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1 | INTRODUCTION

Abstract

Background: Lynch Syndrome (LS) is caused by germline mutations in the DNA
mismatch repair (MMR) genes with mutations in MLH1 accounting for ~40% of LS-
related alterations.

Methods: MSK-IMPACT analysis was performed on peripheral blood from a pa-
tient with early- onset colorectal cancer. Subsequently PCR and sequencing was
performed to characterize the insertion. Immunohistochemistry for MMR genes and
MLH] promoter methylation were analyzed on patient's tumor.

Results: MSK-IMPACT germline testing revealed an insertion into c.588+8_588+9
of MLH1 intron 7. The insertion was further characterized as an AluSx-like element
with ~115 bp in length. Functional studies demonstrated that the AluSx-like element
led to complete disruption of mRNA splicing and probably resulted in transcriptional
termination at the poly (A) region of the AluSx-like insertion.

Conclusions: The insertion of a truncated AluSx like element into MLH1 intron 7
results in aberrant splicing and transcription, thereby causing Lynch syndrome. This
study confirms that retrotransposon insertions may be an important mechanism for

cancer predisposition.
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Retrotransposons are genetic transposable elements
that can be integrated elsewhere in a genome through

Lynch syndrome (LS) is an autosomal dominant cancer pre-
disposition syndrome characterized by an increased risk of
many types of cancer, especially colorectal and endometrial
cancers (Seth et al., 2018). LS is caused by germline mu-
tations in mismatch repair (MMR) genes. MLHI (OMIM #
120436) is one of the most frequently altered genes in Lynch
syndrome patients’ accountings for 40%—50% of all LS pa-
tients (Bonadona et al., 2011; Truninger et al., 2005).

an RNA intermediate mechanism. There are two sub-
classes of retrotransposons, the long terminal repeat
(LTR-retrotransposons) and the non-LTR retrotrans-
posons. The non-LTR retrotransposons include long inter-
spersed elements (LINEs) and short interspersed elements
(SINEs) which account for approximately one-third of the
human genome (Cordaux & Batzer, 2009; Dewannieux
et al., 2003). Alu elements are the most abundant short
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interspersed elements (SINEs). Alu insertions into pro-
tein-coding region have been reported as pathogenic vari-
ants in many genes, such as APC, ATM, BRCA2, BRCAI,
and CHEK?2 (Qian et al., 2017). The Alu insertion within
exon 3 of BRCA2 (c.156_157insAlu), resulting in exon 3
skipping, has been established to contribute to Hereditary
Breast and Ovarian Cancer (HBOC) syndrome (Teugels
et al., 2005). Recently, Alu element insertion in the MLH1
exon 6 coding sequence (c.512_513insAlu) was reported
as a mutation predisposing to Lynch syndrome (Solassol
et al., 2019). In addition to the disruption of protein-cod-
ing region, Alu elements can also affect mRNA splicing
and result in disease-causing alleles. An Alu insertion into
the canonical splicing site of BRCA2 ¢.89534+1_8953+2
has been reported in a few patients who underwent clin-
ical hereditary cancer genetic testing (Qian et al., 2017).
Insertion of a SVA (SINE-VNTR-AIu) element into PMS2
intron 7 ¢.804-60_804-59 has been reported to alter mRNA
splicing as a cause of Lynch syndrome (van der Klift et al.,
2012). Most recently, a child with a rare and fatal neuro-
degenerative genetic disease, neuronal ceroid lipofuscino-
sis 7 (CLN7, a form of Batten's disease), caused by the
insertion of SVA into the intron 6 of MFSD8 was treated
clinically with patient-customized oligonucleotide therapy
(Kim et al., 2019).

Here, we report that insertion of an AluSx-like element
into ¢.588+8_588+9 of MLHI intron 7 caused abnormal
mRNA splicing of MLHI exon 7, introducing the AluSx-like
sequence into the mRNA and resulting in transcriptional ter-
mination at the poly (A) region of the AluSx-like insertion as
a novel cause of Lynch syndrome.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

The patient in this study consented to an Institutional Review
Board (IRB)-approved protocol at Memorial Sloan Kettering
Cancer Center.

2.2 | Subject

A 42-year-old Chinese man was diagnosed with metastatic
ascending colon moderate differentiated invasive adenocar-
cinoma. Both parents are alive with no known cancer diag-
nosis. There is a paternal uncle who died in his 40 s with
a reported lung cancer (Figure la). The patient was seen
at Memorial Sloan Kettering Cancer Center and MSK-
IMPACT (IMPACT stands for Integrated Mutation Profiling
of Actionable Cancer Targets) testing was performed on his
tumor and matched normal specimens.

2.3 | NGS and PCR analysis

The patient tumor and matched normal specimens were tested
using the Memorial Sloan Kettering Mutation Profiling of
Actionable Cancer Targets (MSK-IMPACT) Germline and
somatic sequencing and variant calling were performed as
described previously (Cheng et al., 2015, 2017). Germline
variants were reviewed by board-certified molecular pa-
thologist or clinical molecular genetics and classified based
on the American College of Medical Genetics (ACMG)
criteria (Richards et al., 2015). Microsatellite instability
was analyzed as previously reported (Middha et al., 2017).
PCR for MLHI (NM_000249.3) was performed with for-
ward primer F1 5'-GTAAAACGACGGCCAGTAACTA
AAAGGGGGCTCTGAC-3"andreverse primerR15'-CAGG
AAACAGCTATGACAAATAATGTGATGGAATGATA
AACC-3’ under the condition of denature at 96°C for 5 min,
35 cycles (94°C for 30 s, 58°C for 45 s, 72°C for 60 s), and
extension at 72°C for 5 min.

3 | RESULTS

MSK-IMPACT testing on patient's colorectal cancer tissue
indicated microsatellite instability (MSI) unstable (MSI-H)
with MSI sensor score of 26.2 (Middha et al., 2017). IHC
showed loss of PMS2 and heterogenous positive staining
for MLH1. MLHI promoter methylation, which may lead
to MLH1/PMS?2 protein loss, was not detected in the tumor
sample. MSK-IMPACT testing on tumor identified a so-
matic frameshift mutation c¢.469delT (p.Tyr157 Thrfs*3) in
MLH]1 exon 6 in the tumor. Loss of heterozygosity (LOH)
of MLHI was observed in the patient's tumor sample
(Figure 1b). MSK-IMPACT analysis of peripheral blood
from the patient did not identify any clinically significant
single-nucleotide variant (SNV) or indel variant in the
MLH]I coding region. In terms of copy number variation
(CNV), we observed a —1.7 of fold change (p = 8.329e-
11) for MLHI exon 7, suggesting a possible deletion of
MLH]I exon 7 (Table S1). However, the suspected dele-
tion of MLHI exon 7 was not confirmed by MLPA (Figure
S1). In a further analysis of the sequencing data, an inser-
tion was revealed at ¢.588+8_588+9 in MLH] intron 7 by
Integrative Genomics Viewer (IGV) (Figure 1c).

To investigate the nature and origin of the inserted frag-
ment, PCR was performed with a combination of MLH] for-
ward primer in exon 7 (F1) and reverse primer in exon 8 (R1)
(Figure 1d). The control sample is expected to give a 460 bp
band including exons 7-8, intron 7 and part of introns 6 and 8.
The patient sample generates a460 bp fragment from wild-type
allele and a 570 bp band from the mutant allele (Figure 1d.e).
Sanger sequencing confirmed the 460 bp band is the wild-
type sequence while the 570 bp band includes an extra 115 bp
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FIGURE 1

Identification of AluSx-like insertion in MLHI (NM_000249.3) intron 7. (a) Patient pedigree. The patient (indicated with the

arrow) is a 42-year-old Chinese man was diagnosed with metastatic ascending colon. (b) FACETS show loss of heterozygosity (LOH) of MLHI
in patient's tumor. (c) Insertion into ¢.588+8_588+9 of MLH1 intron 7 by Integrative Genomics Viewer (IGV). (d) Schematic illustration of Alu
insertion and PCR primer position. (e) A 460 bp fragment was generated from wild-type allele and a 570 bp band from mutant allele from the
patient sample while the control only gives the 460 bp wild-type fragment. (f) Identification of the insertion by Sanger sequencing (Forward). (g)
The sequence of the wild-type allele and the mutant allele of MLH1 exon 7, intron 7, and exon 8
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FIGURE 2 Disruption of transcription by the AluSx-like insertion in MLH1 (NM_000249.3). (a) Sequence search shows that the insertion
sequence is part of C terminal of AluSx#SINE/AL (b) In silico tools Netgene2 and NNSPLCE predict higher possibility of usage of the duplicated
donor site at the 3’ end of AluSx-like insertion than that of the WT donor site. (c) A 340 bp fragment was successfully amplified with the forward

primer in MLH1 exon 4 (Forward) and the reverse primer designed to 5’ end of the Poly (A) of the AluSx-like insertion by RT-PCR. (d) The

AluSx-like insertion is introduced into MLHI mRNA. (e) Visible bands with the expected sizes were obtained with primer combinations of E2-ES5,
E4-E7, E4-E8, and E14-E17 in the control sample by RT-PCR. Primers E2-ES and E4-E7 allowed us to visualize the expected RT-PCR bands in

the patient sample. RT-PCR with primers E4-E8 and E14-E17 did not generate any product from the patient sample
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insertion at the position of ¢.588+8_588+9 of MLH] intron
7 (Figure 1f,g).

In an analysis of the insertion sequence, the WT donor
sequence from c.583 to c¢.588+8 (AAAAAAGTAAGTTC)
of MLHI exon 7 is found to be duplicated at the 3" end of
the insertion, feature of a retrotranspositional event (Figure
S2). The inserted sequence was queried in RepeatMasker
Web Server and the result revealed that the inserted sequence
is part of the C terminus of AluSx#SINE/Al (Figure 2a).
Alu elements are typically approximately 300 bp in length.
Although our insertion sequence is part of AluSx#SINE with
only around 115 bp in length, it is featured with poly (A) and
flanked with direct repeats duplicated from the sequences at
the insertion site.

Insertions of Alu may disrupt splice sites or bind splicing
regulators (Payer et al., 2019). Since the WT donor sequence
from c.583 to ¢.588+8 (AAAAAAGTAAGTTC) of MLHI
exon 7 is directly duplicated, which creates another donor
site at the 3’ end of AluSx-like insertion, in silico analysis
was performed to evaluate whether the AluSx-like inser-
tion affects splicing. In silico tool Netgene2 predicts that the
duplicated donor site at the 3’ end of AluSx-like insertion
shows higher level of confidence while the WT donor site
indicates loss of confidence (Figure 2b), suggesting that al-
ternative usage of the duplicated donor site at the 3’ end of
AluSx-like insertion, instead of the WT donor site at ¢.588 of
MLH] exon 7. Another tool, NNSPLCE, also predicts higher
score for the duplicated donor site than the WT donor site
at ¢.588 (Figure 2b). Two other tools (SpliceSiteFinder and
MaxEntScan) do not predict any difference (data not shown).
In silico prediction is not very informative, at least for some
alterations, and RNA analysis is needed to prove aberrant
usage of the duplicated donor site.

Since LOH was observed in the tumor, we assumed the
mutant allele would be detected by RT-PCR in the tumor tis-
sue. To investigate whether the AluSx-like insertion affects
splicing, RT-PCR was performed with RNA extracted from
Formalin-Fixed Paraffin-Embedded (FFPE) tissue speci-
mens. The forward primer of RT-PCR was in MLH] exon 4
(Forward) and the reverse primer was designed to bind to the
5" end of the Poly (A) of the AluSx-like insertion. A 340 bp
fragment was successfully amplified while the control sample
did not generate a visible band (Figure 2c). To facilitate se-
quencing, this 340 bp fragment was cloned into a TA vector
and subsequently sequenced with M13 tag from the TA vector.
The sequencing result clearly demonstrated that the AluSx-like
insertion is introduced into MLHI mRNA, confirming abnor-
mal splicing with abolishment of the WT donor site of intron
7 (Figure 2d). MSK-IMPACT detected a somatic frameshift
mutation ¢.469delT p.(Tyr157Thrfs*3) in MLH1 exon 6 in the
tumor. RT-PCR result confirmed the presence of the mutation
¢.469delT (Figure 2d). Both the Alu insertion (germline) and
this ¢.469delT (somatic) are on the same allele.

Molecul . ic Medici
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To investigate whether the duplicated donor site
(AAAAAAGTAAGTTC) at the 3’ end of AluSx-like inser-
tion is alternatively used or the poly (A) of the AluSx-like
insertion causes transcriptional termination, RT-PCR was
performed with primer combinations from different MLH1
exons. Forward primers bind to exons 2, 4, and 14 while re-
verse primers bind to exons 5, 7, 8, and 17. Visible bands with
the expected sizes were obtained with primer combinations of
E2-ES5, E4-E7, E4-E8, and E14-E17 in the control sample by
RT-PCR (Figure 2e). Primers E2-E5 and E4-E7 also allowed
us to visualize the expected RT-PCR bands in the patient sam-
ple. However, RT-PCR with primers E4-E8 and E14-E17 did
not generate any product from the patient sample, suggesting
that transcription of the mutant allele was terminated in the
Poly (A) region of the AluSx-like insertion (Figure 2e).

4 | DISCUSSIONS
In summary, we report here an AluSx-like element insertion
into MLH ] intron 7 which leads to abnormal transcriptional ter-
mination and causes Lynch syndrome. To our knowledge, this
is the first report of Alu insertion into MLH]I intronic regions
outside the invariant region (+/- 1,2) of the splice consensus
sequence. Our study broadens our understanding of Alu ele-
ments and their roles in cancer predisposition and allows other
at-risk family members to undergo predictive germline test-
ing to help identify family members who would benefit from
increased cancer surveillance and/or risk-reducing measures.
This study demonstrated that when a well-designed genetic
testing assay does not identify any pathogenic variants in in-
dividuals with strong personal and family history of Lynch
Syndrome (or other cancer predisposition syndromes), the lab
may need to pursue additional studies such as RNA sequencing
of patient's normal and/or tumor (if available) as some noncod-
ing variants may affect RNA splicing and gene function. The
lab may also need to consider to optimize the bioinformatics
pipeline to detect such challenging variants. We speculate that
a substantial proportion of pathogenic variants might not be de-
tected as most clinical assays target the coding regions of genes
of interests and clinical labs restrict their analysis to coding re-
gions and exon—intron boundaries. That could miss molecular
events with clinical significance in deep intronic region, pro-
moter region or 3" UTR (Boyd et al., 2008; McConville et al.,
1996; Mendes de Almeida et al., 2017; Nakamura et al., 2012;
Smith et al., 2014; Vorechovsky, 2010).
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