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Enamel is asymmetrically distributed in mouse incisors, which grow

throughout life, and this continuous renewal is driven by dental epithelial

stem cells (DESCs). In this study, we report that ablation of Isl1 in the

dental epithelium using Pitx2-Cre leads to impaired development of the

mandibular incisors. In Isl1Pitx2Cre mutant embryos, the mandibular inci-

sors exhibited a significant reduction in size and length compared to

wild-type controls. A significant decrease in the proliferation of epithelial

and mesenchymal cells was also detected in Isl1Pitx2Cre mutant incisors, and

cell apoptosis was markedly increased in the lateral cervical loop of

Isl1Pitx2Cre mutant incisors at E17.5. Ameloblasts and enamel were present

on all surfaces of the mandibular incisor, including the labial side. Tran-

scriptome analysis and in situ hybridisation revealed that Isl1 deletion

induced significant upregulation of Hedgehog pathway components (Shh,

Ptch1, Gli1) and FGF signalling mediators (Fgf3, Etv4, Etv5), while down-

regulating dental epithelial stem cell markers Sox2 and Lgr5. Our results

showed that ISL1 co-localised with SOX2 in the lingual and lateral dental

epithelium of mandibular incisors, and the expression of Sox2 was regu-

lated by Isl1. Our results demonstrate that Isl1 sustains DESC viability

and orchestrates ameloblast lineage commitment via SOX2-mediated regu-

lation during incisor morphogenesis.

Introduction

Enamel is the only calcified tissue in mammalian epi-

thelial cells and the hardest tissue in the human body.

Tooth enamel is asymmetrically distributed in mouse

incisors, where the enamel covers only the labial side.

This asymmetry favours abrasion on the lingual side,

resulting in sharp incisor edges on the labial side. The

presence of dental epithelial stem cells (DESCs) allows

the abrasion of the incisors to be compensated by con-

tinuous growth [1]. The regulation of stem cell renewal

and differentiation is a complex regulatory network,

including the interaction between signalling pathways

such as WNT, FGF, BMP, NOTCH and Hedgehog

[2–8].
Tooth development experiences a dental lamina

stage, bud stage, Cap stage, bell stage and secretory

stage [8,9]. The lingual cervical loop (liCL) and lateral

cervical loop (laCL) begin to form in the bell period,

and they both contain DESCs [10]. The self-renewal

and differentiation of DESCs are regulated by multiple

regulatory signals [11]. Sox2 marks DESCs and is
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essential for the maintenance of the DESCs in adult

mice [12]. Ablation of Sox2 in the dental epithelium

results in mandibular incisor development arrest and

impaired DESCs proliferation [13]. SHH and FGF sig-

nalling also play important roles in regulating the

development and function of ameloblasts [14–17]. Con-
ditional knockout of Smo or Shh in dental epithelial

cells leads to defects in cell proliferation and amelo-

blast development [18,19]. Fgf3 knockout mice have

defects in enamel formation. Furthermore, Fgf3 and

Fgf10 double knockout mice have very thin or missing

enamel [7]. Deletion of FGF3 and FGF10 receptor

FGFR2 resulted in a significant reduction in tooth epi-

thelial cell proliferation and cessation of tooth devel-

opment before the bud stage [20].

Insulin gene enhancer binding protein 1 (ISL1) is a

LIM homeodomain transcription factor and is essen-

tial for many developmental processes [21–25]. ISL1

also marks cardiovascular progenitors and endothelial

cell lineages [26,27]. Recently, Isl1 was reported to be

important for patterning of enamel in the incisor [28].

Ectopic enamel on the lingual surface of incisors was

observed in Isl1K14Cre mice. Considering that tooth

development begins around E9.5-E10.5 in mouse, we

knocked out Isl1 using Pitx2-Cre mice. Pitx2-Cre mice

expressed CRE at E10.5, earlier than Krt14-Cre mice

expressing CRE at E11.75 [29]. Our data confirmed

that Isl1 is critical for the enamel asymmetry in the

incisor, which is consistent with previous data. In

addition, we found that Isl1 is essential for incisor epi-

thelial cell proliferation and maintenance of DESCs.

This study is the first to demonstrate that ISL1 plays a

dual role in maintaining dental epithelial stem cells

(DESCs) and regulating ameloblast patterning.

Results

Ablation of Isl1 changed enamel pattern and

disrupts incisor development

The expression of Isl1 during tooth development was

analysed using the Isl1LacZ allele. Isl1 expression was

detected in the mandible epithelium as early as E10.5

(Fig. 1A). Isl1 was expressed on the labial and lingual

sides of the incisor at E14.5 and E15.5 (Fig. 1A). Isl1

expression on the lingual side increased significantly at

Fig. 1. Dental epithelial inactivation of Isl1 leads to incisor development defects. (A) X-Gal staining shows Isl1 expression in Isl1LacZ knock-in

mice at E10.5-E15.5 (arrows) (n = 3). Yellow dashed line indicates approximate section levels crossing the mandible. Inset shows

haematoxylin and eosin staining on sagittal sections. (B) X-Gal staining shows Pitx2-Cre activity in Pitx2Cre/R26R mice at E10.5 (n = 3).

Yellow dashed line indicates approximate section levels crossing the mandible. Right: X-Gal staining shows Pitx2-Cre activity in E10.5

Pitx2Cre/R26R mandibular arch. (C) Immunofluorescence demonstrates ISL1 expression in the Pitx2Cre (control) and Isl1Pitx2Cre palates at

E17.5 (arrows) (n = 3). (D) Incisors of control (Pitx2Cre) and Isl1Pitx2Cre at P0 (n = 4). E, embryonic day; P, postnatal day; scale bars: 100 lm

(B, C), 200 lm (Aa), 500 lm (D).
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E15.5 (Fig. 1A). To explore the role of Isl1 in incisor

development, ISL1 was specifically removed from den-

tal epithelial cells with Pitx2Cre mice. Pitx2Cre mice

exhibited Cre activities in the mandible epithelium at

E10.5 (Fig. 1B). Immunohistochemical analysis showed

that there is no ISL1 protein in the incisors of the

mutant mice (Isl1Pitx2Cre) at E17.5 (Fig. 1C, Control).

Both male and female Mice heterozygous for the Isl1

mutation were normal and fertile. The mutant alleles

(Isl1Pitx2Cre) were born normally according to the

Mendelian ratio but died at postnatal day 0 (P0). The

mandibular incisors of Isl1Pitx2Cre mutant embryos

showed as significantly smaller and shorter than those

of wild type (100% penetration) (Fig. 1D). The results

suggest that Isl1 gene deletion leads to the defect of

mandibular incisors development.

We analysed the mandibular incisor phenotype in

the new born Isl1 mutant embryos. Surprisingly, a

well-polarised layer of cells was present not only on

the labial surface of the incisor but on all surfaces

(Fig. 2A). Both enamel matrix protein amelogenin

(AMELX) and MMP20 play important roles in

enamel formation [30]. In situ hybridisation and

immunostaining showed that both AMELX and

MMP20 were expressed in the well-polarised cells,

suggesting that the well-polarised cells were amelo-

blasts (Fig. 2B–D). Masson’s trichrome staining

enables differentiation between enamel matrix (stained

red) and dentin/bone (stained blue). In the mutant

incisors, enamel matrix was observed not only on the

labial side but across the entire surface of the incisor

(Fig. 2E). Compared to the wild type, the mutant

shows irregularly arranged enamel rods (Fig. 2E).

These findings indicate that ISL1 is required for both

correct ameloblast patterning and the orderly organisa-

tion of enamel rods in the incisor.

Isl1 deletion leads to the change of cell

proliferation and apoptosis in a cervical loop

In order to explore the cellular mechanism of the Isl1

mutant incisor development defect, the cell prolifera-

tion and apoptosis were studied. Bromodeoxyuridine

(BrdU) labelling was used to assess the proliferating

cells. At E14.5 and E15.5, the results showed that the

BrdU-labelled epithelial and mesenchymal cells in Isl1

mutant (Isl1Pitx2Cre) incisors were significantly reduced

(Fig. 3A–C). At E17.5, the number of proliferating

cells increased in the liCL side and decreased in the

laCL side of the mutant incisors (Fig. 3A,D). Terminal

Fig. 2. Dental epithelial inactivation of Isl1 leads to ameloblast pattern defects. (A) Sagittal and cross-sectional views show ectopic

ameloblast on the lingual side of mutant (Isl1Pitx2Cre) but not control (Pitx2Cre) incisors at P0 (n = 5). Black dashed line indicates approximate

section levels crossing the incisor. (B) Immunofluorescence shows ectopic AMELX on the lingual side of mutant (Isl1Pitx2Cre) but not control

(Pitx2Cre) incisors at P0 (arrows) (n = 3). (C) In situ hybridisation shows ectopic Amelx on the lingual side of mutant (Isl1Pitx2Cre) but not

control (Pitx2Cre) incisors at P0 (n = 3). Black dashed line indicates approximate section levels crossing the incisor. (D) In situ hybridisation

shows ectopic Mmp20 on the lingual side of mutant (Isl1Pitx2Cre) but not control (Pitx2Cre) incisors at P0 (n = 3). (E) Masson’s trichrome

staining of control and mutant incisors at P0. Black arrowheads show the enamel matrix (red) (n = 3). Black arrows show the dentin (blue).

P, postnatal day; li, lingual side; la, labial side. Scale bars: 200 lm (A–D), 20 lm (E).

3ª 2026 Federation of European Biochemical Societies.

Y. Qu et al. ISL1 in dental epithelial stem cells



deoxynucleotidyl transferase dUTP nick-end labelling

(TUNEL) assay was performed to detect the cell apo-

ptosis. There was no significant difference in apoptosis

between the wild-type (Pitx2Cre) and Isl1Pitx2Cre inci-

sors at E14.5 and E15.5 (Fig. 3E). In the mutant laCL,

the number of apoptotic cells in the stellate reticulum

near the outer enamel epithelium was significantly

increased at E17.5 (Fig. 3E).

We performed immunofluorescence staining for

CCND1 (cell cycle regulator) and active Caspase-3

(apoptosis marker) on P0 sections (Fig. 3F–H). Specifi-

cally, the liCL region in the mutant incisors shows

higher CCND1 signal, consistent with active prolifera-

tion. In contrast, the laCL region in the mutant inci-

sors exhibits elevated active Caspase-3 and reduced

CCND1 expression. The differential expression of

CCND1 and active Caspase-3 may contribute to the

differential proliferative activity observed between the

liCL and laCL in the mutant incisors.

Isl1 is required for DESCs maintenance

To gain insight into the molecular mechanism by which

Isl1 deletion causes defects in incisor development, we

Fig. 3. Deletion of Isl1 in dental epithelial cells results in defects of cell proliferation and apoptosis in the mandibular incisors. (A) BrdU

labelling assays show the cell proliferation in the incisors of Isl1Pitx2Cre embryo and control (Pitx2Cre) (n = 4). (B) Comparison of epithelial and

mesenchymal cell proliferation in the incisors between control (Pitx2Cre) and mutant (Isl1Pitx2Cre) at E14.5. Error bars represent SEM (n = 4;

Student’s t-test). (C) Comparison of epithelial and mesenchymal cell proliferation in the incisors between control (Pitx2Cre) and mutant

(Isl1Pitx2Cre) at E15.5. Error bars represent SEM (n = 4; Student’s t-test). (D) Comparison of relative proliferation in the liCL and laCL

between control (Pitx2Cre) and mutant (Isl1Pitx2Cre) at E17.5. Error bars represent SEM (n = 4; Student’s t-test). (E) TUNEL staining shows

cell apoptosis in the mandibular incisors of Isl1Pitx2Cre and control (Pitx2Cre) (arrows) (n = 3). (F) CCND1 immunofluorescence staining in the

incisors of Isl1Pitx2Cre embryo and control (Pitx2Cre) at P0 (n = 3). (G) Comparison of the relative number of CCND1 positive cells in the liCL

and laCL between control (Pitx2Cre) and mutant (Isl1Pitx2Cre) at P0. Error bars represent SEM (n = 3; Student’s t-test). (H) Active Caspase-3

(Casp3) immunofluorescence staining in the incisors of Isl1Pitx2Cre embryo and control (Pitx2Cre) at P0 (arrows) (n = 3). E, embryonic day; P,

postnatal day; liCL, lingual cervical loop; laCL, lateral cervical loop; *, P < 0.05. **, P < 0.01. Scale bars: 200 lm.
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analysed gene expression profiles of E14.5 mandibular

incisors of mutant (Isl1Pitx2Cre) and control (Pitx2Cre)

embryos using RNA-Seq. In parallel comparison, we

identified dozens of protein-coding genes that showed

differential expression between the mutants and the

control (≥ 2 fold, < 5% false discovery rate；Fig. 4A).

Quantitative real-time PCR (qRT-PCR) using RNAs

purified from independent samples confirmed the

altered expression of Shh, Ptch1, Gli1, Fgf3, Etv4, Etv5,

Sox2 and Lgr5 (Fig. 4B). Among them, Sox2 and Lgr5

—known to be the markers for DESCs—significantly

decreased [12,31]. Sox2 has been reported to control

ameloblast lineage commitment and its asymmetric pat-

terning in mouse incisor [32]. Our immunostaining and

in situ hybridisation analyses verified the decreased

expression of Sox2 and Lgr5 in mutant incisor cervical

loops at E14.5 and E17.5 (Fig. 4C,D). In particular,

SOX2 expression was absent in the lingual dental epi-

thelium of mutant embryos at E14.5 (Fig. 4C). The

absence of SOX2+ DESCs in the lingual cervical loop

might account for the appearance of ameloblasts in the

lingual dental epithelium. Given the critical role of

SOX2 in the maintenance of DESCs, the reduction of

SOX2 expression in the lateral dental epithelium may

lead to the increase of apoptosis at E17.5 (Fig. 3C).

Trp63 and Notch1 were also reported to be implicated

in the maintenance of dental epithelial stem cells. The

expression of Trp63 (Fig. 5A–F) and Notch1 (Fig. 5G,

H) was downregulated in the incisors of the mutant at

E14.5–E17.5. In addition, Bmp4, a regulator of dental

epithelial differentiation, was also increased in both the

lingual and lateral cervical loops of the mutant incisors

(Fig. 5I,J).

At E13.5, E14.5 and E17.5, SOX2 and ISL1 were

colocalised in the lingual and lateral dental epithelium

of mandibular incisors (Fig. 6A,B). It is hypothesised

that Sox2 is a downstream target of ISL1. One ISL1

consensus binding site was identified in the Sox2

Fig. 4. Differentially expressed genes in the mutant mandibular incisors. (A) Representative examples of differentially expressed genes in

the Isl1Pitx2Cre as revealed by RNA-Seq analysis (≥ 2-fold, < 5% false discovery rate). (B) Quantitative RT-PCR demonstrates transcription of

Shh, Ptch1, Gli1, Fgf3, Etv4, Etv5, Sox2 and Lgr5 in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5. Error bars represent SEM

(n = 4; Student’s t-test). (C) Immunofluorescence shows the expression of SOX2 in the incisors of Pitx2Cre (control) and Isl1Pitx2Cre at E14.5

and E17.5 (arrows) (n = 3). (D) In situ hybridisation shows the expression of Sox2 and Lgr5 in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre

at E17.5 (arrows) (n = 3). E, embryonic day; *, P < 0.05. **, P < 0.01. Scale bars: 100 lm.
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promoter sequence (Fig. 6C). ChIP analysis confirmed

that ISL1 can bind to the site (Fig. 6D). Overexpres-

sion of Isl1 significantly upregulated Sox2 expression

in mutant (Isl1Pitx2Cre) incisors (Fig. 6E). Consistently,

Sox2 promoter activity was also stimulated by Isl1

overexpression (Fig. 6F). Considering that SOX2+ den-

tal epithelial stem cells are important for postnatal

incisor growth, we cultured P0 incisors from mutant

and wild-type mice for five days. The mutant incisors

did not change, whereas the wild-type incisors became

longer (Fig. 6G). Together, these results indicate that

Sox2 is regulated by ISL1.

SHH, FGF and BMP signalling is upregulated in

the lingual and lateral cervical loop of mutant

incisors

It has been reported that Sox2 can regulate the differ-

entiation of dental epithelium by modulating SHH and

FGF signalling [32]. The expression of Shh, Ptch1,

Fgf3 and Etv5 were analysed in the mutant by in situ

hybridisation. Ptch1 and Etv5 are marker genes of

SHH signalling and FGF signalling activity, respec-

tively. The results of in situ hybridisation showed that

Shh expression was present in the lingual dental epi-

thelium of the mutant, starting at E15.5, but not in

the wild type (Fig. 7). The expression of Etv5 was

increased in the lingual dental epithelium of the

mutant starting at E14.5 (Fig. 8). The expression of

Ptch1 and Fgf3 was increased in the mesenchyme of

the mutant at E14.5 and E15.5 (Figs 7, 8). The expres-

sion of Shh, Ptch1, Fgf3 and Etv5 was also increased

in the lateral cervical loop of the mutant incisors

(Figs 7, 8). The results indicated that SHH, FGF and

BMP signalling were upregulated not only in the lin-

gual cervical loop but also in the lateral cervical loop

of the mutant incisors (Figs 5, 7, 8). The upregulation

of SHH, FGF and BMP signalling in the lingual

Fig. 5. Expression of Trp63, Notch1 and Bmp4 mRNA expression in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5, E15.5 and

E17.5. In situ hybridisation shows the expression of Trp63 in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5, E15.5 and E17.5

(n = 3). The expression of Notch1 and Bmp4 is also detected by in situ hybridisation in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at

E17.5 (n = 3). E, embryonic day; scale bars: 200 lm.
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cervical loop of the mutant incisors may induce the

ectopic ameloblast differentiation. Taken together, Isl1

deletion results in the upregulation of SHH, FGF, and

BMP signalling pathways, thereby promoting amelo-

blast differentiation.

Discussion

Studies in animals and humans have identified many

genes that play important roles in ameloblast pattern-

ing and differentiation [7,30,33,34]. In this study,

abnormal enamel patterning was found in Isl1Pitx2Cre

mutant embryos, indicating that Isl1 is critical for the

enamel asymmetry in the incisor. In addition, we

provide evidence that Isl1 is essential for the mainte-

nance of DESCs.

The incisors of the mutant (Isl1Pitx2Cre) were smaller

and shorter than those of the wild type, which indi-

cated that there were defects in the growth of mandib-

ular incisors. Our results showed that the proliferation

of epithelial and mesenchymal cells of Isl1 mutant

(Isl1Pitx2Cre) incisors is significantly reduced at E14.5

and E15.5. A significant reduction in cell proliferation

was also detected in the laCL of mutants at E17.5. In

addition, the number of apoptotic cells in the stellate

reticulum (SR) of laCL was increased in the mutants

at E17.5. DESCs reside in the outer enamel epithelium

(OEE) and underlying stellate reticulum (SR) of

Fig. 6. ISL1 and SOX2 were colocalised in the liCL and laCL. (A) Immunofluorescence shows the colocalisation of ISL1 and SOX2 in the

incisors at E13.5 and E14.5 (white arrows) (n = 3). (B) Immunofluorescence shows the colocalisation of ISL1 and SOX2 in the laCL of

incisors at E17.5 (n = 3). (C) Schematic representation of the Sox2 promoter sequence. The binding site for ISL1 is highlighted ‘B’. (D)

Quantitative analysis of ChIP assays is performed by real-time PCR. Error bars represent SEM (n = 3; Student’s t-test). (E) Quantitative RT-

PCR demonstrates that overexpression of Isl1 induced the expression of Sox2 in the incisor cultures. Error bars represent SEM (n = 4;

Student’s t-test). (F) Luciferase activity of pGL3 empty vector (control) and pGL3-Sox2 promoter vector (pGL3-Sox2 Pro). Error bars

represent SEM (n = 4; Student’s t-test). (G) Relative length of incisors of control (Pitx2Cre) and Isl1Pitx2Cre. Error bars represent SEM (n = 3;

Student’s t-test). E, embryonic day; liCL, lingual cervical loop; laCL, lateral cervical loop; *, P < 0.05. **, P < 0.01. ***, P < 0.001. Scale

bars: 100 lm.
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laCL [35]. The results suggest that Isl1 may be critical

for the survival of DESCs.

The continuous growth of rodent incisors is

achieved by the renewal and differentiation of DESCs

[35]. The transcription factor Sox2, which is essential

for stem cells to maintain pluripotency, has been iden-

tified as a specific marker for DESCs [12]. Conditional

Sox2 deletion in the dental epithelium leads to

impaired proliferation of DESCs and impaired incisor

development [13]. Sox2 expression was present in both

liCL and laCL at cap stage [12]. Subsequently, Sox2

expression will gradually decrease in the lingual CL.

Colocalisation of ISL1 and SOX2 was confirmed in

the epithelial cells of incisor. After deletion of Isl1 with

Pitx2-Cre, the expression of SOX2 in liCL and laCL

decreased significantly. In particular, SOX2 expression

in mutant liCL is absent at E14.5. Our results demon-

strate that Sox2 expression is regulated by Isl1 in the

incisor epithelium. Our previous reports have found

that knocking out Isl1 in palatal epithelial cells also

leads to a decrease in Sox2 expression [36]. The results

suggest that Sox2 is a downstream target gene of Isl1

in the incisor.

Enamel is the only calcified tissue derived from epi-

thelial cells in mammals. The continuous growing

mouse incisor is a good model for studying the spatial

and temporal regulation of ameloblast differentiation.

The incisor has no lingual enamel due to a lack of

ameloblasts on the side [37]. Asymmetric expression

patterns of many genes, such as Shh and Fgf3, are cor-

related with enamel patterning. Shh is strongly

expressed in ameloblasts during prosecretory and

secretory stages and is a key cell-autonomous factor in

ameloblast differentiation [14]. Deletion of Shh in den-

tal epithelial cells results in developmental defects of

ameloblasts [18]. SHH can induce upregulation of

Amelx and Ambn, the main structural components of

enamel, in ameloblasts [18]. Our RNA-seq results also

showed that the expression of Shh and Fgf3 was signif-

icantly upregulated in the incisors of the mutants. In

Fig. 7. Expression of Shh and Ptch1 mRNA expression in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5, E15.5 and E17.5. In situ

hybridisation shows the expression of Shh in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5, E15.5 and E17.5 (n = 3). The

expression of Ptch1 is detected by in situ hybridisation in incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5, E15.5 and E17.5 (n = 3). E,

embryonic day; scale bars: 200 lm.
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wild-type, Shh and Fgf3 are only detected in labial CL

but not lingual CL. Ectopic Shh and Fgf3 expression

was found in lingual CL of Fst or Spry4 null mice

with ectopic enamel [34,38].

Isl1 is expressed in both labial CL and lingual CL

of wild type incisors. Previous studies have shown that

conditional knockout of Isl1 using K14-Cre can also

result in ectopic enamel on the lingual surface of the

incisor [28]. The phenotype of Isl1Pitx2Cre is much

stronger than of Isl1K14Cre, and ameloblasts are present

on all surfaces of the mutant (Isl1Pitx2Cre) incisor. Shh

and Fgf3 are upregulated in both labial CL and lingual

CL of the mutant (Isl1Pitx2Cre) incisor. Furthermore,

the Shh downstream target genes Ptch1, Fgf3 and Etv5

were all upregulated in both the labial CL and lingual

CL of the mutants (Isl1Pitx2Cre). These results indicate

that SHH, FGF and BMP signalling activity is upre-

gulated in both the labial CL and lingual CL of the

mutants (Isl1Pitx2Cre). Sox2 has been reported to con-

trol the asymmetric patterning of ameloblast lineage

commitment by regulating SHH and FGF signalling

[32], consistent with its inhibitory effect on Shh expres-

sion in dental epithelial cells [39]. In addition, our pub-

lished data showed that Shh regulate FGF signalling

in the incisor [40]. In summary, the early decrease of

SOX2 expression in liCL after Isl1 deletion may lead

to the upregulation of SHH, FGF and BMP signalling

and the differentiation of lingual epithelial cells.

Fig. 8. Expression of Fgf3 and Etv5 mRNA expression in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre at E14.5, E15.5 and E17.5. In situ

hybridisation was performed to detect Fgf3 and Etv5 expression in the incisors of control (Pitx2Cre) and Isl1Pitx2Cre mice at E14.5, E15.5, and

E17.5 (n = 3). E, embryonic day; scale bars: 200 lm.
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In summary, our data indicate Isl1 plays a critical

role in asymmetric patterning of ameloblasts and the

maintenance of DESCs in the incisors. Deletion of Isl1

leads to significant downregulation of Sox2 and Lgr5

(markers of DESCs), resulting in decreased prolifera-

tion and increased apoptosis of dental epithelial cells.

Sox2 expression in dental epithelial cells is regulated

by Isl1, and its downregulation may contribute to

ectopic ameloblast differentiation on the lingual side

of the incisor.

Materials and methods

Animals

The Pitx2-Cre knock-in allele (Pitx2Cre) and the ROSA26

Cre reporter strain (R26R-LacZ) were obtained from the

Mutant Mouse Resource and Research Center

(MMRRC_000126-UCD) and The Jackson Laboratory

(JAX: 009427), respectively. The Isl1 conditional knockout

allele (Isl1fl) and Isl1-lacZ knock-in allele (Isl1LacZ) were

kindly provided by Dr. Lin Gan [22]. All mice were housed

at the Laboratory Animal Center of Hangzhou Normal

University under sterile conditions, with a 12 h: 12 h

light/dark photocycle at 25 � 1 °C, and had free access to

water and food. All experimental protocols involving mice

were approved by the Hangzhou Normal University Ani-

mal Care and Use Committee (2022–1057). The morning

on which a vaginal plug was detected was designated as

embryonic day 0.5 (E0.5).

X-gal staining

Whole-mount X-gal staining was performed as described

previously [41]. Briefly, after dissection, embryos were fixed

in fresh fix buffer (5 mM EGTA, 2 mM MgCl2, and 4%

paraformaldehyde (PFA)) for 1 h at 4 °C. Three washes

were subsequently performed with a washing buffer (0.02%

NP40, 0.01% sodium deoxycholate, and 2 mM MgCl2 in

PBS). Embryos were stained with staining buffer (5 mM

potassium ferricyanide, 5 mM potassium ferrocyanide, and

0.1% X-gal in washing buffer) for 2–4 h at 37 °C in the

dark. The stained embryos were washed with PBS and

finally post-fixed in 4% PFA at 4 °C. X-gal stained sections

were counterstained with Nuclear Fast Red.

BrdU labelling and TUNEL assays

5-bromodeoxyuridine (BrdU) incorporation was used to

analyse cell proliferation [42]. BrdU solution (3 mg/100 g

of body weight) was injected intraperitoneally, and embryos

were collected 30 min later. Embryonic heads were fixed in

10% neutral buffered formalin at 4 °C overnight and

then processed for paraffin sectioning at 5 lm for

immunofluorescence staining. Relative cell proliferation was

calculated as the percentage of BrdU-positive cells in the

mutant compared with controls within a defined arbitrary

area. Statistical significance was calculated using Student’s

t-test. Apoptotic cells were detected by TUNEL assay. The

In Situ Cell Death Detection kit (Roche, Mannheim, Ger-

many) was used according to the manufacturer’s protocol.

Immunofluorescence and histological analysis

Embryos were collected at defined developmental stages and

then fixed in 4% PFA for 30 min at 4 °C. The samples were

dehydrated in a graded series of 50%, 70%, 80%, 90% and

100% ethanol, cleared with xylene and embedded in paraffin.

Sections were stained with haematoxylin and eosin as described

previously [43]. Masson’s trichrome staining was carried out

using a kit (Solarbio life sciences, Beijing, China) following the

manufacturer’s instructions. For immunofluorescence, sections

were washed three times in PBST (0.1% Triton X-100/PBS)

and blocked in 5% BSA for 1 h. Subsequently, sections were

incubated with primary antibodies overnight in a humid cham-

ber at 4 °C. Primary antibodies used were: BrdU (ab8152;

Abcam, Cambridge, MA, USA), SOX2 (66411-1-Ig; Protein-

tech), ISL1 (ab20670; Abcam), Cleaved Caspase 3 (25128-1-

AP; Proteintech, Wuhan, China), Cyclin D1 (A19038; ABclo-

nal, Wuhan, Chin). Secondary antibodies conjugated with

Alexa Fluor 488 or 594 (1 : 1000, Invitrogen, Carlsbad, CA,

USA) were applied for 1 h in the dark.

In situ hybridisation

In situ hybridisation using a section of embryonic samples

was performed as previously described [44]. Embryos were

collected at defined developmental stages and fixed in

freshly made 4% PFA overnight at 4 °C. Samples were

then dehydrated in a graded series of alcohols and embed-

ded in paraffin. After treatment with proteinase K, sections

(12 lm) were incubated overnight at 65 °C with a hybridi-

sation solution containing denatured RNA probes.

Labelled non-radioactive RNA probes were produced by in

vitro transcription using DIG RNA labelling kit (Roche).

RNA-seq analysis and quantitative real-time PCR

RNA-seq was performed using the total RNA extracted

from E14.5 mandibular incisors. All the raw data generated

from the RNA sequencing (RNA-seq) was deposited in

BIGD (GSA: CRA018417) that are publicly accessible at

https://ngdc.cncb.ac.cn/gsa. Quantitative real-time PCR

was performed in triplicate for each set of samples using a

CFX96 Real-Time System (Bio-Rad, Shanghai, China) as

previously described [45]. Oligonucleotide primers are as

follows: Shh (50-AAAGCTGACCCCTTTAGCCTA and

50-TGAGTTCCTTAAATCGTTCG GAG), Ptch1 (50-AG

ACTACCCGAATATCCAGCACC and 50-CCAGTCAC
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TGTCAAATGCATCC), Gli1 (50- CCAAGCCAACTTT

ATCAGGG and 50- AGCCCGCTTCTTTGTTAATTTG

A), Sox2 (50- CTTTTGTCCGAGACCGAGAAGC and 50-
CCGGGA AGCGTGTACTTATCC), Fgf3 (50- CTTGA

GAACAGCGCCTATAGC and 50- TAGTGATCCGAA

GCATACAGC), Etv4 (50- ACTAATTGAACCTGAAGA

GG and 50- ACACAAACTTGTACACGTAGC), Etv5 (50-
CCTGATGATGAGCAGTTTGTCC and 50- GCACTTT

TCTCCATACTTAGCACC), Lgr5 (50- CGAGCCTTACA

GAGCCTGATACC and 50- TGTTGCCGTCGTCTTTA

TTCC), 18S (50-TAGAGGGACAAGTGGCGTTC, and 50

-CGCTGAGCCAGTCAGTGT). The relative amount of

gene transcript was calculated using the 2�DDCT method

[46] and normalised to the endogenous 18S reference gene.

In vitro organ cultures

Incisors were dissected from E14.5 embryos and placed on

a Nuclepore Track-Etch membrane (0.2-lm pore size) in

TROWELL organ culture in a chemical defined medium as

described previously [25]. For Isl1 overexpression experi-

ments, the Isl1 overexpression vector (pCDH-Isl1) or con-

trol vector (pCDH) was transfected with

Lipofectamine3000 reagent. After the explants were cul-

tured for 48 h in a humidified atmosphere of 5% CO2 at

37 °C, RNA was extracted and real-time quantitative PCR

analysis was performed. All experiments were repeated at

least three times.

Primary cell culture and luciferase assay

Incisors were carefully dissected from E14.5 wild-type

embryos. The explants were incubated in 0.75 mg�mL�1

Dispase on ice for 30 min. One hundred microliters of iso-

lated primary cells were cultured in 96-well plates. The

3.1 kb promoter of Sox2 was cloned into the pGL3 basic

vector to generate pGL3-Sox2 Pro. For the luciferase assay,

the pGL3 empty vector (control) or pGL3-Sox2 Pro vector

was co-transfected with either the Isl1 overexpression vec-

tor (pCDH-Isl1) or the control vector (pCDH). After 48 h

of incubation at 37 °C in a humidified atmosphere contain-

ing 5% CO2, cells were harvested for luciferase activity

analysis. Firefly luciferase activities were normalised to

Renilla luciferase activity and each experiment was per-

formed in triplicate and repeated at least three times.

ChIP assay

For the chromatin immunoprecipitation (ChIP) analysis,

incisors were dissected from E14.5 wild type embryos.

ChIP was carried out using antibody against ISL1

(Abcam) or normal rabbit IgG (Beyotime, Beijing, China).

The eluted DNA served as the template for quantitative

real-time PCR (qPCR) analyses, performed in triplicate.

The specific primers targeting the predicted ISL1 binding

site were as follows: 50-CTATTATAACCCCAAAAGAGG

and 50-AAGTCTACTGTACTTATCAGAGG.

Statistical analyses

All data are presented as means � SEM. Student’s t-test

was used to test differences among data sets. P values of

less than 0.05 were regarded as statistically significant.
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