Direct insertional
mutagenesis by L1 resulted
In diseases including
muscular dystrophy,
hemophilia, and breast
cancer



Haemophilia A resulting from de novo insertion of L 1 sequences
represents a novel mechanism for mutation in man.

We now report insertions of L1 elements into exon 14 of the factor VIII
gene in two of 240 unrelated patients with haemophilia A. Both of these
insertions (3.8 and 2.3 kilobases respectively) contain 3' portions of the
L1 sequence, including the poly (A) tract, and create target site
duplications of at least 12 and 13 nucleotides of the factor VIII gene.

e Characterization of anondeleteriousL 1 insertion in an intron of the human
factor VIII gene

» A 20.7 kb deletion within the factor VIII gene associated with
LINE-1 element insertion.



Table 2 L1 EN-mediated retrotranspositions associated with human genetic diseas

Disrupted Chromosomal  Disorder” Inserted Insertion ¢
gene® location element size (bp) i
Simple insertions

APC 5q Colon cancer L1 Ta 520 :
CHM Xq Choroideremia L1 Ta 6,017 .
CYBB Xp CGD L1 Ta 836 :
CYBB Xp €Gb L1 Ta 1,722 :
DMD Xp DMD L1 Ta 1,400 :
DMD Xp XLDCM Ll Ta 530 ‘
F8 Xq Haemophilia A Ll Ta 3,800 :
8 Xq Haemophilia A Ll preTa 2,300

F9 Xq Haemophilia B L1 Ta 463 :
F9 Xq Haemophilia B L1 Ta 163 '
HBB 1p B-Thalassemia L1 Ta 6,000

RP2 Xp XLRP L1 Ta 6,000 :
RPS6KA3 Xp CLS L1 HS 2,800

APC 5q Desmoid tumor AluYbS 278 :
BCHE 3q —Acholinesterapemia  AluYb9 289 :
BRCA2 13q Breast cancer AluYcl 281 :
BTK Xq Sy AluY ¢

MOLECOLARE DEL GENE,
Zanichelli aditnre C n A



Transcriptional disruption by the L1
retrotransposon and implications
for mammalian transcriptomes

Jeffrey S. Han', Suzanne T. Szak’ & Jef D. Boeke'

;Ufpaﬁmmr of Molecular Biology and Genetics and High Throughput Biology Center, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205,
/54
EBiogfn, Inc., Cambridge, Massachusetts 02142, USA

LINE-1 (L1) elements are the most abundant autonomous retrotransposons in the human genome, accounting for about 17% of
human DNA. The L1 retrotransposon encodes two proteins, open reading frame (ORF)1 and the ORF2 endonuclease/reverse
transcriptase. L1 RNA and ORF2 protein are difficult to detect in mammalian cells, even in the context of overexpression systems.
Here we show that inserting L1 sequences on a transcript significantly decreases RNA expression and therefore protein
expression. This decreased RNA concentration does not result from major effects on the transcription initiation rate or RNA
stability. Rather, the poor L1 expression is primarily due to inadequate transcriptional elongation. Because L1 is an abundant and
broadly distributed mobile element, the inhibition of transcriptional elongation by L1 might profoundly affect expression of
endogenous human genes. We propose a model in which L1 affects gene expression genome-wide by acting as a ‘molecular
rheostat’ of target genes. Bioinformatic data are consistent with the hypothesis that L1 can serve as an evolutionary fine-tuner of
the human transcriptome.
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Figure 5 Bloinformatic analyzis of L1 contant in ganaz. a, Averaga L1 contant of genomic
locd of sats of highly (Dlack bars) and poarty @rey bars) expressad ganas (32 Mathods).
b, fverage L1 content in 22tz of randamly selactad populations of genas (322 Methods).
Fositions whara the highly and poory expressad ganas woukd ba (data supenmposad fram
a) ara indicatad and are outzide the mndom distribution (P =< 0.07). ¢, Data from a,
narmalzad to total intron contant. d, Highly and poory expressad genas wara sartad into
nigh GG, Jow L1 Bochare ar low GG, high L1 lzochaore™ clazzas, The parcantage of @ach
axpraession class falling into each Bochare i indicatad. Subpopulations wara analysad as
describad ina and ¢



RNA analysis
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Decrease in expression depends on L1 length



Figure 3 Decrease in L1 expression is dependent on length. a, The left panel depicts the
structures of deletion constructs. Hollow regions represent deleted sequences. B, BbvCl;
E, EcoRl; A, Aflll; Ac, Acll; S, Spel. The right panel shows a total RNA analysis of HelLa
transfections. Lanes: M, mock; lacZ, pGFPstoplacZ; ORF2, pGFPstopORF2. Open and
black arrows show the expected positions of GFPstopORF2 and GFPstoplacZ,
respectively. b, The adenosine base composition of the sense strand, in 50-nucleotide
windows, was plotted for each position in L1.2 with MacVector 6.5.3 (Oxford Molecular).
¢, The top panel shows the structures of GFPstopORF1, GFPstop40RF1 and
GFPstop5SUTR. The 40RF1 repeat is about 4,500 nucleotides long and the 5" UTR repeat
s about 4,000 nucleotides long. The bottom panel shows a total RNA analysis of HelLa
transfections. Open, black and grey arrows show the expected positions of
GFPstop40RF1, GFPstop5UTR and GFPstopORF1, respectively.



Nuclear Run-On Transcription

* |Isolate nuclei from cells, allow them to
extend in vitro the transcripts already
started in vivo In a technique called

 RNA polymerase that has already Initiated
transcription will or continue to
elongate same RNA chains

o Effective as initiation of new RNA chains in
Isolated nuclel does not generally occur




Run-On Analysis

* Results will show transcription rates and
an idea of which genes are transcribec

e |dentification of labeled run-on transcripts
IS best done by dot blotting
— Spot denatured DNAs on a filter
— Hybridize to labeled run-on RNA
— ldentify the RNA by DNA to which it hybridizes
e Conditions of run-on reaction can be

manipulated with effects of product can be
measured




Nuclear Run-On Transcription Diagram

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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a-Amanitin is an inhibitor of RNA pol I

This mechanism makes it a deadly toxin.

a-Amanitin can also be used to determine which types
of RNA polymerase are present. This is done by testing
the sensitivity of the polymerase in the presenae of
amanitin. RNA polymerase | is insensitive, RNA pol Il

IS highly sensitive, and RNA pol Il is slightly sensitive.
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Figure 6 Models for L1-mediatad modulation of gane expression/structure. a, Effacts on
transcription. Brown dots represant transcriptional complexas, which could be slowed,
pausad or dissociatad from the templates on encountering significant amounts of L1
gaquenca. b, Effacts on mRNA and protein structure. Left, hypothetical gene with three
exons. Middle, intronic sanse L1 insartions can produce a minor amount of prematuraly
polyadenylated mRNA, potentially gving rise to a truncated protein with additional,
previously untransiated amino acids at the C terminus (white sagment). Right, intronic
antisense L1 insartions can produce a major amount of prematuraly polyadenyiatad
mRANA,



A highly active synthetic mammalian
retrotransposon

Jeffrey S. Han & Jef D. Boeke

Department of Molecular Biology and Genetics and High Throughput Biology
Center, The Johns Hopkins University School of Medicine, Baltimore,

Maryland 21205, USA

LINE-1 (L1) elements are retrotransposons that comprise large
fractions of mammalian genomes'. Transcription through L1
open reading frames is inefficient owing to an elongation defect®,
inhibiting the robust expression of L1 RNA and proteins, the
substrate and enzyme(s) for retrotransposition® ”. This
clongation defect probably controls L1 transposition frequency
in mammalian cells. Here we report bypassing this transcrip-
tional defect by synthesizing the open reading frames of L1 from
synthetic oligonucleotides, altering 24% ol the nucleic acid
sequence without changing the amino acid sequence. Such
resynthesis led to greatly enhanced steady-state L1 RNA and

_orotein levels, Remarkablv, when the seothetic open readine
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A highly active synthetic mammalian
retrotransposon

Jetfrey 5. Han & Jef D. Boeke

Department of Molecular Biology and Genetics and High Throughpur Biology
Center, The Johns Hopkine Uniiversity School of Medicing Baltimore,
Maryland 21205, USA

LINE-1 (L1) elements are retrotransposons that comprise large
fractions of mammalian genomes'. Transcription through L1
open reading frames is inefficient owing to an elongation defect®,
inhibiting the robust expression of L1 RNA and proteins, the
substrate and enzyme(s) for retrotransposition’ ”. This
elongation defect probably controls L1 transposition [requency
in mammalian cells, Here we report by passing this transcrip-
tional defect by synthesizing the open reading frames of L1 from
synthetic oligonucleotides, altering 24% of the nucleic acid
sequence without changing the amino acid sequence. Such
resynthesis led to greatly enhanced steady-state L1 ENA and
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Figure 1 Synthaziz and sxpression of synthaticmouse 0RF2. a, L1 structure, TS0, tamgst
site duplication; UTR, untranslated region. b, Ovandew of gena synthesis.
(igonucieotides encoding each fragment were mixad in 2 FCR assambly reaction and
subzequently used as template amplfication. Amplfication products were cloned and
ligatad together with unigue restriction sitas (lzbelled Ato J). ¢, Plasmid structures. The
test saquencas (leed, mORFZ or smORF2) are fusad, in frame, downstraam of the GFP
{URF. Anindependant neotranscript s usad to monitar transfection efficiency and loading.
Blug linas represent probes usad In d. d, Anshysiz of smOBF2 exprassion. Top, BNA
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Figure 2 Retrotransposition of synthetic mL1. a, The retrotransposition assay. The L1
element contains an intron-interrupted neo reporter in the 3" untranslated region with its
own promoter and polyadenylation signal. Only when neo is transcribed from the L1
promoter, spliced, reverse transcribed and integrated into the genome does a cell become
G418-resistant*. Blue lines represent probes for RNA analysis (Fig. 4). SD, splice donor:
SA, splice acceptor. b, Retrotransposition was assayed in HelLa cells (N = 3). pTN201
contains only wild-type native mouse L1 sequence, and pTN203 contains wild-type native
mouse L1 sequence with a D709Y reverse transcriptase point mutation® The a e
absolute number of colonies for pTN201 was 440 events per 10° transfected ceﬁ




SVA

SINE-VNTR-AIlu (SVA) elements are nonautonomous,
hominid-specific non-LTR retrotransposons and distinguished by
their organization as composite mobile elements.

They represent the evolutionarily youngest, currently active
family of human non-LTR retrotransposons



Alu elements as regulators of gene expression

Julien Hasler and Katharina Strub*

Alu elements are the most abundant repetitive
elements in the human genome; they emerged
65 million years ago from a 5 to 3’ fusion of the
7SL RNA gene and amplified throughout the human
genome by retrotransposition to reach the present
number of more than one million copies. Over the
last years, several lines of evidence demonstra-
ted that these elements modulate gene expression
at the post-transcriptional level in at least three
independent manners. They have been shown to be
involved in alternative splicing, RNA editing and
translation regulation. These findings highlight how
the genome adapted to these repetitive elements by
assigning them important functions in regulation of
gene expression. Alu elements should therefore be
considered as a large reservoir of potential regula-
tory functions that have been actively participating
in primate evolution.
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Rationale of the SVA trans-mobilization assay.

B SVA retrotransposition reporter L1gp protein donor
pAD3/SVA: I
pAD4/SVA:

PSC3/SVAg,
pSC4/SVA:,
| H” ORF2 |
PJM101/L1z2ANe0AORF1
Approach 1
HygR
selection

Cotransfected ( @ \
HygR cells N @ =,
Tl

G418R \lf
selection

, @) [?:) ; G418R clones

Raiz J et al. Nucl. Acids Res. 2011;nar.gkr863
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L1 ORF1p is required for trans-mobilization of SVA reporter elements.

Immunoblot analysis of L1 protein expression after
cotransfection of L1 protein donors with SVA retrotransposition
reporter plasmids or pCEPneo.
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Raiz J et al. Nucl. Acids Res. 2011;nar.gkr863
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Diagnostic PCR to test for correct splicing of the intron from the mneol indicator cassette.
PCR to test for correct splicing of the intron from the mneol ti@sse

2 3 4 X 5 6 7 8 9 10 11 GS86

GS87
e N GED GED GED CmD Gne s em® <« 792bp GS86

¥

Integration into the genome via authentic “retro”transposition

Raiz J et al. Nucl. Acids Res. 2011;nar.gkr863

© The Author(s) 2011. Published by Oxford University Press. Nucl Eic Mids Research



Intact L1 trans-mobilization.

A Retrotransposition L1 Cis
Relative Retrotransposition Rate (%) Frequency [x 109 El;t;\lity
]
»pIM101/L 1

l+acem_-‘ 29x10°+1.1x10* 100

PJM101/L1RP =L1 cis activity Controllo positivo 100%

PCEP4 empty vector

Raiz J et al. Nucl. Acids Res. 2011;nar.gkr863

© The Author(s) 2011. Published by Oxford University Press. Nucl Eic Mids Research



L1 ORF1p is required for trans-mobilization of SVA reporter elements.

A Retrotransposition L1 Cis
Relative Retrotransposition Rate (%) Frequency [x 10 activity
0 0.2 0.4 0.6 08 11 100 Ce]
»eJM101/L1 1 1 1 1 ANV L N\ 1
(o _onrs HESE]) + pCEP4 WA Y 29x10‘+11x10¢ 100
»>pAD3SVA pCEP4 1.3 +0.67 0.005
(=TS £ + L1 n=6 197 + 13 0.68
AORF1 32+23 0.01

PJM101/L1RP =L1 cis activity Controllo positivo 100%

Intact (L1RP) and mutanAQORF1) L1 protein donor plasmid
PCEP4 empty vector

Raiz J et al. Nucl. Acids Res. 2011;nar.gkr863
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The nucleotide profile of SVAE de novo insertion sites resembles the consensus target
sequence of pre-existing human-non-LTR retrotransposons.

de novo SVAg

B
?] n=70 L1-Ta 2] n=10 SVA:
£1 £1
IIAAAAAA ] ;[TAAAAA
T ¥ 3 0T3S HE PTe N s 00 TS0 0
Raiz J et al. Nucl. Acids Res. 2011;nar.gkr863
Nucleic Acids Research
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