition, we observed a negative feedback regulation of the
RA signal in the developing mouse incisor. This negative feedback loop
is likely a protective mechanism built in the SC niche, which could pro-
tect the SCs from excess RA signaling, and maintain the proper level of
survival molecule Fgf10. RA signaling was also reported to be linked to
Fgf signaling during morphogenesis of other organs. The increase of
RA levels, caused by the absence of CYP26B1, suppressed Fgf10 expres-
sion in the bend region of the middle palatal shelves in the developing
palate and was accompanied by decreased cell proliferation (Okano et
al., 2012). In the developing mammalian inner ear, disruption of the
FGF10 signal was induced by excess RAwithin the otic epithelium, lead-
ing to downregulation of the Fgf10 downstreamgeneDlx5/Dlx6 expres-
sion (Frenz et al., 2010). RA and Fgf10 signaling are also tightly
connected during the initial stages of lung morphogenesis. RA was



Fig. 4. RA induces apoptosis and inhibits proliferation in the LaCL. (A, B) After 2 days of culture RA inhibited proliferation in LaCL epithelium of P2 explants, especially in SR (p b 0.01). The
white arrow points to the proliferating cell in SR of the control explants. Scale bar= 50 μm. (C, D) Apoptosis (Activated Caspase 3)was up-regulated by RA in the LaCL of P2 explants after
2 days of culture (p b 0.05). Scale bar=50 μm. (E) P2 explantswere culturedwith RA for 24 and48 h, andused for quantitative PCR.Marked downregulation of anti-apoptotic protein Bcl2
was observed after RA treatment (p b 0.01).
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found to influence early lung pattern formation by suppressing local ex-
pression of Fgf10 (Malpel et al., 2000).

In early lung development, Wnt signaling controls Fgf10 expression
during the induction of the primordial mouse lung. The activation of
Wnt signaling required for lung formation was dependent on local re-
pression of its antagonist, Dickkopf homolog 1 (Dkk1), by endogenous
RA. Analysis of mouse Dkk1 genomic sequences revealed one RA-re-
sponsive element (RARE) 1212 bp upstream of the translation start
site suggesting Dkk1 is a direct target of RA in the lung mesenchymal
cells (Chen et al., 2010). We found that Wnt/beta-catenin in mesen-
chymewas activated upon RA treatment in cultured BATgal mouse inci-
sor explants (Fig. S2). It was previously reported that activation ofWnt/
beta-catenin signaling in the mesenchyme surrounding the LaCL
inhibited mesenchymal Fgf10 expression, and resulted in massive apo-
ptosis in incisor epithelial SCs (Yang et al., 2015). Therefore, in the de-
veloping incisor, RA may regulate Fgf10 expression indirectly through
Wnt signaling.
Fig. 5. Fgf10 rescues the thinning of LaCL induced by RA via antagonizing the effects of RA on c
significantly inhibited by RA after 24 h culture (p b 0.05). (B–D) The P2 Sox2-GFP explantswere
and the fluorescence intensity of GFP in the LaCL were measured after 2 days of culture. (B) Rep
and Fgf10. (C) Marked thinning of LaCL (p b 0.01) and (D) significant downregulation of GF
moderately increased the size of the LaCL (p b 0.01). Combined supplement of Fgf10 and
fluorescence intensity of GFP compared to the controls. These results suggest that Fgf10 re
Addition of Fgf10 to the cultures blocked the up-regulation of activated Caspase 3 and down-
proliferating cell in SR of Fgf10 treated and control explants. Scale bar = 50 μm.
5. Conclusion

This is the first time that the function of RA signaling has been ad-
dressed in the incisor SC niche. We showed that RA signaling is subject
to negative feedback regulation in the developing incisor. We demon-
strated that exogenous RA exhibits negative effects on the homeostasis
of incisor SCs and inhibits proliferation and increases apoptosis. Since
the exposure to RA was accompanied by downregulation of mesenchy-
mal Fgf10 expression and exogenous Fgf10 blocked the effects of RA,we
conclude that the effects of RA on the incisor SC niche are likely mediat-
ed by inhibition of Fgf10 (Fig. 7).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2016.09.030.
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ell proliferation and apoptosis in the LaCL. (A) The expression of Fgf10 in P2 explants was
culturedwith Fgf10 (100ng/ml) in the presence or absence of RA (3 μM). The sizes of LaCLs
resentative images of LaCLs under the treatment with RA or Fgf10 or co-cultured with RA
P fluorescence intensity (p b 0.01) were observed upon RA treatment, (C) while Fgf10
RA in medium resulted in no visible change in (C) the size of the LaCL and (D) the

scued the effect of RA on LaCL size and the expression of Sox2. Scale bar = 50 μm. (E)
regulation of cell proliferation in the LaCL induced by RA. The white arrow points to the
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Fig. 7. Schematic presentation of the negative effects of RA on epithelial SCs in the mouse
incisor. Exogenous RA negatively regulates the homeostasis of epithelial SC niche of the
mouse incisor by down-regulating proliferation and up-regulating apoptosis in LaCL
epithelial cells. The effects of RA on LaCL epithelium is mediated by its negative control
of mesenchymal Fgf10.

Fig. 6. RA inhibits Shh expression in transient amplifying (TA) zone. The proximal end of P2 mouse incisor was cultured with 3 μM RA for 24 h and 48 h, and the controls were
supplemented with the equivalent amount DMSO. The expression of Shh in the cultured explants measured by qPCR at 24 h and 48 h was evidently inhibited by RA (A), and TA zone
marked by Shh expression, which was examined by in situ hybridization at 48 h (B), was shrunk from the proximal end of the mouse incisor. Scale bar = 50 μm.

496 J. Xi et al. / Stem Cell Research 17 (2016) 489–497
Acknowledgements

This work is supported by National Natural Science Foundation of
China (No. 31271327) and Hubei Province Department of Education
Outstanding Young Investigator Grant (No. Q20121116). We thank
the Experimental Teaching Center of Basic Medical Science, School of
Basic Medical Science Wuhan University for technical support. We
thank professor Irma Thesleff, Dr. Maria Voutilainen and Dr. Robert
Leigh for critical reading and constructive suggestions.
References

Alenzi, F.Q., Alenazi, B.Q., Ahmad, S.Y., et al., 2009. The haemopoietic stem cell: between
apoptosis and self renewal. Yale J. Biol. Med. 82, 7–18.

Balic, A., Thesleff, I., 2015. Tissue interactions regulating tooth development and renewal.
Curr. Top. Dev. Biol. 115, 157–186.

Biggs, L.C., Mikkola, M.L., 2014. Early inductive events in ectodermal appendage morpho-
genesis. Semin. Cell Dev. Biol. 25-26, 11–21.

Biteau, B., Hochmuth, C.E., Jasper, H., 2011. Maintaining tissue homeostasis: dynamic con-
trol of somatic stem cell activity. Cell Stem Cell 9, 402–411.

Blum, N., Begemann, G., 2013. The roles of endogenous retinoid signaling in organ and ap-
pendage regeneration. Cell. Mol. Life Sci. 70, 3907–3927.

Charles, C., Hovorakova, M., Ahn, Y., et al., 2011. Regulation of tooth number by fine-
tuning levels of receptor-tyrosine kinase signaling. Development 138, 4063–4073.

Chen, F., Cao, Y., Qian, J., et al., 2010. A retinoic acid-dependent network in the foregut
controls formation of the mouse lung primordium. J. Clin. Invest. 120, 2040–2048.

Cunningham, T.J., Duester, G., 2015. Mechanisms of retinoic acid signalling and its roles in
organ and limb development. Nat. Rev. Mol. Cell Biol. 16, 110–123.

Danforth Jr., D.N., 2004. All trans-retinoic acid acts synergistically with hydroxytamoxifen
and transforming-growth factor beta to stimulate apoptosis in MCF-7 breast cancer
cells. J. Endocrinol. 183, 395–404.
Frenz, D.A., Liu, W., Cvekl, A., et al., 2010. Retinoid signaling in inner ear development: a
“goldilocks” phenomenon. Am. J. Med. Genet. A 152A, 2947–2961.

Fuchs, Y., Brown, S., Gorenc, T., et al., 2013. Sept4/ARTS regulates stem cell apoptosis and
skin regeneration. Science 341, 286–289.

Gibert, Y., Samarut, E., Pasco-Viel, E., et al., 2015. Altered retinoic acid signalling underpins
dentition evolution. Proc. Biol. Sci. 282.

Harada, H., Kettunen, P., Jung, H.S., et al., 1999. Localization of putative stem cells in dental
epithelium and their association with Notch and FGF signaling. J. Cell Biol. 147,
105–120.

Harada, H., Toyono, T., Toyoshima, K., et al., 2002. FGF10 maintains stem cell compart-
ment in developing mouse incisors. Development 129, 1533–1541.

Jussila, M., Thesleff, I., 2012. Signaling networks regulating tooth organogenesis and re-
generation, and the specification of dental mesenchymal and epithelial cell lineages.
Cold Spring Harb. Perspect. Biol. 4, a008425.

Juuri, E., Saito, K., Ahtiainen, L., et al., 2012. Sox2+ stem cells contribute to all epithelial
lineages of the tooth via Sfrp5+ progenitors. Dev. Cell 23, 317–328.

Kim, H.J., Rice, D.P., Kettunen, P.J., et al., 1998. FGF-, BMP- and Shh-mediated signalling
pathways in the regulation of cranial suture morphogenesis and calvarial bone devel-
opment. Development 125, 1241–1251.

Klein, O.D., Lyons, D.B., Balooch, G., et al., 2008. An FGF signaling loop sustains the generation
of differentiated progeny from stem cells inmouse incisors. Development 135, 377–385.

Kronmiller, J.E., Beeman, C.S., 1994. Spatial distribution of endogenous retinoids in the
murine embryonic mandible. Arch. Oral Biol. 39, 1071–1078.

Kronmiller, J.E., Beeman, C.S., Nguyen, T., et al., 1995a. Blockade of the initiation of murine
odontogenesis in vitro by citral, an inhibitor of endogenous retinoic acid synthesis.
Arch. Oral Biol. 40, 645–652.

Kronmiller, J.E., Nguyen, T., Berndt, W., 1995b. Instruction by retinoic acid of incisor mor-
phology in the mouse embryonic mandible. Arch. Oral Biol. 40, 589–595.

Le Guen, L., Marchal, S., Faure, S., et al., 2015. Mesenchymal-epithelial interactions during
digestive tract development and epithelial stem cell regeneration. Cell. Mol. Life Sci.
72, 3883–3896.

Lewandoski, M., Mackem, S., 2009. Limb development: the rise and fall of retinoic acid.
Curr. Biol. 19, R558–R561.

Maden, M., 2007. Retinoic acid in the development, regeneration and maintenance of the
nervous system. Nat. Rev. Neurosci. 8, 755–765.

Malpel, S., Mendelsohn, C., Cardoso, W.V., 2000. Regulation of retinoic acid signaling dur-
ing lung morphogenesis. Development 127, 3057–3067.

Narhi, K., Thesleff, I., 2010. Explant culture of embryonic craniofacial tissues: analyzing ef-
fects of signaling molecules on gene expression. Methods Mol. Biol. 666, 253–267.

Niu, M.Y., Menard, M., Reed, J.C., et al., 2001. Ectopic expression of cyclin D1 amplifies a
retinoic acid-induced mitochondrial death pathway in breast cancer cells. Oncogene
20, 3506–3518.

Noy, N., 2010. Between death and survival: retinoic acid in regulation of apoptosis. Annu.
Rev. Nutr. 30, 201–217.

Okano, J., Kimura,W., Papaionnou, V.E., et al., 2012. The regulation of endogenous retinoic
acid level through CYP26B1 is required for elevation of palatal shelves. Dev. Dyn. 241,
1744–1756.

Pratt, M.A., Niu, M., White, D., 2003. Differential regulation of protein expression, growth
and apoptosis by natural and synthetic retinoids. J. Cell. Biochem. 90, 692–708.

Rhinn, M., Dolle, P., 2012. Retinoic acid signalling during development. Development 139,
843–858.

Ribatti, D., Santoiemma, M., 2014. Epithelial-mesenchymal interactions: a fundamental
developmental biology mechanism. Int. J. Dev. Biol. 58, 303–306.

Rice, R., Spencer-Dene, B., Connor, E.C., et al., 2004. Disruption of Fgf10/Fgfr2b-coordinat-
ed epithelial-mesenchymal interactions causes cleft palate. J. Clin. Invest. 113,
1692–1700.

Saraee, F., Sagha, M., Mohseni Kouchesfehani, H., et al., 2014. Biological parameters
influencing the human umbilical cord-derived mesenchymal stem cells' response to
retinoic acid. BioFactors 40, 624–635.

http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0005
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0005
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0010
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0010
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0015
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0015
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0020
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0020
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0025
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0025
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0030
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0030
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0035
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0035
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0040
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0040
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0045
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0045
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0045
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0050
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0050
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0055
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0055
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0060
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0060
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0065
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0065
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0065
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0070
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0070
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0075
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0075
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0075
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0080
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0080
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0080
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0080
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0085
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0085
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0085
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0090
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0090
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0095
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0095
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0100
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0100
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0100
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0105
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0105
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0110
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0110
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0110
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0115
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0115
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0120
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0120
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0125
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0125
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0130
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0130
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0135
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0135
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0135
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0140
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0140
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0145
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0145
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0145
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0150
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0150
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0155
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0155
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0160
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0160
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0165
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0165
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0165
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0170
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0170
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0170


497J. Xi et al. / Stem Cell Research 17 (2016) 489–497
Schilling, T.F., Nie, Q., Lander, A.D., 2012. Dynamics and precision in retinoic acid morpho-
gen gradients. Curr. Opin. Genet. Dev. 22, 562–569.

Sennett, R., Rendl, M., 2012. Mesenchymal-epithelial interactions during hair follicle mor-
phogenesis and cycling. Semin. Cell Dev. Biol. 23, 917–927.

Shaker, A., Rubin, D.C., 2010. Intestinal stem cells and epithelial-mesenchymal interac-
tions in the crypt and stem cell niche. Transgenic Res. 156, 180–187.

Tummers, M., Thesleff, I., 2003. Root or crown: a developmental choice orchestrated by
the differential regulation of the epithelial stem cell niche in the tooth of two rodent
species. Development 130, 1049–1057.

Tummers, M., Thesleff, I., 2009. The importance of signal pathway modulation in all as-
pects of tooth development. J. Exp. Zool. B Mol. Dev. Evol. 312b, 309–319.

Wang, X.P., Suomalainen, M., Felszeghy, S., et al., 2007. An integrated gene regulatory net-
work controls stem cell proliferation in teeth. PLoS Biol. 5, e159.
Wilkinson, D.G., 1992. Whole-mount in situ hybridization of vertebrate embryos. In:
Wilkinson, D.G. (Ed.), In Situ Hybridization: A Practical Approach. IRL Press, Oxford,
pp. 75–83.

Xin, T., Greco, V., Myung, P., 2016. Hardwiring stem cell communication through tissue
structure. Cell 164, 1212–1225.

Yang, Z., Balic, A., Michon, F., et al., 2015. Mesenchymal Wnt/beta-catenin signaling con-
trols epithelial stem cell homeostasis in teeth by inhibiting the antiapoptotic effect
of Fgf10. Stem Cells 33, 1670–1681.

Zhao, H., Li, S., Han, D., et al., 2011. Alk5-mediated transforming growth factor beta signal-
ing acts upstream of fibroblast growth factor 10 to regulate the proliferation and
maintenance of dental epithelial stem cells. Mol. Cell. Biol. 31, 2079–2089.

http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0175
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0175
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0180
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0180
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0185
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0185
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0190
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0190
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0190
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0195
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0195
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0200
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0200
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0205
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0205
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0205
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0210
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0210
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0215
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0215
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0215
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0220
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0220
http://refhub.elsevier.com/S1873-5061(16)30145-3/rf0220

	Negative effects of retinoic acid on stem cell niche of mouse incisor
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Organ culture
	2.3. Immunohistochemistry
	2.4. EdU incorporation
	2.5. RNA isolation and quantitative RT-PCR (qRT-PCR)
	2.6. In situ hybridization
	2.7. Statistical analysis

	3. Results
	3.1. The effects of exogenous RA on the expression of RARs, RXRs, RADLHs and CYP26s in cultured incisor explants
	3.2. Exposure of LaCL to exogenous RA ex vivo results in thinning of the LaCL
	3.3. RA induces apoptosis and inhibits proliferation in the LaCL
	3.4. Fgf10 rescues the RA-induced thinning of the LaCL via antagonizing downregulation of cell proliferation and upregulati...
	3.5. RA induced the downregulation of Shh in the transient amplifying (TA) zone

	4. Discussion
	5. Conclusion
	Disclosure of potential conflicts of interest
	Acknowledgements
	References


