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Abstract

Ameloblastoma (AM) is a benign but locally infiltrative epithelial odontogenic
neoplasm of the jawbones that may reach grotesque proportions and be highly recurrent if

inadequately removed. The BRAFV600E

mutation has been demonstrated as key molecular event
in its development, nevertheless, there are many queries about its aetiopathogenesis that are
yet to be answered. In this study, we aimed to integrate results from whole-exome sequencing
(WES) and RNA-sequencing in AM samples to identify novel candidate genes that may be
relevant to its pathogenesis. Thirteen-matched tumors were subjected to WES and RNAseq,
respectively, to detect gene mutations and gene expression profile, along to the presence of
gene fusions. Mutations were validated with sanger sequencing, whereas transcriptome results
were validated with qPCR. Results from both molecular techniques were merged in order to
identify novel candidate genes, that were biological validated with immunohistochemistry.
BRAF VY% mutation was present in 62% of the analyzed cases, and each AM presented at least
two or three mutations affecting cancer-driver genes. RNAseq showed different molecular
subgroups associated with an aggressive and cancer-related phenotype (epithelial-
mesenchymal transition-EMT and KRAS gene sets). No gene fusions were detected among the
cases. CDHII and TGM2, novel genes associated with EMT in AM, were selected and
validated in tissue. Both WES and RNAseq results showed gene alterations related to
proliferation, cell differentiation, and metabolic processes. These results show that AM share

many of the hallmarks of cancer secondary to the presence of oncogenic mutations or activation

of oncogenic signaling pathways.
Introduction

Ameloblastoma (AM) is a benign but locally infiltrative epithelial odontogenic

neoplasm of the jawbones that derives from the dental lamina rests. If untreated, it may reach



grotesque proportions, become disfiguring and risk damage to adjacent vital structures. It
usually recurs if inadequately removed, and the gold standard treatment is a complete excision
with negative margins ! . It corresponds to the most common odontogenic neoplasm in all
ethnic groups, representing 1% of all head and neck neoplasms. Its frequency shows geographic
variation, representing the second most common odontogenic tumor (following odontomas) in

America and Europe, and the most common in some countries of Africa and Asia 2.

The BRAF p.V600E mutation and the activation of mitogen-activated protein
kinases/extracellular signal-regulated kinases (MAPK/ERK) signaling pathways have been
demonstrated as key molecular events in the pathogenesis of AM, especially in mandibular AM
35, Dysregulation of the hedgehog (Hh) signaling pathway may participate in maxillary AM,
where mutation of SMO is the most frequent mutation !. Nevertheless, there are many queries
about AM aetiopathogenesis that are yet to be answered. This is a tumor than can reach huge
dimensions, it has a slow but persistent growth pattern, infiltrating medullary bone and,
although there is no evidence of cytological atypia at the histopathological level, there is a

small percentage of cases that metastasize (< 2%) °.

In this study, we aimed to integrate results from whole-exome sequencing (WES) and
RNA-sequencing (RNAseq) in matched-ameloblastoma samples to identify novel candidate
genes that may be relevant to its pathogenesis. Efforts should be made to reduce the significant
morbidity associated with this tumor’s surgical management. Therefore, the study of AM at the
-omics level, has the potential to identify new molecules that could be pharmacologically

targeted.
Materials and Methods

Tissue samples and processing



Thirty-three tumor samples from Nigeria stored in RNAlater™ solution (Invitrogen, Thermo
Fisher Scientific) were provided by AA. Approvals were obtained from the ethics committee
at the College of Medicine, University of Ibadan, Nigeria (UI/EC/15/0164), whereas MTA2718
and 08/S0709/70 are from the University of Sheffield Ethics Committee. All samples were
obtained in accordance with the Helsinki Declaration. The original diagnoses included four
ameloblastic carcinomas (ACs). After the pathological review of serial sections of the cases
made by CM and KH, there was a disagreement with the initial diagnosis of these four cases;
thus, a third internal blind examination was made by an oral pathologist . The final review
diagnosis concluded that all samples corresponded to AM, which was the criteria for the
following analyzes. Tumor-only samples were included in the current project as this
corresponded to a retrospective evaluation of the cases.

DNA and RNA extraction

Total DNA and RNA was extracted from tumors by manual macro-dissection using QIAamp
DNA Mini Kit (QIAGEN, Germany) and RNeasy Mini Kit (QIAGEN), respectively, following
manufacturer’s instructions and quantified using a NanoDrop spectrophotometer. A total of
40ul of DNA and of 25ul of RNA (both with at least 20ng/pl) from each tumor were sent to

Novogene (Cambridge, UK) to perform whole-exome and RNAseq, respectively.

Whole-exome sequencing and Data Processing

The library construction and sequencing processes were performed at Novogene (Cambridge,
UK) (Supplementary methods). In brief, the exome-enriched libraries were sequenced on the
[llumina (NovaSeq 6000 S4 platform) with 100x sequencing depth (equivalent to 12Gb data
output per sample) and paired-end reads with an average of 150 base pairs. Details about the
processing of the raw sequencing data are in Supplementary Figure S1A. In summary, raw files

were subjected to quality assessment, trimming and mapped to the Human Genome Version



GRCh38. The following analysis was performed with cloud-based Galaxy Europe’ and
consisted on duplicates removal, variant calling which includes filtering unreliable/poor quality
variants by working with a depth of coverage (DP) >30 and base quality score for the aligned
read (QUAL) >40 %. Finally, annotations of the variants were made with Ensembl’s Variant
Effector Predictor (VEP) ° in Rstudio, following a script that converted the variant calling
format (VCF) file to a mutation annotation format (MAF) (Supplementary methods).
Variants filtering and assessment workflow

Variant Filtration process was conducted in Rstudio (v.4.1.1) using a Maftools package '°, and
a Variant Validation process with visual inspection and direct sequencing. The former included
the visualization on the Integrative Genome Viewer (IGV) !! tool and the latter consisted of

assessing the mutations with Sanger Sequencing.

In Phase 1 Stage 1, all the common variants were removed based on population
frequency. Following the recommendations of the Association for Molecular Pathology
(AMP), American Society of Clinical Oncology and College of American Pathologists '* for
eliminating polymorphic or benign variants in the absence of paired normal tissue, a modified
cut-off of minor allele frequency (MAF) of 0.1% was applied. We defined variants with
population frequency < 0.001 in the African population from both 1000 Genomes '*, ExAC '*

and GnomAD exome v2.1 1

databases. In Phase 1 Stage 2 functionally insignificant variants
were removed. Only variants predicted to be damaging (D) and disease-causing automatic (A)
based on four in silico prediction tools such as SIFT (prediction = D)'6, PolyPhen2 (prediction
= D) 7, Mutation Taster (prediction = D and A) '® and CADD phred score > 25 ' were

included. Phase 2 Stage 1 consisted of excluding all false positive variants annotated in ClinVar

20 as “benign” or “likely benign” (Figure 1).


http://useast.ensembl.org/info/docs/tools/vep/index.html
http://useast.ensembl.org/info/docs/tools/vep/index.html

Identification of somatic mutations and cancer driver genes

Maftools package was used in Rstudio (v.4.1.1) to summarise, analyze and visualize the
mutation set, including the summary of the somatic mutational landscape of ameloblastoma,
mutational signatures and the oncoplot of the mutated cancer driver genes. Phase 2 Stage 2
consisted of identifying somatic mutations based on the annotations given by VEP’s output.
For the identification of cancer driver genes, a list of genomic variants obtained from Phase 2-
stage 1, was uploaded to the open-web platform Cancer Genome Interpreter (CGI)

(https://www.cancergenomeinterpreter.org/home) 2!. Variants present in at least three tumors

and/or based on previously known involvement of the implicated genes as cancer driver genes
were selected for further validation (Figure 1).

Mutation signature analysis

Maftools package bases the analysis of mutation signatures, characterized by a specific pattern

of nucleotide substitutions, on Alexandrov et al analysis 2.

Pathway enrichment analysis

For the pathway enrichment analysis and visualization, the protocol stated by Reimand et al.
was followed 2* (Supplementary methods). The statistical threshold used was p < 0.05, and the
data sources for the analysis were: Gene ontology (GO molecular function and GO biological
process) and biological pathways (Kyoto Encyclopedia of Genes and Genomes-KEGG,
Reactome and WikiPathways). Clusters of nodes were created using AutoAnnotate Cytoscape

application. The names of the clusters were annotated manually for clarity.
In silico protein-protein interactions

In silico protein-protein interaction (PPI) from the lists of somatic mutations (obtained in Phase

2 Stage 2) was performed in Cytoscape 3.9.1 Desktop using STRING database 2*. Clustering


https://www.cancergenomeinterpreter.org/home

was performed using MCL cluster mode in clusterMaker2 app 2° with a granularity parameter

(inflation value) of 3, array source set to stringdb::score and edge weight cut-off set to 0.4.
RNA-sequencing and Data Processing

The data processing was performed with cloud-based Galaxy Europe 7. FASTQ files were
subjected to FASTQC and Cut adapt tools, for the quality control and the trimming of the low-
quality sequences, respectively. The alignment was performed using HISAT?2, with the Human
Genome Version GRCh38 as a reference. The feature Counts tool was used to count the number
of reads per annotated gene and DESeq2 for the Differential Gene Expression analysis
(Supplementary Figure S1B) For the visualization of the results, heatmaps of the differential
expressed genes (DEGs) among different phenotypes were created with heatmap2 with
Euclidean distance method and complete clustering method. A significance threshold of p-
value <0.05 and a fold change of 1.2 (1.2<FC<-1.2) were used. The unsupervised hierarchical
analysis was conducted using Cluster 3.0 for Windows 2¢ between the tumor samples and
visualized using Java TreeView 1.2.0 for Windows *’. The ameloblastoma expression data were
submitted to the Gene Expression Omnibus microarray database (accession number

GSE263944).
Gene set enrichment analysis (GSEA)

Gene Set Enrichment Analysis (GSEA) was conducted using GSEA software v4.1.0
from the Broad Institute (Cambridge, MA, USA) ?® and the molecular data was assessed with
the gene set databases “Hallmarks” (h.all.v7.5) and “all curated gene sets” (c2.all.v7.4);
available via the Mutational Signatures Databases (MSigDB). All databases were analyzed

with a threshold of FDR < 0.25 and nominal p < 0.05.



Pathway enrichment analysis

In general terms, this analysis was similar to the one above described for WES. The protocol
stated by Reimand et al. was followed **, with mild changes such as the definition of the gene
list of interest (a ranked list from all available genes downloaded from the DEGs analysis made
in Galaxy EU was used). For the pathway enrichment analysis, the gene set databases assessed

included “all curated gene sets” (c2.all.v7.5.1) was used.
Fusion transcripts

STAR-Fusion was applied to detect fusion transcripts »°. As part of the STAR-Fusion
software, Fusion Inspector was used for the IGV validation and annotation. The criteria
determined by Chang et al. were followed, in which only fusion read counts > 10 were included.
The sum of the “Junction Read Count” and “Spanning Frag Count” gave the fusion read
number. If a fusion rearrangement was present in the same chromosome, the distance between

the left and right breakpoints had to be > 10 kb .
Molecular Analysis

Polymerase chain reaction (PCR) and Sanger Sequencing

Methods about DNA extraction and polymerase chain reaction (PCR) are detailed in
Supplementary methods. After purifying the DNA from the agarose gel or directly from the
PCR, 5 pul of DNA plus 5 pl of forward and reverse primers, were sent for Sanger Sequencing
to Eurofins Genomics (UK), and the sequencing results were sent in an ABI format. These
results were observed as chromatograms using the software Finch TV 1.4.0 version. Then, the
sequencing was analyzed with the nucleotide database BLAST

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to compare the query sequencing with primary

biological sequences.


http://blast.ncbi.nlm.nih.gov/Blast.cgi

Quantitative PCR (qPCR)

To validate the RN A-sequencing profiles, five genes were selected for JPCR. Gene expression
was quantified with a Rotor-gene Q real-time PCR cycler (Qiagen, UK) using SYBR Green
and TagMan methods (Supplementary Table S2). Three technical replicates were completed
for each condition. The method used to calculate the relative fold gene expression of samples
was the 222C normalized to B2M. Expression validation was calculated using Pearson in
GraphPad Prism 10.2.3 for Windows, GraphPad Software, Boston, Massachusetts USA,

www.eraphpad.com.

Immunohistochemistry

Paraffin-embedded tissue sections (S5um) were dewaxed, rehydrated, and endogenous
peroxidase was quenched with 3% hydrogen peroxide for 20 minutes. An antigen retrieval step
was undertaken using a steamer with 0.01M Sodium citrate buffer. Sections were blocked using
protein-free blocking solution for 30 minutes at room temperature before incubation with
primary antibody (diluted in serum) overnight at 4°C. Specific antibodies against CDHI11
(Invitrogen 32-1700) and TGM2 (HPA021019, Atlas Antibodies) were used. Secondary
antibody and avidin-biotin complex (ABC) provided with Vectastain Elite ABC kit were used
in accordance with the manufacturer’s instructions. Finally, 3,3-diaminobenzidine
tetrahydrochloride (DAB) was used to visualize peroxidase activity, and the sections were
counterstained with hematoxylin, dehydrated and mounted in DPX and imaged by light
microscopy. Results were considered positive when more than 40% of the total epithelial cells

within a single sample were stained with CDH11 or TGM2 3!,
Results

Ameloblastoma demographics


http://www.graphpad.com/

From the original cohort composed of 33 tumors, thirteen were whole-exome
sequenced after histopathological re-evaluation by pathologists (KH and CM) and confirming
that over 90% of the tissue represented tumor 2. Details about the demographic and clinical
information of the cases are shown in Table 1. The mean age for the thirteen tumors was 36.5
years, from which a case affecting a 4-year-old and a 68-year-old male represented the youngest
and the eldest, respectively. All thirteen cases of AM occurred in the mandible, from which
four cases were reported as bilateral. Only one case corresponded to an unicystic AM, whreas
the remaining were diagnosed as AM, conventional. The mean evolution time was 24 months.
Regarding the radiological features, ten tumors were described as multilocular, and three as
unilocular, ten tumors perforated the cortical bone, whereas 12 cases provoked root resorption
of the adjacent tooth/teeth. Eight patients were treated with a segmental resection, three with a
hemi-mandibulectomy and two with a mandible resection. Of the 13 cases, seven received an
immediate graft reconstruction. Three patients were lost during the follow-up. Representative

microphotographs of the tumors are shown in Figure 2.
Characteristics of the mutations
Variant filtering

The original recommendation of the Association for Molecular Pathology (AMP)!? to eliminate
polymorphic variants in the absence of paired normal tissue is a primary cut-off minor allele
frequency (MAF) of 1% (0.01). However, when this was applied, the number of remaining
variants was too high. Therefore, a stringent threshold was applied (MAF >0.001). Based on
the population frequency, the WES pipeline was critical to remove variants that corresponded
to polymorphisms or were benign/tolerated. Each sample typically began with ~26,000/27,000
variants before the filtering scheme (Supplementary Table S3). Phase 1 Stage 1 of the pipeline

(Figure 1) removed approximately ~25,000/26,000 variants. Phase 1 Stage 2 removed



~1,100/1,200 variants that were predicted to have no functional significance. Around ~600
variants per sample were not annotated by these prediction tools; but they were not removed to
avoid losing possible interesting and novel variations and for posterior analysis. Phase 2 Stage
1 removed ~120 variants reported as “benign/likely benign” in ClinVar or “synonymous”. At
this point, the mean number of annotated and non-annotated variants per sample was 21 and
472, respectively. From these, according to VEP’s output a total of 202 annotated somatic

variants were identified across the 13 tumors (Supplementary Table S4).

Missense mutations represent the most common mutation type in ameloblastoma

Following the previous analysis, only annotated somatic variants were included in this
assessment. Missense mutations represented the most common type and a median of 13 somatic

mutations per sample was identified (Supplementary Figure S2).

Mutational Signatures in ameloblastoma correlate with DNA mismatch repair

Signature analysis was performed in the Maftools package, and the three best-matched
mutational signatures were estimated using non-negative matrix factorization (NMF) and

compared against the updated version3 of 60 COSMIC signatures (single base substitution —

SBS-signatures) (https://cancer.sanger.ac.uk/signatures/sbs/). Figure 3A shows the mutational
signatures with their respective heatmaps of cosine similarities. Signature 1 found its match
with SBS31, in which prior chemotherapy treatment with platinum drugs is proposed as an
etiology. Signatures 2 and 3 found their best matches in SBS6, in which the proposed etiology

is defective DNA mismatch repair.

Enriched biological pathways from mutated genes in ameloblastoma are mainly associated

with cell proliferation, cell differentiation and regulation of cellular metabolic processes

The web-server g:Profiler was used to run the analysis from the list of genes obtained from

Phase 2 Stage 1 of the Variant Filtration Scheme. The resultant file was uploaded into


https://cancer.sanger.ac.uk/signatures/sbs/

Cytoscape software using the EnrichmentMap application. The obtained map was manually
edited to facilitate its interpretation. Figure 3B shows the resulting enrichment map and the
enriched Gene Ontology (GO) gene sets from the 13 whole-exome sequenced tumors. The final
module included 25 nodes organized in 6 clusters, associated with the metabolic processes,
apoptosis, cell differentiation, regulation of cell proliferation, immune response, and cell
adhesion Supplementary Table S5 contains the biological process information of each GO gene

set.

Protein-protein interaction (PPI) networks among somatic variants

Networks of PPIs give a framework for understanding the biological process and the
molecular mechanisms occurring in the pathogenesis of a disease. Main KEGG pathways are
clustered in light blue (MAPK pathway), blue (proteoglycans in cancer), red (osteoclast
differentiation) and green (ErbB signaling pathway) (Figure 3C and Supplementary Table S6).

Information about KEGG was retrieved from http://www.webgestalt.org/.

Each ameloblastoma carries an average of three mutations affecting cancer-driver genes

The list of genomic variants obtained from Phase 2 Stage 1, was uploaded to the open-
web platform Cancer Genome Interpreter (CGI). The results were compared with the
annotations from the Cancer Gene Census (CGC) of the Catalogue of Somatic Mutations in
Cancer (COSMIC) ** and OncoKB (https://www.oncokb.org). A total of 32 driver-cancer genes
were identified across the thirteen tumors (Supplementary Table S7). From these, 7 genes
(ASPM, CLSPN, SERPINB3, SIRPA, SVEPI, PABPC3 and MUC16) were excluded because
they were not annotated in the consulted in silico tools, or they were annotated as
tolerated/benign. SMO was manually added because of its known involvement in the
pathogenesis of AM. The SMO variant accomplished most of the criteria, however its CADD

score of 24.9 eliminated it at the end of Phase 1 Stage 2. A total of 26 cancer driver genes were


http://www.webgestalt.org/

identified across the 13 samples, including BRAF, CTNNB1, KMT2D, BCOR, ERBB3, PIK3R1
and ALK, among others (Figure 3D). Information about the signaling/related pathways of the

driver genes is available in Supplementary Table S8.

Variants Validation

Three genes (BRAF, CTNNBI and KMT2D) were validated because they were mutated in at
least three tumors and they have a known involvement in tumor progression. Firstly, variants
were inspected with the Integrative Genomics Viewer (IGV) ! to assess the presence of strand
bias (Figure 4 A, C and E). Supplementary Table S9 shows details of the total counts and the
percentages of the reads of each variant and their genotype. Secondly, all variants were
validated with Sanger Sequencing (SS) to confirm the mutations (Figure 4 B, D and F). All
BRAF and KMT2D mutations were validated, showing a concordance between WES and SS of
100% (Figure 4 B and D). In the case of CTNNBI, 1/3 mutations was not validated with SS,

thus represented a false positive (tumor 13) (Figure 4F).
RNA-sequencing

Despite an average RNA Integrity Number (RIN) number of 2.4 + 0.98 SD, only one tumor
failed the quality control test performed by the company (T31). Table 1 shows the
demographics, clinicopathological features and BRAF status of the included samples. To
validate the RNA-seq profiles five genes were selected for gPCR. Overall, a high correlation

between RNA-seq and gPCR results was found (R?= 0.7805; Supplementary Figure S3).
Ameloblastoma shows distinct transcriptome profiles

The relationship among the 12 tumor samples was first studied via unsupervised
hierarchical cluster analysis based on normalized transcript intensities and by applying

correlation as a distance method and average linkage method for clustering. Two distinct



molecular clusters were found in AM. Cluster 1 included five tumors (T9- T13), whereas

cluster 2 included seven tumors (T8, T16, T17, T19, T26, T29, T30). (Figure 5A).

A molecular sub-group of ameloblastoma shows enrichment of cancer-related gene sets

GSEA conducted between cluster 2 and cluster 1 showed that 2939 out of the 4754 gene
sets in the “c2: curated gene sets” (c2.all.v7.5.1) database were enriched in cluster 2. One
hundred and twelve gene sets were significantly enriched at FDR <25% and two hundred and
seventy-nine at a nominal p- value <5. In general, cluster 2 showed enrichment of the gene sets
associated with regulation of DNA replication, protein synthesis and oxidative phosphorylation
(Figure 5B). On the other hand, in cluster 1, one hundred and thirty-seven gene sets were
significantly enriched at FDR <25% and three hundred and eighty-four at a nominal p value
<5 , mostly related to carcinogenesis (Figure 5C) and EMT (Figure 5D and Supplementary

Table S10).

BRAF mutated vs. and BRAF WT tumors

A DEG analysis was performed comparing BRAF mutated (BRAFm) and BRAF WT
tumors. From a total of 28,394 annotated genes, 586 were differentially expressed at a p-value
<0.05 and a fold change 1.2. To visualize the relationship between the most differentially
expressed genes in AM with and without BRAF p.V600E mutation, a heatmap clustering of

the top 100 genes is shown in Figure SE.

BRAF WT ameloblastomas show enrichment of the epithelial-mesenchymal transition and

KRAS-signaling gene sets

Gene set enrichment analysis (GSEA) conducted between BRAF WT and BRAFm
showed that 31 out of the 50 gene sets in the Hallmarks database were enriched in BRAF WT.
Twelve gene sets were significantly enriched at FDR <25% and at nominal p value<5%,

including epithelial-mesenchymal transition (EMT) and KRAS-signaling gene sets



(Supplementary Table S11). Figure S5F shows representative hallmarks enrichment plots in
BRAF WT tumors. Conversely, 19 out of the 50 gene sets in the Hallmarks database were
enriched in BRAFm. However, zero gene sets were significantly enriched at FDR <25% and

only two gene sets were significantly enriched at nominal p <5% (data not shown).

Absence of Gene Fusions

None of the 12 tumors subjected to RNA-sequence passed the recommended criteria of
Chang et al. *° for fusion reads >10 and intrachromosomal rearrangement distance cutoff of
>10kb. Therefore, no fusion transcripts were identified in our AM cohort (Supplementary Table

S12).
Candidate genes identification and validation

As the EMT-gene set appeared enriched when comparing the tumors according to their
BRAF status and the unsupervised clustering analysis, the focus was analyzing the
overexpressed genes among this gene set. Within these genes, cadherin-11 (CDHII) and
transglutaminase II (7GM?2) were chosen for biological validation because of their known role
in tumorigenesis (breast, pancreatic, gastric cancer and thyroid, hepatocellular and ovarian

cancer, respectively) and unknown role in AM pathogenesis.

A validation cohort of AM samples from the Department of Oral Pathology of the
University of Sheffield was used. Immunohistochemical analyzes were carried out to examine
the expression of CDHI11 and TGM2 in human AM specimens. Results were considered
positive when more than 40% of the total epithelial cells within a single sample were stained
with against CDH11 or TGM2 3!. Cytoplasmic/membrane staining for CDH11 was observed
to be positive in 10/15 tumors (67%), whereas it was hardly detected in adjacent oral non-
tumorous stratified squamous cell regions. The monoclonal antibody showed specific

cytoplasmic immunoreactivity for CDHI11 in the neoplastic cells. Regarding the



immunostaining pattern, positive staining was seen in both the periphery and central cells of
the islands and cords of the neoplastic epithelium (Figure 6 A-F). On the other hand,
cytoplasmic staining for TGM2 was observed in 5/11 tumors (46%), with no expression in the
normal oral mucosa. Both weak, moderate, and strong cytoplasmic positivity was observed in

the neoplastic and stromal cells (Figure 6 G-K).
Discussion

Understanding the biology and behavior of AM is a huge challenge; however, with the
advancement of molecular biology techniques, there is a better understanding of the molecular
basis of this tumor. Nevertheless, many queries remain unknown, such as what drives the
pathogenesis in BRAF wild-type cases? Given the higher incidence in African populations **

33, are they molecularly different?

This study focused on characterizing the coding mutations and the transcriptome of AM
to identify novel genes and molecular pathways that may be relevant to its aetiopathogenesis.
To our knowledge, this is the first time that a series of African AMs have been subjected to
next-generation sequencing (NGS) techniques to characterize their genome. No other whole-
exome and RNA-sequencing in matched-samples have been published before. Moreover, no
transcriptome comparison between AM harboring BRAF p.V600E and AM BRAF WT has yet

been reported.
Criteria for including tumors and candidate gene selection

Different methods have been used when consulting literature about NGS in AM, mainly
working with targeted NGS panels, and less frequently with WES 3¢, The two reports that have
worked with WES, did not validate the variants *”*%. On the other hand, most of the studies
that have worked with targeted panels, validated the mutations with direct sequencing or

TaqMan allele-specific qPCR 3¢,



There is no unique method for the variant filtration when working with NGS. Although
there are computational approaches for raw data processing, filtering thousands of genes to
identify a group of candidates relevant to a specific study is a big challenge. Therefore, the
workflows for prioritizing genetic variants differ from one study to another. In addition, when
working with only-tumor samples, careful interpretation must be done in case novel variants
are identified. This is because, in the absence of normal tissue, the complete certainty of

excluding germline variants cannot be assumed.

In the current study we stated that variants or genes present in at least three tumors
and/or based on previously known involvement of the implicated genes as driver cancer genes
will be further validated. Sweeney et al. selected candidate genes based on their presence on
both tumor samples and/or involvement in gene/pathway implicated in tissue proliferation,
differentiation, or neoplasia °. On the other hand, Shi et al. established a categorization method
in which they classified mutations as "rare" when they passed the population frequency filter
and as "severe" if they were predicted to be damaging by at least two in silico tools. They
included mutations categorized as rare and severe in the final list **. Similarly, Guan et al.
filtered variants by population frequency and only included variants predicted as deleterious

by five of the twelve prediction tools available ’.
Ameloblastoma coding mutations with a focus on cancer driver genes

Consistent with earlier reports > > 323 the current investigation showed that BRAF p.V600E
was the most frequent mutation, affecting 62% of the cases, followed by other less frequent
mutations that occurred in BRAF background. Earlier reports have shown mutations affecting
other genes from the MAPK pathway (KRAS, NRAS, HRAS, and FGFR?2) with a tendency to
be mutually exclusive with BRAF 3 3. Nevertheless, our research did not find mutations

affecting other genes from the RAS family or FGFR2.



After a strict variant filtration workflow, we determined that each AM showed a mean number
of three mutations affecting cancer driver genes. This allowed us to suggest that the mutation
load of cancer driver genes in AM is small and that the mutational profile of AM is relatively
stable. Shi et al. reported an unbalanced distribution of somatic mutations in four AMs that
ranged from 5 to 37 mutations per tumor 8. These differences may be because of the variant
filtration workflow used in their study and its focus on somatic mutations in general. A recent
article aimed to remove drivers from germline mutations *°. Working with a comprehensive
genomic profiler (CGP), the authors observed, from a total of fourteen samples, 6 BRAF
p.VO0OE (42%), 5 PIK3CA (36%), 5 SMO (36%), 4 FGFR2 (29%), 1 EGFR and ROSI
mutations (7% each) *°. BRAF p.V600E mutations were mutually exclusive with SMO,
FRGR2, KRAS, and NRAS mutations. The samples assessed in Gates et al. study corresponded
to seven primary AMs and seven "complex AMs" described as clinically advanced,
unresectable, or metastatic. In addition, the median age was 64 years old, compared to our
results, which were 36.5 years old. The median number of mutations per sample was four. Their
results may suggest that even in long-term tumors, AM's genomic landscape remains relatively
stable. An important difference between Gates's findings and our results is that the six BRAF
WT tumors harbored a median number of six mutations per sample, compared to two mutations
per BRAF WT AMs in our study. Differences could be related to the methodology since we
worked with WES; thus, our analysis was subjected to a variant filtration process, and the
variants were validated. On the other hand, they worked with a panel of cancer genes in which
variants were not validated. Therefore, larger cohorts subjected to the same methodology are

needed to compare the results.

Similar to Gates et al., as shown in Figure 3C and D, our findings highlight the

relevance of taking into account that each AM may be at least double or triple-mutated, and



these mutations affect cancer driver genes that are targets of Food and Drug Administration

(FDA) approved drugs or of small molecule compounds.
KMT2D: A novel gene with unknown participation in AM pathogenesis

Our investigation identified that 23% (3/13) of the AMs harbored likely loss-of-
function mutations in KM72D, corresponding to a tumor suppressor gene (TSG). Three articles
have reported mutations affecting this gene in 2/10 37, 1/4 3%, and 5/14 *° AMs. There may be a
detection bias, and this mutation could be underestimated in AM pathogenesis. The
identification of the mutations in KMT2D in this study and the other reports was made using
WES or CGP, in contrast to other publications that have worked with targeted panels (such as
those with "hot spot" regions that are frequently mutated in human cancer genes) in which

KMT2D is not included within the arrays > 3% 4144,

KMT2D represented the most heterogeneous mutated gene in the current series of cases
since it presented three variants p.Q3293*, p.P648Tfs*2, p.Y389* (two nonsense mutations
affecting tumors 9 and 16, and one frameshift insertion in tumor 30) (Supplementary Table
S7), leading to a truncated protein. Only KMT2D p.Q3293* was annotated by Mutation Taster
as disease-causing with a CADD score of 38. However, the remaining variants were not
annotated by any consulted tools. As the gene corresponds to a TSG, the mutation effect is
predicted to be a loss of function. Previous reports about mutations affecting KM72D in AM
have indicated that these mutations usually co-occur with others, in most cases in BRAF
background. In our study, 2/3 cases with mutations affecting this gene occurred in BRAF
background. It is important to consider that KM72D is a large gene, and as such, its fragments
may map to the reference sequence with less accordance than shorter reads, leading to false
positive results *°; therefore, it is important to validate the mutations. Of the four studies that

have reported KMT2D mutations in AM, our study is the only one that has validated the



variants. Combining our results with the previous articles, we suggest KMT2D may be an
interesting candidate gene with an unknown role in AM pathogenesis that needs to be further
characterized in cohorts from different ethnic backgrounds. Further research is required to

confirm its pathogenicity in the tumorigenesis of AM.

Our results suggest no molecular differences regarding mutations in African AMs.
Published literature has worked with cohorts from the US, Brazil, Finland, European countries,
Japan, China, and Singapore, among others * > 3% 3% All of them have demonstrated the same
trend: BRAF p.V600E is the most frequent driver mutation in this tumor, regardless of ethnic

background.
Ameloblastoma has distinct transcriptome phenotypes associated with tumorigenesis

Cluster 1 and BRAF WT molecular subgroups were associated with an aggressive and
cancer-related phenotype. Results showed that the EMT gene set was activated in both groups,
and KRAS gene set was activated in the BRAF WT tumors. Distinct phenotypes in AM have
been reported before by Hu et al., who identified two distinct phenotypes associated with pre-
secretory ameloblast and odontoblast. *; and Heikinheimo et al. reported two distinct sub-

clusters in AM related to dental epithelial genes *’.

The EMT is a process in which polarised epithelial cells assume a mesenchymal cell
phenotype, acquiring enhanced migratory capacity, invasiveness, resistance to apoptosis, and
increased extracellular matrix (ECM) component production. This switch allows them to move
away from their epithelial context and to integrate into surrounding tissue and remote locations,
a critical process in (epithelial) cancer progression **. EMT in AM has been suggested by
immunohistochemistry before 4-32; however, the mechanisms that activate this process are still
poorly defined. Experimentally, both IL-8 (by activating B-catenin) and FOSLi, a component

of the AP-1 transcriptional complex, induce EMT in AM % %%, On the other hand, one study



concluded that the neoplastic epithelial cells in AM, showed higher expression of mesenchymal
markers without evident morphological mesenchymal phenotype, suggesting partial EMT in

this tumor >,

Cluster 2 and BRAFm tumors showed enrichment of the genes related to oxidative
phosphorylation (OXPHOS). This process seems to be the preferred way these molecular
clusters regulate energy supply. OXPHOS is the final stage in cellular aerobic respiration, in
which ATP is generated within the mitochondria in the presence of oxygen >. Classically, it
has been postulated that in a cancer context, cells prefer to generate energy through "aerobic
glycolysis" rather than mitochondrial respiration, although it provides much less energy
(Warburg effect)®. This switch is considered an early event in oncogenesis, such as an

immediate consequence of an initial BRAF oncogenic mutation in melanoma >°.

Nevertheless, during the last decades, increased expression of mitochondrial genes
involved in OXPHOS has been observed in many malignant neoplasms and metastasis >’. Our
findings allow us to hypothesize, for the first time, that enhanced mitochondrial respiration
may have a role in AM's tumorigenesis. These results need further validation since certain
cancers, such as melanomas resistant to the BRAF kinase inhibitor therapy, have shown a good

response at the in vitro level when treated with OXPHOS inhibition therapy >%.

Overall, WES and RNAseq findings raise the question of the exact role of the
(oncogenic) activation of the MAPK signaling in the etiopathogenesis of AM. On one hand, it
is known that the implications of oncogenic mutations are context-dependent and that the
MAPK/ERK pathway is dynamic and shows complex cross-talk with other cellular regulatory
pathways *°. On the other hand, the activation of the MAPK/ERK pathway is linked to cell

senescence in other tumorigenic processes, which may inhibit or contribute to oncogenesis .



Further in vitro and in vivo studies may help elucidate these biological events' role in AM

pathogenesis.
CDH11 and TGM?2 are expressed in human ameloblastoma tissue

One of our aims was to identify candidate genes relevant to AM aetiopathogenesis.
Consequently, we selected CDHI1 and TGM2, novel genes associated with EMT in AM. Both

have been previously associated with the acquisition of EMT in cancer ! 2,

Cadherin-11 (CDHII), or osteoblast cadherin (OB-Cadherin), is a type II
transmembrane protein, a member of the cadherin adhesion family, that mediates Ca>"
dependent homophilic interactions between cells through the formation of intercellular
connections and allowing cell migration. Its expression is usually restricted to mesenchymal
cells such as smooth muscle cells, stromal cells, osteoblasts, and endothelial cells ®*. In triple
negative breast cancer and pancreatic cancer, high expression is associated with poor prognosis,
favoring metastasis ®'. Conflicting results regarding CDH11 transcript expression in AM exist,
and no investigation about its role has been performed. Heikinheimo et al. found that mRNA
CDHI11 was underexpressed in AM compared to fetal teeth ®. Lim et al. observed that mRNA
CDH11 was not differentially expressed when comparing the expression pattern of AM versus
two dentigerous cysts %°. On the other hand, Kondo et al. reported an overexpression of mRNA
CDHI11 in AM, compared to normal oral tissue from gingiva . These three studies worked
with a cDNA microarray; thus, the differences between these results are probably due to using

different control specimens.

The second candidate chosen in the current study was Transglutaminase II (7GM?2).
TGM?2 is a calcium-dependent cross-linking enzyme, a member of the transglutaminase family,
that catalyzes protein modification (post-translational modification). It is involved in many

physiological and pathological processes, such as extracellular matrix (ECM) stabilization, cell



differentiation, signal transduction, apoptosis, maintenance of oral cancer stem cell survival,
and invasive and metastatic behavior®2. In AM, only one article has reported under-expression

of MRNA TGM2 in a cohort of tumors compared with tooth germs °.

This is the first time these genes have been further explored and validated in AM. We
demonstrate that CDHI11 and TGM2 are variably expressed in AM tissue. With CDHI11, no
differences in the expression of the epithelial cells from the periphery or the center of the
neoplastic islands or cords were observed. Nevertheless, it has been postulated that the
expression level of cadherins may vary during various cellular processes . Therefore, we can
not rule out the possibility of CDHI1 differential expression during AM tumorigenesis.
Regarding TGM2, the immunostaining suggested a higher immunoexpression at the peripheral
cells of the epithelial islands or cords. However, a larger cohort is needed for both proteins to

confirm these results.
Limitations

One limitation of this study was the degradation status of the RNA. The average RIN
of the tumors sequenced in the current study is similar to the RIN of FFPE samples (<2.5) ®8.A
very high correlation between protein-coding transcripts has been reported when comparing
fresh, frozen, and FFPE tissue ®. Library results prepared with a low RIN can be used;
however, they should be carefully interpreted, and validation at the individual gene level is
recommended. Another limitation of the current investigation was the lack of matched-normal
samples to compare with AM's mutational landscape and gene expression profile. Even when
AM does not have a matched-normal oral tissue, the most similar controls are tooth germs;
however, these are very difficult to obtain. Other controls that have been used are normal oral
mucosa and other odontogenic lesions, including cysts and tumors. Ideally, when performing

WES, a blood sample or NOM from the patient should be collected, allowing the discrimination



of germline mutations from somatic mutations. For the RNAseq, comparing the gene
expression profile from the lesion with a normal-matched sample is not the only way, and the
selection of the optimum control sample depends on the experimental design and research

questions that are intended to be answered.

Conclusions

Our results confirm that AM has a stable mutational profile, consistent with what is
expected for a benign neoplasm. However, both WES and RNAseq results showed gene
alterations related to proliferation, cell differentiation, and metabolic processes. These results
support the statement that benign tumors share many of the hallmarks of cancer secondary to

the presence of oncogenic mutations or activation of oncogenic signaling pathways.

To our knowledge, this is the first time that the transcriptome of AM with BRAF
p.V60OE and BRAF WT tumors have been compared. Therefore, our results confirmed that
genes from the MAPK pathway are overexpressed in AM, regardless of the BRAF mutation
status. Furthermore, from the transcriptome point of view, it can be suggested that BRAF WT
tumors possess an aggressive profile compared with their BRAF mutated counterpart (with
activation of the EMT-related genes mainly); however, larger cohorts are needed to confirm
these findings. The molecular heterogeneity of AM should be further characterized and
correlated with clinical features to determine the impact on the treatment response and the
prognosis of the disease. Overall, our findings suggest that molecular screening needs to be
considered, at least for aggressive and advanced cases, when planning a neoadjuvant targeted
therapy, and due to the molecular heterogeneity of AM and BRAF WT cases, targeted-tailored

treatment should be considered to diminish morbidities in certain cases.
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Figure legends

Figure 1. Summary of Variants Filtering and Validation Workflow

The first part of the pipeline included the bioinformatics pre-processing of the data mainly performed in Galaxy
EU and ended with annotations of the variants by the VEP. The second part corresponded to the Variant Filtration
and Validation and included two phases. In phase 1, common variants were removed based on population
frequency and functional non-significant variants. Phase 2 further narrowed down the number of variants, firstly,
by removing false positive variants shown as benign/likely benign, secondly by identifying somatic mutations;
and ultimately, by identifying driver cancer genes and including those present in at least three tumors and/or based
on previously known involvement of the implicated genes as driver cancer genes. The variants that passed all the

filters were validated by visualization on IGV and direct sequencing.

Figure 2: Representative sections of the whole-exome sequenced tumors

From A to F, six representative microphotographs of the included tumors with hematoxylin-eosin stains.

Figure 3: Analysis of somatic variants in ameloblastoma

In A the mutational signatures in ameloblastoma. In A.1, de novo mutational signatures were compared against
the 60 COSMIC signatures and in A.2, heatmaps of cosine similarities between de novo mutational signatures and
COSMIC signatures for A.1. In B, pathway enrichment analysis in ameloblastoma. Nodes represent GO gene sets,
and edges represent overlap (similarity) between the gene sets. The statistical threshold used was p-val < 0.05. In
C, a visualization of the predicted results of protein-protein interactions (PPI) between somatic variants in
ameloblastoma. Each node represents a protein, and each edge refers to an interaction. Edge thickness reflects the
strength of PPIs. Only proteins with more than three interactions were included. Yellow nodes correspond to
targets of Food and Drug Administration (FDA) approved drugs, and purple nodes correspond to targets of small
molecule compounds. In D, a total of 26 driver cancer genes were included across the 13 samples. BRAF is the
most frequent (62%), followed by KMT2D (23%) and CTNNBI (23%). The remaining 23 genes were present in
8%, meaning they were mutated in one sample. In addition, the oncoplot shows the relation between the presence
of the BRAF mutated tumors and the BRAF wild type. Colored boxes indicate the presence of different types of
mutations in the indicated genes (rows) and samples (columns). T8 represents a case of an unicystic

ameloblastoma (UA) whereas the remaining cases are conventional.
Figure 4. Inspection and validation of the variants
In A, C and E, representative IGV visualization of the variants affecting, BRAF, KMT2D and CTNNBI, in which

red reads are forward strands and blue reads are reverse strands. In B, D and F, representative chromatograms

showing the nucleotides responsible for the identified mutations in representative tumors.



Figure 5: Ameloblastoma shows inter-tumor heterogeneity

In A, a heatmap from the unsupervised hierarchical cluster analysis, showing the twelve tumor samples with 2158
genes grouped in two molecular clusters, not explained by the presence/absence of BRAFY®°E mutation, location
or histopathological features (* indicates WT tumors). Cluster 1 in orange dendrograms and cluster 2 in blue
dendrograms. In B, enrichment map of all curated genes from human MSigDB Collections. The network was
manually rearranged to improve the layout. Clusters of nodes were labeled using AutoAnnotated Cytoscape
Application and manually edited to better comprehend their functional significance. Clusters with < 2 nodes were
removed. In C, a table showing the top 15 enriched gene sets in the molecular cluster 1, most of them associated
with carcinogenesis. The size column indicates the number of genes represented in each gene set. In D, an
enrichment plot showing the activation of the hallmark epithelial-mesenchymal transition set in the molecular
cluster 1. In E, differentially expressed genes according to BRAF mutation status in ameloblastoma. Red and
blue colors represent up- and downregulated expression in AM, respectively. P-value <0.05, and 1.2<FC<-1.2.
T8 corresponds to a unicystic ameloblastoma, the remaining cases are conventional. In F, representative
enrichment plots and heatmaps showing the epithelial-mesenchymal transition and the KRAS-signaling sets in
BRAF WT tumors. Both enriched sets were significantly enriched at FDR <25%. GSEA was conducted using
GSEA v4.1.0 software and Molecular Signatures Database (Broad Institute). All raw data were applied to
"hallmarks" (h.all.v7.5) database.

Figure 6: CDH11 and TGM2 are expressed in ameloblastoma

Panels A to F are representative photomicrographs of CDHI11 in different cases of AM. Moderate to strong
cytoplasmic immunolabeling in the neoplastic cells is present, while the mesenchymal stroma shows no reactivity.
No differences in the expression of the epithelial cells from the periphery or the center of the neoplastic islands
or cords were observed. Panels J to K are representative photomicrographs of TGM2 in different cases of AM.
Moderate to strong cytoplasmic immunolabeling in the neoplastic cells and mesenchymal stroma are present. In
I, higher immunoexpression was seen in the tumor cells localized along the basal cell layers at the periphery of

the islands and cords of the neoplastic epithelium. Scale bar: 50pum.



