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This study provides valuable insights into the cellular dynamics underlying accelerated
tooth regeneration in a vertebrate model. Using single-nucleus RNA sequencing across
multiple time points, the authors present a well-structured analysis of cell populations,
trajectories, and intercellular signaling events associated with this process. The strength
of evidence is solid but only partially supported, as the conclusions are primarily
supported by computational inference, without experimental validation of key findings.

https://doi.org/10.7554/eLife.110584.2.sa3

Abstract

Teeth are ectodermal organs that have, throughout their long evolutionary history, retained the
capacity for full regeneration and replacement, even in adult stages. Yet, because most mammals
(e.g., humans, mice) lack lifelong dental replacement, we do not fully understand its tempo and
mode, and we do not have a clear picture of the cell populations and signals that contribute to the
process. Here, we used cichlid fishes from Lake Malawi, species that differ in tooth formula (tooth
shape and number) but share one-for-one tooth replacement, to (i) explore the tempo of dental
replacement after plucking and then (ii) identify the cell populations, gene expression signatures,
and interactions between cell populations that change in this plucking paradigm. We observed
that cichlid species with divergent dentitions accelerated tooth replacement >3x on the plucked
half of the jaw. Then, we used single-nucleus RNA-seq to profile cellular and molecular changes
across the first week of post-plucking tooth replacement. This approach allowed us to infer
cellular trajectories in dental epithelium and mesenchyme that underlie tooth regeneration. We
identifed distinct gene expression profiles and cellular interactions across four time points of
accelerated tooth replacement, with divergent involvement of epithelial, mesenchymal and
immune cell types. Diferential signaling of Collagen, BMP, MMP, Semaphorin and Slit-Robo
pathways was evident after plucking and highlights temporally-sequenced roles of immune
response, odontogenesis, vascularization and nerve pathfinding as teeth are constructed anew.
Overall, this study provides insight into the trajectory of cellular interactions accompanying
whole-tooth replacement and offers a comparative foundation for understanding dental
regeneration in vertebrates.

Introduction

Most teeth in the half-billion year evolutionary history of dentitions exhibited the capacity for
replacement. Despite the deep conservation of molecular programs used to build the unit tooth,
dental pattern and mode of regeneration differ dramatically across vertebrates. Birds, for
instance, lack teeth entirely; most fishes have multiple rows of replacing dentitions on two jaws,
while mammals possess teeth in a single row at the oral jaw margin with limited potential for
replacement. Implications of variance in tooth replacement across vertebrates are manifold.

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2

1 0of 40


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
mailto:todd.streelman@biology.gatech.edu
mailto:todd.streelman@biology.gatech.edu
mailto:todd.streelman@biology.gatech.edu
https://doi.org/10.7554/eLife.110584.2.sa3
mailto:todd.streelman@biology.gatech.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.110584.1

X i Devel tal Biol
:.’%." eLIfe evelopmental Biology

Because mice don’t replace their teeth even once, there is no traditional laboratory model for tooth
replacement. In humans, where tooth replacement occurs once in a lifetime, 23% of people over
the age of 60 lack teeth altogether?.

There is a voluminous literature on tooth development.g., and as with other organs, speculation
that developmental signals also govern regeneration”. Vertebrates with lifelong tooth replacement
tend to possess a successional dental lamina, a band of epithelium linking the functional to
replacement tooth. The successional lamina (SL) holds label-retaining cells, and expresses stem
cell markers as well as markers of dental competence in lizards, alligators, sharks and fishes> 1.
Notably, stickleback fishes replace their teeth and lack a successional lamina, but they express

conserved markers in the vicinity of tooth replacement.?.

Tooth development proceeds through stages of reciprocal signaling between dental epithelium
and neural crest derived ectomesenchyme. Tissue renewal of the epithelium is well studied in the
mouse incisor.?.?.‘....S.., where a conveyor-belt of Sox2+ epithelial stem cells (ESCs), and their
derivatives, align along the labial surface to replace enamel and other epithelial lineages, lost from
constant gnawing. The situation is more complicated in mesenchyme of mouse incisors. Classic
lineage-tracing studies identified multiple sources of mesenchymal stem cells (MSCs), evidence of
transdifferentiation after injury and perhaps different mechanisms during homeostasis versus
repair-.” .. Even though both epithelium and mesenchyme are required to make a tooth, murine
dental ESCs and MSCs have been studied separately as exemplars of epithelial and mesenchymal

regeneration, respectively.

Reductionist approaches like single-cell or single-nucleus RNA-sequencing (scRNA-seq; snRNA-seq)
have rekindled integrative thinking about whole-tooth biology, with the aim of assembling a parts
list of dental cell types and identifying how cell populations work together to build or to repair a
dentition’?. Studies in mouse and human teeth catalogued and compared dental cell types?%-22.
Computational analyses uncovered lineage dynamics of cell states during ameloblast and
odontoblast differentiation, during both homeostasis and injury repair. Finally, work has revealed
a deep conservation of cell type and cell type gene expression across vertebrate teeth, despite

hundreds of millions of years of evolution??,

Vetebrate teeth that undergo lifelong replacement share homologous cell types with non-replacing

mammalian dentitions2?, and analogous processes of cyclic renewal with other vertebrate

ectodermal organ systems like hair and feathers?>72/. These systems share features like (i) stem
cell niches in epithelium and mesenchyme sufficient to build organs anew, (ii) a timing
mechanism to govern and order the process of replacement and (iii) contingency to accelerate
replacement when organs are damaged. Over the past two decades, we developed the genomic
resources?® and molecular approaches to study the coupled processes of dental patterning and
tooth regeneration in Lake Malawi cichlids, a group of fishes known for rapid and rampant
evolution of phenotypes and behaviors. These species share similar genomes, but exhibit dramatic
differences in tooth shape, tooth number and tooth spacing.%%. The tooth pattern (spacing/size of
teeth) is set early in development.3.9. (first few weeks of life) and then in juvenile and adult stages,
each tooth is replaced with shape fidelity every 30-40 daysl.q. Cichlid teeth are co-patterned with
taste buds on oral and pharyngeal jaws by competing Hh, Bmp and Wnt signals>". and one-for-one

tooth replacement is galvanized by multiple niches that house label-retaining cells and express

mode of whole-tooth replacement by first establishing a tooth plucking paradigm across species
with divergent dental formulae. Replacement was accelerated on the plucked side of the jaw, so we
then employed snRNA-seq in this paradigm to identify cell types and molecular signals that
coordinate the process.
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Results

Plucking accelerates tooth replacement on the plucked side

We aimed to manipulate and quantify tooth replacement in the Malawi cichlid system. To do so,
we coupled whole-tooth plucking, on one half of the jaw, with a pulse-chase method that
differentiates old from new teeth, after a 15-day recovery period§3. @; Supplemental
Figure 2). In this set-up, each individual is a replicate, with jaws split by co vs plucked
conditions. We established this paradigm in three rock-dwelling Malawi cichlids with divergent
dentitions: (1) Cynotilapia afra (CA), which exhibit 2-3 rows of widely-spaced, large conical
unicuspid teeth (Supplementary Figure 1A-C); (2) Metriaclima estherae (MZ Red) which possess an
outer row of large bicuspid teeth followed by multiple rows of smaller tightly packed tricuspids in
posterior rows (Supplementary Figure 1D-F); and (3) Petrotilapia chitimba Thick Bar (PT) whose
jaw is lined with multiple rows of tightly packed curved tricuspid teeth (Supplementary Figure 1G-
I). Tooth plucking mimics, to some degree, natural tooth loss among males, due to frontal display

and assault in aggressive rock-dwelling species§.3...

We note here key aspects of tooth replacement in Malawi cichlids!%!!:2%:3]. In this system, tooth
replacement occurs in a one-for-one manner with every other tooth in synch (such that
neighboring teeth are typically not undergoing replacement at once). When a functional tooth is
shed, the replacement completes development and erupts, with now the next tooth bud in the
family poised beneath it. Notably for our case then, experimental and control sides of the jaw will
have approximately the same number of replacement teeth at the onset of plucking (as illustrated
in Figure 2A[%), but those on the plucked side are now simultaneously mobilized to develop, grow
and erupt. Depending on the stage of the tooth in the ‘ready’ position, replacement tooth buds
must also recruit nerves and blood vessels. Tooth replacement continues on the ‘control’ side of

the jaw. Because of pronounced natural variation in tooth size, height and eruption stage,

erupted teeth remained.

Manipulated individuals of CA, MZ Red and PT differed in the number of new teeth on the control
and plucked sides of the jaw, consistent with previous observations of divergent total tooth
numbers in these species>’. (Supplementary Figure 3). To account for differences between species,
we calculated ‘tooth gain’ as the number of new teeth divided by total teeth on each jaw quadrant
in each individual. Notably, tooth gain was ~3-4x higher on the plucked side of the jaw, across all
three species (Figure
the plucked side, across species, after 15 days. We conclude that plucking accelerates tooth
replacement on the plucked side, with similar tempo and mode across Malawi cichlid species with
divergent dentitions.

snRNA sequencing reveals conserved dental and non-dental cell
types

To identify cell types and molecular signals involved during early stages of accelerated tooth
replacement, we collected sSnRNA-seq profiles, in plucked vs control jaw quadrants, at four time
points. We conducted these experiments in MZ Red because (i) the cichlid genome reference comes
from a closely related species in this genus, (ii) MZ Red jaws are relatively large and packed with

with teeth plucked on the experimental (right) side under anesthesia. After teeth were plucked,
fish were returned to isolated water tanks to recover, after which oral jaws were collected at four
different times: day 0, i.e. 60 minutes; 1 day; 3 days; and 7 days after plucking (Figure 2A(2). As
above, individuals act as their own control in these experiments; we conducted snRNA-seq on 2-4
replicates per time point. Replicate samples were pooled by condition at each time point and later

deconvoluted using genetic variants in snRNA-seq reads.
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Figure 1. Tooth replacement is accelerated after plucking in cichlid species with divergent dentitions.

A. Schematic of the modified pulse-chase method using Alizarin and Calcein to quantify tooth replacement. B. Representative
fluorescence images used to classify teeth by dye incorporation. Teeth positive for both Alizarin and Calcein were scored as
pre-existing old teeth, whereas teeth positive for Calcein only were scored as newly formed teeth. Left, whole jaw from MZ
Red, with teeth plucked on the right side and the left side serving as the control; the dotted outline marks the region used for
plucking and quantification (Supplemental Figure 2B). Right, representative individually classified teeth (Alizarin, magenta;
Calcein, green), with the top row showing pre-existing old teeth positive for doth dyes and the bottom row showing newly
formed teeth positive only for Calcein. C. Pulse-chase reveals an elevated rate of tooth replacement on the plucked side in CA,
MZ Red and PT. Tooth gain is shown as the normalized replacement rate (new teeth/total teeth) ***p-value < 0.0001, paired
Student’s t-test; CA (n = 8), MZ Red (n = 8) and PT (n = 9). D. Rate of tooth gain is consistent across species after plucking. NS,
p-value > 0.05, one-way ANOVA with Tukey-Kramer post-hoc test; CA (n =8), MZ Red (n =8), PT (n=9).
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Figure 2. Single-nucleus RNA-seq of cichlid replacement teeth.

A. Schematic of the snRNA-seq experimental and processing workflow. B. Uniform manifold approximation and projection
(UMAP) of 27,114 nuclei. Points that are close together represent nuclei with similar gene expression profiles. The color of
each point represents the cell type. SI + SR, Stellate reticulum and Stratum intermedium; OEE, Outer Enamel Epithelium; VEE,
Ventral Enamel Epithelium; ES-1, Epithelial Supporting Cells 1; ES-2, Epithelial Supporting Cells 2; Pre-AMB, Pre-Ameloblasts;
CYC-AMB, Cycling Ameloblasts; M-AMB, Maturing Ameloblasts; PM-AMB, Post Maturation Ameloblasts; dPLP, Distal Pulp; DF,
Dental Follicle; DP, Dental Papilla; Pre-ODO, Pre-Odontoblasts; ENDO, Endothelium; NT, Neutrophils; NV, Nerves; MP,
Macrophages; Bone-MP, Bone Macrophages; NK/T, Natural Killer and T Lymphocytes; B, B Lymphocytes; OST, Bone; GLIA,
Glia; PC, Pericytes; TB, Taste Buds; SM, Smooth Muscle Cells. Canonical marker genes used to identify major cell classes
include pitx2 (dental epithelium,) spp7 (bone), pax9 (dental mesenchyme), and aif7 (immune) (Supplementary Table 1). C.

Expression of marker genes used for identification of major cell types in (B)
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In contrast to our previous approach of dissecting individual replacement teeth=, here we
collected the minimal jaw region harboring replacement teeth along with surrounding tissue, with
the intent to sample not only dental but also supporting cells that may contribute to the
replacement process (Figure 2A ). In total, ~3 billion RNA-seq reads were sequenced and aligned
to the Lake Malawi cichlid Maylandia (Metriaclima) zebra reference genome>-. After data pre-
processing, 27,114 nuclei passed quality control filters. These high-quality nuclei were then
deconvoluted using souporcell->, which clusters cells using genetic variants detected within the
snRNA-seq reads and assigns them to inividuals. Data quality was consistently strong across
individuals, time points and conditions and thus supported consolidation into a single UMAP for

cluster delineation and cell type identification (Figure 2B ; Supplementary Figure 4).

Following data normalization, dimensionality reduction, and clustering, cell type identities were
inferred using both unsupervised and supervised approaches. In the unsupervised analysis,

while accounting for protein sequence divergence, was used to integrate our snRNA-seq data with
existing scRNA-seq data sets from mouse incisorZ-22 and identify homology across cell types with
shared gene expression patterns (Supplemental Figure 5). This was followed by a supervised
analysis using the expression of canonical marker genes from the literature to further validate cell
types2)-2%2%; this includes our own previous work with in situ hybridization and
immunohistochemistry in cichlid teeth!-!%!1:2%3! Nuclei were annotated at both coarse- and fine-
grained scales, facilitating the identification of 25 primary cell types (n=25) containing ~60-2,900
nuclei and 50 secondary clusters (Supplemental Figure 4), subsequently classified into four cell
classes (n=4) containing ~100-13,000 nuclei (Figure 2

supporting).

7; e.g., epithelial, mesenchymal, immune,

The dental epithelial compartment, marked by expression of pitx2, was further subdivided into
canonical cell types: outer enamel epithelium (OEE) characterized by the expression of krt15, fosh,
itgb4, and egrl; stratum intermedium and stellate reticulum (SI + SR), marked by the expression of
dsp, magi3, and cgnli--; the ventral or labial extension of the outer enamel epithelium
(VEE)!%1122 marked by expression of notchl and foxi3; and the lineage of ameloblasts marked by
expression of odam. We delineated four ameloblast cell types corresponding to different stages of
differentiation: pre-ameloblasts (pre-AMB); cycling ameloblasts (CYC-AMB); maturing ameloblasts

We identified two transcriptionally distinct but numerically small cell populations, adjacent to
OEE and SI + SR clusters, which we named epithelial supporting cells, ES-1 and ES-2, respectively.
have a best match in comparison to mouse incisor epithelium or mouse incisor cell types
(Supplementary Figure 5). ES-2 cells are enriched for sox2, gadi, and chli, all of which are
expressed in oral and dental epithelium in cichlid tooth and taste bud development... ES-2 cells
are most similar to mouse incisor OEE and SI + SR (Supplementary Figure 5).

The dental mesenchyme, marked by pax9 and pdgfra was further subdivided into: dental follicle
(DF) characterized by smoc1, gli1 and cacnalg; dental papilla (DP), with increased expression of
ptch2, cdh6, egr3, and fgf3; and pre-odontoblasts (pre-ODO) enriched for expression of satb2, sox5,
smpd3, and bmp6. We also identified a cluster annotated as distal pulp (dPLP), marked by dchs2,
rspol and lgr5.

We annotated a number of other cell types, sometimes in low numbers, found to be associated
with mammalian teeth, including glia (GLIA), alveolar bone (OST), pericytes (PC), immune cells
(NK/T, macrophages [MP], etc.) and endothelium (END0)2%-2>2. Finally, due to our method of
collecting jaw tissue around replacement teeth, we also identified cell types characterized by
tastebud (TB), nerve (NV), and smooth muscle (SM) markers. Overall, these data support the
conclusion of deep conservation of cell types and cell type gene expression across vertebrate
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Epithelial developmental trajectories bifurcate from the
presumptive successional lamina

One of the remarkable features of snRNA-seq experiments from complex tissues, realized by
Trapnell and colleague more than a decade ago%?i, is that a single-timed experiment (or the
combination of experments over timepoints) contains cells or nuclei across a continuum of
differentiation states. When that continuum is inferred, cells are ordered along ‘pseudotime’
trajectories and features of differentiation can be estimated. We sought to determine
developmental trajectories in the epithelial cell types of cichlid replacement teeth for two reasons.
First, this has been done in mouse incisors2/723 and we wished to know if trajectories are similar.
Second, we aimed to identify clusters of cells expressing markers of the cichlid successional
lamina!%!2! the band of epithelium that initiates tooth replacement. To gain power in this
analysis, we pooled cells across time points and experimental conditions after demonstrating that
each epithelial sub-population was observed in each condition at each time point, and that

inferred trajectories did not differ in plucked vs control conditions (Supplemental Figure 6).

To infer developmental potential of epithelium-derived cells, we employed CellRank 2 with a

connectivity of the k-nearest neighbor graph and CytoTRACE scores; the approach determines the
direction of cellular state changes, which is beneficial when the initial state is unknown. Our
analysis identified a consistent flow from the VEE, branching into two distinct lineages: (1)
consisting of ameloblasts at various stages of differentiation, and (2) involving an epithelial
subgroup including OEE, SI + SR, and ES-1 and ES-2 cells (Figure 3A).

To identify putative SL nuclei, we found cells enriched for canonical SL (pitx2, sox2, shh, igfbp5,
foxi3, bmp4, gli1) and epithelial stem cell (ES) markers (Irig1, pknox2, spockl1, pcp4, sox2, bmil, glil,
Igr5, igfbps, zfp273)1 1214021 Nuclei enriched for markers of SL and ES were concentrated in the
VEE cluster (Figure 3B(®); this pattern notably aligned with the origin point of developmental

potential inferred from CellRank 2.

To map developmental trajectories in epithelial cells of cichlid replacement teeth, we carried out a
pseudotime analysis using Monocle3-x. We set the starting point (0) in the VEE, consistent with our
analyses of developmental potential and enrichment of SL/ES markers (Figure 3A-B (3). We

leading along a differentiation trajectory of ameloblasts and a second path (B>2) leading to all
other epithelial sub-clusters. The particular sequence of ameloblast differentiation we observed is
as expected from studies in the mouse incisor?:2% We next identified co-expressed genes and
their functional enrichment along each of the three main psuedotime trajectories, from 0>B, from
B>1 and from B>2 (Figure 3D (%). Pathways enriched along the trajectory from the VEE to the
bifurcation point (0>B) include VEGF signaling, MAPK signaling, stem cell division, Semaphorin-
plexin signaling, Smoothened signaling and axon guidance. The ameloblast maturation trajectory
(B>1) is enriched for FGF, WNT and BMP signaling as well as ‘amelogenesis.’ Finally, the trajectory
from the bifurcation point to all other epithelial lineages up-regulates Notch signaling, axogenesis
cells within the epithelial compartment of cichlid replacement teeth that express markers of the
successional lamina, and we demonstrated that all epithelial lineages, including an ameloblast
maturation trajectory, are derived from these progenitor cells.

Multiple developmental trajectories define the mesenchyme of
cichlid replacement teeth

Work in the mouse suggests that dental mesenchyme is heterogeneous, with multiple niches
containing stem cells'®!%2!. We used a similar approach as above to identify progenitor
populations and then trace developmental trajectories from those points. Once again, we pooled
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Figure 3. Transcriptional programs of developmental potential in replacement tooth epithelium.

A. CellRank 2 projected velocity fields showing inferred cell-cell transition dynamics in epithelium using CytoTRACE-derived
developmental potential. Arrows indicate the predicted direction of state change in the UMAP embedding. B. UMAP overlay
with SL (left) and ES (right) cell distribution, identified by co-expression of canonical marker genes curated from the
literature. C. The developmental trajectory of dental epithelial cells is analyzed via pseudotime alignment. D. Gene expression
dynamics along pseudo-differentiation reveal distinct transcriptional modules, with corresponding GO enrichment for each
module. E. Schematic diagram summarizing lineage specification from ES/SL cells.
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cells across time and experimental conditions after demonstrating that each mesenchymal sub-
population was observed in each condition at each time point, and that inferred trajectories did
not differ in plucked vs control conditions (Supplemental Figure 7).

expression overlapped with dnmt1, a regulator of DNA methylation that retains the stem state of
dental mesenchymef!..s., as well as runx2, which is enriched in dental ectomesenchyme (DEM)
progenitor niche’%. The co-expression of these factors, along with that of dental stromal markers,
delineates a putative DEM progenitor domain (Supplemental Figure 8A-C). We used Monocle3 to
verify and and further eluclidate these multiple trajectories, with starting nodes at the orgins of

progenitor domains for dental mesenchyme, across DEM, DF and DP, are observed similarly from
trajectory analysis of sScRNA-seq in mouse and human teeth’. The trajectory from node 1
bifurcates into follicle (F) and pericyte (P) lineages, consistent with the known association between

mesenchymal stem cells and perivascular niches®S,

Across the DEM developmental trajectory, we observed early expression of markers involved in
BMP and WNT signaling, followed by divergence into odontogenic programs corresponding to DF
trajectory in the DP involved gene expression signatures of FGF, Smoothened, WNT, Semaphorin
and PDGF signaling as well as ‘odontogenesis’ (Supplemental Figure 7D); whereas the DF trajectory
was characterized by WNT, TGF-/3, and Ephrin signals (Figure 4D (). Along the pericyte lineage,
we observed enrichment of PDGFR-/3 and RA signaling (Figure 4D 2

multiple developmental trajectories act to specify cell types in the mesenchymal compartment.
Each of these originates in a region of developmental potential marked by a distinct twist gene,
dnmt1, and runx2, followed by different patterns of combinatorial signaling along distinct
differentiation paths (Figure 4E @).

). Overall, we conclude that

Plucking induces a distinct time course of gene expression during
accelerated tooth replacement

To identify signatures of accelerated tooth replacement, we collected snRNA-seq profiles, in
replicate plucked vs control jaw quadrants, at four time points. After teeth were plucked, fish
recovered in isolated water tanks, and oral jaws were collected at four times: day 0, i.e. 60
minutes; 1 day; 3 days; and 7 days after plucking (Figure 2A(%). Individuals act as their own
control in these experiments. We assessed four features, quantifiable with single cell data, that
may differ on experimental (plucked) vs. control sides of the jaw. Plucking might change the: (1)
composition of cell types; (2) ‘state’ of cells in cell types; (3) expression of genes in cell types and/or
(4) interactions amongst cell types.

We used two approaches to to infer compositional differences amongst cell types on plucked vs.
control jaw halves. scCODA”? and Cacoa>" make different assumptions and use different models to
ascertain compositional shifts. We observed modest, consistent (across approaches) compositional
differences between plucked and control conditions, confined to epithelial cell types. For instance,
the cell type SI + SR was observed in greater proportion in plucked samples, on day 0 and day 1.
The cell type VEE was observed in greater proportion in plucked samples on day 3 while SI + SR
and OEE were in greater proportion in control samples, as that time point (Supplemental Figure 9).
We used CytoTRACEf’..T. to test whether cell types differed in cell state (e.g., developmental potential)
across conditions and found no difference in cell state between plucked vs. control conditions
(Supplemental Figure 10). We surmise that lack of dramatic differences in cell type compostion
and cell state reflect our manipulation, which is not an ablationZ?, but rather an acceleration of a

common process on the plucked side.
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Figure 4. Transcriptional programs of developmental potential in replacement tooth mesenchyme.

A. CellRank 2 projected velocity fields showing cell-cell transition dynamics in mesenchyme using CytoTRACE-derived
developmental potential. Arrows indicate the predicted direction of state change in the UMAP embedding. B. Gene-weighted
density estimates overlaid on the UMAP showing expression distributions of twist1, twist2, dnmt1, and runx2 across
mesenchymal states. C. The developmental trajectory of mesenchymal cells is analyzed via pseudotime alignment. D. Gene
expression dynamics along pseudo-differentiation identify distinct transcriptional modules, with corresponding GO
enrichment for each module. E. Schematic diagram summarizing lineage specification from mesenchymal progenitor cells.
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We identified considerable variance in cell-type specific gene expression that itself varies with
time (Figure 5A(2). Thus, we modeled joint effects of time and condition and observed
differentially expressed genes (DEGs) across the time course of tooth replacement after plucking
(Figure 5B @2). Overall, the pattern is of DEG up-regulation on the plucked side one hour after

manipulation, especially in epithelial cell types, with more balanced up- or down-regulation on the
plucked side, to follow on days 1, 3 and 7 (Supplementary Table 2).

A few genes with dynamic expression patterns are worth mentioning. fosb is strongly upregulated
one hour after manipulation (day 0), on the plucked side, in OEE and SI + SR cell types, but then
down-regulated in these same cell type compared to control at day 1. Fos was found to be a marker

of OEE progenitors in mouse incisors?.. foxo1; a transcription factor essential for enamel

maturation>? exhibits a similar expression profile in SI + SR. Notably, a set of genes including
pitx2, one of the earliest markers of tooth development, is down-regulated in plucked samples at
day 0 within the OEE, but up-regulated at later timepoints. Similarly, atplal and acpt, both
involved in late-stage enamel formation®>2%, are down-regulated at early timepoints but elevated
by day 7, in cycling ameloblasts of plucked samples. Finally, ptchd4, a mediator of Hedgehog
signaling, exhibited a near-identical expression profile across multiple cell types; first upregulated
on the plucked side at day 0, down-regulated in plucked at day 3 and then up-regulated again at

day 7.

Functional enrichment analysis of DEGs by day similarly identified processes unique to specific
time points and/or processes common to most. For example, day 0 DEGs were enriched for aspects
of inflammation, immune response, neural crest and stem cell biology, while most time point DEGs
were enriched for epithelial and mesenchymal development, odontogenesis and axon guidance

Dynamic cell-cell communication accompanies accelerated tooth
replacement

Tissue interactions are central to tooth development=>:22. Lumsden’s classic tissue recombination
experiments identified reciprocal crosstalk between oral epithelium and neural crest derived
mesenchyme, as well as changing sources of odontogenic potential during tooth development.
Because these interactions are so well characterized, and because of the dynamic patterns of
celltype-specific gene expression during accelerated tooth replacement (Figure 5 ), we asked
whether we could detect differences in cell communication, between plucked and control
conditions across time. To this end, we used CellChat.S..?., which models coordinated expression of
genes encoding known ligand-receptor pairs and cell adhesion binding protein pairs, to estimate
the strength of interaction between cell populations. We executed CellChat for each time point post
plucking, and illustrated cell type interactions in a heat map that compares plucked to control
conditions (Figure 6 32).

These data are striking in their specificity. We focus on interactions estimated to be stronger (red
in the heatmap) on the plucked side of the jaw. At day 0 (60 minutes) signals were sent primarily
by the mesenchymal complex (pre-ODO, DP, DF, and dPLP) and alveolar bone (OST) to CYC-AMB
(see also Supplemental Figure 8D). Epithelial subpopulations pre-AMB, VEE and ES-1 also sent
signals to the predominant receiver; CYC-AMB, and CYC-AMB signaled to itself. ES-1 transmitted
signals to pre-ODO. On day 1, mesenchymal cell types remained the strongest source of signal, but
the receiver changed from CYC-AMB to NK/T cells. Day 3 was characterized by crosstalk between
epithelial cell types. Specifically, ES-2 received signals from VEE, pre-AMB, CYC-AMB, and M-AMB,
while sending signals to CYC-AMB, M-AMB, and PM-AMB. On day 7, we observed (as in day 0)
strong signaling from mesenchymal sub-clusters and alveolar bone (OST) to CYC-AMB.
Additionally, pre-ODO received incoming signals from multiple ameloblast cell types. Day 7
signaling from ES-1 also resembles day 0, and within the epithelium seems to replace day 3 signals
from ES-2. The changing and recurrent nature of cell-cell communication across time since tooth
plucking likely reflects rapid morphogenesis of pioneer replacement teeth as well as subsequent
development of next-in-line tooth buds.
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Figure 5. Gene expression dynamics across cell types following tooth plucking.

A. Differentially expressed genes identified within each cell types, comparing plucked to control across time points. Red and
blue dots highlight the top 2-3 up-regulated and down-regulated DEGs, respectively. B. Stage-resolved expression dynamics
of DEGs across the time course. The size of each dot is proportional to the percentage of cells expressing DEGs. Purple and
green dots indicate DEGs showing higher and lower expression, respectively, in plucked, as compared to control. C. Time-
course GO biological processes reveal enriched functional profiling at each developmental stage. The size of each dot is
proportional to the number of genes contributing to each enriched term, and the color scale indicates statistical significance.
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Figure 6. Cell-cell communication during the time course of accelerated tooth replacement.

A. Heatmap of differential interaction strength among cell populations between plucked and control shows the outgoing and
incoming signaling change associated with each cell group. Red (positive values) represents increased signaling in plucked
and blue (negative values) represents decreased signaling in plucked, between cell groups, as compared to control. The color
scale indicates the magnitude of differential interaction strength.
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After identifying cell populations that putatively interact during accelerated tooth replacement,
we wanted to explore signaling pathways that orchestrate this crosstalk. We therefore focused on
enrichment of signal in celltype interaction pairs (Figure 6 2), highlighting pathways biased

these data is enrichment of growth factors, components of the extracellular matrix (ECM) and
pathways involved in immunity, angiogenesis, axon guidance and nerve growth. Regardless of
time since plucking, cell-cell communication on the plucked side is differentially driven by
Collagen, MMP (matrix metalloproteinase), Slit-Robo, SPP1 (Osteopontin), Semaphorin, and Notch
signals (see also Supplemental Figure 8E).

Notably, the ligand-receptor pairs that underlie enriched pathways are both consistent and
divergent across the time course of accelerated replacement (Figure 7B2). For example, at day 0
when mesenchymal cell types signal to CYC-AMB, collagen ligands pair with integrin receptors,
indicative of function in the ECM. However, when these senders interact with NK/T cells at day 1,
collagen ligands signal to CD44, indicative of immune response. These factors are important in
tooth morphogenesis?5 %Y and reflect the scope of (i) tissue remodeling (bone and tooth), (ii) tooth
growth/development and (iii) re-wiring of tooth germs to the nervous system, across the plucked

jaw-half.

Discussion

Teeth are ancient vertebrate structures®-%2 that exhibit dramatic variation in size, shape, number,

location and attachment mode, across lineages. In their long evolutionary history, teeth, like other
ectodermal organs (hair, feathers, scales) retained an ancestral capacity for lifelong replacement.
And yet, in part because mice do not replace teeth at all, we lack a full understanding of the
process. We sought to interrogate the tempo and mode of tooth replacement across dental-diverse
Lake Malawi cichlid fish species§9.'§.3.., using a plucking paradigm and a pulse-chase method to track
new teeth. We demonstrated that plucking accelerates tooth replacement, only on the plucked side
of the jaw. We then determined celltype-specific gene expression profiles and interactions amongst
celltypes that accompany accelerated whole-tooth replacement.

Plucking-accelerated tooth replacement has a limit

Plucking of functional teeth on the right jaw quadrant accelerates tooth replacement ~3x, only on
the plucked side. This is superficially similar to (i) incisor clipping in mice, which is followed by
accelerated growth only on the clipped side’?, and (ii) intermediate-density plucking of hairs,
which initiates a synchronized, quorum-level response to organ regrowth?>. It is different than

comparables are reminders that the nature of the manipulation matters (e.g., functional teeth vs.
second-generation teeth) as does the scope or degree of manipulation (low-density hair plucking
does not initiate a quorum response.z.?.). This accelerated rate of ~3x was strikingly consistent
across closely related species with widely divergent dentitions (tens of large unicuspid teeth vs.
hundreds of small multicuspid teeth) suggesting an invariance or constraint, which may be
developmental and/or physiological.

Identification of epithelial and mesenchymal developmental
trajectories in replacing dentitions

We aimed to understand the repertoire of cell types and their developmental trajectories in cichlid
replacement teeth, comparing these to mammalian counterparts that are divergent in
evolutionary time (hundreds of millions of years) and capacity for regeneration. The main result
of strong cell type conservation, in both epithelium and mesenchyme, as well as accessory cell
types, supports earlier work:..

In the epithelium, we inferred a single population of cells likely to act as progenitors. This cell
population was enriched for markers of the successional lamina and was most closely related to
the mouse incisor VEE (ventral part of enamel epithelium). Developmental trajectories from ‘VEE’
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Figure 7. Signaling pathways and ligand-receptor interactions during accelerated tooth replacement.

A. Signaling pathways between each sender-receiver cell type pair were ranked by differences in communication probability
between conditions. Pathways detected exclusively in plucked are shown in red, whereas pathways detected exclusively in
control are shown in blue. Pathways shown in black were detected in both conditions but exhibited significant differences in
communication probability between conditions. B. Up-regulated ligand-receptor interaction network in plucked compared to
control. Signaling sources (senders) and targets (receivers) are shown on the bottom and top, respectively. Colored segments
indicate their cell identity. Segment size is proportional to the total outgoing or incoming interaction strength associated with
each ligand-receptor pair in the corresponding cell sub-population.
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bifurcated to give rise to (i) ameloblast cell types differing in maturation state and (ii) all other
epithelial lineages, including OEE and SI + SR. This trajectory of ameloblast maturation is similar
to that observed in mouse incisors?2 and human teeth?>, but the overall relationship amongst
epithelial cell types is different from mammals, which in turn differ from one another. Future
experiments should target common methods and developmental stages, in additional species

(sharks, reptiles), to better understand the evolution of dental epithelial cell types.

In the mesenchyme, we observed multiple progenitor populations, one in putative dental
ectomesenchyme (DEM) and then one in the dental papilla (DP) and dental follicle (DF). Each of
these progenitor populations is marked by a distinct twist gene, runx2 and dnmt1, respectively.
This pattern is similar to dental mesenchyme in the human molar, where DEM bifurcates to form
DF and DP lineages which further undergo fate specification, with the DP being the major source
of the odontoblast lineage.%i Multiple progenitor domains for dental mesenchyme are also

observed in mice?’.

The evolution of vertebrate dental cell types and their hierarchical relationships is a new and
notably incomplete endeavour. And yet, comparison of mammal to fish dental cell types appears
to follow a central tenet of evolutionary developmental biology — strong evolutionary conservation
of building blocks, even when the ultimate structure or function is distinct. We showed some time
ago that all teeth in the history of dentitions, regardless of location on oral or pharyngeal jaws,
likely share a core gene network for tooth initiation.. It is tempting to infer a similarly conserved,
core toolkit of vertebrate dental cell types.

Time-sequenced cellular profiling of tooth regeneration

Regenerating organ systems share at least four features: (i) activation, (ii) initiation of regenerative
molecular programs, (iii) coordination with supporting cell types, and (iv) control of size through
morphogenesis..G..-r.’.. We carried out time-sequenced cellular profiling of accelerated tooth

replacement and captured signatures of these ‘regeneration rules’ in patterns of gene expression

Plucking activates dynamic celltype-specific gene expression, almost immediately. Genes are
differentially expressed in nearly all cell types at day 0 (60 minutes after plucking) and up-
regulated DEGs are enriched for function in inflammation and immune pathways. Notably, one of
the strongest up-regulated genes at day 0 was fosb, in cell types OEE and SI + SR. Fos was identified
as a novel marker of OEE progenitors in mouse incisors?!. and has long been known as an
immediate-early gene (a marker of plasticity) in the nervous system§.6... Fos genes may be general
sentinels of cellular activation and plasticity.

Day 0 is characterized by concerted signaling from mesenchymal cell types and alveolar bone to
CYC-AMB on the plucked side, likely reflecting the mesenchyme’s known role directing
(replacement) tooth morphogenesis>>22. By day 1 post-plucking, these same mesenchymal cell
types switch their cellular receivers from CYC-AMB to NK/T cells on the plucked side, reinforcing
the role of immune function in tooth replacement. The immune system is not well studied in tooth
development, but this is a central component of hair follicle regeneration?>2/. By day 7 post-
plucking, we observe restoration of mesenchymal signaling to CYC-AMB, and epithelial signaling to
pre-ODO, on the plucked side. The latter may reflect epithelial control of next-in-line tooth bud

initiation, as the primary replacement tooth continues morphogenesis and eruption.

Throughout the time course of accelerated tooth replacement, cell-cell communication on the
plucked side is dominated by Collagen, MMP (matrix metalloproteinase), Slit-Robo, SPP1
(Osteopontin), Semaphorin, and Notch signaling, clear indicators of tissue remodeling, immune
response, tooth morphogenesis and growth, angiogenesis and nerve pathfinding (Figure 82).

Regeneration as ‘reinventing’ ancestral developmental programs

Recent work has explored the degree to which ancestral regeneration programs lost in humans
stem from cell type extinction or modification of cell type function. In bower-building cichlid
fishes, brain cell type proportions are modulated by adult neurogenesis, mediated by radial glia,
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Figure 8. Summary of accelerated tooth replacement following plucking.

A. Plucking accelerates tooth replacement, only on the plucked side, with a ~3-4x increase in replacement rate that is
conserved across cichlid species with widely divergent dentitions. B. Conceptual timeline of biological processes activated
following tooth removal that accompany accelerated tooth replacement. Early immune activation is associated with increased
axonogenesis and vasculogenesis, followed by elevated odontogenesis and bone formation. C. Schematic representation of
prominent intercellular communication events and signaling pathways associated with accelerated tooth replacement after

plucking.
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cells that serve a similar function in mammalian embryosﬁ.s.. Rabbits are capable of ear

regeneration and mice are not because of retinoic acid signaling differences in conserved wound-

induced fibroblasts?. Similarly, thymus regeneration in axolotls is driven by midkine signaling in

conserved thymic epithelial cells’’. Lifelong tooth replacement follows this trend; the SL is
recognizably similar to epithelial cell types in mouse and human teeth, but it no longer persists
into adulthood in most mammals. Reinventing regenerative potential, therefore, might require re-

engaging ancestral molecular profiles in extant cell types.

Study limitations and future direction

This is the first manipulative characterization of whole-tooth replacement using snRNA-seq. Our
work here is based on decades of histology, in situ hybridization and immunohistochemistry in the
Malawi cichlid dentition!-222!. However, these experiments would benefit from a spatial
resource, providing tissue-level and temporal context to quantitative cell type gene expression and
predictions of cellular communication. This is difficult in jaw tissue replete with bony crypts
housing asynchronously replacing tooth families, but developments in sequence-based spatial
transcriptomics should allow modification for mineralized tissue in the near future’.. This would
allow direct in situ interrogation of molecular and cellular profiles on plucked vs control jaw
halves, over the time course of tooth replacement. Armed with information about the cell types,
DEGs and signals involved in accelerated tooth replacement, future experiments should aim to
manipulate these particulars of the system. We are keen to better understand the time-keeping
mechanism that synchronizes tooth replacement in even- vs. odd-numbered tooth families,
interactions between dental and supportive tissues (e.g., alveolar bone), and the immune
environment in jaws that experience constant remodeling. Finally, we anticipate that this plucking
experimental paradigm, followed by cellular characterization (SnRNA-seq and snATAC-seq), can be
applied to other non-model systems with lifelong whole-tooth replacement.

Methods
Subjects

Cichlids were housed in the Department of Animal Resources at the Georgia Institute of
Technology (Atlanta, GA) and all experiments were conducted in accordance with institutional
animal care and use policies (IACUC protocol no. A100003/A100029). A total of n=25 adult cichlids
were used for pulse-chase experiments, including Metriaclima estherae (MZ Red; n=8), Cynotilapia
afra (CA; n=8), and Petrotilapia “Thick Bar” chitimba (PT; n=9). An additional 10 adult Metriaclima
estherae (MZ Red) individuals were used for single-nucleus RNA sequencing experiments.
Environmental conditions of aquaria were designed to approximate those of Lake Malawi. All
tanks were connected to a central recirculating system and maintained at 26.7°C with a pH of 8.2.
Fish were kept on a 12h:12h light:dark cycle, with full lights on from 08:00 to 18:00 Eastern
Standard Time (EST) and dim lights during 60-minute transitions (07:00-08:00 and 18:00-19:00
EST). Fish were fed twice daily with Spirulina flakes (Pentair Aquatic Ecosystems, Apopka, FL,
USA).

MicroCT scanning of cichlids jaws

Prior to MicroCT scanning, rectangular foam chambers were prepared to securely hold each
sample in place. Samples were removed from PBS, gently dried with a paper towel, and placed
into the foam chambers. Each chamber was then inserted into a 34 mm sample holder, with the
anterior of the sample faced downward into the holder and the superior of the sample oriented
toward the notch of the holder. The holder was covered with parafilm, cleaned with 70% ethanol,
and mounted onto the carousel of the Scanco Medical uCT50 machine. Each sample was scanned
with a focus on tooth structure and the overall jaw morphology. All scans were collected using the
same setting: energy/intensity at 70 kVp, 114 yA, 8 W, filter set to air, resolution set to high,
FOV/diameter at 20.5, voxel size at 5 ym, integration time at 750 ms, and average data set to 1.
After scanning, image data were exported as DICOM files. Segmentation was performed using the

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 18 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology

X i Devel tal Biol
:.’°.." eLIfe evelopmental Biology

threshold feature of Materialize Magics software. Threshold values varied slightly among samples
to account for differences in image contrast but were chosen to preserve tooth and jaw structures
without compromising structural integrity. Edit Mask and 3D Interpolate tools were used to
further refine the segmentation and to separate upper and lower jaws on the left and right sides.
All microCT scans were conducted at the MicroCT Core at the Petit Institute for Bioengineering and
Bioscience (IBB), Georgia Tech.

Modified pulse-chase and tooth-plucking experiments

All individuals used in the experiments were adult fish, approximately 10-13 cm in total length
with fully formed teeth and jaws. Live vital dye bone staining was performed by pulsing fish with
100 pg/ml Alizarin Red (CAS: 130-22-3, Acros Organic) buffered with 1 mM HEPES in system water
for 24 hours in the dark>Z. Fish were housed individually in 3.5 L tanks on a brood rack with
aeration. After the Alizarin pulse, tooth-plucking experiments were performed. For each fish, both
the upper and lower oral jaws were divided along the midline into left and right halves. Teeth
were removed only from the right side, which served as the experimental (“plucked”) side, while
the left side served as an internal control. Plucking was restricted to an anterolateral region of the
dentary, where cichlids, irrespective of their species, possess larger, evenly spaced, and
morphologically distinct teeth. More posterior teeth, which are smaller (<1 mm), conical, and less
phenotypically variable, were not included in the experiment (Supplemental Figure 2). Tooth
removal was carried out under a stereoscope (Zeiss Stemi DV4 Stereo Microscope 8x - 32x, 000000-
1018-455) using fine-toothed forceps and, when necessary, a scalpel fitted with a #11 or #12 blade.
All procedures were performed under anesthesia using tricaine methanesulfonate (MS-222) in
accordance with approved IACUC protocols, and care was taken to minimize tissue damage. Fish
were returned to fresh anesthetic solution as needed during the procedure, with total handling
time kept under 20 minutes. Following plucking, fish were returned to system water tanks for 15
days. They were then chased with 50 pg/ml Calcein (C0875-5G, Sigma) buffered with 1 mM sodium
phosphate in system water for 24 hours in the dark>?. After replacing Calcein with clean system
water, the fish were allowed to recover for 24 hours before being euthanized by MS-222 overdose
following previously established IACUC protocols. Upper and lower jaws were dissected from each
fish, fixed overnight in 10% NBF at 4°C, and subsequently stored in 100% ethanol in the dark at
4°C. Alizarin Red labels existing mineralized bone, while Calcein labels newly mineralizing bone.
Fluorescence imaging and quantification were performed using Zeiss Axio Observer Z1, and
whole-mouth images were acquired using Zeiss Stereo Discovery.V12.

Tissue Collection for snRNA Seq

All individuals used for single-nucleus RNA sequencing experiments were adult fish,
approximately 10-13 cm in total length with fully formed teeth and jaws. Tooth removal was
performed as described in Modified pulse-chase and plucking. After tooth plucking, fish were
returned to isolated water tanks to recover. Oral jaws were collected at four post-plucking time
points: 60 minutes (Day 0), 1 day, 3 days, and 7 days. Four biological replicates were collected for
Day 0 i.e. 60-minute time point, and two biological replicates were collected for each of the
remaining time points. Fish were euthanized by overdose of MS-222, after which the upper and
lower oral jaws were dissected from the head. Using a stereoscope (Zeiss Stemi DV4 Stereo
Microscope 8x-32x, 000000-1018-455), soft tissue labial to each jaw was carefully removed to
expose the underlying jawbone. For each fish, the plucked (right) and control (left) sides of the jaw
were dissected and processed separately. Replacement tooth crypts and surrounding tissue were
collected by making longitudinal incision with a scalpel along the exposed jawbone,
approximately 2-3 mm above and below the replacement crypt region. This approach allowed
isolation of a tissue block containing all regenerating crypts with minimal surrounding tissue.
Upper and lower jaws samples were rapidly dissected, flash frozen on dry ice, and stored at -80°C
until preparation of single-nucleus suspensions.
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Nuclei Preparation for snRNA Seq

Nuclei were isolated using a modified Frankenstein protocol-= optimized for hard tissues.
Immediately prior to nuclei isolation, frozen tooth-jaw samples were pooled into 2-4 biological
replicates (n=2-4 replicates/pool) per condition (plucked versus control). Pools were organized by
time point to balance tissue mass and nuclei yield across samples. For the 60-minute (Day 0) time
point, two pools of two biological replicates each were generated and later combined during
downstream analysis. For the remaining time points, pools consisted of two individual replicates
with plucked and control sides derived from the same fish. Tissue masses were closely matched
across pools to ensure comparable nuclei input. Frozen tissue sample pools were transferred into
500 pl of chilled Nuclei EZ lysis buffer (Sigma-Arch; NUC101). Samples were finely cut using a
sterile scissor directly into lysis buffer on ice. An additional 1,000 pl of EZ lysis buffer was then
added, and samples were lysed for 15 minutes with gentle nutation. Following lysis, samples were
filtered using 70 um MACS® SmartStrainers (Milltenyi) to remove large debris and remaining
osseous tissue, followed by gentle trituration to achieve a homogenous suspension. Lysis was
halted by adding approximately 2 ml of HBSS (Sigma-Aldrich H4385), after which samples were
triturated 10-15 times using pipette tips with a 500 pum internal diameter to complete tissue
dissociation. The dissociated nuclei were centrifuged (600 x g, 10 minutes, 4°C) and resuspended in
approximately 1 ml of chilled wash and resuspension buffer containing 2% BSA (Sigma) and 0.2 U/
ul RNase Inhibitor (Sigma) in 1X PBS (Thermo Fisher). Nuclei suspensions were filtered through 40
um Flowmi® cell strainers (Sigma) and 30 pum MACS® SmartStrainers (Milltenyi) to remove
residual debris and nuclear aggregates prior to fluorescence-activated cell sorting (FACS). Unless
otherwise noted, all steps were performed at 4°C in a cold room to prevent RNA degradation.

Fluorescence Activated Cell Sorting (FACS)

Pilot experiments indicated that passive filtration alone was insufficient to remove inorganic
debris and nuclear multiplets due to the dense, mineralized nature of the tissue. Therefore, we
further improved the nuclei purity and sample quality using FACS (BD FACS Melody Cell Sorter, BD
Biosciences) and BD FACS Chorus Software (v1.1, BD Biosciences). Nuclei were gated using 10 pm
sizing beads (BD Biosciences) and 1 ug/ml 7AAD (Sigma) to identify single nuclei based on forward
scatter (size), side scatter (shape), and DNA content (7AAD fluorescence). This gating strategy
effectively eliminated nuclear multiplets, irregularly shaped or damaged nuclei, and inorganic
debris. Approximately 90,000 nuclei were collected per pool from both the plucked and control
sides into 96-well plates (Corning Costar) containing 30 pl of wash buffer and maintained at 4°C.
Sorted nuclei were used for downstream single-nucleus RNA sequencing. FACS data and gating
strategies were visualized and analyzed using Flow]Jo v10.6.0.

Library Preparation and Sequencing

Suspensions of isolated nuclei were loaded onto the 10x Genomics Chromium Controller (10x
Genomics) at concentrations between 300-400 nuclei/ul. Target recovery was 3,000-4,000 nuclei
per sample, with the goal of achieving an average sequencing depth of approximately 80,000 reads
per nucleus. cDNA synthesis and library preparation were performed according to the
manufacturer’s instructions using the Chromium Single Cell 3’ Reagent Kits User Guide v3.1
Chemistry (10X Genomics), including the Single Cell 3’ GEM, Library and Gel Bead Kit v3.1 and
Chromium i7 Multiplex Kit. Library quality was assessed using high-sensitivity DNA analysis on
the Agilent 2100 Bioanalyzer, and library concentrations were measured using Qubit 2.0
fluorometer (Invitrogen). Barcoded libraries were pooled by time point and sequenced on the
NovaSeq 6000 platform (Illumina) using a single flow cell and the 300-cycle S1 Reagent kit (2 x 150
bp paired-end reads; Illumina). Sequencing was performed by the Molecular Evolution Core at
Georgia Tech.
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Quantification and statistical analysis

snRNA-seq data pre-processing and quality control

We processed FASTQ files using Cell Ranger v3.1.0. Reads were aligned to the Maylandia zebra
(Lake Malawi cichlid) reference genome assembly.?.‘.‘. using a splice-aware alignment algorithm
(STAR) within Cell Ranger. Gene annotations were obtained from the same assembly (NCBI RefSeq
accession: GCF_000238955.4; M_zebra_UMD2a). Because nuclear RNA contains intronic sequences,
reads mapping to introns were included during the Cell Ranger count step. Unique Molecular
Identifiers (UMIs) that were homopolymers, contained ambiguous bases (N), or contained any
base with a quality score less than 10 were excluded. Following these steps, Cell Ranger generated
filtered feature-by-barcode matrices containing expression data for a total of 32,471 features
(corresponding to annotated genes) and a total of 30,005 barcodes (corresponding to droplets and

putative nuclei).

Gene expression matrices generated by Cell Ranger were then assessed with Seurat v57> for
further data processing. To remove potentially dying, dead, or uncharacteristically stressed nuclei,
barcodes with fewer than 250 total genes detected or with more than 5% of their total transcripts
being mitochondrial genes were excluded from downstream analysis. To reduce the risk of
doublets or multiplets, barcodes with more than 2,500 total genes were also excluded. As a result,
a total of 27,114 barcodes passed all quality control filters and were included in the downstream
analyses.

Dimensionality reduction and clustering

After the log-normalization of gene expression measurements for each individual cell,
confounding factors including percentage of mitochondrial genes (pct.mt) and the total number of
UMI counts (nCount_RNA) were regressed out. Highly variable genes were identified using the
FindVariableFeatures function in Seurat with the mean.var.plot selection method. This method
aims to identify variable features while accounting for the strong correlation between variability
and average expression. In this process, we pinpointed 4,000 genes that showed the most variable
expression patterns across nuclei. Prior to dimensional reduction, we scaled the gene-level data
using the ScaleData function in Seurat. To investigate dimensionality, we first executed a linear
dimensional reduction (principal components analysis, PCA) using the RunPCA function, setting
the maximum number of dimensions to 50 (dim=50). We then employed Seurat’s JackStraw,
ScoreJackStraw, and JackStrawPlot functions to estimate and visualize the significance of the first
50 principal components (PCs). We also used the Elbow plot function to visualize the variance
explained by these 50 PCs. Since all 50 PCs were highly statistically significant and there was no
observed drop-off in variance explained across PCs, we used all 50 PCs for non-linear dimensional
reduction (Uniform Manifold Approximation and Projection, UMAP) using the RunUMAP function
in Seurat. For RunUMAP, minimum distance allowed apart the embedded points was set to 0.5
(min.dist=0.5), the number of neighboring points used in local approximations was set to 50
(n.neighbors=50), and Euclidean distance metric was used to measure distances between points.

Prior to clustering, we embedded nuclei into a k-nearest-neighbor (KNN) graph based on
Euclidean distance in UMAP space, with edge weights based on local Jaccard similarity, using the
FindNeighbors function in Seurat (k.param=50, prune.SNN=0). Finally, we performed clustering on
the derived graph using Seurat’s FindClusters function, employing the Louvain algorithm with
multilevel refinement (algorithm=2), to define the cluster partition. By setting the cluster
resolution to 0.6, we identified 50 distinct clusters, which were then classified into 25 cell types.
Cell type assignment was performed based on the combination of cluster marker gene analysis
and interspecies integration of sc/snRNA-seq data from cichlids and mice.

Cluster marker gene analysis

The biological identities of specific clusters were investigated using a combination of unbiased
cluster-specific marker gene detection and a supervised examination of previously established
marker genes. To find marker genes for each identified cluster, we used the Seurat function
FindAllMarkers (only.pos=TRUE) with log-scaled 2-fold difference set to 0.25 (logfc.threshold=0.25,

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 21 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology

= eLife

Developmental Biology

base=2) and genes detected in at least 20% of cells (min.pct=0.2) to ensure that the markers are
sufficiently expressed in the corresponding cluster. Genes with Bonferroni-adjusted p-values <
0.05 were retained as the cluster—specific markers, based on the Wilcoxon rank-sum test.
Functional enrichment analysis of Gene Ontology (GO) categories was performed on cluster-
specific marker genes. Briefly, we first converted cichlid gene names to their human orthologs,
and then ran enrichment analysis with ToppGene Suite under default settings. Results that
survived FDR adjustment (g-value<0.05) were deemed statistically significant. Established dental
cell-type-specific marker genes were cross-referenced with the output from FindAllMarkers to
generate further insight into the biological identity of clusters.

Interspecies integration of sc/snRNA-seq data

To further investigate and verify the biological identities of specific clusters, we integrated
sc/snRNA-seq data from cichlids and mice to facilitate a comparative analysis of the
transcriptional similarities among dental cell types. This analysis was conducted using SAMap.%i
which constructs a gene homology graph, weighted by sequence similarity of homologous gene
pairs between species. This approach allows genes with higher sequence similarity across species
to have a greater influence on the integration, making it possible to compare species with large
evolutionary distances, such as cichlids and mice. First, to determine sequence similarity, we
downloaded the proteomes from NCBI: Maylandia zebra (GCF_000238955.4) and Mus musculus
(GCF_000001635.27). We then ran blastp to identify reciprocal blast hits between cichlids and mice
using SAMap’s map_genes.sh script and constructed a gene-gene bipartite graph based on the bi-
directional blastp results. Following this, we converted the raw gene expression matrices of the
sc/snRNA datasets from Seurat objects to h5ad files, and processed them using the SAMAP
function, specifying the gene symbols of each protein. Finally, we ran the SAMap algorithm using
default parameters. Next, the k-nearest-neighbor graph produced by SAMap was used to create a
similarity score between dental cell types in cichlids and mice. The similarity score was defined as
the average number of k-nearest neighbors between cells from mice to cichlid nuclei. To
determine significance, we performed a permutation test where we shuffled the cell type labels of
cells/nuclei for both datasets 1,000 times and calculated similarity scores. Cross-species cell-type
pairs with similarity scores higher than all permutations of each cichlid cell type were deemed
significant. Homologous cichlid-mouse dental cell type pairs were then used to aid in the
identification of corresponding cell types in our cichlid snRNA-seq data.

Deconvolution of individuals from mixed pools of nuclei

souporcell> was used to deconvolute individuals from the mixed-genotype snRNA-seq experiment

pools. Briefly, souporcell clusters nuclei based on their genotype detected in their reads, where the
resulting clusters reflect nuclei originating from the same individual. Before souporcell was
applied, variants in each nucleus were identified from a subset of high-quality reads. First, reads
were subset by those with a base quality score greater than 10 and were mapped confidently to
the genome (-F 3844). Next, to deconvolute using souporcell, variants were identified using the
GATK v4.1.8.1 HaplotypeCaller with default parameters, but without the
MappingQualityAvailableReadFilter, to retain reads that were confidently mapped by Cell Ranger
(MAPQ score of 255). Then, vartrix v1.1.22 was used for allele counting, with the parameters
suggested by souporcell. To cluster nuclei by genotype, souporcell v2.0 was used with the number
of clusters set to 2-4 to indicate the number of individuals/replicates in the pool and otherwise
default parameters were used. These steps were repeated using a stricter threshold for the base
quality score greater than 30. The output of souporcell was then compared and used to assign
nuclei to individuals. Nuclei assignment was retained when both runs agreed or when either run
was able to confidently assign the nucleus to an individual. Only non-doublet and assigned nuclei
were left for further downstream analyses.

Learning vector fields from CytoTRACE developmental potentials

To investigate the differentiation states of dental epithelial and dental mesenchymal cell
subpopulation, CytoTRACE (Cellular (Cyto) Trajectory Reconstruction Analysis using gene Counts
and Expression) v0.3.32. was performed to predict developmental potential from snRNA-seq data
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based on the assumption that, on average, naive cells express more genes than mature cells during
differentiation. The raw count matrix was supplied to CytoTRACE using the default settings. A
CytoTRACE score, ranging from 0 to 1, was assigned to each cell based on its differentiation
potential, with higher scores indicating greater developmental potential. Next, cell-to-cell
transition probabilities were inferred using the CellRank 2 CytoTRACE kernel. Briefly, an
undirected k-nearest-neighbor (KNN) graph representing cell-cell similarities was computed from
the raw count matrix. The computed KNN graph, along with CytoTRACE scores, was then input
into the cellrank.kernels.CytoTRACEKernel function. CellRank 2 leveraged both the local cellular
neighborhood structure and CytoTRACE-derived differentiation scores to compute directed
transition probabilities using the compute_transition_matrix function. Finally, the plot_projection
function was used to visualize the transition matrix as vector fields.

Trajectory inference and pseudotemporal ordering

To gain additional insights into gene expression variations during the differentiation of dental
epithelial and dental mesenchymal cell subpopulations, we used Monocle3 v1.3.4* to reconstruct
single-cell trajectories. First, the normalized count matrix, cell type annotations, and UMAP
embeddings of epithelium and mesenchyme subset in the Seurat object were imported to
Monocle3 using the as.cell_data_set function. Next, trajectories were inferred with the learn_graph
function using the default parameters. This step aims to fit a principal graph, using the SimplePPT
algorithmel., on the UMAP of the data to recover underlying paths cells can take as they
differentiate. Next, the order_cell function was used to calculate cell-wise pseudotime, using the
root-node (beginning of the biological process) selection estimated by CytoTRACE and CellRank 2
CytoTRACE kernel. The subsequent analysis of specific branches from trajectories was performed
using the choose_cells function. Within each branch, we identified genes that vary in expression
over a developmental trajectory using the graph_test function, which performed the Moran’s I test
on individual genes. To discover genes whose expression is significantly associated with
pseudotime, we filtered the output of the graph_test function based on a threshold of g-value <
0.01, and then we further refined the selection by subsetting the top 300 genes with the highest
Moran’s I values. Finally, pseudotime-dependent genes were clustered using k-means with
ClusterGVis v0.1.1/2, and an over-representation test was performed to test statistical enrichment
for genes in each identified cluster using the genORA function in Genekitr/%. Enrichment terms
with a g-value of less than 0.05 were considered significant.

Differential gene expression analysis

Differential expression (DE) testing was applied to identify variable genes across conditions.
Within each cell type, differential gene expression was analyzed between plucked versus control
nuclei using the FindMarkers function in Seurat with a log-scaled 2-fold difference threshold set to

with appropriate model covariates matching those used in the data normalization step. Genes that
were significantly up-regulated or down-regulated (|log,FC|>0.25; p-value<0.05) in plucked nuclei
were identified as differentially expressed genes (DEGS).

Time-course analysis of gene expression

To further dissect these differentially expressed genes across conditions in each cell type,
glmmSeq v0.5.578 was applied to compare variations in gene expression over time by fitting
negative binomial mixed-effects models at the individual gene level using the formula: gene
expression ~ condition*timepoint + (1| replicate). In this model, the interaction term of condition
and timepoint was treated as fixed effects, accounting for variance in gene expression. In addition,
this model also included a random term to account for variance explained by individual variation.
To run glmmSeq with negative binomial models, we computed gene dispersion estimates using

was then applied to the glmmseq results, with an adjusted p-value threshold of 0.05 to identify
temporal differentially expressed genes.
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Functional enrichment analysis

To compare the functional profiles of differentially expressed genes obtained from different
conditions across timepoints, a functional enrichment analysis was carried out using
clusterProfiler v4.6.25°. Briefly, we used the compareCluster function with the biological process
database in Gene Ontology (GO) to assess how enrichment results varied across timepoints.
Enriched GO terms with false discovery rate (FDR) of less than 0.05 were considered statistically
significant and were selected for subsequent downstream analysis.

Cell-cell communication inference

To analyze intercellular communication network systematically in our snRNA-seq data,
normalized data subsets for each respective timepoint (Day 0, 1, 3, and 7) and condition (control
vs. plucked), along with cell type labels, were separately submitted for cell-cell communication
network analysis using CellChat v2.1.127. Overexpressed signaling genes were identified using
Wilcoxon rank sum test. CellChat then inferred statistically and biologically significant ligand-
receptor pairs between every pair of cell types. In the main inference analyses, we used the
projectData function to smooth the data by projecting the gene expression profiles onto the
protein-protein interaction network from STRINGdb®'.. CellChat computed the interaction strength
between each ligand-receptor pair, which was quantified by a communication probability value.
CellChat employed the law of mass action for calculation of probability value, based on the
average expression of each ligand, receptor, and their cofactor(s). Finally, we compared
intercellular interactions across conditions by merging CellChat objects.

Quantitative comparison of cell-cell communication networks

To comprehensively identify signaling alterations between conditions (control vs. plucked) and
across timepoints (Day 0, 1, 3, and 7), we employed a top-down approach as previously reported-=.
Briefly, we first investigated global signaling changes at the level of individual cell populations
using differential incoming and outgoing interaction strength associated with each cell type, and
then executed a refined analysis of perturbed signaling pathways and underlying ligand-receptor
pairs.

In the global comparative analysis, we applied network centrality analysis as previously
reported>’. In brief, we used the netAnalysis_computeCentrality function in CellChat to compute
the likelihood of each cell type being signaling sources and targets, by summarizing each cell-type-
associated outgoing and incoming interaction strengths across all signaling pathways. The
netAnalysis_diff_signalingRole_scatter function in CellChat was then performed to compute
differential outgoing and incoming centralities of each cell type at each timepoint (plucked
centralities — control centralities) and visualize them in a 2-dimensional space for identification of
cell types with significant changes in sending or receiving signals between conditions and across
timepoints. To better analyze the variations of signaling changes across time, we used the
trendline plots to visualize temporal differential outgoing and incoming signaling changes of each
cell type for identification of outstanding cell types in each major cell populations (Epithelium,
Mesenchyme, and Immune cells). Finally, netVisual_heatmap function, implemented with the
ComplexHeatmap.??. R package, was used to visualize differential cell-cell communication
networks among all cell types. This aims to identify outstanding sender-reciver cell pairs at each
timepoint. In the heatmap, red and grey colors indicate increased and decreased signaling in
plucked, compared to control, respectively.

In the refined analysis at signaling pathway level, we first used the rankNet function in CellChat to
identify signaling pathway changes between plucked and control in each outstanding sender-
receiver cell pair we identified in the previous cell-level analysis. This aims to compare the
communication probabilities of shared signaling pathways between conditions in each sender-
receiver pair. The computeCommuProbPathway function in CellChat was used to calculate the
communication probability of a given signaling pathway. To identify ligand-receptor pairs that
differed significantly between conditions, differential expression testing was applied, in
combination with the results of cell-cell communication analysis. Briefly, in each cell type, we used
the identifyOverExpressedGenes function to perform Wilcoxon rank sum test for identification of
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genes differentially expressed between conditions. Signaling molecules were identified as
differentially expressed if the p-values were less than 0.05 and the absolute values of log-scaled 2-
fold difference were higher than 0.25.

Data availability

The snRNA-seq data generated in this study are deposited and publicly available in the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) under accession
GSE315304. The reference genome used in this study was the Maylandia zebra UMD2a RefSeq
assembly, deposited and publicly available in the NCBI BioProject databank under accession code
GCF_000238955.4. Code used for core analyses in this study is publicly available at
https://github.com/Haowen-He/snRNAseq-Analysis-Accelerated-Tooth-Replacement 7. The processed
data for snRNA-seq is available from Zenodo under https://doi.org/10.5281/zenodo.17983684 % .

Acknowledgements

We thank Harshita Indukuri and Dr. Laxminarayanan Krishnan for their critical roles in the initial
development of the Micro-CT pipelines; Nikesh Kumar and Kathryn Leatherbury for their
assistance in preprocessing raw snRNA-seq data; and the Georgia Tech Petit Institute Genome
Analysis and Molecular Evolution Cores for their integral roles in sample processing and
sequencing, respectively. This work was supported by National Institute of Dental and Craniofacial
Research (NIDCR) Grant RO1DE019637 to ].T.S.

Additional information

Author contributions

JTS and TM conceived the project. TM and JTS performed the experiments. TM carried out the
statistical analysis. GWG preprocessed the snRNA-seq data. HH, GWG, and AS analyzed the snRNA-
seq data. HH, GWG, AS and TM interpreted and discussed the results with significant intellectual
contributions from JTS. TM, HH, and GWG wrote the initial draft of the manuscript. JTS edited the
manuscript with input from all authors. JTS supervised the project.

Funding

Funder Grant reference number Author

HHS | NIH | National Institute of Dental and Jeffrey Todd
. . RO1DE019637

Craniofacial Research (NIDR) Streelman

Author ORCID iDs

Haowen He: © https://orcid.org/0009-0008-0446-8432
George W Gruenhagen: © https://orcid.org/0000-0001-6713-5370
Jeffrey T Streelman: © https://orcid.org/0000-0003-0057-5069

Additional files

Supplemental Figures 1-10 and Supplemental Tables 1-2. (3

References

Fraser GJ, et al. (2009) An Ancient Gene Network Is Co-opted for Teeth on Old and New Jaws. PLoS
Biol 7:€1000031 https://doi.org/10.1371/journal.pbio.1000031 | PubMed

WHO (2025) 2025 Fact Sheet, Oral Health. World Health Organization.

Tucker A, Sharpe P (2004) The cutting-edge of mammalian development; how the embryo makes
teeth. Nat. Rev. Genet 5:499-508 https://doi.org/10.1038/nrg1380 | PubMed

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 25 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://github.com/Haowen-He/snRNAseq-Analysis-Accelerated-Tooth-Replacement
https://doi.org/10.5281/zenodo.17983684
https://orcid.org/0009-0008-0446-8432
https://orcid.org/0009-0008-0446-8432
https://orcid.org/0009-0008-0446-8432
https://orcid.org/0000-0001-6713-5370
https://orcid.org/0000-0001-6713-5370
https://orcid.org/0000-0001-6713-5370
https://orcid.org/0000-0003-0057-5069
https://orcid.org/0000-0003-0057-5069
https://orcid.org/0000-0003-0057-5069
https://prod--epp.elifesciences.org/api/files/110584/v2/content/supplements/697137_file02.zip
https://doi.org/10.1371/journal.pbio.1000031
https://pubmed.ncbi.nlm.nih.gov/19215146
https://pubmed.ncbi.nlm.nih.gov/19215146
https://doi.org/10.1038/nrg1380
https://pubmed.ncbi.nlm.nih.gov/15211352
https://pubmed.ncbi.nlm.nih.gov/15211352
https://elifesciences.org/subjects/developmental-biology

s eLife

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Developmental Biology

Jernvall J, Thesleff I (2012) Tooth shape formation and tooth renewal: evolving with the same signals.
Development 139:3487-3497 https://doi.org/10.1242/dev.085084 | PubMed

Handrigan GR, Leung K], Richman JM (2010) Identification of putative dental epithelial stem cells in a
lizard with life-long tooth replacement. Development 137:3545-3549
https://doi.org/10.1242/dev.052415 | PubMed

Juuri E, et al. (2013) Sox2 marks epithelial competence to generate teeth in mammals and reptiles.
Development 140:1424-1432 https://doi.org/10.1242/dev.089599 | PubMed

Martin KJ, et al. (2016) Sox2+ progenitors in sharks link taste development with the evolution of
regenerative teeth from denticles. Proc. Natl. Acad. Sci 113:14769-14774
https://doi.org/10.1073/pnas.1612354113 | PubMed

Thiery AP, et al. (2025) Shark tooth regeneration: RNAseq reveals genes for unlimited dental
renewal. bioRxiv https://doi.org/10.1101/2025.08.26.672487

Wu P, et al. (2013) Specialized stem cell niche enables repetitive renewal of alligator teeth. Proc. Nat.
Acad. Sci 110 https://doi.org/10.1073/pnas.1213202110 | PubMed

Fraser GJ, Bloomquist RF, Streelman JT (2013) Common developmental pathways link tooth shape to
regeneration. Dev. Biol 377:399-414 https://doi.org/10.1016/j.ydbio.2013.02.007 | PubMed

Bloomquist RF, et al. (2019) Developmental plasticity of epithelial stem cells in tooth and taste bud
renewal. Proc. Natl. Acad. Sci 116:17858-17866 https://doi.org/10.1073/pnas.1821202116 | PubMed

Square TA, Sundaram S, Mackey EJ, Miller CT (2021) Distinct tooth regeneration systems deploy a
conserved battery of genes. EvoDevo 12 https://doi.org/10.1186/s13227-021-00172-3 | PubMed

Harada H, 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 https://doi.org/10.1083/jcb.147.1.105 |
PubMed

Seidel K, et al. (2010) Hedgehog signaling regulates the generation of ameloblast progenitors in the
continuously growing mouse incisor. Development 137:3753-3761
https://doi.org/10.1242/dev.056358 | PubMed

Juuri E, et al. (2012) Sox2+ Stem Cells Contribute to All Epithelial Lineages of the Tooth via Sfrp5+
Progenitors. Dev. Cell 23:317-328 https://doi.org/10.1016/j.devcel.2012.05.012 | PubMed

Kaukua N, et al. (2014) Glial origin of mesenchymal stem cells in a tooth model system. Nature
513:551-554 https://doi.org/10.1038/nature13536 | PubMed

Zhao H, et al. (2014) Secretion of Shh by a Neurovascular Bundle Niche Supports Mesenchymal Stem
Cell Homeostasis in the Adult Mouse Incisor. Cell Stem Cell 14:160-173
https://doi.org/10.1016/j.stem.2013.12.013 | PubMed

An Z, et al. (2018) A quiescent cell population replenishes mesenchymal stem cells to drive
accelerated growth in mouse incisors. Nat. Commun 9 https://doi.org/10.1038/s41467-017-02785-6 |
PubMed

Krivanek J, Adameyko I, Fried K (2017) Heterogeneity and Developmental Connections between Cell
Types Inhabiting Teeth. Front. Physiol 8 https://doi.org/10.3389/fphys.2017.00376 | PubMed

Chiba Y, et al. (2020) Single-Cell RNA-Sequencing From Mouse Incisor Reveals Dental Epithelial Cell-
Type Specific Genes. Front. Cell Dev. Biol 8 https://doi.org/10.3389/fcell.2020.00841 | PubMed

Krivanek J, et al. (2020) Dental cell type atlas reveals stem and differentiated cell types in mouse and
human teeth. Nat. Commun 11:4816 https://doi.org/10.1038/s41467-020-18512-7 | PubMed

Sharir A, et al. (2019) A large pool of actively cycling progenitors orchestrates self-renewal and injury
repair of an ectodermal appendage. Nat. Cell Biol 21:1102-1112 https://doi.org/10.1038/s41556-019-
0378-2 | PubMed

Alghadeer A, et al. (2023) Single-cell census of human tooth development enables generation of
human enamel. Dev. Cell 58:2163-2180.e9 https://doi.org/10.1016/j.devcel.2023.07.013 | PubMed

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 26 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1242/dev.085084
https://pubmed.ncbi.nlm.nih.gov/22949612
https://pubmed.ncbi.nlm.nih.gov/22949612
https://doi.org/10.1242/dev.052415
https://pubmed.ncbi.nlm.nih.gov/20876646
https://pubmed.ncbi.nlm.nih.gov/20876646
https://doi.org/10.1242/dev.089599
https://pubmed.ncbi.nlm.nih.gov/23462476
https://pubmed.ncbi.nlm.nih.gov/23462476
https://doi.org/10.1073/pnas.1612354113
https://pubmed.ncbi.nlm.nih.gov/27930309
https://pubmed.ncbi.nlm.nih.gov/27930309
https://doi.org/10.1101/2025.08.26.672487
https://doi.org/10.1073/pnas.1213202110
https://pubmed.ncbi.nlm.nih.gov/23671090
https://pubmed.ncbi.nlm.nih.gov/23671090
https://doi.org/10.1016/j.ydbio.2013.02.007
https://pubmed.ncbi.nlm.nih.gov/23422830
https://pubmed.ncbi.nlm.nih.gov/23422830
https://doi.org/10.1073/pnas.1821202116
https://pubmed.ncbi.nlm.nih.gov/31427537
https://pubmed.ncbi.nlm.nih.gov/31427537
https://doi.org/10.1186/s13227-021-00172-3
https://pubmed.ncbi.nlm.nih.gov/33766133
https://pubmed.ncbi.nlm.nih.gov/33766133
https://doi.org/10.1083/jcb.147.1.105
https://pubmed.ncbi.nlm.nih.gov/10508859
https://pubmed.ncbi.nlm.nih.gov/10508859
https://doi.org/10.1242/dev.056358
https://pubmed.ncbi.nlm.nih.gov/20978073
https://pubmed.ncbi.nlm.nih.gov/20978073
https://doi.org/10.1016/j.devcel.2012.05.012
https://pubmed.ncbi.nlm.nih.gov/22819339
https://pubmed.ncbi.nlm.nih.gov/22819339
https://doi.org/10.1038/nature13536
https://pubmed.ncbi.nlm.nih.gov/25079316
https://pubmed.ncbi.nlm.nih.gov/25079316
https://doi.org/10.1016/j.stem.2013.12.013
https://pubmed.ncbi.nlm.nih.gov/24506883
https://pubmed.ncbi.nlm.nih.gov/24506883
https://doi.org/10.1038/s41467-017-02785-6
https://pubmed.ncbi.nlm.nih.gov/29371677
https://pubmed.ncbi.nlm.nih.gov/29371677
https://doi.org/10.3389/fphys.2017.00376
https://pubmed.ncbi.nlm.nih.gov/28638345
https://pubmed.ncbi.nlm.nih.gov/28638345
https://doi.org/10.3389/fcell.2020.00841
https://pubmed.ncbi.nlm.nih.gov/32984333
https://pubmed.ncbi.nlm.nih.gov/32984333
https://doi.org/10.1038/s41467-020-18512-7
https://pubmed.ncbi.nlm.nih.gov/32968047
https://pubmed.ncbi.nlm.nih.gov/32968047
https://doi.org/10.1038/s41556-019-0378-2
https://doi.org/10.1038/s41556-019-0378-2
https://pubmed.ncbi.nlm.nih.gov/31481792
https://pubmed.ncbi.nlm.nih.gov/31481792
https://doi.org/10.1016/j.devcel.2023.07.013
https://pubmed.ncbi.nlm.nih.gov/37582367
https://pubmed.ncbi.nlm.nih.gov/37582367
https://elifesciences.org/subjects/developmental-biology

s eLife

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Developmental Biology

Gruenhagen GW, Mubeen T, Patil C, Stockert J, Streelman JT (2022) Single Cell RNA Sequencing Reveals
Deep Homology of Dental Cell Types Across Vertebrates. Front. Dent. Med 3
https://doi.org/10.3389/fdmed.2022.845449

Chen C.-C, et al. (2015) Organ-Level Quorum Sensing Directs Regeneration in Hair Stem Cell
Populations. Cell 161:277-290 https://doi.org/10.1016/j.cell.2015.02.016 | PubMed

Wu P, Lei M, Widelitz RB, Chuong C.-M (2025) Cyclic renewal in three ectodermal appendage follicles:
Hairs, feathers and teeth. Dev. Biol 522:76-90 https://doi.org/10.1016/j.ydbio.2025.03.009 | PubMed

Pincha N, Marangoni P, Haque A, Klein OD (2022) Parallels in signaling between development and
regeneration in ectodermal organs. Current Topics in Developmental Biology 149:373-419
https://doi.org/10.1016/bs.ctdb.2022.02.006 | PubMed

Brawand D, et al. (2014) The genomic substrate for adaptive radiation in African cichlid fish. Nature
513:375-381 https://doi.org/10.1038/nature13726 | PubMed

Streelman JT, Webb JF, Albertson RC, Kocher TD (2003) The cusp of evolution and development: a
model of cichlid tooth shape diversity. Evol. Dev 5:600-608 https://doi.org/10.1046/j.1525-
142x.2003.03065.x | PubMed

Fraser GJ, Bloomquist RF, Streelman JT (2008) A periodic pattern generator for dental diversity. BMC
Biol 6 https://doi.org/10.1186/1741-7007-6-32 | PubMed

Bloomquist RF, et al. (2015) Coevolutionary patterning of teeth and taste buds. Proc. Natl. Acad. Sci
112 https://doi.org/10.1073/pnas.1514298112 | PubMed

Ellis NA, et al. (2015) Distinct developmental and genetic mechanisms underlie convergently evolved
tooth gain in sticklebacks. Development dev 124248 https://doi.org/10.1242/dev.124248 | PubMed

Baran NM, Streelman JT (2020) Ecotype differences in aggression, neural activity and behaviorally
relevant gene expression in cichlid fish. Genes Brain Behav 19:e12657
https://doi.org/10.1111/gbb.12657 | PubMed

Conte MA, et al. (2019) Chromosome-scale assemblies reveal the structural evolution of African
cichlid genomes. GigaScience 8:9iz030 https://doi.org/10.1093/gigascience/giz030 | PubMed

Heaton H, et al. (2020) Souporcell: robust clustering of single-cell RNA-seq data by genotype without
reference genotypes. Nat. Methods 17:615-620 https://doi.org/10.1038/s41592-020-0820-1 | PubMed

Tarashansky A), et al. (2021) Mapping single-cell atlases throughout Metazoa unravels cell type
evolution. eLife 10:e66747 https://doi.org/10.7554/eLife.66747 | PubMed

Fresia R, Marangoni P, Burstyn-Cohen T, Sharir A (2021) From Bite to Byte: Dental Structures Resolved
at a Single-Cell Resolution. J. Dent. Res 100:897-905 https://doi.org/10.1177/00220345211001848 |
PubMed

Trapnell C, et al. (2014) The dynamics and regulators of cell fate decisions are revealed by
pseudotemporal ordering of single cells. Nat. Biotechnol 32:381-386
https://doi.org/10.1038/nbt.2859 | PubMed

Weiler P, Lange M, Klein M, Pe’er D, Theis F (2024) CellRank 2: unified fate mapping in multiview
single-cell data. Nat. Methods 21:1196-1205 https://doi.org/10.1038/s41592-024-02303-9 | PubMed

Ahtiainen L, Uski I, Thesleff I, Mikkola ML (2016) Early epithelial signaling center governs tooth
budding morphogenesis. J. Cell Biol 214:753-767 https://doi.org/10.1083/jcb.201512074 | PubMed

Mogollén I, Kangasniemi N, Moustakas-Verho JE, Ahtiainen L (2022) Foxi3 Suppresses Signaling Center
Fate and is Necessary for the Early Development of Mouse Teeth. bioRxiv
https://doi.org/10.1101/2022.07.18.500404

Cao, et al. (2019) The single-cell transcriptional landscape of mammalian organogenesis. Nature
566:496-502 https://doi.org/10.1038/s41586-019-0969-x | PubMed

Meng T, et al. (2015) Twist1 Is Essential for Tooth Morphogenesis and Odontoblast Differentiation. J.
Biol. Chem 290:29593-29602 https://doi.org/10.1074/jbc.m115.680546 | PubMed

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 27 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.3389/fdmed.2022.845449
https://doi.org/10.1016/j.cell.2015.02.016
https://pubmed.ncbi.nlm.nih.gov/25860610
https://pubmed.ncbi.nlm.nih.gov/25860610
https://doi.org/10.1016/j.ydbio.2025.03.009
https://pubmed.ncbi.nlm.nih.gov/40113026
https://pubmed.ncbi.nlm.nih.gov/40113026
https://doi.org/10.1016/bs.ctdb.2022.02.006
https://pubmed.ncbi.nlm.nih.gov/35606061
https://pubmed.ncbi.nlm.nih.gov/35606061
https://doi.org/10.1038/nature13726
https://pubmed.ncbi.nlm.nih.gov/25186727
https://pubmed.ncbi.nlm.nih.gov/25186727
https://doi.org/10.1046/j.1525-142x.2003.03065.x
https://doi.org/10.1046/j.1525-142x.2003.03065.x
https://pubmed.ncbi.nlm.nih.gov/14984042
https://pubmed.ncbi.nlm.nih.gov/14984042
https://doi.org/10.1186/1741-7007-6-32
https://pubmed.ncbi.nlm.nih.gov/18625062
https://pubmed.ncbi.nlm.nih.gov/18625062
https://doi.org/10.1073/pnas.1514298112
https://pubmed.ncbi.nlm.nih.gov/26483492
https://pubmed.ncbi.nlm.nih.gov/26483492
https://doi.org/10.1242/dev.124248
https://pubmed.ncbi.nlm.nih.gov/26062935
https://pubmed.ncbi.nlm.nih.gov/26062935
https://doi.org/10.1111/gbb.12657
https://pubmed.ncbi.nlm.nih.gov/32323443
https://pubmed.ncbi.nlm.nih.gov/32323443
https://doi.org/10.1093/gigascience/giz030
https://pubmed.ncbi.nlm.nih.gov/30942871
https://pubmed.ncbi.nlm.nih.gov/30942871
https://doi.org/10.1038/s41592-020-0820-1
https://pubmed.ncbi.nlm.nih.gov/32366989
https://pubmed.ncbi.nlm.nih.gov/32366989
https://doi.org/10.7554/eLife.66747
https://pubmed.ncbi.nlm.nih.gov/33944782
https://pubmed.ncbi.nlm.nih.gov/33944782
https://doi.org/10.1177/00220345211001848
https://pubmed.ncbi.nlm.nih.gov/33764175
https://pubmed.ncbi.nlm.nih.gov/33764175
https://doi.org/10.1038/nbt.2859
https://pubmed.ncbi.nlm.nih.gov/24658644
https://pubmed.ncbi.nlm.nih.gov/24658644
https://doi.org/10.1038/s41592-024-02303-9
https://pubmed.ncbi.nlm.nih.gov/38871986
https://pubmed.ncbi.nlm.nih.gov/38871986
https://doi.org/10.1083/jcb.201512074
https://pubmed.ncbi.nlm.nih.gov/27621364
https://pubmed.ncbi.nlm.nih.gov/27621364
https://doi.org/10.1101/2022.07.18.500404
https://doi.org/10.1038/s41586-019-0969-x
https://pubmed.ncbi.nlm.nih.gov/30787437
https://pubmed.ncbi.nlm.nih.gov/30787437
https://doi.org/10.1074/jbc.m115.680546
https://pubmed.ncbi.nlm.nih.gov/26487719
https://pubmed.ncbi.nlm.nih.gov/26487719
https://elifesciences.org/subjects/developmental-biology

s eLife

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Developmental Biology

Zhao T, et al. (2025) Decoding SFRP2 progenitors in sustaining tooth growth at single-cell resolution.
Stem Cell Res. Ther 16 https://doi.org/10.1186/s13287-025-04190-z | PubMed

Eldeeb D, et al. (2024) Exploring the role of DNMT1 in dental papilla cell fate specification during
mouse tooth germ development through integrated single-cell transcriptomics and bulk RNA
sequencing. J. Oral Biosci 66:530-538 https://doi.org/10.1016/].job.2024.06.010 | PubMed

Chen S, et al. (2020) Runx2+ Niche Cells Maintain Incisor Mesenchymal Tissue Homeostasis through
IGF Signaling. Cell Rep 32 https://doi.org/10.1016/j.celrep.2020.108007 | PubMed

Shan C, et al. (2025) A spatially organized Cd24a* | Pax9" stem cell core governs postnatal tooth
establishment. Sci. Adv 11:eadu5653 https://doi.org/10.1126/sciadv.adu5653 | PubMed

Feng J, Mantesso A, De Bari C, Nishiyama A, Sharpe PT (2011) Dual origin of mesenchymal stem cells
contributing to organ growth and repair. Proc. Natl. Acad. Sci 108:6503-6508
https://doi.org/10.1073/pnas.1015449108 | PubMed

Biittner M, Ostner J, Miller CL, Theis FJ, Schubert B (2021) scCODA is a Bayesian model for
compositional single-cell data analysis. Nat. Commun 12:6876 https://doi.org/10.1038/s41467-021-
27150-6 | PubMed

Petukhov V, et al. (2022) Case-control analysis of single-cell RNA-seq studies. bioRxiv
https://doi.org/10.1101/2022.03.15.484475

Gulati GS, et al. (2020) Single-cell transcriptional diversity is a hallmark of developmental potential.
Science 367:405-411 https://doi.org/10.1126/science.aax0249 | PubMed

Poché RA, et al. (2012) Transcription Factor FoxO1 Is Essential for Enamel Biomineralization. PLoS
ONE 7:e30357 https://doi.org/10.1371/journal.pone.0030357 | PubMed

Wen X, Lacruz RS, Smith CE, Paine ML (2014) Gene expression profile and localization of Na* /K" ATP
ase in rat enamel organ cells. Eur. J. Oral Sci 122:21-26 https://doi.org/10.1111/e0s.12106 | PubMed

Seymen F, et al. (2016) Recessive Mutations in ACPT, Encoding Testicular Acid Phosphatase, Cause
Hypoplastic Amelogenesis Imperfecta. Am. J. Hum. Genet 99:1199-1205
https://doi.org/10.1016/j.ajhg.2016.09.018 | PubMed

Lumsden AGS (1988) Spatial organization of the epithelium and the role of neural crest cells in the
initiation of the mammalian tooth germ. Development 103:155-169
https://doi.org/10.1242/dev.103.supplement.155 | PubMed

Thesleff I, Sharpe P (1997) Signalling networks regulating dental development. Mech. Dev
67:111-123 https://doi.org/10.1016/s0925-4773(97)00115-9 | PubMed

Jin S, Plikus MV, Nie Q (2025) CellChat for systematic analysis of cell-cell communication from single-
cell transcriptomics. Nat. Protoc 20:180-219 https://doi.org/10.1038/s41596-024-01045-4 | PubMed

Thesleff I, Partanen AM, Vainio S (1991) Epithelial-mesenchymal interactions in tooth morphogenesis:
the roles of extracellular matrix, growth factors, and cell surface receptors. J. Craniofac. Genet. Dev.
Biol 11:229-237 PubMed

Yu T, Klein OD (2020) Molecular and cellular mechanisms of tooth development, homeostasis and
repair. Development 147:dev184754 https://doi.org/10.1242/dev.184754 | PubMed

Liu J.-N, et al. (2025) The landscape of cell regulatory and communication networks in the human
dental follicle. Front. Bioeng. Biotechnol 13 https://doi.org/10.3389/fbioe.2025.1535245 | PubMed

Fraser GJ, Cerny R, Soukup V, Bronner-Fraser M, Streelman JT (2010) The odontode explosion: The
origin of tooth-like structures in vertebrates. BioEssays 32:808-817
https://doi.org/10.1002/bies.200900151 | PubMed

Haridy Y, et al. (2025) The origin of vertebrate teeth and evolution of sensory exoskeletons. Nature
642:119-124 https://doi.org/10.1038/s41586-025-08944-w | PubMed

Peoples N, Burns MD, Mihalitsis M, Wainwright PC (2025) Evolutionary lability of a key innovation
spurs rapid diversification. Nature 639:962-967 https://doi.org/10.1038/s41586-025-08612-7 |
PubMed

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 28 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1186/s13287-025-04190-z
https://pubmed.ncbi.nlm.nih.gov/39920788
https://pubmed.ncbi.nlm.nih.gov/39920788
https://doi.org/10.1016/j.job.2024.06.010
https://pubmed.ncbi.nlm.nih.gov/38942194
https://pubmed.ncbi.nlm.nih.gov/38942194
https://doi.org/10.1016/j.celrep.2020.108007
https://pubmed.ncbi.nlm.nih.gov/32783935
https://pubmed.ncbi.nlm.nih.gov/32783935
https://doi.org/10.1126/sciadv.adu5653
https://pubmed.ncbi.nlm.nih.gov/40479070
https://pubmed.ncbi.nlm.nih.gov/40479070
https://doi.org/10.1073/pnas.1015449108
https://pubmed.ncbi.nlm.nih.gov/21464310
https://pubmed.ncbi.nlm.nih.gov/21464310
https://doi.org/10.1038/s41467-021-27150-6
https://doi.org/10.1038/s41467-021-27150-6
https://pubmed.ncbi.nlm.nih.gov/34824236
https://pubmed.ncbi.nlm.nih.gov/34824236
https://doi.org/10.1101/2022.03.15.484475
https://doi.org/10.1126/science.aax0249
https://pubmed.ncbi.nlm.nih.gov/31974247
https://pubmed.ncbi.nlm.nih.gov/31974247
https://doi.org/10.1371/journal.pone.0030357
https://pubmed.ncbi.nlm.nih.gov/22291941
https://pubmed.ncbi.nlm.nih.gov/22291941
https://doi.org/10.1111/eos.12106
https://pubmed.ncbi.nlm.nih.gov/24313748
https://pubmed.ncbi.nlm.nih.gov/24313748
https://doi.org/10.1016/j.ajhg.2016.09.018
https://pubmed.ncbi.nlm.nih.gov/27843125
https://pubmed.ncbi.nlm.nih.gov/27843125
https://doi.org/10.1242/dev.103.supplement.155
https://pubmed.ncbi.nlm.nih.gov/3250849
https://pubmed.ncbi.nlm.nih.gov/3250849
https://doi.org/10.1016/s0925-4773(97)00115-9
https://pubmed.ncbi.nlm.nih.gov/9392510
https://pubmed.ncbi.nlm.nih.gov/9392510
https://doi.org/10.1038/s41596-024-01045-4
https://pubmed.ncbi.nlm.nih.gov/39289562
https://pubmed.ncbi.nlm.nih.gov/39289562
https://pubmed.ncbi.nlm.nih.gov/1725871
https://doi.org/10.1242/dev.184754
https://pubmed.ncbi.nlm.nih.gov/31980484
https://pubmed.ncbi.nlm.nih.gov/31980484
https://doi.org/10.3389/fbioe.2025.1535245
https://pubmed.ncbi.nlm.nih.gov/39974190
https://pubmed.ncbi.nlm.nih.gov/39974190
https://doi.org/10.1002/bies.200900151
https://pubmed.ncbi.nlm.nih.gov/20730948
https://pubmed.ncbi.nlm.nih.gov/20730948
https://doi.org/10.1038/s41586-025-08944-w
https://pubmed.ncbi.nlm.nih.gov/40399678
https://pubmed.ncbi.nlm.nih.gov/40399678
https://doi.org/10.1038/s41586-025-08612-z
https://pubmed.ncbi.nlm.nih.gov/40011783
https://pubmed.ncbi.nlm.nih.gov/40011783
https://elifesciences.org/subjects/developmental-biology

s eLife

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Developmental Biology

Brink KS, et al. (2021) Tooth Removal in the Leopard Gecko and the de novo Formation of
Replacement Teeth. Front. Physiol 12 https://doi.org/10.3389/fphys.2021.576816 | PubMed

Poss KD, Tanaka EM (2024) Hallmarks of regeneration. Cell Stem Cell 31:1244-1261
https://doi.org/10.1016/j.stem.2024.07.007 | PubMed

Sheng M, Greenberg ME (1990) The regulation and function of c-fos and other immediate early
genes in the nervous system. Neuron 4:477-485 https://doi.org/10.1016/0896-6273(90)90106-p |
PubMed

Rahmani W, Sinha S, Biernaskie ] (2020) Immune modulation of hair follicle regeneration. Npj Regen.
Med 5 https://doi.org/10.1038/s41536-020-0095-2 | PubMed

Johnson zZV, et al. (2023) Cellular profiling of a recently-evolved social behavior in cichlid fishes. Nat.
Commun 14:4891 https://doi.org/10.1038/s41467-023-40331-9 | PubMed

Lin W, et al. (2025) Reactivation of mammalian regeneration by turning on an evolutionarily disabled
genetic switch. Science 388:eadp0176 https://doi.org/10.1126/science.adp0176 | PubMed

Czarkwiani A, et al. (2025) Molecular basis for de novo thymus regeneration in a vertebrate, the
axolotl. Sci. Immunol 10:eadw9903 https://doi.org/10.1126/sciimmunol.adw9903 | PubMed

Wang H, et al. (2025) Advances in spatial transcriptomics and its application in the musculoskeletal
system. Bone Res 13 https://doi.org/10.1038/s41413-025-00429-w | PubMed

G Martelotto L, Martelotto L (2020) ‘Frankenstein’ protocol for nuclei isolation from fresh and frozen
tissue for snRNAseq v3. protocols.io https://doi.org/10.17504/protocols.io.bgxymxpw

Hao Y, et al. (2024) Dictionary learning for integrative, multimodal and scalable single-cell analysis.
Nat. Biotechnol 42:293-304 https://doi.org/10.1038/s41587-023-01767-y | PubMed

Mao Q, Yang L, Wang L, Goodison S, Sun Y (2015) SimplePPT: A Simple Principal Tree Algorithm. In:
Proceedings of the 2015 SIAM International Conference on Data Mining. pp. 792-800
https://doi.org/10.1137/1.9781611974010.89

Zhang J (2022) ClusterGVis: One-step to Cluster and Visualize Gene Expression Matrix.

Liu Y, Li G (2023) Empowering biologists to decode omics data: the Genekitr R package and web
server. BMC Bioinformatics 24 https://doi.org/10.1186/s12859-023-05342-9 | PubMed

Finak G, et al. (2015) MAST: a flexible statistical framework for assessing transcriptional changes and
characterizing heterogeneity in single-cell RNA sequencing data. Genome Biol 16
https://doi.org/10.1186/s13059-015-0844-5 | PubMed

Rivellese F, et al. (2022) Rituximab versus tocilizumab in rheumatoid arthritis: synovial biopsy-based
biomarker analysis of the phase 4 R4RA randomized trial. Nat. Med 28:1256-1268
https://doi.org/10.1038/s41591-022-01789-0 | PubMed

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol 15 https://doi.org/10.1186/s13059-014-0550-8 | PubMed

Wu T, et al. (2021) clusterProfiler 4.0: A universal enrichment tool for interpreting omics data. The
Innovation 2 https://doi.org/10.1016/j.xinn.2021.100141 | PubMed

Szklarczyk D, et al. (2019) STRING v11: protein-protein association networks with increased
coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res
47:D607-D613 https://doi.org/10.1093/nar/gky1131 | PubMed

Vu R, et al. (2022) Wound healing in aged skin exhibits systems-level alterations in cellular
composition and cell-cell communication. Cell Rep 40 https://doi.org/10.1016/.celrep.2022.111155 |
PubMed

Gu Z, Eils R, Schlesner M (2016) Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics 32:2847-2849
https://doi.org/10.1093/bioinformatics/btw313 | PubMed

Mubeen, He et al., 2026 eLife 15:RP110584. https://doi.org/10.7554/eLife.110584.2 29 of 40


https://doi.org/10.7554/eLife.110584.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.3389/fphys.2021.576816
https://pubmed.ncbi.nlm.nih.gov/34012403
https://pubmed.ncbi.nlm.nih.gov/34012403
https://doi.org/10.1016/j.stem.2024.07.007
https://pubmed.ncbi.nlm.nih.gov/39163854
https://pubmed.ncbi.nlm.nih.gov/39163854
https://doi.org/10.1016/0896-6273(90)90106-p
https://pubmed.ncbi.nlm.nih.gov/1969743
https://pubmed.ncbi.nlm.nih.gov/1969743
https://doi.org/10.1038/s41536-020-0095-2
https://pubmed.ncbi.nlm.nih.gov/32411394
https://pubmed.ncbi.nlm.nih.gov/32411394
https://doi.org/10.1038/s41467-023-40331-9
https://pubmed.ncbi.nlm.nih.gov/37580322
https://pubmed.ncbi.nlm.nih.gov/37580322
https://doi.org/10.1126/science.adp0176
https://pubmed.ncbi.nlm.nih.gov/40570123
https://pubmed.ncbi.nlm.nih.gov/40570123
https://doi.org/10.1126/sciimmunol.adw9903
https://pubmed.ncbi.nlm.nih.gov/41348861
https://pubmed.ncbi.nlm.nih.gov/41348861
https://doi.org/10.1038/s41413-025-00429-w
https://pubmed.ncbi.nlm.nih.gov/40379648
https://pubmed.ncbi.nlm.nih.gov/40379648
https://doi.org/10.17504/protocols.io.bqxymxpw
https://doi.org/10.1038/s41587-023-01767-y
https://pubmed.ncbi.nlm.nih.gov/37231261
https://pubmed.ncbi.nlm.nih.gov/37231261
https://doi.org/10.1137/1.9781611974010.89
https://doi.org/10.1186/s12859-023-05342-9
https://pubmed.ncbi.nlm.nih.gov/37221491
https://pubmed.ncbi.nlm.nih.gov/37221491
https://doi.org/10.1186/s13059-015-0844-5
https://pubmed.ncbi.nlm.nih.gov/26653891
https://pubmed.ncbi.nlm.nih.gov/26653891
https://doi.org/10.1038/s41591-022-01789-0
https://pubmed.ncbi.nlm.nih.gov/35589854
https://pubmed.ncbi.nlm.nih.gov/35589854
https://doi.org/10.1186/s13059-014-0550-8
https://pubmed.ncbi.nlm.nih.gov/25516281
https://pubmed.ncbi.nlm.nih.gov/25516281
https://doi.org/10.1016/j.xinn.2021.100141
https://pubmed.ncbi.nlm.nih.gov/34557778
https://pubmed.ncbi.nlm.nih.gov/34557778
https://doi.org/10.1093/nar/gky1131
https://pubmed.ncbi.nlm.nih.gov/30476243
https://pubmed.ncbi.nlm.nih.gov/30476243
https://doi.org/10.1016/j.celrep.2022.111155
https://pubmed.ncbi.nlm.nih.gov/35926463
https://pubmed.ncbi.nlm.nih.gov/35926463
https://doi.org/10.1093/bioinformatics/btw313
https://pubmed.ncbi.nlm.nih.gov/27207943
https://pubmed.ncbi.nlm.nih.gov/27207943
https://elifesciences.org/subjects/developmental-biology

7 eLife

Developmental Biology

Peer reviews
Reviewer #1 (Public review):

Summary:

The authors used single-nucleus RNA sequencing (SnRNA-seq) to investigate accelerated tooth
replacement following tooth plucking in cichlid fish. They analyzed four stages of
regeneration using elegant and well-designed approaches to characterize cellular trajectories
and interactions within the dental epithelium and mesenchyme during the accelerated
replacement process. Their analyses identified cell type-specific gene expression profiles and
intercellular signaling interactions associated with whole-tooth regeneration.

Strengths:

This is a highly interesting and thoughtfully executed study that provides compelling and
convincing insights into the mechanisms underlying accelerated tooth regeneration.

Comments on revised version.

I noted in my initial review that "the manuscript currently lacks experimental validation of
the single-nucleus RNA-seq data." In response, the authors have added a statement indicating
that their cell-type annotations and pathway interpretations are supported by extensive prior
experimental work in the cichlid tooth model, including histology, in situ hybridization,
immunohistochemistry, and pharmacological perturbation of major developmental
pathways. They have also acknowledged this limitation in the Study Limitations and Future
Directions section, stating that direct experimental validation of the single-nucleus RNA-seq
findings will be the focus of future studies.

The authors have carefully addressed my comments, particularly the Major Points (2), (3),
and (4), as well as all of the Minor Points. I appreciate their efforts to further characterize the
mesenchymal landscape surrounding the putative successional lamina and to provide
additional evidence supporting the presence of a specialized stromal microenvironment
associated with tooth regeneration. Overall, the revisions have substantially strengthened the
manuscript.

https://doi.org/10.7554/eLife.110584.2.sa2

Reviewer #2 (Public review):

Summary:

Mubeen and colleagues study the cellular basis of tooth regeneration in cichlid fish. Using an
elegant tooth plunking strategy followed by single nucleus RNA-sequencing, the authors were
hoping to achieve an atlas of cellular and transcriptional changes that occur within and
between cells during whole tooth replacement.

Strengths:

The major strengths of the methods and results are high novelty in the approach in a
vertebrate with continuous tooth replacement, the temporal analysis of analyzing at plucking
and three later time points, the thorough and sophisticated analysis of the snRNA-seq data
including the inferring of trajectories and signaling events, and the robust signal of
transcriptional differences induced by tooth plucking.

Weaknesses:
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The major weaknesses of the methods and results are no validation of any of the inferred cell
types, no functional tests of whether any of the changes in signaling pathways affect the
plucking-induced tooth replacement process, and perhaps no clear take-away message for
biologists not necessarily interested in tooth replacement.

Conclusions:

The authors achieved their aims of identifying the changes in gene expression and cellular
composition that occur during whole tooth replacement accelerated by plucking. Overall, the
results support their conclusions, although some slight semantic qualifiers should probably
be added (e.g. referring to "cell types" as "putative cell types").

The work should have high impact in the field of tooth and organ regeneration, and the novel
methodological paradigm established here of accelerating tooth replacement three-fold by
plucking has great promise for future follow up studies to further study this process. The
work also could have strong impact by the computational methods used here to infer
trajectories and signaling interactions. Specific pathways, genes, and cell types could be
tested in other fish such as zebrafish to test function during tooth replacement.

The work is unique and interdisciplinary and also has significance by establishing that robust
phenotypically plastic accelerations in regeneration rates occur upon tooth removal. There
are very few studies like this one that combine genetic X environmental studies of
regeneration. The result that three different species of cichlid fish that normally have very
different tooth patterns all accelerate tooth replacement threefold upon tooth plucking also
has significance in revealing a highly conserved plucking response.

https://doi.org/10.7554/eLife.110584.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Many thanks to the three reviewers and the editors for their thoughtful comments and
careful evaluation of our manuscript. These are fair, consistent and largely expected
comments. On behalf of my co-authors, we provide this response to the public reviews to
summarize the main issues raised and the corresponding revisions we have made in the
revised manuscript.

(1) The main consistent comment from all three referees was that our single-nucleus RNA-seq
data should be further validated. The reviewers differ in the detail of exactly what they think
should be validated, but collectively these comments referred to validation of: (1) the
identified cell types, (2) pathways inferred from trajectory analysis, (3) differentially
expressed genes between plucked and control conditions across the four sampled time points,
and/or (4) inferred ligand-receptor pairs from the cell-cell communication analysis.

We believe that we are on strong footing for some of these points because of extensive work
we’ve done in the past in the cichlid fish model.

In the references cited in the manuscript and highlighted below (References 1, 10, 11, 29, 30,
31), we tally 29 figures with 273 individual figure panels presenting histology, in situ
hybridization, and immunohistochemistry featuring genes expressed in cichlid (replacement)
teeth. Most of these genes are markers of dental competency and/or indicative of
regenerative potential.

In addition, in multiple of these papers, we use pharmacology to manipulate the role of key
pathways (Hh, BMP, Wnt, Notch) in cichlid tooth development and replacement. Validation of
cell types in the present study therefore draws on these published data in cichlids (and other
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vertebrates), as well as on an unbiased comparative approach, SAMap, which identifies
homology between cichlid and mouse dental cell types based on shared gene expression.

In short, experiments to validate cell types and pathways active in cichlid teeth have been
published and are referenced herein. We recognized, however, that these references (some of
which include Gareth Fraser as an author, when he was a postdoc in my group; for Reviewer
2) were cited primarily in the Introduction, rather than in the Rationale/Methods or Results
sections. We have therefore clarified these connections in the revised manuscript (line 173-
74).

We have not validated nor analyzed functionally the ligand-receptor pairs we inferred from
cell-cell communication analysis. This work is beyond the scope of the current paper, and we
now state more clearly that these inferences represent hypotheses to be tested in future
studies, although many of these ligand-receptor pairs have been noted in other tooth-related
publications cited in the manuscript.

(2) The biggest weakness of our manuscript, noted by referees, is that we do not provide
serial histology to accompany our snRNA-seq time course after plucking. We previously
described this as a limitation in the “Study limitations and future direction” section of the
Discussion, but we have now strengthened this discussion. In particular, we more explicitly
acknowledge that we do not directly document the histological progression of tissue
responses across the plucking time course or the degree of tissue damage caused by the
plucking paradigm at each sampled time point.

In the “study limitations” section, we note both issues 1 and 2 and suggest that a spatial
transcriptomics experiment across the timespan of plucking<>recovery would address
simultaneously the desire to understand cellular context of plucking and cellular/spatial
differences in plucked vs control cell-type gene expression.

(3) Reviewers also asked about the presence and interpretation of stromal cells in our snRNA-
seq data. In response, we re-examined the mesenchymal compartment and added additional
analyses to better characterize stromal/mesenchymal populations and their inferred
trajectories in the revised manuscript. This includes a revised Figure 4, revised text around
Figure 4 and revised Supplementary Figures.

(4) Multiple (minor) suggestions for clarification in text and figures have been adopted
throughout the revised manuscript, figure legends, and supplemental materials.

Overall, we do not anticipate that further reviewer engagement will be necessary, and we
believe that editorial review of the revised manuscript should be sufficient.

References cited in the manuscript, highlighted here:

(1) Fraser, G.J. et al. An Ancient Gene Network Is Co-opted for Teeth on Old and New Jaws.
PLoS Biol. 7, €1000031 (2009).

(10) Fraser, G. J., Bloomquist, R. F. & Streelman, J. T. Common developmental pathways link
tooth shape to regeneration. Dev. Biol. 377, 399-414 (2013).

(11) Bloomquist, R. F. et al. Developmental plasticity of epithelial stem cells in tooth and taste
bud renewal. Proc. Natl. Acad. Sci. 116, 17858-17866 (2019).

(29) Streelman, J. T., Webb, J. F., Albertson, R. C. & Kocher, T. D. The cusp of evolution and
development: a model of cichlid tooth shape diversity. Evol. Dev. 5, 600-608 (2003).

(30) Fraser, G. J., Bloomquist, R. F. & Streelman, J. T. A periodic pattern generator for dental
diversity. BMC Biol. 6, 32 (2008).
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(31) Bloomquist, R. F. et al. Coevolutionary patterning of teeth and taste buds. Proc. Natl.
Acad. Sci. 112, (2015).

Public Reviews:
Reviewer #1 (Public review):
Summary:

The authors used single-nucleus RNA sequencing (snRNA-seq) to investigate accelerated
tooth replacement following tooth plucking in cichlid fish. They analyzed four stages of
regeneration using elegant and well-designed approaches to characterize cellular
trajectories and interactions within the dental epithelium and mesenchyme during the
accelerated replacement process. Their analyses identified cell-type-specific gene
expression profiles and intercellular signaling interactions associated with whole-tooth
regeneration.

Strengths:

This is a highly interesting and thoughtfully executed study that provides compelling and
convincing insights into the mechanisms underlying accelerated tooth regeneration.

Weaknesses:

The manuscript currently lacks experimental validation of the single-nucleus RNA-seq
data.

We thank Reviewer #1 for the thoughtful and positive assessment of our study, including the
recognition that our snRNA-seq time course provides insight into cellular trajectories, cell-
type-specific gene expression, and inferred intercellular signaling during accelerated tooth
replacement in cichlid fish. We also appreciate the reviewer’s central concern that the
manuscript would be strengthened by additional experimental validation of the single-
nucleus RNA-seq data.

As summarized above and discussed in more detail in our point-by-point responses below, we
have clarified how the present cell-type annotations and pathway interpretations are
supported by extensive prior experimental work in the cichlid tooth model, including
histology, in situ hybridization, immunohistochemistry, and pharmacological perturbation of
major developmental pathways. We have also added analyses demonstrating reproducibility
across biological test subjects and consistency of representative differentially expressed
genes between paired plucked and control samples. Finally, we have strengthened the Study
Limitations section to more clearly state that future spatial transcriptomic, histological, and
functional validation experiments will be important next steps.

Reviewer #2 (Public review):
Summary:

Mubeen and colleagues studied the cellular basis of tooth regeneration in cichlid fish.
Using an elegant tooth plunking strategy followed by single-nucleus RNA-sequencing, the
authors were hoping to achieve an atlas of cellular and transcriptional changes that
occur within and between cells during whole tooth replacement.

Strengths:

The major strengths of the methods and results are high novelty in the approach in a
vertebrate with continuous tooth replacement, the temporal analysis of analyzing at
plucking and three later time points, the thorough and sophisticated analysis of the
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SnRNA-seq data, including the inference of trajectories and signaling events, and the
robust signal of transcriptional differences induced by tooth plucking.

Weaknesses:

The major weaknesses of the methods and results are no validation of any of the inferred
cell types, no functional tests of whether any of the changes in signaling pathways affect
the plucking-induced tooth replacement process, and perhaps no clear takeaway
message for biologists not necessarily interested in tooth replacement.

Conclusion:

The authors achieved their aims of identifying the changes in gene expression and
cellular composition that occur during whole tooth replacement accelerated by plucking.
Overall, the results support their conclusions, although some slight semantic qualifiers
should probably be added (e.g., referring to "cell types" as "putative cell types").

The work should have a high impact in the field of tooth and organ regeneration, and
the novel methodological paradigm established here of accelerating tooth replacement
three-fold by plucking has great promise for future follow-up studies to further study this
process. The work could also have a strong impact through the computational methods
used here to infer trajectories and signaling interactions. Specific pathways, genes, and
cell types could be tested in other fish, such as zebrafish, to test function during tooth
replacement.

The work is unique and interdisciplinary, and also has significance by establishing that
robust phenotypically plastic accelerations in regeneration rates occur upon tooth
removal. There are very few studies like this one that combine genetic and environmental
studies of regeneration. The result that three different species of cichlid fish that
normally have very different tooth patterns all accelerate tooth replacement threefold
upon tooth plucking also has significance in revealing a highly conserved plucking
response.

We thank Reviewer #2 for the careful and constructive evaluation of our manuscript and for
highlighting the novelty of the cichlid tooth-plucking paradigm, the temporal design of the
snRNA-seq experiment, and the computational analyses used to infer cellular trajectories and
signaling interactions during accelerated tooth replacement. We also appreciate the
reviewer’s comments regarding validation of inferred cell types and interpretation of
signaling pathways.

In response, we have revised the manuscript to clarify that our cell-type annotations are
supported by marker-gene expression, previously published cichlid tooth studies, and an
unbiased comparative approach, SAMap, which relates cichlid and mouse dental cell types
based on shared gene-expression structure. We have also clarified that inferred ligand-
receptor interactions represent computational hypotheses rather than functionally validated
mechanisms. In addition, we revised Figure 6 and Figure 7A to improve the readability and
interpretation of inferred signaling results, and we edited the relevant text and figure legends
to make these results easier to follow. These points are addressed in greater detail in the
point-by-point responses below.

Reviewer #3 (Public review):
Summary:

This is an interesting paper. The process of tooth exfoliation and replacement in
vertebrates remains an intriguing and fascinating subject of inquiry. As the scientists
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noted, there are no mammalian models that can be used to examine signaling pathways
in real time.

Strengths:

This work integrates in vivo and high-resolution transcriptomics. The study confirms
previous findings and emphasizes the need for additional research into the processes
that drive the restoration of missing teeth for future therapeutic uses.

Weaknesses:

I disagree with the use of the phrase "plucking". Instead, the authors use tooth extraction
or tooth removal, which is clinically more correct for the procedure they are doing.

The inspiration for our ‘plucking’ experiment is work done in the hair follicle model (lines 73-
74). Because cichlid teeth are so numerous, are very small, and lack dental roots, this is an
accurate description of the procedure. We opt to retain the phrasing.

The title is rather broad and appears to be more appropriate for a review than an
original research work. I would advise specifying the species under research and/or the
sort of damage model used in the transcriptome analysis.

We opt to retain the title.

It's uncertain whether the findings are exclusively based on regeneration. The presence
of tooth remnants, as well as unintended harm to surrounding tissues, may have
triggered repair mechanisms, thereby biasing the current data. How did the authors
handle this issue? The oral cavity was under severe manipulation, increasing the
inflammatory stimuli, a situation that does not take place in physiological exfoliation.

In the revised manuscript, we have more clearly acknowledged that our plucking paradigm
may induce tissue damage and repair-associated responses in addition to accelerated tooth
replacement. We have strengthened the Study Limitations section to state that we do not
directly document the histological progression of tissue responses across the time course or
the degree of damage caused by plucking at each sampled time point. One caveat, however, is
that bone remodeling and immune response is likely triggered on the ‘control’ side of the jaw
also, just not to the same degree as after plucking.

The authors indicated the use of microCT analysis; however, no such information
appears in the main text. In fact, this manuscript lacks anatomical information. It is
required to conduct histological examinations of the regenerated teeth at various time
points.

microCT data were included as a Supplemental Figure to demonstrate the dental formulae of
our chosen species; but we did not characterize post-plucking recovery using this technique
(see above summary and below point-by-point comments).

Although the current findings confirm previously found and verified signaling pathways,
the absence of functional data lends uniqueness to this work.

In the revised manuscript, we also clarify that, while our transcriptomic analyses identify
candidate cell states, pathways, and signaling interactions associated with accelerated
replacement, the functional roles of these inferred pathways remain to be verified in future
studies.

Recommendations for the authors:

Reviewer #1 (Recommendations for the authors):
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Major Points:

(1) Figure 1 should include representative H&E staining images comparing the left
control side and the regenerated side at 7 days post-plucking. This would provide
important histological context for the regeneration process and help readers better
interpret the molecular findings.

This would indeed be valuable information, but we did not carry out histology of paired
control vs plucked jaws to accompany our pulse-chase and dissections for single-nucleus
isolation. This comment is similar to that below about validation of what is happening on
plucked vs. control jaw halves and is the first limitation we discuss in the “study limitations
and future directions” section (from line 538).

(2) Each tooth position consists of a functional tooth, a replacement tooth, and the dental
(successional) lamina. On the control side, the successional lamina contains teeth at
different developmental stages, analogous to the mammalian bud, cap, and bell stages.
Can the snRNA-seq analysis distinguish among tooth families at different developmental
stages, as well as the individual components within a single tooth unit? Clarification of
this point would enhance the developmental interpretation of the dataset.

No, our approach does not distinguish among teeth at different stages, nor among teeth in
even vs odd positions that tend to be synchronized in replacement cycles. Theoretically, one
could do this by dissecting individual teeth and pooling by tooth stage, but we did not.

(3) Identifying successional lamina cells is critical, and the authors report putative SL cells
within the VEE cluster. However, the stromal cells surrounding the successional lamina
are also known to play important roles in tooth regeneration. Can the authors further
annotate and characterize stromal cell populations in the snRNA-seq dataset? Additional
analysis of these supporting cells would strengthen the conclusions regarding epithelial-
mesenchymal interactions.

We thank the reviewer for this insightful suggestion. In response, we further characterized
mesenchymal subpopulations and included these new analyses in the revised manuscript
(updated Figure 4 and Supplemental Figure 8). Specifically, pseudotime and CellRank
analyses identified a mesenchymal subpopulation enriched for Twist1, Dnmt1, and Runx2,
which we interpret as putative dental ectomesenchyme (DEM) based on the established roles
of these genes in odontogenic mesenchymal development and differentiation, as well as their
reported expression in mouse and human tooth single-cell transcriptomic studies. Notably,
this putative dental ectomesenchymal population resides within the broader dental follicle
compartment identified in our dataset (Figure 4A-C).

To further assess supporting stromal populations, we examined the expression of established
stromal marker genes, including Lum, Col6a3, Aspn, and Vegfc. These markers were broadly
restricted to mesenchymal populations and showed strong enrichment overlapping the
newly identified putative dental ectomesenchymal region (Supplemental Figure 8B).
Consistent with these observations, differential expression analysis identified additional
DEM-enriched genes that substantially overlap canonical stromal markers, including
extracellular matrix-associated genes, supporting a close transcriptional relationship
between the putative dental ectomesenchyme and the surrounding stromal mesenchymal
compartment (Supplemental Figure 8C). Together, these findings refine the mesenchymal
landscape surrounding the putative successional lamina and support the presence of a
specialized stromal microenvironment associated with tooth regeneration.

Consistent with this interpretation, our CellChat analysis identified significantly increased
interactions between the dental ectomesenchyme and cycling ameloblast populations on the
plucked side at Day 0 (Supplemental Figure 8D). These interactions were enriched for
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signaling pathways including SEMA4, EPHB, SLIT and SPP1, all of which have established
roles in tissue remodeling, extracellular matrix organization, and regenerative processes.
(Supplemental Figure 8E). Because Day 0 contained sufficient biological replicates and cell
numbers for robust statistical comparison, we focused our interaction analyses on this time
point. Collectively, these additional analyses provide a more comprehensive characterization
of the stromal compartment and further support the conclusion that a specialized dental
ectomesenchymal population actively participates in epithelial-mesenchymal communication
during the earliest stages of tooth regeneration. So, in total, Figure 4 was revised, the text on
lines 281-309 was revised, and Supplemental Figure 8 was added.

(4) The manuscript currently lacks experimental validation of the single-nucleus RNA-seq
data. The authors should validate the expression of major signature genes using
RNAscope or immunostaining, ideally comparing regenerated samples with the left-side
control. Such validation would significantly enhance the robustness of the conclusions.

We did not validate up- or down-regulation of differentially expressed genes in intact tissue,
owing in part to (1) the complexity of this experiment, (2) the fact that the majority of DEGs,
or ‘major signature genes’ have been observed to be expressed in dentitions generally, and
often by us in previous work on cichlid teeth, and the fact that (3) independent biological
replicates were strongly consistent in the direction of effects (see below). In the “study
limitations” section, we note this issue and suggest that a spatial transcriptomics experiment
across the timespan of plucking<>recovery would address simultaneously the desire to
understand cellular context of plucking and cellular/spatial differences in plucked vs control
cell-type gene expression.

Minor Points

(1) In Figure 1, the color scheme used in the schematic drawing (Figure 1A) should match
the corresponding structures shown in Figure 1B to improve clarity and consistency.

We appreciate the reviewer’s thoughtful suggestion regarding the color consistency between
the schematic (Figure 1A) and the fluorescence images (Figure 1B). However, the color
scheme in the schematic (Figure 1A) was intentionally selected to maximize accessibility,
particularly for readers with color vision deficiencies, and therefore differs from the magenta
and green fluorescence channels used in Figure 1B. In the fluorescence images, the magenta
and green colors reflect the native display colors used for the Alizarin Red and Calcein
labeling channels in the pulse-chase experiment. Directly matching the schematic colors to
the fluorescence images could reduce the visual contrast between key anatomical structures
and compromise accessibility for some readers. We have therefore retained the current color
scheme in Figure 1A while ensuring that the corresponding structures are clearly identified
through consistent labels and annotations across both panels.

(2) The abbreviation for successional lamina (SL) should be defined upon first use in the
Introduction.

We thank the reviewer for catching this omission. We have now defined the abbreviation
“successional lamina (SL)” upon its first appearance in the Introduction.

(3) Regarding biological replicates, the authors should provide data demonstrating the
consistency and reproducibility across replicated samples.

We thank the reviewer for this suggestion. To demonstrate the consistency and
reproducibility across biological test subjects, we have added analyses summarizing
sequencing quality metrics, test subject contributions, integrated clustering, and
representative differential gene expression across individual samples (see Figure S4, panels
C, D & E and Author response image 1). Panel A shows that nuclei from different biological
test subjects are well integrated across clusters rather than segregating by sample origin.
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Finally, Panel B presents representative differentially expressed genes from multiple cell
populations, demonstrating consistent expression differences between paired plucked and
control samples across biological test subjects.

Representative DEGs exhibit consistent expression change across
A umar projection of all dental nuclei colored by test subject B biological replication

5258 b

UMAP 2

UMAP 1

Author response image 1. (A) UMAP embedding of dental nuclei. Each point represents a single nucleus,
colored by test subject. (B) Representative differentially expressed genes show consistent expression differences
between plucked and control samples across biological replicates. Paired boxplots of average gene expression for
representative differentially expressed genes from multiple cell populations at Days 0, 1, 3, and 7. Each point
represents one biological replicate (test subject), with paired plucked and control samples connected by dashed
lines. The y-axis shows average gene expression, and the x-axis indicates the experimental condition. These
representative examples illustrate the consistent direction of differential expression across biological replicates,
supporting the reproducibility of the single-nucleus RNA-seq dataset.

Reviewer #2 (Recommendations for the authors):

(1) Figure 1: Can the panels to the right of panel B be labeled? It's not clear what these six
images are showing, so giving them letters and explaining briefly in the legend what the
point of each panel is would clarify. "Right, example of individually classified teeth" - can
the authors elaborate on what each tooth is an example of (i.e., how each tooth shown
was classified"?) For clarity, the graphs in panels C and D should have the y-axes labeled

We thank the reviewer for this helpful suggestion. In response, we revised the Figure 1B
legend to clarify the classification criteria used for dye incorporation analyses and to better
describe the representative fluorescence images. Specifically, teeth positive for both Alizarin
and Calcein were classified as pre-existing old teeth, whereas teeth positive only for Calcein
were classified as newly formed teeth. We additionally clarified that the images to the right of
panel B show representative individually classified teeth, with the top row representing pre-
existing old teeth and the bottom row representing newly formed teeth. We also added y-axis
labels to panels C and D to improve figure clarity and readability.

(2) Figure 2 legend: should "the cell type" instead be "the putative cell type"? Without
validation for all cell types, it seems adding some sort of qualifier is in order here. Can
the authors comment further on examples of validation from other studies? For example,
Gareth Fraser has published numerous studies that show Pitx2 expression marking
dental epithelium in different fish, yet none of these older papers are cited.

Identification and validation of cell types make use of multiple published datasets in cichlids
(for markers matched to mouse), as well as an unbiased computational approach (SAMap)
that draws homology between cichlid and mouse dental cell types, based on shared global
patterns of gene expression. There is perhaps a philosophical debate to be had about the
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validity of ‘cell types,” generally, but our data are validated using two methods. We edited the
text in lines 167-177 to clarify, including citing references to our own work (these studies
include Gareth Fraser as an author, when he was a postdoc with Streelman).

(3) Figure 6 is extremely complicated. Can any portions of rows or columns in these
tables be highlighted in the figure to help the reader follow the proposed signaling
interactions highlighted in the text?

We thank the reviewer for this helpful suggestion. To improve the readability of Figure 6 and
better guide readers through the dynamic signaling patterns described in the text, we revised
the figure by visually highlighting the key sender-receiver interaction regions discussed in
the Results. Specifically, we annotated the interactions involving mesenchymal
subpopulations and alveolar bone (OST) signaling toward CYC-AMB at Days 0 and 7,
mesenchymal signaling toward NK/T cells at Day 1, and epithelial cross-talk centred around
ES-2 at Day 3. These visual annotations allow readers to more readily identify the signaling
interactions highlighted in the text and relate them to the corresponding regions of the
interaction heatmaps.

(4) In Figure 7A, what does the black font indicate (if grey is up in control and red is up in
plucked)? I'd guess not up in either, which then makes it unclear whether the sets in black
are different or why they are being presented.

We thank the reviewer for pointing out this ambiguity. In Figure 7A, blue and red labels
indicate signaling pathways identified by CellChat as condition-specific, with blue
representing pathways detected only in the control condition and red representing pathways
detected only in the plucked condition. In contrast, pathways shown in black represent
signaling pathways detected in both conditions but exhibiting significant differences in
inferred communication probability between conditions. Thus, the black labels denote
shared signaling pathways whose activity differs significantly between control and plucked
samples, rather than pathways unique to either condition. We have revised the figure legend
to clarify this distinction and improve interpretability.

Reviewer #3 (Recommendations for the authors):

(1) I encourage the authors to offer information on the histological differences between
teeth during physiological and accelerated replacement. I'm curious if the eruption’s
accelerated rate has any effect on the mineralization of those teeth.

We did not examine the histology of individual teeth, and so can’t comment on differences in
mineralization.

(2) The findings section contains multiple sentences that should be moved under material
and techniques.

We expect the reviewer is referring to paragraph lines 104-114, which was a tricky paragraph
to place in the manuscript. In the end, we believe it represents important context necessary
to interpret findings (which could be missed if moved to ‘methods’) and so we’ve chosen to
keep this paragraph in its place.

‘ (3) It would be useful to include a table showing sample distribution by experimental
design.

We thank the reviewer for this suggestion. Sample distributions across experimental
conditions, time points, biological test subjects, and identified cell populations are already
provided in Supplementary Table 1. To improve clarity and accessibility, we have revised the
table legend to more explicitly describe the experimental design and sample annotations
represented in the table.
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(4) The writers did a nice job with the graphics in Figure 8; however, the schematics in
Figure C are difficult to follow and are not adequately discussed anywhere. Please note
that this text may be of great interest to the dentistry community, including clinicians,
and that a clear and succinct explanation of the schemes at the end would be quite
beneficial.

We thank the reviewer for this helpful suggestion. We have revised the Figure 8 legend to
more clearly explain Panel C as a summary schematic of inferred cell-cell communication
events associated with accelerated tooth replacement after plucking. The updated legend
clarifies that the pathway labels in Figure 8C summarize results directly from Figure 7A: red
pathway labels indicate plucked-only signaling events, corresponding to pathways shown as
full red bars in Figure 7A, while black pathway labels indicate signaling interactions detected
in both plucked and control conditions but showing significant differences in interaction
probability between conditions. Panel C also includes a cell-type legend at the bottom to
identify the relevant cell populations.

https://doi.org/10.7554/eLife.110584.2.sa0
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