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Tripotent Lgr5 stem cells in the posterior
tongue generate lingual, taste, and salivary
gland lineages
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The circumvallate papillae and foliate papillae of the posterior tongue contain
taste buds in close proximity to specialized salivary glands, known as von
Ebner glands. The developmental relationship between taste buds and these
salivary glands has been suggested but remains largely unexplored at post-
natal and adult stages. Lineage tracing studies in mice have revealed that Lgr5
marks taste bud stem cells. Here, we report single-cell RNA sequencing of the
entire circumvallate and foliate papillae of mice, providing a transcriptional
atlas of cells from tongue surface epithelium, taste buds, and the associated
and non-associated salivary glands. We unveil a developmental trajectory in
which taste buds, the associated salivary glands, and the non-taste tongue
surface epithelium originate from a common Lgr5 cell. We confirm this tri-
potency at the clonal level in vitro and with multicolor lineage tracing in vivo.
Thus, the circumvallate and foliate papillae harbor chemosensory units com-
posed of taste bud and salivary gland cells derived from the same parental
Lgr5-positive stem cell.

Taste buds occur in distinct structures, each with its unique location  supportive role’, whilst type IV cells represent the precursor of the

on the tongue: circumvallate papillae (CVP) reside on the posterior
tongue, foliate papillae (FoP) on the bilateral sides of the tongue, and
the fungiform papillae (FP) on the anterior tongue. The CVP and FoP
are of endodermal origin', while the FP are of ectodermal origin*™*.
Regardless of their location, taste buds consist of clusters of specia-
lized post-mitotic epithelial cells (types I, II, lll & IV), of which type I
and type Il cells are primarily responsible for detecting tastants
(sweet, sour, salty, bitter, and umami), while type IV cells represent
their precursors. Type | cells are glial-like cells and have a more

continuously self-renewing taste buds®’. FP papillae protrude from the
surface and harbor individual taste buds, whereas in CVP and FoP, the
taste buds are embedded within epithelial trenches. CVP and FoP
uniquely appear in close proximity to small salivary glands. These
minor salivary glands, the so-called von Ebner glands (VEG) are located
below the taste bud proper. VEG produce serous mucus to support
taste sensitivity, and in addition, excrete digestive enzymes (e.g.,
lipase, amylase)®'°. Dysgeusia (altered taste perception) and ageusia
(complete loss of taste) are frequently observed in conditions where
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salivary function is impaired, implying the dependence of taste per-
ception on saliva. These sensory disturbances arise from diverse phy-
siological causes. For instance, up to 80% of head and neck cancer
patients develop radiation-induced xerostomia, which is often
accompanied by dysgeusia or ageusia ‘. These taste disturbances
may result not only from reduced salivary function but also from direct
damage to taste bud progenitors®. Similarly, autoimmune diseases
such as Sjogren’s syndrome can lead to chronic dry mouth and asso-
ciated taste dysfunctions'®. These concurrent processes not only
compromise oral health but also significantly affect quality of life by
reducing nutrient intake and contributing to depression due to the
loss of taste enjoyment'”™",

Developmentally, the tongue surface epithelium is formed from
basal progenitors (Krt5+ and Krtl4 +) that are also known to give rise
to the taste buds®°. Mapping early development of the CVP showed the
formation of the trenches followed by an invagination forming the von
Ebner gland* %, Postnatally, Lgr5 stem cells maintain taste buds and
give rise to precursors marked by Sox2, Shh, and Lgr5**%, known as
Type IV cells. Sox2, a key player in the development of multiple adult
epithelia®®?, is critical for taste bud development®**®, Despite being
broadly expressed across the tongue epithelium, Sox2 is most highly
expressed near taste papillae*.

Lgr5, a member of the Wnt-signaling pathway, marks actively
dividing stem cells in many tissues, such as the intestine, stomach, hair
follicles, and liver® % Comparable to Lgr5+ stem cell populations
observed in other tissues and as first shown for the gut®, isolated Lgr5+
cells from taste buds can form self-organizing three-dimensional (3D)
organoids in vitro®. An alternative approach for generating taste bud

organoids involves the isolation of the entire CVP/FoP*'. Both
approaches yield functional taste bud cells (TBCs). In CVP and FoP,
Lgr5 expression is enriched in the trench epithelium and sporadically
present in adjacent VEG cells located beneath the trenches® and sub-
sequent lineage tracing from Lgr5+ cells in the tongue marks their taste
bud progeny™. Cell lineage principles of the von Ebner glands remain
unknown.

Here, we demonstrate that the CVP and FoP harbor a chemosen-
sory unit that includes taste bud and salivary gland cells derived from
the same parental Lgr5+ stem cell, while the same stem cell can also
generate tongue surface epithelium.

Results
Single-cell atlas of the posterior tongue
To provide a comprehensive atlas of the taste buds of the posterior
tongue, we dissected 20 CVP and 40 FoP from 20 adult female mice
and subjected these to single-cell RNA sequencing (scRNA-seq)
(Fig. 1a). Our initial dataset captured a total of 20,320 high-quality cell
profiles (6389 CVP and 13,931 FOP) (Supplementary Fig. 1a). We filtered
out immune (Ptprc) and connective tissue (Vim, Pecaml) clusters by
subsetting the dataset (Supplementary Fig. 1b), leaving us with 4921
CVP and FoP 11,570 cells, divided over 10 clusters (Fig. 1b).
Annotation with established markers identified the following cell
types: non-cycling basal progenitors (KrtS, Krt14°°), cycling basal pro-
genitors (Krt5, Krt14, Mki67), non-taste lingual epithelial cells (non-
taste LEC#1; Sprrib, Krt4, Krt13°"°®), Lgr5 stem cell (LgrS, Lgr6™), Typel,
II(Krt8, Krt19, Kengl, Entpd2, Snap25, Car4>***?) & IV TBCs (Lgrs, Shh,
Sox2"&" y**, and Type Il TBCs (KrtS, Krt19, Kcngl, Gnat3, Trpm5***)
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Fig. 1| Single-cell atlas projects the complete, vivid tapestry of the posterior
tongue. a Schematic overview of the single-cell data collection. Briefly, CVPs
(n=20) and FoPs areas (n=40) were picked, dissociated and subjected to scCRNA-
seq. Partly created in BioRender. Van de wetering, M. (2025) https://BioRender.
com/pcvss09. b UMAP of the annotated clusters from mouse CVP (n =4921) and

FoP (n=11570). Descriptive cluster labels are projected. ¢ Dotplot showing relative
expression of markers used to annotate the clusters. Basal Basal progenitor, LEC

non-taste Lingual epithelial cell, End Endothelial, L-Pr Lgr5+ Stem cell, Myo Myoe-
pithelial, Aci Acinar, Duct Ductal, CVP circumvallate papillae, FoP Foliate papillae.
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Fig. 2 | Characterization of the taste buds and von Ebner glands on the pos-
terior tongue. a UMAP projection of a separate Seurat object of the taste bud
compartment (n =532) showing Type |, II, Ill and IV taste cells over six clusters. For
the Type I cells, we identify three clusters for Bitter, Sweet/Umami, and progenitor-
like cells (Type Il only cluster). b UMAP projection of the salivary gland compart-
ment (n =2139) projecting differentiated cell types in the ductal, ductal/serous mix,
acinar (Serous and Serous/Mucous) clusters. Progenitor compartments were sub-
divided into multiple basal, Krtr5°Krt14*, and Krt14*/Kit+/ Krt7'°%, and Myoepithelial.

SN e b A TN 8B % 6 & A B

c Dot plot representing all classical taste markers over the Type I, I & Il clusters.
d Violin Plot representing all module scores from the SMG/SLG murine dataset
utilized for the annotation of the eight clusters in the Salivary gland compartment.
SMG Submandibular gland, SLG Sublingual gland, GCT granular convoluted tubule.
X-axis: O; Basal (Krt5/Krt14), 1; Basal (Krtl4), 2; Ductal, 3; Ductal/Serous, 4; Myoe-
pithelial, 5; Acinar (Serous), 6; Acinar (Mucus), 7; Prolif. Endbud, 8; Ductal
Keratinocyte.

(Fig. 1c). A cluster displaying intermediate-like signatures—marked by
low expression of basal markers (Krt5 and Krti4) alongside Krt4 and
Krti3, typically associated with non-taste lingual epithelial cells (LECs)
—was characterized as 'non-taste LEC#2'. Gene Ontology analysis of its
top marker genes revealed strong enrichment for immune-related
pathways (Supplementary Fig. 1e), a feature commonly observed in
non-taste lingual populations of the oral cavity*.

Interestingly, our dataset captured the presence of ductal
(Dcpp1*®), myoepithelial (Acta2*’), and acinar (Muc19®) cells, as well as
a Krt14 basal progenitor population, characteristic of salivary gland*’.
Thus, VEG cells were represented in our dataset, in addition to basal
keratinocytes, non-taste LEC, and TBCs, exemplifying the complete-
ness of our dataset.

As the complement of taste buds and associated salivary glands
has not been extensively studied, we then aimed to provide an over-
view of both compartments to identify cell-specific markers. We gen-
erated a separate data analysis for taste bud cells and for salivary

glands and annotated these using established markers. For the taste
compartment, the previously described type 1 (Entpd2), 1l (Gnat3,
Gnal4, Trom5), Il (Car4, Snap25) & IV (Lgr5, Shh, Sox2"€") taste bud cells
(TBCs) were represented in the dataset (Fig. 2a). Compared to the
more general TBC marker Krt8 and Kcnql, Krt19 appeared to mark
differentiated TBC. Within the type II clusters, there was a distinct
difference between sweet/umami- and bitter-designated clusters. In
line with previous research, sweet/umami TBCs uniquely expressed
taste receptor type 1 (T1r) receptors in combination with the down-
stream G-protein Gnal4™ (Fig. 2c), whilst bitter TBCs expressed a
variety of T2rs as well as the G-protein Gnat3. Furthermore, we iden-
tified a set of immature type Il cells expressing both T1rs, T2rs and taste
progenitor markers such as Sox2 and Pou2f3** (Fig. 2c). Type Ill TBCs
expressed high levels of markers Car4, OtopI(Sour taste), and Snap25.
Interestingly, although Otop1 was proposed to be solely expressed by
type Il TBCs™**, we also observed its expression in type | TBCs (Sup-
plementary Fig. 2a).
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To characterize the salivary compartment, we annotated clusters
using previously conducted scRNA-seq studies on mouse salivary
glands (submandibular (SMG), sublingual (SLG), and parotid (PG))***.
We calculated module scores for all compartments and projected
these on our salivary gland dataset (Fig. 2b, d). Generally, large salivary
glands exhibit a distinct architecture consisting of intercalated ducts,
striated ducts, granular convoluted ducts, high Krt19+ ducts, and
acini’®”’. Myoepithelial cells surround the ducts and acini of the gland
to facilitate the propulsion of saliva.

In our VEG dataset, we discovered an acinar compartment har-
boring mixed serous (BhlalS, Amyl, Lipf>®) and mucous (Agps, Mucl9,
Mucsb) cells (Fig. 2b, d, Supplementary Fig. 2b). Intriguingly, we also
noted a serous-like cluster with a ductal signature, which we annotated
as ductal/serous. Of note, in the CVP we identified both serous and
mucous cells, whilst in the FoP we exclusively identified mucous cells
(Supplementary Fig. 2d). The CVP phenotype more closely resembled
the SMG, whilst the FoP phenotype was more similar to the SLG. Our
salivary dataset lacked the expression of PG-specific Amy2, further
indicating a more SLG/SMG-like origin*’.

Upon further analysis, we discerned two distinct populations of
basal duct cells, one characterized by Krti4 and Krt5 expression, the
other expressing Krt14 to some higher degree than Krt5, accompanied
by Kit* expression and low levels of Krt7 + (Supplementary Fig. 2b, c).
This second population predominantly occurred in the FoP (Supple-
mentary Fig. 2d). Otherwise, the make-up of the VEG of the FoP closely
mirrored that of the CVP. Additionally, we identified myo-epithelial
cells, as indicated by Acta2 and Myl9 expression, and ductal cells (Ltf,
Krt19, Krt7) (Supplementary Fig 2b). Notably, the ductal cluster
appeared more mixed, consisting of intercalated duct (marked by
Dcppl, Dmbtl and Kit expression), striated duct (marked by Dmbt1 and
Cftr expression), and more differentiated duct cells (Krt197€", Krt7"")
(Fig. 2d, Supplementary Fig 2b). Furthermore, we observed a minor
ductal population (Krt19%€", Krt7"€") with keratinocyte-like features,
characterized by the expression of Psca and Cnfn. Taken together, our
dataset appeared to capture the cellular diversity of the posterior
tongue epithelium plus its appendages.

Sox9 and Lgr5 co-expressing stem cells in the tongue

The transition from Lgr5-expressing progenitor cells, which eventually
acquire epithelial characteristics through the expression of keratins
Krt8, Krt19, and Krt7, represents a tightly regulated process in taste bud
homeostasis™°. Critical for the taste lineage are progenitors that
express high levels of Lgr5, Shh, and Sox2. Indeed, such progenitors
were present in our dataset (Fig. 3a). While Sox2 was expressed across
the entire dataset, its expression distinctively increased in taste lineage
cells. These taste bud-committed Sox2""/LgrS progenitors are known
to be key to efficient taste generation®.

The VEG has remained relatively understudied. As in related sali-
vary tissues®"®%, Sox9 expression was observed throughout the salivary
lineage hierarchy (Fig. 3a, Supplementary Fig. 2b), with ductal and
acinar cell populations expressing Krt8, Krt19, and Krt7 . We noted
that a subpopulation of the Lgr5 stem cell cluster also expressed Sox9
(Fig. 3a). Interestingly, it was reported in the initial taste bud organoid
protocol that taste bud organoids® contain Sox9+ cells. Histologically,
we observed a region in the CVP where Sox2"*" Sox9- and Krt8- cells
reside (Fig. 3b, c). Analysis of LgrS-EGFP-IRES-creERT2 mice* revealed
Lgr5-driven GFP expression in the trenches where the taste cell com-
partment ‘touches’ the VEG compartment (Fig. 3d). Interestingly, we
also discovered double positive Lgr5/Sox9 cells, besides the known
double positive Lgr5/Sox2 cells (Fig. 3d). Together, these observations
prompted us to investigate the possibility that taste buds (Lgr5, Sox2)
and salivary glands (Lgr5, Sox9) originate from the same bi-potent
Lgr5 stem cell. Our dataset contained taste bud-committed Lgr5 pre-
cursors, often referred as Type IV cells. These cells expressed Lgr5 in
combination with Krt8 and Sox2"¢" (Supplementary Fig. 3a). Previous

research on progenitors in the posterior tongue particularly focused
on taste, by looking either in Krt8-labeled® or in Sox2"" expressing
cells®®. Our more comprehensive dataset appeared to contain an ear-
lier Lgr5 stem cell, not yet uniquely fated to generate taste bud cells
only. The characterization of this Lgr5 cluster showed increased
expression levels of Ptchl, CldnlO, Krt17, 133, and Krt75 (Supplemen-
tary Fig. 3b, c).

It has previously been shown that taste bud organoids can be
grown from single Lgr5+ cells®**. If taste buds and the associated
salivary glands are derived from the same Lgr5+ stem cell, this raised
the possibility that organoids derived from progenitor cells of the CVP
and FoP contain salivary cells as well as taste cells. We therefore gen-
erated organoids derived from mouse FoP and CVP tissues, following
the protocol of Aihara et al.** (Fig. 3f). Briefly, CVP and FoP were placed
in culture, with optimizations to the medium composition (i.e the
removal of Wnt from the medium). After five passages, we indeed
detected expression of ductal markers (Dmbtl, Cldn2) and acinar
(Agps, Cldn2) in taste bud organoids derived from the CVP and FoP
(Fig. 3g). Next, we investigated a public dataset of scRNA-seq of taste
bud organoids (Supplementary Fig. 4a). The authors did not mention
the presence of VEG cells but refer to an ‘undefined’ cell population in
their dataset®. We then calculated a module score of the top 100 genes
from the acinar and ductal clusters. Indeed, module scores of the
acinar and ductal compartments of primary tissue CVP and FoP
showed a strong correlation with clusters in organoids derived from
CVP and FoP (Supplementary Fig. 4b, c). Cluster 10 especially showed a
ductal signature with Cldn2, Dmbtl, Dcppl, Dcpp3 and Sox9 being
highly expressed (Supplementary Fig. 4d). Intriguingly, cluster 11
demonstrated high expression of Krt19, Krt7 and Psca, the ductal
keratinocyte-like population we found in the salivary gland compart-
ment (see above). The acinar compartment signature was less appar-
ent, but we observed cells expressing acinar mucins (Muc5b, Mucl6)
and Agps. Taken together, this confirmed our notion that both taste
bud and salivary gland cells were present in posterior tongue-derived
taste bud organoids.

Tripotent Lgr5 stem cells form lingual, taste and salivary
lineages

Lgr5+ stem cells are known to reside in the trenches of the CVP to give
rise to the taste compartment®. Earlier studies have demonstrated
that Lgr5+ stem cell-derived organoids contain non-taste LEC besides
TBCs**.

To further study a possible tri-potent role of the Lgr5 stem cell in
taste/saliva and LEC biology, we generated CVP organoids from a Lgr5-
EGFP-IRES-creERT2 mouse® (Fig. 4a, b). Single Lgr5-GFP positive cells,
sorted from CVP organoids, were clonally expanded into organoids,
following previously established protocols®***® (Supplementary
Fig. 5a, b). These organoids (n = 7) again expressed stem cell (Lgr5) and
differentiation markers (Krt8) for both entities (taste bud and salivary
gland))(Supplementary Fig. 6a). Examination with more mature mar-
kers revealed salivary gland (Dmbtl and Agps), taste (Enptd2 and
Snap25), and non-taste LEC markers (Krt13, Krt4) cells, implying that
Lgr5+ cells represent the tri-potent precursor for all epithelial elements
of the posterior tongue tissues (Supplementary Fig. 6b-d). We next
performed staining on clone 1,3, and 7 for Krt13 (LEC), Aqp5 (Saliva)
and Entpd2 (Taste), confirming the presence of all three lineages in the
clonal lines (Supplementary Fig 7a-d), even though clone 3 portrayed
minimal Krtl13 staining, similar to the mRNA levels we detected.

To accurately confirm the presence of all lineages, we subjected
Clones 1, 3, and 7 to scRNA-seq. Initially, we captured a total of 12,494
cells. Subsequent filtering left us with 10 clusters equally distributed
over each clone, totaling 10,035 high quality cells: clone 1 (2643 cells),
clone 3 (3248 cells) and clone 7 (4144 cells) (Fig. 4c). Annotation of
these clusters led to the identification of progenitor-like and differ-
entiated cell types (Fig. 4d). As in the primary dataset, we detected a
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cycling basal progenitor population (Krt14, Krt5, Mki67) and a LgrS/
Lgré stem cell-like cluster. Notably, we identified a myoepithelial-like
population characterized by Acta2 and Myl9 expression. We also
discovered an ‘Intermediate #2 population, characterized by
expression of progenitor markers (Sox2°, Sox9, and Lgr6). This was
further supported when we generated a module score of the top 100
genes and projected this over our primary dataset (Supplementary

Fig. 7e). In the differentiated clusters, we observed non-taste LEC
(Krt13, Krt4, Sprr1b)- and mixed saliva- and taste clusters (Krt7, Krt19,
Krt8). Within this mixed population, we noted ductal markers (Sox9,
Cldn10, Ltf, Kit) and acinar markers (Agp5, Muclé, Lipf). For the taste
lineage, we detected the previously mentioned classical taste markers
Sox2, Hes6, Foxal, Gnal4, Entpd2, and Kcngl. Of note, we did not
observe mature taste cells expressing T1rs or T2rs, likely due to the
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Fig. 3 | Lgr5/Sox9 co-expression in the posterior tongue, accompanied by
salivary gland markers in taste bud organoids. a Feature plot projecting relative
expression of Sox9, Sox2, Lgr5 over the UMAP. Note the overlap in Lgr5 and Sox9
expression. b, c Immunofluorescent staining on mouse primary CVP tissue for Sox9
(green; marks the saliva compartment), Sox2 (magenta; marks the taste compart-
ment), and Krt8 (yellow; the mature compartment for both taste bud and VEG
entities). DAPI (blue) marks all nuclei. Arrows highlight Sox2-, Sox9- and Krt8-
regions. Scale bars, 200 um (b), 50 um (c). d Whole CVP immunofluorescent images
of the trench area of a Lgr5-EGFP-IRES-creERT2 mouse. GFP antibody was used for
Lgr5 (green), Sox9 (yellow) and Sox2 (magenta). DAPI was used to stain nucleus

(blue) of the cells. Highlighted is the Lgr5 niche. Arrows indicate Sox2/Lgr5 and
Sox9/Lgr5 cells. Zoomed-in image shows this in greater detail. Scale bar: 50 um,
zoom: 10 um. e Schematic overview of the proposed stem cell niche in the posterior
tongue. Created in BioRender. Van de wetering, M. (2025) https://BioRender.com/
xpednf4. fSchematic representation of the mouse tongue and brightfield images of
the organoid cultures derived from the CVP and FoP. g RT-qPCR data reveal
expression of ductal (Dmbtl, Cldn2) and Acini (Aqp5, Cldn2) markers in the taste
bud organoids derived from CVP and FoP. Data are shown as mean+SEM. n=4
organoids, n=3 for tissues. No statistical test was performed. CVP circumvallate
papillae, FoP Foliate papillae, VEG von Ebner Gland.

medium composition, which supports expansion over terminal
differentiation.

Next, we integrated the organoid dataset with the CVP and FoP
datasets (Fig. 4e, f, Supplementary Fig. 7f). Here, we noted the pre-
sence of ‘non-taste LEC’, ‘Taste buds’ and ‘Salivary Gland’ cells in the
clonal organoids (Fig. 4f, Supplementary Fig. 7e). All major cell popu-
lations were represented across all clones and all tissue samples.
However, Clone 3 contained a lower proportion of taste cells, while
Clone 7 exhibited an enrichment of Sox9* progenitors, suggestive of
increased salivary gland lineage contribution.

To investigate if single Lgr5+ stem cells can generate all lineages in
vivo, we performed multicolor lineage tracing in Lgr5-eGFP-IRES-
CreERT2/ R26-Confetti mouse (n=23)*°. The tamoxifen induction pro-
tocol was designed to yield sporadic tracing of nuclear (n) GFP,
membrane-bound (m) CFP, YFP and RFP, while cytoplasmic GFP* signal
indicated expression of the Lgr5-GFP knock-in allele by stem cells.
Sporadic tracing is critical to observe if single-Lgr5 stem cells have
tripotent capacity®>*°”’2 We included a 1-week timepoint to visualize
the initial tracing event and tracked tracing over 2 months to visualize
the ‘steady-state’ dynamics of the Lrg5 stem cell population. We
included three mice per timepoint and analyzed consecutive slices
(approx. 8 slices per CVP, 60 pm). After imaging of the Confetti-signal
we performed whole-mount immunostaining with differentiation
markers (Dapi, Sox2, Sox9, GFP, and Krt8) to reveal the contribution to
the three lineages. We used DAPI as a reference to determine CVP
orientation, facilitating the 3D rendering/visualization of endogenous
Confetti signals and interpreting the whole-mount stainings. Non-
induced CVP showed widespread cytoplasmic GFP expression,
revealing cells that express Lgr5. GFP expression reaches deeper down
in the VEG accompanied by Sox9 (Fig. 5a). After one week, we observed
sporadic stochastic induction of the fluorescent confetti markers
throughout the CVP (Fig. 5b), in particular towards taste buds and to a
lesser extent the VEG.

In the 2-month tracing samples, we observed fewer tracings
(Fig. 5c-f). Intriguingly, 2-month after tamoxifen induction we
observed nGFP+ tracing in the trench area in mouse 30 (m30). This
nGFP trace showed progeny in the taste buds (Region A; Fig. 5¢, d, see
arrows), von Ebner ducts and the non-taste lingual epithelium (Krt8-)
of the CVP when reviewed in consecutive slices (Region B; Fig. 5c-e,
see arrows). Quantifying 2-month tracings led to the discovery that
most of the two-month tracings contributed to taste buds (Fig. 5f).

We observed that most lineage tracings within taste buds
remained confined to individual taste buds and did not extend across
multiple structures. Interestingly, in the m30 nGFP tracings initiated
from the trench area, we detected labeling of multiple adjacent taste
buds. This suggested a hierarchical organization within the Lgr5+ stem
cell pool, where some cells exhibit lineage restriction, while others
possess broader regenerative potential. Collectively, these findings
implied that non-taste LEC, taste, and saliva cells can derive from a
common Lgr5 stem cell.

Transcriptional networks linked to Lgr5 stem cells
Having ascertained that the Lgr5 stem cell is the common precursor for
non-taste LEC, taste, and saliva lineages, we analyzed the

transcriptional pathways that regulate cell type specification. For this,
we focused on the cell fate decisions towards the taste and saliva gland
compartments and conducted pseudotime analysis on the trajectory
from the Lgr5 stem cell (starting node) to the taste and saliva clusters
(ending node) in the primary tissue dataset (Fig. 6a—c). Original UMAP
clustering (Fig. 6a) captures static transcriptional states. We performed
the pseudotime analysis”>’* (Fig. 6b) to infer differentiation trajectory
from progenitors transition toward either taste bud or VEG fates. This
analysis allowed us to follow the sequential transcriptional changes
over lineage trajectories. Based on the observations in Figs. 4 and 5, we
chose the Lgr5 stem cell as the starting point in these trajectories and
designated the salivary gland and the taste buds as the endpoints.

Pseudotime computation is limited to clusters within the primary
cluster. Because the primary clustering (Fig. 1b) failed to include the
acinar cluster, we created a new Seurat object excluding the acinar
cluster by subsetting the cells, followed by re-clustering (Fig. 6a). Next,
we subsetted the following branches: Lgr5 stem cell to TBCs and the
Lgr5 stem cell to salivary gland cells and we analyzed the transcrip-
tional program over the pseudotime by focusing on genes that are
switched on and off, using the ‘Geneswitches’ algorithm. We initially
focused on transcription factors (TFs) that were differentially expres-
sed in the Lgr5 stem cell cluster (LFC > 0.5) (Supplementary Fig. 8a).
Among these TFs were Xbpl, Runxl, Foxel, Hesé6, Tcf4, Etvl and Paxl,
the latter four previously shown to participate in CVP/FoP
development®*” confirming our approach.

We then focused on the differentiation paths from Lgr5 stem cell
to TBC (Fig. 6d, e) and salivary gland cells (Fig. 6g, h). For both paths,
we observed a loss of basal progenitor markers such as Krt5 and Trp63,
and a gain of markers such as Krt7 and Krt8 (Fig. 6f, i). Regarding the
taste trajectory, we noted the taste-specific genes Entpd2 (Type I) and
Scnnla (Type Ill) upregulated in TBCs compared to Lgr5 stem cells
(Fig. 6f). As expected, some previously reported critical TFs that are
switched on along the trajectory showed increased expression levels in
TBCs: Foxa2, Hes6, Sox2 and ProxI’®”” (Supplementary Fig. 8b).

For the differentiation towards salivary cells, we observed upre-
gulation of salivary-associated genes Krt23, Dmbtl, Ltf and Krt19
(Fig. 6i). In addition, the salivary regulators Tfcp2ll, Ehf, Barx2, Sox9,
and FoxcI***"®” increased in expression (Supplementary Fig. 8c).
Other TFs that decreased over both trajectories included Nfe2l2, Mafb,
Sox15, HIf, and Foxel (Fig. 6j, k). We specifically noted TFs with chan-
ging expression along the differentiation trajectory belonging to the
Forkhead family, known regulators of development®’. Among these,
Foxcl is associated with salivary gland development’®, Foxa2 has been
implicated in taste bud formation’’, while the role of Foxel in this
lineage context has remained unexplored.

Foxel regulates posterior tongue differentiation

To identify potential regulators involved in the maintenance of the
Lgr5 stem cell population, we investigated which TFs are increased in
expression in the Lgr5 stem cell (LFC>0.5) and then decrease in
expression from Lgr5 stem cell to both taste and salivary gland. This
left us with one TF: Foxel (Fig. 7a, Supplementary Fig. 8b-e). Foxel is
involved in the development of diverse tissues, such as tongue, palate,
epiglottis, pharynx, and esophagus®. In hair follicles, where Lgr5 marks
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the tissue-specific stem cells*’, Foxel is found to be critical for proper
hair formation®. In our dataset, Foxel was expressed in Lgr5 stem cells
and in type Il TBCs (Supplementary Fig. 9a, b). Subsequent IHC shows
indeed that Foxel+ nuclei sit in the trench area and taste buds in vivo
(Supplementary Fig. 9c¢).

We generated CRISPR-mediated homozygous Foxel knockout
(Foxel”) organoids from CVP-Lgr5-EGFP and FoP-Lgr5-EGFP organoids
(n=2 clones for each origin) (Supplementary Fig. 10a). Interestingly,
we observed a dramatic decrease of Krt8+ cells in Foxel” organoids
(CVP:2.4%; FoP: 3.5%) compared to WT organoids (CVP:28.2%; FoP:
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17.2%) (Fig. 7b, c). Given this robust phenotype, we further delineated
the effects of Foxel loss by bulk RNA-seq (Fig. 7d). In the PCA plot,
CVP o and FoP ™' samples appear separated along PC2, this
component accounts for only 16% of the total variance, compared to
58% for PC1, this difference likely reflects limited biological variability.
GO analysis of the top 100 genes contributing to PC2 revealed
enrichment for DNA replication-related processes, suggesting cell
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cycle variation underlie the observed distribution (Supplementary
Fig. 10b).

CVPF” and FoP™ organoids displayed elevated levels of
progenitor markers (Sox9, Lgr5, and Krt14), while differentiated mar-
kers such as Krt19, Krt7 (taste and saliva), Krt20 (taste®®), Cldn6 and
Dmbtl (saliva) were decreased, in comparison to WT organoids
(Fig. 7e). Foxel” organoids show decreased expression of Tfc2pll
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Fig. 5 | In-vivo multicolor lineage tracing reveals tipotency of Lgr5 stem cell.
a 3D whole-mount imaging of the CVP without tamoxifen induction. Cytoplasmic
GFP (green) labels Lgr5* stem cells. Krt8 (yellow) marks both differentiated taste
buds and the salivary compartment. Sox2 (magenta, gradient intensity) labels the
tongue epithelium with the highest expression in taste buds. Sox9 (red) marks VEG
ductal progenitors. DAPI (cyan) stains nuclei. Scale bar = 50 um (3D) and 20 um
(ZOOM). b Endogenous Confetti signal one week after induction, capturing the
initiation of lineage tracing in Lgr5-eGFP-IRES-CreERT2/R26-Confetti mice. Tracing is
visualized via expression of mCFP, nGFP, YFP, and RFP. Re-staining with differ-
entiation markers reveals early YFP* clones in the VEG and trench area. GFP labels
both Lgr5* stem cells and traced populations (nGFP, YFP). DAPI (cyan) marks nuclei.
Scale bars = 50 um and 20 um. ¢ Two-month lineage tracing in Lgr5-eGFP-IRES-
CreERT2/R26-Confetti mice reveals long-term persistence of labeled clones (mCFP,

nGFP, YFP, RFP). A 3D reconstructed image highlights a nGFP* clone contributing to
taste buds, non-taste lingual epithelium (LEC), and salivary gland from the same
mouse (m30). This clone spans multiple consecutive sections, identified in Regions
A and B. Re-staining reveals the anatomical compartments and directionality of
lineage contribution. Cytoplasmic GFP marks Lgr5* stem cells. Scale bar = 20 um.
d Z-projection of Region A showing nGFP* lineage tracing within a taste bud.
Markers include Krt8 (yellow), Sox2 (magenta), and GFP (green). Scale bar =10 um.
e Z-projection of Region B showing nGFP* lineage tracing extending into the taste
bud, non-taste LEC, and VEG compartments. Stained with Krt8 (yellow), Sox2
(magenta), and GFP (green). Scale bar = 10 um. f Quantification of lineage tracing
events in Taste bud, VEG or LEC in the two-month mice (m30, m33 and mé62). CVP
Circumvallate Papillae, VEG von Ebner’s gland, LEC Lingual epithelial cell.

(saliva) and EIf3 (taste), alongside an increase in Foxa2 (taste), Hes6
(taste), and Sox9 (saliva) expression. Examination of the top 50 dif-
ferentially expressed genes (DEGs; Foldchange >1, p < 0.01; 1171 DEGs;
Table S2) indicated a depletion of salivary gland-associated genes in
both CVP and FoP Foxel” organoids (Supplementary Fig. 10c). Next,
we derived a top 100 DEGs signature (module score) for both WT
organoids (WT score’) and Foxel” organoids (‘Knockout score),
enabling the visualization of affected populations (Table S2). Indeed,
detailed analysis revealed that within the scRNA-seq UMAP of the CVP
and FoP, the ‘WT score’ showed the highest expression levels in the
ductal and acinar salivary gland populations (Fig. 7f, g). Conversely, the
‘Knockout score’ was highest in a subpopulation of the progenitor
compartment of the salivary gland (Fig. 7h). In the TBC clusters, the
‘WT score’ appeared to be highest in the type I branch (Fig. 7f), whereas
the ‘Knockout score’ was enriched in the type II cell cluster (Fig. 7i, j).
This was supported by a significant increase in expression of type Il
markers in Foxel” organoids (Fig. 7€) (Gnal4, Taslrl). In addition,
Otopl expression, present in type I and Il TBCs (Supplementary
Fig. 2a), was lost in Foxel” organoids. This coincided with the absence
of the classical taste marker Krt20, which -in our scRNA-seq data- was
exclusively expressed in type I and Ill TBCs but completely absent in
type Il TBCs (Supplementary Fig. 2a). Both suggested a shift from type |
and Ill toward a more type Il-like phenotype in the TBCs of Foxel”
organoids. In summary, these results illustrated a regulatory role of
Foxel in determining salivary gland differentiation and in the makeup
of TBC subtypes. Following Foxel loss, salivary gland cells obtain a
more progenitor-like phenotype, while TBCs shift from type I and Ill to
type Il cells.

Discussion

In this study, we present evidence that CVP and FoP taste buds harbor a
Lgr5 stem cell that can give rise to non-taste LEC, TBC, and salivary
gland cells. Single-cell analysis predicted such a lineage design, which
was subsequently confirmed by analysis of organoids grown from
single Lgr5 stem cells. We also show that -in this combined chemo-
sensory unit- Foxel plays a regulatory role in cell fate decision of the
Lgr5+ stem cell along the lineage trajectory: loss of Foxel results in an
increase of progenitor markers and a dramatic ablation of the salivary
compartment, combined with a shift in the make-up of the TBC
compartment.

Through our single-cell transcriptome analysis, we characterize
the posterior tongue epithelium and its appendages in detail. While
our study was under review, two scRNA-seq studies®*** were the first to
describe taste and salivary gland cell types in the posterior tongue. We
propose a stem cell niche where the Lgr5/Foxel/Sox2'°"/Sox9- pro-
genitor resides prior to being recruited for differentiation. Progeny of
this stem cell (1) generate non-taste lingual epithelium, (2) ascends
towards the taste bud structure to generate TBCs (Sox2"e" %), or (3)
descend to generate salivary gland cells (Sox9). Consistent with earlier
research, we note that in Lgr5-EGFP knock-in mice, the GFP signal is
elevated near the trenches where the taste compartment touches the

salivary compartment® (Fig. 3d). We propose that this marks the
location where the uncommitted tripotent Lgr5 stem cell resides.
While previous studies have shown that stem cells marked by Lgr5
generate taste bud and non-taste epithelium® or von Ebner’s gland
(VEG) ducts®, these studies did not address if a single Lgr5+ stem cell
could generate all three tissues. Our findings provide evidence for a
single tripotent Lgr5+ stem cell capable of generating taste bud cells,
non-taste lingual epithelium, and VEG structures. This supports that
the taste epithelium and VEG, previously described as a single che-
mosensory unit*, developmentally appear as a single unit, even in the
adult mouse, deriving from a shared stem cell. We have reported very
recently that a similar situation exists in the developing human pan-
creas, where a single Lgr5+ stem cell can be expanded over long per-
iods of time in organoid culture and remains capable of generating
ductal, acinar, and endocrine lineage cells®,

Single cell analysis of organoids, clonally derived from single
Lgr5+ stem cells, revealed cells from all three lineages. We used an
unbiased media composition without favoring a specific lineage, likely
underlying the lack of mature taste bud markers in clonal organoids.
Future studies could refine media composition to direct lineage-
specific outcomes. Next, as a proof of principle, we conducted Rosa-
confetti lineage tracing to observe this phenomenon in vivo. We
observe clonal tracing from single Lgr5+ stem cells into the salivary
ducts, non-taste lingual epithelium (LEC), and taste buds, revealing
tripotent potential of these cells within the CVP. Quantification of our
lineage tracing data shows that the majority of clones contribute to
taste buds, which is consistent with the high turnover rate of taste bud
cells (10-14 days)**° in contrast to the relatively slow turnover of
salivary glands (>60 days)”. The low frequency of tripotent tracing
events is likely a result of the divergent renewal kinetics across tissues.
Our clonal analysis reveals that the majority of labeled cells remain
confined within individual taste buds, suggesting localized stem cell
activity. Intriguingly, tracings originating from the trench region
occasionally span multiple taste buds, besides the salivary gland,
pointing to a hierarchical structure within the Lgr5+ stem cell
population.

The lineage tracing data further supports that Lgr5 stem cells
contribute to tongue epithelium near the CVP, which physiologically
will likely only make a small contribution to homeostatic self-renewal
of the surface epithelium: it is widely recognized that Krtl4" basal
progenitors maintain the tongue surface’**% In the skin, hair follicles
contain Lgr5+ stem cells. While these normally only generate hair, they
will drive to repair of the intrafollicular surface epithelium, functioning
as a secondary stem cell hub®®*°*, A putative similar role may exist for
the Lgr5 stem cell in the posterior tongue with regard to tissue
regeneration upon damage.

In humans, FOXEL is known to be key for craniofacial develop-
ment, as biallelic loss results in a rare autosomal recessive disease
called Bamforth-Lazarus syndrome, manifesting with athyreosis, cleft
palate, bilateral choanal atresia, bifid epiglottis, and spiky hair®?°.
Similar phenotypes have been observed in mice, where Foxel has been
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identified as a downstream target of the Shh-pathway®. In the hair
follicle, Foxel and LgrS are co-expressed in the outer root sheath®*>%7,
and a Foxel” leads to disturbed hair formation. Our computational
analysis suggested a role for Foxel along the differentiation axis of
Lgr5* stem cells in the posterior tongue, which led us to interrogate its
function experimentally. Functionally, we show that Foxel regulates
cell fate decisions in both CVP and FoP regions, as its loss alters lineage
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differentiation in the corresponding organoid models. The Shh path-
way is well-established as being essential for maintaining the posterior
tongue epithelium?-7°%, while Foxel may act downstream of Shh to
mediate this effect. The observed shift toward a more Type II-
dominant taste bud phenotype in Foxel-deficient states implies
impaired specification or maintenance of Type I cells. As Type I cells
retain Shh expression (Fig. 2c), Foxel may act downstream in their
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Fig. 6 | Transcriptional characterization of cell fate decisions. a UMAP visuali-
zation of original clusters, excluding the acinar population. b Pseudotime values
projected on the UMAP primary FoP and CVP dataset. ¢ Schematic overview of cell
fate decisions from Lgr5 stem cell towards taste and salivary gland. Created in
BioRender. Van de wetering, M. (2025) https://BioRender.com/3ouqtcg.

d Schematic overview of cell fate decisions Lgr5 stem cell towards taste.

e Trajectory analysis of Lgr5 stem cell towards taste. Feature plot projecting the
pseudotime over the subsetted LgrS stem cell towards taste dataset. f ‘Gene
switches’ reveal top 100 up- and downregulated genes, with several known genes
being highlighted (UP:Krt8, Krt7,Scnnla, Entpd2;Down: Trp63, Krt5, Foxel). Genes-
witch analysis revealing switched-on and -off genes over the pseudotime (x-axis) of
cell fate decision towards taste. Surface proteins (green), Transcription

Factors(blue), other genes (red). g Schematic overview cell fate decisions Lgr5 stem
cell towards saliva. h Trajectory analysis of Lgr5 stem cell towards to salivary glands.
Feature plot projecting the pseudotime over the subsetted Lgr5 stem cell towards
salivary gland dataset. i ‘Gene switches’ reveal top 100 up- and downregulated
genes, with several known genes being highlighted (UP:Krt8, Krt7, DmbtI;Down:
Trp63, KrtS, Sox2). Geneswitch analysis revealing switched-on and -off genes over
the pseudotime (x-axis) of cell fate decision towards saliva. Surface proteins
(green), Transcription Factors(blue), other genes (red). j Relative expression of TFs
(DOWN) over the pseudotime from Lgr5 stem cell to taste lineage (x-axis).

k Relative expression of TFs (DOWN) over the pseudotime from Lgr5 stem cell to
saliva lineage (x-axis). ¢, d and g were created with BioRender.com under an aca-
demic license.

differentiation pathway. The resulting reduction in Type I cells would
then contribute to a compensatory increase in the proportion of Type
II cells. We cannot exclude the possibility that Foxel influences the
survival of specific taste cell types rather than their initial specification.
However, Foxel loss may also directly impact Lgr5 stem cells in a
lineage-specific manner. Several putative mechanisms may explain
how loss of Foxel perturbs the differentiation axis.

Taste sensation is strongly affected by reduced saliva production
in dry-mouth disease (e.g., radiotherapy-induced or in the context of
Sjogren’s syndrome). Anterior TBCs, not studied in detail in this study,
do not appear to rely on associated minor salivary glands. These taste
buds lie embedded in tongue epithelium directly facing the tastants
with a constant saliva flow produced by the main salivary glands (SMG,
SLG, and PG), whereas the CVP and FoP taste buds -given their location
in clefts/trenches- appear to rely on a constant flow of saliva produced
within their own anatomical structure. This suggests that the salivary
gland and taste buds have co-evolved on the posterior tongue. Beyond
these developmental considerations, the taste buds and the associated
salivary glands represent unified chemosensory units. While VEG
involvement is often overlooked in xerostomia-related studies, its
anatomical proximity to taste buds implies a significant role in mod-
ulating taste perception. This integrated perspective may improve our
understanding of ageusia and dysgeusia in the context of xerostomia.
In summary, we report the existence of a Lgr5 stem cell in the posterior
tongue capable of generating TBC, salivary gland cells, as well as the
cells of the tongue surface.

Methods

Animals

All animal experiments were carried out under the guidelines and
approval of the animal welfare committees of the Netherlands Cancer
Institute and Hubrecht Institute (KNAW). Single-cell experiments were
performed using female adult mice (n=20). Transgenic Lgr5-EGFP-
IRES-creERT2 were first described in Barker et al.*’. Lineage tracing
experiments were performed with male and female Lgr5-EGFP-IRES-
creERT2 /R26-confetti mouse strains described in Snippert et al.®®. All
experiments were performed in adult mice maintained under specific-
pathogen-free conditions, with a 12 h light/12 h dark cycle and ad libi-
tum access to food and water.

Organoid culture

Organoid cultures were established using either C57BL/6 adult mice
WT or Lgr5-EGFP-IRES-creERT2 mouse strains generated by the Barker
paper's methods™. Targeted regions, identified under a stereomicro-
scope, were picked for organoid isolation. The Aihara protocol** was
used for CVP and FoP organoid culture, and the media composition,
referred to as RNE medium, including Advanced DMEM/F12 (Gibco), 1x
B27, 1x N2, 1x Glutamax, 10mmol/L Hepes, 100 pU/ml
penicillin-streptomycin, 50 ng/ml EGF(Peprotech), 10% Rspondinl(in-
house), and 10% Noggin conditioned media (in-house), supported
optimal growth. Media refreshment every 2-3 days and routine split-
ting every 7-10 days maintained organoid viability.

Multi-color Lineage Tracing in mice

For lineage tracing, Lgr5-EGFP-IRES-creERT2 /R26- confetti mouse
strains were used described in Snippert et al. (2010). Induction was
achieved following procedures by Yee et al. (2013). Briefly, creERT2
activity was induced by injecting intraperitoneally into mice five times,
once per day, 0.22 mg/g Tamoxifen (Sigma Aldrich T5648) in peanut
oil (8002-03-7) per injection in adult mice, as described in Yee et al.>>.
Mice were sacrificed and tongues were left overnight at 4 °C in PLP
(periodate, lysine, paraformaldehyde) buffer. Tongues were embed-
ded in low-melting agarose (3%) and sectioned using a vibratome
(Leica; settings: 1 mm, 0.8 mm/s, 60 um). Next, samples were embed-
ded in FunGi**'°° clearing solution overnight to visualize endogenous
nGFP, mCFP, YFP, and RFP tracing.

Clonal culture

Clonal cultures were generated as described in the protocol of
Pleguezuelos-Manzano et al.®*®®, Briefly, organoids were treated
1 hour before with 10 uM ROCK inhibitor and trypsinized with TrypLE
Express for 15min at 37 °C. Next, trypsinization was halted, and the
cell suspension was filtered stepwise with a 70 um and 40 um filter.
Organoids were washed and resuspended in FACS buffer (1% FBS,
1mM EDTA, PBS). Gates were set on the Sony SH800 Cell Sorter for
single-cells, and sorted fractions were checked if sorting of actual
single cells was achieved. GFP was gated based on the negative con-
trol (Wild-type organoids; Supplementary Fig. 5a, b). Lgr5-EGFP cells
were gated based on single-cell and GFP. Data was analyzed
using FlowJo (10.8.:1). Low-density cell suspension was seeded in
a Matrigel dome in RNE medium supplied with Wnt-surrogate
(1:1000) and 10uM ROCK inhibitor. Organoids were picked after
7-10 days and clonally expanded. Clonal cultures 1,3, and 7 were send
for scRNA-seq.

CRISPR-cas9 gene editing

Gene editing was performed on CVP and FoP organoids derived from
the Lgr5-EGFP-IRES-creERT2 mouse following a brief expansion period.
For Foxel sgRNA construction, sgRNA’s were designed using CHOP-
CHOP (https://chopchop.cbu.uib.no/; Table S1) and ligated into the
pSPgRNA plasmid (Addgene #47108) by Ran et al.'”" was utilized. A
plasmid encoding both SpCas9 and mCherry for the visualization of
transfected cells (Addgene #66940) was employed, along with a pig-
gyBac carrying a hygromycin B cassette and piggyBac transposase-
expressing plasmid. Electroporation was carried out using a Neon
electroporator (Nepagene) with 2 mm cuvettes (Bio-Rad). Poring pul-
ses were set at a voltage of 175V, pulse length of 7.5 msec, pulse
interval of 50 msec, and a total of 2 pulses; transfer pulses were con-
figured with a voltage of 20 V, pulse length of 50 msec, pulse interval of
50 msec, and a total of 5 pulses. Selection with 300 ug/ml Hygromycin
B commenced after 5 days and was maintained for 7-10 days. Fifteen
clones were manually picked using a P20 pipette. WT and knock-out
organoids were expanded in parallel. For genomic DNA (gDNA)
extraction, cells were lysed at 56 °C overnight using a lysis buffer
(100 mM Tris.HCI, pH 8.5, 5mM EDTA, 0.2% SDS, and 200 mM NaCl)
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Fig. 7 | Foxel-KO organoids project an ablation of differentiation queues.

a Venn diagram showcasing all TFs going down after differentiation (taste and
saliva) and up from basal to Lgr5 lineage. b Representative immunostaining images
of WT and Foxel-/- organoids. Krt8 (yellow) marker for both differentiated VEG
and TBCs. DAPI (blue). Scale bar = 25 um. ¢ Quantification of proportion of Krt8+
cells in CVP and FoP Foxel-/- versus WT organoids as determined. Box plots show
the median (centre line), 25th-75th percentiles (bounds of box), and whiskers
extending to the minimum and maximum values; all individual data points

are shown. n = Organoids: CVP WT; n=11, CVP Foxel -/-; n=11, FoP WT n=10,

UMAP_2
UMAP_2.

UMAP_1 UMAP_1

FoP Foxel -/-; n=18.*P < 0.002, **P < 0.0002. Two-tailed unpaired t-test. d Scatter
PCA plot of bulk RNA-seq WT (red) vs Foxel-/- (blue). n=2 clones, with different
mutations for each origin, with technical duplicates. e Heatmap of selected genes
WT vs Foxel-/-. f Projections of ‘WT-score’ (top 100 genes upregulated in WT
organoids) displayed on the UMAP. Regions with a high score are highlighted.
Projections of ‘WT-score’ and ‘Knockout-score’ on VEG (g, h) and taste (I, j) Seurat
objects. We included the Fig. 2a, b to better visualize the affected populations. CVP
Circumvallate papillae, FoP Folliate papillae, VEG von Ebner gland.
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containing 60 pug/ml proteinase K. DNA was precipitated by adding 1x
volume isopropanol, washed in 70% ethanol, and then resuspended in
sterile MilliQ water. The DNA concentration, determined using a
NanoDropTM spectrophotometer, was further diluted to a con-
centration of 100-200 ng/ul. Genotype was conducted using Sanger
Sequencing (Macrogen) to confirm successful knock-out (Primers in
Supplementary Table 2).

Immunohistochemistry

The organoids or primary tissues were fixed in 4% paraformaldehyde
(PFA) and left overnight. Tissues were either cryopreserved or paraffin-
embedded. Cryoprotection was achieved with sucrose involving suc-
cessive incubations in 15% and 30% sucrose, followed by embedding in
cryomolds with Tissue tek(Takara bio). Sections of 20 pm were pre-
pared using a CryoStar (NX70 cryostat). For blocking and permeabi-
lization, a mixture of 1x phosphate-buffered saline (PBS), 5% bovine
serum albumin (BSA), and 0.3% Triton X-100 was applied for 1 hour at
room temperature. Subsequently, primary antibody incubation
occurred overnight at 4 °C, and secondary staining was conducted for
1hour at room temperature using a solution of 1x PBS, 2.5% BSA, and
0.2% Triton X-100. The specific antibodies used are detailed in Sup-
plementary Table 1. Slides were mounted with ProLong™ Gold Anti-
fade Mountant. Tissue slices for whole-mount staining were incubated
in primary antibody for 3 days, then incubated overnight with the
appropriate secondary antibody. Next, samples were embedded in
FunGi clearing solution overnight prior to visualization.

Imaging

Tissue sections with fluorescent markers were subjected to imaging
using a Leica SP8 Confocal microscope. Following the imaging pro-
cess, the fluorescent images obtained underwent processing using
ImageJ software (version 2.16.0/1.54p) to create a maximum projection
of all z-stacks. For confetti lineage tracing, images were acquired with
the Zeiss LSM880, utilizing online fingerprinting to optimize for CFP,
GFP, YFP and RFP signals. After imaging the endogenous signal, whole-
mount stainings were done and imaged on the Leica Stellaris, which
allows >4 color imaging. Sox9 staining did not work for 2-month
lineage tracing. However, Sox2 and Krt8 were sufficient to distinguish
compartments. Images were analyzed in Imaris Image Analysis Soft-
ware (Bitplane). Tracing events directions was quantified based on
whole-mount staining with differentiation markers. Regarding Foxel,
for each condition (wild-type and Foxel knockout), Krt8-positive cells
were quantified manually using ImageJ across >10 organoids per group
in both the circumvallate papilla (CVP) and foliate papilla (FoP) cul-
tures. The proportion of Krt8+ cells was calculated relative to the total
number of nuclei per organoid based on DAPI staining. Statistical
analysis was performed using two-tailed unpaired t-tests and
Mann-Whitney U tests, error bars represent standard deviation.

RNA extraction and qPCR

Cell pellets for RNA extraction were collected and snap frozen in liquid
nitrogen. RNA-easy kit (Qiagen) was used for RNA-isolation, and con-
centration and quality were checked using a Nanodrop. Subsequent
cDNA(input: 500 ng RNA) was generated using the SuperScript IlI kit
(Thermo Fisher) using Oligo dt or random primers. Prior to qPCR,
c¢DNA was 1:5 diluted and 1ul was used per qPCR reaction, iQSYBR-
Green mix (Bio-Rad) with a final volume of 10 ul. For qPCR, Actb(b-
actin) and L19 were picked as housekeeping genes and

RNA sequencing

WT and mutant Foxel-/- organoids were cultured separately for 8 days
in RNE (Rspo, Noggin, Egf) medium. Of each origin (CVP and FoP), two
clones were cultured. RNA was extracted from 12 samples(duplicates)
as mentioned above, and concentration was determined using a Qubit
RNA HS Assay. Quality was checked using an Agilent RNA 6000 nano

kit and run on an Agilent 2100 Bioanalyzer. Samples were sent for
library preparation and subsequent sequencing to USEQ (Utrecht
Sequencing Facility). The R-package DESeq2 was used for analysis'®%
First, a combined analysis of both origins was performed to WT vs
Foxel-KO. Next, we made separate DESeq objects, and significant
genes were selected with log2FoldChange >= 0.5 & baseMean > 30 &
padj<0.05. Heatmaps were generated with the package pheatmap and
were scaled by ‘row’. A module score of the TOP 100 DEGs in WT
organoids (‘WT score’) and Foxel” organoids (‘Knockout score’)
(Supplementary Data 1) was generated and added to the metadata and
main Seurat object of Fig. 1 with AddModuleScore. Featureplots pro-
jected the score on the scRNA-seq UMAP. Dataset is publicly available
under GEO-accesion number GSE274014.

Single-cell RNA sequencing

Freshly dissected adult mouse tongues served as the primary source
for scRNA-seq of taste bud tissue. Mouse tongues were initially cut, and
under a stereomicroscope, the circumvallate papillae (CvP) and foliate
papillae (FoP) were surgically removed. Subsequently, CVPs and FoPs
were incubated in collagenase 1A at 37 °C for 20-25 minutes. Con-
currently, CVPs and FoPs were transferred to medium (Advanced
DMEM +++ with Glutamax, PenStrep, and HEPES), spun down, and
treated with TryPLE, including 10 uM ROCK inhibitor. For Lgr5-eGFP
CVP clonally cultured organoids, organoids were harvested in ice-cold
DMEM, spun down and treated with TrypLE. The cells underwent
incubation at 37 °C, with periodic pipetting and supernatant collec-
tion. Examination under a light microscope confirmed successful
detachment of taste bud cells. Following incubation, cells were cen-
trifuged at ~300 g for 5 minutes.

Cell pellets underwent two washes with cold FACS buffer (1% FBS,
0.1mM EDTA, PBS) and filtration through a 70 um filter. The resulting
cell pellets were resuspended in FACS buffer and filtered through a
40 um filter FACS tube.

Cells were stained with Draq5 for 10 minutes at room temperature
and DAPI just before FACS sorting. Dead (DAPI+Draq5-) and live (DAPI-
Draq5+) cells were sorted, and the collected cells were placed in SC-
buffer (1% BSA, PBS) with 10 mM ROCK inhibitor in an Eppendorf tube.
The cell suspension was then transferred to a 1.5 mL Eppendorf tube,
spun down, and resuspended in SC buffer. Live cells, manually counted
using Trypan blue, were resuspended in 1X PBS containing 0.1% BSA at
a concentration of 700-1200 cells/ul. For clonally cultured organoids,
8000 cells per sample, and for primary tissues, approximately
10,000-18,000 cells per sample were loaded onto a Chromium Single
Cell B chip for library preparation using a Chromium Next GEM
Automated Single Cell 3’ Library and Gel Bead Kit v3 (10X Genomics),
according to the manufacturer’s instructions. The libraries were sub-
sequently sequenced using the NovaSeq6000 1092 (lllumina) flowcell.
Datasets (clonal and tissue) are publicly available under GEO accession
number GSE274015.

Single-cell RNA seq analysis
Data preprocessing involved the use of the CellRanger count function.
Output files were read into R (v4.1.0) using the Read10X function from
the Seurat package (v5.0.X)'® (CVP=6389 cells, FoP = 13931). Mito-
chondrial transcripts were filtered, and the expression matrices were
merged. Genes expressed in fewer than 3 cells and with a minimum of
200 features per cell were filtered. The preprocessed expression
matrix was used to create a Seurat object, excluding cells with nFea-
ture_RNA >8000 or >30% mitochondrial transcript percentage for
further analysis (CVP = 6094, FoP=12926) (Supplementary Fig. 1c-d).
To ensure robust and comparable analysis, the scRNA-seq data
underwent preprocessing steps. Initially, the data were normalized
using the LogNormalize method with a factor of 10,000. Following
normalization, variable features were identified using the FindVaria-
bleFeatures function. Next, an Elbowplot was generated to inform the
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selection of dimensions crucial for capturing the dataset's intrinsic
structure. The dimensionality assessment guided subsequent cluster-
ing analyses (pcs = 35). We regressed out cell cycle markers (CellCy-
cleScores,) and Mitochondrial genes were regressed out. Clusters were
identified using the FindNeighbors and FindClusters functions, fol-
lowed by RunUMAP. In general, to characterize cell types globally, cell
signatures were defined based on module scores (AddModuleScore)
or by multiple well-established marker genes in the literature. These
markers, depicted in Fig. 1 & S2 and detailed in Supplementary Data 2,
served as a reliable reference for assigning cell types.

For further analysis, exclusion of clusters "15", "14", "13", and "17"
based on Vim, Ptprc, and Pecaml expression was performed. The
Seurat object was reformatted following the above-mentioned pipe-
line. Through subsetting, we narrowed down our investigation to the
salivary gland and taste papillae for in-depth exploration. Data visua-
lization, carried out in the RStudio environment using Seurat plotting
functions, leveraged UMAP, Violin Plots, and Dot Plots for a detailed
and expressive representation of the analytical outcomes.

The pseudotime analysis was executed using monocle3’>”*, which
requires careful cluster management by excluding outlier clusters,
notably the acinar cluster. Establishing a starting node at the Lgr5 stem
cell cluster, we delineated distinct trajectories: Lgr5 to taste and Lgr5
to salivary gland, achieved through subsetting. A dedicated function
was constructed to generate a SingleCellExperiment class object for
the identified cluster from a Seurat class, an object that was compatible
with the Geneswitches package'**. Geneswitches allow visualization of
genes along the pseudotime that are switched on /off. Implementation
of the geneswitch package involved binarizing gene expression with a
set cutoff of 0.1, providing binary values for gene states (on/off).
Logistic regression was then employed to estimate switching times.
Visualization of the ordered switching genes involved a rigorous fil-
tering process based on zero-expression percentage (>90%), FDR
(>0.05), and McFadden’s Pseudo R*2 (<0.03). The analysis honed in on
top genes with high McFadden’s Pseudo R*2. Next, all mouse tran-
scription factors (TFs)'® and surface proteins(Cell Surface Protein
Atlas)'* were systematically extracted from gene lists to highlight for
precise plotting. Finally, we plotted the top 150 over each trajectory
over the Pseudotime (x-axis) (plot_timeline_ggplot). Heatmaps of TFs
switched-off/switched-on for Lgr5 stem cells towards both taste and
saliva over pseudotime were generated utilizing smoothspline. All
other TFs were plotted over the pseudotime to visualize per cell the
expression of each TF over the pseudotime (Fig. 6, Supplemen-
tary Fig. 8).

For clonal cultured Lgr5-eGFP derivatives, clones 1, 3 and 7 were
sent for scRNA-seq according to earlier earlier-mentioned procedures.
A total of 12,494 cells (Clonel:3472, Clone3: 4119, Clone7: 4903) were
captured. We filtered the dataset with parameters nFeature_RNA >
8000 or <30% mitochondrial transcript percentage for further ana-
lysis. Next, we integrated the dataset using the RPCA-based method.
Cluster ‘5’ had abnormally high mitochondrial transcript and had a
very low nfeature_RNA so we excluded it for further analysis. After
filtering, we were left with 10 clusters equally distributed over each
clone, totaling 10,035 high-quality cells; clone 1 (2643 cells), clone 3
(3248 cells), clone 7 (4144 cells) (Supplementary Fig. 7f). For integra-
tion with CVP and FoP tissue datasets, we used the ‘cca’ based method.
First layers were split, and datasets were merged. Next, layer integra-
tion was performed. This resulted in 13 clusters. Annotation was per-
formed using the same markers as in Fig. 1.

Statistics & reproducibility

Information regarding sample sizes and statistical analyses is provided
in the relevant methods sections and figure legends. No data were
excluded from the analysis. No statistical method was used to pre-
determine sample size. For Foxel knock-outs, differential expression
analysis was performed with DESeq2 using the Wald test. Default

parameters were applied, except that the significance threshold was
set to a=0.05. Reported p-values are two-sided and adjusted for
multiple comparisons using the Benjamini-Hochberg method.
GraphPad Prism (version 10.0.3.) was used for the generation of
quantification bar graphs and qPCR boxplots. All corresponding data is
distributed in the Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Processed bulk and single-cell RNA sequencing data are deposited
to the GEO repository (GSE274014 (Foxel knock-out RNA-seq),
GSE274015 (scRNA-seq clonal and tissue) and are available in a data-
base with open access. Source data are provided with this paper.

Code availability
Code is made available on https://github.com/PMC-Clevers/Tripotent-
Lgr5/ and has been released https://doi.org/10.5281/zenodo.17152273.
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