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Abstract Lynch syndrome is caused by germline muta-
tions in any of the MisMatch Repair (MMR) genes. About
37% of MSH?2 variants are missense variants causing sin-
gle amino-acid substitutions. Whether missense variants
affect the normal function of MMR proteins is crucial both
to provide affected families a more accurate risk assess-
ment and to offer predictive testing to family members.
Here we report one family, fulfilling both Amsterdam I and
II criteria and Bethesda guidelines, referred to our center
for genetic counselling. The proband and some of her rela-
tives have been investigated for microsatellite instabil-
ity (MSI), immunohistochemical MMR protein staining,
direct sequencing and Multiplex Ligation-dependent Probe
Amplification (MLPA). Also Subcellular Localization
Assay and Splice site predictions analyses were used. A
germline missense variant of uncertain significance (exon
3, p.-Vall61Asp) was found in MSH2 gene in proband and
in some relatives. The variant was associated with lack of
expression of MSH2 protein (DMMR) and MSI-High status
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in tumour tissues. The localization assay of the MSH2 pro-
tein showed an abnormal subcellular localization pattern
of the corresponding protein. Finally, splice-site prediction
analysis ruled out a potential role of new splice sites as the
cause behind the lack of expression of MSH2 protein and
we suppose a potential correlation with other forms of post-
transcriptional regulation (circular RNAs). The variant here
reported shows a high correlation with phenotype and is
located in an evolutionary conserved domain. The locali-
zation assay also suggest a potential pathogenic role, thus
supporting further research on this matter.

Keywords Lynch syndrome - Germline mutation -
Missense variant - Genetic testing - Pathogenic mutation

Introduction

Lynch syndrome (LS), formerly known as hereditary non-
polyposis colorectal cancer (HNPCC), is an autosomal
dominant disorder predisposing to the development of colo-
rectal cancers (about 80% lifetime risk) and of several other
malignancies, including carcinomas of the endometrium,
ovary, small bowel, stomach, ureter, biliary tract, pancreas,
prostate, brain and some different types of skin cancers
[1-4]. Early onset, proximal predominance in case of colo-
rectal cancer, high number of synchronous and metachro-
nous tumors, are usually associated with the syndrome.

LS is caused by a defect in any of the MisMatch Repair
(MMR) genes, in particular MSH2, MLHI, MSH6 or
PMS2, or by a deletion in the EPCAM gene, which leads
to methylation of the adjacent MSH2 promoter [5]. These
genes are responsible for repair of errors arising during
DNA replication as a result of either incorrect base pairing
or slippage of DNA polymerization on the template strand.
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Failure of DNA mismatch repair results in a mutator phe-
notype that leads to increased spontaneous somatic muta-
tion rate, characterized by the change of the length of sim-
ple, repetitive nucleotide sequences that occur throughout
the genome (microsatellites): this phenomenon is defined
microsatellite instability (MSI) and represents a hallmark
of this syndrome [6-8].

The early detection of individuals with LS is crucial for
the identification of other mutation carriers in the same
family who would benefit from risk-reduction strategies,
such as cancer surveillance and prophylactic surgery.

Strategies for identifying LS-carriers include both the
evaluation of personal and family cancer history, the appli-
cation of molecular diagnostic testing of tumor tissue and,
finally, the DNA mutational analysis.

Clinical criteria, represented by Amsterdam Criteria and
Bethesda Guidelines, have been developed to identify indi-
viduals that, on the basis of their family history, might be
candidates to receive genetic testing to assess presence of
MMR genes germline pathogenic mutations [9—13].

Immunohistochemistry (IHC) for the expression of
MLHI1, MSH2, MSH6 and PMS?2 proteins and MSI evalua-
tion in tumour tissue play a key role as a screening method,
providing informations for the presence or absence of pro-
teins encoded by MMR genes, thus suggesting the specific
gene defect (DMMR) [14, 15].

The presence of DMMR and MSI, together with family
history, can be used to determine whether a patient could
be a carrier of a MMR germline mutation, suggesting the
need for further genetic tests [6, 14]: this is usually per-
formed by using direct sequencing of entire MMR genes
coding sequences and Multiplex ligation-dependent probe
amplification (MLPA) analysis, evaluating the presence of
large genomic rearrangements.

Mutation testing can provide three different “types” of
results: pathogenic mutation, variant of uncertain signifi-
cance (VUS), or informative negative finding, if no muta-
tions are found [16].

Pathogenic variants may involve any area of each MMR
gene and all known mutation types (frameshift, non-sense,
splicing-site, missense variants and large gene rearrange-
ments) could be responsible of defective MMR system
[17], in absence of mutational “hot spots”.

Recently Plon et al. have classified MMR genes vari-
ants in to five classes: definitely pathogenic (class 5), likely
pathogenic (class 4), of uncertain significance (class 3),
likely not pathogenic or of little clinical significance (class
2) and not pathogenic or of no clinical significance (class
1) [16].

The majority of these variants are easily recognized as
pathogenic as they result in the expression of truncated
proteins. However, in LS families a substantial propor-
tion of MLHI and MSH?2 variants are single nucleotide
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substitutions, either within coding sequences (missense, or
silent mutations) or in intronic regions. Among them, about
28% of MLHI and 37% of MSH?2 variants are missense var-
iants, which cause single amino-acid substitutions [18].

Whether these missense variants affect the normal func-
tion of MMR proteins, thus having a pathogenic role, is
an essential information in genetic counselling, in order to
provide affected families with a more accurate risk assess-
ment but also to offer predictive (presymptomatic) genetic
testing to family members.

Several criteria have been used to assess the patho-
genicity of missense variants: co-segregation with the dis-
ease, low incidence in the general population, substitution
of evolutionary preserved amino acids, non-conservative
amino-acid changes and, in the case of suspected LS, corre-
lation with MSI and IHC loss of MMR gene expression in
tumour tissue [19, 20]. Here we report the case of a MSH2
missense variant, exon 3, c.482T>A, p.Vall61Asp, clas-
sified in class 3 according to IARC classification [16] and
found in a family fulfilling Amsterdam I criteria, Amster-
dam II criteria and Bethesda guidelines, that on the basis of
co-segregation with the disease, correlation with MSI, IHC
loss of MMR protein expression in tumour tissue (DMMR)
and localization assay, is strongly suggested having a path-
ogenic role.

Patients and methods
Family description

The proband (IV-9) was a 49-year-old female, whose per-
sonal and family history fulfilled both Amsterdam I and II
criteria and Bethesda Guidelines for LS. At the age of 29
she was diagnosed with transverse colon adenocarcinoma
and received subtotal colectomy with ileal-left colon anas-
tomosis. At the age of 46 she developed a rectal adenocar-
cinoma (pT1NOMO) and, when she was 49, an endometrial
adenocarcinoma (pTINOMO). Then she was referred to our
Center.

Detailed patient family history was collected: pedigree
was drawn until fourth generation. All relatives’ data col-
lected included sex, tumour site, age at diagnosis, together
with current age or age of death (Fig. 1).

Patient’s family showed a typical LS pedigree.
Proband’s mother (III-9) developed colon cancer when she
was 58 and rectal cancer at the age of 71, while proband’s
brother (IV-10) died at the age of 36 due to a biliary tract
adenocarcinoma.

Among nine maternal relatives, one uncle had pros-
tate cancer at 63 and colon cancer at 73 (III-5), one aunt
was diagnosed with colon and breast cancer at the age
of 50 (III-1), another aunt had endometrial cancer at 40
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Fig.1 Famiy pedigree—the arrow indicates the proband. The type
of tumour, as well as the age of onset, are describes. cr Colorectal
cancer, gc gastric cancer, bc breast cancer, ec endometrial cancer, po

and gastric cancer at 70 (III-3), another one developed
endometrial cancer when she was 60 years (III-2), while
her son had a urothelial cancer at the age of 45 (IV-2)
(Fig. 1). Risk assessment was also implemented by the
result of the prediction of mismatch repair gene muta-
tions in MLHI1, MSH2 and MSH6 (PREMM 1,2,6) model,
which estimated an individual probability of carryng a
MMR genes mutation of 77.9%.

Proband’s tumour specimens were available at the
Department of Pathology of our Institution and were
examined by one pathologist.

Microsatellite instability analysis (MSI)

MSI was performed for the proband (IV-9) and relative
(I1I-9).

Genomic DNA was isolated from tumour samples and
corresponding normal tissues as previously described
[21]. Tumours were examined for MSI using the 5-marker
panel (two mononucleotide repeats—BAT25 and BAT26
and three dinucleotide repeats—D2S123, D5S346 and
D17S250) recommended by the National Cancer Institute
Workshop on MSI for Cancer Detection and Familial Pre-
disposition. Tumours were classified as highly unstable
(MSI-H) if at least 40% of the markers showed instability
[6].

Oligonucleotide primers were fluorescently labelled
(5'-VIC, 5-’NED, 5'-6-FAM, 5'-6-FAM, 5'-PET), and
PCR products were evaluated with an using 3500DX
Genetic Analyser based on automated capillary electro-
phoresis and automated sizing of the alleles by GeneScan
3.7 (Life Technologies, Foster City, CA). CAT25 micros-
atellite was also studied in all subjects [22].

polyps, pc prostate cancer, CML chronic myeloid leukemia, rc rectal
cancer, uc urothelial cancer, btc biliary tract cancer

Expression of MLH1, MSH2 and MSH6 proteins
in tumour tissues

Tumour slides were available for the proband’s (IV-9)
endometrial cancer (Fig. 2) and for relative III-9 rectal
cancer.

Expression of the MLH1, MSH2 and MSH6 proteins
was detected by IHC on 2-um sections of formalin-fixed,
paraffine embedded tissues, following antigen retrieval as
previously described [23]. Primary antibodies used for IHC
were: anti-MLH1 protein: clone G168-728, PharMingen,
San Diego, CA, 1:50 dilution; anti-MSH2: clone FEl1,
Oncogene Research Products, Cambridge, MA, 1:100 dilu-
tion; anti-MSHG6: clone H-141: sc-10798; Santa Cruz Bio-
technology, Inc. Santa Cruz, CA 1:250 dilution.

Mutation analysis of the MLH1, MSH2 and MSH6
genes

Mutation analysis was performed on genomic DNA, iso-
lated from peripheral blood lymphocytes, according to
standard procedures. The 19 MLH1 exons, 16 MSH2 exons
and 10 MSH6 exons, including flanking intronic regions,
were individually amplified and directly sequenced using
3500DX Genetic Analyzer and the Big Dye terminator
cycle sequencing Ready Reaction-Kit v. 3.1 (Life Technol-
ogies) [21]. The identification of DNA sequence variants
has been confirmed by repeat PCR and sequence analysis
of both DNA strands. Identified mutations were confirmed
on a second sample PCR product. Primer sequences are
available from the corresponding Author upon request. Our
results were compared with MLHI, MSH2 and MSH6 nor-
mal sequence (respectively available at HNPCC database,
http://www.insight-group.org).
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Multiplex ligation-dependent probe amplification
(MLPA) analysis

Patients studied for MLHI, MSH2, MSH6 sequence were
also studied with Multiplex Ligation dependent Probe
Amplification (MLPA) analysis.

MLPA was performed with 75 ng of an healthy con-
trol and patient DNAs, using the MRC-Holland (Amster-
dam, Holland) MLHI, MSH2 and MSH6 SALSA MLPA
Kits, according to the supplier’s protocol, run on an auto-
matic ABI310 DNA analyzer, and evaluated with GeneS-
can sofware (Applied Biosystems). The electropherograms
showed specific peaks corresponding to each exon of
MSH2, MLH1 and MSH6 as well as additional peaks corre-
sponding to reference sequences mapping on different chro-
mosomes. A 40-55% decrease of the area of an MSH2 or
MLH]I or MSH6 exon peak compared to the wild-type con-
trol samples was considered as indicative of an heterozy-
gous deletion.

In silico prediction models

In silico tools were applied to estimate “a priori” probabil-
ity of pathogenicity for the observed variant. The multivari-
ate analysis of protein polymorphisms that focuses on the
MRR genes (MAPP-MMR) carried out a score of 27.310.
This result undoubtedly represents a large deviation with
high probability of protein functional impairment, con-
firmed also by the PolyPhen-2 (Polymorphism Phenotyping
v2) output of 0.99 [24, 25].

Protein subcellular localization assay

The p.Vall61Asp MSH2 non-truncating variant was ana-
lyzed, in a homologous expression system, for possible
abnormalities in nucleo-cytoplasmic shuttling through the
assessment of the sub-cellular localization of the correspond-
ing mutated protein in order to pinpoint the nuclear import
impairment of the protein as a possible causative mechanism
of MMR deficiency and LS susceptibility. The entire MSH2
(GenBank NM_000251) encoding region was RT-PCR
amplified from the MMR-competent 293 human cell line and
directionally cloned into the pEGFP-N1 eucariotic expression
vector (BD Biosciences, Palo Alto, CA) between the Xhol and
BamHI restriction sites and in frame with the amino terminus
of the enhanced green fluorescent protein (EGFP) encoding
gene. The resulting construct expressing MSH2-EGFP fluo-
rescent fusion protein is reported here as pPEGFP-MSH2. The
mutant MSH2 derivative pEGFP-MSH2 (p.Vall61Asp) was
generated to the pEGFP-MSH2 plasmid between the Xhol
and HindlIll sites by PCR based site-directed mutagenesis
method [26]. The mutation p.Pro622Leu was included in the
study as putative impairing sub-cellular localization control.
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The introduction of the specific mutations and the absence of
undesired second site sequence alterations were verified by
direct DNA sequencing (Abi Prism 310 Genetic Analyzer—
Applied Biosystem, Foster City, CA) prior to further use. For
the expression of WT or mutant MSH2-EGFP fluorescent
fusion proteins in a suitable homologue system, 0.5x 106
MMR-proficient 293 cells were transiently transfected with
2 pg of pEGFP-MSH2 (WT or mutant) recombinant expres-
sion vectors. For fluorescent MSH2-EGFP fusion proteins
detection, the 293 cells were fixed, 24 h after transfection,
and stained with a 1 pg/ml solution of the DNA intercalating
specific dye 4',6-diamidino-2-phenyllndole (DAPI) (Sigma
Aldrich, St Louis, MO). Sub-cellular localization of MSH2-
EGFP recombinant proteins was analyzed by direct fluores-
cence using an Imager Al microscope with a 63X objective
(Zeiss, Thornwood, NY). Representative images were cap-
tured with Axio Cam MRCS5 and processed with Axio Vision
software (Zeiss, Thornwood, NY). At least 100 cells, from
each of the three individual transfections performed, were
analyzed from randomly sampled microscope fields of view.

Splice site predictions

SplicAid2 tools [27] was used to predict if mutated MSH2
RNA compared to the original one had different pattern of
bound splicing proteins: the binding of a silencer factor in an
exon could cause alternative splicing in an otherwise consti-
tutively expressed exon or even cause exon skipping. On the
other hand, gain of an enhancer sequence in an exon is usu-
ally irrelevant since these factors are already quite abundant
in exons.

To predict if the mutation can generate or remove 5’ and
3’ splice sites, NNSPLICE tool [28] was used. A brief guide
to interpret the consequences of the splicing site alteration
events was reported in the paper cited here [29].

Since the protein abundance depends also by the efficiency
of nucleocytoplasmic export of the respective transcript, we
used ExportAid tool [30] to detect if the mutation alters,
creates or destroys mRNA export elements in MSH2 gene:
nucleocytoplasmic export of a transcript can be facilitated,
hampered or even prevented by specific elements as, for
example, the human eIF4E Sensitive Element (eIF4E-SE),
the cytoplasmic accumulation region (CAR) or the constitu-
tive transport element (CTE).

Results
Microsatellite instability analysis

Proband (IV-9) and III-9 relative showed high micros-
atellite instability (MSI-H): two out the five loci studied
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(Bethesda panel) resulted altered (40% MSI), BAT25 and
BAT26.

Also The CAT25 microsatellite analysis showed insta-
bility in tested relative with MSI-H (Table 1).

Expression of MLH1, MSH2 and MSHG6 proteins
in tumour tissues

Study of the proteins expression was conducted in tumour
specimens of the proband (IV-9) and in tumor specimens of
the III-9 relative: normal staining for MLHI1 and the lack
of expression of MSH2 and MSH6 was observed (Fig. 2;
Table 1).

Mutation analysis and MLPA of the MLH1, MSH?2
and MSH6 genes

The sequence analysis of the entire coding region of MLH]
and MSH6 did not show any pathogenic variant.

A germline missense variant p.Vall61Asp in exon 3 of
MSH?2 was found in proband (IV-9) and in relatives III-9,
II-10, IV-2, IV-11, V-1, V-2.

The p.Vall61Asp causes the substitution of a Thymine
with an Adenine at nucleotide 482, leading a substitution
of a Valine, which is a neutral non-polar amino acid, with
Aspartic Acid, which is an acidic polar amino acid.

Table 1 Results’ summary

This variant is reported in ICG-HNPCC/InSiGHT muta-
tion database (http://www.insightgroup.org/)and classified
as class 3 (uncertain significance) according to IARC clas-
sification [16].

MLPA analysis did not show any evidence of exonic
large deletions in all the subject analyzed (Table 1).

In silico prediction models

Even though InSiGHT database classifies this mutation as
class 3 (uncertain), the “a priori” probability of this muta-
tion being pathogenic when performing calculations by
using Polyphen 2.0 [24] was 99% and MAPP-MMR score
was 27.310 [25], thus suggesting a very high likelihood of
the variant being pathogenic.

Furthermore, PREMM model reported the likelihood of
having pathogenic mismatch repair mutations in this fam-
ily, based on pedigree informations, of 77.9%.

The variant here reported is localized in a conserved
domain (http://blocks.fhere.org/sift/SIFT.html; http://tux.
embl-heidelberg.de/ramensky/polyphen.cgi).

Sub-cellular localization assay
The EGFP-MSH2 (WT) fusion protein was correctly

imported through the nuclear pore complex (NPC) and
detected almost completely in the nuclear district, whereas

Subjects Status  Sex Age  Tumour type MSI: ALTERED LOCI IHC MSH2, MSH?2 Mutation
(Bethesda panel) + CAT25 MSH6, MLH1
111-4 Alive F 68 Not affected Not applicable Not applicable  WT
111-9 Alive F 71 Colorectal cancer 58y rectal BAT25, BAT26, CAT25 - =+ Exon 3 c.482T>A,
cancer 71y p-(Vall61Asp)
1I-10 Alive F 70 Not affected Not applicable Not applicable  Exon 3 c.482T>A,
p-(Vall61Asp)
Iv-1 Alive M 47 Not affected Not applicable Not applicable  WT
V-2 Alive M 45 Urothelial cancer 45y Not available Not available Exon 3 ¢c.482T>A,
p-(Vall61Asp)
V-3 Alive M 44 Not affected Not applicable Not applicable WT
V-8 Alive M 45 Not affected Not applicable Not applicable WT
IV-9 PROBAND Alive F 49 Colorectal cancer 29y colorec- BAT25, BAT26, CAT25 - =+ Exon 3 c.482T>A,
tal cancer 46y endometrial p.(Vall61Asp)
cancer 49y
IV-11 Alive M 42 Not affected Not applicable Not applicable  Exon 3 c.482T>A,
p-(Vall61Asp)
IV-12 Alive M 47 Not affected Not applicable Not applicable WT
V-1 Alive F 24 Not affected Not applicable Not applicable  Exon 3 c.482T>A,
p.(Vall61Asp)
V-2 Alive M 21 Not affected Not applicable Not applicable ~ Exon 3 ¢.482T>A,
p-(Vall61Asp)
V-8 Alive M 18 Not affected Not applicable Not applicable  WT

MSI microsatellite instability, /HC immunohistochemistry, wr wild type
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Fig. 2 Immunohistochemical staining of MMR proteins evaluated on endometrial carcinoma of the proband (IV-9). a Normal nuclear expres-
sion of MLHI1 protein. b Lack of expression of MSH2 protein. ¢ Lack of expression of MSH6 protein

the EGFP-MSH2 (p.Pro622Leu) one, known as a nuclear
import impairing variant [31], co-expressed with endog-
enous MSH6, was mainly located in the cytoplasm and
showed a diffuse nuclear-cytoplasmic distribution pattern.

The EGFP-MSH2 (p.Vall61Asp) variant was evenly
spread out among nuclear and cytoplasmic compartments
and associated with an abnormal subcellular localization
pattern of the corresponding fusion protein (Fig. 3).

Splice site prediction

According to SpliceAid?2 tool, the mutation creates a bind-
ing site for SRp30c and SC35 splicing proteins. Generally
these factors contribute to exon definition but since this
area is already an exon, their binding should not alter the
splicing process. New splice sites are not created accord-
ing to NNSPLICE tool. According to ExportAid tool, the
mutation does not create motifs regulating nuclear export
of the MSH2 transcript. The variation lies in a locus that
gives rise to three circular RNAs (circRNAs) according
to circBase repository (http://www.circbase.org/): hsa_
circ_0006402, hsa_circ_0054469 and hsa_circ_0054470.
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Discussion

Lynch syndrome is a hereditary form of colorectal cancer
associated with germline deleterious defects in post-repli-
cative DNA MMR genes, mainly MLHI, MSH2 and MSH6
[1,4].

LS genetic testing deals with the identification of healthy
carriers who can be advised about the risk of colorectal
cancer and to act risk-reducing strategies, such as cancer
surveillance and prophylactic surgery.

While the deleterious effect of truncating mutations and
large rearrangement is well established (and easily conceiv-
able on the basis of the genetic defect), the clinical signifi-
cance of most non-truncating variants, such as missense,
can be more difficult.

A significant fraction (20-25%) of LS related MSH?2 ger-
mline variants deals with single aminoacid changes often
associated with atypical clinical phenotypes [5, 17, 32].
When linkage analysis is not feasible and the biochemical
significance of the alteration is uncertain, the nature of the
mutation should be functionally characterized before confi-
dently assigning it a pathogenic role.
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Fig. 3 Localization analysis
of recombinant wild type and
mutated EGFP-MSH2 fusion
proteins transiently expressed
in 293 MMR proficient cells.
Nuclei were stained with
4',6-diamino-2-phenylindole
(DAPI) and detected by direct
fluorescence analysis 24 h after
transfection. a Nuclear expres-
sion of EGFP-MSH2 (WT)

EGFP

localization control (original
magnification X630)

Immunohistochemical analysis of MMR protein status in
the tumor and MSI status can provide useful clues to iden-
tify which MMR gene is involved in tumour pathogenesis:
indeed, the lack of expression of one of the proteins or the
demonstration of MSI-High status might also be relevant in
suggesting a correlation with a pathogenic mutation. More-
over, immunostaining may help to solve the role of MSH2
germline variants of uncertain significance because somatic
inactivation of MSH2 is a rare event in sporadic microsatel-
lite unstable tumours [33].

Here we report a MSH2 germline missense vari-
ant caused by substitution of a Valine with a Aspartate,
c.482T>A, p.Vall61Asp, in exon 3.

The analyzed family fulfills Amsterdam I and II crite-
ria and Bethesda Guidelines. All affected family members,
who underwent genetic tests, carried the same missense
MSH?2 variant in exon 3.

The variant here reported was not found in 90 healthy
individuals, while all family members that developed
tumours were mutation carriers, showing a high correlation
with phenotype.

Even though InSiGHT database classifies this muta-
tion as class 3 (uncertain), the “a priori”’ probability of this
mutation being pathogenic when performing calculations
by using Polyphen 2.0 was 99% and MAPP-MMR score
was 27.310, thus suggesting a very high likelihood of the
variant being pathogenic [24, 25].

Furthermore, PREMM model reported the likelihood of
having pathogenic mismatch repair mutations in this fam-
ily, based on pedigree informations, of 77.9%.

M B

(normal localization control).

b Mainly cytoplasmic expres-

sion of EGFP-MSH?2 (P622L)

(abnormal localization control).

¢ Mainly cytoplasmic expres-

sion of EGFP-MSH2 (V161D)

mutation similar to abnormal

DAPI

EGFP+DAPI

EGFP-MSH2 WT

EGFP-MSH2 P622L

EGFP-MSH2 V161D

The T to A transition leads to an amino acid change
in which a Valine, which is a non-polar amino acid, is
substituted by an Aspartic Acid residue. The change is
located in an evolutionary conserved domain and may
indicate the functional relevance of this amino acid for
the structure or function of the protein.

In another previous paper we described the possi-
bility to assess the pathogenic role of MSH2 missense
mutations of unknown significance using a subcellu-
lar localization assay. The latter, performed in a human
homologous system, reliably classifies as pathogenic
two MSH2 non-truncating alterations (p.Glyl162Arg and
p-Arg359Ser), providing an useful tool to assess MSH2
variants pathogenicity [7], similarly to the results of our
present work.

Indeed, in the MSH2 protein localization assay, the
EGFP-MSH?2 (p.Vall61Asp) variant, was associated with a
diffuse nuclear-cytoplasmic distribution pattern of the cor-
responding fusion protein similar to the abnormal subcel-
lular localization pattern of the control (Fig. 3).

Furthermore, both proband’s (IV-9) and her mother
tumours’ specimens (III-9) show MSI-H status and lack
of expression of MSH2 protein. Unfortunately it was not
possible to perform microsatellite and IHC analysis in the
other affected members because the tumour tissue was
unavailable.

When we evaluated whether this change in MSH2 pro-
tein expression might be explained by different splice site
alteration, the tools that we used seemed to rule out this
possibility.
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Our hypothesis is that another mechanism that might
cause this impaired expression of the protein might be
related to another form of post-transcriptional regulation,
as in the form of circulating microRNAs. In particular,
since the mutation lies in a locus that originates three
different circular RNAs (circRNAs) we speculate that
the alteration of circRNA sequence could somehow have
pathological effects and our data suggest a new direction
to investigate.

Circular RNAs (circRNAs) are endogenous noncoding
RNAs that are formed upon splicing events through exon or
intron circularization [34, 35]. Their covalently closed loop
structure provides resistance against RNA exonuclease and
good stability [36—38]. CircRNAs have multiple roles, ini-
tially it was discovered that they could act as microRNA
sponges and therefore can regulate gene expression [39,
40]. Subsequently it emerged that they can bind proteins,
for example, circ-Foxo3 circRNA binds Foxo3 and p53
resulting in an overall Foxo3 increase and p53 decrease
[41]; they can sequester proteins, for example, intronic lari-
ats in the cytoplasm sequester TDP-43 protein [42]; they
can modulate gene expression, for example, EIciEIF3]J and
EIciPAIP2 circRNAs enhanced transcription levels of the
corresponding EIF3J or PAIP2, their parental genes in cis
[43]. CircRNAs are interesting also because they have a
tissue-specific expression and their alteration is associated
to human neurodegenerative [44] and tumour diseases [45,
46].

The reclassification of this variant as deleterious has sig-
nificant implications in the management of this family and
we suggest that could be relevant also for other people who
are offered genetic testing.

Our findings also suggest the importance of combining
genetic and clinical observations with data from localiza-
tion assays to assess whether a missense variant is likely
to be responsible for cancer development in LS families:
clarifying the pathogenic role of missense mutations may
increase the effectiveness of genetic testing programs and
facilitate the planning of appropriate preventive strategies
of high risk mutation carriers from family segregating such
variants.
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