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In the Danish Polyposis Register, patients with over 100 cumulative colorectal adenomas of unknown genetic etiology, named in
this study colorectal polyposis (CP), is registered and treated as familial adenomatous polyposis (FAP). In this study, we performed
genetic analyses, including whole genome sequencing (WGS), of all Danish patients registered with CP and estimated the detection
rate of pathogenic variants (PV). We identified 231 families in the Polyposis Register, 31 of which had CP. A polyposis-associated
gene panel was performed and, if negative, patients were offered WGS and screening for mosaicism in blood and/or adenomas.
Next-generation sequencing (NGS) was carried out for 27 of the families (four declined). PVs were detected in 11 families, and WGS
revealed three additional structural variants in APC. Mosaicism of a PV in APC was detected in two families. As the variant detection
rate of eligible families was 60%, 93% of families in the register now have a known genetic etiology.
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INTRODUCTION

Familial adenomatous polyposis (FAP) is the most common
hereditary polyposis syndrome and has been known for over a
century [1]. In its classical form, it is characterized by the
development of multiple colorectal adenomas during adolescence
that, if left untreated, develop into colorectal cancer [2]. Patients
also have a high risk of upper-Gl involvement such as duodenal
polyps and cancer (Supplementary Material 1) [3].

In 1991, heterozygous pathogenic variants (PV) in adenomatous
polyposis coli (APC) were identified as the cause of FAP, explaining
the autosomal dominant inheritance pattern observed in families
[4, 5]. MUTYH was identified as the first gene to cause an autosomal
recessive inherited form of polyposis, named MUTYH-associated
polyposis (MAP). This syndrome helped to explain other patients
with colorectal adenomatous polyposis [6]. Recent advances in
genetic sequencing technology, such as next-generation sequen-
cing (NGS), have helped to identify several novel causes for
hereditary adenomatous polyposis (Supplementary Material 2) [7].
It is important to differentiate patients with FAP from patients with
other syndromes, as surveillance is tailored to specific genetic
syndromes [8]. Furthermore, a genetic diagnosis is important for
evaluating the risk among relatives. NGS now also includes the
possibility of whole genome sequencing (WGS) to detect deep
intronic variants and large rearrangements. NGS also makes it
easier to screen for mosaicism in tissues other than blood [9].

The Danish Polyposis Registry was founded in 1971 and all
patients diagnosed with FAP (of known genetic etiology) or
colorectal polyposis (CP) of unknown genetic etiology are
systematically registered. CP is defined as over 100 cumulative

colorectal adenomas. In recent years, genetic diagnostics has
increasingly been integrated into the care of these patients and
has offered them the possibility of a precise diagnosis and
reevaluation of the optimal disease surveillance. The purpose of
the study was to systematically offer genetic analyses to registered
families with CP and to evaluate the use of different sequencing
methods and estimate the variant detection rate.

MATERIALS AND METHODS

In April 2018, we systematically reviewed families registered in the
Polyposis Registry and identified those with CP defined as a patient having
more than 100 cumulative colorectal adenomas. No family members in any
of these families had been genetically tested, or if they had the results
were negative. The phenotypes of the families were also carefully
evaluated. The families were included if:

1. the proband was alive and had CP.
2. the proband was deceased but had a diagnosis of CP and a living,
first-degree relative.

Genetic testing was offered to a proband or affected family member.
Primarily, genetic testing was performed on DNA extracted from peripheral
blood using a NGS gene panel in one affected family-member. The panel was
custom-made, and the combination of genes was continuously adjusted
according to new discoveries, but the panel contained at least the following
genes: APC, BMPR1A, EPCAM, MLHI1, MLH3, MSH2, MSH6, MUTYH, PMS2,
POLD1, POLE, PTEN, SMAD4, STK11. The latest version of the gene panel was a
custom Twist Bioscience capture, sequenced on an lllumina NextSeq 550.
Reads were mapped to the human reference genome GRCh38, and single
nucleotide variants (SNV) (with variant allele frequency >20%) and copy
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Fig. 1 Results of genetic testing in patients with colorectal

polyposis.

number variations (CNV) were called using GATK HaplotypeCaller and
GermlineCNVCaller, respectively [10], in the coding regions and +/—50 bp
of the surrounding intronic regions. Variant annotation and filtration
were performed in VarSeq 2.3.0 (Golden Helix). When no blood samples
were available because all affected relatives were deceased, the analyses
were performed on DNA from formalin-fixed, paraffin-embedded, non-
neoplastic tissue from a living, affected family member.

If genetic testing was negative, selected patients were offered further
genetic testing, including screening for mosaicism of APC variants in blood
and/or tissue from an adenoma. If one or more PV in APC was detected in
the adenoma, a second or third adenoma was tested for the PV(s). These
SNV were called using GATK Mutect2, with no lower variant allele
frequency threshold [10]. Variant annotation and filtration were, again,
performed in VarSeq 2.3.0 (Golden Helix). If a PV was not detected, WGS
(lumina Technology) was performed using a NovaSeq 6000 system, as
recently described [11]. The data were analyzed for SNV, genomic
structural variants, and CNV using CNVkit, CNVnator, Manta, and Lumpy
using VarSeq 2.2.3 (Golden Helix). If a PV was identified in one family
member, we assumed that affected relatives had the same PV. In families
where more than one family-member were affected and the NGS panel
were negative, the index patient and an additional family-member was
offered genetic testing with WGS to compare genetic data. Variants were
classified according to general American College of Medical Genetics
(ACMG) guidelines (for MUTYH, NTHL1, and POLE) or APC gene-specific
ACMG guidelines [12, 13].

RESULTS

By April 2018, the Danish Polyposis Register comprised 231
families, 110 (47.6%) had FAP and 121 (52.4%) had CP. At that
point, 31 families comprising 45 patients met the inclusion criteria
of this study and were eligible for genetic testing or re-testing.

Clinical characteristics

In all families, at least one patient had CP in the colon and in 22
families at least one family members had duodenal adenomas. In
21 families only one family member was affected.
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Genetic results

In four families with CP all family members declined genetic
analysis, but a NGS panel was performed for members of the
remaining 27 families. A PV was detected in 11 families, including
six PV in APC, three homozygous PV in MUTYH, a homozygous PV
in NTHL1, and a PV in POLE. When screening for mosaicism in
blood and/or several adenomas, two additional pathogenic PV in
APC were detected and were deemed to be likely representative
of low-grade mosaicism. Both were from families with only one
affected member. WGS was performed in seven families and
showed three additional structural variants involving APC and
were concluded to be pathogenic. The remaining families
declined WGS. The results are shown in Fig. 1 and the variants
detected are listed in Table 1. In total, we detected a PV in 16 out
of 27 families (60%). In 11 families with CP, we were unable to
identify a PV despite meticulous genetic analyses, which
included testing for mosaicism and WGS in four of the families.
In all but one family, only one family-members were affected
(90%).

The register is dynamic, meaning that newly diagnosed families
continuously are included, but also that patients with CP diagnosed
with another genetic etiology than APC are excluded. By August
2023, the number of registered families with either FAP or CP being
eligible for genetic testing was 150 (comprising 413 patients), and a
PV in APC was known in 139 of these families (93%).

DISCUSSION

In this study, we used the nationwide Danish Polyposis Registry to
identify families with CP. Using NGS, including screening for
mosaicism and WGS, it was possible to detect a PV in 60% of
families. In total, 93% of families in the Danish Polyposis Register
now have a known PV.

The results highlight the increased diagnostic yield made
possible by supplementing a NGS gene panel with subsequent
WGS and/or searching for mosaicism. While not all patients were
analyzed with WGS, we detected a PV in approximately 40% of
those who did undergo WGS; however, this does not preclude
using a NGS panel as the first choice. WGS allows us to detect
large rearrangements, as shown in this study and others [14, 15].
Mosaicism is not easily detected with WGS due to a generally
lower coverage per nucleotide, which tends to favor a gene panel
with higher coverage. However, it has been demonstrated that
low-level mosaicism can be restricted to colonic tissue, including
adenomas or carcinomas, and so genetic analysis could be
targeted at these tissues [16, 17]. However, the interpretation of
PV detected in APC in adenomas or carcinomas can prove
challenging as somatic variants in APC are common in these
tumors and because many APC variants have been reported, both
somatically and germline. If a PV in APC has been detected in the
first adenoma, it should be confirmed in additional samples, i.e., at
least one, or preferably two, additional adenomas or, if appro-
priate, in leukocyte DNA. If the same PV is detected in several
adenomas, it is unlikely to be a somatic variant restricted to those
adenomas [9].

Our study also demonstrates that CP can have genetic causes
other than PV in APC (Fig. 1). Thus, we detected PV in MUTYH, NTHL]1,
and POLE (Table 1). This shows that genetic testing is essential for
offering a precise diagnosis and personalized surveillance, including
additional surveillance at extraintestinal sites (Supplementary
Material 2) [8, 18]. However, the study also demonstrates that
genetic testing, even in genes that have been known for decades,
has not been offered to all of the families that it should have been.
In addition, it is worth noting that pathogenic variants in genes
associated with hamartomatous polyposis syndromes, e.g., BMPR1A,
PTEN and SMAD4, can also be detected in patients with
adenomatous polyposis and, to a lesser extent, vice versa [19]. This
emphasizes that a clinical diagnosis of a specific polyposis
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syndrome is virtually impossible, unless the phenotype is indis-
putable, such as in Peutz-Jeghers syndrome, where patients exhibit
characteristic mucocutaneous pigmentations.

We found that the variant detection frequency was over 90% in
families in the National Register; however, there is still a small
proportion of patients with CP whose PV was not detected despite
our considerable efforts. Most of the genetically unsolved patients
were isolated cases (90%) with no other affected relatives. This
could indicate that new polyposis syndromes have yet to be
defined, perhaps with autosomal recessive inheritance. Fortu-
nately, new candidate genes for polyposis are continually being
proposed [20]. APC mosaicism that cannot be detected using the
aforementioned analyses is another possible explanation for
unsolved cases.

The strength of this study is its nationwide approach, made
possible by the Danish Polyposis Register that provides a unique
opportunity for research and systematic follow-up of patients and
their families. A limitation of the study is that some patients
declined genetic testing and WGS.

We conclude that genetic analyses are crucial for a precise
diagnosis and tailored disease surveillance, as well as the accurate
assessment of at-risk family members. Using a NGS panel, WGS,
and screening for mosaicism, the PV detection frequency in
families with CP is now over 90%.

DATA AVAILABILITY

Anonymized and summarized data collected for the study will be made available to
other researchers upon publication and following reasonable requests made to the
corresponding author.

CODE AVAILABILITY

This study uses data from the Danish Polyposis Register. The data collected will be
made available to other researchers upon publication and following reasonable
requests to the corresponding author.

REFERENCES

1. Bilow S, Berk T, Neale K. The history of familial adenomatous polyposis. Fam
Cancer. 2006;5:213-20.

2. Karstensen JG, Burisch J, Pommergaard HC, Aalling L, Hgjen H, Jespersen N, et al.
Colorectal cancer in individuals with familial adenomatous polyposis, based on
analysis of the Danish polyposis registry. Clin Gastroenterol Hepatol.
2019;17:2294-2300.e2291.

3. Karstensen JG, Bilow S, Hgjen H, Jelsig AM, Jespersen N, Andersen KK, et al.
Wewer MD. Cancer in patients with familial adenomatous polyposis: a nationwide
Danish ~ cohort  study with matched controls. Gastroenterology.
2023;165:573-581.e573.

4. Groden J, Thliveris A, Samowitz W, Carlson M, Gelbert L, Albertsen H, et al.
Identification and characterization of the familial adenomatous polyposis coli
gene. Cell. 1991;66:589-600.

5. Joslyn G, Carlson M, Thliveris A, Albertsen H, Gelbert L, Samowitz W, et al.
Identification of deletion mutations and three new genes at the familial polyposis
locus. Cell. 1991;66:601-13.

6. Al-Tassan N, Chmiel NH, Maynard J, Fleming N, Livingston AL, Williams GT, et al.
Inherited variants of MYH associated with somatic G:C- > T: a mutations in col-
orectal tumors. Nat Genet. 2002;30:227-32.

7. Jelsig AM, Byrjalsen A, Busk Madsen M, Kuhimann TP, van Overeem Hansen T,
Wadt KAW, et al. Novel genetic causes of gastrointestinal polyposis syndromes.
Appl Clin Genet. 2021;14:455-66.

8. Jelsig AM, Karstensen JG, Jespersen N, Ketabi Z, Lautrup C, Renlund K, et al.
Danish guidelines for management of non-APC-associated hereditary polyposis
syndromes. Hered Cancer Clin Pr. 2021;19:41.

9. Spier |, Drichel D, Kerick M, Kirfel J, Horpaopan S, Laner A, et al. Low-level APC
mutational mosaicism is the underlying cause in a substantial fraction of unex-
plained colorectal adenomatous polyposis cases. J] Med Genet. 2016;53:172-9.

10. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The
Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Res. 2010;20:1297-303.

European Journal of Human Genetics (2024) 32:588 - 592

J.G. Karstensen et al.

11. Byrjalsen A, Hansen TVO, Stoltze UK, Mehrjouy MM, Barnkob NM, Hjalgrim LL,
et al. Nationwide germline whole genome sequencing of 198 consecutive
pediatric cancer patients reveals a high incidence of cancer prone syndromes.
PLoS Genet. 2020;16:¢1009231.

12. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med. 2015;17:405-24.

13. Spier |, Yin X, Richardson M, Pineda M, Laner A, Ritter D, et al. G Gene-specific
ACMG/AMP classification criteria for germline APC variants: recommendations
from the ClinGen InSiGHT Hereditary Colorectal Cancer/Polyposis Variant Cura-
tion Expert Panel. Genet Med. 2024;26:100992.

14. Quadri M, Vetro A, Gismondi V, Marabelli M, Bertario L, Sala P, et al. APC rear-
rangements in familial adenomatous polyposis: heterogeneity of deletion lengths
and breakpoint sequences underlies similar phenotypes. Fam Cancer.
2015;14:41-49.

15. Su LK, Steinbach G, Sawyer JC, Hindi M, Ward PA, Lynch PM. Genomic rearran-
gements of the APC tumor-suppressor gene in familial adenomatous polyposis.
Hum Genet. 2000;106:101-7.

16. Rofes P, Gonzdlez S, Navarro M, Moreno-Cabrera JM, Solanes A, Darder E, et al.
Paired somatic-germline testing of 15 polyposis and colorectal cancer-
predisposing genes highlights the role of APC mosaicism in de novo familial
adenomatous polyposis. J Mol Diagn. 2021;23:1452-9.

17. Takao M, Yamaguchi T, Eguchi H, Yamada T, Okazaki Y, Tomita N, et al. APC
germline variant analysis in the adenomatous polyposis phenotype in Japanese
patients. Int J Clin Oncol. 2021;26:1661-70.

18. Beck SH, Jelsig AM, Yassin HM, Lindberg LJ, Wadt KAW, Karstensen JG. Intestinal
and extraintestinal neoplasms in patients with NTHL1 tumor syndrome: a sys-
tematic review. Fam Cancer. 2022;21:453-62.

19. Stanich PP, Pearlman R, Hinton A, Gutierrez S, LaDuca H, Hampel H, et al. Pre-
valence of germline mutations in polyposis and colorectal cancer-associated
genes in patients with multiple colorectal polyps. Clin Gastroenterol Hepatol.
2019;17:2008-15.

20. Bonjoch L, Fernandez-Rozadilla C, Alvarez-Barona M, Lopez-Novo A, Herrera-
Pariente C, Amigo J, et al. BMPR2 as a novel predisposition gene for hereditary
colorectal polyposis. Gastroenterology. 2023;165:162-172.e165.

AUTHOR CONTRIBUTIONS

JGK, TOH, and AMJ designed and planned the study. JGK, TOH, JB, MD, HH, MBM, NJ,
and AMJ conducted the study. JGK and AMJ drafted the manuscript. MD designed
the figures and tables. All authors critically revised the manuscript for important
intellectual content and approved the final manuscript.

FUNDING
The Misse and Valdemar Risom Foundation. Open access funding provided by
Copenhagen University.

COMPETING INTERESTS
JGKis a consultant for SNIPR BIOME. The other authors have no conflicts of interest to
declare.

ETHICS APPROVAL

As this was a non-interventional study, no ethics approval was needed.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41431-024-01585-z.

Correspondence and requests for materials should be addressed to
John Gésdal Karstensen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

591


https://doi.org/10.1038/s41431-024-01585-z
http://www.nature.com/reprints
http://www.nature.com/reprints

J.G. Karstensen et al.

592

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

European Journal of Human Genetics (2024) 32:588 — 592


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Re-evaluating the genotypes of patients with adenomatous polyposis of unknown etiology: a nationwide�study
	Introduction
	Materials and methods
	Results
	Clinical characteristics
	Genetic results

	Discussion
	References
	References
	Author contributions
	Funding
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




