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Abstract 

Background Spliceogenic variants in disease-causing genes are often classified as pathogenic since 

most of them induce frameshift alterations resulting into protein loss-of-function. However, some of 

them may induce in-frame anomalies causing protein modifications that may preserve function. 

Here, we addressed this question by using, as a model system, MSH2, a DNA mismatch repair gene 

implicated in Lynch syndrome. 

Methods Eighteen MSH2 variants, mostly localized within canonical splice sites, were 

characterized by using bioinformatics predictions and splicing minigene assays. The functionality of 

the resulting protein isoforms was assessed in a methylation tolerance-based assay. 

Clinicopathological characteristics of variant carriers were collected as well. 

Results Three in-frame biotypes were identified based on variant-induced spliceogenic outcomes: 

(i) exon skipping (ΔE3, ΔE4, ΔE5, ΔE12), (ii) segmental exonic deletion (ΔE7q48, ΔE15p36) and 

(iii) segmental intronic retention (▼E4p24, ▼E7p9, ▼E12q30, ▼E14p9). These splicing events 

were due to splice site alterations, consistent with computational predictions. The resulting 10 

protein isoforms exhibited either (i) large deletions (49-93 aa), (ii) small deletions (12, 16 aa) or (iii) 

small insertions (3-10 aa) within different functional domains. All these modifications abrogated 

MSH2 function, in agreement with clinicopathological features of variant carriers. 

Conclusion These data provide the first functional characterization of in-frame spliceogenic 

variants in a key MMR gene. They demonstrate that MSH2 function is intolerant to indels triggered 

by the 18 spliceogenic variants analyzed, supporting their pathogenic nature. This study stresses the 

importance of combining complementary approaches at both RNA and protein levels to ensure 

accurate clinical interpretation of in-frame spliceogenic variants.  



Introduction 

RNA mis-splicing triggered by specific germline variants is a major cause of human hereditary 

monogenic disorders [1, 2]. Such spliceogenic impact is generally due to modifications of cis-acting 

splicing signals, notably 3’ and 5’ splice sites (3’/5’ss) and auxiliary splicing regulatory elements 

(SRE) [3]. The consequence of these splicing code alterations is the production of aberrant 

transcripts either lacking exonic portions or retaining intronic sequences. Most of these splicing 

anomalies lead to a frameshift of the reference coding sequence, which subsequently results into the 

introduction of a premature termination codon (PTC). This stop codon gain can then target the 

aberrant PTC-containing transcripts to selective degradation by a cellular surveillance pathway 

known as nonsense-mediated mRNA decay (NMD) [4]. If the aberrant RNA escapes NMD, it can 

then be translated into a truncated protein. Both situations generally cause complete loss-of-function 

(LoF). Based on this assumption, frameshift-inducing spliceogenic variants are usually considered 

as null alleles and classified as pathogenic when they are detected in Mendelian disorder-causing 

genes in which LoF is an established disease mechanism [5].   

However, certain spliceogenic variants can also trigger in-frame anomalies. In such circumstances, 

the possible outcomes at the protein level correspond to either an internal insertion or deletion 

(indel) of one-to-many amino acids (aa). The functional consequences of such modifications often 

remain elusive and, consequently, the corresponding variants are usually classified as “variants of 

uncertain significance” (VUS), hampering optimal clinical management of patients and their 

relatives [5]. In addition, it is also possible that some specific nucleotide changes initially classified 

as pathogenic based on their presumed LoF impacts would actually preserve protein function, at 

least partially, because of their in-frame splicing outcomes, as we recently demonstrated for certain 

variants in BRCA2, one of the major breast and ovarian cancer predisposition genes [6]. This could 

question the presumed LoF consequences of these variants and subsequently their initial pathogenic 

classification [5, 6]. 



In this context, the combined assessment of variant-induced impact on both RNA splicing and 

protein function emerge as a prerequisite for accurately ascertaining the pathogenic or benign nature 

of such in-frame spliceogenic variants. In the present study, we addressed this question by using, as 

a model system, MSH2 (MIM#609309), a DNA mismatch repair (MMR) gene implicated in Lynch 

syndrome (LS,	MIM#120435), one of the most prevalent hereditary cancer predispositions [7, 8]. 

Germline monoallelic LoF variants in MSH2 account for 33% of LS cases [9] and confer markedly 

increased lifetime risk of developing a spectrum of cancers, primarily colorectal and endometrial 

cancers, with age-related penetrance and variable expressivity [10–12]. Identification of pathogenic 

LoF mutations is critical for LS diagnosis and optimization of clinical strategies as well as for 

identification of at-risk pre-symptomatic relatives who can benefit from risk-reducing management 

[13]. 

In this study, we first characterized MSH2 variants, mostly located at the invariant intronic 

dinucleotides within the 3’/5’ss (AG/GT, hereafter termed IVS±1/2), leading to in-frame splicing 

anomalies. The nature and the relative level of variant-induced RNA alterations were assessed by 

using minigene splicing assays and these experimental data were compared with in silico 

predictions. Then, by taking advantage of a recently developed MSH2 functional assay based on 

methylation tolerance assessment [14], we evaluated the functionality of MSH2 protein isoforms 

resulting from these in-frame variant-induced splicing alterations. Altogether, our results contribute 

to the comprehensive clinical interpretation of in-frame MSH2 spliceogenic variants. 

 

 

 

 

 



Materials and Methods  

Variant selection 

MSH2 variants were described according to the Human Genome Variation Society nomenclature, 

using the NM_000251.2 reference transcript. MSH2 variants located within the IVS±1/2 positions 

flanking in-frame exons were retrieved from national and international human variation databases 

(Supplemental Materials and Methods) and selected for analysis in splicing minigene assays. In 

addition, specific in-frame spliceogenic MSH2 variants, located outside IVS±1/2 of out-of-frame 

exons, were included in this study based on preliminary data obtained by our group during the 

course of a systematic splicing impact assessment of MSH2 variants detected in patients undergoing 

genetic testing within the French network of oncogenetic laboratories for colorectal cancers (French 

Genetics and Cancer Group, GGC, Unicancer). These variants as well as natural IVS±1/2 variants 

that were predicted to have similar splicing impact were selected for further analyses in splicing 

minigene assays. 

 

Bioinformatics predictions 

Predictions of the variant impact on 3’/5’ss were obtained by using the following in silico 

algorithms: MaxEntScan (MES), SpliceSiteFinder-Like (SSF-L), SPiCE, SpliceAI and SPiP 

(Supplementary Material and Methods).	

 

Cell-based minigene splicing assay 

In order to assess the variant-induced impact on splicing, we performed splicing assays by using the 

two-exon minigene pCAS2 vector, as previously described [6, 15, 16], with minor modifications 

(Supplementary Material and Methods, Supplementary Table S1). This assay is based on the 

comparative analysis of the splicing patterns of wild-type and mutant minigenes transiently 

expressed in Hela cells. 



Annotation of splicing events and associated terminology 

Normal exon inclusion is indicated by the symbol +E, followed by the number of the exon. Based 

on previously published guidelines [17, 18], aberrant transcripts were annotated by using the 

following symbols: Δ, exonic deletion; ▼, intronic retention; p, 3’ss shift; q, 5’ss shift, followed by 

the number of nucleotides deleted or inserted. In this manuscript, the term “segmental” is used to 

describe the deletion of a part of an exon or the retention of a part of an intron whereas the terms 

“total” or “partial” refer to the extent of the variant-induced splicing impact.  

 

Methylation tolerance-based functional assay 

In order to assess the functional consequences of the internal aa deletions or insertions resulting 

from MSH2 variant-induced in-frame splicing anomalies, we took advantage on the recently 

developed methylation tolerance-based functional assay [14], with minor modifications 

(Supplementary Material and Methods). This assay is based on the ability of MMR system to 

trigger apoptotic signaling in response to DNA damage induced by methylating agents. 

 

Patient clinical, tumoral and family data  

Clinical, tumoral and family data of patients carrying germline heterozygous MSH2 variants of 

interest were collected from the French Universal Mutation Database (UMD-MSH2, 

http://www.umd.be/MSH2/) and in collaboration with the French GGC network. Informed consent 

for genetic testing was obtained from all participating patients. In addition, information regarding 

the interpretation of the selected variants, such as patient family history, co-segregation with 

disease, and tumor characteristics were retrieved from the International Society for Gastrointestinal 

Hereditary Tumours (InSiGHT) database (https://www.insight-group.org/variants/databases/, last 

accessed: 05/27/2021). 



Results  

Variant selection 

We selected from human variation databases 10 MSH2 variants based on their location at IVS±1/2 

within the 3’/5’ss of in-frame exons (exon 3: c.645+1G>A; exon 4: c.646-2A>G, c.646-1G>C, 

c.792+1G>A, c.792+1G>C; exon 5: c.942+1_942+2del; exon 12: c.1760-2A>G, c.2005+1G>A, 

c.2005+2T>C, c.2005+2del). In addition, we included in this study 4 specific MSH2 variants 

outside IVS±1/2, located within the 3’/5’ss of out-of-frame exons (exon 7: c.1077-11_1077-7del, 

c.1276G>A; exon 14: c.2211-10T>G; exon 15: c.2459-3T>G) because these variants were 

previously identified by our group as in-frame spliceogenic variants during the course of a 

systematic assessment of the splicing impact of MSH2 variants detected in patients within the 

French GGC network. Four natural IVS±1/2 variants at the border of two of these specific out-of-

frame exons (exon 7: c.1276+1G>A, c.1276+2T>A; exon 15: c.2459-2A>G, c.2459-1G>T) were 

also included in this study. Altogether, this selection encompassed a total of 18 MSH2 variants, 

including 14 IVS±1/2, 3 intronic variants outside IVS±1/2 and one missense substitution 

(Supplementary Table S2).  

 

Characterization of MSH2 variants responsible for in-frame splicing alterations 

In order to experimentally assess the impact on splicing of the 18 selected variants, we took 

advantage of the pCAS2 minigene splicing assay. On the basis of the in-frame spliceogenic 

outcomes in this system, we clustered the variants into 3 distinct biotypes: (i) exon skipping (7 

variants), (ii) segmental exonic deletion (6 variants) and (iii) segmental intronic retention (5 

variants). 

MSH2 variants causing in-frame exon skipping 

Within the first biotype, as expected and in agreement with the predicted destruction of the 

physiological 5’ or 3’ss, 7 IVS±1/2 variants induced in-frame exon skipping, albeit to different 



extents (Figure 1A, Supplementary Table S3). More precisely, 3 of them, c.645+1G>A (Figure 1B), 

c.942+1_942+2del (Figure 1C), c.1760-2A>G (Figure 1D), caused total in-frame skipping of exon 

3, 5 or 12, respectively (ΔE3, ΔE5, ΔE12 = 100%), whereas the 4 remaining variants, c.792+1G>A, 

c.792+1G>C (Figure 1E) and c.2005+1G>A, c.2005+2T>C (Figure 1D) were responsible for partial 

in-frame exon skipping (ΔE4 = 93%, 83% and ΔE12 = 53%, 43%, respectively). Indeed, in the 

context of the latter variants, extra out-of-frame aberrant transcripts (▼E4q38, ▼E12q31, 

▼E12q92) were detected in addition to in-frame exon skipping due to the partial activation of 

cryptic intronic 5’ss (Figures 1D, 1E) (Supplementary Tables S3 and S4). 

MSH2 variants causing in-frame segmental exonic deletion 

Six of the selected variants belong to the second biotype as they triggered in-frame segmental 

exonic deletion (Figure 2A). Indeed, one of them is a missense substitution located at the last base 

of exon 7 (c.1276G>A, p.(Gly426Arg)) that is responsible for a total splicing anomaly resulting into 

the in-frame deletion of the last 48 nucleotides of exon 7 (∆E7q48 = 100%) (Figure 2B). This 

splicing defect is the consequence of the variant-induced weakening of the physiological 5’ss which 

allows the use of an upstream cryptic exonic 5’ss, in agreement with in silico predictions (Figure 

2B, Supplementary Table S3). In parallel, we tested two natural IVS±1/2 variants (c.1276+1G>A, 

c.1276+2T>A) that were predicted to alter the same 5’ss and demonstrated that they both caused 

identical splicing modifications (Figure 2B, Supplementary Table S3). 

Another variant within this category is c.2459-3T>G which caused partial in-frame deletion of the 

first 36 nucleotides of exon 15 (∆E15p36 = 52%), as well as two additional aberrant splicing events 

resulting into frameshift (ΔE15 = 43%, ▼E15p2 = 5%) (Figure 2C, Supplementary Table S4). 

These 3 aberrant transcripts are the consequence of the variant-induced weakening of the 

physiological 3’ss, the use of a downstream exonic cryptic 3’ss and the creation of an upstream 

intronic 3’ss, as indicated by the bioinformatics predictions (Figure 2C, Supplementary Table S3). 

In parallel, we tested two IVS±1/2 variants that are predicted to alter the same 3’ss (c.2459-2A>G, 



c.2459-1G>T) and showed that they induced different relative levels of the in-frame splicing event 

(∆E15p36 = 17% and 71%, respectively), as well as an out-of-frame exon skipping (ΔE15 = 83% 

and 29%, respectively), despite similar in silico splice site-dedicated predictions (Figure 2C, 

Supplementary Tables S3 and S4), suggesting an extra variant effect on SRE. 

MSH2 variants causing in-frame segmental intronic retention 

The splicing impact of the 5 remaining variants referred to a third biotype corresponding to variant-

induced in-frame segmental intronic retentions (Figure 3A). Two variants in this category (c.646-

2A>G, c.646-1G>C) triggered the retention of the last 27 and 24 nucleotides of intron 3 (▼E4p27 = 

55%, 53%; ▼E4p24 = 45%, 47%, respectively) (Figure 3B). These effects are the consequence of 

the variant-induced destruction of the physiological 3’ss concomitant to the use of two intronic 

cryptic 3’ss, as indicated by bioinformatics predictions (Figure 3B, Supplementary Table S3). Of 

note, although the two splicing alterations are in-frame, the ▼E4p27 event leads to the immediate 

introduction of a PTC (Supplementary Table S4). 

Another variant within this category is c.1077-11_1077-7del which caused the major in-frame 

retention of the last 9 nucleotides of intron 6 (▼E7p9 = 90%), associated with a minor normal 

inclusion of exon 7 (+E7 = 10%) (Figure 3C). This splicing impact resulted from the drastic variant-

induced reduction in strength of the physiological 3’ss and activation of an upstream cryptic 

intronic 3’ss, as predicted by in silico tools (Figure 3C, Supplementary Table S3).  

Within this biotype, c.2005+2del led to in-frame retention of the first 30 nucleotides of intron 12 

(▼E12q30 = 71%) as well as in-frame skipping of exon 12 (ΔE12 = 25%) and a very minor out-of-

frame deletion of the last 92 nucleotides of exon 12 (ΔE12q92 = 4%) (Figure 3D, Supplementary 

Table S3). These splicing alterations are the consequence of the variant-induced abolition of the 

physiological 5’ss and the activation of a downstream cryptic intronic 5’ss, predicted by all the 

algorithms tested, as well as the use of an upstream exonic cryptic 5’ss, only predicted by SSF-L 

(Figure 3D, Supplementary Table S3). 



The last variant belonging to this category is c.2211-10T>G which mainly induced the in-frame 

insertion of the 9 last nucleotides of intron 13 (▼E14p9 = 67%) and 3 additional minor out-of-

frame splicing alterations corresponding to skipping of exon 14 (ΔE14 = 18%) or the deletion of the 

first 169 or 200 nucleotides of this exon (∆E14p169 = 6%, ∆E14p200 = 9%) (Figure 3E, 

Supplementary Tables S3 and S4). The predominant production of ▼E14p9 is due to the variant-

induced destruction of the natural 3’ss concomitant to the creation of an upstream intronic 3’ss, 

whereas ∆E4p169 and ∆E4p200 result from the activation of two downstream cryptic exonic 3’ss, 

as suggested by the bioinformatics predictions (Figure 3E, Supplementary Table S3). 

 

Functional analysis of MSH2 protein isoforms resulting from variant-induced in-frame 

splicing modifications 

Altogether, in the first part of this study, we characterized 18 spliceogenic variants responsible for 3 

distinct biotypes of in-frame modifications. These variant-induced splicing alterations would lead to 

the production of 10 different MSH2 protein isoforms with either (i) large internal deletions (49 to 

93 aa) (ΔE3: p.Ala123_Gln215del, ΔE4: p.Ile216_Gln264del, ΔE5: p.Val265_Gln314del, ΔE12: 

p.Tyr588_Gly669del), (ii) small internal deletions (12 and 16 aa) (∆E15p36: p.Gly820_Ala831del, 

∆E7q48: p.Ile411_Gly426del) or (iii) small internal insertions (3 to 10 aa) (▼E7p9: 

p.Arg358_Ser359ins3, ▼E14p9: p.Arg737_Ser738ins3, ▼E4p24: p.Glu215_Ile216ins8, 

▼E12q30: p.Gly669_Pro670ins10) within different functional domains (Figure 4 and 

Supplementary Table S4). In order to gain insight into the functionality of these different protein 

isoforms, we took advantage of a recently published methylation tolerance-based functional assay 

[14]. Briefly, this test relies on the ability of the MMR system to trigger apoptotic signaling in 

response to DNA damage induced by methylating agents. Deficient MMR cells do not recognize 

such lesions and are therefore able to escape apoptosis; they exhibit the so-called methylation 

tolerance phenotype. Here, we evaluated the ability of the in-frame indel protein isoforms expressed 



in LoVo cells, a MSH2-deficient cell line, to complement the methylation tolerance phenotype. By 

using this assay, we demonstrated that all the in-frame deletions or insertions tested, large or small, 

were unable to restore MMR-dependent DNA damage signaling (Figure 5). Still, one could note 

that one protein isoform (▼E14p9, p.Arg737_Ser738ins3) exhibited a slightly lower mean survival 

score, as compared to known pathogenic missense variants (Figure 5).  

 

Patient clinical, tumoral and family data collected for the selected MSH2 in-frame 

spliceogenic variants  

Clinical phenotype, tumoral data and family history were collected within the French GGC network 

for 40 patients carrying 16 different MSH2 variants among the 18 in-frame spliceogenic variants 

selected in this study. All the information has been summarized in Supplementary Table S5. The 

most frequent cancers reported in patients were colorectal (CRC) and endometrium (EC) cancers 

with a median age at onset of 49-year-old (range 26-77) and 50 year-old (range 40-75), 

respectively. All tested tumors from variant carriers except 1 exhibited microsatellite instability 

(MSI) and/or loss of MSH2 protein expression detected by immunohistochemistry (IHC). In 

addition, all the information available in the InSiGHT database for 9 reported variants within our 

selection have been summarized in Supplementary Table S6. These specific variants were classified 

within this database as pathogenic (Class 5, n = 4) or likely pathogenic (Class 4, n = 5) based on 

multifactorial likelihood analysis and/or splicing data. 

 

 



 
Discussion  

In this study, we provide the first functional characterization of in-frame spliceogenic IVS±1/2 

variants in a key MMR gene. By demonstrating that none of the resulting indel protein isoforms 

retain function, we ascertained the pathogenic nature of these specific variants. Generally, RNA 

analyzes are performed to demonstrate variant-induced splicing modifications resulting into 

frameshift [18, 20-22], whereas functional protein assessments are mainly conducted for evaluating 

the effect of missense variants [14, 23–25]. So far, little attention has been paid to MMR variants 

responsible for in-frame modifications through mis-splicing, while their functional and clinical 

consequences may potentially range from disease-causing LoF to neutral impact. Here, we 

especially focused on MSH2 IVS±1/2 variants susceptible to have such effects. Within the current 

consensual framework for variant classification [5, 26], these variants are a priori linked to the 

strongest type of evidence in favor of pathogenicity (PVS1), as they are assumed to trigger LoF. 

However, caution in the systematic application of this criteria is recommended since some IVS±1/2 

variants can lead to in-frame splicing alterations that potentially allow the preservation of protein 

function. This has been well illustrated by recent works on specific variants in one of the major 

predisposing breast and ovarian cancer gene, BRCA2. Indeed, we and others demonstrated that 

certain BRCA2 IVS±1/2 variants, as well as nonsense mutations, trigger in-frame splicing 

modifications resulting into protein isoforms with retained function [6, 27, 28]. The possible 

existence of such rescue mechanism might question the pathogenic classification of these specific 

variants. 

Here, we addressed this question by using as a model system another major hereditary cancer gene, 

MSH2. In this study, by assessing the splicing impact of 18 variants including 14 IVS±1/2 

alterations, we characterized 3 distinct biotypes of in-frame spliceogenic MSH2 variants, on the 

basis of their RNA and protein outcomes corresponding to either (i) exon skipping resulting into 

large protein internal deletions (del 49 to 93 aa), (ii) segmental exonic deletions resulting into small 



protein internal deletions (del 12 and 16 aa) or (iii) segmental intronic retentions resulting into 

protein small internal insertions (ins 3 to 10 aa) (Supplementary Figure S1).  

All these in-frame mis-splicing events are the consequence of variant-induced disruption of the 

physiological 5’/3’ss, alone or combined with the activation of cryptic exonic or intronic 5’/3’ss, in 

agreement with bioinformatics predictions. Yet, only the experimental minigene-based approach 

enabled the assessment of the relative proportions of the different RNA isoforms produced in the 

mutant context. Among the 18 selected variants, 12 induced the production of multiple aberrant in-

frame or frameshift transcripts, with up to 4 distinct RNA isoforms detected in the context of one 

specific variant. These observations underline the importance of the exhaustive and quantitative 

experimental evaluation of mis-splicing for accurately infer the variant biological impact. Such 

information is not always available from patient RNA analyses. Still, it is to note that seven of the 

18 variant-induced in-frame mis-splicing detected by using minigene assays in this study have been 

previously observed in patient RNA samples (Supplementary Table S7), confirming the biological 

relevance of the minigene splicing reporter system, as previously shown for MMR genes [21, 22, 

29]. 

We took advantage of the methylation tolerance-based assay to assess the functional consequences 

of the different MSH2 in-frame spliceogenic variants. This approach examines one of the two key 

MMR functions by measuring the cellular ability to activate apoptosis in response to DNA damage 

[30, 31]. Recent work demonstrated that it exhibits 95% sensitivity and 100% specificity in 

discriminating between MSH2/MLH1 missense pathogenic and neutral variants [14], indicating that 

this well-calibrated system is a pertinent method to gain insight into variant interpretation. By using 

this assay, we demonstrated that all the 10 MSH2 indel protein isoforms resulting from the different 

in-frame spliceogenic variants were defective in MMR function. Still, it is to note that one of these 

protein isoforms (p.Arg737_Ser738ins3 resulting from c.2211-10T>G) displays a mean survival 



score that is slightly lower as compared to the known pathogenic variants of the calibration set. 

Further analyses will be required to confirm that this specific variant is responsible for total LoF. 

To our knowledge, only two of these 10 indel protein isoforms (ΔE5: p.Val265_Gln314del, 

▼E4p24: p.Glu215_Ile216ins8) have been previously tested in a functional assay based on stable 

murine/human hybrid cell lines, with concordant results (i.e. defective MMR activity) [32]. 

Indirectly, it was already speculate that ΔE5 protein isoform was dysfunctional as the most frequent 

of all known pathogenic MSH2 variants (i.e. c.942+3A>T) is indeed a spliceogenic variant leading 

to the in-frame skipping of this specific exon [33]. In addition, it should be pointed out that ΔE5 as 

well as ΔE3 have been previously reported as naturally occurring alternative transcripts [18]. 

Because we demonstrated that these specific alternative in-frame splicing events result into MSH2 

LoF, we can now exclude the possibility that MSH2 ΔE5 and ΔE3 could represent “rescue” 

isoforms, in contrast to what has been suggested for BRCA1 ΔE9-10 [34]. 

Altogether, our data demonstrate that MSH2 function does not tolerate any of the large  (≥49 aa)	nor 

even small (≤16 aa) in-frame indels caused by the spliceogenic variants characterized in this study. 

In contrast, it has been recently shown by using deep mutational scanning combined with massively 

parallel functional MMR assay that MSH2 exhibits a remarkable degree of tolerance to missense 

variants [25]. Indeed, despite the high degree of evolutionary sequence conservation, the large 

majority (89%) of the ~ 17 000 single amino acid substitutions tested within this protein were 

functionally neutral. The LoF caused by in-frame spliceogenic variants could be the consequence of 

the resulting protein indels within specific MSH2 essential functional domains [35–38], as each of 

them might need to be fully intact to be active. Under this hypothesis, defective MMR capacity 

would be the result of the failure of one of the multiple specific activities supporting MSH2 

function, such as protein-protein interaction (MSH2–MSH6 complex formation), DNA binding 

(mismatch recognition) or enzymatic activity (ATP binding/hydrolysis). Another explanation would 

be that these in-frame modifications impaired MSH2 function by conferring a defect in protein 



folding and structural integrity leading eventually to protein destabilization and degradation. This 

second hypothesis might be favored based on the observed loss of MSH2 expression detected by 

IHC in the tumors of most patients bearing the in-frame spliceogenic variants analyzed in our study. 

In addition, it has been previously shown that 2 of the 10 indel protein isoforms tested here (ΔE5: 

p.Val265_Gln314del; ▼E4p24: p.Glu215_Ile216ins8) lead to the absence of MSH2 protein 

detection in murine/human hybrid cell lines [32]. Still, we cannot exclude the possibility that other 

MSH2 variants causing in-frame modifications can allow the production of protein isoforms that 

may conserve activity. Interestingly, it has been demonstrated that the loss of the translation start 

codon induced by MSH2 c.1A>C triggers the use of a downstream in-frame alternative AUG 

leading to the production of a protein deleted for its first 25 aa [39–41]. This N-terminal truncated 

protein isoform retains function, and its expression may be responsible for the reduced penetrance 

observed for this variant. Based on these data, it is conceivable that certain deletions within the N-

terminal region of MSH2 may preserve protein functionality. 

Altogether, our results should contribute to the accurate clinical classification of the MSH2 in-frame 

spliceogenic variants characterized in this study. By ascertaining their LoF status, our data support 

the initial pathogenic classification of the 14 in-frame spliceogenic IVS±1/2 variants, consistent 

with patient clinical, tumoral and family data. Moreover, this interpretation can, in principle, be 

extended to all MSH2 genomic deletions reported in mutational databases as responsible for the 

same types of in-frame modifications. Our data also support the pathogenic classification of 4 

additional in-frame spliceogenic variants located outside IVS±1/2 (3 intronic and 1 missense) which 

were reported with conflicting interpretations in databases (Supplementary Table S2). 

The strength of our strategy was to assess the variant impact at both RNA and protein levels by 

using complementary approaches. By design, our study framework required to sequentially evaluate 

the variant-induced splicing modifications and their protein functional consequences into two 

separate independent assays. In the future, it would be profitable to gain insight into the 



spliceogenic variant in-frame impact on both RNA splicing and protein function in a unique 

integrated system relying on the CRISPR-Cas9-mediated introduction of the variant into the 

endogenous MSH2 chromosomal locus, as recently described for MSH2 missense variants [24]. 

In summary, these data provide the first combined characterization on both RNA splicing and 

protein function of in-frame spliceogenic variants in a key MMR gene. They demonstrate that 

MSH2 function is intolerant to in-frame indels triggered by the 18 spliceogenic variants analyzed, 

supporting their pathogenic nature. This study emphasizes the importance of the comprehensive 

elucidation of the variant-induced biological effect on RNA splicing and the resulting consequence 

on protein function to ensure accurate clinical interpretation of in-frame spliceogenic variants.  
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Legends of the Figures 

Figure 1. Spliceogenic MSH2 variants causing in-frame exon skipping  

A. Distribution of the 7 selected variants. The figure represents the structure of the MSH2 gene 

with the phasing of its 16 exons indicated by the rounded, square and pointed shapes (see legend 

embedded in the figure). In-frame exons are further highlighted in black. The variants of interest are 

located at the canonical intronic dinucleotides (IVS±1/2) within the 3’ or 5’ss of these specific 

exons. B-E. Variant-induced impact on splicing of exon 3 (B), exon 4 (C), exon 5 (D) and exon 

12 (E), as determined in a cell-based minigene splicing assay. Wild-type (WT) and mutant 

pCAS2 minigene constructs carrying the exon of interest were transiently expressed in HeLa cells 

and the splicing patterns of the transcripts produced from the different minigenes were analyzed by 

semi-quantitative fluorescent RT-PCR, as indicated in Supplementary Materials and Methods. The 

relative levels of the different RNA isoforms were quantified by resolving the fluorescent RT-PCR 

products by capillary electrophoresis under denaturing conditions on an automated 3500 Genetic 

Analyzer (Applied Biosystems). One representative electropherogram analyzed by using the 

GeneMapper v5.0 Software (Applied Biosystems) is shown for each variant and WT constructs. 

The fluorescence peaks correspond to the different RT-PCR products resolved according to their 

respective sizes.  The identities of the different transcripts are indicated on the top of each panel: 

transcripts with normal exon inclusion (+E), transcripts with whole or segmental deletions of an 

exon (∆E) and transcripts with intronic retentions (▼E). The symbols p and q represent respectively 

3’ and 5’ss shift, followed by the number of nucleotides deleted or inserted. The RNA isoforms 

indicated in black are in-frame whereas those reported in grey are out-of-frame. Peak areas were 

used to quantify the relative levels of each transcript, expressed as percentages, and correspond to 

the average of at least three independent experiments. On the left, the splicing patterns of the 

physiological and aberrant transcripts are schematically represented. On the right, the in silico MES 

predictions of the physiological (Ψ) or cryptic (c) 3’/5’ss are shown in the WT and variant contexts. 

 

Figure 2. Spliceogenic MSH2 variants causing in-frame segmental exonic deletion	

A. Distribution of the 6 selected variants. The figure shows the schematic representation of the 

MSH2 gene with the phasing of its 16 exons, as already described in Figure 1A. The variants of 

interest are located at the 3’ or 5’ss of out-of-frame exons indicated in dark grey. B-C. Variant-

induced impact on splicing of exon 7 (B) and exon 15 (C), as determined in cell-based 

minigene splicing assays. Legends as described in Figure 1B-E. When transcripts were close in 

size, stars (*) were used to link RNA isoforms with their corresponding relative levels. On the left, 



the splicing patterns of the physiological and aberrant transcripts are schematically represented. On 

the right, the in silico MES predictions of the physiological (Ψ), new (n) or cryptic (c) 3’/5’ss are 

shown in the WT and variant contexts. 

 

Figure 3. Spliceogenic MSH2 variants causing in-frame segmental intronic retention  

A. Distribution of the 5 selected variants. The figure shows the schematic representation of the 

MSH2 gene with the phasing of its 16 exons, as explained in Figure 1A. The variants of interest are 

located at the 3’ or 5’ss of in-frame or out-of-frame exons indicated, respectively, in black and dark 

grey. B-E. Variant-induced impact on splicing of exon 4 (B), exon 7 (C), exon 12 (D) and exon 

14 (E), as determined in cell-based minigene splicing assays. Legends as described in Figure 

1.B-E.  
 

Figure 4. Schematic representation of the variant-induced in-frame splicing modifications at 

the RNA level and the corresponding consequences at the MSH2 protein level. 

The top panel shows the schematic representation of the MSH2 mRNA with its 16 exons. In-frame 

exons are indicated in black. The different variant-induced in-frame splicing anomalies are 

indicated, corresponding to either (i) exon skipping (∆E), (ii) segmental exonic deletion (∆Ep/q) or 

(iii) segmental intronic retention (▼Ep/q). The symbols p and q represent 3’ and 5’ss shift, 

respectively, followed by the number of nucleotides deleted or inserted. The bottom panel shows 

the schematic representation of the MSH2 protein with its different functional domains, as reported 

by [19]. The respective consequences at the protein level of the different in-frame splicing 

anomalies are indicated, corresponding to either (i) large internal deletion (del 49 to 93 aa, 4 protein 

isoforms), (ii) small internal deletion (del 12 and 16 aa, 2 protein isoforms) or (iii) small internal 

insertion (ins 3 to 10 aa, 4 protein isoforms) within different functional domains.  

 

Figure 5. Functional analysis of MSH2 protein isoforms resulting from variant-induced in-

frame splicing alterations 

A total of 10 MSH2 protein isoforms were tested in methylation tolerance-based functional assays, 

in parallel to known pathogenic (n=10) or neutral (n=10) missense variants, used as controls. The 

10 MSH2 protein isoforms resulting from variant-induced in-frame splicing alterations can be 

divided into 3 distinct biotypes: (i) exon skipping resulting into protein large internal deletions 

(n=4), (ii) segmental exonic deletions resulting into protein small internal deletions (n=2) or (iii) 



segmental intronic retentions resulting into protein small internal insertions (n=4). The mean 

survival score represents the average survival fraction after 1 and 2 treatments with 1 µM MNNG. 

The gray area represents the interval between the values of the 2 validation sets (pathogenic set and 

neutral set). The cutoff value as determined by the ROC curve in the validation set is represented by 

a dotted line. 
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