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Abstract
Background  CDH1 and CTNNA1 remain as the main genes for hereditary gastric cancer. However, they only explain a small 
fraction of gastric cancer cases with suspected inherited basis. In this study, we aimed to identify new hereditary genes for 
early-onset gastric cancer patients (EOGC; < 50 years old).
Methods  After germline exome sequencing in 20 EOGC patients and replication of relevant findings by gene-panel sequenc-
ing in an independent cohort of 152 patients, CTNND1 stood out as an interesting candidate gene, since its protein product 
(p120ctn) directly interacts with E-cadherin. We proceeded with functional characterization by generating two knockout 
CTNND1 cellular models by gene editing and introducing the detected genetic variants using a lentiviral delivery system. 
We assessed β-catenin and E-cadherin levels, cell detachment, as well as E-cadherin localization and cell-to-cell interaction 
by spheroid modeling.
Results  Three CTNND1 germline variants [c.28_29delinsCT, p.(Ala10Leu); c.1105C > T, p.(Pro369Ser); c.1537A > G, 
p.(Asn513Asp)] were identified in our EOGC cohorts. Cells encoding CTNND1 variants displayed altered E-cadherin levels 
and intercellular interactions. In addition, the p.(Pro369Ser) variant, located in a key region in the E-cadherin/p120ctn bind-
ing domain, showed E-cadherin mislocalization.
Conclusions  Defects in CTNND1 could be involved in germline predisposition to gastric cancer by altering E-cadherin and, 
consequently, cell-to-cell interactions. In the present study, CTNND1 germline variants explained 2% (3/172) of the cases, 
although further studies in larger external cohorts are needed.
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Introduction

Gastric cancer (GC) is the fifth most common cancer with 
more than 1,000,000 new cases in 2020. Both environmen-
tal and genetic factors are involved in GC susceptibility. 
Up to 10% of all GC cases display familial aggregation 
and up to 5% are caused by germline predisposition [1]. 

Some of these cases are explained by genetic variants in 
the known hereditary GC genes. Among them, CDH1 
(encoding E-cadherin) [2] and CTNNA1 (encoding α-E-
catenin) [2, 3], and APC promoter 1B pathogenic variants 
[4], have been related to hereditary syndromes with high 
risk mainly of GC (hereditary diffuse GC syndrome, or 
HDGC, and gastric adenocarcinoma and proximal poly-
posis of the stomach, respectively). In addition, there are 
other genes involved in other hereditary cancer syndromes 
that increase the probability to develop GC besides other 
tumors. They include Lynch syndrome (DNA mismatch 
repair genes), hereditary breast-ovarian cancer syndrome 
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(BRCA1/2, PALB2), as well as familial adenomatous 
polyposis (APC/MUTYH), juvenile polyposis (SMAD4/
BMPR1A), Li-Fraumeni (TP53), Peutz-Jeghers (STK11) 
and Cowden syndromes (PTEN) [1].

Despite this already known GC germline predisposition, 
there are still some families with GC aggregation without 
an identified hereditary cause. There is a similar situation 
for early-onset GC patients (EOGC), a subgroup of GC 
patients characterized by a diagnosis at 50 years or earlier 
and clinicopathologically different from conventional GC 
[5]. However, 10% of them have a positive family history, 
and only some cases are explained by other hereditary can-
cer syndromes [5]. Therefore, there is a need to identify 
new germline predisposition genes that could explain these 
unsolved cases, either with familial aggregation or early-
onset presentation. In addition, it is known that inherited 
factors have a strong role in tumor development in EOGC 
patients. In fact, an increased incidence of GC in young 
people (< 50 y.o.) has been described [6], highlighting even 
more this need. Therefore, studying this subgroup of patients 
is a useful approach to decipher their germline background.

During the last years, next-generation sequencing has 
become a useful tool to identify new candidate genes for 
EOGC germline predisposition [2, 7–9]. Nevertheless, this 
technology generates a huge number of genetic variants that, 
at the end, need to be further validated by functional studies 
to establish a clear and strong association between the can-
didate germline predisposition factor and the disease.

We previously proposed some candidate genes after 
exome sequencing (WES) in a discovery cohort of 20 
EOGC patients [10]. In the present study, we aimed to iden-
tify novel causal genes for EOGC germline predisposition. 
Accordingly, we replicated WES results by targeted gene-
panel sequencing and functionally validated three rare vari-
ants detected in a candidate gene.

Materials and methods

Patients

Clinical characteristics

A discovery cohort of 20 EOGC patients was previously 
studied [10]. For replication purposes, 152 unrelated EOGC 
patients were recruited in 12 different Spanish hospitals. All 
of them developed GC before the age of 50 and no previous 
germline pathogenic variants were identified in the already 
known hereditary GC genes. In this replication cohort, 
47.2% of the patients were women and the median age at 
GC diagnosis was 42.0 y.o. Oncologic, personal and family 
history characteristics are summarised in Table 1.

Immunohistochemistry and loss of heterozygosity

Immunostainings and loss of heterozygosity assessment 
were performed when tumor sample was available. See 
online Supplemental material for more details.

Variant identification

DNA extraction

Germline DNA samples were extracted using the QIAamp 
DNA Blood kit (Qiagen, Hilden, Germany) following the 
manufacturer’s instructions.

Table 1   Clinical characteristics of the replication cohort (n = 152)

IQR interquartile range, GC gastric cancer, FDR first-degree relative, 
SDR second-degree relatives, TDR third-degree relatives, (n = x) rep-
resents the number of patients with available information

Age at cancer diagnosis; median (IQR) 42·0 (37·0–46·0)
Gender (women); number (%) 68/144 (47·2)
Personal history of other neoplasm, number (%) 0
Family history of GC (n = 139)
 (FDR, SDR, TDR), number (%) 51 (36·7)
 Age at cancer diagnosis; median (IQR) 59·0 (46·0–69·0)

Family history of other tumors (n = 134)
 (FDR, SDR, TDR), number (%)
  Breast 37 (27·6)
  Colorectal 35 (26·1)
  Lung 10 (7·5)
  Ovarian 8 (6·0)
  Laryngeal 7 (5·2)
  Prostate 5 (3·7)
  Neck/head 4 (3·0)
  Melanoma 4 (3·0)
  Thyroid 4 (3·0)
  Liver 4 (3·0)
  Brain 3 (2·2)
  Bladder 2 (1·5)
  Uterus 2 (1·5)
  Pancreatic 2 (1·5)
  Endometrial 2 (1·5)
  Glioblastoma 1 (0·7)
  Phyllodes 1 (0·7)

Tumor stage (n = 82), number (%)
 I/II 26 (31·7)
 III/IV 56 (68·3)

GC histology (n = 113), number (%)
 Diffuse 80 (70·8)
 Intestinal 26 (23·0)
 Mixed 6 (5·3)
 Medullary 1 (0·9)
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Gene panel sequencing

After WES in a discovery cohort of 20 EOGC patients [10], 
a custom gene panel was designed. This panel had 38 genes, 
including 24 genes potentially associated with hereditary GC 
(based on our previous WES analysis) and 14 external genes 
already associated with a higher risk of GC. See online Sup-
plemental material for further details.

Gene panel analysis

Raw-sequencing data were aligned to the hg19 human 
genome using the Burrows-Wheeler Aligner v.0.7.15 (BWA-
MEM). Then, variant calling was conducted using Genome 
Analysis Toolkit (GATK). Variant annotation was performed 
using SnpEff software (https://​pcing​ola.​github.​io/​SnpEff/). 
Afterward, variants were filtered by an in-house R pipeline, 
as previously described [10]. Briefly, this pipeline selects 
rare (allele frequency ≤ 0.1%), nonsynonymous and truncat-
ing genetic variants, and missense genetic variants with at 
least three out of six pathogenicity prediction tools [11–16] 
in the case of missense variants. Afterward, those genes with 
variants in both discovery and replication cohorts were fur-
ther considered.

Variant validation

Integrative Genome Viewer (IGV; http://​softw​are.​broad​insti​
tute.​org/​softw​are/​igv/) and Sanger sequencing (Eurofins 
Genomics, Luxembourg) were performed for a final valida-
tion of the identified genetic variants. Primers are listed in 
Table S1.

Cellular model development for variant 
characterization

Cell lines

Human gastric cancer NCI-N87 (Cat No. CRL-5822), 
human immortalized retinal hTERT RPE-1 (Cat No. CRL-
4000) and human kidney HEK293T (Cat No. CRL-3216) 
cell lines were obtained from American Type Culture Col-
lection (ATCC, Manassas, VA). NCI-N87 cell line was 
cultured with RPMI-1640 medium (Gibco, Waltham, MA) 
and hTERT RPE-1 and HEK293T cells were cultured with 
DMEM medium (Gibco, Waltham, MA), both supplemented 
with 10% fetal bovine serum. All cell lines were cultured 
in standard growth conditions (37 ºC, 5% CO2) and tested 
for mycoplasma contamination with the Mycoplasma Gel 
Detection kit from Biotools (Madrid, Spain).

For information regarding CTNND1 (NM_001085458.1) 
loss-of-function model generation and variant reintroduction, 

protein extraction, Western blot and Detachment assay, see 
online Supplementary material.

Functional characterization of genetic variants

Wnt pathway: β‑catenin and E‑cadherin expression.

Β-catenin and E-cadherin protein expression was assessed 
by Western Blot. The primary antibodies used were anti-β-
catenin (clone C10A8, Cat No. 8480, Cell Signaling) and 
anti-E-cadherin (clone 4A2, Cat No. ab231303, Abcam), in 
combination with anti-GAPDH (clone 14C10, Cat No. 2118, 
Cell signaling) for normalization purposes.

Generation of spheroids

Spheroids were generated using Nunclon Sphera treated 
U-Shaped-Bottom 96-Well plates (Cat No. 174925, Ther-
moFisher, Waltham, MA). Briefly, 200 uL containing 1,000 
cells and 5,000 cells were seeded per well for NCI-N87 and 
hTERT RPE models, respectively. After 4 days of sphe-
roid formation, pictures were taken with an Olympus IX51 
phase-contrast microscopy at 4 × magnification to assess 
their size, shape and integrity.

Imaging analysis of spheroids

All images were analyzed using the open-source software 
Fiji and a macro designed by Ivanov et al., [17] adapted 
to properly characterize NCI-N87 and hTERT RPE sphe-
roids. Briefly, this macro converts the picture to black and 
white, applies a thresholding algorithm, cleans the artifacts, 
fills holes in the spheroid and generates a file with all the 
measured size parameters and shape descriptors (incl. area, 
circularity, roundness, solidity, aspect ratio) selected in the 
analyze particles command.

Immunofluorescence of spheroids

NCI-N87 spheroids were seeded at a concentration of 5,000 
cells/well for 4 days, and hTERT RPE spheroids at a con-
centration of 5,000 cells/well during 24 h. Protocol was 
adapted from Gaskell et al. [18]. Spheroids were transferred 
to Eppendorf tubes, washed three times with PBS and fixed 
with 4% formaldehyde for 1 h at room temperature (RT). 
Then, spheroids were washed again and permeabilized with 
0.5% Triton X-100 in PBS with 0.05% Tween20 overnight 
at 4 ºC. Then, they were blocked with 0.1% Triton X-100 
with 20% normal goat serum (NGS) in PBS for 2 h at RT. 
Spheroids were blotted overnight at 4 ºC with primary anti-
bodies anti-p120ctn and anti-E-cadherin diluted 1:200 in 
0.1% triton X-100 with 10% NGS in PBS. The following 
day, spheroids were washed three times with 0.1% triton 
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X-100 in PBS (1 h/wash) and blotted overnight at 4 ºC with 
the secondary antibody previously diluted 1:1000 in 0.1% 
triton X-100 with 10% NGS in PBS. Secondary antibodies 
were anti-mouse Alexa fluor 488 (Cat No A28175, Ther-
moFisher, Waltham, MA) and anti-rabbit Alexa fluor 594 

(Cat No. A-11012, ThermoFisher, Waltham, MA). The next 
day, spheroids were washed three times with 0.1% triton 
X-100 in PBS (30 min/wash). After DAPI nuclear staining 
for 20 min, two quick washes with PBS were done. Then, 
spheroids were mounted with Ibidi Mounting medium (Cat 
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No. 50001, Ibidi, Fitchburg, WI) in a microscope slide and 
stored at 4 ºC for subsequent observation. LEICA DM 2500 
confocal microscope (10 × and 63 × oil objectives) was used 
for immunoflourescence (IF) detection.

Results

Variant identification

Besides WES data from 20 EOGC patients of the discovery 
cohort [10], custom gene-panel sequencing data was availa-
ble from 152 EOGC patients of the replication cohort. After 
variant prioritisation, only rare, nonsynonymous/truncating 
or missense variants with at least three out of six pathogenic 
predictions were further considered from both the discovery 
and the replication cohort. Among them, those located on 
the catenin delta-1 (CTNND1) gene stood out. Its protein 
product, catenin delta-1, also known as p120ctn, is involved 
in cell-to-cell adhesion and signal transduction. Specifically, 
it directly interacts with E-cadherin, a well-known predis-
posing gene for hereditary diffuse GC, and is considered the 
main inhibitor of E-cadherin endocytosis [19].

In the discovery cohort [10], the WES-data pri-
oritization detected one genetic variant in CTNND1 
[c.28_29delinsCT, p.(Ala10Leu)] in patient 9. This 
genetic variant was classified as pathogenic by six 
prediction tools and the patient, who developed GC at 
41 years, displayed diffuse histology. In the replication 
cohort, two additional CTNND1 genetic variants were 
found. Both c.1105C > T, p.(Pro369Ser) and c.1537A > G, 
p.(Asn513Asp) variants were classified as damaging by 
three out of six pathogenic prediction tools. These vari-
ants were identified in patient 154 (onset at 44 years) with 
intestinal histology and patient 187 (onset at 45 years) 
with diffuse histology, respectively. Sanger sequencing 
confirmed the three genetic variants (Fig. S1a-c). None of 

the three patients were aware of familial GC aggregation. 
Any case of other type of cancer was identified in the 
family members of patient 9 and patient 154, while family 
history of patient 187 showed a sister with brain tumor 
and both maternal uncle and grandfather with prostate 
cancer. Variant information is listed in Table S2.

Loss of heterozygosity of the wild-type allele was ana-
lyzed in the tumors of c.28_29delinsCT, p.(Ala10Leu) 
and c.1537A > G, p.(Asn513Asp) carriers, but it was 
only detected in the former (Fig. S1a, S1c). DNA from 
the tumor of the c.1105C > T, p.(Pro369Ser) variant car-
rier was not available. Immunohistochemical staining 
of p120ctn and E-cadherin proteins were performed in 
tumors of c.1105C > T, p.(Pro369Ser) and c.1537A > G, 
p.(Asn513Asp) variant carriers (Fig. S2). Loss of p120ctn 
expression was found in c.1105C > T, p.(Pro369Ser) 
tumor, while E-cadherin expression was not altered. In 
c.1537A > G, p.(Asn513Asp) variant carrier, some tumor 
cells show focal and weak membrane staining.

Functional characterization of CTNND1 
loss‑of‑function

To further validate the impact of CTNND1 variants and their 
link to EOGC germline predisposition, this gene was tar-
geted using CRISPR-Cas9 technology in two different cell 
lines: NCI-N87, a gastric cell line expressing both p120ctn 
and E-cadherin, and hTERT RPE-1, an immortalized cell 
line which expresses p120ctn but N-cadherin instead of 
E-cadherin [20] (Fig. S3). One knockout clone of each cell 
line (termed hereafter NCI KO10 and RPE KO7, respec-
tively) were selected. CTNND1 gene editing was confirmed 
by Sanger sequencing and no expression was found at pro-
tein level in both clones (Fig. S3a-d). In addition, NCI KO10 
showed evident morphological changes after CTNND1 inac-
tivation (Fig. S3e).

Then, we evaluated how CTNND1 depletion could alter 
different cell functions. p120ctn directly interacts with the 
cytoplasmatic domain (juxtamembrane domain, JMD) of 
E-cadherin. Both are members of adherens junctions where 
β-catenin, a key element of Wnt pathway, is also involved. 
We evaluated protein expression of both E-cadherin and 
β-catenin, finding a significant lower expression of both pro-
teins in NCI KO10 (Fig. 1a). On the contrary, although there 
seems to be a reduction, no significant differences regard-
ing β-catenin levels were found in RPE KO7 (Fig. S4a). 
Since hTERT RPE-1 cell line expresses N-cadherin instead 
of E-cadherin, E-cadherin protein levels were not evaluated.

It is well known that p120ctn is involved in cell-to-
cell adhesion by controlling cadherin turnover. It pre-
vents E-cadherin internalization by hampering its inter-
action with the ubiquitin ligase Hakai or the endocytic 

Fig. 1   Functional characterization of the CTNND1-depleted NCI-N87 
cell model by CRISPR/Cas9. a Quantification of relative protein lev-
els of E-cadherin and β-catenin by Western blot. GAPDH was used 
as internal control. Representative blot of n = 4 (mean ± SD; Welch’s 
t-test, ∗∗∗P < 0.001). b Immunofluorescent staining of spheroids 
(NCI-N87 and NCI KO10) using p120ctn and E-cadherin antibod-
ies. CRISPR-mediated CTNND1 editing resulted in p120ctn complete 
depletion and reduced E-cadherin expression. Wide-field micros-
copy images (left panel) were captured using a 10 × objective (Scale 
bar = 100 µm). A small area is shown at higher magnification (right 
panel, 63 × oil objective, scale bar = 20  µm). c Representative pic-
tures of NCI-N87 and NCI KO10 spheroids. Scale bar = 200 µm. Cir-
cularity, compactness and roundness index decreased after p120ctn 
deletion. Spheroids were generated at least in quintuplicate and the 
experiment was repeated 3 times (n = 3; mean ± SD; Welch’s t-test, 
∗∗∗P < 0.001). d Detachment time-course assay. Data represent the 
percentage of remaining attached cells after being treated with trypsin 
at different timepoints (n = 9, mean ± SD; Welch’s t-test, ∗P < 0.05)

◂
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machinery [21–23]. Since CTNND1-depleted cells 
showed both morphological and E-cadherin alterations, 
hampered cell-to-cell interaction was suspected. Bearing 

this in mind, we engineered NCI KO10 and RPE KO7 
spheroids, a useful technique to study cell-to-cell inter-
actions [24], and evaluated E-cadherin and p120ctn 
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localization by IF. p120ctn was properly located at the 
membrane in both cell lines, although hTERT RPE-1 
cells displayed a dotted p120ctn pattern along the mem-
brane (Fig. 1b and Fig. S4b). Regarding E-cadherin, we 
observed a notable decrease of its membrane levels in 
NCI KO10 spheroids (Fig. 1b), in concordance with what 
was detected by Western Blot. Nevertheless, there was 
not a clear E-cadherin vesicular internalization pattern 
in these cells. As expected, E-cadherin was not detected 
in hTERT RPE-1 cells (Fig. S4b).

To further characterize CTNND1 knock-outs and 
changes in cell-to-cell adhesion, three-dimensional 
spheroid modeling and cell detachment assays were per-
formed. Both NCI KO10 and RPE KO7 spheroids were 
less compact than their wild-type counterparts. Whereas 
NCI KO10 spheroids resembled loose cell aggregates, 
RPE KO7 showed cell layers surrounding the spheroid 
itself as a consequence of p120ctn inactivation. The anal-
ysis of spheroid images showed a significant decrease 
in all shape descriptors, including circularity, compact-
ness and roundness (Fig. 1c and Fig. S4c), which reflects 
weak intercellular interactions [25]. These results were 
supported by the trypsin-based cell detachment assay. 
Monolayer cultures of both CTNND1 knockout models 
showed a significantly impaired cell-to-cell adhesion 
capacity after 8 or 3 min of treatment in NCI KO10 and 
RPE KO7, respectively (Fig. 1d and Fig. S4d). These time 
points were chosen for further experiments.

Altogether, these results showed that the inactivation 
of CTNND1 in NCI-N87 and hTERT RPE-1 cell lines 
reduced E-cadherin and β-catenin expression, with a sig-
nificant decrease observed in NCI KO10-N87, and com-
promised cell-to-cell adhesion.

Functional characterization of CTNND1 germline 
variants

The three genetic variants identified in both discovery and 
replication cohorts were studied to evaluate their func-
tional effect. The variants p.(Ala10Leu), p.(Pro369Ser) 
and p.(Asn513Asp) were generated by site-directed 
mutagenesis (Fig. S3f) and reintroduced into both NCI 

KO10 and RPE KO7 using a lentiviral delivery system. In 
addition, a wild-type version of CTNND1 was reintroduced 
as a control to restore the original phenotype. The doxy-
cycline dose of 100 ng/uL was selected and a successful 
gene expression for all the tested conditions was achieved 
(Fig. S3g).

After establishing the model, functional assays were 
performed. First, we studied the cadherin/catenin complex. 
E-cadherin and β-catenin protein levels were evaluated in 
NCI KO10 cells by re-expressing the wild-type sequence or 
each genetic variant. No significant differences were found 
regarding β-catenin levels. However, p.(Ala10Leu) and 
p.(Asn513Asp) variants showed a significant decrease in 
E-cadherin expression (Fig. 2a). Then, we evaluated p120ctn 
and E-cadherin localization in NCI spheroids. All p120ctn 
genetic variants were properly located at the membrane. 
Interestingly, the p.(Pro369Ser) variant displayed a dotted 
pattern of E-cadherin (Fig. 2b), suggesting its mislocaliza-
tion. Therefore, either E-cadherin expression or localization 
was impaired in cells expressing any of the CTNND1 genetic 
variants.

The effect of p120ctn variants on cell-to-cell adhesion 
was further investigated through spheroid modeling and 
detachment assays. In terms of spheroid formation, all 
genetic variants promoted an irregular shape and altered cell 
assembly to some extent. All variants caused a significant 
decrease in spheroid circularity when compared to the wild-
type counterpart. In addition, spheroid compactness was 
significantly reduced for p.(Ala10Leu) and p.(Asn513Asp) 
variants, with the latter also showing altered spheroid’s 
roundness (Fig. 3a). Regarding the detachment assay, all 
three variants led to reduced cell-to-cell attachment, but a 
significant difference was only observed for p.(Ala10Leu) 
(Fig. 3b).

This functional characterization was replicated in RPE 
KO7 cells after wild-type and genetic variants’ reintro-
duction. Regarding β-catenin levels, although there was a 
decreasing tendency, no significant differences were found 
(Fig. S5a). p120ctn expression was located mainly along 
the membrane but also in the cytoplasm, showing the same 
vesicular dotted pattern previously seen in hTERT RPE-1 
parental cells (Fig. S5b). The assessment of cell-to-cell 
adhesion revealed that cells expressing CTNND1 genetic 
variants showed a decrease only in spheroid circularity, 
although not statistically significant (Fig. S6a). In addition, 
no significant differences were observed in the detachment 
assay (Fig. S6b).

In our EOGC cohorts, CTNND1 functionally pathogenic 
variants explained around 2% of cases (3/172). To further 
test the association between CTNND1 and EOGC, we per-
formed a gene-based burden test comparing rare, protein-
disruption variants found in our EOGC cohort and those 
variants found in control subjects (gnomAD v.2.1.1). To 

Fig. 2   CTNND1 variants compromise E-cadherin levels and its 
membrane localization. a Quantification of relative protein levels 
of E-cadherin and β-catenin by Western blot. GAPDH was used as 
internal control. Representative blot of n = 4 (mean ± SD; analysis 
of variance with LSD post hoc test, *P < 0.05). b Immunofluores-
cent staining of spheroids expressing p120ctn variants. The vesicular 
internalization pattern of E-cadherin can be detected in cells express-
ing CTNND1 p.(Pro369Ser). Wide-field microscopy images (left 
panel) were captured using a 10 × objective (Scale bar = 100  µm). 
A small area is shown at higher magnification (right panel, 63 × oil 
objective, scale bar = 20 µm). Protein annotation is in its short form

◂
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select pathogenic variants, rare and loss-of-function variants 
were selected in this control dataset and nine cases (with 
splicing or protein-altering variants) were found (9/125,739; 
0.007%). This confirms an enrichment for rare, pathogenic 
CTNND1 variants in our EOGC cohort (χ2 = 543.88; p 
value = 0.00001).

Discussion

This study builds on the previous fundings obtained by our 
group [10]. We have conducted a replication in a cohort of 
152 EOGC patients by gene panel sequencing. Combining 
these results [10], we identified three patients with three 
heterozygous missense variants in the CTNND1 gene. To 
validate its role in EOGC germline predisposition, cellular 
models using CRISPR-Cas9 technology were produced and 
then, functional assays were developed.

CTNND1 is a member of the Armadillo protein family. 
Its protein product, p120ctn, has a crucial role in maintain-
ing cell-to-cell adhesion at adherens junctions, regulating 
the activation of small RhoGTPases in the cytoplasm and 
modulating nuclear transcription. Specifically, it directly 
interacts within the JMD of E-cadherin and controls E-cad-
herin turnover by hampering Hakai and endocytic machinery 
interaction [21–23].

CTNND1 has previously been associated with some 
hereditary syndromes with birth defects, including blepharo-
cheilodontic syndrome [26, 27], nonsyndromic cleft lip with 
or without palate (CLP) [28] and a craniofacial and cardiac 
syndrome [29]. Recently, CTNND1 germline variants have 
been also linked with familial exudative vitreoretinopathy 

[30]. GC was not diagnosed in any of these patients. Blepha-
rocheilodontic syndrome and nonsyndromic cleft lip/palate 
have also been related to CDH1 germline variants [26–28]. 
Interestingly, even some HDGC patients with CDH1 ger-
mline variants display CLP too [31–33]. In addition, famil-
ial exudative vitreoretinopathy syndrome has also been 
linked to CTNNA1 inherited variants [34]. Both CDH1 and 
CTNNA1 are well-established genes associated with HDGC 
predisposition [2, 35], supporting that CTNND1 germline 
variants could be involved not only in other hereditary syn-
dromes [26–30] but also in EOGC predisposition. In fact, 
although CTNND1 was not found altered in a small cohorts 
of HDGC [36], a recent study has found up to six variants 
of unknown significance in CTNND1 in a cohort of 141 GC 
patients with diffuse and mixed histology [37]. This find-
ing increases the evidence of the possible involvement of 
CTNND1 in germline predisposition to EOGC. In addition, it 
seems that frameshift variants are more frequent in the other 
syndromes rather than in EOGC, where missense variants 
could be more common (Fig. 4). This fact might explain 
phenotypical differences among these diseases.

In the present study, we demonstrated that CTNND1 
loss-of-function disrupts the cadherin/catenin complex and 
alters cell-to-cell interactions. In CTNND1-depleted cells, 
E-cadherin and β-catenin levels were downregulated, as pre-
viously reported [30]. Without p120ctn, Hakai or endocytic 
machineries interact with E-cadherin causing its internaliza-
tion and degradation [21, 22] and therefore, β-catenin is also 
released into the cytoplasm and degraded [38]. Ultimately, 
this led to morphological changes, reduced adhesion capac-
ity and an impaired spheroid formation. Similar results were 
obtained with the RPE model. Nevertheless, this cell line 

Fig. 3   CTNND1 variants affect cell-to-cell interactions. a Representa-
tive pictures of spheroids expressing each CTNND1 variant or its 
wild-type counterpart. Circularity, compactness and roundness index 
are represented. Spheroids were generated at least in quintuplicate 
and the experiment was repeated 3 times (n = 3; mean ± SD; analysis 

of variance with LSD post hoc test, ∗P < 0.05). b Detachment assay. 
Data represent the percentage of remaining attached cells after being 
treated with trypsin for 8 min (n = 9, mean ± SD; analysis of variance 
with LSD post hoc test, ∗P < 0.05). Protein annotation is in its short 
form



755CTNND1 is involved in germline predisposition to early‑onset gastric cancer by affecting…

expresses preferably N-cadherin instead of E-cadherin [20]. 
E-cadherin interacts with shorter p120ctn isoforms, more 
frequent in epidermis, tongue and palate epithelia or in ducts 
of excretory glands, while N-cadherin associates with longer 
isoforms, more common in pigment epithelium of retina, 
among other cell types [39]. In addition, p120ctn was not 
properly located at the membrane of RPE cells and presented 
a dotted, vesicular staining pattern, suggesting that, at least, 
part of p120ctn (probably the shorter isoform that binds 
preferably to E-cadherin) was in the cytoplasm or being 
internalized [40]. Despite the lack of E-cadherin expres-
sion, p120ctn inactivation also altered cell adhesion abil-
ity and spheroid formation in RPE cells, since N-cadherin 
also mediates adherens junctions and needs to be bound to 
p120ctn to be properly delivered to the membrane [41].

After depicting the effect of CTNND1 loss-of-function, 
we functionally validated the three different CTNND1 
missense genetic variants and assessed cadherin/catenin 
protein status and cell-to-cell interactions. Interestingly, 
the level of functional evidence supporting CTNND1 
malfunction can vary depending on the variant’s loca-
tion within p120ctn functional domains: p.(Ala10Leu) is 
located at the coiled-coil domain in N-terminal end, while 
p.(Pro369Ser) and p.(Asn513Asp) variants are located in 
ARM1 and ARM4 domains, respectively (Fig. 4). Of par-
ticular note is the different effects observed either over 
E-cadherin expression or localization. It has been reported 
that the stability of E-cadherin at the adherens junctions is 
dependent on an equilibrium of cadherin retention at the 
membrane, driven by p120ctn, and cadherin internaliza-
tion, induced by either the clathrin endocytic machinery 
or the Hakai-dependent ubiquitination and subsequent 

degradation [23]. Since the endocytic or ubiquitination 
fate of E-cadherin seems to be associated with different 
p120ctn binding regions, the specific location of p120ctn 
variants may influence or favor one mechanism over 
another.

Cells expressing either p.(Ala10Leu) or p.(Asn513Asp) 
variants showed decreased E-cadherin levels. The coiled-
coil domain (aa 10–46) has been described as indispen-
sable for E-cadherin stabilization [42]. In addition, the 
first 27 amino acids of p120ctn are necessary for a proper 
deliver of the cadherin/catenin complex to the membrane 
[43]. In our study, we also found impaired cell adhe-
sion and intercellular interactions associated with the 
p.(Ala10Leu) variant. Given these observations, this vari-
ant, located in an important region of p120ctn, seems to 
be involved in GC predisposition. On the other hand, the 
p.(Asn513Asp) variant is located in ARM4, close to the 
dynamic E-cadherin binding region and to essential ami-
noacid positions (Asn478 and Asn536) [23]. The altera-
tion of this intermediate-to-weak protein interaction could 
explain the lower levels of E-cadherin due to degrada-
tion. In addition, p.(Asn513Asp) cells showed significant 
morphological changes in spheroid formation but not dif-
ferences in the two-dimensional cell detachment assay. 
This fact highlights spheroid modeling as a more suitable 
approach to study intercellular interactions than monolayer 
cellular attachment to tissue culture plates.

Regarding p.(Pro369Ser) variant, we did not observe 
any alteration in E-cadherin protein levels, but we 
detected an altered localization pattern by IF, suggest-
ing clathrin-mediated E-cadherin internalization. The 
p.(Pro369Ser) variant is located in the ARM1 domain, 
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within a hydrophobic pocket necessary for the static 
interaction between p120ctn and the JMD of E-cadherin. 
In addition, some specific amino acid positions (Pro366 
and Val371), located very close to our variant, have been 
identified as key components for this binding [23]. This 
fact could support that alterations in or around these 
important positions could alter p120ctn-E-cadherin bind-
ing and result in E-cadherin vesicular internalization. In 
addition, cells expressing p.(Pro369Ser) variant exhibited 
an altered spheroid formation capacity, which collectively 
reinforces the alteration of the cadherin/catenin complex 
and consequently, intercellular junctions. Surprisingly, the 
p.(Pro369Ser) carrier showed GC with tubular (intesti-
nal) histology, despite E-cadherin alterations have been 
classically linked to poorly cohesive (diffuse) histology 
[44]. GC tubular (intestinal) histology is more common 
in older patients [5], although EOGC patients can also 
present tubular (intestinal) histology [45]. At the somatic 
level, E-cadherin has been found altered in both histo-
logical types [46], confirming the role of this protein in 
both types. It is possible that the lack of differences in 
E-cadherin protein levels could be a potential compen-
satory mechanism in response to internalization. In fact, 
E-cadherin expression was not altered in the patient’s 
tumor, while loss of p120ctn expression was confirmed. 
In this context, further studies will be needed to elucidate 
the mechanism behind this finding.

Using hTERT RPE cells we have been able to charac-
terize the effect of CTNND1 variants beyond their inter-
action with E-cadherin. In this model, p120ctn complete 
depletion (RPE KO7) impaired cell adhesion and spheroid 
formation, whereas p120ctn variants did not affect cell-
to-cell interactions. Although N- and E-cadherin are both 
type I cadherins, p120ctn has been suggested to bind more 
tightly to E-cadherin than to N-cadherin [47]. Therefore, 
it could be hypothesized that p120ctn missense variants 
associated with EOGC predisposition might impair cell-
to-cell interactions mainly affecting E-cadherin, but not 
other cadherin family members, while complete p120ctn 
depletion could hamper adherens junctions in which 
N-cadherin is also involved.

The discovery of CTNND1 as a new hereditary gastric 
cancer gene would permit identifying high-risk individu-
als and establishing preventive measures, early diagnosis, 
and personalized treatments. This finding could guide future 
studies in other external cohorts without a known germline 
cause to further identified new genetic variants in this gene 
that could help to improve disease management.

However, the present study has several limitations. First, 
histological sections and tumoral DNA were not avail-
able for all patients, which would have been valuable for 
a comprehensive understanding of the mutational status of 
CTNND1 in all of them. In addition, although none of the 
patients showed familial aggregation of GC, analyzing the 
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germline status of CTNND1 in their relatives could have 
provided insight into confirming the hereditary pattern of 
CTNND1 variants or its penetrance. In addition, the effect 
on cell-growth due to the alteration of cell-to-cell interac-
tions by CTNND1 variants has not been tested. Lastly, it is 
important to note that further analysis of CTNND1 germline 
variants in international cohorts is necessary to accumulate 
evidence and elucidate the extent of our findings.

In summary, alterations in p120ctn could affect E-cad-
herin stability, promoting its internalization and/or degra-
dation, and consequently reducing intercellular interactions 
(Fig. 5). Accordingly, our findings suggest that pathogenic 
variants in CTNND1 could be involved in EOGC germline 
predisposition. In our EOGC cohorts, CTNND1 germline 
predisposition explained around 2% of cases (3/172). Rep-
lication in additional cohorts and functional validation of 
the already-found variants in other external cohorts will 
be needed to further characterize its frequency and role in 
EOGC and GC.
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