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SUMMARY

Organoid models provide powerful tools to study tissue biology and development in a dish. Presently, organoids have not yet been devel-
oped from mouse tooth. Here, we established tooth organoids (TOs) from early-postnatal mouse molar and incisor, which are long-term
expandable, express dental epithelium stem cell (DESC) markers, and recapitulate key properties of the dental epithelium in a tooth-type-
specific manner. TOs display in vitro differentiation capacity toward ameloblast-resembling cells, even more pronounced in assembloids
in which dental mesenchymal (pulp) stem cells are combined with the organoid DESCs. Single-cell transcriptomics supports this
developmental potential and reveals co-differentiation into junctional epithelium- and odontoblast-/cementoblast-like cells in the
assembloids. Finally, TOs survive and show ameloblast-resembling differentiation also in vivo. The developed organoid models provide
new tools to study mouse tooth-type-specific biology and development and gain deeper molecular and functional insights that may
eventually help to achieve future human biological tooth repair and replacement.

INTRODUCTION

In the last decade, organoid technology has proven to be a
powerful tool to explore tissue biology and development
(Clevers, 2016; Boretto et al., 2017; Artegiani and Clevers,
2018; Cox et al., 2019; Hemeryck et al., 2022). Tissue-
derived organoids develop when tissue (stem) cells or frag-
ments are embedded in a 3D extracellular matrix scaffold
(typically Matrigel) and exposed to a defined growth factor
cocktail that replicates key tissue stem cell niche and devel-
opmental signaling factors. These organoid models closely
recapitulate phenotypical and functional characteristics of
the tissue of origin, much better than traditional 2D cell
cultures, and they are highly and long-term expandable
with preservation of their characteristics (Clevers, 2016;
Hemeryck et al., 2022). Importantly, these stem cell orga-
noids are able to differentiate into specific tissue cell types
following exposure to differentiation factors or co-culture
with other cell types (Artegiani and Clevers, 2018).
Although in vivo experiments using genetically modified
mice have provided important insights into mouse tooth
development and biology, deep knowledge is still missing,
particularly regarding overlap or distinctions between
molars and incisors, largely due to a lack of reliable and
tractable in vitro models. Previous cell culture models of
mouse dental epithelium (DE) cells, including 2D immor-
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talized, non-physiological cell lines, 2D pluripotent stem
cell-derived DE-like cells, and 3D (incisor) spheroids or
tooth germ aggregates, lack the important assets of tissue-
derived organoids such as faithful recapitulation of tissue-
specific phenotype and function and robust long-term
expandability (Nakao et al., 2007; Sarkar et al., 2014; Binder
et al.,, 2020; Miao et al., 2022). Moreover, many of the
previous models were derived from only one tooth type,
thus not allowing decipherment of molar- and incisor-spe-
cific biology and development.

In this study, we report the establishment of organoid
models starting from both mouse molar and incisor. The
obtained epithelial organoids are long-term expandable,
recapitulate tooth-specific characteristics, and show dental
epithelium stem cell (DESC) differentiation properties,
both in vivo and in vitro, the latter further reinforced by
the presence of dental mesenchymal (pulp) stem cells,
thereby mirroring the important epithelial-mesenchymal
crosstalk as occurring during tooth development.

Taken together, our study provides a new powerful tool to
explore and contrast mouse molar and incisor biology and
development. Together with our recently developed human
tooth-derived organoid model (Hemeryck et al., 2022), the
here established mouse tooth organoids (TOs) form a highly
valuable arsenal of in vitro research tools to decipher tooth
biology and development and to open translational
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perspectives toward tooth repair and replacement, envi-
sioned to eventually be instrumental to counter and cure
the highly prevalent and burdening tooth pathologies.

RESULTS

Establishing organoids from mouse molar and incisor
To establish mouse epithelial TOs, we dissected developing
(unerupted) teeth from early-postnatal (i.e., postnatal day
7, PD7) mice and isolated the dental epithelium and
attached dental follicle from molars and the DESC-contain-
ing apical ends from incisors (Figure 1A). Following enzy-
matic and mechanical trituration, the cell mixture was
seeded in Matrigel droplets and cultured in a precisely
defined medium, designated as “tooth organoid medium”
(TOM), encompassing key stem cell niche factors previ-
ously identified to enable development and growth of hu-
man tooth organoids (Hemeryck et al., 2022). In particular,
canonical organoid (stem cell) growth and differentiation-
inhibiting factors such as wingless-type MMTYV integration
site (WNT) activators (R-spondin 1 [RSPO1] and WNT3A),
bone morphogenetic protein (BMP) inhibitor (Noggin),
p38 mitogen-activate protein kinase (MAPK) inhibitor
(SB202190), and transforming growth factor B (TGFB) in-
hibitor (A83-01) and more specific (dental) stem cell niche
regulatory growth factors such as sonic hedgehog (SHH),
fibroblast growth factors (FGF), and insulin-like growth
factor-1 (IGF1) are included in the TOM (for exact compo-
sition, see Tables 1 and S1). Notably, our previously defined
TOM did not need epidermal growth factor (EGF) (Hemer-
yck et al., 2022), which is peculiar since it is a prototypical
component in nearly all organoid media.

Organoids swiftly develop from both molar and incisor
tissue (referred to as molar TO [MTO] and incisor TO
[ITO]) and can be stably expanded and long-term passaged,
at present for more than 10 passages (i.e., longer than
3 months; Figure 1B). Both MTOs and ITOs are epithelial
in nature (as shown by E-cadherin expression) and display
a dense morphology with an outer layer of cuboidal epithe-
lium, an intermediate layer of stratified epithelium, and a
dense inner core (Figure 1C). Moreover, the TOs are charac-
terized by an abundance of cytokeratin (CK) filaments, espe-
cially in the core region with lower level in the periphery, as
shown by transmission electron microscopy (TEM) and CK
immunoreactivity (including CKS5, CK14, and CK8/18;
Figures 1D and S1A). Desmosomes, which play an important
role in anchoring CK filaments and mediating cell-cell adhe-
sion, are also abundantly detected in the TO, especially to-
ward the CK-rich core region (TEM and desmoglein 1
[DSG1] immunoreactivity; Figure S1B). Both organoid types
are boarded by laminin-containing basement membrane
(TEM and laminin subunit gamma 1 [LAMC1] immunoreac-
tivity; Figure 1D), indicating organoid polarity.

Interestingly, both MTOs and ITOs express key transcrip-
tion factors (TFs) involved in the development of the DE
(e.g., Meis1, Tbx1, and Pitx2), as well as proposed DESC
markers (e.g., Glil, Lrigl, Itga6, and the well-established
S0x2/SOX2) (Figures 1E and 1F), all as found in the primary
tissue (Figure 1E) (Caton et al., 2009; Sanz-Navarro et al.,
2019; Hermans et al., 2021). Overall, these markers remain
expressed in late-passage (P6) TOs (Figure 1E). However,
lower levels of ameloblast (AB) markers such as the TF
Sox21 and the enamel matrix proteins (EMPs) Ambn,
Odam, and Amtn are observed when compared with early-
passage TOs (i.e., immediately after seeding; PO) (Figure 1E),

Figure 1. Development and characterization of organoids from mouse molar and incisor
(A) Schematic of experimental setup for derivation of TOs from early-postnatal (PD7) mouse molar and incisor.

(B) Progressive development (bright-field pictures) of TOs after initial seeding (passage 0 (P0) day 1 (d1)), 7 days after initial seeding (PO
d7), and after long-term culture for more than 10 passages (>P10). Magnified view is in boxes.

(C) Immunofluorescence (IF) and histological (H&E) analysis of TO phenotype and morphology. Regarding E-cadherin IF (green), arrows
indicate outer layer cuboidal epithelium (CE) or inner layer stratified epithelium (SE). Nuclei are counterstained with Hoechst33342 (blue;
for all IF images). Delineation between layers is indicated by white dotted line. Black dotted line delineates the centrally localized core
region in H&E.

(D) Ultrastructural (TEM) and IF (of indicated markers) characterization of TO. Arrows indicate keratin filaments (left TEM images) or outer
basement membrane (right TEM images). Boxed areas are magnified.

(E) Heatmap of gene expression of DE TFs, proposed DESC markers, and EMPs in primary molar and incisor tissue (PD7) and early- and late-
passage TOs, as quantified by gRT-PCR analysis. Data are presented as relative expression to Gapdh (AC;) and Z score normalized. Colors
range from blue (low expression) to yellow (high expression).

(F) IF analysis of SOX2 and AMELX in TOs (green). Boxed areas are magnified.

(G) Bar graph (mean =+ standard error of the mean [SEM]) showing expression of Isl1 relative to Gapdh (AC;) for primary molar and incisor
tissue (left), early-passage TOs (middle), and late-passage TOs (right). Data points represent biological replicates from independently
obtained primary tissue and independently established organoid lines; unpaired t test.

(H) IF analysis of ISL1 in TOs and primary molar and incisor. Boxed areas are magnified.

Scale bars: 250 pum for bright-field images, 25 um for IF and H&E images, and 1 um for TEM images, unless indicated otherwise. **p <0.01,
***n < 0.001. See also Figure S1.
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Table 1. Tooth organoid medium (TOM) composition
Product

Concentration Supplier Catalog number

Serum-free defined For composition,

medium (SFDM) see Table S1
A83-01 0.5 uM Sigma-Aldrich  SML0788
B27 (without 1X Gibco 12587-010
vitamin A)
Cholera toxin 100 ng/mL Sigma-Aldrich  (8052-.5mg
FGF2 (=basic 20 ng/mL R&D Systems ~ 234-FSE
FGF)
FGF8 200 ng/mL Peprotech AF-100-25
FGF10 100 ng/mL Peprotech 100-26
L-glutamine 2mM Gibco 25030081
IGF1 100 ng/mL Peprotech 100-11
N2 1X Gibco 17502-048
N-acetyl L- 1.25 mM Sigma-Aldrich  A7250
cysteine
Nicotinamide 10 mM Sigma-Aldrich  N0636
Noggin 100 ng/mL Peprotech 120-10C
RSPO1 200 ng/mL Peprotech 120-38
SB202190 10 pM Biotechne 1264
(Tocris)
SHH 100 ng/mL R&D Systems  464-SH
WNT3A 200 ng/mL R&D Systems  5036-WN
EGF® 20 ng/ML R&D Systems ~ 236-EG

For all results from Figure 3 onward, TOM was by default supplemented with
EGF.

which is most likely due to the disappearance of certain
seeded cell types (such as AB) at further passaging in typical
organoid culture conditions (Fujii and Sato, 2020; Saito
etal., 2020; Hemeryck et al., 2022). Moreover, as also found
before in human TOs and present in developing DESCs
(Hemeryck et al., 2022), the EMP AMELX was detected in
the mouse TOs in its typical punctuated pattern (Figure 1F).

Of note, ISL LIM homeobox 1 (ISL1) is known as a key TF
involved in development of the incisor DE (Naveau et al.,
2017). Accordingly, we find higher gene expression in
PD7 incisor than molar. Interestingly, this expression dif-
ference is faithfully recapitulated in the organoids (early
and late passage; Figure 1G). This observation was further
validated by immunofluorescence analysis (Figure 1H) (Na-
veau et al., 2017). In ITOs, ISL1 is found in the majority of
cells where it is localized in both nucleus and cytoplasm,

whereas in MTOs, ISL1 is detected in only a few cells, being
localized in the cytoplasm. Interestingly, these findings
match the in vivo situation; in incisors, ISL1 is abundantly
observed in the nuclei (and cytoplasm) of the majority of
ABs, whereas in molars, it is detected only in the cytoplasm
of the densely packed molar ABs. Our findings show that
MTOs and ITOs retain tooth-specific transcriptional pro-
grams. In further support, principal component analysis
(PCA) of bulk RNA-sequencing (RNA-seq) data generated
from both TO types reveals clustering of the organoids
based on their tooth of origin (Figure S1C). Moreover,
this RNA-seq analysis confirmed incisor-specific expression
of Isl1 in ITOs and identified molar-specific expression of
Irx1 and Irx2 in MTOs, and both findings were further vali-
dated in primary mouse tooth tissue by applying our
recently published single-cell RNA-seq (scRNA-seq) atlas
(Figures S1D and S1E) (Hermans et al., 2022).

Taken together, we successfully established epithelial or-
ganoids from early-postnatal mouse molar and incisor that
recapitulate key (tooth-specific) phenotypic DE features.

Differential response of MTOs and ITOs to exogenous
EGF exposure, recapitulating in vivo behavior
Intriguingly, EGE, typically needed to establish organoids
from tissues, is not essential for mouse TO development
and passaging, in line with our recent observation in orga-
noid development from human tooth (Hemeryck et al.,
2022). However, when EGF is supplemented to the estab-
lished TOM, the size of ITOs increases, although MTO
diameter is not affected (Figure 2A). In accordance, prolifer-
ative activity (as analyzed by EdU incorporation) is signifi-
cantly augmented in ITOs when exposed to EGF but not in
MTOs (Figure 2B). Of note, basal proliferation of MTOs (i.e.,
in TOM without EGF) is higher than of ITOs (Figure 2B).
Both organoid types can be maintained long-term in the
presence of EGF, comparable to culturing without EGE,
and retain similar morphological and phenotypical charac-
teristics, including expression of E-cadherin, SOX2, and
AMELX, and reduced Isl1 expression in MTOs compared
with ITOs (Figures S2A and S2B). Finally, we observed
that the maintenance of ITO culture is facilitated with
EGF, epitomized by the significantly reduced time between
passaging (Figure S2C).

Differential sensitivity of MTOs and ITOs to exogenous
EGF may have to do with the presence of, and differences
in, endogenous EGF activity. Blocking the EGF receptor
(EGFR) with a reversible (AG-1478) or irreversible (EKI-
785) inhibitor in TOM (i.e., without EGF supplementation)
results in a prominent reduction of MTO growth (diam-
eter), while only marginally affecting ITO size (only with
EKI-785; Figure 2C). The specificity of the inhibitors on
EGFR signaling was confirmed by their inhibitory effect
on organoids grown in the presence of exogenous EGF
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(Figure 2C). When EGF is added to ITOs that are first grown
in TOM without EGF for 5 days, organoid growth (diam-
eter) is increased (versus growth without EGF for the full
period) (Figure S2D). When EGF is removed after the first
5 days in the presence of EGF, ITO growth is decreased
(versus growth with EGF for the full period). In contrast,
molar-derived organoids are insensitive to analogous
removal or addition of exogenous EGF (Figure S2D).
Thus, MTOs appear to have sufficient endogenous EGF(R)
activity for optimal growth, whereas ITOs show better
growth when the system is exogenously stimulated. In
accordance, expression of several EGF family ligands that
signal through the EGF receptor family (via homo- or het-
erodimerization of EGFR, ErbB2, ErbB3, and ErbB4),
including Areg, Btc, Hbegf, Epgn, Nrg2, Nrg3, and Nrg4)
(Wee and Wang, 2017), is higher in MTOs than ITOs
(Figure 2D).

Taken together, MTOs and ITOs represent interesting
tools to in vitro study tooth-specific molecular signaling
and development. Due to better growth characteristics of
ITOs in the presence of EGF (Figures 2A-2C, S2C, and
S2D), we supplemented TOM with EGF for all further ex-
periments in which MTOs and ITOs were compared.

MTOs and ITOs are amenable to AB-resembling
differentiation

During tooth development, DESCs differentiate into ABs,
which form the tooth enamel (Hermans et al., 2021) by first
depositing EMP, to subsequently enable mineralization
and formation of hydroxyapatite crystals using the depos-
ited protein matrix as a guide (Bai et al., 2020; Welborn,
2020). During this process, differentiating DESCs first ac-
quire a secretory-stage phenotype (sABs, which produce
the EMP scaffold) and then a maturation-stage nature
(mABs, which drive mineralization and degrade the EMP
template), each characterized by distinct EMP profiles
(AMELX/AMBN and ODAM/AMTN expression, respec-
tively) (Ganss and Abbarin, 2014; Welborn, 2020). Here,

we investigated whether the DESC organoids are able to
differentiate toward ABs. Therefore, we removed stemness-
and proliferation-promoting growth factors from TOM and
added BMP2, BMP4, and TGFB1 (Table S2; further referred
to as differentiation medium [DM)]), signaling factors that
have been shown to be important for in vivo AB develop-
ment (Gao et al., 2009; Xie et al., 2016).

Organoids (P5), expanded in TOM for 7 days, were
switched to DM for an additional 7 days, causing no overt
morphological changes (Figure 3A). However, interest-
ingly, a prominent increase in EMP expression at protein
(AMELX, ODAM) and/or gene (Ambn, Amtn, Odam) level
was observed (Figures 3B and S3A). RNA-seq analysis
revealed clear shifts in PCA pattern upon culture in DM,
overall showing clustering of samples according to tooth
type and culture condition (Figure S3B and supplemental
information). Differentially expressed gene (DEG) analysis
uncovered 400 upregulated genes in MTO+DM compared
with MTO+TOM, and 1,357 upregulated genes in ITO+DM
compared with ITO+TOM, of which 233 are shared be-
tween both organoid types (Figures 3C and S3C).
Numerous amelogenesis-associated genes are found en-
riched in DM-exposed MTOs and ITOs versus TOM-grown
controls, such as Fam20a, Relt, and Wdr72; the EMPs Amtn
and Odam; and the matrix metallopeptidases Mmp9 and
Mmp13 (Figure 3C) (El-Sayed et al.,, 2009; O’Sullivan
etal., 2011; Feng et al., 2012; Kim et al., 2019; Vasconcelos
etal., 2019). In addition, organoids exposed to DM express
Gm17660, belonging to the same gene family and genomic
locus as Amtn and Odam, and associated with mABs and the
tooth epithelium-derived and enamel-bound junctional
epithelium (JE) (Ganss and Abbarin, 2014; Moffatt et al.,
2014; Yajima-Himuro et al.,, 2014). Gene ontology (GO)
analysis further supported the acquisition of an AB-resem-
bling fate in DM- versus TOM-grown organoids, identi-
fying biological processes such as “amelogenesis” and
“odontogenesis” (i.e., tooth development) as significantly
enriched upon DM culture (Figure 3D). Simultaneously,

Figure 2. Differential response of TOs to exogenous EGF depending on tooth of origin

(A) Left: bright-field images of PO d1 and d7 TOs grown in TOM without exogenous EGF (-EGF) or with EGF (+EGF). Right: bar graph (mean +
SEM) showing organoid diameter on d7. Data points represent biological replicates from independently established organoid lines; one-
way analysis of variance (ANOVA) with Sidak’s multiple comparisons test.

(B) Top: proliferative activity of TOs grown with or without EGF as assessed by EdU incorporation (green). Nuclei are counterstained with
Hoechst33342 (blue). Bottom: bar graph showing the proportion of EdU* cells in TOs (mean + SEM). Data points represent biological
replicates from independently established organoid lines; one-way ANOVA with Sidak’s multiple comparisons test.

(C) Left: bright-field images of PO d12 TOs grown in TOM-EGF or TOM+EGF and treated with EGFR inhibitors AG-1478 or EKI-785. Right: bar
graphs (mean + SEM) showing TO diameter on d12. Data points represent biological replicates from independently established organoid
lines; one-way ANOVA with Sidak’s multiple comparisons test.

(D) Heatmap of gene expression of EGF pathway ligands in TOs (grown without EGF) as quantified by gRT-PCR analysis. Data are presented
as relative expression to Gapdh (AC;) and Z score normalized. Colors range from blue (low expression) to yellow (high expression).
Scale bars: 250 um for bright-field images and 25 um for IF images, unless indicated otherwise. *p < 0.05, **p < 0.01, ***p < 0.001,
****n < 0.0001. See also Figure S2.
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GO analysis revealed upregulation of apoptosis processes
in DM-grown TOs (Figure S3D). Apoptosis is a natural
step in the AB life cycle, with ABs undergoing apoptosis
during the transition from sABs to mABs and in early
mAB stage (Abramyan et al.,, 2021). Quantification of
cleaved caspase-3 (CC3) immunofluorescence shows an
increased number of apoptotic cells upon DM culture in
both MTOs and ITOs (Figure S3E). Their proportion
(20%-30%) is very similar to the reported proportion
observed in vivo (25%) during both transition from sABs
to mABs as well as in early mAB stage (Smith and Warshaw-
sky, 1977). Simultaneously, the number of proliferating
(Ki67") cells goes down (Figure S3F), further corroborated
by decreased Mki67 expression (Figure 3C) and downregu-
lated “cell cycle” processes in DM- versus TOM-cultured
TOs (Figure S3G).

Together, our findings indicate that our organoid models,
both from molar and incisor, are amenable to differentia-
tion toward AB-resembling cells in vitro. From the data
obtained, it appears that the acquired phenotype more
resembles the mAB than the preceding sAB stage, as sup-
ported by predominant increase of mAB markers and
noticeable apoptosis.

Assembloids combining organoid DESCs with
mesenchymal dental pulp stem cells recapitulate
developmental epithelial-mesenchymal interactions
and co-differentiation

During tooth development, the DE generates ABs while the
dental mesenchyme contributes to the dentin-producing
odontoblasts (OBs) and root cement-fabricating cemento-
blasts (CBs) (Hermans et al., 2021). Throughout the various
stages of tooth development, epithelial-mesenchymal in-
teractions play a crucial role, driving odontogenesis and
differentiation of the mature cell types (Hermans et al.,
2021). To mimic these developmental interactions, we es-
tablished a co-culture model by combining TO DESCs
with mesenchymal dental pulp stem cells (DPSCs),
following a similar approach as we previously described
for human tooth (Figure 4A; see experimental procedures)
(Hemeryck et al., 2022). These tooth “assembloids” (refer-
ring to self-organizing 3D cellular constructs resulting

from the combination of epithelial organoids with other
cell types such as mesenchymal cells; Rawlings et al.,
2021; Kanton and Pasca, 2022) were established and
cultured either in a 1:1 ratio of TOM and pulp medium
(PM) or a 1:1 ratio of DM and pulp differentiation medium
(PDM) (Figure 4A; Tables S3 and S4). The molar and incisor
assembloids (referred to as MAs and IAs, respectively) show
similar morphology that changes according to culture me-
dium (Figure 4B). TOM/PM-grown assembloids mainly
display a bubbled outline composed of small organoid
units, whereas DM/PDM-grown assembloids largely show
a smooth contour. In all conditions, the assembloids
contain distinct epithelial (CK14*) and mesenchymal (vi-
mentin, VIM*) domains (Figure 4B).

To more granularly characterize the tooth assembloids, we
applied scRNA-seq analysis on MAs and IAs grown in TOM/
PM and DM/PDM conditions (Table S5). Following quality
control, data processing, and integration, 43,891 cells were
retained (Figures S4A and S4B). Eleven distinct clusters
were discerned and annotated, based on marker expression
(Figures 4C, 4D, S4C, and S4D) (Hermans et al., 2022). As
expected, two large “superclusters” of epithelial or mesen-
chymal cells were identified. Within the epithelial superclu-
ster, several clusters were classified including “cycling” cells,
non-cycling non-differentiated “epithelial” cells, progenitor
cells (“Prog” #1, #2, and #3), and two distinct, more differen-
tiated cell populations, i.e., a “mAB-like” (Amtn*/Odam®/
Mmp9*/Gm17660*) and “JE-like” (Ly6D*/Il1rn*/BC037156*
[also known as Fdcsp]) cell cluster, both more abundant in
DM/PDM-grown assembloids (Figures 4C, 4D, S4C, and
S$4D) (Feng et al., 2012; Ganss and Abbarin, 2014; Hermans
etal., 2022). Comparison of the top 20 DEGs between mAB-
and JE-like clusters further confirmed specific expression of
amelogenesis-associated genes (Amtn, Odam, Mmp9,
Gm17660, Lamc2, Lama3, Lamb3, and Tmsb4x) or JE-linked
genes (Lyéd, Il1rn, BC037156 [Fdcsp], and Anxal) in the
respective clusters (Figure S4D) (Hayashi et al., 2010; Feng
et al., 2012; Kim et al., 2013; Ganss and Abbarin, 2014;
Kiyoshima et al., 2014; Moffatt et al., 2014; Gostynska
et al., 2016; Wazen et al., 2016; Hermans et al., 2022). Both
groups of genes were elevated in DM/PDM-cultured
compared with TOM/PM-grown assembloids, indicating

Figure 3. In vitro differentiation of TOs toward AB-resembling cells
(A) Top: timeline of experimental setup. Bottom: bright-field images of P5 d14 TOs grown in TOM or switched to DM after 7 days. Magnified

view is in boxes.

(B) IF analysis of AMELX (cyan) and ODAM (magenta) in TOs. Nuclei are counterstained with Hoechst33342 (blue). Boxed areas are

magnified.

(C) Volcano plot with log,(fold change [FC]) versus -log10(P,g;) value) of RNA-seq data from MTOs (left panel) and ITOs (right panel).
Statistically upregulated genes between TOM- and DM-grown TOs (left for TOM and right for DM) are indicated in red, as determined by a
combination of log,(FC) > the absolute (abs) value of +1.5 and Pqg; < 0.05.

(D) Significant (FDR < 0.05, indicated by dotted line) DEG-based GO terms enriched in DM-grown TOs compared with TOM-cultured controls.
Scale bars: 250 pum for bright-field images and 25 um for IF images, unless indicated otherwise. See also Figure S3.
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enhanced differentiation and maturation when exposed to
differentiation media (Figure S4E). Expression of JE-related
genes is also detected in the monocultured MTOs and ITOs
and found wupregulated following culture in DM
(Figures S4F and S4G), indicating that mesenchymal interac-
tion is not essentially needed for the acquisition of a JE-like
cell fate. On the other hand, assembloids show enhanced
differentiation toward AB-resembling cells compared with
organoid monocultures, which is still further promoted by
exposure to DM/PDM (Figures 4E, 4F, S4C-S4E). Indeed,
whereas TOM-cultured TOs lack ODAM expression and
TOM/PM-cultured organoids show no or only little ODAM
protein signal (Figure S4H), the presence of DPSCs is suffi-
cient to lead to prominent ODAM signal in the assembloid
epithelium, which is visibly further enhanced by exposure
to DM/PDM (Figure 4E). Similarly, gene expression of
Ambn, Amtn, and Odam is augmented in assembloids
compared with TOs alone, and further elevated when
cultured in DM/PDM (Figure 4F).

Regarding the mesenchymal supercluster, both DPSCs
and OB-CB-like cells (Dmpl1*/Pthlh*) are discerned
(Figures 4C and 4D). Gene expression analysis of known
OBs (Dspp, Dmp1), CBs (Pthlh), and mineralization markers
(Ibsp, Spp1, and Collal) shows upregulation in DM/PDM
culture, thereby supporting their further differentiation
(Figures 4C, 4D, and S4I). Unexpectedly, a small cluster of
“Schwann-like” cells (Sox10*/S100b") is identified in DM/
PDM-grown assembloids (Figures 4C, 4D, and S4C). In pre-
vious work, we have shown that human DPSCs can differ-
entiate into Schwann cells in vitro (Martens et al., 2014),
although not yet demonstrated for mouse DPSCs. Finally,
a small cluster of macrophage/dendritic cell-like (“Mph-
DC-like”) cells (CsfIr*/Clqa®) of unknown origin is de-
tected in the assembloids, more clearly after culture in
DM/PDM (Figures 4C, 4D, and S4C).

Taken together, combining organoid DESCs with mesen-
chymal DPSCs empowers the differentiation toward (m)
AB-resembling as well as OB-CB-like cells, thereby

mimicking the key outcome of developmental epithelial-
mesenchymal interactions as occurring in vivo. Interest-
ingly, acquisition of a JE-like fate was also observed. During
tooth development, the JE is derived from the DE, likely
from both the “reduced enamel epithelium” (REE; i.e.,
the layer of mAB and outer enamel epithelium covering
the deposited enamel prior to eruption) and the DESC-con-
taining epithelial cell rests of Malassez (ERM) (Kato et al.,
2019; Hermans et al., 2022). Together, our findings propose
that the organoids/assembloids acquire a late-stage DE
phenotype, encompassing both mAB and JE phases.

In vivo survival and differentiation potential of mouse
TOs

To evaluate whether mouse TOs are able to survive and
differentiate in vivo—a requirement for future tooth
regeneration/replacement endeavors—we applied TOM-
grown ITOs in two complementary in vivo transplanta-
tion assays, i.e., subcutaneous (s.c.) implantation into
immunodeficient (nude) mouse of a 3D printed hydroxy-
apatite scaffold seeded with Matrigel and organoids
(Hemeryck et al., 2022) or grafting onto chicken chorioal-
lantoic membrane (CAM) (Bronckaers et al., 2013, 2021)
(Figure 5A). In both models, ITOs are able to survive,
retain epithelial nature (CK14"), and produce both
AMELX and ODAM (Figures 5B and SC) (the latter not
present before transplantation, see, e.g., Figure 3B).
Together, these proof-of-principle experiments show
that mouse TOs are able to survive and spontaneously
differentiate toward AB-like cells in vivo.

DISCUSSION

In this study, we report the development of long-term
expandable TOs from mouse molar and incisor. The estab-
lished TOs recapitulate key properties of mouse DE. In
contrast to many other available methods to study DE

Figure 4. Establishment and characterization of tooth assembloids combining organoid DESCs with mesenchymal DPSCs
(A) Schematic of experimental setup for the development of tooth assembloids by combining TO cells with mesenchymal DPSCs.

(B) Bright-field, H&E, and IF (of indicated markers) images of MAs and IAs grown in TOM/PM or DM/PDM. Nuclei of IF images are
counterstained with Hoechst33342.

(C) Annotated UMAP plot of integrated assembloid scRNA-seq datasets, i.e., from MA+TOM/PM, MA+DM/PDM, IA+TOM/PM, and IA+DM/
PDM (n = 2 biological replicates of each experimental condition).

(D) Dotplot displaying the percentage of cells (dot size) expressing key marker genes of the different annotated cell clusters (average
expression levels indicated by color intensity; see scale).

(E) IF analysis of AMELX and ODAM (green) and indicated cytokeratins (CK; magenta) in tooth assembloids. Nuclei are counterstained with
Hoechst33342 (blue). Boxed areas are magnified.

(F) Heatmap of gene expression of AB-resembling differentiation in tooth assembloids as quantified by qRT-PCR analysis. Data are pre-
sented as relative expression to Gapdh (AC;) and Z score normalized. Colors range from blue (low expression) to yellow (high expression).
Scale bars: 250 um for bright-field images, 50 um for H&E, CK14/VIM, and ODAM/CK14 (20 um for close-ups) IF images, 25 pm for AMELX/
CK5 (10 um for close-ups) IF images. See also Figure S4.
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Scalebars: 50 um for H&E, 25 pum for IF, and 250 mm for CAM images, unless otherwise indicated.

in vitro, our TO model provides more accurate mirroring of
tooth-specific biology in vitro. Among others, our observa-
tions support a previous study in which ISL1 was abun-
dantly detected in developing mouse incisors but only
barely in emerging molars (Naveau et al., 2017). Moreover,
genetic deletion of Is/1 in the DE resulted in incisor but not
molar enamel defects (Naveau et al., 2017). In addition to
displaying tooth-specific expression profiles, both MTOs
and ITOs show tooth-specific responses to exogenous
growth factor signaling as shown by differential response
to EGF supplementation, which, importantly, recapitulates
in vivo observations. Indeed, perinatal injection of EGF in
rodents results in precocious eruption of incisors but not
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rodents (Rhodes et al., 1987; Cielinski et al., 1995; Naveau
etal., 2017). Current models are either developed from one
tooth type (i.e., immortalized cell lines derived from molar
enamel organ) or are not specified (i.e., differentiation of
AB/DE-like cells from 2D pluripotent stem cells), whereas
other methods are not expandable and start from embry-
onic material (Nakao et al., 2007; Sarkar et al., 2014; Miao
etal., 2021). The ability to mimic tooth-type-specific para-
digms and development in vitro will be invaluable to
further elucidate key factors and pathways driving differen-
tial development of both tooth types.

In addition, we show that both MTOs and ITOs
are amenable to in vitro differentiate toward AB-like cells,



either alone or when activated by co-culture with DPSCs,
mirroring signaling interactions naturally occurring in vivo.
Notably, our data suggest that AB differentiation appears
predisposed toward a more mature phenotype, represent-
ing the mAB stage, which in vivo plays an important role
in the final mineralization and maturation of the tooth
enamel. Firstly, DM-grown TOs and assembloids predomi-
nantly express the mAB EMP markers Amin and Odam/
ODAM, as well as other mAB markers such as Gm17660
(Ganss and Abbarin, 2014). Secondly, differentiation of
TOs is accompanied by a loss of proliferation and increased
apoptosis. The latter phenomenon is strongly associated
with the transition from sAB to the mAB stage, as well
as during the early mAB stage of the AB life cycle (Smith
and Warshawsky, 1977). Interestingly, the proportion
of apoptotic cells in DM-grown organoids was similar to
the proportion identified in vivo (Smith and Warshaw-
sky, 1977).

At the same time, our data suggest the acquisition of a JE-
like cell fate in DM-grown TOs and in assembloids. In vivo,
JE plays an important role forming the bridge between the
enamel surface and oral gingival epithelium, and it func-
tions as an important immunological barrier to oral mi-
cro-organisms (Fischer and Aparicio, 2022). Previously,
use of bioengineered tooth germs revealed that the JE is
derived from the odontogenic DE, which also gives rise to
the AB lineage (Yajima-Himuro et al., 2014). Although JE
is traditionally thought to develop from the REE (and
thus from mABs and outer enamel epithelium), there is pre-
viously reported support that ERM may also contribute to
JE (Kato et al., 2019; Hermans et al., 2022). Further analysis
of TOs and assembloids (including our developed ERM-
derived human tooth models; Hemeryck et al., 2022)
during differentiation (i.e., at different timepoints) may
provide further insight into these hypotheses. Together,
the presence of both mAB- and JE-like cells suggests that
our currently developed differentiation protocols drive
TOs toward a more mature, late-stage DE phenotype.
Further development and optimization of differentiation
protocols to specifically enrich for one specific cell type
(i.e., mAB- or JE-like cells) or to instead acquire sAB nature
will provide a tunable and flexible model for future
research.

Importantly, organoids are highly adaptable tools for dis-
ease modeling and regenerative medicine or tooth bioengi-
neering endeavors. TOs can be derived from transgenic
mouse models of tooth disease (e.g., mice mimicking
amelogenesis imperfecta), thereby having the ethical
advantage of reducing the number of animals used, as
organoids are highly amendable (Gibson et al., 2001; Paine
et al., 2003; Pugach and Gibson, 2014). Another applica-
tion may be co-culture with oral micro-organisms to study
the immunological barrier function of JE. In addition, due

to their high, long-term expandability in vitro and ability to
survive and differentiate in vitro and in vivo (as demon-
strated in this study), TOs are an ideal cellular source of
DE cells for tooth tissue bioengineering. Finally, through
enabling epithelial-mesenchymal reciprocal signaling,
epithelial TOs may be the missing link needed to stimulate
in vitro differentiation of OBs. Considerable research has es-
tablished that DPSCs can differentiate into mineralizing
cells resembling OBs; however, an accurate representation
of OBs is still lacking (Tsutsui, 2020). Data from our devel-
oped tooth assembloids indicate that DPSCs may acquire
an OB-CB-like phenotype. Further research is now needed
to optimize the differentiation parameters for development
of authentic OBs in vitro.

In summary, this novel mouse TO model provides a
valuable tool to study mouse tooth DE/DESCs, dental
epithelial-mesenchymal interactions, and AB/JE differen-
tiation while allowing further elucidation of tooth-type-
specific features. As such, TOs, both from mouse molar
and incisor as developed here and from human ERM
obtained from extracted third molars as previously
described (Hemeryck et al., 2022), have great potential
to further unravel tooth biology and repair and may be
an alluring tool to eventually enable tooth bioengi-
neering strategies.

EXPERIMENTAL PROCEDURES

Detailed methods are provided in the supplemental information.

Resource availability

Corresponding author

Further information and requests for resources and reagents should be
directed to and will be fulfilled upon reasonable request by the
corresponding authors, Annelies Bronckaers (annelies.bronckaers@
uhasselt.be) and Hugo Vankelecom (hugo.vankelecom@kuleuven.be).
Materials availability

The study did not generate new unique reagents.

Data availability

RNA-seq and scRNA-seq data have been deposited to the ArrayExpress
database (accession numbers E-MTAB-12557 [https://www.ebi.ac.
uk/biostudies/arrayexpress/studies/E-MTAB-12557?accession=E-
MTAB-12557] and E-MTAB-12544 [https://www.ebi.ac.uk/biostudies/
arrayexpress/studies/E-MTAB-12544?accession=E-MTAB-12544])).

Establishing organoid cultures from mouse molar and
incisor

Whole (unerupted) molars, including surrounding dental follicle
and attached epithelium, as well as apical ends of (unerupted) in-
cisors were carefully isolated from PD7 mice (ethical approval
P056/2022, KU Leuven). Dissociated molar and incisor DE cell ma-
terial was plated in serum-free defined medium (SFDM; Table S1)
and growth factor-reduced Matrigel at a 30:70 ratio and cultured
in defined TOM (Table 1). TOs were passaged every 7-10 days.
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Establishment of mouse tooth assembloids

Mouse tooth assembloids were established using a similar protocol as
we previously described for human tooth assembloids (Hemeryck
etal., 2022). Briefly, single-cell dissociated TOs and DPSCs were com-
bined in round-bottom low-attachment plates using a layered
approach and cultured in 10% growth factor reduced Matrigel
with 90% of either a 1:1 mixture of TOM/PM or DM/PDM. After
24 h, the formed structures were plated in 70% Matrigel to generate
tooth assembloids that were maintained in the respective 1:1 media
mixtures.

Histochemical, immunostaining, EAU incorporation,
and TEM analysis

Samples were fixed in paraformaldehyde and paraffin embedded.
Derived sections were subjected to hematoxylin and eosin (H&E)
or immunofluorescence staining (for antibodies, see Table S6).
EdU labeling in TOs was performed using the Click-iT EAU Alexa
Fluor 488 kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. TO samples were prepared for TEM as previ-
ously described in detail (Lambrichts et al., 1993; Cox et al.,
2019). For all analyses, representative images are shown.

Gene expression analysis by qRT-PCR

Total RNA from dissociated molar and incisor tissue, TOs, and
tooth assembloids was subjected to quantitative reverse transcrip-
tion (real-time) PCR (qQRT-PCR) using specific forward and reverse
primers (Table S7), all as described before (Cox et al., 2019). Gene
expression levels were calculated as ACt values relative to Gapdh
(Cttarget — Cthousekeeping), and Z score normalization was performed.

RNA-seq analysis

For bulk RNA-seq analysis, RNA was isolated from PO MTOs and
ITOs grown in TOM or from P5S MTOs and ITOs grown in TO-
M+EGF and exposed to DM or not. For scRNA-seq analysis,
MAs and IAs, exposed to DM/PDM or not, were dissociated into
single cells.

Subcutaneous transplantation of ITOs

Matrigel with d7 ITOs (PS) was pipetted into hydroxyapatite scaf-
folds that were s.c. grown in immunodeficient mice for 1 week, as
in detail described elsewhere (Bronckaers et al., 2021; Hemeryck
et al., 2022) (ethical approval protocol 202138, UHasselt).

Chicken CAM assay

CAM assay was performed as previously in detail described
(Bronckaers et al., 2013). In short, pre-solidified Matrigel droplets
with d7 ITOs (PS) were applied onto the CAM of fertilized eggs,
and the graft was removed 1 week later. Droplets of Matrigel alone
served as negative controls.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (v9.3.1)
for macOS and are specified in the figure legends. All experiments
were performed with >3 (unless otherwise indicated) indepen-
dent biological experiments (i.e., organoid lines established from
independent mouse litters).
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.03.011.
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