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Background

General concepts about cancer

Cancer is the common designation for a malignant tumor or neoplasm, and encompasses

more than 100 distinct diseases which originate from most of the cell types and organs of

the human body. Cancer is a leading cause of death worldwide, and according to the

World Health Organization (WHO), accounted for about 13% (7.9 million) of all deaths just

in 2007 [1]. In Portugal, cancer is responsible for 22% of all deaths, being the second

primary cause of death right after cardiovascular diseases [2].

There are two types of tumors, benign and malignant, and they can be

distinguished by four main characteristics: state of differentiation, growth rate, local

invasion and metastasis [3]. Benign tumors are generally well differentiated, resembling

the tissue of origin. They exhibit a slow and progressive growth, and may even regress to

normal tissue. Benign tumors grow as a cohesive and delimited mass, without capacity to

invade or metastasize [3]. In contrast, malignant tumors are markedly undifferentiated, or

anaplastic, and their structure is frequently atypical. The growth rate of malignant tumors

is erratic, varying between slow and exponential, and mitotic figures are usually abundant

and abnormal. The expansion of malignant tumors is accompanied by progressive

infiltration and invasion, with concomitant destruction of the surrounding tissues [3].

Ultimately, cancer cells will migrate from the primary tumor to form metastases, which

undeniably label a tumor as malignant.

Early insights into the essential role of the genome in cancer development came

from the work of Hansemann [4] and Boveri [5] in the late nineteenth and early twentieth

centuries. They observed odd chromosomal aberrations in dividing cancer cells, which led

to the proposal that cancers are anomalous clones of cells originated and characterized

by abnormalities of hereditary material. Following the discovery of DNA as the molecular

matter of inheritance [6] and determination of its structure [7], this hypothesis was

supported by evidence that agents that induce DNA damage also cause cancer [8].

Subsequent analyses of cancer cell chromosomes revealed that particular and recurrent

genomic anomalies are correlated with specific cancer types (such as the translocation

between chromosomes 9 and 22 in chronic myeloid leukemia) [9, 10]. Later, it was

demonstrated that phenotypically normal cells could be transformed by introduction of

total genomic DNA from human cancer cells into them [11, 12]. The isolation of the
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specific DNA segment responsible for this transformation led to the identification of the

first naturally occurring cancer-causing mutation – a single base G > T change that

originates a glycine to valine substitution in codon 12 of the HRAS gene [13, 14]. These

landmark discoveries initiated a new era of searching for the mutated genes that underlie

the development of human cancer.

Several lines of evidence indicate that tumorigenesis is a multistep process,

reflecting discrete genetic alterations that drive progressively the transformation of normal

cells into highly malignant derivates [15]. These alterations are usually somatic events,

although germline mutations can predispose one to heritable or familial cancer. Analogous

to Darwinian evolution, cancer development is based on (1) acquisition of heritable

genetic variation in individual cells by random mutation and (2) action of natural selection

on the resulting phenotype [16]. The cells in the emerging neoplastic clone accumulate

within them a series of genetic and/or epigenetic changes that lead to altered gene

expression, and, consequently, altered phenotypes. The selection may wipe out cells that

carry deleterious mutations or it may promote cells that have acquired alterations which

confer proliferative and survival advantage over their neighbors. Throughout human life

there are possibly thousands of cells that acquire such alterations. The majority has

limited abnormal growth, and phenotypically is undetectable or manifest as a common

benign growth. However, a single cell can acquire a set of advantageous alterations that

allow autonomous proliferation, invade adjacent tissues and metastasize.

All cancers are thought to share a common pathogenesis and it is postulated that

most human cancers share six essential alterations in cell physiology: self-sufficiency in

growth signals; insensitivity to growth-inhibitory signals (antigrowth); evasion of

programmed cell death (apoptosis); limitless replicative potential; sustained angiogenesis,

and tissue invasion and metastasis. [15]. Each of these physiologic changes – new

capabilities acquired during tumorigenesis – represents the successful breaching of an

anticancer defense mechanism and, collectively, they dictate malignant growth.

Regardless of their origin, tumors are comprised by genetically distinct clones that

arise from the initially transformed cells through secondary or tertiary alterations. This

heterogeneity contributes to differences in clinical behavior and responses to treatment of

neoplasias of the same diagnostic type. Also, tumors can contain cancer stem cells, all of

which constitute a spectrum of cells with different genetic alterations and differentiation

states [17]. These populations can differ in sensitivity to chemotherapy and radiotherapy,
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making clinical management difficult. For these reasons, it is essential to understand the

initiating steps of cancer development in order to achieve an effective cancer therapeutic.

The discovery of mutated genes in human cancer has provided an insight into the

mechanism of cancer development. Nowadays, it is generally accepted that alterations in

three types of genes are responsible for tumorigenesis: oncogenes, tumor suppressor

genes (TSG), and stability genes [18].

Mutations in oncogenes usually render the gene constitutively active or active

under conditions in which the wild-type (WT) gene is not. This activation can result from

gene amplifications or from subtle intragenic mutations affecting crucial residues that

regulate the activity of the gene product. An activating somatic mutation in one allele of an

oncogene is generally sufficient to confer a selective growth advantage to the cell [18].

TSG, or gatekeepers, are targeted in the opposite way by genetic alterations:

mutations lead to reduction or loss of activity of the gene product. Such inactivation may

arise from missense mutations at residues that are essential for its activity; mutations that

result in a truncated protein; deletions or insertions of various sizes; or epigenetic

silencing [18]. To confer selective advantage to the cell, both maternal and paternal alleles

of a TSG must be mutated. This condition is usually achieved through the deletion of one

allele via a major chromosomal event (loss of a chromosomal arm or even the entire

chromosome) coupled to an intragenic mutation of the other allele [19].

Both oncogene and TSG mutations operate similarly at the physiological level by

increasing tumor cell number through stimulation of cell division or the inhibition of cell

death or cell-cycle arrest. When mutated, stability genes, or caretakers, promote

tumorigenesis in an entirely different way. This group includes the mismatch repair,

nucleotide-excision repair and base-excision repair genes, responsible for repairing subtle

errors induced by mutagens or that occur during DNA replication. Stability genes keep

genetic alterations to a minimum, and thus when they are inactivated, mutations in other

genes occur at a higher rate than expected [20]. Similarly to TSG, both alleles of stability

genes generally must be inactivated to result in a physiologic effect.

As mentioned earlier, tissue invasion and metastasis are hallmarks of human

cancer. Sooner or later during cancer development, primary tumor cells will spread,

invade adjacent tissues and travel to distant sites, where they may establish new colonies.

Metastases are the main cause of cancer related deaths, accounting for around 90% of

this burden [21]. The genetic and biochemical mechanisms behind this process remain
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incompletely understood. Even though, several proteins were identified to be altered in

cells that possess invasive and metastatic capabilities. The affected proteins include cell-

cell adhesion molecules (CAMs), which mediate cell-to-cell interactions, and integrins,

which link cells to the extracellular matrix. The most widely observed alteration in cell-to-

cell interactions in cancer involves a CAM family member called E-cadherin. This

molecule acts as a suppressor of invasion and metastasis, and its functional loss is a

major step in the acquisition these capabilities [15].

Gastric cancer

Gastric cancer (GC) is the second leading cause of cancer-related mortality in both sexes

worldwide [22]. Its incidence varies widely between different regions of the world, but is

particularly high in South America, Eastern Europe and Central Asia (Figure 1) [23]. In

Portugal, GC is the third leading cause of cancer-related death, and among European

countries, Portugal has the second highest incidence rate of GC [2] [23]. GC is associated

with lower socioeconomic groups and is two times more frequent in males than in females

[24]. Over the last decades, a steady decline of both incidence and mortality of GC has

been observed. Even though, five-year survival rates remain poor mainly due to late

diagnosis [25]. Even after curative resection or after adjuvant therapy, nearly 60% of

affected patients die due to GC [26, 27].

Figure 1 – Worldwide incidence of gastric cancer in males (left) and females (right) in 2008
(age-standardized rate per 100,000 population). IARC, GLOBOCAN 2008.
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Evidence of an association between environment, diet and GC comes from

significant differences of disease incidence observed in different parts of the world.

Migration studies revealed that high-risk populations (e.g., Japanese) have a significant

decrease of GC risk upon changing their dietary habits [28]. Low consumption of

vegetables and fruits and high intake of salts, nitrates, and smoked foods are associated

with an increased risk of GC [29]. Occupational exposure in coal mining and processing of

nickel, rubber, and timber has been reported to increase the risk of GC [29]. Finally,

cigarette smoking is also a risk factor for GC [30]. Infection by Helicobacter pylori (H.

pylori) is classically associated with inflammation and gastritis, and constitutes the single

most frequent cause of GC [31]. Chronic inflammation induces increased tissue turnover,

leading to excessive rate of proliferation, which may result in an elevated mutation rate.

The causal role of H. pylori was exhaustively studied in animal models [32] and has been

classified by WHO as a class I carcinogen since 1994 [33].

GC can be divided into two main histological subtypes: the first, exhibits an

intestinal-like morphology composed by glandular structures; the second, known as

diffuse, is characterized by poorly differentiated cells that exhibit infiltrative growth [34].

There is also a third subtype that displays both solid and isolated-cell component, which

was proposed to be classified as a distinct entity designated by mixed gastric carcinoma

(MGC) [35].

Several lines of evidence suggest that different etiology lead to intestinal gastric

carcinoma (IGC) or diffuse gastric carcinoma (DGC). It has been shown that pre-

neoplastic lesions, such as chronic atrophic gastritis and intestinal metaplasia, are

associated only with the intestinal-type. IGC typically arises from chronic gastritis and

develops through intermediate stages of atrophic gastritis, intestinal metaplasia,

dysplasia, and ultimately GC. This long-lasting process, also known as Correa pathway,

depends on continued chronic inflammation [36]. This variant shows a greater frequency

in the general population when compared to its diffuse counterpart, and it is often related

to environmental exposures including diet, smoking, and infection by H. pylori. For DGC,

no model has been proposed for development of sporadic cancer, whereas for the

hereditary variant, several models are available and will be addressed latter.

Several genes (e.g. TP53, APC, CDH1, KRAS, EGFR, ERBB2, CDX1 and CDX2)

are differently altered in the two major types of GC, suggesting that histological

differences may be associated with distinct molecular alterations. For instance, CDH1,

which encodes for E-cadherin, is frequently mutated in DGC, whereas no mutations are
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found in IGC [37-40]. In MGC, CDH1 mutations are found only in the diffuse component of

the tumor, suggesting that the loss of E-cadherin expression is related to the divergence

between DGC and IGC [41].

Both sporadic and familial GC result from a combination of genetic and epigenetic

alterations that induce transformation of normal gastric epithelia into malignant cells.

These alterations are enhanced by genomic instability, and activate oncogenes or silence

TSG. Some of the genes deregulated in GC include TP53, KRAS, and TGF-β, which are

also frequently mutated in other tumor types. In contrast, mutations in FGFR2 and c-MET

are frequently associated only with GC [42]. Epidemiology data suggests that family

history is an important risk factor, since first-degree relatives of patients have a 1.5-3 fold

risk increase for GC [43]. It is estimated that only a small fraction of the total GC burden is

hereditary, exhibiting a classical hereditary etiology indicative of high penetrance genes.

This observation is supported by the occurrence of disorders such as Lynch syndrome,

Peutz-Jeghers syndrome, Cowden syndrome, Li-Fraumeni syndrome, familial

adenomatous polyposis, and hereditary diffuse gastric cancer.

Hereditary Diffuse Gastric Cancer

In 1998, germline truncating mutations of the CDH1 gene, which encodes for E-cadherin,

were described in three Maori families with autosomal dominant DGC [40]. Since then,

similar mutations have been described in more than 40 families of different ethnic

backgrounds [44]. This inherited cancer syndrome was designated Hereditary Diffuse

Gastric Cancer (HDGC; OMIM 137215), and the need to create terminology and

guidelines, led to the formation of the International Gastric Cancer Linkage Consortium

(IGCLC). The IGCLC defined the following clinical criteria for HDGC:

I. Families with two or more proven cases of DGC in individuals under the age of

50; or,

II. Families with three or more proven cases of DGC at any age.

Of notice is that these criteria are suitable for HDGC screening in high-incidence

countries such as Portugal or Japan, but are likely to strict for low-incidence countries,

where broader criteria are advised: two or more cases of GC, with at least one DGC

diagnosed before the age of 50 [44].
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Approximately 90% of GC cases are sporadic, whereas familial clustering is

observed in the remaining 10% [45]. Of these, only 1-3% of cases are considered to be

hereditary. When familial aggregation of GC is present, several scenarios are possible:

cases in which the histopathology of the tumors is unknown, and therefore are designated

as Familial Gastric Cancer (FGC); and cases in which the histopathology of the tumors is

recognized, being accordingly classified as Hereditary Diffuse Gastric Cancer (HDGC),

Familial Diffuse Gastric Cancer (FDGC), or Familial Intestinal Gastric Cancer (FIGC). If

DGC is diagnosed before 45 years of age, cases are classified as Early Onset Diffuse

Gastric Cancer (EODGC).

Advanced hereditary and sporadic DGC are histologically indistinguishable, and

IGC is not correlated with HDGC [46]. HDGC patients typically present a diffuse-type of

GC, distinguished by the presence of signet ring cells. There are several models for the

histopathological and molecular development of HDGC, even though the initiating events

are not fully understood [45, 47, 48]. Early-stages are characterized by multiple foci of

signet ring cell carcinoma (SRCC) (stage T1), confined to the lamina propria mucosae

[49]. Recently, it has been proposed that E-cadherin inactivation is the initiating event of

SRCC [50, 51]. The simultaneous occurrence of several hundred foci in the stomachs of

CDH1 germline mutation carriers supports this hypothesis. The foci are submucosal and

appear to be relatively indolent, with weak staining for proliferation marker Ki-67 [52].

Nevertheless, there is wide variation in the number of SRCC foci both within and between

HDGC patients [47], and no correlation between age and number of foci has been

observed. Afterwards, a pagetoid spread of signet ring cells can be observed, below the

preserved epithelia, and at latter stages dedifferentiated and invasive carcinoma. This

progressive change in cell differentiation is correlated with fibronectin expression and c-

Src activation. This tyrosine kinase seems crucial for HDGC progression, in accordance

with its role in the induction of a dedifferentiated mesenchymal state during epithelial

cancer progression [52].

For families with HDGC, genetic testing is essential to identify high-risk individuals,

since CDH1 germline mutation carriers have about 70-80% lifetime risk (penetrance) of

developing diffuse GC and female mutation carriers have an additional 40% lifetime risk

for breast cancer, namely lobular breast cancer [53]. Other cancer types, including

colorectal and prostate, have been observed in CDH1 germline mutation carriers, but do

not occur at a significant higher rate than in general population [53]. The clinical options

for these individuals include endoscopic surveillance and prophylactic gastrectomy, the
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later being supported by the presence of foci of early diffuse GC in 100% of stomachs

from CDH1 mutation carriers [45]. These two observations indicate that although they may

develop early diffuse GC at relative young ages, not all mutation carriers have clinical

disease expression during their lives. Additionally, prophylactic gastrectomy is a major

surgical procedure coupled with high morbidity (100%) and potential mortality (less than

1% in healthy individuals) [54, 55]. Efforts have been made to develop methods for early

detection of diffuse GC, such as chromoendoscopy and positron emission tomography

[56, 57], but until now their clinical usefulness remains unclear. Moreover, endoscopy and

multiple mucosal biopsies have low sensitivity, as they have failed to identify malignant

tumor cells in patients subjected to prophylactic gastrectomy [49]. These indications point

out that prophylactic gastrectomy is the single valid approach for management of

asymptomatic carriers of CDH1 germline mutations in HDGC families [44].

It is generally accepted that genetic testing should be offered at or near the age of

consent (around 18 years). Before testing a given individual it must be taken into

consideration (1) the emotional and physical health of the individual and his/her family and

(2) the earliest age of cancer onset in HDGC families from the local population. The risk of

advanced HDGC is estimated in less than 1% at 20 years of age [53]. Consequently,

prophylactic gastrectomy is not recommended in mutation carriers younger than age 20

years, since the risk of death from GC is approximately the same as the mortality

associated with prophylactic total gastrectomy. Therefore, annual surveillance endoscopy

is advised for identified mutation carriers in their teenage years [58].

The age of onset has been used in several hereditary cancer syndromes to

engage patients without a family history for genetic screening. It is thought that these

patients represent putative carriers of de novo germline mutations. The first report of a

young patient, with apparently sporadic GC, carrying an E-cadherin germline mutation

was made in 1999 [59]. Later, a study of a series of 66 individuals with apparently

sporadic GC developed before the age of 52, led to the identification of two different

germline missense mutations in DGC patients [60]. Suriano et al. have also identified two

pathogenic mutations in a series of 10 DGC patients younger than 35 years, and

proposed that the cut-off age for screening CDH1 germline mutations in EODGC should

be decreased to 35 years [61].
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Figure 2 - Flow chart for management of individuals at risk. Adapted from Carneiro et al.

(2008).

E-cadherin

E-cadherin is a type I cadherin that mediates calcium-dependent cell-cell adhesion, and

has a crucial role in maintaining cell polarity and organized epithelia [62]. This molecule

belongs to the large family of cadherins, which are transmembrane or membrane-

associated glycoproteins. Cadherin superfamily is composed of classical cadherins, being

E-cadherin the most prominent member, and non-classical cadherins that include

desmosomal cadherins and protocadherins.

The CDH1 gene maps to chromosome 16q22.1 and consists of 16 exons,

comprising nearly 99Kb of genomic DNA, which is transcribed into a 4.8Kb mRNA [63].

CDH1 mRNA is translated into a 135kDa precursor polypeptide that upon undergoing

cleavage and glycosylation, gives rise to a 120kDa mature protein. E-cadherin is

comprised of three different domains: an extracellular domain, a transmembrane domain

(TM), and a cytoplasmic tail [64]. The extracellular domain contains five cadherin-type

repeats, coupled together by Ca2+ ions, and is involved in the homophilic cell-cell

adhesion. The extracellular cadherin repeat (EC) has approximately 110 aminoacids (AA)
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and contains three conserved motifs that are essential for calcium binding and cell-cell

adhesion [64]. The cytoplasmic domain of E-cadherin mediates interactions with cytosolic

proteins (α-catenin, β-catenin, and p120-catenin), essential to establish stable cell-cell

adhesion. Classic cadherins form a core protein complex that consists of a parallel

cadherin dimer and the catenin polypeptides. α-catenin binds to actin as well as to the N-

terminal region of β-catenin, connecting the adherens junctions (AJ) to the cytoskeleton

[65]. β-catenin is an armadillo-repeat protein that binds to the C-terminus of E-cadherin,

and is known to be involved in its transport to the plasma membrane (PM) [66]. β-catenin

is also an intracellular signal transduction molecule, involved in the WNT signaling

pathway [67]. Binding of β-catenin to E-cadherin is thought to prevent translocation to the

nucleus and subsequent transcription of target genes, involved in cell proliferation and

tumor progression [68, 69]. p120-catenin is another armadillo-repeat protein and interacts

with E-cadherin at the juxtamembrane domain. Together with β-catenin, it is thought to

stabilize the cadherin-catenin complex at the cell surface [70].

E-cadherin signals indirectly by sequestering the armadillo proteins p120-catenin

and β-catenin at the cell membrane, whereas their presence in the cytoplasm or nucleus

influences cytoskeletal rearrangements and transcriptional activities. In addition, E-

cadherin also inhibits ligand activation of receptor tyrosine kinases EGFR, ERBB2, IGF-

1R, and c-Met [71].

Epithelial cells are characterized by strong intercellular adhesion mediated by

three types of junctional complexes: tight junctions (TJ), AJ, and desmosomes. E-cadherin

is the major component of AJ, and alterations in the assembly or disassembly of these

complexes take place during epithelial-mesenchymal transition (EMT). EMT is

characterized by the dissociation of adherent and polarized epithelial cells, which migrate

to give rise to other structures. Loss of E-cadherin expression is associated with EMT, and

plays a role in tumor initiation, invasion, and metastasis [65].
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Figure 3 - The classical cadherin-catenin complex and the adherens junction. (A) The

cadherin-catenin complex. E-cadherin is represented in violet. The extracellular domain comprises

five cadherin-type repeats (EC), bound together by Ca2+ ions (yellow dots). The cadherin-catenin

complex consists of p120 catenin, linked to the juxtamembranar region of E-cadherin, and β-

catenin, connected to the distal region of E-cadherin. β-catenin binds to α-catenin, which in turn

binds to actin and actin-binding proteins, such as vinculin, α-actinin and formin-1. (B) Electron

micrograph of an adherens junction (ZA) of epithelia. A tight junction (O) and a desmosome (D) are

also visible. Adapted from Gumbiner, 2005.

E-cadherin and cancer

E-cadherin has broad-ranging effects on tissue morphology and organization, and for that

reason, it becomes an attractive target during tumorigenesis. Indeed, it is well

documented that tumors lose E-cadherin expression as they progress toward malignancy

[72] and numerous carcinomas exhibit reduced or even complete loss of E-cadherin

expression in comparison to normal tissue [73, 74].

In human cancer, E-cadherin expression is deregulated at different cellular levels,

including DNA, RNA and protein. A few years after mapping of human E-cadherin gene,

several studies demonstrated that loss of heterozygosity (LOH) at 16q is a very frequent

genetic event, particularly in gastric, prostate, hepatocellular and esophageal carcinomas

[72]. Epigenetic silencing of E-cadherin has been associated with CpG-island methylation

and with binding  of specific transcription factors that target promoter region of CDH1 [75].
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Recently, it was also described that miR-9 directly targets CDH1 mRNA and

downregulates E-cadherin expression, leading to increased cell motility and invasion, and

tumor metastasis [76]. Furthermore, post-translational modifications such as

phosphorylation and glycosylation can also influence E-cadherin biological function [77,

78].

Evidence from both cellular and animal models indicate that E-cadherin

deregulation promotes tumor invasion and metastasis [79, 80], and conditional deletion of

E-cadherin in TP53-deficient mouse model also promotes tumor initiation [81]. Indeed,

Humar et al. demonstrated that E-cadherin deficiency initiates SRCC, the earliest

manifestation of DGC, even with absence of hyperproliferation and β-catenin activation

[50]. Moreover, both somatic and germline E-cadherin inactivating mutations have been

identified in several neoplasias, namely DGC [40, 63, 82, 83]. Germline alterations

suggest that E-cadherin mutations may act early in the natural history of HDGC, definitely

behaving as a classical TSG.

E-cadherin and HDGC

E-cadherin-inactivating mutations were first described in DGC [84]. In sporadic cases,

somatic mutations often cause skipping of exons 7 and 9, which correspond to in frame

deletions. Several truncating mutations have also been reported in this histological

subtype [83]. Epigenetic events, such as promoter hypermethylation, are very frequent in

DGC and may account for biallelic silencing [39]. Interestingly, somatic mutations of CDH1

are present in sporadic DGC cases (40-83%), but not in sporadic IGC [83, 85]. This

evidence provided a rationale to consider CDH1 as a candidate susceptibility gene for

HDGC.

Since the first reports of CDH1 germline mutations in HDGC kindred [40],

numerous screening studies were conducted and it is estimated that 30-40% of HDGC

families harbor these mutations [86-88]. In the remaining families, CDH1 germline

mutations were not found and the genetic cause of HDGC in these patients remains

unclear. Intragenic germline deletions are a recognized cause of cancer susceptibility

syndromes but have only been described as second-hit inactivating mechanism of CDH1

gene [89]. Taking into account the biology of E-cadherin, catenins (α, β, and p120) are

obvious candidates for mutation in HDGC. However, assessment of the mutational status

of these genes disclosed no germline mutations in CDH1 negative HDGC [42]. TP53
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germline mutation is associated with cancer susceptibility syndromes (e.g., Li-Fraumeni)

and two independent studies found two novel mutations in HDGC [90, 91] (3,2% and

3,9%, respectively). BRCA2 is a classical TSG and 21% of families with both gastric and

breast cancer present germline mutations [92]. A mutation was also found in one family

with GC clustering [93]. Other candidate genes, such as RUNX3, HPP1, CASP10 and

SMAD4, have been ruled out as major GC predisposition genes in FGC [90, 91].

Approximately one hundred CDH1 germline mutations have been published until

now [58]. The most frequent type of mutations is small insertions or deletions (35%),

followed by missense (28%), nonsense (16%), splice site (16%), and large exon deletions

(5%) [58, 94]. These mutations are dispersed along the entire gene, as opposed to what

has been observed for sporadic cases where they cluster in exons 7-9 [42]. Germline

CDH1 mutations are found in different ethnic groups, but they are rare in countries with

high rates of sporadic GC [58]. CDH1 germline truncating mutations have high penetrance

and lead to loss-of-function in mutant cells, as E-cadherin protein expression is partially or

totally lost. On the other hand, missense mutations account for one-fourth of all HDGC-

related CDH1mutations but their pathogenic relevance of is not straightforward.

Figure 4 – Location and classification of CDH1 germline mutations identified in HDGC. Sig,

signal peptide. TM, transmembrane domain. Adapted from Guilford et al., 2010.
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In CDH1 germline mutations carriers, cancer initiates when the second allele is

downregulated or inactivated at the somatic level. It is postulated that the second-hit is

promoted by environmental and physiological factors, and occurs in multiple cells of the

gastric mucosa, which account for multifocal tumor lesions [47]. The tumor expands slowly

in early stages, until additional genetic alterations and tainted microenvironment result in

clonal expansion and tumor progression. These events typically happen during the

second decade of life, and the most common mechanism of downregulation of the second

allele is promoter hypermethylation [95]. LOH has also been reported, especially in

advanced tumors, and can be found concomitantly with promoter hypermethylation [95].

Interestingly, as the second-hit rarely occurs through somatic mutation, it was suggested

that epigenetic drugs (histone deacetylases and DNA methyltransferases inhibitors) could

be used as chemoprophylaxis in unaffected CDH1 mutation carriers [48].

There are several lines of evidence that point to a possible genotype-phenotype

correlation between the type (truncating vs. missense) or localization (protein domain

affected) of CDH1 germline mutations and clinical outcome (age of onset, disease

penetrance and tumor type). A notably high percentage of CDH1 mutations (around 80%)

generate premature termination codons (PTCs). Transcripts harboring PTCs can be

downregulated by nonsense-mediated decay (NMD), a RNA-surveillance pathway. Study

of HDGC patients indicates that NMD pathway is elicited by CDH1 transcripts containing

PTCs, and this might be associated with an earlier age of onset of GC [96]. Evidence from

in vitro studies also point to a putative genotype-phenotype correlation between the

affected E-cadherin domain and cellular-associated effects (increased motility) and

signaling pathways involved (EGFR activation) [97]. Suriano et al. investigated three

CDH1 missense mutations (A634V, T340A and A617T) and found that the first two

correlated with a highly invasive phenotype, whereas the third had similar invasive

capabilities compared to WT E-cadherin but showed reduced adhesion [98]. Hence, it is

possible that adhesion and motility are mediated by unrelated pathways, as distinct

mutations affect E-cadherin functions in a different way. Nevertheless, none of these

findings is validated in vivo, and the existing evidence is insufficient to state a definitive

genotype-phenotype correlation.
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E-cadherin germline missense mutations

Although CDH1 truncating mutations have a clear pathogenic role, the clinical relevance

of missense variants in HDGC remains controversial. As mentioned earlier, missense

mutations are present in about one out of four HDGC patients. The identification of these

variants represents a burden, both in genetic counseling and clinical management of

CDH1 mutation carriers and their relatives. CDH1 missense mutations span throughout

the whole gene, without preferential hot spots, and have a low-penetrance phenotype [99].

Moreover, only a small number of affected cases are available for testing in HDGC

families, leading to difficult segregation analysis of pedigrees. The lack of this clinical

information is a limiting step to infer the pathogenic significance of missense mutations.

To address this question, Suriano et al. established an in vitro model to evaluate

the effect of HDGC-associated germline missense mutations on E-cadherin functions.

This model is based on the ability of E-cadherin to mediate cell-cell adhesion and

suppress cell invasion. Cells negative for E-cadherin expression (CHO, Chinese hamster

ovary) were selected as model and engineered to stably express either WT or mutant E-

cadherin. E-cadherin functions were evaluated by slow aggregation assay on soft agar

and cell invasion assay on a matrix. Through this approach, they were able to

demonstrate that the majority of CDH1 germline missense mutations have deleterious

effects, harboring functional consequences in vitro (Table 1) [60, 98, 100].

Suriano et al. also developed a multivariate model that can be used to predict the

deleterious nature of CDH1 germline missense variants [101]. This model is based on

information about mutation frequency in healthy population control, cosegregation with the

disease within pedigrees, recurrence in independent families, and functional in vitro and in

silico data. The multivariate model enables to classify CDH1 missense mutations in

neutral or pathogenic, and provides important information for improved genetic counseling

of germline mutation carriers. Additionally, the cell line model, which harbors a set of

missense mutations, represents an exceptional resource that allows the study of E-

cadherin regulation mechanisms and signaling pathways involved in cell invasion and

adhesion.
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Table 1 – Missense mutations identified to date in the context of HDGC. ND, not determined.

(a) Personal communication (all patients and control cases were from Caucasian ethnicity).

E-cadherin trafficking in the cell

Intracellular vesicular transport is a recognized cellular mechanism that regulates protein

function [102]. Such mechanism relies on exocytic and endocytic trafficking at the cell

surface, which are neatly regulated both in time and space, and tightly coupled to different

cellular requirements. In recent years, it has become increasingly apparent that cells can

regulate adhesion by modulating the trafficking of proteins to and from the PM, namely

cadherins [103, 104].
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E-cadherin is a major component of AJ, and its presence is required at the cell

membrane. However, E-cadherin is not always at the AJ – it also spends time in transport

vesicles to and from the cell surface. As a result, cadherin-dependent adhesion is a

dynamic equilibrium between E-cadherin complexes at the AJ and those that are in

vesicles or compartments inside the cell. The intracellular trafficking of E-cadherin

involves two types of dynamic molecular interactions. The first echoes alterations in the

cadherin-catenin complex itself, whereas the second is related to the vesicle-trafficking

machinery [103]. This machinery is composed by a large group of proteins responsible for

sorting, loading, transport and delivery of E-cadherin. Some of these molecules are ARF6

[105] and Rab5 [106], involved in endosome formation; receptor tyrosine kinases [69],

implicated in phosphorylation, ubiquitination and/or degradation; Clathrin [107] and

Dynamin [105], relevant for membrane invagination and pinching, respectively.

E-cadherin synthesis and exocytic trafficking are modulated by epithelial cell

status, and are correlated with morphogenesis or adhesion requirements. In preconfluent

or non-adherent cells, E-cadherin is synthesized in profusion and continuously trafficked

to and from the membrane [103]. Newly synthesized E-cadherin must be sorted and

delivered in a polarized manner to the lateral cell surface, with the trans-Golgi network

(TGN) playing a major role in this process. The cytoplasmic tail of E-cadherin contains

various putative sorting signals, specifically a highly conserved dileucine motif in the

juxtamembranar domain [108]. This motif is essential for proper sorting and basolateral

trafficking of E-cadherin, and its absence results in the disruption of cell polarity and

morphology [108]. Generally, dileucine sorting signals are recognized by specific adaptor

complexes at the TGN to assemble clathrin coated vesicles for basolateral trafficking.

ARF6 recruits AP-1 and GGA adaptors to the TGN membranes, allowing efficient exit and

transport of E-cadherin [109].

E-cadherin has a dynamic existence in the cell, even after reaching cell surface

and being assembled into AJ. E-cadherin molecules constantly undergo endocytosis and

are either recycled back to the cell surface, or temporarily sequestered inside the cell,

and/or sent to degradation via lysosomes or via the proteasome (Figure 5). It is probable

that E-cadherin internalization from the cell membrane occurs through several pathways.

There are many potential regulators of this trafficking and evidence support that cadherins

are internalized both by clathrin-dependent [107] and clathrin-independent [105]

pathways. The fate of E-cadherin is apparently determined in early or sorting endosomes

because, independently of the route of internalization, cadherins pass through Rab5- and
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EEA1-positive early endosomes [107]. Moreover, recycling depends on active Rab11

[110], indicating that endosomes are essential for E-cadherin turn-over.

Figure 5 - E-cadherin exocytic and endocytic trafficking. Newly synthesized E-cadherin is

trafficked from the TGN to the cell membrane, where it is incorporated into adherens junction.

Surface E-cadherin can be endocytosed and follow different routes that recycle it back to the cell

surface or target it for degradation. Adapted from Bryant and Stow, 2004.

E-cadherin levels are constant in normal and polarized cells, with synthesis and

endocytosis only occurring at a minimum level. During EMT or tumorigenesis, E-cadherin

is endocytosed for downregulation or degradation, without recycling to the cell surface

[103]. Consequently, cadherin-based adhesion and cell polarity are lost, with potential

pathophysiological consequences to the cell. Most human metastases derive from

carcinomas and disruption of E-cadherin functions is required in order to have cell

migration and invasion [69]. Several mechanisms of E-cadherin deregulation, both at DNA

[39, 84] and RNA [96] level, are associated with cancer progression. Despite the well-

established connection between E-cadherin mutations and DGC, E-cadherin mutations

are rather an exception in carcinomas. The low frequency of E-cadherin mutations

contrasts with ubiquitous loss of protein expression in invasive cancers, suggesting that
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mechanisms of post-transcriptional regulation are implicated in E-cadherin

downregulation. In this thesis we explore the role of E-cadherin trafficking and post-

transcriptional regulation in HDGC.

Protein Quality Control

The protein components of cells face acute and chronic challenges to their integrity. The

homeostasis of the proteome, or proteostasis, enables healthy cell development and

differentiation, and prevents pathological events [111]. Proteostasis depends on various

cellular processes including protein folding/misfolding, synthesis, trafficking, aggregation,

and degradation [111].

The endoplasmic reticulum (ER) is an organelle where membrane proteins, such

as E-cadherin, are synthesized. Nascent proteins interact with molecular chaperones and

other enzymes, which promote their correct folding. Only properly folded proteins are

transported to the Golgi apparatus. On the other hand, unfolded or misfolded proteins are

recognized by molecular chaperones and destined for degradation. The cell ensures that

proteins are ready and functional through protein quality control (PQC) (Figure 6) [112,

113]. Misfolded proteins are retained in the ER, retrotranslocated to the cytoplasm, and

degraded via the proteasome. The process of degradation of misfolded proteins, driven by

ER machinery, is named endoplasmic reticulum-associated degradation (ERAD) [114].

ER chaperones and ERAD components are constitutively expressed in the ER to

deal with unfolded and misfolded proteins. When the capacity of the folding apparatus and

ERAD machinery are exceeded, unfolded proteins accumulate in the ER. Unfolded

proteins tend to form aggregates, which are very toxic to the cell. In response to this

stressful situation, eukaryotic cells activate self-defense mechanisms collectively referred

as unfolded protein response (UPR) [115, 116]. UPR is composed by four different

mechanisms that work together to protect the organism. The first is the reduction of

protein synthesis, preventing further accumulation of unfolded proteins. The second is the

transcriptional induction of ER chaperone genes to increase folding capacity, followed by

activation of transcriptional activity of ERAD-associated genes. If the cell is severely

damaged by ER stress, the last resort consists in the activation of apoptosis to ensure the

organism survival [117, 118]. The capacity to maintain proteostasis declines as organisms

get older. This might be one of the reasons for age-dependent pathologies such as

neurodegenerative diseases or cancer.
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Figure 6 – Protein quality control in the endoplasmic reticulum. a. Secretory pathway proteins

are translocated into the ER lumen co-translationally through translocons, which are proteinaceous

channels in the ER membrane. b. In the ER lumen, resident chaperones like BiP, calnexin and PDI

provide the proper folding of the nascent protein by preventing its aggregation, monitoring the

processing of the highly branched glycans, and forming disulphide bonds to stabilize the folded

protein. c. Once correctly folded and modified, the protein will exit the ER through transport

vesicles and move within the secretory pathway. d. If the ER quality control system identifies an

unfolded or misfolded protein, it will be targeted for retrotranslocation to the cytosol and degraded

by the 26S proteasome. e. Alterations in the ER environment shift the balance from normal folding

to improper folding (thicker arrow), leading to the accumulation of unfolded proteins in the ER. This

activates three ER-stress sensors – IRE1, PERK and ATF6 – which initiate the UPR. SRP, signal-

recognition particle. Adapted from Ma and Hendershot, 2004.
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Protein Quality Control and cancer

During normal growth and differentiation, cells deal with various insults that cause both

genotoxic and cytotoxic stress. However, signaling pathways are activated in response to

these alterations in order to protect the cell and the organism. In cancer cells, it is well-

documented that genotoxic insults occur at higher frequency, and defense mechanisms,

such as apoptosis, are often disabled [15]. Moreover, tumor environment is a very harsh

milieu for cells, with several cytotoxic conditions, like hypoxia, nutrient deprivation and pH

alteration [15]. These conditions activate cellular stress-response pathways, including the

UPR, which can have opposing roles during different stages of tumor development.

During early tumorigenesis, UPR can promote G1 arrest and p38 activation, both of which

induce a dormant state. On the other hand, ER stress induces anti-apoptotic NF-κB and

inhibits p53-dependent apoptotic signals. In advanced tumors, UPR enhances angiogenic

ability and promote metastasis through increased VEGF secretion (Figure 7) [117].

Figure 7 - The roles of the unfolded protein response in tumor development. ER stress has

been implicated in several different stages of tumor development, and can possible have opposing

roles during tumorigenesis. During early-stages and before angiogenesis occurs, activation of the

UPR could induce a G1 arrest and activate p38, both of which would promote a dormant state. If

the apoptotic branches of the UPR are also activated during this stage of tumor development,

cancer cells harboring mutations in the apoptotic machinery will be positively selected and evade

the fate of death. ER stress also induces anti-apoptotic NF-κB and inhibits p53-dependent
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apoptotic signals. If the balance of early cancer development leans against cell death, ER stress

can further promote the growth of cancer cells by enhancing their angiogenic capacity, through

increased VEGF secretion, for example. Adapted from Ma and Hendershot, 2004.

Alternatively, PQC can influence cancer cell development by direct regulation of

specific proteins that are crucial for tumor growth. As mentioned earlier, TSG are

frequently mutated in cancer cells. These alterations will give rise to mutant proteins that

will be under PQC regulation, resulting in loss of expression due to increased degradation.

TP53 is a transcription factor whose main function is to preserve genome integrity. In case

of DNA damage, TP53 arrests cell cycle to repair errors, or initiates apoptosis if damage is

extremely severe. Not surprisingly, more than 50% of all human cancers harbor TP53

mutations [119]. The most frequent alterations of TP53 are missense mutations, which

affect residues crucial to maintain protein folding [120]. Misfolded TP53 is targeted by

PQC and ERAD, leading to loss of expression and function [121, 122].

Recently, our group has shown that E-cadherin missense mutations are regulated

by endoplasmic reticulum quality control (ERQC) [123]. These mutants frequently

accumulate in the ER and express more immature form of E-cadherin than WT cells.

Moreover, mutant E-cadherin expression is strongly reduced as a result of ERAD, with

concomitant loss of cell-cell adhesion and increased invasion. Inhibition of the proteasome

increased both membrane and total expression, further confirming ERAD role in the

regulation of E-cadherin missense mutants associated to HDGC.
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Rationale and aims

E-cadherin is a 120kDa glycoprotein that localizes at AJ of epithelial cells, where it

mediates Ca2+-dependent homophilic cell-cell adhesion, and has a crucial function in

maintaining cell polarity and organized epithelia. The role of E-cadherin in tumorigenesis

is well established, and numerous carcinomas exhibit reduced or even complete loss of E-

cadherin expression in comparison to normal tissue. In most carcinomas, loss-of-

expression of E-cadherin is a late event, usually associated with local invasion and

metastasis. Nevertheless, the identification of E-cadherin germline mutations in early

HDGC lesions suggests that E-cadherin loss might be an initiating event in tumor

development.

Despite several advances in our knowledge about the regulation of E-cadherin

expression, the cause of E-cadherin loss is still undisclosed in a high percentage of

cancer cases. The main objective of this work is to identify new mechanisms behind E-

cadherin loss-of-expression in carcinomas. Our hypothesis is that posttranslational

modifications and/or intracellular trafficking play an important role in regulating E-cadherin

levels and function, and is supported by the identification of E-cadherin germline missense

mutations that interfere with protein trafficking, half-life time and membrane stabilization.

The specific aims of this work are:

 Functional characterization of new E-cadherin germline missense mutations found

in HDGC families;

 Characterize the pattern of protein expression and cellular localization of E-

cadherin missense mutants;

 Identify new mechanisms of E-cadherin regulation in the context of HDGC-related

missense mutations.
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Material and methods

Transfections

CHO cells are negative for E-cadherin expression. Our group has previously established

CHO cells stably expressing different E-cadherin variants: WT, E185V, S232C, L583R,

D750N and S853L hE-cadherin, cloned in pIRES2-EGFP vector (Clontech, Takara Bio).

The empty vector (Mock) was used as control.

For functional assays, cells were transiently transfected with the same vectors

using Lipofectamine 2000 (Invitrogen), according to the manufacture procedure. The

transfection efficiency was evaluated before each experiment, by flow cytometry, using

GFP fluorescence measurement.

Cell culture and treatments

CHO cells were grown in Alfa-MEM medium (Gibco, Invitrogen) supplemented with 10%

fetal bovine serum (FBS; Gibco, Invitrogen), 1% penicillin-streptomycin (Gibco, Invitrogen)

and 5µg/ml blasticidin (Gibco, Invitrogen), in a humified incubator with 5% CO2 at 37ºC.

For the proteasome inhibition assay, cells were seeded in 6 well plates, grown to

approximately 80% of confluence, and incubated for 16h with 10µM MG132

(CalBioChem).

Fluorescence-activated cell sorting – FACS

Cells were grown to a confluent monolayer, detached with Versene (Gibco, Invitrogen)

and resuspended in ice cold PBS with 0.05mg/ml CaCl2. A suspension of 5×105 cells was

centrifuged for 5 minutes at 1500rpm 4ºC, and washed in PBS with 0.05mg/ml CaCl2
3%BSA. Cells were incubated for 60 minutes with a primary antibody against E-cadherin,

HECD1 (Zymed Laboratories) at 1:100 dilution. Cells were washed twice and then

incubated with anti-mouse biotinilated (Dako) at 1:100 dilution. Cells were washed twice

and then incubated with streptavidin PE-CY5 (BD Pharmingen) at 1:40 dilution. Finally,

cells were washed, resuspended in 500µl of PBS, and 50000 cells were analyzed in a flow

cytometer (Coulter Epics XL-MCL). Data was analyzed with WinMDI software.
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Immunofluorescence and microscopy

Cells were seeded on glass coverslips and grown to about 80% confluence. They were

fixed in ice-cold methanol for 15 minutes, washed 2 times with PBS, and incubated with

primary antibody, diluted in PBS 5%BSA, for 60 minutes at room temperature. Primary

antibodies used: mouse monoclonal anti-E-cadherin (BD Biosciences); rat anti-E-cadherin

ECCD2 (Takara); rabbit anti-Calnexin (Stressgen); mouse anti-GM130 (BD Biosciences).

Secondary antibodies used: Alexa Fluor 488 anti-mouse (1:500; Invitrogen); Alexa Fluor

488 anti-rat (1:500; Invitrogen); Alexa Fluor 594 anti-rabbit (1:500; Invitrogen); Alexa Fluor

594 anti-mouse (1:500; Invitrogen). The coverslips were mounted on glass slides, using

Vectashield with DAPI (Vector Laboratories). Image acquisition was performed on Carl

Zeiss Apotome Axiovert 200 M Fluorescence Microscope using 20×, 40× and 63×

objectives. Images were acquired with Axiocam HRm camera and processed by software

Axiovison version 4.8.

SDS-PAGE and western blot

Cell lysates were obtained through Catenin lysis buffer (1% Triton X-100, 1% Nonidet P-

40 in PBS), supplemented with protease inhibitor cocktail (Roche) and phosphatase

inhibitor cocktail (Sigma). Protein quantification was done by a modified Bradford assay

(Bio-Rad). For each sample, 25µg of protein was loaded, separated in 7.5% SDS-PAGE,

and electroblotted to nitrocellulose membrane (GE Healthcare Life Sciences). Membranes

were blocked with 5% non-fat dry milk and 0.5% Tween-20 in PBS. Immunoblotting was

performed with antibodies against E-cadherin (1:1000; BD Biosciences), actin (1:1000;

Santa Cruz Biotechnology), and α-tubulin (1:10000; Sigma). Sheep anti-mouse (GE

Healthcare Life Sciences) or donkey anti-goat (Santa Cruz Biotechnology) were used as

secondary antibodies, followed by ECL detection (GE Healthcare Life Sciences).

Immunoblots were quantified in Quantity One software (Bio-Rad).

Slow aggregation assay

Wells of 96-well-plate were coated with 50μl of agar solution (100mg Bacto-Agar in 15ml

of sterile PBS). Cells were detached with trypsin and resuspended in culture medium. A
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suspension of 1×105 cells/ml was prepared and 2×104 cells were seeded in each well. The

plate was incubated at 37ºC in a humified chamber with 5% CO2 for 48h. Aggregation was

evaluated in an inverted microscope (4× magnification) and photographed with a digital

camera.

Matrigel invasion assay

Matrigel invasion chambers with 24 wells (BD Biocoat) were hydrated with α-MEM

medium and incubated at 37ºC for 60 minutes. Cells were detached with trypsin and

5×104 cells were incubated at 37ºC in a humified chamber with 5% CO2 for 24h. Cells and

Matrigel that were on the upper side of the filter were removed with a pre-wet cotton swab.

Filters were washed in PBS, fixed in ice-cold methanol for 15 minutes, and mounted in

glass slides using Vectashield with DAPI (Vector Laboratories). The total number of

invasive nuclei was assessed in a Leica DM2000 microscope.
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Results

Functional characterization of E-cadherin missense mutants associated to
Hereditary Diffuse Gastric Cancer

Five new E-cadherin germline missense mutations were found in HDGC patients, and

reported to our laboratory in order to evaluate their pathogenicity through in vitro assays

and in silico bioinformatic analysis. These mutations are not yet described in the literature,

and are designated as following: mutation 554A>T (aminoacid change E185V), mutation

695C>G (aminoacid change S232C) and mutation 1748T>G (aminoacid change L583R)

localized in the extracellular domain; mutation 2248G>A (aminoacid change D750N) and

mutation 2558C>T (aminoacid change S853L), localized in the cytoplasmic domain.

Our group has previously shown that E-cadherin functions can be assessed in vitro

by aggregation and invasion assays [60]. CHO cells transfected with WT and mutant

variants were used as a model to evaluate the impact of each mutation on cell-cell

adhesion and invasive behavior. This model is based on E-cadherin ability to mediate cell-

cell adhesion and suppress cell invasion. Conversely, E-cadherin mutants can be

accordingly classified as neutral, if they form compact aggregates and don’t invade a

matrix, or pathogenic, in the opposite case.
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protein functionality. Finally, mutant L583R exhibits complete abrogation of adhesion, as it

is evidenced by the formation of few clusters of cells. L583R cells phenotype is similar to

the Mock cells suggesting that E-cadherin adhesive functions are impaired.

Figure 8 - Aggregation pattern of E-cadherin mutants E185V, S232C, L583R, D750N and
S853L. Cells were grown to a confluent monolayer, detached with trypsin and 2×104 cells were

seeded per well. Cells were photographed under a microscope (20× objective) after 48h and one

representative image is shown. The experiment was repeated at least three times and always in

triplicate for each cell line.

In the invasion assay, the same cell suspension was used to seed cells over a

Matrigel chamber, after which they were incubated at 37ºC and 5% CO2 for 24h. The

filters were excised, and the cells were stained with DAPI and counted under a

fluorescence microscope. The number of invasive cells was normalized to WT. Mutants

D750N and S853L have similar invasive capacity than WT cells (Figure 9). In contrast,

mutants E185V, S232C and L583R invaded more than WT cells, even though this value is

not statistically significant.
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Figure 9 - Invasive capacity of E-cadherin mutant cells in relation to WT cells. Cells were

grown to a confluent monolayer, detached with trypsin, and seeded over Matrigel chambers. After

24h, filters were fixed and the total number of invasive cells was counted. The values of invasion

were normalized for WT cells. The bars represent the average of three independent experiments +

s.d.

Taken together, the results from functional assays reveal that E-cadherin mutant

L583R has clear loss-of-function, with impaired adhesion and enhanced invasion capacity,

suggesting that mutation 1748T>G probably is pathogenic in vivo. The remaining mutants

are predicted to be non-pathogenic according to the results of these assays.

Expression analysis of E-cadherin missense mutant L583R

We hypothesized that E-cadherin mutant L583R loss-of-function could be a consequence

of deficient protein expression. To address this question, we analyzed E-cadherin

expression profile in WT and mutant stable cell lines by western blot (WB), using anti-hE-

cadherin antibody. WB results show that mutants E185V, S232C, and S853L exhibit

similar E-cadherin levels compared to WT cells, while mutant D750N cells express slightly

higher protein levels (Figure 10). Mutant L583R cells express lower levels of E-cadherin,

representing 0.7 of WT expression. Moreover, mutant L583R expresses immature E-

cadherin, which is visible at a higher molecular weight (135kDa) than the mature form
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(120kDa). E-cadherin ER processing involves the transition from immature to mature

form, and increased levels of immature protein may indicate ER retention [124].

Figure 10 - E-cadherin expression is abnormal in cells expressing mutant L583R. CHO cells

were stably transfected with an empty vector (Mock) or WT, E185V, S232C, L583R, D750N and

S853L hE-cadherin. Total cell lysates were prepared and E-cadherin was detected by Western Blot

using anti-E-cadherin antibody. Anti-α-Tubulin antibody was used as a loading control. Expression

values were normalized for WT E-cadherin. Results shown are representative of three independent

experiments.

Next, we used fluorescent activated cell sorting (FACS) to investigate if the

decrease in total E-cadherin expression was also accompanied by reduced surface

expression. FACS analysis confirmed that mutant L583R has reduced E-cadherin surface

expression relatively to WT (Figure 11). Quantification of the mean expression values

showed that differences between WT and mutant L583R are statistically significant.

Mutants E185V and S232C have similar surface expression compared to WT, while

mutants D750N and S853L have a significant increase in E-cadherin surface expression.
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Figure 11 - E-cadherin mutant L583R has reduced cell surface expression. CHO cells were

stably transfected with an empty vector (Mock) or WT, E185V, S232C, L583R, D750N and S853L

hE-cadherin. E-cadherin cell surface expression was evaluated by FACS, after staining with an

extracellular anti-hE-cadherin antibody. 50000 cells were counted per experiment, and the bars

represent the average of three independent experiments + s.d. * p<0,01.

Finally, we used immunofluorescence (IF) to estimate E-cadherin expression and

localization in both WT and mutant cells. For this purpose, stable transfected CHO cells

(WT and mutants E185V, S232C, L583R, D750N and S853L) were grown to at least 80%

confluence on glass coverslips. Cells were fixed and permeabilized with methanol (-20 ºC)

and immunostained with anti-hE-cadherin. As expected, we confirmed that mutant L583R

exhibits reduced expression relatively to WT cells (Figure 12). Moreover, we also verified

that E-cadherin mutant L583R often localizes in the cytoplasm, in contrast with WT cells

that exhibit clear expression at the cell membrane. Mutants E185V, S232C, D750N and

S853L have similar expression levels when compared to WT cells. Despite these results,

a significant number of stable transfected CHO cells (WT and all mutants) do not express

E-cadherin.
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Figure 12 - Mutant L583R cells exhibit reduced and delocalized E-cadherin expression. CHO

cells were stably transfected with WT, E185V, S232C, L583R, D750N and S853L hE-cadherin.

Cells were fixed, permeabilized and immunostained with anti-hE-cadherin. E-cadherin was

visualized with Alexa 488 (green) conjugated antibody. All images were acquired with 40×

magnification.

Altogether, results from WB, FACS and IF show that stable cells expressing

mutant L583R exhibit lower total and surface E-cadherin expression. The accumulation of

immature E-cadherin, observed by WB, and its localization at the cytoplasm, suggests

that mutant L583R might be retained during the secretory pathway.

Subcellular localization of E-cadherin mutant L583R

To understand the fate of mutant L583R inside the cell, we analyzed E-cadherin

subcellular localization by IF. We performed colocalization of E-cadherin with Golgi and

ER markers. Stable CHO cell lines (WT and mutant L583R) were grown to at least 80%

confluence on glass coverslips. Cells were fixed and permeabilized with methanol (-20 ºC)

and prepared for immunocytochemistry accordingly.
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Golgi

A semi-confluent monolayer of stably transfected CHO cells was stained with primary

antibodies against E-cadherin and GM130, which is a marker for the Golgi. E-cadherin

antibody was conjugated with Alexa 488 (green) secondary antibody and GM130 was

conjugated with Alexa 594 (red) secondary antibody. Images were acquired and

processed in a fluorescence microscope (Figure 13) (details in Material and Methods

section)

Figure 13 - E-cadherin mutant L583R doesn´t localize at the Golgi. CHO cells were stably

transfected with WT and L583R hE-cadherin. Cells were fixed, permeabilized and stained with anti-
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E-cadherin and anti-GM130 antibodies. E-cadherin was visualized with Alexa 488 (green) and

GM130 with Alexa 594 (red) conjugated antibodies. All images were acquired with 40×

magnification. The arrows indicate areas with no overlap.

WT E-cadherin localizes almost completely at the Plasma Membrane (PM), while

mutant L583R frequently localizes at the perinuclear region and rarely at the PM.

Immunostaining for GM130 and E-cadherin reveals that mutant L583R accumulates near

the Golgi, but there is only partial overlap between the two signals.
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Endoplasmic reticulum

A semi-confluent monolayer of stably transfected CHO cells was stained with primary

antibodies against E-cadherin and Calnexin, which is a marker for ER. E-cadherin

antibody was conjugated with Alexa 488 (green) secondary antibody and Calnexin was

conjugated with Alexa 594 (red) secondary antibody. Images were acquired in a

fluorescence microscope (Figure 14) (details in Material and Methods section).

Figure 14 - E-cadherin mutant L583R localizes at the endoplasmic reticulum. CHO cells were

stably transfected with WT and L583R hE-cadherin. Cells were fixed, permeabilized and stained

with anti-E-cadherin and anti-Calnexin antibodies. E-cadherin was visualized with Alexa 488
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(green) and Calnexin with Alexa 594 (red) conjugated antibodies. All photographs were acquired

with 40× magnification. The arrows indicate areas with overlap.

Colocalization with Calnexin reveals that E-cadherin mutant L583R is often

localized at the ER, as evidenced by an almost complete overlap of signals. These

results, together with the evidence of immature form accumulation in the ER (previously

shown by WB), suggest that mutant L583R might be regulated by ERQC.

Regulation of E-cadherin mutant L583R

Our group previously reported that E-cadherin missense mutants could be regulated by

ERAD. To clarify if this was also the case for E-cadherin L583R, we evaluated the role of

proteasomal degradation in the regulation of this mutant form. Accordingly, CHO stable

cell lines were incubated with 10µM of proteasome inhibitor MG132, or its solvent (DMSO,

0,25%), for 16h, after which cells were analyzed by WB and FACS.

WB analysis shows that there is a total recovery of E-cadherin expression in

mutant L583R compared to WT upon treatment with MG132 (Figure 15). E-cadherin

levels in WT and mutant L583R cells are similar, indicating that the proteasome was

responsible for the degradation of the mutant protein. We observed accumulation of

mature (lower weight band) and immature (higher weight band) E-cadherin both in WT

and mutant cells, indicating that the proteasome also has a role in regulating WT,

particularly the immature form.
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Figure 15 - Expression profile of WT and mutant E-cadherin after proteasome inhibition.
CHO cells were stably transfected with the empty vector (Mock) or WT, E185V, S232C, L583R,

D750N and S853L hE-cadherin. Cells were incubated with 10μM MG132 (or the correspondent

amount of the solvent DMSO, 0.25%) for 16h. Whole cell lysates were analyzed by WB using an

anti-hE-cadherin antibody, and anti-α-Tubulin antibody was used as a loading control. Expression

values were normalized for WT (non-treated cells) and WT MG132 (treated cells). Results shown

are representative of three independent experiments.

We also evaluated the effect of proteasome inhibition on E-cadherin surface

expression.  FACS analysis revealed that the percentage of WT and L583R cells

expressing E-cadherin is significantly increased upon proteasome inhibition, and the

number of WT and L583R cells expressing E-cadherin is similar (Figure 16 – A).

Additionally, E-cadherin surface expression was also increased after inhibition of the

proteasome, as WT and L583R cells expression is significantly increased when compared

to control cells (Figure 16 – B). There are no statistically significant differences between

WT and L583R E-cadherin mean expression after proteasome inhibition.
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Figure 16 - E-cadherin mutant L583R has increased cell surface expression after
proteasome inhibition. CHO cells stably transfected with empty vector (Mock), WT and L583R

hE-cadherin were incubated with 10μM MG132 (or the correspondent amount of the solvent

DMSO, 0.25%) for 16h. E-cadherin cell surface expression was evaluated by FACS, after staining

with an extracellular anti-hE-cadherin antibody. 50000 cells were analyzed per experiment, and the

bars represent the average of three independent experiments + s.d. * p<0,01

Finally, we analyzed E-cadherin expression by IF and verified that there are no

differences in protein amount and localization between WT and mutant L583R, after

inhibiting proteasome degradation (Figure 17). E-cadherin L583R expression is increased

after treatment with MG132, confirming that the proteasome is responsible for the

degradation of mutant protein.
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Figure 17 - E-cadherin mutant L583R has increased expression after proteasome inhibition.

CHO cells stably transfected with WT and L583R hE-cadherin were incubated with 10μM MG132

(or the correspondent amount of the solvent DMSO, 0.25%) for 16h, after which they were fixed,

permeabilized and immunostained with anti-hE-cadherin. E-cadherin was visualized with Alexa 488

(green) conjugated antibody. All images were acquired with 40× magnification.

Altogether, these results indicate that the newly described HDGC-related E-

cadherin mutant L583R is regulated by ERAD.
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(green) conjugated antibody. All images were acquired with 40× magnification.

Altogether, these results indicate that the newly described HDGC-related E-

cadherin mutant L583R is regulated by ERAD.
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Discussion and conclusions

The role of E-cadherin in tumorigenesis is well established, with many human carcinomas

exhibiting reduced expression in comparison to their normal counterparts [73, 74]. Despite

several advances in our knowledge about the regulation of E-cadherin expression, the

cause of E-cadherin loss is still undisclosed in a high percentage of cancer cases.  In

sporadic DGC, E-cadherin inactivation is associated with promoter hypermethylation,

somatic mutations and overexpression of transcriptional repressors [72, 75]. In HDGC, it

is estimated that 30-40% of patients have CDH1 germline mutations [86-88]. Most of

these mutations are nonsense, splice-site and frameshift, which lead to formation of

truncated proteins and constitute the genetic cause of HDGC syndrome. Nevertheless,

missense mutations are present in about 28% of HDGC cases [58, 94]. These mutations

constitute a burden in genetic counseling because their pathogenicity is not

straightforward. Much is still unknown about the regulation of E-cadherin missense

mutations in the cell and how they can lead to protein loss-of-function. For these reasons,

E-cadherin missense mutations constitute a unique scientific tool to dissect the

mechanisms of E-cadherin regulation and function.

Recently, our group has shown that E-cadherin missense mutations are regulated

by ERQC [123]. This mechanism of PQC is meant to protect the cell from the

accumulation of toxic unfolded proteins. However, PQC can be overzealous, leading to

retention and degradation by the ER of functional mutants. In the case of E-cadherin

missense mutations, Simões-Correia et al. demonstrated that protein expression was

significantly reduced due to ERAD, with concomitant loss of cell-cell adhesion and

increased invasion.

As mentioned earlier, five new E-cadherin germline missense mutations were

reported to our laboratory, in order to predict their functionality and eventual pathogenicity.

We begun by characterizing E-cadherin missense mutants at the functional level, through

aggregation and invasion assays. In the aggregation assay, E-cadherin mutant L583R

cells exhibited complete abrogation of adhesion, and their adhesive phenotype resembled

Mock cells. Mutants E185V, S232C and S853L formed strong aggregates, similarly to WT

cells. Mutant D750N cells had inconsistent aggregation pattern and the results were not

conclusive. In the invasion assay, mutants E185V, S232C and L583R invaded more than

WT cells. Nevertheless, all of these mutants invaded less than Mock cells. Mutants
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D750N and S853L had similar invasion values compared to WT cells. Taking into account

these results, we can affirm that mutants E185V, S232C and S853L are clearly functional

and most likely non-pathogenic. Even though mutants E185V and S232C invaded more

than WT cells, their aggregation pattern is normal and leaves no doubt about E-cadherin

adhesive function. Regarding mutant D750N, it is not possible to conclude about its

pathogenicity through functional assays. Mutant D750N cells had similar invasion levels

as WT cells but the results from aggregation assay were inconsistent, which may reflect a

mild effect of mutation 2248G>A on E-cadherin functions. Moreover, it is possible that this

mutation only affects E-cadherin adhesive function, and is not associated with an invasive

phenotype [98]. Finally, functional characterization of L583R indicates that this mutant is

pathogenic in vivo. Mutation 1748T>G completely abrogates cell-cell adhesion and

induces an increased ability for cells to invade, which are the hallmarks of E-cadherin

loss-of-function [60, 98]. These results are in accordance with bioinformatic analysis

performed by our group, which predicts that mutation 1748T>G is highly destabilizing and

has a strong impact on protein structure (data not published).

E-cadherin loss-of-function in mutant L583R could be due to deficient protein

expression. WB revealed that L583R cells display reduced protein expression,

representing 0.7 of E-cadherin expression in WT cells. Additionally, WB analysis has

shown that mutant L583R expresses high levels of immature protein, which indicates that

E-cadherin is retained during the secretory pathway, most likely in the ER [124]. We used

FACS to investigate if the decrease in total E-cadherin expression was also reflected in

reduced surface expression. FACS analysis showed that L583R cells have significantly

reduced E-cadherin surface expression relatively to WT cells. This result confirms that

L583R E-cadherin is retained inside the cell, and is not exported to the PM. Moreover, IF

results support that L583R has reduced expression compared to WT E-cadherin, and

frequently is localized at the cytoplasm. Taken together, these results suggest that E-

cadherin expression in mutant L583R could be regulated by a post-translational

mechanism. We hypothesized that retention of mutant L583R in the ER could result from

ERQC [125], and that reduced mutant L583R expression was an outcome of ERAD [118,

126].

To address the question of ERQC, we analyzed E-cadherin mutant L583R

subcellular localization by colocalization with markers for Golgi and ER. Double

immunostaining with E-cadherin and GM130 shows that mutant L583R accumulates at

perinuclear areas and partially overlaps with the Golgi. However, the two molecules don’t
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seem to colocalize indicating that mutant L583R accumulates at perinuclear areas but not

in the Golgi. In contrast, E-cadherin often colocalizes with calnexin indicating that mutant

L583R is retained in the ER. Calnexin and E-cadherin do not colocalize completely, and

this can result from the fact that calnexin interacts with many proteins besides E-cadherin

since it is a resident molecular chaperone of the ER. In conclusion, these results support

the hypothesis that mutant L583R is retained in the ER probably because it suffers from a

folding problem, and therefore is not properly exported to the PM as a consequence of

ERQC.

In order to evaluate the role of ERAD, we treated cells with the proteasome

inhibitor MG132. We observed a complete recovery in total expression of L583R

compared to WT E-cadherin, which indicates that the proteasome is responsible for partial

degradation of mutant L583R. We also analyzed E-cadherin expression by IF and

observed that there are no significant differences in protein amount and localization

between WT and mutant L583R after inhibiting the proteasome. Finally, FACS analysis

show that E-cadherin L583R surface expression is increased upon treatment with MG132,

further confirming that ERAD regulates this mutant form. The recovery in L583R surface

expression was not complete, in contrast to the results obtained by WB for the total

expression. This result confirms that a fraction of mutant L583R is retained in the

secretory pathway and is not exported to the PM. WT E-cadherin cells also display

increased surface and total expression upon treatment with MG132 (figure 15 and 16,

respectively). This result indicates that the proteasome is involved in WT E-cadherin turn-

over, which is in accordance with the dynamic equilibrium model: after endocytosis, E-

cadherin is either recycled to the PM or sent to degradation by the proteasome [103].

In sum, these results indicate that E-cadherin L583R has an abnormal folding

which leads to its retention and degradation by the ER, and this might be an alternative

mechanism of E-cadherin loss during cancer progression.
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Abstract

E-cadherin is a transmembrane glycoprotein responsible for the homophilic adhesion

between adjacent epithelial cells. It is crucial for the establishment and maintenance of

polarized and differentiated epithelia, both in development as in adult tissues. The role of

E-cadherin in tumorigenesis is well established, with many human carcinomas exhibiting

reduced expression in comparison to their normal counterparts. E-cadherin loss results in

the impairment of the adhesive function, leading to loss of cell polarity, local invasion and

metastasis. However, the cause of E-cadherin loss is still undisclosed in a high

percentage of cancer cases. Hereditary diffuse gastric cancer (HDGC) syndrome is

caused by germline mutations of the CDH1 gene, and it is estimated that these mutations

are found in 30-40% of the affected families. E-cadherin missense mutations are present

in 28% of HDGC patients, and constitute a challenge for the clinicians due to their low-

penetrance phenotype. In the present work, we studied five CDH1 missense mutations

recently found in HDGC families. The functional characterization these mutations

indicated that E-cadherin L583R mutant has complete loss-of-function and probably is

pathogenic in vivo. L583R cells exhibit lower total and surface E-cadherin levels

compared to WT cells. Mutant L583R cells express the immature form of E-cadherin, and

the mutant protein is not properly trafficked to the plasma membrane (PM) and often

accumulates in the cytoplasm. Colocalization with Golgi and endoplasmic reticulum (ER)

markers revealed that L583R E-cadherin accumulates in perinuclear regions, and

frequently localizes in the ER. Treatment of L583 cells with MG132, a proteasome

inhibitor, restored E-cadherin expression to the levels of WT cells. In sum, these results

suggest that the activity and levels of E-cadherin are regulated by the endoplasmic

reticulum quality control (ERQC), and its deregulation might be an alternative mechanism

of E-cadherin loss during cancer progression.
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Resumo

A caderina-E é uma glicoproteína transmembranar, que é responsável pela adesão

homofílica entre células epiteliais adjacentes. Esta molécula desempenha funções

cruciais no estabelecimento e manutenção da polarização e diferenciação do epitélio,

tanto no desenvolvimento como em tecidos adultos. A caderina-E desempenha um papel

relevante durante a tumorigénese, sendo que diversos carcinomas humanos apresentam

expressão reduzida desta proteína em comparação com os tecidos normais. A perda de

expressão da caderina-E está associada à perda de adesão celular, que resulta na

despolarização das células, invasão local e metastização. Contudo, a causa subjacente a

esta perda de expressão é ainda desconhecida para uma grande percentagem de casos.

A síndrome de cancro gástrico difuso hereditário (HDGC) é causada por mutações

germinativas no gene CDH1, sendo estimado que estas mutações estejam presentes em

aproximadamente 30-40% das famílias afectadas. As mutações missense afectam 28%

dos pacientes de HDGC e constituem um desafio para os clínicos devido ao seu fenótipo

de baixa penetrância Neste trabalho, nós estudámos cinco mutações missense

germinativas do CDH1 recentemente descobertas em famílias com HDGC. A

caracterização funcional destas mutações revelou que a mutante de caderina-E L583R

apresenta perda de função, sendo provavelmente patogénica in vivo. As células

transfectadas com a mutante L583R apresentam expressão total e membranar reduzida

em relação a células transfectadas com caderina-E WT. As células mutantes L583R

expressam a forma imatura da caderina-E e a proteína mutante não é correctamente

transportada para a membrana plasmática (PM), ficando acumulada no citoplasma.

Colocalização com marcadores para o complexo de Golgi e retículo endoplasmático (ER)

revelou que a caderina-E acumula em regiões perinucleares e frequentemente localiza-se

no ER. Tratamento das células L583R com MG132, um inibidor do proteosoma,

recuperou a expressão da caderina-E para os níveis das células WT. Em suma, estes

resultados sugerem que a actividade e os níveis de caderina-E são regulados pelo

controlo de qualidade do retículo endoplasmático (ERCQ), e a sua desregulação pode ser

um mecanismo alternativo para a perda de caderina-E durante a progressão do cancro.
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