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Abstract
Background: Targeted	sequencing	approaches	such	as	gene	panel	or	exome	se-
quencing	have	become	standard	of	care	for	the	diagnosis	of	rare	and	common	ge-
netic	disease.	The	detection	and	interpretation	of	point	mutations,	small	insertions	
and	deletions,	and	even	exon-	level	copy	number	variants	are	well	established	in	
clinical	genetic	testing.	Other	types	of	genetic	variation	such	as	mobile	elements	
insertions	(MEIs)	are	technically	difficult	to	detect.	In	addition,	their	downstream	
clinical	 interpretation	 is	 more	 complex	 compared	 to	 point	 mutations	 due	 to	 a	
larger	genomic	footprint	that	can	not	only	predict	a	clear	loss	of	protein	function	
but	might	disturb	gene	regulation	and	splicing	even	when	located	within	the	non-	
coding	regions.	As	a	consequence,	the	contribution	of	MEIs	to	disease	and	tumor	
development	remains	largely	unexplored	in	routine	diagnostics.
Methods: In	this	study,	we	investigated	the	occurrence	of	MEIs	in	7,693	exome	
datasets	from	individuals	with	rare	diseases	and	healthy	relatives	as	well	as	788	
cancer	patients	analyzed	by	panel	sequencing.
Results: We	present	several	exemplary	cases	highlighting	the	diagnostic	value	of	
MEIs	and	propose	a	strategy	for	the	detection,	prioritization,	and	clinical	inter-
pretation	of	MEIs	in	routine	clinical	diagnostics.
Conclusion: In	this	paper,	we	state	that	detection	and	interpretation	of	MEIs	in	
clinical	practice	 in	 targeted	NGS	data	can	be	performed	relatively	easy	despite	
the	fact	that	MEIs	very	rarely	occur	in	coding	parts	of	the	human	genome.	Large	
scale	reanalysis	of	MEIs	in	existing	cohorts	may	solve	otherwise	unsolvable	cases.
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1 	 | 	 INTRODUCTION

Mobile	elements	are	segments	of	genomic	DNA	that	can	
transpose	 to	 new	 regions	 of	 the	 genome,	 using	 either	 a	
cut-	and-	paste	or	copy-	paste	mechanisms,	 the	 latter	 lead-
ing	to	increased	copy	numbers.	While	the	vast	majority	of	
mobile	elements	 in	 the	human	genome	are	 inactive	and	
not	capable	of	 further	expansion,	 some	 transposon	 fam-
ilies,	in	particular	ALU,	L1	and	SVA,	retained	the	ability	
to	 create	novel	 insertions	 (Mills	 et	 al.,	 2007),	 i.e.	mobile	
element	insertions	(MEIs).	It	has	been	estimated	that	~1	
out	 of	 12–	14  live	 births	 carries	 a	 de novo	 MEI	 genome-	
wide	 (Gardner	 et	 al.,	 2019).	 MEIs	 that	 affect	 exons	 and	
splice	sites	may	impact	the	function	of	proteins,	can	cause	
genetic	disease	(Kazazian	&	John,	2017),	and	are	detect-
able	 in	 whole	 exome	 sequencing	 (WES)	 data	 (Gardner	
et	al.,	2019;	Torene	et	al.,	2020).	Moreover,	deep	intronic	
and	regulatory	MEIs	can	alter	 splicing	and	gene	expres-
sion;	however,	their	reliable	detection	requires	whole	ge-
nome	sequencing	(WGS;	Kim	et	al.,	2019),	which	is	not	yet	
widely	used	for	clinical	diagnostics.

In	previous	studies	on	rare	diseases	(RD),	a	moderate	
contribution	 of	 MEIs	 has	 been	 shown.	 For	 example,	 in	
38,871	affected	cases	analyzed	by	WES	(including	21,806	
parent-	child	 trios;	Torene	et	al.,	2020)	MEIs	were	causal	
in	0.03%	of	all	cases	(95%	CI:	0.02%–	0.06%)	and	0.15%	of	
the	cases	with	established	molecular	diagnoses	 (95%	CI:	
0.08%–	0.25%).	 Another	 study	 of	 9,738  WES	 parent-	child	
trios	(Gardner	et	al.,	2019)	revealed	four	likely	causal	de 
novo	MEIs	in	0.04%	of	cases	(95%	CI:	0.01%–	0.11%).

Although	the	percentage	of	cases	solved	by	MEI	anal-
ysis	is	small,	cohorts	of	several	thousand	RD	patients	are	
expected	 to	 contain	 one	 or	 more	 causal	 MEIs	 (Gardner	
et	al.,	2019;	Torene	et	al.,	2020).	Hence,	we	see	a	need	for	
re-	analysis	 of	 existing	 RD	 cohorts	 and	 the	 implementa-
tion	of	MEI	detection	as	a	part	of	routine	diagnostic	pipe-
lines	in	order	to	maximize	diagnostic	yield.	Furthermore,	
guidelines	 for	 the	computational	evaluation	of	 the	 func-
tional	consequences	of	MEIs	are	needed.

Mobile	element	insertions	can	also	occur	de novo	during	
the	lifetime	of	an	individual	(mosaic	or	somatic	MEIs)	and	
disrupt	tumor	suppressor	genes	in	somatic	cells,	and	MEIs	
have	been	shown	to	play	a	role	in	the	development	of	can-
cer	(Rodriguez-	Martin	et	al.,	2020).	The	current	paradigm	
of	personalized	cancer	medicine	recommends	the	evalu-
ation	of	somatic	mutation	patterns	(e.g.	mutational	load,	
microsatellite	instability,	copy	number	variants)	and	can-
cer	driver	genes	when	selecting	a	patient's	therapy.	These	
include	not	only	the	more	prominent	gene	fusions	but	also	
other	translocation	events	such	as	MEIs.

In	 this	 study,	 we	 screened	 for	 rare	 MEIs	 in	 a	 cohort	
of	almost	7.7	 thousand	 individuals	 sequenced	as	part	of	
routine	clinical	diagnostics,	including	5,796	RD	cases	and	

1,897	unaffected	parents	or	siblings.	Furthermore,	we	in-
vestigated	788	cancer	cases,	out	of	which	830	tumor	and	
788	 paired-	normal	 samples	 were	 sequenced	 by	 targeted	
gene	 panels	 for	 germline	 and	 somatic	 MEIs.	 We	 show	
that	the	number	of	candidate	germline	MEIs	in	RD	cases	
is	 low	after	 filtering	for	high	quality	and	population	fre-
quency.	We	conclude	that	incorporation	of	MEI	detection	
in	a	routine	diagnostic	analysis	pipeline	is	feasible.	A	sim-
ilarly	manageable	list	of	germline	and	somatic	MEIs	was	
detected	 per	 cancer	 case.	We	 identified	 a	 causal	 MEI	 in	
one	neurodevelopmental	disease	case	and	 in	one	cancer	
predisposition	 syndrome	 case.	 Furthermore,	 we	 identi-
fied	 somatic	 MEIs	 affecting	 tumor	 suppressor	 genes	 in	
two	tumor	samples.	 In	summary,	germline	MEIs	caused	
~0.03%	 of	 rare	 disease	 and	 cancer	 predisposition	 syn-
dromes	 in	 our	 cohort,	 while	 somatic	 MEIs	 contributed	
driver	mutations	 to	0.25%	of	 cancer	patients.	This	 study	
is,	to	our	knowledge,	the	first	attempt	to	evaluate	the	po-
tential	impact	of	MEIs	on	cancer	diagnostics	in	a	routine	
clinical	setting.

2 	 | 	 METHODS

2.1	 |	 Rare disease cohort analyzed by 
WES

In	this	study,	we	analyzed	datasets	from	5,796	RD	patients	
and	 1,897	 unaffected	 relatives	 investigated	 by	 WES	 for	
routine	diagnostics	between	2017	and	2020.	For	833	RD	
patients	a	parent-	child	trio	and	for	231	cases	an	unaffected	
relative	were	sequenced.	Our	WES	cohort	comprised	pa-
tients	 with	 diseases	 of	 the	 nervous	 system	 (~35%	 of	 the	
affected	cases),	mental,	behavioral	or	neurodevelopmen-
tal	disorders	(~31),	familial	neoplasms	(~18%),	endocrine,	
nutritional	 or	 metabolic	 diseases	 (~5%)	 and	 others.	 Age	
distribution	of	patients	is	shown	in	Figure	S3.	We	scanned	
for	 MEIs	 in	 2,504  WES	 samples	 prepared	 with	 Agilent	
SureSelect	Human	All	Exon	v6	and	5,189 WES	prepared	
with	 Agilent	 SureSelect	 Human	 All	 Exon	 v7  hybrid-	
capture	 kits.	 Samples	 were	 processed	 uniformly	 and	
sequenced	 to	around	130x	average	read	coverage,	as	de-
scribed	previously	(Froukh	et	al.,	2020).

2.2	 |	 Targeted sequencing of 
tumor and normal pairs

830	 tumor	 and	 788  matched	 normal	 tissues	 (mainly	
blood)	from	788	cancer	patients	referred	to	the	Molecular	
Tumor	Board	of	the	University	Clinics	Tübingen	(Bitzer	
et	al.,	2020)	were	analyzed	 for	 therapeutically	relevant	
molecular	alterations	including	MEIs	in	coding	regions,	
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introns	 or	 the	 close	 vicinity	 of	 cancer	 driver	 genes.	
Samples	 were	 sequenced	 between	 2017	 and	 2020	 with	
different	 versions	 of	 a	 custom	 targeted	 cancer	 gene	
panel.	The	different	versions	were	based	on	the	Agilent	
SureSelect	 Target	 Enrichment	 System	 and	 comprised	
between	337 genes	(oldest	version)	and	708 genes	(most	
recent	 version).	 Matched	 tumor	 and	 normal	 sample	
pairs	 were	 sequenced	 to	 an	 average	 coverage	 of	 500×	
and	 200×,	 respectively.	 Normal	 tissues	 were	 analyzed	
for	germline	mutations	 in	cancer	predisposition	genes,	
while	tumor	tissues	were	used	for	the	analysis	of	somatic	
variants.	The	complete	procedure	has	been	described	by	
Hilke	et	al.	(2020).

2.3	 |	 Bioinformatics analysis and 
annotation of the NGS data

Generated	sequences	were	processed	using	the	MegSAP	
analysis	 pipeline	 (https://github.com/imgag/	megSAP).	
MegSAP	performs	quality	control,	read	alignment,	vari-
ous	 alignment	 post-	processing	 steps,	 variant	 detection	
with	freebayes	(Garrison	&	Marth,	2012;	SNV,	short	in-
dels)	and	Manta	(Chen	et	al.,	2016;	structural	variants),	
as	 well	 as	 comprehensive	 annotation	 of	 variants	 with	
VEP	 (McLaren	 et	 al.,	 2016).	 Detection	 of	 copy	 num-
ber	changes	in	germline	and	tumor	sequencing	data	as	
well	as	tumor	purity	estimations	were	computed	using	
ClinCNV	(Demidov	&	Ossowski,	2019).	Diagnostic	anal-
ysis	 was	 performed	 using	 the	 GSvar	 clinical	 decision	
support	 system	 (https://github.com/imgag/	ngs-	bits).	
We	 used	 the	 GRCh37	 reference	 genome	 assembly	 for	
the	analysis.

2.4	 |	 Detection and quality filtering of 
germline and somatic MEI events

For	detection	of	germline	MEIs	in	WES	we	used	Scramble	
(Torene	et	al.,	2020)	with	default	filter	settings.	For	high-	
depth	tumor-	normal	pairs	we	applied	stricter	filter	settings	
such	as	a	 threshold	of	more	 than	90%	sequence	 identity	
between	soft-	clipped	read	clusters	and	the	consensus	MEI	
sequence,	in	order	to	improve	removal	of	detected	struc-
tural	 variants	 other	 than	 MEIs.	 Given	 that	 our	 samples	
had	high	coverage	we	selected	only	MEI	sites	covered	by	
at	least	ten	reads.	Candidate	MEIs	covered	with	less	than	
ten	 reads	 were	 evaluated	 visually	 using	 the	 Integrative	
Genome	 Viewer	 (IGV;	 Robinson	 et	 al.,	 2011).	 In	 vast	
majority,	 these	 changes	 were	 observed	 in	 off-	target	 re-
gions	(far	from	vendor-	specified	enriched	target	regions)	
or	 likely	 represented	 artifacts	 that	 typically	 appeared	 as	
PCR-	duplicate	clusters	or	noisy	soft-	clipped	reads	without	

a	 proper	 consensus	 sequence.	 MEIs	 occurring	 in	 close	
neighborhood	(less	than	ten	base	pairs	distance	between	
start	sites)	in	different	samples	were	considered	as	a	single	
MEI	event.

Due	 to	 the	 differences	 in	 covered	 regions,	 samples	
were	analyzed	separately	for	the	two	exome-	enrichment	
kits	 used	 for	 the	 RD	 cohort.	 Only	 rare	 MEIs	 were	 pri-
oritized	 and	 we	 assumed	 that	 causal	 MEIs	 occur	 only	
within	one	affected	family.	Having	a	maximum	number	
of	 four	affected	cases	per	 family,	we	 initially	applied	a	
threshold	 of	 maximally	 four	 observations	 of	 the	 same	
MEI	 in	 the	 whole	 cohort	 and	 subsequently	 removed	
MEIs	observed	in	more	than	one	family.	An	evaluation	
of	 more	 frequent	 MEIs	 (up	 to	 20	 per	 cohort)	 was	 also	
performed,	 however,	 no	 significant	 associations	 were	
found.

Tumor-	normal	 data	 was	 processed	 using	 Scramble	
separately	 and	 scanned	 for	 both	 germline	 and	 somatic	
MEIs.	Since	we	assumed	that	somatic	MEIs	are	tumor-	
specific	and	unique	we	retained	only	MEIs	occurring	in	
four	or	less	samples	within	the	830	tumor	and	788 ger-
mline	analyses	for	further	evaluation.	MEIs	detected	in	
both	tumor	and	normal	samples	were	labeled	as	germ-
line	MEIs,	while	MEIs	only	detected	in	tumor	samples	
were	 labeled	 as	 somatic	 MEIs.	 MEIs	 detected	 only	 in	
the	 normal	 samples	 were	 discarded	 as	 potential	 false	
positives.

2.5	 |	 Functional 
annotation and phenotype- based 
filtering of candidate MEIs

Each	 of	 the	 MEIs	 occurring	 next	 to	 OMIM-	described	
genes	were	additionally	evaluated	using	various	annota-
tions	 such	 as	 observed/expected	 score	 from	 GnomAD	
(Karczewski	 et	 al.,	 2020)	 and	 genotype-	phenotype	 cor-
relations	 provided	 by	 the	 Human	 Phenotype	 Ontology	
(Köhler	 et	 al.,	 2021).	 Additionally,	 detected	 MEIs	 were	
evaluated	 visually	 in	 IGV	 to	 remove	 soft-	clipped	 read	
clusters	produced	by	reads	that	likely	represent	PCR	du-
plicates.	Soft-	clipped	read	clusters	that	were	visually	noisy	
(i.e.	the	alignments	of	the	soft-	clipped	reads	substantially	
differ	 from	 each	 other	 in	 terms	 of	 sequence	 and	 start	
site)	were	also	filtered	out.	We	provide	a	script	based	on	
(Greene	et	al.,	2017)	that	takes	as	input	a	set	of	HPO	terms	
describing	a	patient,	and	a	gene-	associated	HPO	set	based	
on	OMIM	annotation,	and	returns	a	measure	of	the	case-	
to-	gene	phenotype	similarity	 (https://github.com/Germa	
nDemi	dov/gene_to_pheno	type_assoc	iation).	 Phenotype	
similarity	scores	can	be	used	as	simple	filter,	or	integrated	
as	additional	feature	in	clinical	decision	support	systems	
such	as	GSvar.

https://github.com/imgag/megSAP
https://github.com/imgag/ngs-bits
https://github.com/GermanDemidov/gene_to_phenotype_association
https://github.com/GermanDemidov/gene_to_phenotype_association
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3 	 | 	 RESULTS

We	identified	308	ultra-	rare	(4	or	less	events	in	the	whole	
cohort,	i.e.	MAF	<0.05%)	candidate	Alu,	L1	and	SVA	sites	
in	375 samples	of	the	RD	cohort	(375	individuals),	compris-
ing	401	distinct	MEIs.	Of	these	MEI	sites,	142	were	overlap-
ping	 or	 in	 the	 close	 vicinity	 of	 known	 disease-	associated	
genes	listed	in	OMIM	with	a	phenotype	key	of	3	(Amberger	
et	al.,	2019).	In	most	cases	(~70%),	the	elements	were	found	
in	non-	coding	or	intronic	regions	of	genes	associated	with	
phenotypes	 unrelated	 to	 the	 patient's	 clinical	 presenta-
tions.	 Furthermore,	 we	 detected	 96	 candidate	 MEIs	 at	
79 sites	in	65 samples	within	the	cohort	of	830	tumor	and	
788 matched	normal	samples	sequenced	with	the	custom	
cancer	 panels.	 Eight	 candidate	 MEIs	 occurred	 in	 both	
tumor	and	normal	tissue	samples,	hence	our	candidate	list	
comprised	8 germline	events	and	80 somatic	events.	Seven	
germline	MEIs	were	present	in	samples	of	more	than	one	
patient	 and	 are	 likely	 common	 MEIs	 or	 their	 impact	 re-
mained	unclear.	Two	somatic	MEIs	were	detected	in	dif-
ferent	tumor	samples	from	the	same	patient.

3.1	 |	 Detection of causal 
germline variants

The	core	phenotype	of	two	cases	were	attributed	to	newly	
discovered	germline	MEI	in	DNMT3A	(OMIM	#	602769)	
and	RB1	(OMIM	#	614041),	respectively.	Both	cases	had	
negative	 molecular	 diagnostic	 test	 results	 prior	 to	 this	
study.	The	variant	in	DNMT3A	was	found	in	a	patient	of	
the	RD	cohort,	while	the	RB1	variant	was	identified	in	a	
tumor-	normal	pair	of	the	cancer	cohort.

3.1.1	 |	 Patient	1

In	the	WES	data	of	patient	1,	we	identified	an	ALU	ele-
ment	that	was	inserted	directly	into	exon	five	of	DNMT3A	
(ENST00000264709.3	 c.465_466insALU,	 p.?)	 predicting	
a	heterozygous	loss-	of-	function	of	DNMT3A.	Pathogenic	
DNMT3A	 variants	 have	 been	 associated	 with	 autoso-
mal	 dominant	 Tatton-	Brown-	Rahman	 syndrome	 (TBRS,	
OMIM:	#	615879).	Reverse	phenotyping	revealed	that	key	
features	observed	in	>80%	of	TBRS	patients	(Tatton-	Brown	
et	al.,	2018)	were	present	in	our	patient	including	excep-
tional	overgrowth	and	intellectual	disability.	In	addition,	
patient	1	was	diagnosed	with	autism	and	other	behavioral	
abnormalities,	 which	 were	 described	 in	 51%	 of	 patients	
with	TBRS.	In	line	with	a	disease-	causal	role	and	postu-
lated	de novo	status	of	 the	variant	 it	was	not	detected	in	
exome	data	of	either	of	the	healthy	parents	(Figure	1).	No	
other	pathogenic	or	likely	pathogenic	candidate	variants	

were	identified	in	genes	that	have	been	previously	associ-
ated	with	the	patient's	clinical	features.	Fragile	X	analysis,	
array	 CGH	 and	 conventional	 karyotyping	 were	 normal	
[Supplementary	materials:	Case	Report	1].

3.1.2	 |	 Patient	2

The	second	causal	germline	MEI	was	detected	 in	 the	can-
cer	 cohort.	 In	 both	 the	 tumor	 and	 the	 normal	 data	 of	 pa-
tient	 2,	 who	 was	 diagnosed	 with	 bilateral	 retinoblastoma	
[Supplementary	 materials:	 Case	 Report	 2],	 we	 detected	 an	
ALU	element	insertion	(ENST00000267163.4	c.940-	17_940-	
16insALU,	p.?)	in	RB1.	We	observed	24	and	31 soft-	clipped	
reads	 supporting	 the	 exact	 same	 breakpoint	 in	 tumor	 and	
normal	tissues,	respectively.	According	to	OMIM	and	HPO	
term	 associations	 the	 phenotype	 described	 for	 pathogenic	
RB1	variants	matched	perfectly	to	the	phenotype	described	
for	 our	 patient.	 However,	 the	 identified	 MEI	 was	 intronic	
and	the	insertion	site	is	18	base	pairs	upstream	of	exon	10.	
Thus,	it	was	unclear	if	it	disturbed	the	correct	splicing	of	the	
RB1 mRNA	and	could	be	causal	for	the	disease.	To	further	
evaluate	our	finding,	we	performed	targeted	gene	panel	se-
quencing	of	the	unaffected	parents,	and	RNA	sequencing	on	
patient's	whole	blood.	We	found	no	evidence	for	the	presence	
of	an	RB1	ALU	insertion	in	the	parental	DNAs	(Figure	2).	
This	observation	is	in	line	with	a	de novo	status	of	this	MEI.

To	investigate	the	consequences	of	such	de novo	intronic	
MEI	on	the	correct	splicing	of	RB1,	we	performed	RNA-	seq	
of	a	whole	blood	sample	from	patient	2.	We	found	a	multiple	
junction	reads	between	exons	9	and	11	(17 split	reads,	Figure	
3)	 indicating	 skipping	 of	 exon	 10	 (r.940_1049del,	 p.(Val-
314Phefs*2)).	 The	 change	 was	 not	 observed	 in	 RNA-	seq	
data	 from	 ten	 randomly	 selected	RNA-	seq	experiments	of	
controls	without	retinoblastoma	from	our	internal	database.

In	 the	 tumor	 sample	 of	 patient	 2,	 we	 furthermore	
found	a	loss-	of-	heterozygosity	of	the	whole	chromosome	
13,	where	the	RB1 gene	is	located	(computational	purity	
estimation:	 77.5%),	 which	 made	 this	 MEI	 homozygous	
in	 tumor.	 No	 other	 somatic	 driver	 mutations	 (SNVs,	 in-
dels,	 CNAs)	 were	 identified	 in	 this	 tumor-	normal	 pair,	
sequenced	with	our	latest	diagnostic	panel	of	708	cancer-	
associated	genes.	This	observation	and	identification	of	a	
second	hit	in	this	gene,	combined	with	de novo	origin	of	
the	intronic	MEI,	and	its	impact	on	RNA,	proves	the	cau-
sality	of	this	particular	variant	for	the	observed	phenotype.

3.1.3	 |	 Other	pathogenic	variants	involving	
sequences	similar	to	mobile	elements

In	 addition,	 Scramble	 identified	 several	 structural	 vari-
ants	(SV)	in	both	the	RD	and	the	cancer	cohort,	which	are	
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causal	but	not	caused	by	a	mobile	element	insertion.	These	
events	were	picked	up	because	the	corresponding	SV	(e.g.	
a	deletion)	 involved	a	 sequence	similar	 to	a	known	mo-
bile	element	sequence.	For	example,	Scramble	suggested	
a	MEI	insertion	within	exon	1	of	SPAST	(OMIM	#	604277,	
ENST00000315285.9).	The	detected	cluster	of	soft-	clipped	
reads	 showed	 94.3%	 similarity	 with	 an	 ALU-	repeat,	 but	
the	presence	of	stretched	paired-	end	alignments	and	the	
configuration	of	soft-	clipped	alignments	clearly	indicated	
a	 deletion	 event	 instead	 of	 a	 MEI	 (coordinates	 in	 the	
GRCh37	reference	genome:	chr2:32,272,230–	32,289,220).	
This	 deletion	 was	 also	 identified	 by	 CNV	 analysis	 using	
WES	data,	confirmed	by	MLPA	analysis,	and	reported	as	
causal	variant	to	the	clinician.

3.2	 |	 Somatic MEIs in cancer 
driver genes

In	 the	cohort	of	788	cancer	patients	Scramble	 identified	
96  high	 quality	 MEI	 candidates	 at	 79  sites,	 of	 which	 16	
were	 found	 in	 both	 tumor	 and	 normal	 tissue	 and	 are	
therefore	likely	germline	MEIs.	By	manual	inspection	of	
the	 remaining	 80  somatic	 MEI	 candidates	 we	 identified	
and	removed	three	MEIs	that	are	germline	but	had	a	lack	
of	 coverage	 in	 the	 normal	 sample.	 Four	 MEIs	 were	 de-
tected	in	a	second	biopsy	of	the	same	patient	and	are	thus	
redundant.	The	remaining	73 somatic	MEI	at	73	unique	
sites	 were	 annotated	 using	 Cancer	 Genome	 Interpreter	
(Tamborero	et	al.,	2018),	labeling	the	events	as	deletions	
of	 the	 affected	 genes,	 since	 we	 expect	 a	 loss-	of-	function	
caused	by	the	MEIs	as	the	most	plausible	mechanism.	CGI	

indicates	if	the	affected	gene	is	a	known	driver	of	the	re-
spective	cancer	type	and	if	a	gain	or	loss	of	function	is	to	be	
expected	(tumor	suppressor	or	oncogene).	Subsequently,	
we	 excluded	 all	 MEIs	 that	 were	 predicted	 to	 be	 passen-
gers	or	for	which	the	affected	gene	and	cancer	type	of	the	
patient	did	not	match	with	the	known	drivers	reported	by	
CGI.	This	filtering	step	resulted	in	12 somatic	MEIs	that	
were	further	analyzed	individually.

Out	of	the	12	candidates,	five	were	filtered	out	due	to	
QC	issues	(low	quality	of	samples,	variants	supported	by	
PCR	 duplicates	 only).	 One	 candidate	 was	 found	 to	 be	 a	
germline	indel	in	BARD1	(OMIM	#	601593),	which	is	fre-
quent	 in	 the	 population	 (GnomAD	 2.1	 AF  =  2.8%)	 and	
was	accidentally	picked	up	by	Scramble	due	to	sequence	
similarity	of	the	affected	region	to	mobile	elements.	Since	
the	sequence	similarity	of	this	event	was	borderline	to	our	
threshold,	it	was	filtered	out	in	the	normal	tissue	but	kept	
in	 tumor.	 Another	 three	 clinically	 relevant	 candidates	
were	 likely	 driver	 structural	 variants,	 but	 different	 from	
MEIs,	since	the	observed	paired-	end	alignment	signature	
was	typical	for	deletion	events.

Next,	 we	 investigated	 the	 remaining	 three	 somatic	
MEIs	for	their	potential	to	drive	tumor	development	based	
on	the	affected	gene,	the	patient's	tumor	type	and	the	CGI	
annotation.	A	partial	insertion	of	LINE1	into	the	promoter	
of	CDKN2A	(OMIM	#	600160)	in	a	pancreatic	tumor	and	
a	LINE1	insertion	in	exon	51	of	LRP1B	(OMIM	#	608766)	
in	a	patient	with	esophageal	carcinoma	were	considered	
as	diagnostically	relevant.	An	insertion	of	a	LINE1	retro-
transposon	in	intron	6	of	the	gene	WRN	(chr8:30924743)	
had	 unclear	 impact	 on	 the	 gene's	 function	 and	 was	 dis-
missed	from	further	clinical	interpretation.

F I G U R E  3  Sashimi	plot	(Garrido-	Martín	et	al.,	2018)	of	an	exon	skipping	event	caused	by	a	de novo	MEI	variant	in	the	intron	of	RB1	
upstream	of	exon	10.	RNA-	seq	coverage	data	of	patient	2	is	shown	in	red	in	the	upper	plot,	compared	to	the	average	coverage	of	10	randomly	
selected	control	samples	shown	in	green	in	the	lower	plot.	Annotated	exons	of	RB1	in	Ensemble	are	shown	on	the	bottom
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The	 insertion	 in	 the	 promoter	 of	 CDKN2A	
(ENST00000579755.1,	 c.-	47insL1)	 in	 a	 patient	 with	 neo-
plasm	 of	 the	 pancreas	 was	 considered	 as	 a	 likely	 loss	 of	
promoter	 function	 leading	 to	 the	 silencing	 of	 the	 tumor	
suppressor	gene	CDKN2A,	which	has	been	reported	as	a	
cancer	 driver	 and	 prognostic	 factor	 in	 pancreatic	 cancer	
(Doyle	 et	 al.,	 2019).	 Homozygous	 deletions	 (Lenkiewicz	
et	 al.,	 2020)	 as	 well	 as	 silencing	 by	 aberrant	 promoter	
methylation	 (Bernstein	 et	 al.,	 2015;	 Tang	 et	 al.,	 2015)	 of	
CDKN2A	play	a	crucial	role	in	pancreatic	carcinogenesis.	
The	 insertion	 reported	 here	 is	 located	 close	 to	 the	 tran-
scription	 start	 site	 in	 a	 highly	 regulated	 promoter	 region	
(likely	disturbing	binding	of	transcription	factors).	The	in-
sertion	is	accompanied	by	a	loss-	of-	heterozygosity	of	this	
chromosomal	region	(coordinates	of	detected	LOH	in	hg19	
reference	 genome	 chr9:271606–	28675984	 as	 detected	 by	
ClinCNV	[Demidov	&	Ossowski,	2019]),	and	is	thus	likely	
in	a	hemizygous	state.	We	therefore	classified	the	two-	hit	
event	as	a	homozygous	loss	of	function	of	CDKN2A.

The	 low-	density	 lipoprotein	 receptor-	related	 protein	
1B	(LRP1B),	which	encodes	the	endocytic	LDL-	family	re-
ceptor,	is	among	the	top	10 significantly	mutated	genes	in	
human	cancer	and	was	associated	with	high	 tumor	mu-
tation	burden	(Chen	et	al.,	2019).	We	considered	the	ob-
served	 ENST00000389484.8:	 c.8202_8203insL1	 in	 LRP1B	
as	 loss	 of	 function	 of	 this	 candidate	 tumor	 suppressor	
gene.	LoF	mutations	 in	LRP1B	have	been	frequently	de-
scribed	in	esophageal	carcinoma	(Sonoda	et	al.,	2004).

4 	 | 	 DISCUSSION

Here	 we	 have	 demonstrated	 the	 feasibility	 to	 detect	 and	
interpret	 MEIs	 based	 on	 clinical	 WES	 and	 targeted	 gene	
panel	 sequencing	 data	 generated	 in	 a	 routine	 diagnostic	
context.	Concordant	with	previous	studies,	we	also	found	
that	causal	MEIs	are	extremely	rare	in	RD	but	occur	slightly	
more	frequent	as	somatic	driver	events	in	tumor	tissue.	In	
5,796	RD	 index	cases	we	only	 identified	one	case	clearly	
caused	 by	 a	 MEI	 inserted	 in	 DNMT3A.	 Interestingly,	 a	
second	causal	germline	MEI	was	identified	in	the	cancer	
cohort.	Across	the	two	cohorts	we	therefore	found	2	out	of	
6,584	cases	(0.03%,	95%	CI:	0.004%–	0.11%)	caused	by	a	ger-
mline	MEI,	consistent	with	previous	estimations	of	0.03%	
(Torene	et	al.,	2020).	In	both	cases	the	expected	phenotype	
matched	perfectly	with	the	observed	phenotype,	showing	
that	rigorous	filtering	and	phenotype	matching	allows	es-
tablish	a	diagnosis	based	on	MEI	events	in	a	small	but	cru-
cial	portion	of	unsolved	rare	disease	patients.

Notably,	one	of	the	causal	germline	MEIs	in	RB1	was	
found	in	the	cancer	cohort	by	sequencing	tumor-	normal	
pairs	with	a	708-	gene	panel.	 In	 this	 case	 the	availability	
of	tumor	data,	in	combination	with	the	parental	germline	

DNA	 sequences	 and	 RNA-	seq	 of	 the	 patient's	 blood	 al-
lowed	us	to	gather	strong	evidence	for	the	causality	of	the	
MEI.	Furthermore,	 it	allowed	us	 to	 investigate	 the	 func-
tional	consequences	of	the	intronic	MEI,	i.e.	an	exon	skip-
ping,	as	well	as	to	find	a	second	hit	(loss	of	chromosome)	
in	 the	 tumor	 genome.	 This	 suggests	 that	 paired	 tumor-	
normal	 analysis	 combined	 with	 RNA-	seq	 could	 prove	
highly	 beneficial	 for	 the	 diagnosis	 of	 cancer	 predisposi-
tion	syndromes	in	complex	cases.

Most	 of	 the	 retinoblastoma-	associated	 germline	 vari-
ants	are	nowadays	efficiently	found	by	sequencing	of	RB1	
(either	by	Sanger,	targeted	gene	panel	sequencing,	WES,	
or	WGS).	However,	a	sizable	fraction	of	cases	remains	un-
solved	 (Lohmann	&	Gallie,	2018).	Previous	 studies	have	
also	reported	 intronic	MEIs	as	causal	 for	RB1  loss	 in	 fa-
milial	 retinoblastoma	 (Rodríguez-	Martín	 et	 al.,	 2016).	
This	suggests	that	RB1	needs	to	be	routinely	analyzed	for	
the	presence	of	MEIs	in	patients	with	bilateral	or	positive	
family	history	retinoblastomas,	but	negative	results	in	the	
standard	RB1 sequencing	analysis.

Considering	 the	genomic	 instability	many	cancers	ex-
hibit,	clinically	significant	MEIs	may	occur	more	often	in	
tumor	tissues.	However,	with	only	0.25%	of	cases	we	still	
found	the	percentage	of	cases	with	diagnostically	relevant	
MEIs	to	be	rather	low.	Although	the	number	of	candidate	
somatic	 MEIs	 was	 substantial	 (73	 candidates),	 only	 two	
MEIs	survived	rigorous	filtering	and	matching	with	known	
recurrently	 mutated	 driver	 genes	 in	 the	 respective	 can-
cer	 type.	One	additional	case	had	unknown	significance,	
while	the	remaining	events	were	likely	misinterpretations	
of	other	SV	types	such	as	deletions	that	affect	a	region	with	
sequence	 similarity	 to	 mobile	 elements.	 Interestingly,	 all	
high	quality	MEIs	found	in	somatic	tissues	were	from	the	
L1	family	retrotransposons,	in	concordance	with	previous	
work	 (Rodriguez-	Martin	 et	 al.,	 2020),	 further	 supporting	
that	L1s	are	the	most	active	mobile	element	in	cancer.

Although	structural	variant	 callers	 such	as	Manta	are	
in	 theory	 capable	 of	 detecting	 structural	 variants	 (SVs)	
in	 targeted	 sequencing	 data,	 MEIs	 that	 were	 found	 by	
Scramble	were	not	detected	by	Manta,	presumably	due	to	
the	absence	of	the	second	corresponding	paired-	end	clus-
ter	(second	breakpoint)	mapped	to	the	reference	genome.	
This	highlights	the	need	for	using	specialized	tools	for	MEI	
detection,	at	least	for	targeted	sequencing	data	analysis.

The	 computational	 runtime	 of	 Scramble	 for	 MEI	 de-
tection	in	WES	data	is	low.	Moreover,	using	a	large	cohort	
for	population	allele	frequency	estimation,	rigorous	qual-
ity	filtering	and	automated	phenotype	matching	(OMIM,	
HPO)	allows	to	efficiently	prioritize	MEI	candidates	in	a	
semi-	automated	fashion	without	a	significant	increase	in	
hands-	on	time	for	candidate	evaluation.	We	therefore	sug-
gest	that	MEI	analysis	should	be	integrated	into	compre-
hensive	routine	diagnostic	pipelines.
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A	 main	 limitation	 of	 our	 study	 is	 the	 use	 of	 targeted	
sequencing,	 which	 has	 lower	 power	 in	 detection	 of	 di-
agnostically	 relevant	 novel	 insertions,	 especially	 in	 im-
portant	 non-	coding	 parts	 of	 the	 genome	 such	 as	 introns	
or	 promoters.	 Indeed,	 despite	 the	 very	 limited	 coverage	
in	these	regions	two	out	of	 four	causal	MEIs	detected	in	
our	study	reside	in	non-	coding	regions.	Moreover,	introns	
are	 generally	 much	 larger	 than	 exons,	 while	 mobile	 ele-
ment	insertions	are	large	enough	to	disturb	splicing	even	
in	deep-	intronic	regions.	As	suggested	in	previous	studies	
(Gardner	et	al.,	2019;	Torene	et	al.,	2020)	we	are	likely	un-
derestimating	the	impact	of	MEIs	in	RD	and	cancer	and	ad-
ditional	studies,	involving	large	cohorts	of	whole-	genome	
sequenced	 samples,	 are	 required	 for	 evaluating	 the	 full	
potential	of	MEI	detection	in	genetic	disease	diagnostics.
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