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Abstract

Introduction—Hereditary diffuse gastric cancer (HDGC) is a cancer syndrome associated with
variants in E-cadherin (CDH1), diffuse gastric cancer and lobular breast cancer. There is
considerable heterogeneity in its clinical manifestations. This study aimed to determine
associations between CDH1 germline variant status and clinical phenotypes of HDGC.

Methods—One hundred and fifty-two HDGC families, including six previously unreported
families, were identified. CDH1 gene-specific guidelines released by the Clinical Genome
Resource (ClinGen) CDH1 Variant Curation Expert Panel were applied for pathogenicity
classification of truncating, missense and splice sitte CDH1 germline variants. We evaluated ORs
between location of truncating variants of CDH1 and incidence of colorectal cancer, breast cancer
and cancer at young age (gastric cancer at <40 or breast cancer <50 years of age).

Results—Frequency of truncating germline CDH1 variants varied across functional domains of
the E-cadherin receptor gene and was highest in linker (0.05785 counts/base pair; p=0.0111) and
PRE regions (0.10000; p=0.0059). Families with truncating CDH1 germline variants located in the
PRE-PRO region were six times more likely to have family members affected by colorectal cancer
(OR 6.20, 95% CI 1.79 to 21.48; p=0.004) compared with germline variants in other regions.
Variants in the intracellular E-cadherin region were protective for cancer at young age (OR 0.2,
95% C1 0.06 to 0.64; p=0.0071) and in the linker regions for breast cancer (OR 0.35, 95% CI 0.12
to 0.99; p=0.0493). Different CDH1 genotypes were associated with different intracellular
signalling activation levels including different p-ERK, p-mTOR and B-catenin levels in early
submucosal T1a lesions of HDGC families with different CDH1 variants.

Conclusion—Type and location of CDH1 germline variants may help to identify families at
increased risk for concomitant cancers that might benefit from individualised surveillance and
intervention strategies.

INTRODUCTION

Genotype-guided screening and surveillance have been proposed for improved
individualised management of patients affected by cancer susceptibility syndromes. These
include cancer risk assessment and prevention strategies in women who have inherited
variants in BRCA1/BRCA2 genes and risk stratification in familial adenomatosis polyposis
(FAP) families affected by APC gene variants.2~> Hereditary diffuse gastric cancer (HDGC)
has been associated with germline variants in CDH1.87 However, it is unclear how type and
location of CDH1 germline variants are associated with cancer risk and neoplastic
phenotypes observed in these families.
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HDGC is a clinically defined cancer syndrome characterised by the early onset of diffuse
gastric cancer (DGC) and lobular breast cancer (LBC).”-9 The clinical phenotype of HDGC
shows considerable heterogeneity with type of cancer and age of onset.8-10 For example,
gastric cancers in some families have been described in patients as young as 16 years old.”
In other families, the main cancer phenotype is LBC and either no family members or only
older family members are affected by DGC.811-13 Some reports also suggest an association
with colorectal cancer.81415

Between 20% and 25% of families with HDGC who meet current International Gastric
Cancer Linkage Consortium (IGCLC) clinical testing criteria of early-onset, multi-
generational DGC and LBC (two gastric cancer cases regardless of age, one confirmed
DGC, either in 1st or 2nd degree relative; one case of DGC <40 years; personal or family
history of DGC and LBC, one diagnosed <50 years) harbour germline variants in the E-
cadherin (CDH1; NM_004360) locus.%16 The underlying mechanism for the variable clinical
phenotype is poorly understood but might include the individual CDH1 germline variant,1718
the type of second hit leading to biallelic CDH1 loss (ie, epigenetic changes vs loss of
heterozygosity),1° variants that are able to activate cryptic or alternative splice sites?21 or
variable abilities to subject CDH1 mRNA transcripts to nonsense-mediated mRNA decay
(NMD).2223 To date, no association has been described between the underlying genetic
alteration in the CDH1 gene and the clinical presentation within this cancer syndrome.242°

Here, we examine 152 families with known CDH1 variants, classify pathogenicity of their
CDHZ1 gene product and characterise associations between the location of CDH1 variant and
clinical manifestation of the syndrome.

MATERIALS AND METHODS

Identification of HDGC families

We performed a systematic review in accordance with the Preferred Reporting Items for
Systematic reviews and Meta-Analyses26 and conducted a database search by reviewing
references published in the PubMed database between January 1998 and June 2018 using the
following keywords: CDH1, E-cadherin, HDGC, germline variant and gastric cancer.
References describing CDH1 variants collected in the sentinel reports of Corso er a/25
Benusiglio ef at! and Hansford et aP (including supplemental materials) on HDGC were
also included. References were individually screened and evaluated. Families were excluded
if the germline CDH1 variant was not reported, if an accurate prediction of the resulting
CDH1 protein product was not possible, if the reported substitution did not match the wild
type sequence of the CDH1 gene (UniProt: P12830-1; Ensembl: ENST00000261769), if a
non-coding germline variant in CDH1 with an unknown protein product was originally
reported, if no family history on DGC and/or LBC was available or if family history did not
align with the 2015 International Gastric Cancer Linkage Consortium (IGCLC) criteria for
HDGC (at least one family member affected by DGC or LBC)’ (online supplementary figure
1). In case of duplicate reporting, the most up-to-date reference was selected. To classify
pathogenicity of variants, the recently released specifications of the American College of
Medical Genetics and Genomics (ACMG) and Association for Molecular Pathology (AMP)
variant guidelines for the analysis of CDH1 germline variants by the Clinical Genome
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Resource CDH1 Variant Curation Expert Panel (ClinGen CDH1 VCEP) implemented by the
ClinGen Hereditary Cancer Domain were applied.2728 The updated ACMG/AMP codes
included (A) PVS1 null variant (nonsense, frameshift, canonical +1 or two splice sites,
initiation codon, single or multiexon deletion) in a gene where loss of function is a known
mechanism of disease applying CDHL1 rule specifications/caveats (exception for canonical
splice sites and truncations in NMD-resistant zone, strong; G to non-G variant disrupting the
last nucleotide of an exon, moderate), (B) PM2 absent in population database (<one out of
100 000 alleles in gnomAD cohort, moderate) and (C) PM4 protein length changes as a
result of in-frame deletions/insertions in a nonrepeat region or stop-loss variants (per
original ACMG/AMP guidelines, moderate) (for comprehensive summary of all CDH1 rule
specifications, please see Lee et al)?8 PP5 ‘Reputable source recently reports variant as
pathogenic’ was captured but not applied. Based on ClinGen CDH1 VVCEP guidelines
computational prediction supporting deleterious effect (PP3) was not applied to missense
variants or variants affecting splice sites. In vitro or in vivo functional evidence supporting
damaging effect on CDH1 gene function (PS3) was only applied for the classification of
splice site variants. Final pathogenicity allocation and variant curation was made via the
ACMG/AMP scoring combination criteria as described in the sentinel report of Richards and
colleagues.2” We also included six previously unreported families from the National Cancer
Institute’s prospective Hereditary Gastric Cancer Registry (IRB-approved protocol NCI-09-
C-0079) (online supplementary figure 2).

CDH1 germline variant predictions and classification

We constructed a hand-curated database of all CDH1 variants as reported in the identified
HDGC families identified in the literature search or our HDGC registry. All reported
variants were mapped to the human CDH1 wild-type sequence (UniProt: P12830-1;
Ensembl: ENST00000261769) to confirm concordance between reported substitutions and
entries in the EMBL database. On collection, the variants were mapped to the high quality
merged Ensembl/Havana transcript (Ensembl; CDH1-201) including their genomic position,
amino acid (aa) position(s) and splice sites. Prediction software tools included VariantTaster
MutationTaster (online version: http://www.mutationtaster.org/) and SIFT (classify coding
insertion/deletions, or indels, online version: http:/sift.bii.a-star.edu.sg). Variants were
classified as missense when a single nucleotide variant (SNV) introduced a non-synonymous
aa change, splice site variants when a SNV involved any exon-intron boundary within £2
nucleotides or the donor or acceptor site of known splice sites within 50 nucleotides of
termini of introns, and as truncating variants when SNVs including deletion/insertions
introduced a premature stop codon. In line with CDH1 gene-specific variant curation by
ClinGen CDH1 VCEP, the Genome Aggregation Database (gnomAD; https://
gnomad.broadinstitute.org/) was used as reference population database to determine allele
frequency. The Human Genome Mutation Database (HGMD; http://www.hgmd.cf.ac.uk/ac/
index.php) for presence of variants in reputable database (PP5) was also screened.
Classification tools such as LoFtool and PolyPhen-2 predictions (as implemented in the
Ensembl VEP Human Slice Site Finder version 3 (HSF3); online: www.umd.be/HSF3),
HGMD (ver. Professional 2015.3) and SPANR (Splicing-based Analysis of Variants; http://
tools.genes.toronto.edu/)) were used to evaluate splice site variants as a truncating or
missense variant. SIFT was used to predict if the concerned exon was affected and/or
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deleted. Both HSF3, MutationTaster and SPANR were also used to predict if truncating
variants are subject to NMD or if premature stop codon variants are likely to evade this
cellular surveillance mechanism. Truncating variants inducing a premature stop codon more
than ~50 bps upstream of any exon-exon junction generally trigger NMD and were classified
as NMD competent, variants inducing a termination codon within about ~50 to 55
nucleotides of the final exon-exon junction complex as NMD-deficient (online
supplementary figure 3).232° For genotype-clinical phenotype associations in HDGC
families, truncating variants were classified by location of the variant on the CDH1 gene
locus and its relation to functionally known domains of the E-cadherin receptor from
NCBI’s conserved domain database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsh.cgi?
seqinput=NP_004351.1) and UniProt database (http://www.uniprot.org/uniprot/
P12830#family_and_domains). Online supplementary table 1 lists identified CDH1 variants
and associated clinicopathological information of 152 HDGC families after exclusion of: (1)
synonymous variants, (2) variants not aligned with CDH1 wild-type sequence or (3) variants
whose protein products could not be predicted. Figure 1A shows a summary of location of
truncating, missense and splice site variants in relation to E-cadherin domains.

Gastric cancer, non-gastric cancer manifestations and clinical phenotypes of HDGC

The following data were extracted from individual reports: histopathological diagnosis of
DGC or LBC in at least one affected family member, total number of family members
affected by gastric cancer (including histologically confirmed diagnosis of >T1 a gastric
cancers in risk-reducing gastrectomy specimens), number of family members diagnosed
with breast cancer, age of diagnosis and gender. HDGC-associated cancer occurring at
young age was defined as gastric cancer diagnosed at less than 40 years of age or LBC at
less than 50 years.” Family members affected by colon cancer were also captured, though
not required to harbour histopathological criteria of signet ring cell morphology or mucinous
differentiation. Online supplementary table 1 summarises clinicopathological and genetic
information of the study population.

Immunohistochemistry

Immunohistochemical stains for f-Catenin (clone 17C2, Leica Biosystems Newcastle,
Newcastle Upon Tyne, UK, #B-CAT-L-U, 1:100), E-cadherin (clone 36B5, Leica
Biosystems Newcastle, #£E-CAD-L-CE, 1:100) and Ki-67 (clone KI-67, #M7240, 1:300)
were carried out after antigen retrieval. Antigen retrieval was carried out for 25 min.
BondMax (#DS9800) was used with diaminobenzidine as chromogen.
Immunohistochemical stains for phospho-mTOR Ser2448 (Cell Signal Technology, Danvers,
Massachusetts, USA, Cat. #2971, 1:100), phospho-Akt S473 (Cell Signal Technology, Cat.
#9721, 1:50), phospho-Akt T308 (Cell Signal Technology, Cat.# 9275, 1:100) and phospho-
ERK (Cell Signal Technology, Clone 20G11, Cat.#4376, 1:500) were carried out after heat
induced antigen retrieval using citrate buffer (10 mM citric acid, 0.05% Tween-20, pH10).
The primary antibodies were incubated overnight at 4°C, detected using Envision + Dual
labelled polymer (DAKO, K4061) and visualised with 3,3-diaminobenzadine (DAKO).
Slides were lightly counterstained with haematoxylin, dehydrated in a series of graded
ethanol, cleared in xylene and coverslipped. Histopathology and immunohistochemistry was
reviewed by the three study pathologists (AP SH and MM).
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statistical methods

Fisher’s exact test was used to compare the following phenotypes: family members affected
by colorectal cancer and breast cancer or family member affected by cancer at a young age
(gastric cancer at <40 years of age or LBC at <50 years). Mehta’s modification to Fisher’s
exact test was used to test for an association between unordered categorical parameters and a
dichotomous parameter.30 Associations between the phenotypes and the domain of variants
were calculated using Fisher’s exact test.

Logistic regression analysis was conducted to examine if truncating variants in a given
domain of CDH1 might be significantly associated with clinical phenotypes. ORs were
calculated to quantify associations of truncating variants affecting prespecified domains of
CDHZ1 and phenotypes compared with other domains of CDH1 (OR >1 indicates an
increased risk of a clinical phenotype for a given domain compared with the risk for other
domains).

Molecular modelling

RESULTS

Phenotypes

Human CDH1 (UniProt ID: P12830-1) is 882 aa long and includes five cadherin domains
(cadherin-1 to cadherin-5; EC1-EC5). Full-length experimental three-dimensional (3D)
information is not available for CDH1, but crystal structures are available for cadherin
domains 1 and 2 (155-367 aa) and the C-terminal end region, aa 756—773. To assess
variantal impact on CDH1 function, we created full-length CDH1 protein models using I-
TASSER online server, a bioinformatics tool for predicting 3D structure model of protein
molecules from aa sequences (http://zhanglab.ccmb.med.umich.edu/I-TASSER).
Homodimer CDH1 was created using two first-ranked (based on confidence score, C-Score)
I-TASSER monomer models using the mouse X-ray crystal structure, PDB ID 3 3Q2V as
the template. The structure overlay and the figures were created using the BIOVIA
Discovery Studio Visualizer (versions 4.1 and 4.5; Accelrys/Biovia Software).

of HDGC families with pathogenic truncating and missense variants

Initially, a total of 195 unique CDH1 variants were identified throughout all 16 exons of the
CDHZ1 gene from the selected 45 sources as the result of the systematic review (online
supplementary figure 1). The four most common causes for exclusion after the initial screen
(full text review) were: (1) lack of CDH1 variant testing in clinical reports of HDGC, (2)
unavailability of family history information with reported CDH1 germline variant, (3)
inability to accurately predict protein alteration and (4) the reported variant substitution did
not match to the human CDH1 wild type sequence. After removal of large genomic deletion
variants (six families) where in silico tools were unable to accurately classify the protein
product and duplicate reports, a total of 92 families with truncating, 16 families with
missense and 44 families with splice site germline CDH1 variants with complete
information were identified (online supplementary table 1). Applying the criteria PVS1 (null
variant), PM2 (absent in population databases), PM4 (protein length change) and for splice
site variants only PS3 (in vitro or in vivo functional studies supportive of damaging effect on
gene product) according to CDH1 variant curation specifications outlined by ClinGen CDH1
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VCEP, all truncating variants were classified as pathogenic (P) or likely pathogenic (LP)
compared with 23 out of 26 individual splice site and none of the missense variants (online
supplementary table 1). With the applied criteria, the odds for a truncating CDH1 variant to
be classified as pathogenic compared with splice site variants were 75.9 (Fisher’s exact test;
p<0.001) and 7.67 (p = 0.0161) for either pathogenic or likely pathogenic, respectively.

There were no discernable differences in the clinical phenotypes between the three groups
(table 1). About half of families with truncating variants also had at least one family member
affected by breast cancer, whereas 19% of families with missense variants and 34% with
splice site variants had one family member or more affected by breast cancer (p=0.06).
Twenty per cent of HDGC families with truncating CDH1 variants also had one or more
family members affected by CRC, compared with 33% of HDGC families with missense
and 13% with splice site variants. (table 1).

Non-random distribution of CDH1 germline variants in HDGC families

Distribution of CDH1 germline variants across all CDH1 coding regions showed different
regions of the CDH1 gene more frequently affected than others (figure 1A). The CDH1
coding regions are comprised of cadherin-pre and cadherin-pro signal peptides, five calcium-
binding extracellular cadherin (EC) repeat domains (domains 1-5) and the intracellular
cytoplasmatic region of CDH1 (including docking regions for p120 and p-catenin) (figure
sourced from http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?
seqinput=NP_001304113.1). Variant rates of truncating variants per base pair (bp) varied
from 0.01500 for the EC5 domain as the least affected to 0.10000 (p = 0.0059) for the
cadherin-pre domain (PRE signal peptide; nucleotides 1-80) as the most frequently affected.
Another site frequently affected by truncating variants were the linker regions, which do not
involve known functional CDH1 domains (truncating variant rate per bp 0.05785, p =
0.0111) (online supplementary table 2). In contrast, splice site variants were enriched in the
PRE (0.06250; p = 0.0097) and EC domain 2 (EC2) (0.03140; p = 0.0325) and EC domain 4
(EC4) (0.03330; p = 0.0226), the less frequent missense mutations did not show any
enrichment.

While the majority of variants were found in single families, there were recurrent variants
(“hotspots’) reported in several locations involving at least four families. These included the
truncating variants ¢.1003C>T, ¢.1212delC, ¢.1792C>T and ¢.2398delC and the splice site
variants ¢.1008G>T, ¢.1137G>A and ¢.1679C>G (in =4 families) (figure 1A).

CDH1 genotype-cancer phenotype correlations in HDGC families afflicted by truncating
CDH1 germline variants

We first examined potential associations between the three clinical phenotypes (breast
cancer, colorectal cancer and diagnosis of cancer at young age (gastric cancer <40 years of
age or LBC <50 years) in HDGC families with truncating CDH1 variants. There were no
discernible associations between the three cancer phenotypes (online supplementary table 3).
Next, we examined the location of truncating variants for any associations with the three
clinical phenotypes shown in figure 1B. EC1 and EC2 were combined and analysed jointly,
as well as EC domains 3-5 due to similar functions. EC1 and EC2 are involved in regulation
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of the cadherin dimerisation state by modulation of E-cadherin molecules homodimerisation.
EC1 and EC2 are involved in regulation of the cadherin dimerisation state by modulation of
E-cadherin molecules homodimerisation.3! C-terminal cadherin domains EC3, EC4 and
ECS5 are involved in heterodimerisation involving other adhesion molecules or receptor
tyrosine kinases.32-34 PRE and PRO domains functioning as signal peptides and regulating
intracellular trafficking were combined as well.

Family members with variants in the PRE-PRO region were more likely to be diagnosed
with colorectal cancer, when compared with variants in other regions (p = 0.01) (online
supplementary table 4). Families not affected by early cancer (gastric cancer <40 or LBC
<50 years of age) more frequently had truncating CDH1 variants located in the intracellular
(IC) domain or adjacent EC3/4/5 domains (p = 0.022). There was not a strong association
between the location of truncating variants in a particular region and the frequency of breast
cancer; breast cancer was more often reported in HDGC families with truncating CDH1
variants affecting the EC domains EC%4/5 and PRE-PRO regions compared with linker
regions not involving functional domains (p = 0.125), which seemed to be protective (online
supplementary table 4). Logistic regression analysis revealed an increased probability of
colorectal cancer in families with truncating variants affecting the PRE-PRO region (OR
6.20, 95% CI 1.79 to 21.48; p = 0.004), a protective effect of variants occurring in the IC
domain of the E-cadherin receptor for early cancer (gastric cancer diagnosed at <40 years of
age or LBC at <50 years) (OR 0.2, 95% CI 0.06 to 0.64; p = 0.0071) and a decreased
frequency of breast cancer when variants affecting linker regions between functional E-
cadherin domains (OR 0.35, 95% CI 0.12 to 0.99; p = 0.0493) (table 2; figure 2).

of predicted NMD of truncating CDH1 variants and clinical phenotypes

To assess if NMD was associated with clinical phenotype in HDGC families, truncating
variants with premature termination codons (PTCs) located within 50 bps upstream of the
last exon-exon junction were classified as NMD deficient and truncating variants with PTCs
more than 50 bps upstream of the last exon-intron junction as NMDcompetent (online
supplementary table 1; online supplementary figure 3). HDGC families with CDH1 germline
variants predicted to undergo NMD more frequently had family members affected by early
cancer (gastric cancer diagnosed at <40 years of age or LBC at <50 years) compared with
families with CDH1 variants evading NMD (p = 0.029) (online supplementary table 5).

Impact of location of truncating CDH1 variant on signal transduction in early T1a lesions

To generate a molecular rationale for the observed genotype-phenotype associations of the
enrichment of truncating CDH1 variants in known CDH1 functional domains and different
clinical phenotypes, we first built three-dimensional comparative models using a novel
hierarchical threading and assembly refinement approach adopted by software protein
structure prediction tool I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). The
first-rank confidence score model is shown in online supplementary figure 4A and B and
was used as a representative model for CDH1. Within the predicted wild-type model, the
cytoplasmatic p120 catenin and B-catenin binding domains were marked and the expanded
views display the available cocrystallised experimental complexes of the human B-catenin-
CDH1 and the homologous mouse p120 B-catenin-CDH1. The CDH1 model can be used to
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visualise how a ¢.187C>T substitution leads to a truncated protein (p.Ar-g63Term;
CM980317) with the loss of all the key domains (EC1 until the C-terminal end) beyond
position 63, whereas a variant within the IC domain like ¢.2310_2310delC will lead to a
CDH1 mutant that might be able to be integrated into the cell membrane and bind to p120
but is devoid of B-catenin retention. Thus, different CDH1 variants impacting different
CDHZ1 functions might translate into different clinical phenotypes.

To associate the different clinical manifestations with different signal transduction states
measured by histopathology, we studied activation states of MAPK, PI3K-AKT and B-
catenin signalling in early T1a lesions in prophylactic gastrectomy specimens of four HDGC
families with CDH1 variants affecting different regions of CDH1 (table 3). T1a lesion from
families with del124_126C-CCinsT (PRO region), ¢.521dupA (EC1), ¢.1565 + 1G>A (EC4)
and 2295+2T>G (intracellular region) were examined for expression levels of
phosphorylated AKT, mTOR and ERK, as well as Ki67, E-cadherin and cellular localisation
of p-catenin. All T1a lesions were small, submucosal foci of signet ring cell clusters that
showed no signs of proliferation as measured by Ki67 levels (figure 3). There were
differences in phospho-mTOR expression levels and pB-catenin activation states depending
on CDH1 genotype. T1a lesions with del124 126CCCinsT (PRO region) variants showed
activation of P-catenin and mTOR, whereas T1a lesions with the 2295+2T>G CDH1 variant
(IC region) had no activation. Some activation of P-catenin (as measured by nuclear
translocation) was observed in all families, with the exception of ¢.2295+2T>G mutant T1a
gastric cancer.

DISCUSSION

Several studies evaluating cancer predisposition syndromes have identified shared genotype-
phenotype associations across families and affected family members; these associations can
be used to derive and calculate risk estimates and recommend individualised surveillance
and risk-reducing interventions based on identified selective genotypes. In BRCA2, multiple
breast cancer and three ovarian cancer cluster regions are associated with relative hazard
rations ranging from 0.57 to 2.3.23 In patients with FAP, distinct genotype-phenotype
correlations have been described between APC gene variants and various extracolonic
manifestations, severity of polyposis, risk of early development of colorectal cancer and
death.#535 Similarly, the 2015 clinical guidelines for management of HDGC note a persistent
need for developing similar correlations in familial gastric cancer with germline CDH1
variants.” IGCLC has developed screening guidelines for families at risk recommending
germline CDH1 variant testing by the patient’s mid-20s; if tested positive, patients are
recommended to consider breast and gastric surveillance with consideration of risk-reducing
total gastrectomy before the age of 30 years.”1624 These recommendations are based on the
observations that the cumulative life-time risk of gastric cancer before age 16 years is less
than 1% but increased to more than 4% by age 30 years or an increase in breast cancer risk
>50 years of age.89 These recommendations are currently applied indiscriminately to all
CDHZ1 germline variant carriers irrespective of individual CDH1 variant genotype and/or
family history.
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There is increasing recognition that CDH1 germline variants are associated with multiple
disorders of a wider disease spectrum beyond elevated susceptibility for diffuse gastric and
LBC rather than one disease state.243637 |t however currently remains undetermined whether
colorectal cancer is also a manifestation of HDGC: while several reports suggest an
association with colorectal cancer, no increased overall incidence of CRC has been reported
in patients with HDGC so far.”10141538 The updated 2015 IGCLC guidelines recommend in
HDGC families with CDH1 germline variants in which colon cancer is reported in variant
carriers to collect age at diagnosis, variant status and whether the histopathology showed a
mucinous component and/or signet ring cells.” For such families, enhanced colonoscopy
screening should be considered at age 40 years or 10 years younger than the youngest
diagnosis of colon cancer, whichever is younger, and repeated at intervals of 3-5 years,
whereas for families not affected by colorectal cancer national guidelines for colorectal
cancer screening should be followed.” Here, we noted significant enrichment of early
truncating variants in the PRE-PRO region of CDH1 in HDGC families affected by CRC
(0R=6.20, 95% CI 1.79 to 21.48; p=0.004), suggesting an association with increased risk of
colorectal cancer in this patient subset. Together with the finding that 20% of HDGC
families with truncating CDHL1 variants, and between 13% and 33% of families with splice
site and missense variants, had at least one family member affected by CRC, which is higher
than population-based risks of colorectal cancer, appears to be consistent with prior reports
that E-cadherin loss can accelerate colon cancer progression.3940 In addition, this analysis
also identified variants associated with breast and gastric cancer frequencies: truncating
CDH1 variants in the linker region were associated with a reduced frequency of breast
cancer and variants in the IC domain with a reduced frequency of early cancer (gastric
cancer occurring at <40 or LBC occurring at <50 years of age).

There are a number of preclinical and clinical observations that support the finding of
genotype-phenotype associations in HDGC due to CDH1 germline variants. Preclinically,
variants disrupting different functional domains of E-cadherin have been associated with
different tumour suppressor functions. Sasaki and colleagues were the first to show that the
loss of EC domains abrogates cell-cell contact but suppresses tumour cell growth via
redistribution of B-catenin to the cell membrane due to intact interactions with the catenin
domain.#! Deletion variants in exons 8 and 9 affect the EC-binding domains of E-cadherin,
subsequently increasing EGFR activation, and carry another distinct tumour suppressor
function.3342 Cancer cell lines derived from patients with missense variants in the
extracellular domains of E-cadherin were correspondingly less able to suppress EGFR
signalling compared with cell lines with wild type E-cadherin thus possibly driving a unique
phenotype.333441-43 |t also can be speculated that the loss of signal peptide function of E-
cadherin due to loss of the PRE-PRO region may be linked to a more virulent phenotype.
The lack of targeting the nascent translated protein chain to the endoplasmatic reticulum
might lead to aberrant intracellular trafficking with possible deleterious interference in
protein homeostasis of the cell and the complete absence of any E-cadherin fragments
reaching the cell surface may both aid malignant transformation. Thus, variants affecting
different functional domains may generate loss of different tumour suppressor functions and
possibly explain the different cancer manifestations within the syndrome.
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To provide some molecular correlation for the observed genotype-phenotype associations
and the heterogeneity in the clinical phenotype, we screened T1a lesions of four different
HDGC families with different CDH1 germline variants for activation of p-catenin, PI13K-
AKT or ERK signalling and identified different activation states in T1a lesions of
gastrectomy specimens from different CDH1 germline variant carriers. Our group has
previously shown that ¢.1380delA CDH1 (EC3) mutant gastric cancer cells derived from a
HDGC patient with a germline ¢.1380delA variant showed increased sensitivity to anti-Src,
FAK, mTOR and MEK class small molecule inhibitors which, in part, appears to align with
the findings of elevated mTOR and p-ERK levels measured in above T1 lesions.** Another
possible explanation for the different intracellular transduction perturbations and variable
cancer phenotypes might be differences in truncating CDH1 variants’ ability to be subjected
to NMD.22 Our findings of HDGC families with truncating CDH1 germline variants subject
to NMD being more frequently affected by cancer at a young age (gastric cancer <40 years
or LBC <50 years of age) is in line with an earlier study that investigated an association of
NMD and age of onset of gastric cancer and reported that carriers with truncating CDH1
variants escaping NMD are less affected by early onset of gastric cancer.23 Other
observations that support that different CDH1 genotypes are associated with different
biology and clinical manifestations in this cancer predisposition syndrome include the
observation that somatic structural CDH1 alterations conferred a poorer outcome when
compared with epigenetic silencing or differences in the second hit of the CDH1 allele in
primary versus metastatic lesions.194°

While important, the presented findings must be interpreted within the limitations of our
study. Most critically, while we included six previously unreported HDGC families, the
majority of our analysis is based on previously reported HDGC families and incurs the risk
of observational and reporting bias. Under-reporting of HDGC families with germline
CDH1 variants from developing countries, of families with recurrent CDH1 variants and
reliance on recent reports could all have introduced bias and skewed results. Adoption of
screening and prophylactic interventions are known to vary geographically, thus the variable
age of youngest affected family by cancer has to be interpreted with caution.2> The lack of
longitudinal information and control for ascertainment bias is yet another limitation. Some
of the reports predated the inclusion of LBC as the second cancer phenotype of HDGC into
IGCLC guidelines. Thus, information on the subtype of breast cancer was not always
available. Equally, no histopathological information on the colorectal cancer cancer with
regard to signet ring cell or mucinous differentiation was available. As comparisons between
family history-based and population-based cancer risks are subject to many variations, all
ORs are relative ORs to other functional regions of the CDH1 gene and not risk estimates
compared with general population-based risks. When scoring variants for pathogenicity, we
followed recently released guidelines of the ClinGen CDH1 VCEP implemented by the
ClinGen Hereditary Cancer Domain, which recommended to use specifications of the
ACMG and AMP for the classification of pathogenicity of CDH1 germline variants.2728
Since only three of the listed criteria (PVS1, PM2 and PM4; and PS3 for splice site only)
were consistently available in the identified reports, we might have under-reported
pathogenic or likely pathogenic variants. In light of the universal scoring of truncating
variants with the available criteria as pathogenic or likely pathogenic, and only a minority of
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splice site variants (3 out of total of 26 individual splice site variants) classified as of
unknown significance, any impact onto the analysis is likely to be very small. As
emphasised by ClinGen CDH1 VCEP, missense CDH1 variants to date have not been
confidently proven to be disease causing, and these variants were not included into the
analysis.28 Our exclusion criteria where no protein product could be predicted, where the
index variants were incorrect or where large portions of the gene were deleted might have
skewed the dataset, however, was in our opinion necessary in order to only include high
confidence, accurately curated variants. Of note, two of the four described HDGC families
with large genomic deletions involving coding sequences of the PRE-PRO region including
the start codon (chrl 6: deletion 67 193 822-67 387 415 (del exon 1-2 [193 593 bp]) were
reported to have family members affected by colorectal cancer, a finding that would have
strengthened the association of loss-of-function variants affecting the PRE-PRO region and
colorectal cancer risk further.?

In conclusion, we identified associations between locations of CDH1 truncating germline
variants and cancer frequencies across CDH1 domains that may aid to individualise
screening, surveillance and risk-reducing intervention strategies or design chemopreventive
programmes aimed at high-risk subgroups. The association of colorectal cancer and variants
in the PRE-PRO-region suggests a potential role for enhanced colonoscopic surveillance in
certain families with HDGC. The inherent heterogeneity of the disease will require more
collection of clinical and genetic information of HDGC families to further refine genotype-
phenotype associations and to create risk prediction models.
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Figurel.
(A) Gene map depicting location of truncating (red), missense (blue) and splice site (green)

c¢DH1 germline variants in relation to functional E-cadherin domains. Number of recurrent
variants in independent families indicated on y-axis. (B) gene maps of truncating cDH1
variants of HDGC families with family members affected by colorectal (top), breast (mid)
and early cancer (gastric cancer <40 years or lobular breast cancer <50 years) (bottom).
Total number of families with individual cDH1 genotype shown on y-axis, and full circles
indicate number of families with respective phenotype.
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Figure2.
ORs of phenotypes colorectal cancer, breast cancer and cancer at young age (gastric cancer

<40 years or lobular breast cancer <50 years) by location of truncating CDH1 germline
variant (by CDH1 nucleotide position of functional domain) (*p<0.05; **p<0.01). EC,
extracellular; I1C, intracellular.
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Figure 3.
Signal transduction perturbations in early intramucosal T1la HDGC lesions from CDH1

carriers with truncating del124_126CCCinsT (PRO region), ¢.521dupA (EC1), c.
1565+1G>A (EC4) and 2295+2T>G (1C) variants. ¢.521 dupA variant T1a lesions from two
variant carriers are shown. For HDGC families with ¢.2295+2T>G variant, H&E and
immunostains are shown for both early HDGC (T1a intramucosal lesion) and stage IV
(serosal implant of peritoneal carcinomatosis; last column). ¢.2295+2T>G CDH1 germline
variants were confirmed in both individuals. H&E shows dispersed intramural signet ring
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cell clusters (<20 cells) within mucosal glands, and arrow indicates signet ring cells with
typical peripheral nucleus. p-catenin activation was scored on nuclear staining levels of early
HDGC lesions, p-mTOR immunolabeling was found observed both in cytoplasmatic and
nuclear cellular locations and p-ERK labelling (c.1 565+1G>A and 2295+2T>G CDH1
variant in stage IV lesion) was more pronounced in the nucleus (20x). EC, extracellular; IC,
intracellular.
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OR of a given domain versus other domains including 95% Cls and p values by logistic regression of domain

of truncating CDH1 variant and clinical phenotype

Colorectal cancer

Domain Estimate 2.5% 97.5% Pvalue
PRE-PRO 6.20 1.79 21.477 0.004
EC 1land 2 NA NA NA NA
EC3,4and5 0.872 0.252 3.021 0.8287
IC 1.622 0.445 591 0.4632
Linker 0.351 0.073 1.681 0.1902
Breast cancer

PRE-PRO 2.545 0.793 8.171 0.1164
EC 1land 2 0.685 0.222 2.115 0.5104
EC34and5 2.038 0.775 5.36 0.1488
IC 0.821 0.277 2437 0.7223
Linker 0.346 0.12 0.993 0.0493
Affected family membersat young age*

PRE-PRO 1.444 0.292 7.136  0.6518
EC 1land 2 NA NA NA NA
EC3,4and5 0.683 0.209 2.226  0.5269
IC 0.195 0.059 0.641 0.0071
Linker 2.333 0.486 11.213  0.2901

*
Gastric cancer at <40 years or lobular breast cancer <50 years.

EC, extracellular; IC, intracellular; NA, too few counts to calculate OR.
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