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ABSTRACT

Towards Regenerative Dentistry: Human iOB Differentiation Guided by Single Cell

Transcriptomic Atlas of Human Developing Odontoblast.

Sesha Hanson-Drury

Chair of Supervisory Committee:
Hannele Ruohola-Baker

Department of Biochemistry

Clinicians, scientists, and the general public share the desire to regenerate
missing tooth structure. The majority of mineralized tooth structure is composed of
dentin, a material produced and mineralized by ectomesenchyme derived cells,
odontoblasts. Though odontoblast development has been characterized in mouse
models, mice constantly replenish their missing tooth structure though several stem cell
niches not present in human teeth, posing translational challenges between the species.
Human odontoblast differentiation and maturation remains largely unknown due to the
rarity of tissue samples. To bioengineer missing dentin, increased understanding of
human tooth development is required. Thus, our lab performed single cell combinatorial
indexing RNA sequencing (sci-RNA-seq) followed by RNA Fluorescence in situ

Hybridization (RNAScope) of the developing human oral cavity with the hypothesis that:



the dental ectomesenchyme is composed of a heterogeneous cell population that each
possess a unique transcriptional signature; changes in expression of these specific
transcriptional signatures indicate transitions between cell types; and the molecular
mechanisms that drive odontoblast developmental transitions occur at specific
spatio-temporal intervals. We found that during early tooth development, the dental
ectomesenchyme is divided into two transcriptionally unique components of the tooth
germ tissue: the dental pulp composed of dental ectomesenchyme and dental papilla
surrounded by the dental follicle. Strikingly, multiple computational assays indicate
subodontoblasts (SOB) as a novel odontoblast progenitor source during human tooth
development. SOB arise from the dental follicle and transition through a preodontoblast
state before giving rise to odontoblasts. Further, we revealed the presence of SOB
directly beneath the odontoblasts and intermingled with preodontoblasts at the pulpal
periphery. SOB are a source of odontoblast renewal in adult mice following injury, but
their presence and role in human odontoblast development has eluded researchers.
Thus, our finding identifies this regenerative population in developing humans for the
first time and holds incredible promise for SOB as a novel odontoblast progenitor not
only during injury repair, but during normal human tooth development allowing us to
manipulate and better utilize this naturally regenerating population in human dentistry.

In order to further study odontoblast development, perform disease modeling,
and test therapeutic agents, our lab developed an optimized in vitro human induced
pluripotent stem cell to odontoblast differentiation protocol guided by sci-RNA-seq (iOB).
Computational analysis identified fibroblast growth factor (FGF), bone morphogenic

protein (BMP), and hedgehog (HH) signaling to play critical roles in human odontoblast



development, with the maijority of signaling ligands secreted by neighboring dental
epithelium tissues. We found that activating these signaling pathways in induced neural
crest cells by treatment with novel Al-designed FGFR superagonist minibinder, BMP
ligand BMP4, and HH pathway agonist SAG signaling ligands produces more mature
odontoblasts with increased expression of odontoblast markers and enhanced
mineralization capacity. This finding implies great potential for Al-designed minibinders
as therapeutic agents to induce odontoblast differentiation in clinical cases of pulp
exposure or deep caries, as well as generation of mature iOB to be used for tooth
organoid generation.

Finally, the congenital disorder Tricho-Dento-Osseous syndrome produces
debilitating dental defects associated with mutations in the gene DLX3. While
transcription factor DLX3 is known to directly regulate Dspp activity and odontoblast
development in mice, its role during human odontoblast differentiation is poorly
understood. We generated a DLX3 knockout mutant line from HiPSC and tested their
capacity to differentiate to mature odontoblasts. Importantly, we identified that DLX3
mutants are able to successfully differentiate towards a neural crest fate, however,
odontoblast differentiation is arrested. This indicates DLX3 plays a critical role in early
odontoblast development.

The overall significance of this study is threefold: 1) providing unprecedented
insight at the single cell level into cell types of the developing tooth dental
ectomesenchyme; 2) applying the revealed molecular signaling that controls human
odontoblast cell lineage commitment during differentiation to generate a HiPSC-derived

odontoblast differentiation method (iOB); 3) utilizing the iOB tool to study the molecular



mechanism of human odontoblast differentiation in states of health and disease in order

to design appropriate therapies.
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CHAPTER | - BACKGROUND & SIGNIFICANCE
I.I Odontoblasts produce and mineralize the tooth’s dentin, but their progenitors
are undefined.

The majority of mineralized tooth structure is composed of dentin, a vital tissue
produced and mineralized by odontoblasts. Odontoblast development begins with the
migration of cranial neural crest (CNC) cells to branchial arch 1 at gestational week 6
(gw6)"2. Upon arrival, CNC-derived cells condense to form the dental ectomesenchyme,
with the preodontoblasts aligned at the periphery of the dental pulp along the
epithelial-mesenchymal interface®. It has been suggested that during the final cell
division of an odontoblast-fate committed cell, one daughter remains in close contact
with the epithelial-mesenchymal interface and becomes a preodontoblast; while the
other daughter migrates to the subodontoblast Hohl layer with potential to differentiate
into new odontoblasts during reparative dentinogenesis®. The implication that
subodontoblasts give rise to a second wave of odontoblasts during injury is supported
by studies that illustrate the capacity to replace lost primary odontoblasts upon tooth
injury in rodents®®. Multiple studies have indicated that cells other than the dental
ectomesenchyme are capable of giving rise to odontoblasts during injury repair,
including mesenchymal stem cells’” and glial derived stem cells®. Further, lineage tracing
studies of IGFBP5+ periodontal stem cells indicates this niche gives rise to not only the
periodontium but cells within the dental pulp during normal mouse tooth development®.
The majority of odontoblast progenitor studies utilize the mouse incisor as the study
model, as mice constantly wear away their existing dentin, requiring replenishment

throughout the animal's lifetime. As human teeth do not possess the same stem cell
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niches or regenerative capacity as the mouse incisor, it is a poor comparison for human
tooth development and regenerative goals. Therefore, detailed characterization of
odontoblast progenitor sources and the capacity of subodontoblasts to give rise to
odontoblasts during normal development, not only during injury, remains elusive.

I.II Odontoblast regeneration—is there a public or clinical need?

Replacing lost tooth structure to restore dental form and function has been a
clinical goal for over 13,000 years, with one of the earliest examples of dental treatment
discovered in a hunter-gatherer of the Late Upper Paleolithic era with a dental filling
composed of organic material’®. The desire to restore the form and function of missing
tooth structure remains a prime concern of both clinicians and the general public today.
In a recent Reddit thread polling what missing capability of the human body was most
desired by community members, tooth regeneration was one of the most upvoted
responses. This comes as no surprise to oral health clinicians and scientists alike, as
the number of dental patients treated for missing tooth structure is substantial and
restorative treatment limitations pose a significant clinical problem.

Tooth structure is commonly lost due to dental caries, trauma, periodontal
disease, and congenital defects. The Global Burden of Diseases Study 2017 (GBD
2017) shows that, regardless of gender, oral disorders had the greatest
age-standardized prevalence and incidence in the world, persisting in this ranking since
1990"2. Untreated dental caries is the most prevalent disease globally, with the Center
for Disease Control finding that 90% of adults in the United States suffer from dental
caries'. Further, dental pulp disease was the primary diagnosis for over 400,000

emergency department visits in the U.S. in 2006™, highlighting the need for significant
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resources to restore both the dental pulp and the mineralized dentin tooth structure it
produces.

The current method to return form and function to the lost tooth structure (e.g.
fillings, crowns) can initiate a continuous cycle of restoration replacement, each
replacement leading to increased tooth structure loss due to preparation requirements,
recurrent caries, or fracture'. This process, known as the “tooth cycle of death”, can
ultimately lead to tooth removal and replacement with a dental implant, currently one of
the best tooth alternatives. Importantly, after 9 years 45% of dental implants develop
peri-implantitis’®, an inflammatory process that can lead to loss of the implant and
surrounding bone. At this stage the patient often suffers from insufficient bone levels to
support a new dental implant, leaving both the patient and clinician in a treatment
quandary. Regenerative dentistry seeks to produce stem cell tools to regenerate
missing tooth structure. The need for a tooth organoid is paramount.

LIl Current methods of regenerating dentin tooth structure.

The field of dentistry has a history of pioneering regenerative therapy, with the
application of calcium hydroxide to induce reparative dentinogenesis in cases of pulp
exposure since the 1800’s'. Since then advances have been made in developing
therapeutics that lead to more efficient reparative dentin formation. Mineral Trioxide
Aggregate (MTA) leads to dentin bridge formation within the pulp. However, as MTA is
not biodegradable, dentin formation is limited to within the pulp, preventing replacement
of missing tooth structure from extending outward from the dental pulp'®%.
Biodegradable collagen sponges soaked in WNT agonists delivered to sites of pulpal

injury showed increased mineralization compared to MTA in murine models. Importantly,
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mineralization extends outside the dental pulp into the access site created by the dental
bur?'. While this finding holds much promise for regenerating lost dentin in vital teeth
with a live dental pulp, these methods of dentin regeneration are not applicable to
patients with necrotic pulpal tissue. These patients have lost both their primary
odontoblasts capable of secreting tertiary dentin and stem cells capable of
differentiating to secondary odontoblasts, and thus require a new cell source for pulpal
regeneration.

I.IV Barriers to regenerating odontoblasts and dentin tooth structure.

In order to bioengineer missing tooth structure with naturally produced dentin, the
following elements are required: a stem cell source, a scaffold, a nutrient source, and
small molecule growth factors to direct signaling pathways?.

The dental ectomesenchyme is rich in stem cell sources, including dental pulp
stem cells (DPSC) and stem cells of the apical papilla (SCAP). DPSC have previously
been shown to successfully differentiate towards osteogenic and odontogenic fates®%
and have been characterized in detail®. Unfortunately DPSC expansion and
regeneration capacity is limited?, showing a dramatic decrease in regenerative capacity
with increased age?®, and are lost in the case of pulpal necrosis. SCAP are a unique
stem cell population present at the tip of the developing tooth root and are hypothesized
to give rise to the primary odontoblasts that produce root dentin?®®. SCAP are able to
differentiate to odontoblasts in vitro*®*. However, SCAP are only present during root
development and therefore are not a viable stem cell source in adults®'.

Thus, a large hurdle to developing a clinically translatable method of odontoblast

regeneration and tooth organoid formation is the source of stem cells. Human induced
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pluripotent stem cells (HIPSC) were discovered by Shinya Yamanaka, who found that
he could reprogram mature somatic cells to pluripotency by treating them with 4
transcription factors—Oct4, Sox2, Kif4, and Myc—now globally recognized as OSKM
factors®. HiPSC are capable of giving rise to all cell types of the three germ layers.
Thus, they represent a single source of cells to be used to replace those lost to damage
or disease. HiPSC are self-renewing, and therefore represent an inexhaustible source
of stem cells. HIPSC are generated from adult somatic cells and therefore avoid the
ethical concerns of embryonic stem cells. HIPSC eliminate the risk of immune rejection
as cells can be derived from an individual patient. HIPSC therefore provide an excellent
source of stem cells for regenerative dentistry.

A scaffold is necessary for cells to adhere to and produce their extracellular
matrix, as well as provide cell-respective morphology for cell maturation®?. Dental
scientists have explored various biomaterials (e.g. collagen, hyaluronic acid, alginate),
with recent studies indicating polylactic acid-co-polyglycolic acid (PLGA) polymers to be
the primary scaffold selection for dental regeneration due to high porosity and open
structure, resulting in increased cell adherence; biodegradable nature; and successful
proliferation and differentiation of seeded DPSC?**¢,

Blood vessels serve the critical role of delivering nutrients and oxygen to tissues,
as well as removing waste products. Revascularization of the dental pulp can be
promoted in immature teeth by inducing bleeding at the root apex, allowing influx of
angiogenic cells®. However, this method is not successful in necrotic adult dentition,
likely due to a lack of stem cell populations able to respond to cell homing. Our lab has

dissected the Angiopoietin signaling that guides angiogenesis, finding the application of

15



computationally designed protein scaffolds induced revascularization following
injury®®4%. This finding holds much promise in application for dental pulp
revascularization.

Odontogenesis involves sequential, reciprocal signaling between a diverse cell
population originating from the dental epithelium and underlying ectomesenchym*'. It
has been well studied in the mouse incisor that five highly conserved pathways are
active throughout tooth development: fibroblast growth factor (FGF), bone morphogenic
protein (BMP), sonic hedgehog (HH), wingless-related integration site (WNT), and
ectodysplasin (EDAR)***3, For example, the mesenchymal signaling molecule BMP4
regulates the bud-to-cap stage transition. Absence of mesenchymal BMP4 arrests tooth
development at the bud stage, while addition of exogenous BMP4 rescues the
bud-to-cap transition**. FGFR2 knockout mouse models show tooth development
arrests at the bud stage**“®, indicating that FGF signaling is required for normal tooth
development. FGF robustly stimulates cell proliferation and cytodifferentiation during
tooth morphogenesis, with FGF4 ligand shown to be highly specifically expressed in
murine enamel knot*’. Interestingly, in the primary human dentition, FGF4 has broad
expression in both the epithelial and dental ectomesenchyme derived tissues,
highlighting the variation between murine and human development*. SHH is highly
expressed in the inner enamel epithelium and ameloblasts*®, with expression shifting to
the odontoblast once dentin is deposited®, suggesting a role for HH signaling in
odontoblast maturation.

The maijority of studies on the signaling pathways controlling tooth development

have been performed on the mouse incisor, which constantly renews lost tissue due to
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stem cell populations, and therefore is not a direct comparative model for human tooth
development. The intricate intercellular molecular signaling that regulates human
odontoblast development and maturity, and clear markers for the stages of human
odontoblast differentiation, remain unknown. Thus, the largest barrier posed to
regenerating odontoblasts and dentin tooth structure is the lack of knowledge on the
molecular signaling involved in human odontoblast differentiation and the biological
markers of odontoblast cells as they mature.
.V Single cell RNA sequencing of the developing human tooth can provide the
missing signaling knowledge needed for odontoblast and dentin regeneration.
Single cell RNA sequencing allows for identification of specific cell types within a
heterogenous population and dissection of their lineage projection on a molecular
level®'. Importantly, this ability to discriminate between cell populations has allowed for
identification of novel odontoblast markers in the mature human adult dental pulp®? and
dental epithelium of the chronically growing mouse incisor®®, as well as shown
conserved gene expression profiles between stem cells of the dental pulp and
periodontal ligament, suggesting functional differences are due to environmental niche
cues®. Due to the rarity of developing human tissue, analysis of the developing oral
cavity at single cell resolution is missing, leaving the transcriptomic identities of dental
ectomesenchyme derived-cells and the transcriptional effectors that specify progenitor
fate and odontoblast differentiation unknown.
I.VI Existing in vitro iPSC derived odontoblast differentiation protocols are

lacking.
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As the need for odontoblast regeneration is critical, previous studies have
explored stem cell-derived odontoblast differentiation protocols. In animal models,
odontoblast-like cells have been produced from murine iPSC through co-culture with
dental epithelium, with the goal of mimicking early tooth development in which the
odontoblasts are in close proximity with the ameloblasts®®; and through gene
transfection of iPSC to increase BMP4 and PAX9 expression®’. Both these methods are
impractical for therapeutic application as access to developing human oral epithelium is
limited and human gene therapy requires further study of off target effects. Interestingly,
a recent study found supplementation of murine iPSC derived neural crest like cells with
BMP4, FGF8 and WNT3a increases expression of odontoblast marker genes and
odontoblast-like morphology®®. In humans, Xie et al produced iPSC-derived
odontoblast-like cells through BMP4 supplementation®®. Unfortunately, the authors failed
to transition through a neural crest state prior to odontoblast differentiation. This gap in
odontoblast development misses a crucial stage in odontoblast differentiation,
preventing full analysis of odontoblast development and disease modeling. The need for
an efficient HiIiPSC derived odontoblast differentiation protocol remains for tooth
regeneration and tooth development studies.

.VII Beyond dental regeneration, in vitro iPSC odontoblast differentiation serves
as a tool for disease modeling and developing therapeutics.

A method of producing functional odontoblasts from HiPSC has applications that
extend beyond bioengineering lost tooth structure. This tool serves as a model essential
to study genetic diseases affecting dentin formation, such as Tricho-Dento-Osseous

(TDO) syndrome, as well as develop clinically translational therapies. TDO is a rare but
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highly penetrant autosomal dominant disorder associated with mutations in the
homeodomain transcription factor gene DLX3%. Individuals with TDO suffer from
ectodermal dysplastic defects in hair, teeth, and bones®¢2. TDO produces debilitating
dental defects leading to increased dental caries and fracture, resulting in high risk of
pulpal necrosis and tooth loss. During early tooth development, DIx3 is expressed in
cranial neural crest cells of the branchial arches®. Loss-of-function studies in mice show
that DIx3 directly regulates transcription of Dspp by binding to the promoter region;
DLX3 knock out mutants exhibit downregulation of Dspp and dentin defects®.
Cytodifferentiation of odontoblasts in mouse DLX3 knock-out models is disrupted,
leading to impaired dentin production and odontoblast apoptosis®. Interestingly, DLX3
inhibits proliferation of human dental pulp cells and has been proposed to play a role
maintaining quiescence of this cell population®. The role of DLX3 in human odontoblast
maturation has yet to be fully explored due to a lack of a developing human odontoblast
model. In order to develop TDO therapies, it is critical to deepen our understanding of

DLX3'’s role in human odontoblast development.
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CHAPTER Il - MATERIALS & METHODS

IL.I1 Single cell RNA sequencing of the developing human oral cavity.
Human fetal tissue collection and dissection. Fetal cranial facial tissues were provided
by the Birth Defect Research Laboratory University of Washington after obtaining an
informed consent from the patient or legal guardian. This study was approved by the
Human Subjects Division of the University of Washington (HSD#51634-EJ) and all
methods were performed in accordance with the relevant guidelines and regulations.

The tooth and salivary gland samples were collected from five fetal age groups
representing the following developmental stages for tooth differentiation: the bud stage
(gw9-11), the cap stage (gw12-13), the early bell stage (gw14-16), and the late bell
stage (gw17-22)*2%". Tissues were transferred from the BDRL submerged in Hank's
Balanced Salt Solution media (Gibco 14025092) on ice. The tissues were further
dissected under a dissection microscope to isolate tooth germs, or salivary glands,
while still submerged in cold RNase free Phosphate-Buffered Saline (PBS) (Invitrogen
AM9624) within six hours from the initial dissection at BDRL. Samples that exceeded
that time were excluded from single cell analysis and instead used for histology and
immunostaining. Extracted tissues were transferred into Eppendorf tubes and snap
frozen using liquid nitrogen. The frozen samples were stored at —80°C until nuclei
extraction.
Single cell RNA sequencing. Single cell combinatorial indexing RNA sequencing
(sci-RNA-seq) was performed in collaboration with the Brotman Baty Institute and has
been described in detail previously®®. Briefly, cells undergo split-pool barcoding to

uniquely label each cell within the entire population of single cells. The first level of
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indexing occurs as permeabilized nuclei are distributed across a 96-well plate, then
each well receives a specific unique molecular identifier (UMI) incorporated through
reverse transcription, barcoding each cell within the well. UMI labeled cells are then
pooled and redistributed to multiple 96-well plates for introduction of a second
well-specific identifier incorporated through PCR amplification. Amplicons are then
pooled for parallel sequencing, producing a transcriptomic library composed of cells
identified by their unique combination of barcodes.

sci-RNA-seq data processing. Low quality reads were removed by filtering UMI reads
higher than 1500 and lower than 100, followed by removal of all mitochondrial reads.
Utilizing the Monocle 3 workflow described previously®®’® data underwent normalization
by size factor, preprocessing, dimension reduction into Uniform Manifold Approximation
and Projection (UMAP) space’’, and unsupervised clustering producing grouping of the
cells into clusters based on similarity of gene expression, as done previously®.

Dental ectomesenchyme derived cell population identification. Epithelial and

mesenchymal derived cells of the anterior jaw and incisor tooth germ were identified by
expression of oral epithelium specific markers KRT57? and PITX2”® and dental
ectomesenchyme specific markers PRRX1 and RUNX275. The developing jaw
ectomesenchyme, dental ectomesenchyme, and odontoblast cells were subset to
identify the dental ectomesenchyme derived cell types.

Heatmap and Gene Ontology (GO) terms enrichment. The package ComplexHeatmap™
was used to generate custom heatmaps that integrate Gene Ontology (GO)-terms for
each cluster. GO-terms were generated using the VISEAGO package’’, which utilizes

the top 50 marker genes per cluster as input to determine associated GO-terms. The
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GO-terms were sorted by p-value, the top 100 selected, and keywords extracted via
simplifyEnrichment package’. Keywords were filtered to eliminate redundant and
irrelevant terms. Age Score is calculated by normalization of the cell count per time
point.

Pseudotime and real-time analysis. Cell lineage trajectories and pseudotime were
produced using Monocle 3. Pseudotime is calculated from dynamic changes in
differentially expressed genes (DEG) and defines a cell's progress along the

developmental trajectory®®.

Cell cycle scoring. Cells were categorized into cell cycle phase according to expression
of G2/M and S phase markers as described previously”.

Regressing out the cell cycle effect. The cell cycle effect was regressed out as

described previously®® by simple linear regression using Seurat®'.

Identification of critical signaling pathways via Top Pathway analysis. Our lab has
developed a comprehensive analysis pipeline to evaluate signaling pathway activity
based on ligand-receptor interactions and downstream activity. Prior to analysis, a
differentiation trajectory with known progenitor, maturely differentiated target cell, and
neighboring support cells present at the same developmental stage should be known.
Dental epithelium derived cells were included as sources of ligand producing cells. This
pipeline utilizes the talkir package® to identify and rank incoming ligand signals to the
progenitor cell of interest (e.g. dental papilla and preodontoblast), filtering for
ligand-receptor interactions associated with major signaling pathways of interest (e.g.
FGF, BMP, HH). Each interaction is assigned a normalized interaction score, which is

calculated by dividing the sum of interaction scores across all pairwise cell-cell
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interactions. We then utilized the DEsingle package® to produce the DEG between the
progenitor and target cells (False Discovery Rate < 0.1 and Fold-Change > 2). We next
used scMLnet package to generate a multilayer network modeling the upstream
ligand-receptor pairs (from talklr) and downstream transcription factors (TF) and their
target genes (from DESingle). Connectivity of each layer of the model was scored to
predict which pathway is the most active. Scores were calculated by determining target
gene fold-change; mean TF-target genes associated with a given TF; sum of TFs
associated with a given receptor; sum of receptors associated with a given ligand; and
finally sum of ligands that are associated with a given signaling pathway. Score
normalization is performed at each layer. Finally, the pipeline ranks signaling pathways
by activity score, indicating the most active pathways including the key drivers of
differentiation between progenitor and target maturely differentiated cells.

Code availability. The custom R codes used to generate some of the results in this

dissertation are available in https://qithub.com/Ruohola-Baker-lab/Tooth sciRNAseq.

ILIl Validation of sci-RNA-seq computational findings in situ in the human tooth
germ.

Crysectioning of developing human tooth germs. tooth germs embedded in optimal

cutting temperature compound were cryosectioned to 10 pm sections. Following
sectioning, slides were stored at -80°C and warmed at room temperature prior to
staining.

RNAScope assay and confocal imaging. RNAScope assay was performed as described

in detail previously using the RNAScope HiPlex12 Reagent Kit v2 (ACD)?. Briefly, a

12-probe RNAScope HiPlex assay (Advanced Cell Diagnostics, Inc.) including probes

23


https://github.com/Ruohola-Baker-lab/Tooth_sciRNAseq

against 13 transcripts differentially expressed between cell type clusters in
ectomesenchyme- and epithelial-derived lineages were selected to distinguish cell
populations: VWDE, SALL1, FGF4, IGFBP5, FGF10, PRRX1, FBN2, ENAM, PCDH?7,
SOX5, KRT5, and either DSPP or LGR6. (Table 1). Cryosectioned tooth germ sections
were fixed for 1 hour in 4% PFA at room temperature then rinsed with PBS. Sections
were dehydrated by sequential treatment with 50%, 70% and 100% ethanol, followed by
permeabilization via Protease IV to allow probe access. Probes were then hybridized by
incubation in the HybEZ Oven for 2 hours at 40°C, and rinsed twice in 1X Wash Buffer
for 2 minutes. Following hybridization of the probes, the signal was amplified by
sequential incubation of RNAscope HiPlex Amp 1-3, each amplification for 30 minutes
at 40°C. Autofluorescence was reduced by treatment with Formalin-Fixed
Paraffin-Embedded Reagent for 30 minutes at room temperature. HiPlex Fluoro T1-T4
were then hybridized for 15 minutes at 40°C. Nuclei were stained using DAPI and slides
were mounted using ProLong Gold Antifade Mountant. All incubations not performed at

room temperature were done via the HybEZ Oven.

Table 1. RNAScope Probe Sequences.
Gene Cluster Relative expression
SALL1 SOB 1.603378639
FGF4 EK 2.072977626

IGFBP5 SOB 2.0953
FGF10 DP 2.342748687
PRRX1 DEM 2.394496229
FBN2 POB 2.405502878
PCDH7 SI-2 2.478646553
SOX5 DP 2.767965189
KRT5 PAN-DE 2.805817869
VWDE AM 2.826717442
DSPP OB 3.019020124
ENAM SAM 6.316622834
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RNAScope imaging and analysis. The first four probes were imaged after completing
the manufacturer’s specified hybridization steps, counterstaining, and coverslipping.
Images of tissue sections were obtained using an Nikon Ti2 with an Aura light engine
(Lumencor, Beaverton, OR), and BrightLine Sedat filter set optimized for DAPI, FITC,
TRITC, Cy5 & Cy7 (Semrock, Rochester, NY: LED-DA/FI/TR/Cy5/Cy7-5X5M-A-000).
Coverslips were removed, the first four fluorophores were cleaved, and the process was
repeated for probes 5-8 and then probes 9-12. Images were analyzed using Fiji
(Imaged2 v2.3.0) and QuPath (v0.3.0) quantitative pathology and biocimage analysis
freeware®s. Briefly, The DAPI channel images for imaging rounds two and three were
aligned to the DAPI image for imaging round one using the BigDataViewer > BigWarp
plugin in Fiji. Matching reference points were identified across the DAPI images and the
resultant landmark tables were used in a custom .groovy script to align the FITC, Cy3,
Cy5, and Cy7 images from the three rounds of imaging. Images were uniformly
background corrected and scaled. Cellular segmentation was performed in QuPath and
positive signal foci and clusters were identified as subcellular detections. Parameters
were set to allow for detection of foci while avoiding false positive detection events
using positive and negative control images. From QuPath, the coordinates and the
number of spots estimated (sum of individual puncta and estimated number of
transcripts for clustered signal) for each segmented cell were processed using custom
R scripts to map cell locations and expression levels. Out of the transcripts assayed by
RNAScope, probe set criteria used to identify a given cell population in RNAScope data

was selected based on differential expression across the cell types identified in the
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sci-RNA-seq data at corresponding time points. Cells matching expression criteria for a
cluster’s probe set were designated by cluster color and mapped spatially.

Data availability. The data generated in this study can be downloaded in raw and
processed forms from the NCBI Gene Expression Omnibus under accession number
(GSE184749). The mouse incisor dataset used for comparison can be downloaded from
the accession code GSE146123. Upon publication, raw RNAScope data will be made
publicly available on dryad.org (Dryad research data repository). Data can currently be
downloaded with the temporary link:

https://datadryad.ora/stash/share/TiKnbN 96SraYmHHJ7kHa4kH8AYjAFcMXG0OBsMIV

OeE.

Immunofluorescence protein staining _and confocal imaging. Tissue sections and

cultured cells were fixed in 4% paraformaldehyde (PFA) then immersed in 1X
phosphate-buffered saline (PBS) for 3 X 5-minute washes. Antigen retrieval was
performed using 10X Citrate Buffer (Sigma-Aldrich) in a capped coplin jar microwaved
for ~45 seconds followed by 15-minutes incubation in the microwave. Slides were then
washed in PBS at room temperature for 7 minutes. Slides were blocked for 90 minutes
at room temperature in a humidified chamber with a blocking buffer consisting of 0.1%
Triton X-100 and 5% Bovine Serum Albumin (BSA) (VWR). The primary dentin
sialophosphoprotein (DSPP, Santa Cruz Biotechnology), ameloblastin (AMBN, Santa
Cruz Biotechnology), and amelogenin (AMELX, Santa Cruz Biotechnology) antibodies
were used at a 1:50 concentration, in conjunction with the primary keratin 5 antibody
(KRT5) at 1:100. The primary AP-2a transcription factor (AP-2a, Abcam) was used in

conjunction with the primary Nerve growth factor receptor (p75 or CD271,
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ThermoFisher) at a 1:500 concentration. The primary antibodies were incubated
overnight at 4°C in a humidified chamber. After 3 X 5-minute washes in PBS in a coplin
jar, the slides were transferred to a humidified chamber with secondary antibodies.
Secondary antibodies goat anti-rabbit 568 and goat anti-mouse 488 (1:250, Molecular
Probes) were applied for 75 minutes at room temperature in the same blocking agent.
Slides were then rinsed with PBS 4 X 10-minute washes in a coplin jar. DAPI (1:50,
Molecular Probes) was applied for 10 minutes at room temperature in PBS. Slides were
then rinsed with PBS for 10 minutes in a coplin jar. Slides were then mounted with
Vectashield (Vector Labs) and stored at 4°C until used for imaging. Confocal Imaging
was done on a Leica TCS-SPE Confocal microscope using a 40X objective and Leica
Software. Images were processed with Fiji software distribution of ImagedJ v1.52i8485,
Negative controls were performed substituting PBS.

I.LIII Human induced pluripotent stem cell (HiPSC) culture and differentiation.

HiPSC culture. HiPSCs line WTC-11 (Coriell, #GM25256)%% are seeded on 6-well

plates and cultured in mTeSR1 stem cell medium (StemCell Technologies, #85850) with
daily media changes until cells reach ~70% confluency as described previously®.
mTeSR is a feeder-free maintenance media designed to support a pluripotent state by
including key molecules insulin to promote cell survival and proliferation, bFGF for
self-renewal and expansion, and TGF to inhibit reprogramming®’. ROCK inhibitor
(ROCKI) (Stemcell Technologies) is added to mTesR for initial 24-hours. To maintain
HiPSCs and prevent fusing or premature differentiation of colonies, regular observation

under low-power microscopy will be performed with colony passaging as necessary.
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HIPSC derived neural crest differentiation (iNC). This project applies the protocol

previously described to produce iPSC derived neural crest (iNC) through dual SMAD
inhibition and early WNT activation®® (Fig.5A). HIPSC are seeded at 32,000 cells per
well on 6-well matrigel coated plates and maintained in mTeSR until 70% confluent.
Differentiation is induced (Day 0) with addition of Basal Neural Maintenance Media
(BNMM), which consists of 250 mL DMEM/F12 + glutamine (Gibco 11320-033) and 250
mLneurobasal media (Gibco 21103-049) supplemented with 2.5 mL N2 (Gibco
17502-048), 5 mL B27 (Gibco 17504-044), 2.5 mL GlutaMax (Gibco 35050-061), 2.5 mL
ITS-A (Gibco 51300-044), 400 uL 2-Mercaptoethanol (Thermo Fisher 21985023), and
2.5 mL NEAA (Thermo Fisher 11140050). On Day 0, BNMM is supplemented with 10
MM SB 431542 (Biogems BG6675SKU301) and 1 uM LDN 193189 (Biogems
BG5537SKU106) for dual SMAD inhibition; inhibition is maintained until Day 4 and Day
3 respectively. On Day 2, WNT is activated via supplementation with 3 yM CHIR 99021
(Tocris Bioscience 4423), which is maintained until Day 11. Media change occurred
daily.

Magnetic cell sorting for p75+ iNC. On Day 11, cells were lifted via Accutase

(Sigma-Aldrich A6964) and resuspended in an IMAG buffer consisting of 0.5% bovine
serum albumin and 2mM EDTA. iNC were isolated with addition of PE conjugated p75
(also known as Nerve Growth Factor Receptor, NGFR, and CD271) antibody (Thermo
Fisher 12-9400-42) and Anti-R-PE magnetic beads (BioSciences 557899). p75+ cells
were eluted, resuspended in media, and plated on 24-well matrigel coated plates at a

density of 250,000 cells per well.
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iINC derived odontoblast differentiation (iOB). This project applies the DPSC-derived

iPSC to odontoblast protocol previously described by our lab®, modified to reflect the
full signaling pathway activities as detected by our sci-RNA-seq analysis (Fig.4A;
Fig.5E). p75+ iINC were cultured in Odontogenic Medium (Day 12), which consists of
DMEM + Glutamax (Gibco 10566016), 100nM dexamethasone (Sigma-Aldrich D4902),
10% fetal bovine serum, 5mM b-glycerophosphate (Sigma-Aldrich G9422), and 50
pug/mL L-ascorbic acid (Sigma-Aldrich A4544). Media was supplemented with 100
ng/mL BMP4 (Stemcell Technologies 78211) and either basic FGF (bFGF or FGF2),
FGF8b, or FGFR minibinders C1 or C6 for 8 days (D0-D7), followed by 50 ng/mL BMP4
and 400 nM SAG (Stemcell Technologies 73412) for 7 days (D8-D14).

All cultures were performed on Matrigel coated plates at a 1:30 dilution and
incubated at 37°C and 5% CO, concentration. Each differentiation was performed in
triplicate with undifferentiated HiPSC as negative control.

Real-time quantitative reverse transcription-polymerase chain reaction (QPCR). To

analyze gene expression, cells were dissociated and lysed with Trizol (Life Technology)
with cell pellets stored at -80 °C. RNA purification is performed via TURBO DNA-free™
Kit (Invitrogen) or Aurum™ Total RNA Mini Kit (Bio-Rad), purity and concentration
quantification via Nanodrop ND-1000 (Thermo Fisher Scientific). cDNA synthesis via
iScript™ cDNA Synthesis Kit (Bio-Rad) or Applied Biosystems™ High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific), and QPCR performed using
oligonucleotide primers for neural crest and odontoblast markers (Table 2), SYBR
Green reporter (Applied Biosystems) and 7300 Real-Time PCR System (Applied

Biosystems). All QPCR reactions were performed in triplicate, normalized to p-actin and
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HiPSC, and assessed using the comparative change in threshold cycle (DDC;) method.

Table 2. QPCR Primer Sequences.
Cell Type Primer Forward Sequence Reverse Sequence
(5'—3) (5'—3")
Endogenous control B-ACTIN TCCCTGGAGAAGAGCTACG GTAGTTTCGTGGATGCCACA
Neural crest SOX10 CTGGACACTAAACCCCTGCC CATGTGGACTGGGCTGCAGAC
PAX3 TGTTTCCCTTTCCTGTGTGG TTATATCGCCTTGGGCATTG
Odontoblast MSX1 CTCGTCAAAGCCGAGAGC CGGTTCGTCTTGTGTTTGC
DSPP GAGCAACACGGATGGATGATTTC CACTCTTGTCACGCACAGCCTTA
S100A13 TTGAACTCGTTGACGCTGAGG GCAGAACCACTGACAGAGCTA

Statistical analysis. DDC; values of gene expression of differentiated samples are

compared to undifferentiated HIPSC cells (N=3) and analyzed for significance using
Student’s t test via GraphPad QuickCalcs (www.graphpad.com).

Mineralization capacity assay. Alizarin red staining (ARS) (Sigma-Aldrich TMS-008) is

performed to assess extracellular calcium deposition. Culture medium was aspirated
from each well and cells washed with PBS 3X. Cells were fixed in 4% PFA for 15
minutes at room temperature. PFA was removed and cells washed 3X with diH,0. diH,0
is aspirated off and 1 mL 2% ARS was added per well. Plates were incubated, covered
in aluminum foil, at room temperature for 45 minutes with gentle shaking. ARS was
removed and cells washed 5 X with diH,0. Staining was then visualized under phase
contrast microscopy (Olympus IX70 microscope, Japan). Stain was released with 10%
acetic acid and neutralized with 0.1 M ammonium hydroxide. Stain quantification for
ODA405 was then performed via Wallac EnVision system.

I.LIV DLX3 mutant line generation using CRISPR-Cas?9.

DLX3 knockout mutant line generation. Guide RNA (sgRNA) was designed to target the

early coding region of the DLX3 gene. Ribonucleoprotein (RNP) complex was prepared
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by combining DLX3 sgRNA and the Cas9 enzyme. RNP was then delivered to HIPSC
via Amaxa nucleofector®.

Validation of Cas9 nuclease activity. Genomic DNA was harvested from mutant cells
using DNAzol (Thermo Fisher 10503027) and amplification of the DLX3 target DNA was
performed via Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher F548L)
supplemented with 3% DMSO. Amplification of the DNA product was confirmed by gel
electrophoresis. DNA product was isolated via Monarch Gel Extraction kit (NEB
T1020S) and purified DLX3 DNA product was then assessed via Sanger sequencing
(Genewiz).

Clonal isolation. Individual clones were isolated and screened for indel mutations
resulting in a frame shift leading to a premature stop codon, leading to genetic
knock-out of DLX3.

Total protein isolation. Media was aspirated and cells were gently rinsed with 1x PBS.
Cells were lysed with 130 pl of lysis buffer containing 20 mM Tris—HCI (Sigma-Aldrich,
1185-53-1) (pH 7.5), 150 mM NaCl, 15% glycerol (Sigma-Aldrich, G5516), 1% triton
(Sigma-Aldrich,  9002-93-1), 3% SDS (Sigma-Aldrich, 151-21-3), 25mM
B-glycerophosphate (Sigma-Aldrich, 50020-100G), 50mM NaF (Sigma-Aldrich,
7681-49-4), 10mM sodium pyrophosphate (Sigma-Aldrich, 13472-36-1), 0.5%
orthovanadate (Sigma-Aldrich, 13721-39-6), 1% PMSF (Roche Life Sciences,
329-98-6), 25 U benzonase nuclease (EMD, 70664-10KUN), protease inhibitor cocktail
(PierceTM Protease Inhibitor Mini Tablets, Thermo Scientific, A32963), and
phosphatase inhibitor cocktail 2 (Sigma-Aldrich, P5726), respectively, in a tube. Cell

lysate was collected in a fresh Eppendorf tube. 43.33 pl of 4x Laemmle Sample buffer
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(Bio-Rad, 1610747) containing 10% beta-mercaptoethanol (Sigma-Aldrich, M7522-100)
was added to the cell lysate and then heated at 95°C for 10 min. The boiled samples
were either used for Western blot analysis or stored at —80°C.

Western blot analysis. The protein samples were thawed and boiled at 95°C for 10 min.

30 ul of protein sample per well was loaded and separated on a 4-10% SDS-PAGE gel
for 30 min at 250 Volt. The proteins were then transferred on a nitrocellulose membrane
for 12 min using the semi-dry turbo transfer Western blot apparatus (Bio-Rad, USA).
Post-transfer, the membrane was blocked in 5% bovine serum albumin for 1 h. After 1 h,
the membrane was probed with the respective antibodies: DLX3 (Abcam, AB64953) at
1:500 dilution and B-Actin (Cell Signaling, 3700S) at 1:10,000 dilution. Membranes with
primary antibodies were incubated at 4°C, overnight on a rocker. Next day, the
membranes were washed with 1X TBST (3 times, 10 min interval). The respective
HRP-conjugated secondary antibody (Bio-Rad, USA) at 1:10,000 dilution was added
and incubated at room temperature for 1 h. All the membranes were washed with 1x
TBST (3 times, 10 min of interval) after secondary antibody incubation and developed
using Chemiluminescence developer and imaged using Thermo Scientific CL-XPosure

Film or Bio-Rad ChemiDoc Imager.
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CHAPTER Il - RESULTS
lll.I sci-RNA-seq of developing human teeth identifies a transcriptionally
heterogenous population of dental ectomesenchyme derived cells.

In humans, oral tissue development begins around 6gw and starts as a
thickening in the oral epithelium*'2% giving rise to all primary teeth and salivary gland
tissue. Individual teeth develop independently as an extension of the main dental lamina
and progress through a series of morphological stages (bud, cap, & bell) within bony
crypts of the jaws®. Additionally, each developing tooth is surrounded by thick fibrous
tissue called the dental follicle®®. The dental follicle and the tissue it contains comprise
the tooth germ® (Fig.1A). The oral epithelium will also give rise to the salivary glands
(Fig.1A). Like teeth, salivary glands derive from the invagination of a thickened sheet of
epithelium into the underlying ectomesenchyme, known as the initial bud stage®
(Fig.1A).

To better understand early oral differentiation and to dissect how the
mesenchymal cell lineages acquire odontogenic competence, we analyzed the
developmental gene expression profiles of human fetal stages by single cell
sequencing. tooth germ and salivary gland samples were collected from five fetal age
groups (Fig.1A-B). These age groups represented the following developmental stages
for tooth differentiation: the cap stage (9-13gw), the early bell stage (14-16gw), and the
late bell stage (17-22gw) (Fig.1A-E)**®’. We also collected submandibular salivary
glands from three matched timepoints (12-13gw, 14-16gw, 17-19gw) that cover the

pseudo-glandular and canalicular stages for salivary gland development®® (Fig.1A).

33



Single-cell sequencing data of the tissue samples were analyzed using
Monocle3%®° and visualized in uniform manifold approximation and projection (UMAP)
space (Fig.1D). The distribution of the cells from each tissue origin was identified by
using density plots by tissue type (Fig.1C). Utilizing a graph-based clustering algorithm,
we annotated 20 major clusters based on key marker genes (Fig.1E) from PanglaoDB.
The major cell types in salivary gland samples include salivary mesenchyme, salivary
epithelium, cycling salivary epithelium, myoepithelium, and ductal cells (Fig.1C-D). In
the jaw samples (9-11gw, Fig.1C-D) we identified mesenchymal progenitors,
osteoblasts, neuronal, Schwann cells, muscle, respiratory epithelium, otic epithelium
and oral epithelium (Fig.1C-D). The maijor cell types in tooth samples include dental
ectomesenchyme and epithelium, and odontoblasts and ameloblasts respectively. The
cell types observed in all samples include endothelial’®-® and immune'*'% cells. Our
lab has characterized the developing human salivary gland in detail .

To confirm the timing of the tooth morphological stages, we performed
immunohistochemistry on tissue sections, and as expected, all the dental epithelium
derived tissues were visualized by KRT5 (green) (Fig.1E). There are two critical
lineages in tooth development: odontoblasts and ameloblasts. These are the two cell
types that secrete the mineralized protective layers that cover the soft dental pulp,
which contains the nerves and the nutrient transporting blood vessels. Odontoblasts are
ectomesenchyme-derived cells secreting the inner coverage for the pulp, called dentin,
while ameloblasts are ectoderm-derived and secrete the outermost layer, enamel. To
establish expression of known odontoblast and ameloblast markers in our tissue,

immunohistochemistry was performed on human fetal tooth germ at 20gw using dentin
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sialophosphoprotein (DSPP) and ameloblastin (AMBN) respectively (Fig.1F-K,
Fig.3K-Y). As expected, ameloblasts express AMBN in secretary vesicles (Fig.11-J), and
likewise, odontoblasts secrete DSPP (Fig.1l, K). We further validated expression of
ameloblast marker AMELX, observing a mirrored expression pattern between the
developing ameloblast and odontoblast (Fig.3A-J).

lll.II sci-RNA-seq of developing human tooth identifies a transcriptionally
heterogenous population of dental ectomesenchyme derived cells.

To dissect the cells derived from the developing jaw mesenchyme, dental
ectomesenchyme, and odontoblast cells were identified by PRRX1, RUNX2 and DSPP
expression, respectively, then subset and embedded in UMAP space (Fig.2A and 1B).
This analysis identified a heterogenous cell population of six transcriptionally unique
clusters including the dental papilla (DP), preodontoblast (POB), odontoblast (OB),
subodontoblast (SOB), dental ectomesenchyme (DEM), and dental follicle (DF) (Fig.2C)
that were identified by putative marker genes (Fig.1D).

The DEM is identified by increased expression of neural crest derivative marker
Paired Related Homeobox 1 (PRRX1)""” and dental ectomesenchyme marker
Runt-Related Transcription Factor 2 (RUNX2)"®. The DF shows high expression of
Insulin Like Growth Factor Binding Protein 5 (IGFBP5)'%, as well as markers recently
identified in the adult human dental follicle and periodontal ligament including
Periodontal Ligament-Specific Periostin (POSTN), Netrin 1 (NTN1), Podocan Like 1
(PODNL1)®*1 " microfibrillar associated protein 5 (MFAP5), Wnt Family Member 2
(WNT2), and Paired Box 3 (PAX3)"°. The DP has moderately high expression of

PRRX1, an anticipated result as both the DEM and DP are putatively neural crest
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derived tissues, but is differentiated from the surrounding DEM by elevated expression
of Spalt Like Transcription Factor 1 (SALL1)%. DP is further uniquely identified by
co-expression of SRY-Box Transcription Factor 5 (SOX5)" and Fibroblast Growth
Factor 10 (FGF10)"2. POB cells show maintained elevated expression of SALLA1,
indicative of their heritage from the DP and previously observed in the mouse incisor®?,
with significantly increased expression of Fibrillin 2 (FBN2)"3. Similar to POB, SOB
show moderate levels of SALL1 expression, suggesting a shared functional fate of POB
and SOB to give rise to the OB. SOB are specified by high expression of IGFBP5'* and
markers previously observed in the SOB in mouse and rat molar respectively, including
transcription factor Hairy And Enhancer Of Split-Related Protein 1 (HEY1)"*, Thy-1 Cell
Surface Antigen (THY1)"S, and Alkaline Phosphatase, Biomineralization Associated
(ALPL)"®. Finallyy, OB are identified by robustly known markers Dentin
Sialophosphoprotein (DSPP)"?, Dentin Matrix Acidic Phosphoprotein 1 (DMP1)'¢, and
Collagen Type | Alpha 1 Chain (COL1A1)"%'2 as well as recently identified S100
Calcium Binding Protein A13 (S100A13)%(S.Fig.A,G).

To evaluate the function of each cluster, we performed gene ontology analysis
using VISEAGO, which uses data mining to establish semantic links between highly
expressed genes in a given cluster. This analysis shows that DP and DEM are
characterized by signaling, morphogenesis and adhesion, supporting their role as the
precursor populations, while POB are characterized by their projection and proliferation,
indicative of their precursor role and alignment to the edge of the dental pulp. SOB

indicates activation, growth, and signaling, characteristics of a cell type sensing and
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influencing its environment, while OB shows GO-terms toward odontogenesis, tooth,
and biomineral (Fig.2B).

To assess progenitor sources and cell’'s progression towards differentiation,
pseudotime trajectory analysis was performed. This analysis indicates two progenitor
sources are present within the developing dental ectomesenchyme: the DP that give
rise to POB and, subsequently, OB; and the DF that gives rise to SOB, which transition
through a POB phase before giving rise to OB (Fig.2C). Pseudotime analysis is
supported by real-time density plots that show reduced progenitor type cell population
density as the tooth germ develops, indicating fate commitment to OB lineage begins
after 13gw in human fetal development and is largely complete by 20gw (Fig.2D). Broad
expression of dental ectomesenchyme marker PRRX1 is observed in both the DEM and
DP (S.Fig.1C), supporting previous findings® that a shared cranial neural crest
progenitor gives rise to both DP and DF. Thus, we propose a simplified trajectory of both
the odontoblast and dental follicle lineages (red and grey arrows respectively, Fig.2E),
with a shared PRRX1+ progenitor giving rise to both DEM and DP.

lIL.III Developmental trajectory suggests SOB as a novel odontoblast progenitor in
human tooth development.

Pseudotime trajectory indicates that two progenitor sources are present within
the developing dental ectomesenchyme: the DP that gives rise to POB followed by OB;
and the DEM that gives rise to the DF followed by SOB. SOB appear to transition
through a POB state before giving rise to OB (Fig.2C). While previous studies have
shown that SOB, a spatial subgroup of regenerative mesenchymal cells, can give rise to

odontoblast-like cells upon death of the primary odontoblasts®®, their developmental
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and transcriptional identity remains uncharacterized. These results suggest that SOB
lineage can differentiate to OB, not only to replace lost OB following injury as previously
observed in animal models, but also during normal tooth development. Pseudotime
trajectories are supported by real-time density plots (Fig.2D), showing that OB
progenitor DP population density decreases as the tooth germ develops, indicating fate
commitment to OB lineage occurs prior to gw19 in human fetal development (Fig.2J,K).

Cell cycle scoring provides important information on progenitor sources and
developmental scoring. Our analysis of the dental ectomesenchyme derived tissue
supports DP and DEM as progenitor populations, as roughly 50% of cells are in G2M/S
phase (S.Fig.1D). It also suggests SOB as a progenitor source of OB during normal
tooth development, as this cell type has the highest proportion of cells in G2M/S phase.
As anticipated, OB shows low levels of G2M/S phase, indicating its role as a mature cell
type that has terminally differentiated.

LIV Cell types identified by sci-RNA-seq are present at specific spatio-temporal
stages of tooth development in vivo.

To validate the observed sci-RNA-seq DEG and novel biomarkers, RNAScope in
situ multiplex hybridization® was performed on human incisor and molar tooth germs in
early (gw13) and late (gw19) stages of development (Fig.2F and H). This technique has
proved incredibly useful in identifying cells that co-express multiple transcriptional
markers.

As predicted by computational analysis (Fig.2A,B), dental ectomesenchyme
derived cell types display spatiotemporally specific expression patterns. At early tooth

development (gw13), the dental pulp consists of SOX5/FGF10/SALL1+ dental papilla
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(DP) with PRRX1+ dental ectomesenchyme (DEM) localized to the apical portion
(Fig.2F,G,J; S.Fig.1E; S.Fig.2A-G; S.Fig.3A,B). The entire tooth germ is surrounded by
dental follicle (DF) cells, a pattern which persists to late tooth development (gw19).
Interestingly, during early tooth development a small number of DF cells appear within
the dental pulp (Fig.2F,G,J). By late tooth development (gw19) the dental pulp shows an
organized hierarchy of cells at the incisal tip, with DSPP+ odontoblasts (OB) present at
the incisal edge adjacent to FBN2+SALL1+ preodontoblasts (POB) aligned to the
periphery of the dental pulp (Fig.2H,K; S.Fig.1F; S.Fig.2H-N; S.Fig.3C,D).
IGFBP5+SALL1+ subodontoblasts (SOB) are localized directly beneath the OB and,
interestingly, intermingled with the POB at the pulpal periphery, suggesting SOB may
transition through a POB-like state. The remaining dental pulp is a mixed population of
DP, SOB, and POB with DEM localized to the apical region (Fig.2K).

This analysis identifies a novel biomarker, IGFBP5, for the developing dental
follicle (DF) (S.Fig.1A,B; S.Fig3.A-D). Further, we have identified novel human SOB
biomarkers SALL1 and IGFBP5 (S.Fig.1A,B; S.Fig2.K,M; S.Fig.3C,D), whose
co-expression is spatiotemporally limited to define this cell type at gw19. This analysis
reveals for the first time the presence of subodontoblast cells in the developing human
tooth. Further, the maintained expression of IGFBP5 from early to late tooth germ
development supports the hypothesis that SOB are DF derived cells, and that SOB fate
commitment occurs prior to gw13.

Additionally, to assess expression of odontoblast markers at the protein level,
immunohistochemical analysis was performed on human incisor tooth germs in early

(gw15) and late (gw20) bell stage of development. As predicted by sci-RNA-seq, we
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observed specific, spatio-temporal expression patterns that differ markedly from early to
late tooth development. Expression of OB marker DSPP and ameloblast (AM) markers
AMBN and AMELX begins at gw20. We observed mirrored expression patterns of
DSPP, AMBN, & AMELX between the OB & AM, supporting previous findings’
(Fig.1F-K; Fig.3A-Y).

To summarize, at gw13 the dental pulp consists of majority DP with DEM
localized to the apical area, with the entire tooth germ surrounded by the DF.
Interestingly, a small number of DF are present within the dental pulp, suggesting these
cells have already committed to the SOB lineage at this early developmental stage. By
gw19 the incisor pulp contains POB, SOB and OB with a smaller contribution of DEM at
the apical foramen (Fig.2J,K). This suggests OBs are mainly derived from POB, while
SOB serves as a reserve, with the capacity to differentiate to OB through a POB
transitional state (Fig.2C,E). Further experiments will dissect how SOBs may play an
inductive role in OB differentiation during tooth development.

llLV Early FGF and BMP activation, followed by HH signaling, are critical to
human odontoblast development.

Analysis of the most active signaling pathways during human odontoblast
differentiation predict that FGF, BMP, and HH signaling pathways are critical to directing
this developmental trajectory. We find FGF and BMP (22%) are most active during DP
to POB transition, with BMP activity dropping by roughly half (12%) during POB to OB
transition and the majority of signaling derived from HH (22%) (Fig.4A). During the
transition from DP to POB, the dental epithelium derived cells are the major source of

FGF and BMP signaling ligands including FGF1 and FGF23, which bind to FGFR1
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possessing DP cells; and BMP10 that binds to BMPR2 and ACVR2A possessing DP
cells, respectively. We observe the dental ectomesenchyme as a smaller source of BMP
ligands, including INHBC and GDF5, with a lesser contribution of autocrine signaling to
the dental papilla (Fig.4B,D).

During the transition from POB to OB, the main source of BMP signaling ligand is
predicted to be from the dental epithelium derived pre-ameloblast (PA) that secretes
BMP10 and GDF9, which binds to BMPR2 and ACVR2A on the surface of POB.
Interestingly, the subodontoblast (SOB) is the major source of BMP4 ligand, which binds
to BMPR2 on the POB (Fig.4C). HH signaling, the most active pathway in the transition,
shows significantly increased DHH ligand expression in the PA, which is received by
PTCH1 and HHIP possessing POB. FGF ligands are received from both dental
epithelium and dental ectomesenchyme derived cells. NOTCH signaling, the third
contributing pathway in the POB to OB transition, is largely activated by DLL4 secretion
by the PA, received by NOTCH1, 2, and 4 possessing POB; and DLL1 secretion by the
OB received by NOTCH1 on POB.

ll.LVI Early FGF and BMP activation, followed by HH activation, leads to more
mature odontoblast development in vitro.

To fully capture the developmental trajectory of the human odontoblast, human
induced pluripotent stem cells (HiPSC) were first differentiated to a neural crest fate as
described previously (Fig.5A). Successful differentiation was confirmed by magnetic cell
sorting for neural crest marker p75. 98% of differentiated cells positively expressed p75
(Fig.5B). Differentiation was further validated by immunohistochemical analysis, which

showed induced neural crest cells (iNC) express p75 and neural crest marker
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transcription factor AP-2a (Fig.5C). Lastly, expression levels of neural crest markers
PAX3 and SOX10'®" were assessed at the transcriptional level via QPCR, which
indicates significantly increased expression of both markers in iNC (Fig.5D).

Next, iINC were biased to an odontoblast fate by activating the FGF, BMP and HH
signaling pathways identified by computational analysis of sci-RNA-seq data (Fig.4A
and Fig.5E) via supplementation with Al-designed FGFR minibinder superagonist, BMP
ligand BMP4, and HH pathway agonist SAG, respectively (S.Fig.5A). iNC derived
odontoblast cells (iOB) have significantly decreased expression of neural crest markers
SOX10 and PAX3 (Fig.5F), and increased expression of odontoblast markers MSX1,
DSPP and S100A13 compared to undifferentiated HiPSC (Fig.5G). Further, iOB show
increased DSPP expression at the protein level (Fig.5H; S.Fig.5B,C) and enhanced
mineralization capacity as assessed by Alizarin Red Staining (Fig.5l; S.Fig.5D,E),
indicating iOB have reached a mature state.

lILVII Loss of DLX3 arrests odontoblast maturity at the preodontoblast stage in
vitro.

In order to assess the precise developmental stage at which DLX3 plays a role in
human odontoblast development, we generated a DLX3 knock-out line derived from
iPSC and differentiated it towards neural crest followed by odontoblast fate as described
above. Presence of deletion mutation within exon 2 of the DLX3 gene was confirmed by
Sanger sequencing via Genewiz, illustrating that 54% of cells possess a single base
pair deletion (indel mutation) at site 374 with removal of a single glycine nucleotide
(Fig.6A). It appears that the DLX3 mutant is dominant in a mixed population, as

sequencing of DLX3 KO following iNC differentiation shows a population shift to 84% of
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cells possessing the indel mutation (Fig.6B). Loss of DLX3 protein was confirmed by
Western blot analysis, which showed no band formation validating loss of DLX3 protein
(Fig.6C).

Differentiation of DLX3 mutants to neural crest fate appears unaffected by the
loss of DLX3, illustrated by no significant changes in percent of p75+ cells produced via
magnetic cell sorting (Fig.6D) or neural crest markers PAX3 or SOX10 expression
(Fig.6E). Mutants were then further differentiated toward odontoblast fate as described
previously. Interestingly, loss of DLX3 results in significantly decreased DSPP
expression (Fig.6F), indicating DLX3 plays a critical role in DSPP expression. Further,
mutant iOB show significantly inhibited mineralization capacity via Alizarin Red Staining
(Fig.6G-H). In the human dental pulp, DLX3 is highly expressed in the POB (Fig.6l),
indicating a critical role for this transcription factor in OB development and supporting
the hypothesis that loss of DLX3 prevents the transition from POB to mature OB

through decreased expression of DSPP.
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CHAPTER IV - DISCUSSION & CONCLUSIONS

Odontoblasts are required for formation of the tooth’s dentin, which composes
the majority of the tooth’s mineralized tissue. Dentin provides the tooth’s toughness, or
resistance to crack propagation, and tensile strength, or distribution of biomechanical
forces to the surrounding periodontium. While odontoblasts persist throughout life, their
number and ability to produce dentin significantly decreases with age. We identified
human dental pulp and follicle cell types that significantly and precisely promote the
differentiation of odontoblasts. Importantly, we have identified the subodontoblast as a
novel odontoblast progenitor in human tooth development. Analyzing the signaling
interaction in odontoblast differentiation allowed us to predict the signaling molecules
that are needed to recapitulate odontoblast development in vitro. Utilizing these
findings, we developed a novel differentiation protocol to drive the differentiation of
iPSCs toward odontoblast (iOB) that expresses mature odontoblast markers and
secretes mineralized tissue. Finally, we used this information to dissect the role of dentin
defect associated DLX3 in odontoblast development, identifying the precise molecular
step at which odontoblast differentiation is arrested with loss of this critical transcription
factor.

Single cell analysis of the developing dental pulp and follicle identified a group of
six transcriptionally unique cell types of dental ectomesenchymal lineage. This analysis
identifies novel biomarkers for the dental ectomesenchyme derived cell types in the
developing human tooth germ that give rise to mature odontoblasts, characterizing each

cell type with a specific transcriptional signature.
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The dental papilla (DP) is identified by co-expression of signaling molecule
FGF10 and transcription factors SOX5 and SALL1. FGF10 is a growth factor that plays
critical roles in cell proliferation, differentiation and migration'. In the dental pulp,
FGF10 is expressed in the mouse molar DP early in tooth development with decreased
expression in the odontoblast, suggesting a role in odontoblast maturation'?. SOX5 has
previously been observed in the mouse molar dental ectomesenchyme at early tooth
developmental stages'" and is known in other tissues to play regulatory roles in both
BMP'2 and HH'* signaling pathways. Crosstalk between the FGF signaling pathway
and SOX transcription factors has been observed to impact osteoblast development'?®,
however, their interaction in odontoblast development remains unknown. SALL1 has
previously been observed in the mouse incisor preodontoblast (POB)%, indicating
synchrony of odontoblast progenitor gene expression patterns between murine and
human models. Elevated expression of SALL1 in the DP—expression that is maintained
in the human preodontoblast, subodontoblast, and odontoblast cells—supports the
hypothesis that odontoblast fate commitment occurs prior to odontoblast orientation at
the periphery of the pulp.

The developing human preodontoblast (POB) shows a transcriptional signature
of increased FBN2 expression and maintained SALL1 expression. Fibrillins are a major
component of microfibrils and elastic fibers, structures critical for cellular mechanical
stability and regulating cell development by sequestering TGFB and BMP signaling
molecules’. FBN2 has been shown to increase in the periodontal ligament in response
to mechanical stress'?’. We hypothesize that increased FBN2 expression in the POB

supports the dogma that these precursor cells migrate first towards the pulp periphery,
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then the incisal edge, before giving rise to OB. Clarifying the role of FBN2 in controlling
signaling interactions of the differentiating POB will require further study.

Our findings identify the subodontoblast (SOB) in the developing human tooth
germ for the first time, and suggest this cell type as a novel odontoblast progenitor. The
SOB is capable of giving rise to odontoblasts during injury repair; in addition to this
reparative role, our studies suggest SOB can give rise to OB not only following loss of
the primary OB, as previously reported, but during normal healthy human tooth
development. This hypothesis is supported by computational analysis of sci-RNA-seq
data of the developing tooth germ, indicating 1) shared expression of biomarker SALL1
in dental papilla (DP) progenitor that is maintained in both preodontoblast (POB) and
SOB cells at later developmental stages; 2) pseudotime analysis (Monocle3) indicating
that SOB transition through a POB state before giving rise to OB; and 3) cell cycle
scoring shows 60% of SOBs are actively cycling through G2M/S phases, supporting
their role as a source of OB progenitor. Further, In situ visualization of SOB finds these
cells spatially localized to the subodontoblastic region directly beneath the OB and
intermingled with POBs at the periphery of the dental pulp, strengthening the suggestion
SOB cells transition through a POB-like state prior to differentiating to OB during normal
tooth development.

IGFBPs bind with high affinity to IGF signaling ligands, inhibiting their
interactions with IGF receptors'?®. IGFBP5, a highly conserved protein in vertebrate
organisms, has previously been shown to regulate cell migration, proliferation, and
survival'®'  |GFBP5 has been observed in the dental papilla and odontoblasts of

mouse incisor and is proposed to play a role in differentiated odontoblasts cell survival
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and maintenance'®. Our observation of localized IGFBP5 expression in the SOB
supports the suggested role of IGFBP5 in maintaining a progenitor population that is
actively differentiating towards a more mature OB fate. Further studies using lineage
tracing methods are needed to verify this exciting hypothesis, revealing if SOBs
encompass an inductive role in OB differentiation during human tooth development.

For the first time in human development, our studies have revealed in extreme
detail, the signaling pathways that govern each transition between odontoblast cell
identity. Previous studies of hypodontia and tooth agenesis have shown that disruption
of WNT, BMP, and FGF signals result in defective tooth development. However, the
detail with which our study has revealed the role of these pathways at various points in
odontoblast development may more mechanistically explain how defects in these
pathways lead to tooth loss or tooth agenesis. This study reveals at a molecular level
the specific effectors that control human odontoblast development, indicating that FGF,
BMP, and HH are the critical signaling pathways contributing to odontoblast
differentiation. This knowledge can be used to develop therapeutic agents to induce
dentinogenesis clinically and was applied here to develop an efficient HIPSC-derived
odontoblast differentiation protocol (iOB).

The single cell based differentiation protocol of iPSC to odontoblast (iOB)
produced mature odontoblast cells that showed significantly increased expression of
odontoblast markers and enhanced mineralization capacity. While odontoblasts persist
throughout life and are able to respond to injury by secreting tertiary dentin, their
number and ability to produce dentin significantly decreases with age, posing a

challenge to regenerative dentistry. If the primary odontoblasts are lost, pulp-derived
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mesenchymal cells are induced to differentiate into odontoblast-like cells, forming
reparative dentin. DPSC have previously been shown to successfully differentiate
towards osteogenic and odontogenic fates®*?° and have been characterized in detail®.
Unfortunately DPSC expansion and regeneration capacity is limited?, showing a
dramatic decrease in regenerative capacity with increased age®. Thus, the iOB protocol
described here provides a model essential to study genetic diseases affecting dentin
formation, interlayer communication involved in odontogenesis, as well as regeneration
of tooth dentin structure.

Odontoblasts are believed to develop through reciprocal, repeated signaling
interactions with the dental epithelium derived ameloblasts. Our signaling pathway
analysis indicates that the majority of signaling ligands critical for odontoblast
development are produced by the dental epithelium derived inner enamel epithelium
and pre-ameloblast at early and late tooth development, respectively. Interestingly, the
bulk of BMP signaling ligands received by the POB as it transitions to OB are secreted
by the SOB, indicating a supportive role for this novel cell type in human OB
development. While previous studies have focused on the role of a single signaling
pathway, many others have highlighted the importance of crosstalk between pathways
in tooth development and maintenance™''*, Our predictive pathway analysis highlights
not only the primary pathway responsible for each stage, but ranks the other pathways
involved, meaning that our study will facilitate the investigation into both previously
identified and yet undescribed crosstalks in driving forward development. The detailed
analysis we have provided in this study will facilitate more detailed and informed studies

on degenerative dental diseases and can lead to the development of more effective

48



ways to mitigate or reverse tooth loss. Furthermore, our work with Al-designed, de novo
receptor mini-binders that specifically bind and either activate or inhibit target receptor
signaling™*™% now reveals a novel, highly simplified method to identify the exact
stage-specific signaling pathway required in the differentiation process. The method
described in this study using the de novo FGFR-minibinder to unravel the FGFR
pathway requirement in odontoblast maturation will be generally applicable and specific
to any signaling pathway analyzed in differentiation of normal and disease organoids.

Future studies focused on co-culture of the iOB described here with our lab’s
HiPSC-derived ameloblasts (iAM)™® will provide an unprecedented tool for studying the
signaling patterns exchanged between these tissue types during tooth development,
likely resulting in further maturation of both cell types.

Though DLX3 has been shown to be expressed in murine neural crest cells, our
study illustrates this transcription factor is not required for differentiation of human
induced pluripotent stem cells to neural crest fate. Our findings support previous murine
models indicating loss of DLX3 results in downregulated expression of odontoblast
marker DSPP. Further, we show that DLX3 mutants have inhibited mineralization
capacity, indicating odontoblast maturity is arrested by loss of this transcription factor.
Importantly, our findings indicate that loss of DLX3 impacts odontoblast development at
the POB stage, deepening our understanding of DLX3’s role in human odontoblast
development and taking the field one step closer to developing therapies for
Tricho-Dento-Osseous Syndrome.

The overall significance of this study is threefold: 1) providing unprecedented

insight at the single cell level into cell types of the developing tooth dental
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ectomesenchyme; 2) applying the revealed molecular signaling that controls human
odontoblast cell lineage commitment during differentiation to generate a HiPSC-derived
odontoblast differentiation method (iOB); 3) utilizing the iOB tool to study the molecular
mechanism of human odontoblast differentiation in states of health and disease in order

to design appropriate therapies.
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Figure 1. A single cell atlas of the developing human fetal jaws, teeth, and salivary glands tissues via sci-
RNA-seq. Human tooth and salivary gland exhibit stepwise developmental processes (A). The oral epithelium
(colored in red) will give rise to the epithelial components of teeth and salivary glands, while the condensed dental
ectomesenchyme (DEM, colored in grey) will give rise to the mesenchymal component of these tissues. TG:
toothgerm, DF: dental follicle, DP: dental papilla, P-de: pre-dentin, De: dentin, En: enamel matrix. (B) Human fetal
tooth germs and salivary glands were dissected in a stage-specific manner from human fetal jaw tissue. The young
fetal jaws, 9-11 gestational weeks were segmented into anterior segments (dotted box, which span from canine-to-
canine region), and posterior jaw segment pairs (dotted box) and sequenced independently. For older fetal jaws, 12-
22 gestational weeks, individual toothgerms and submandibular salivary glands were dissected (C) Density plots of
the clustered sci-RNA-seq data highlight the location of each tissue type in the same UMAP coordinate in D. The
UMAP graph (D) yielded 20 annotated clusters from all sequenced data. (E) Immunofluorescence staining of
developing toothgerms tissue sections with anti-Krt5 (green) that specifically mark the dental epithelial morphology
throughout the developmental stages. Counterstained with the nuclear staining DAPI (blue). To establish expression
of known odontoblast and ameloblast markers in our tissue, immunohistochemistry was performed on human fetal
toothgerm at 20gw using dentin sialophosphoprotein (DSPP) and ameloblastin (AMBN) respectively. As expected
(Fig. 2B; S.Fig.1A), all oral epithelium derived tissue was visualized by KRTS (green) (Fig. 1F-M), ameloblasts by
AMBN (Fig.1F-I) (pink), and odontoblasts by DSPP (Fig.1J-M) (pink). We observe mirrored expression patterns of
AMBN and DSPP between the ameloblast and odontoblast (Fig. 1G,H; Fig.3H,Q,Y) consistent with previous studies
illustrating reciprocal expression between these two developing cell types. Scale bars: 50um.

63



UMAP 2

UMAP 2

organization connective
morphogenesis chemotaxis signal communication junction

PRRX1 - projection structure adhesion signaling membrane
DP, HEY1
25 5 THY1 s structure metabolic actin posttranscriptional activation growth
- signaling cytokine fiber oxygen cytoskeleton stress
ALPL
0.0 signaling communication
’ OB IGFBPS_* migration motility adhesion morphogenesis transmembrane
extracellularencapsulating formation gastrulation structure
FGF10__
= membrane growth junction migration actin motility signaling
. SOX5 ion structure projection adhesion
FBN2 — D
chemotaxis signaling growth metabolic dermatan
DSPP__ ————  morphogenesis structureprojection membrane ion
50 DMP1 % fiber connective tooth
SALL1 — biomineral organization morphogenesis ossification growth
5 o 5 —— encapsulating structure odontogenesis
UMAP 1 NES | age_score expression  age score  age group
Dental Papilla (DP) @ Dental Ectomesenchyme (DEM)coL1a1 0911w 4 100 100
. 12_13w
Preodontoblast (POB) ® Dental Follicle (DF) S100A13 14 16w
Odontoblast (OB Subodontoblast (SOB 17_19w
( ) ( ) B 20 22w
&4 D 9-11gw 12-13gw 14-16gw
pseudotime
15 & ?
26 * H H H i
5 i . H i d
0 ¥ s Y
¥ %
).0 T T )
17-19gw 20-22gw
i ¥ ¥
g
% 2
]
5.0

PRRX1 IGFBPS SALL1 DF
FGF10
DEM
DP
[ ; DF >
DP
DF
DEM
DEM . DF DP 0B
2 4 6 3 6 9 2 4 6 1 2

PRRX1mer IGFBP5™" PRRX 1™ SOX5M SALL1"" FGF 10 DSPpPran
IGFBP5- SALL1- KRT5- DSPP-KRT5- KRT5- KRT5-

uwe 1 e

DF
DEM
OB
1
ASOB
POB
POB S0B
25 50 75 1 2 3
FBN2"" SALL{™ IGFBP5™" SALL1M»
KRTS- DSPP- KRT5-
® DEM
® DF
POB
SOB

OB



Figure 2. Cell types identified by sciRNAseq are present at specific spatio-temporal stages of tooth
development in vivo. (A) UMAP graph of subclustered molar and incisor tooth germ type dental mesenchyme
derived cells from the total dataset identified 6 transcriptionally unique clusters including dental papilla (DP),
preodontoblast (POB), odontoblast (OB), subodontoblast (SOB), odontoblast (OB), dental ectomesenchyme (DEM),
and dental follicle (DF). (B) A custom heatmap was generated to identify the marker genes specific to each cluster,
the top associated GO-terms to characterize cluster function, and calculated Age Score per cluster. (C) Pseudotime
trajectory analysis for dental mesenchyme derived cells suggest two progenitors DP and DEM (blue), that give rise to
differentiated OB (yellow). (D) Real-time density plots indicate migration of cells from early progenitor populations
DEM and DP at 9-16gw to differentiated DF, POB, SOB and OB at later development 17-22gw. (E) Simplified
differentiation trajectory tree illustrating a common PRRX1+ progenitor gives rise to both DP and DEM. In the OB
lineage (red), DP gives rise to POB, followed by OB, with a suggested SOB transitioning through POB-like state
before giving rise to OB; and DF lineage (grey), of DEM giving rise to DF. (F) RNAscope Multiplex in situ for DEM
(PRRX1+), DP (SOX5+FGF10+SALL1+) and DF (IGFBP5+). (G) RNAscope map for marker combinations
corresponding to individual dental mesenchyme clusters at 80d shown in aggregate in Figure 2F (black arrows
indicate DF within the dental pulp). (H) RNAscope Multiplex in situ for OB (DSPP+), SOB (IGFBP5+SALL1+), POB
(FBN2+SALL1+), and DF (IGFBP5+). (I) RNAscope map for marker combinations corresponding to individual dental
mesenchyme clusters at 117d shown in aggregate in Figure 2H (SOB beneath OB at incisal edge (black arrow) and
intermingled with POB (red arrow)). (J) A diagram of the developing dental mesenchyme derived cell types of the
human tooth germ. At cap stage (12-13gw) the dental pulp consists of DP cells with DEM with sparse DF within; DF
surrounds the developing toothgerm. (K) By bell stage (17-22gw), the dental pulp consists of OB at the incisal edge,
SOB and POB with small contributions of the DEM and DP. Dental epithelium derived enamel organ is indicated by
KRT5 (green, F and H; grey G and I).
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Figure 3. Spatial Expression of Odontoblast and Ameloblast Markers Differs Markedly from Early to Late
Toothgerm Development. Ameloblast markers amelogenin (AMELX) and ameloblastin expression begins in the
ameloblast after the early bell stage (A-J, K-R). Similarly, odontoblast marker dentin sialo phosphoprotein (DSPP)
begins in the odontoblast after the early bell stage (S-Y). Heatmaps of expression over time of AMELX (E), AMBN
(O), and DSPP (W). AMELX, AMBN and DSPP show mirrored expression patterns in ameloblasts and odontoblasts at
late bell stage (H,Q,Y). Abbreviations: preodontoblast (POB), odontoblast (OB), preameloblast (PA) ameloblast (AM),
incisal edge (IE), cervical loop (CL). Scale bars: 50pum.
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Figure 4. Top signaling pathways of odontoblast
differentiation trajectory. (A) Downstream signaling
pathways ranked by activity in odontoblast differentiation
indicate FGF and BMP are critical to the DP as it transitions to
POB; HH, BMP and NOTCH are the most active as POB
transitions to OB. (B) Diagrams illustrate the dental epithelium
and ectomesenchyme derived cells present during early tooth
development (9-16gw) and late tooth development (17-22gw),
and the suggested ligand sources for each pathway during the
transition from DP to POB and POB to OB. Note that the far
right image is an inset of the whole toothgerm focused on the
incisal edge. The majority of FGF and BMP signaling ligands
are produced by the dental epithelium derived EK and IEE,
with  BMP ligands also produced by the dental
ectomesenchyme derived DEM and DP during the transition
from DP to POB. During the transition from POB to OB, the
dental epithelium derived PA and AM produce much of the
FGF, BMP and HH signaling ligands; a smaller contribution of
FGF ligands is made by the SOB and autocrine signaling from
the POB. (C) The sources of critical signaling ligands for the
top pathways involved for each developmental stage originate
from both the dental epithelium and mesenchyme derived
tissues, with the thickness of the line indicating the number of
ligand: receptor interactions, arrowheads indicating the cell
possessing the receptor, and interactions of interest (red) and
between support cells (black). (D) Heatmaps for the top
pathways were generated by aggregating pathway ligand
gene expression, which is then averaged per cluster.
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Figure 5. HiPSC-derived odontoblast differentiation guided by sci-RNA-seq (iOB) produces mature
odontoblast cells. (A) Schematic of the 11-day neural crest differentiation protocol (iNC) as described previously
(Studer). (B) 98% of cell differentiated towards neural crest fate express neural crest marker p75 (CD271) as assessed
by magnetic cell sorting. (C) Immunofluorescence staining of INC show expression of neural crest markers p75 in the
cytoplasm and AP-2a localized to the nucleus. (D) iINC show upregulated expression of neural crest markers PAX3 and
SOX10 as assessed by QRT-PCR compared to undifferentiated HiPSC control. Each study was performed in triplicate,
with error bars representing SEM. (E) Schematic of the 15-day differentiation protocol produced, which targets the
identified signalling pathways utilizing growth factors and small molecules to transition through the odontoblast
developmental trajectory. iINC cultured in odontogenic media and treated with FGFR superagonist minibinder (iOB)
show decreased expression of neural crest markers PAX3 and SOX10 (F) and upregulated expression of odontoblast
markers MSX1, DSPP and S100A13 (G) as assessed by QRT-PCR compared to undifferentiated HiPSC control. Each
study was performed in triplicate, with error bars representing SEM. (H) Immunofluorescence staining of iOB shows
DSPP present in the cytoplasm or secreted from the cell. (1) HIPSC and iOB were stained for

extracellular calcifications with Alizarin Red Stain. Spectrometric quantification of Alizarin stain normalized to HiPSC
control shows iOB have enhanced mineralization capacity. *p < 0.05;**p < 0.01; ***p<0.001.
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Figure 6. Loss of disease associated transcription factor DLX3 inhibits odontoblast maturity in vitro. Sanger
sequencing results of DLX3 knock-out mutant line compared to HiPSC shows initial 54% of cells possess a single base
pair deletion at site 374 with removal of a single glycine nucleotide. This population transitions to 84% after odontoblast
differentiation (B). Solid black line indicates guide RNA (gRNA) sequence; black dotted line indicates cut site; red
dotted line indicates PAM sequence. (C) Presence of DLX3 protein was evaluated by Western Blot, showing loss of
protein in the mutant line. (D) Mutant cells were differentiated towards neural crest fate as described previously and
showed the same 98% efficiency of producing p75+ cells during magnetic cell sorting. DLX3 mutants show unchanged
expression of neural crest markers PAX3 and SOX10 compared to iNC (E) with significantly decreased expression of
odontoblast marker DSPP (F) compared to iOB as assessed by QRT-PCR. Each study was performed in triplicate, with
error bars representing SEM. The loss of DLX3 on mineralization capacity was evaluated by Alizarin Red Staining (G).
Spectrometric quantification of Alizarin stain normalized to HiPSC control shows DLX3 mutants have mineralization
capacity similar to control (H). (I) DLX3 expression in human dental ectomesenchyme derived cells over time. p < 0.01;
***p<0.001.
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Supplemental Figure 1. Expression of known marker genes for dental ectomesenchyme derived cell types.
(A). Heatmap of known marker gens for dental ectomesenchyme derived cell types. (B). Heatmap of expression over
time of dental follicle marker IGFBP5 and subodontoblast markers SALL1 (C). Gene density plot of shared DP and
DEM progenitor marker PRRX1 (D). Cell cycle scoring of dental mesenchyme derived cell types. Mappings for dental
mesenchyme-derived cell types at 80d replicate (E) and 117d replicate (F) identified by analysis of RNAscope
images which show mapping for SOB, DF, DEM, OB, and POB cell types. (G) Top marker genes for dental
ectomesenchyme derived cell types .
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Supplemental Figure 2. Individual channels of merged RNAScope images in Fig 2F and H. A and H) SOX5; B
and |) FGF10; C and J) PRRX1; D and K) SALL1; E and L) FBN2; F and M) IGFBPS5; G and N) DSPP in 80d and
117d incisor toothgerms respectively. Scale bar = 100 ym.




Supplemental Figure 3. Individual channels of mapped RNAScope replicate images in Fig 2F and H. Mappings
for dental mesenchyme-derived cell types at 80d replicate (A and B) and 117d replicate (C and D) identified by
analysis of RNAscope images which show mapping for SOB, DF, DEM, OB, and POB cell types.
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Supplemental Figure 4. Expression of DSPP protein and mineralization capacity of various odontoblast
treatments. (A) Schematic of the 15-day differentiation protocol produced, which targets the identified signaling
pathways utilizing growth factors and small molecules to transition through the odontoblast developmental trajectory.
Treatments activated FGF signaling by supplementation of media with either FGFR superagonist minibinder, basic FGF
(bFGF or FGF2), FGF8Db; inhibited FGF signaling by supplementation of media with FGFR antagonist minibinder; or
were not treated with FGF. (B) Immunofluorescence staining of treated cells shows DSPP present in cells treated with
FGFR superagonist. (C) Quantification of DSPP integrated density normalized to DAPI shows a two-fold increase in
DSPP expression in cells treated with FGFR superagonist compared to those treated with bFGF. (D) Differentiated
cells were stained for extracellular calcifications with Alizarin Red Stain. (E) Spectrometric quantification of Alizarin
stain normalized to HiPSC control shows iOB treated with FGFR superagonist have significantly increased
mineralization capacity. p < 0.01; ***p<0.001.
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Sciences

A. Personal Statement

My passion for research was ignited as a high school junior in the Robert Wood
Johnson Foundation’s Young Epidemiology Scholars competition. Science provided me
with the tools to answer something previously not known, and being a finalist in the
competition allowed me to experience the knowledge sharing and camaraderie of a
scientific conference for the first time. | was hooked. My gusto for conducting science
and disseminating knowledge has only grown through my experience as a Research
Associate at the Pacific Northwest National Laboratory and as a student in the dual
DDS/PhD at the University of Washington School of Dentistry.

The impact of translational research on my patient population became clear to me
upon my simultaneous research rotation performing genetic sequencing of the
periodontal pathogen Tannerella forsythia under Dr. Jeffrey McLean and treating
patients in the dental clinic at various stages of the “tooth cycle of death”, wherein a
tooth with a cavity is restored with a filling, which then has a recurrent cavity requiring
further restoration, until a tooth finally requires removal and replacement with a dental
implant. This coupled experience in genetic sequencing and desire to provide patients
with clinical restorations that would exit them from the “tooth cycle of death” bloomed
my interest in the field of regenerative dentistry.

| began studying development and cell fate commitment via human induced
pluripotent stem cell differentiation under Dr. Hannele Ruohola-Baker at the Institute for
Stem Cell and Regenerative Medicine (ISCRM). In addition to state-of-the-art facilities
and training, as a member of the Ruohola-Baker lab | am also a member of the ISCRM
community, which is rich with opportunities to develop into a productive and

75



independent dentist-scientist through oral research presentation, biomedical ethics, and
interdisciplinary collaboration. | have also had the opportunity to mentor multiple
undergraduate and dental students through research rotations in our lab, which has
cemented my desire to continue teaching academically and foster a diverse community
of incoming dentists and researchers.

My long-term research interests involve the development and cell fate commitment
of odontogenic cells in order to regenerate oral tissues, and how disruption of these
processes contribute to human oral disease. Ultimately, my goal as a dentist-researcher
is to remain in academia. | intend to pursue a tenure-faculty track where | am able to
have my own lab, teach, and practice evidence-based dentistry. The training described
in this proposal will aid me in becoming an academic clinician who will have a profound
impact on patient’s lives through cutting edge treatment; the next generation of students
through passionate education; and the field of regenerative dentistry by supporting an
active member of the community.

Citations:

1. Hanson-Drury S, et al. The signaling pathways that determine human tooth
germ type: FGF is critical to odontoblast formation and incisor vs molar
formation. Manuscript in preparation.

2. Alghadeer A, Hanson-Drury S, et al. Human iPSC Derived Enamel Organoid
Guided by Single Cell Atlas of Human Tooth Development. Cell Stem Cell,
Manuscript submitted July 2022.

3. Ehnes, D, Alghadeer A, Hanson-Drury S, et al. Sci-Seq of human fetal salivary
tissue introduces human transcriptional paradigms and a novel cell population.
Frontiers in Dental Medicine. Manuscript submitted March 2022.

4. Hanson-Drury S, To TT, Liu Q, Vo AT, Kim M, Watling M, Bumgarner RS, Mclean
JS. Draft genome sequence of Tannerella forsythia clinical isolate 9610. Genome
announcements. 2017 Mar 23;5(12).
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Dental Associate  Bainbridge General 02/2020 Current Nicholas
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DMD
Doctoral Trainee  ISCRM Regenerative 06/2018 Current Hannele
Dentistry Ruohola-Baker
, PhD
Research Fellow UWSOD Periodontics  06/2016 03/2017 Jeffrey  Scott
McLean, PhD
Dental Assistant  Seattle Dental General 10/2013 05/2015 Joseph
Dentistry Zimmer, DDS,
MAGD
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Research PNNL Toxicology 11/2011 03/2013 Justin
Associate Teeguarden,
PhD

Academic or Professional Honors

AWARD, HONOR OR | SPONSORING ORGANIZATION YEAR
SCHOLARSHIP RECEIVE
D
Fellow Achievement Rewards for College 2019
Scientists (ARCS) Foundation
Outstanding Senior Award American Academy of Orofacial Pain 2019
Quintessence Award for Clinical UWSOD 2019
Achievement in Research
Service Award UW Office of Educational Partnerships & 2019
Diversity
Graduate Student Poster UWSOD 2017
Competition, 3" Place
Psi Omega Scholar UWSOD 2016, 2017
Top Scholar Award UW Graduate School Fund for Excellence 2015
and Innovation
Perry J. Gehring Award Society of Toxicology 2013
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15! Place
President’s List Western Washington University 2010
Honors Program Western Washington University 2009-2011
President’s List Columbia Basin College 2008
Dean’s List SUNY Stony Brook University 2007
Women In Science and Engineering SUNY Stony Brook University 2007-2008
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Young Epidemiology Scholars, Robert Wood Johnson Foundation 2006

Regional Finalist

Professional Memberships

International Association for Dental Research International Society for Stem Cell Research
American Dental Association Washington State Dental Association
Seattle-King County Dental Association Washington Academy of General Dentistry

C. Contributions to Science
1. High School Research: Under the mentorship of Dr. Joseph Montgomery at
Columbia Basin College | designed a complex survey instrument that was
reliable, tested my hypothesis, and factored important metrics (e.g. social
interactions, body mass index, health status); implemented the survey to
approximately 80 high school students; performed statistical analysis; and
presented the results of my first study.
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a. Hanson-Drury S, Montgomery J. Dating and Friendship Relationships
and Overweight/Obesity Status: Significant Associations in High School
Students. Young Epidemiology Scholars Competition; Washington, DC;
2006.

2. Undergraduate Research: As an undergraduate accepted into the PNNL’s
Student Undergraduate Laboratory Intern program in Dr. Richard Corley’s lab, |
planned and implemented multiple molecular and biological techniques to
develop the pharmacokinetic parameters to describe metabolism of carcinogens
benzo[a]pyrene (B[a]P) and dibenzo[def,p]chrysene (DBC) in rodents and
humans. | independently performed rodent dissections, synthesized microsomes,
and completed general metabolism studies involving extractions and
high-performance liquid chromatography analysis. During my time in the lab, |
obtained kinetic parameters that were critical to revising preliminary
physiologically based pharmacokinetic (PBPK) models to facilitate extrapolations
to realistic human exposures.

a. Hanson-Drury S, Crowell SR, Soelberg J, Williams DE, Corley R. In Vitro
Metabolism of Benzo[a]pyrene and Dibenzo[def,p]chrysene in Rodents
and Humans. Pacific Northwest National Laboratory Undergraduate
Poster Competition; Richland, WA; 2011.

Upon completion of my undergraduate degree, | returned to PNNL as a
Research Associate. In addition to my continued work in Dr. Corley’s lab on the in
vitro metabolism of B[a]P and DBC and development of mammalian life stage
PBPK models, | joined Dr. Justin Teeguarden’s lab executing a systematic review
of “low dose” Bisphenol A health effect studies, collecting, organizing, and
presenting exposure/dosimetry data to establish a standard for reporting toxicity
data based on human exposure, rather than subjective terms such as “low dose”.

b. Teeguarden JG, Hanson-Drury S. A systematic review of Bisphenol A
‘low dose” studies in the context of human exposure: A case for
establishing standards for reporting “low-dose” effects of chemicals. Food
and chemical toxicology. 2013 Dec 1;62:935-48.

c. Teeguarden JG, Hanson-Drury S, Fisher JW, Doerge DR. Are typical
human serum BPA concentrations measurable and sufficient to be
estrogenic in the general population? Food and chemical toxicology. 2013
Dec 1;62:949-63.

d. Crowell SR, Hanson-Drury S, Wiliams DE, Corley RA. In vitro
metabolism of benzo [a] pyrene and dibenzo [def,p] chrysene in rodent
and human hepatic microsomes. Toxicology letters. 2014 Jul
3;228(1):48-55.

3. Graduate Research: As a dual PhD/DDS student at the UWSOD | rotated in Dr.
Jeffrey McLean’s lab to study Tannerella forsythia, one of three members of the
“red-complex” of periopathogens associated with development of periodontitis.
Due to T. forsythia’s fastidious growth requirements, relatively little was known of
its inter-microbial relationships and virulence mechanisms. | cultured, sequenced
and performed comparative genomics of T. forsythia clinical isolate 9610. This
work identified and phylogenetically placed a novel draft genome sequence of T.
forsythia clinical isolate 9610. Importantly, | identified the presence of
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valine-glycine repeat protein G, a puncturing component of the type VI secretion
system used by Gram-negative bacteria to deliver effectors unto target cells via
direct cell-cell contact. This study significantly provides insights that enables
further study into the role of T. forsythia in the initiation and progression of
periodontal disease.

a. Hanson-Drury S, To TT, Liu Q, Vo AT, Kim M, Watling M, Bumgarner RS,
Mclean JS. Draft genome sequence of Tannerella forsythia clinical isolate
9610. UWSOD Graduate Poster Competition; Seattle, WA; 2017 and
International Association of Dental Research; San Francisco, CA; 2017.

In my 4™ year of dental school, | rotated in Dr. Hannele Ruohola-Baker’s lab at
the UW Institute for Stem Cell and Regenerative Medicine studying the signaling
pathways involved in the induction and differentiation of ameloblasts, the oral
epithelium derived cells responsible for enamel secretion. Loss of dental enamel
is irreversible in nature due to the death of ameloblasts following tooth eruption. |
developed a novel differentiation protocol for human induced pluripotent stem
cells (HiIPSC) to oral epithelium. This project importantly produced a consistent
and efficient maintenance, culture, and differentiation protocol; determined key
molecular signaling factors bone morphogenic protein 4 (BMP4), smoothened
agonist (SAG), and fibroblast growth factor 10 (FGF10) in the differentiation
process; and identified unique transcription factor Pitx2 expressed by mature oral
epithelial cells. Identifying key differentiation signaling molecules involved and
specific markers for the oral epithelium significantly took the dental regenerative
field one step closer to bioengineering enamel from HiPSC derived ameloblasts.

b. Hanson-Drury S, Alghadeer A, Zhao YT, Mathieu J, Ruohola-Baker H.
From HIiPSC to Oral Epithelium: Identifying the Signaling Molecules
Required to Generate Oral Epithelium from Human Induced Pluripotent
Stem Cells. UW Graduate Research Day; Seattle, WA; 2019.

Upon completion of my DDS, | joined Dr. Ruohola-Baker’s lab as a PhD doctoral
candidate where | continued my study of the signaling patterns responsible for
tooth development with the long-term goal of bioengineering natural tooth
structure. My current work generates a novel single cell atlas to assess
transcriptome heterogeneity and delineate cell lineage relationships in early
development, differentiation, and fate determination in the tooth germ via
single-cell combinatorial indexing RNA sequencing (sci-RNA-seq). The
differential gene expression observed in the ameloblast and odontoblast (the
ectomesenchyme derived cells responsible for dentin secretion) highlights the
transcriptional regulation of their differentiation and the need to identify the
underlying regulatory mechanisms involved in order to characterize these highly
specialized cell types, develop therapeutic practices, and optimize a novel
differentiation protocol of HIPSC to odontoblasts to produce a tooth organoid.

a. Alghadeer A, Hanson-Drury S, et al. A preliminary human gene
expression atlas of human tooth and salivary gland development via
sci-RNA-seq. Tooth Morphogenesis and Differentiation Conference;
Oxford, UK; 2019.
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HEALTH IN | CR H-P-DIR STUDYS PERIO CR
HOMELESSNESS
P-DIR STUDYS IN RESD CR MIND BRAIN BEHAVIOR CR
RESEARCH SEMINAR CR LIFECYCLE & REPRO CR
BLOOD & CANCER CR FNDNS DENTAL MED 3 3.8
ENERGY & HOMEOSTASIS [CR OPERATIVE DENT 3 3.4
ORAL HIST & EMB 2 4.0 FIXED PROS | 3.7
INTRO OPER DENT 3.6 CMPLT DENTURES 1 3.8
EVIDENCE-BASED DENT 3.7 DENT PRAC CONVRSTNS CR
RADIOLOGY THEORY 3.3 NAT BOARD REVIEW CR
HEALTH IN | CR HEALTH IN HOMELESSNESS CR
HOMELESSNESS
2017 [ DENT PRAC CONVRSTNS CR ORTHODONTICS 2 4.0
OPERATIVE DENT 4 3.9 INTRO ENDODONTICS 3.8
FIXED PROS 2 3.5 RMV PART DENTURES 2 3.9
COMPLT DENTURES 2 3.5 INT PEDIATRIC DENT 3.8
ORTHODONTICS 1 3.3 PERIODONTICS 3 4.0
ORAL PATHOLOGY 2 3.3 PT ADVOCACY 4.0
YEAR [ COURSE TITLE GRADE COURSE TITLE GRADE
2017 | RMV PART DENTURES | 3.7 HEALTH IN HOMELESSNESS CR
cont. | CLIN ORAL RADIOLOGY 3.9 PROS CLERKSHIP 3.7
PERIODONTICS 2 3.8 PERIO CLERKSHIP 3.7
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HEALTH IN | CR PT ADVOCACY 4.0
HOMELESSNESS
P-DIR STDYS IN RESD CR HEALTH IN HOMELESSNESS _CR
DENT PRAC CONVRSTNS CR FOUNDATIONS OF IPE CR
OPERATIVE DENT 5 3.5 OMS CLERKSHIP 4.0
FIXED PROS 3 3.6 PEDO ORTH CLERKSHIP 3.8
IMPLANT DENTISTRY 3.9 PT ADVOCACY 4.0
HEALTH IN | CR
HOMELESSNESS

2018 | FOUNDATIONS OF IPE CR HEALTH IN HOMELESSNESS CR
DXTX CLERKSHIP 3.9 ADV TOP GEN DENT 2 4.0
ORALM CLERKSHIP 4.0 GEN DENT CLINIC 2 4.0
PT ADVOCACY 4.0 TX PT SPC ND CLIN 2 CR
HEALTH IN | CR DENT URGENT CARE 2 4.0
HOMELESSNESS
FOUNDATIONS OF IPE CR DENTAL PHOTOGRAPHY CR
ENDO CLERKSHIP 3.7 P-DIRSTDYSINOD CR
OPER CLERKSHIP 3.8 HEALTH IN HOMELESSNESS  CR
PT ADVOCACY 4.0 ADV CONE BEAM CT CR
ADV TOPICS GEN DENT 3.5 INTRO TO CAD/CAM CR
P-DIR STUDYS DPHS CR

2019 [SERV LEARN ROTATION 3.8 4™ YEAR CLIN COMPS CR
ADV TOP GEN DENT 3 4.0 SURGICAL PERIO CR
GEN DENT CLINIC 3 3.9 CLINIC MAGNIFICATION CR
TX PT SPC ND CLIN 3 CR DIRECT GOLD RESD CR
DENT URGENT CARE 3 4.0 BIOSTAT IN DENTISTRY 3.8
ADV TOP GEN DENT 4 4.0 RESEARCH TECHNIQUES 4.0
GEN DENT CLINIC 4 3.8 MOLECULAR BIOLOGY 3.7
TXPT SCND CLIN 4 CR OHS SEMINAR CR
DENT URGENT CARE 4 4.0 RESEARCH TECHNIQUES 4.0
ORAL IMMUNOLOGY 3.7

2020 [ADV ORAL MICRO 4.0 DIRECTING STEM CELLS 4.0
OHS SEMINAR CR INDEPENDENT STDY/RSCH 4.0

2021 | MOLECULAR BIOLOGY LAB [ 4.0 OHS SEMINAR CR
DOCTORAL DISSERTATION 4.0

2022 | DOCTORAL DISSERTATION |[4.0 OHS SEMINAR CR

UWSOD grades using a 4.0 scale with letter equivalents. A=3.0-3.9, A-=3.8-3.5,
B+=3.4-3.2, B=3.1-2.9, C+=2.4-2.2, C=2.1-1.9, C-=1.8-1.5, D+=1.4-1.2, D=1.1-0.9,
D-=0.8-0.7, E=0.0. Some courses were credit/no credit (CR/NC). Passing is C or

better. Grades for courses lasting longer than one quarter (QTR) were averaged.
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