Received: 2 August 2022 Revised: 30 December 2022 Accepted: 9 February 2023

DOI: 10.1002/mgg3.2157

Molecular Genetics & Genomic Medicine

ORIGINAL ARTICLE emem WILEY

AXIN2-related oligodontia-colorectal cancer syndrome with
cleft palate as a possible new feature

Laura Roht"?® | Hanne K. Hyldebrandt® | Astrid T. Stormorken® |
Hilde Nordgarden® | Rolf H. Sijmons® | Dennis K. Bos’ | Douglas Riegert-Johnson®
Sarah Mantia-Macklin® | Pilvi Ilves’ | Kai Muru® | Monica H. Wojcik®’® |

Tiina Kahre” | Katrin Ounap'?

'Department of Clinical Genetics, Genetic and Personalized Medicine Clinic, Tartu University Hospital, Tartu, Estonia
2Department of Clinical Genetics, Institute of Clinical Medicine, University of Tartu, Tartu, Estonia

3Department of Medical Genetics, Oslo University Hospital, Oslo, Norway

“Norwegian National Resource Centre for Oral Health in Rare Diagnosis, Lovisenberg Diaconal Hospital, Oslo, Norway
Department of Genetics, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands
6DepaLrtrnent of Clinical Genetics and Genomics, Mayo Clinic, Jacksonville, Florida, USA

"Department of Radiology, Tartu University Hospital, Tartu, Estonia

8Broad Institute of MIT and Harvard, Massachusetts, Cambridge, USA

“Divisions of Genetics and Genomics and Newborn Medicine, Department of Pediatrics, Boston Children's Hospital, Harvard Medical School, Boston,
Massachusetts, USA

Correspondence
Laura Roht, MD. Department of Abstract
Clinical Genetics, Genetics and Background: Pathogenic variants in AXIN2 have been associated with tooth

Personalized Medicine Clinic, Tartu
University Hospital, 2 L. Puusepa
Street, Tartu 50406, Estonia. we set out to collect additional genotypic and phenotypic information.

agenesis, colon polyps, and colon cancer. Given the rare nature of this phenotype,

Email: laura.roht@kliinikum.ee Methods: Data were collected via a structured questionnaire. Sequencing was
Funding information performed in these patients mostly due to diagnostic purpose. A little more than
Estonian Research Council, Grant/ half of the AXIN2 variant carriers were identified by NGS; other six were family
Award Number: PRG471 members.
Results: Here, we report 13 individuals with a heterozygous AXIN2 pathogenic/
likely pathogenic variant who have a variable expression of oligodontia-colorectal
cancer syndrome (OMIM 608615) or oligodontia-cancer predisposition syndrome
(ORPHA 300576). Three individuals from one family also had cleft palate, which
might represent a new clinical feature of AXIN2 phenotype, also given the fact
that AXIN2 polymorphisms have been found in association with oral clefting in
population studies. AXIN2 has already been added to multigene cancer panel
tests; further research should be conducted to determine whether it should be

added to cleft lip/palate multigene panels.

Tiina Kahre and Katrin Ounap contributed equally.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals LLC.

Mol Genet Genomic Med. 2023;11:€2157. wileyonlinelibrary.com/journal/mgg3 | 1 of 10
https://doi.org/10.1002/mgg3.2157


www.wileyonlinelibrary.com/journal/mgg3
mailto:
https://orcid.org/0000-0002-5727-6759
https://orcid.org/0000-0002-4594-6364
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:laura.roht@kliinikum.ee

20f10 ) ) B
Wl LEY_Molecular Genetics & Genomic Medicine

ROHT ET AL.

Open Access,

KEYWORDS

1 | INTRODUCTION

Heterozygous pathogenic variants (PV) in AXIN2 are the
genetic cause of oligodontia-colorectal cancer syndrome
(OMIM 608615) or oligodontia-cancer predisposition
syndrome (ORPHA 300576). Oligodontia-colorectal can-
cer syndrome is an autosomal dominant disorder with
an estimated prevalence of <1:1,000,000 (Orphanet). It
has been known for some time that pathogenic variants
in AXIN2Z are also associated with tooth agenesis (Lammi
et al., 2004).
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Conclusion: More clarity about oligodontia-colorectal cancer syndrome, about
the variable expression, and associated cancer risks is needed to improve clinical
management and to establish guidelines for surveillance. We collected informa-
tion about the surveillance that was advised, which might support clinical man-
agement of these patients.

AXIN2, cancer predisposition syndrome, cleft palate, oligodontia

Tooth agenesis is defined as the congenital absence of
one or more teeth, excluding wisdom teeth. Patients with
tooth agenesis can be classified as having hypodontia (1 to
6 teeth missing) or oligodontia (6 or more teeth missing)
(Bilgin, 2018). Although this combined dental and colorec-
tal neoplastic phenotype may come as a surprise clinically,
in general, animal models have shown that genes associ-
ated with dental development or odontogenesis can be in-
volved in cancer development (Cobourne et al., 2009).

AXIN2 gene is located on chromosome 17 and con-
sists of 11 exons (Figure 1g). The Axin2 protein encoded
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FIGURE 1 Pedigrees of all investigated families. (a) Family 1 (Estonia)—Cases 1 and 2 carrying AXIN2 c.1882C > T variant; (b) Family
2 (Estonia)—Cases 3-5 carrying c.1214_1215dup variant; (c) Family 3 (Norway)—Cases 6-10 carrying ¢.2023dupC variant; (d) Family 4
(US)—Case 11 carrying ¢.1994dupG variant; (e) Family 5 (US)—Case 12 carrying c.1822del variant; (f) Family 6 (The Netherlands)—Case 13
carrying ¢.1999dupA variant. (g) AXIN2 gene structure. Our cohort Cases are marked in blue (below the gene exons) and 4 missense variants
of unknown significance (VUS) are marked in black above the gene exons. *Variant hot spot region.
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by AXIN2 gene consists of 843 amino acids and is part of
the canonical Wnt or Wnt/f-catenin pathway, being its
feedback inhibitor. Wnt pathway signaling is important
in cell proliferation, differentiation, and homeostatic
self-renewal and when dysregulated, is associated with
colorectal cancer development (Hlouskova et al., 2017).
The association with colorectal cancer was first de-
scribed by Liu (2000), and in particular, AXIN2 somatic
variants have been reported in microsatellite instable
colorectal tumors (Liu, 2000). Two years later, a large
Finnish family with colon polyps and cancer was re-
ported carrying the AXIN2 PV ¢.1966C > T, p.Arg656*
(Lammi et al., 2004). Still, the exact role of all AXIN2
somatic and germline gene variants observed in col-
orectal and other cancers remains to be clarified
(Mazzoni & Fearon, 2014). With respect to its role in
oligodontia, AXIN2 disease-causing variants particu-
larly inhibit the development of permanent teeth and
specifically posterior molars, but do not significantly
affect the development of deciduous or primary teeth.
During tooth development, AXIN2 is expressed in
enamel knots and dental mesenchyme. The failure of
tooth development is probably linked to increased sig-
naling of Wnt/p-catenin pathway in the mesenchyme
in case of carrying AXIN2 pathogenic variant (Jarvinen
et al., 2018). As Wnt pathway is also important in cra-
niofacial morphogenesis, AXIN2 variants have been
associated with facial clefts in humans as well (Letra
et al., 2012). Although mostly known for affecting teeth
and the colorectal system, PVs in AXIN2 can clinically
also manifest as ectodermal dysplasia (abnormal devel-
opment of the skin, hair, nails, or sweat glands) (Beard
et al., 2019).

Given the rare nature of the syndrome, the full
phenotype spectrum and its risks remain to be estab-
lished. For example, a recent case report suggested to
include olfactory neuroblastoma and gastric adenoma
as part of germline AXIN2 phenotype (Macklin-Mantia
et al., 2020). The same patient (Case 12) reported is part
of this cohort. Another patient (Case 11) of this cohort
has been published recently (Macklin-Mantia & Riegert-
Johnson, 2020). More data are clearly needed. Therefore,
we set out to collect additional genotype and phenotype
information and information on current clinical manage-
ment of families. Here, we report on 13 individuals from
six families who carry a heterozygous AXIN2 variant and
differ in clinical expression of the oligodontia-colorectal
cancer syndrome. Interestingly, we identified cleft palate
(CP) as a possible new feature of the syndrome. Cleft pal-
ate is the main feature our cohort differs from the other
two mentioned in Table 1, and we think it might be a
new clinical feature, and it just might not be completely
penetrant.
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2 | STUDY GROUP AND METHODS
The Research Ethics Committee of the University of Tartu
has approved this study. In addition, the study was ap-
proved by Mayo Clinic's institutional review board. In
Norway, patients signed Oslo University Hospital's decla-
ration of consent, which was approved by the data protec-
tion officer at Oslo University Hospital.

Data were collected via a structured questionnaire
(Supplementary data), which was sent to all the known
clinicians caring for AXIN2 gene carriers in hospitals
that are part of the European Reference Network (ERN)
for patients with one of the rare genetic tumor risk syn-
dromes (GENTURIS) as well as from the Mayo Clinic and
the Boston Children's Hospital (USA) (ERN GENTURIS
website). In our cohort of 13 AXINZ carriers, we had eight
males and five females from 4 to 95years of age. All the
patients were Caucasian origin, 11 of them from Europe
and two from North America. Clinical features, molecular
genetic profile, and follow-up are shown in Table 1, where
each individual has been given a case number.

Seven of the AXIN2 carriers (Cases number 1, 3,4, 6,11,
12, and 13) were identified by next-generation sequencing
(NGS) method, and other six carriers were family mem-
bers. Sequencing was performed in these patients mostly
due to diagnostic purpose: hypo- or oligodontia, polyps,
cancer or due to cleft palate in Family 2. The remaining
patients were family members of patients with a known
AXINZ2 variant in whom the AXINZ variant was detected
by Sanger sequencing. For NGS library preparation, dif-
ferent capture-based or amplicon-based protocols, for ex-
ample NexteraFlex for Enrichment (Illumina) or Haloplex
Target Enrichment System (Agilent), were used. In Case
1, the AXIN2 variant was detected through whole genome
sequencing (WGS) in a research project. In Cases 3 and
4, TruSight One Expanded (Illumina) panel with 6700
genes and in Case 6 ectodermal dysplasia and hypodon-
tia panel of 34 genes was used. In Cases 11, 12 the diag-
nosis was made using commercial available NGS cancer
panels (70 and 84 genes respectively), and in Case 13, the
AXINZ2 variant was found with a whole-exome sequencing
(WES)-based colorectal polyposis panel, which included
13 known colorectal polyposis syndromes.

Sequencing was performed on  NextSeq500,
NovaSeq6000, or HiSeq X Ten (Illumina). All targeted
regions were sequenced with >50x depth. WGS was se-
quenced with the mean coverage of >30 depth.

Most of the patients were detected in a routine clinical
setting. Cases 3 and 4 were found in the cohort of 4704
Estonian patients investigated by Illumina’s TruSight One
Expanded panel due to different clinical reasons reveal-
ing a frameshift variant; no other disease-causing indels,
duplications, deletions, stop, or missense variants were
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found in AXIN2 gene in this cohort. Case 12 was found on
screening 3000 unselected cancer patients. In other cases,
we do not have additional information about cohort sizes.
Sanger validation was done in Cases 1, 3, and 13.

3 | RESULTS
Thirteen AXIN2 PV carriers from six families are in-
cluded in the study, and their data are shown in Table 1
and Figure 1. Eight were male and five were female with
ages ranging from 4 to 95years. Among them, four were
children (<18years), who were tested due to clinical indi-
cations (failure to thrive, hypodontia, and/or CP). Eleven
cases were from Europe and two from North America. The
North American patients were thought to be of European
descent. Probably, in most cases AXIN2 variants were in-
herited, although we have no clear evidence. We are not
aware of any de novo cases.

The most common clinical feature was either hypo- or
oligodontia ranging from 2 to 22 missing teeth (Table 1

Open Access,

and Figure 2). Four patients (30.8%) had at least eight per-
manent teeth missing, eight (61.5%) had gastrointestinal
polyps, and three (23.1%) had some type of cancer. Cancer
types involved melanoma, unknown type of skin cancer,
olfactory neuroblastoma, and prostate and cecal adeno-
carcinoma. Olfactory neuroblastoma has recently been
linked to AXIN2 phenotype (Macklin-Mantia et al., 2020).
Unfortunately, we did not have specific information about
some family members in context of cancer. In a few cases,
we saw dysmorphic phenotype. Case 1 has a clinical di-
agnosis of Silver-Russell syndrome (SRS, OMIM 186860),
which is not associated with the found AXIN2 variant.
Case 3 has (operated) bilateral CP, microretrognathia,
microglossia with glossoptosis, and two missing teeth. In
addition, Case 3 has epilepsy, which is probably not asso-
ciated with the found AXINZ variant. The younger brother
of Case 3 (Case 4) and her mother (Case 5) as well have CP
(operated) and the mother has one impacted tooth.

The AXIN2 gene variants reported were almost all
pathogenic or likely pathogenic frameshift variants,
three of these have not been described before in ClinVar

FIGURE 2 (a)Panoramic image of Case 6 at the age of 14years. He shows congenital absence of 22 permanent teeth (*). As a
consequence deciduous teeth have not been exfoliated. Only six permanent teeth are present (#). (b) Panoramic image of Case 13 at the age
of 64 years. He shows congenital absence of four permanent teeth (*), 31 and 41 (lower central incisors), as well 37 and 47 (posterior molars
in the lower jaw). The persistent deciduous central incisors have been extracted and replaced by a bridge, including teeth 42-41-31-32.

Present permanent teeth are also shown (#).
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and HGMD Professional databases (c.1214_1215dup,
€.1999dupA, and ¢.2023dupC) (ClinVar database,
HGMD Professional database). Most of the variants
were located in exon 8, where also the mutation hotspot
lies (Figure 1g). Only one missense variant, c.1882C > T,
was detected in our cohort (Cases 1 and 2; Figure 1a).
This variant has an extremely low allele frequency
in normal populations worldwide (gnomAD All VAF
0,017%; 48 alleles out of 282,360). Some in silico predic-
tion programs (SIFT, MutationTaster, Provean) predict
this variant as damaging while others (PolyPhen2, Align
GVGD) assess this as benign. It is likely that this variant
is not completely penetrant, and in the absence of RNA
or functional studies, the actual effect is unknown. As
the patient and his father (Cases 1 and 2) have oligodon-
tia and no other potential disease-causing variants were
detected using WGS, this missense variant could still
be associated with the disease, but at the moment, the
clinical significance still remains unknown until further
data. Variant c.1822del interpretation has recently been
changed from pathogenic to VUS. At the moment, re-
peated genetic testing with clinical RNA testing for fur-
ther investigation is pending.

In terms of surveillance and follow-up, we aimed to
propose a surveillance schedule by gathering information
about the clinical management and surveillance that was
advised to the patients.

4 | DISCUSSION

Our cohort of 13 AXIN2 PV carriers confirms the variation
in phenotype between families and individual patients.
With very few patients reported, the clinical phenotype
of AXIN2 PV is not well understood, so it is likely that
new features will be added as more patients are found.
Interestingly, we observed three cases of CP in one of the
families.

At the moment of writing this article, there were 40
ACMG class 3-5 AXIN2 variants in HGMD database: 21
are pathogenic or likely pathogenic and 19 are classified
as variant of unknown significance (VUS). About half (24)
of these variants are associated with polyposis, colorectal
cancer, and/or oligodontia. Thirty-three are either non-
sense or missense variants, and others include small inser-
tions or deletions and splicing variants. None of the total
of 21 AXIN2 germline pathogenic or likely pathogenic
variants reported in HGMD database have been associated
with cleft palate so far (HGMD Professional database). In
ClinVar, 44 pathogenic or likely pathogenic variants of
AXIN2 have been reported (Clinvar database). Although
CP can run in families as a separate trait and could be un-
related to the AXINZ variant, the Wnt pathway is known

to be important in craniofacial morphogenesis in animal
models (B. Liu et al., 2010). In addition, AXIN2 polymor-
phisms have been found to be associated with oral clefts in
two independent population studies by Letra et al. (2012);
(Letra et al., 2009). These authors also provided some bio-
logical evidence in support of AXINZs role in clefting. They
observed co-localization of Axin2 with cleft-associated Irf6
protein in epithelium and demonstrated AXIN2 gene ex-
pression during murine palatogenesis (Letra et al., 2012).
Taken together, this suggests that CP could be part of the
oligodontia-colorectal cancer syndrome phenotypic spec-
trum. However, more data are needed to confirm or refute
this hypothesis. Taking the family history of cancer in
oral cleft patients is already important because of the as-
sociation with CDH1I-associated hereditary diffuse gastric
cancer (Frebourg et al., 2006). In our opinion, the possible
association with AXIN2 adds to that reason.

Although we still do not have any official and pub-
lished European guidelines for this syndrome, cancer and
polyp surveillance in our cohort has been almost homoge-
nous. Given the rareness of the syndrome, clinical recom-
mendations with respect to cancer risk management are
expert-opinion based and typically modeled after guide-
lines for other colorectal cancer and polyposis syndromes.

In the National Comprehensive Cancer Network
(NCCN) guidelines, colonoscopy is suggested from the
age of 25-30years every 2-3years if negative. If polyps
are found, every 1-2years. Surgery is indicated when the
polyp burden becomes unmanageable with colonoscopy
(NCCN guidelines). Recently, part of this cohort was dis-
cussed within ERN GENTURIS. Experts including a few
of the authors suggested to perform colonoscopy every
2years and add gastroduodenoscopy every 3years, or
more frequently depending on endoscopic findings, to
the surveillance scheme. The reason for the latter was the
known involvement of Axin2 in the Wnt pathway that is
also dysregulated in APC-gene-associated familial adeno-
matous polyposis (FAP) where such surveillance is recom-
mended. Clearly further information is needed to support
the guidelines for the management of AXINZ patients.

In summary, our study confirms the variable pheno-
type of individuals with germline AXIN2 pathogenic or
likely pathogenic variants and suggests that cleft palate
could be a part of the syndrome phenotype. Oligodontia-
colorectal cancer syndrome is still mostly unknown by
clinicians. It is of utmost importance to raise awareness
in the medical society (including dentists and ortho-
dontists) and to educate patients on the risk for differ-
ent types of cancer. Taking thorough family history of
cancer and gastrointestinal polyps is important in un-
explained oral cleft patients. To support the clinical
management and follow-up of these patients, devel-
oping clinical guidelines for the syndrome, whenever
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necessary adapted to specific healthcare systems such as
those in Europe, are important.
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