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The cell culture-based retrotransposition reporter assay has been (and is) an
essential tool for the study of vertebrate Long INterspersed Elements
(LINESs). Developed more than 20 years ago, this assay has been instrumental
in characterizing the role of LINE-encoded proteins in retrotransposition,
understanding how ribonucleoprotein particles are formed, how host factors
regulate LINE mobilization, etc. Moreover, variations of the conventional
assay have been developed to investigate the biology of other currently
active human retrotransposons, such as Alu and SVA. Here, we describe a pro-
tocol that allows combination of the conventional cell culture-based LINE-1
retrotransposition reporter assay with short interfering RNAs (siRNAs) and
microRNA (miRNAs) mimics or inhibitors, which has allowed us to uncover
specific miRNAs and host factors that regulate retrotransposition. The protocol
described here is highly reproducible, quantitative, robust and flexible, and
allows the study of several small RNA classes and various retrotransposons.
To illustrate its utility, here we show that siRNAs to Fanconi anaemia proteins
(FANC-A and FANC-C) and an inhibitor of miRNA-20 upregulate and
downregulate human L1 retrotransposition, respectively.

This article is part of a discussion meeting issue ‘Crossroads between
transposons and gene regulation’.

1. Background

Long INterspersed Element class 1 retrotransposons (LINE-1s or L1s) are the
only autonomous active transposable elements in the human genome, and con-
stitute approximately 17% of its mass [1]. Although the majority of the more
than 500000 genomic L1 copies are no longer active owing to 5 truncation
and/or the presence of inactivating mutations/internal rearrangements, it has
been estimated that a reference human genome contains 80-100 retrotransposi-
tion competent or active L1s (RC-L1s) [2,3]. Recent studies have demonstrated
that ongoing LINE-1 retrotransposition can target the human genome in a
random manner [4,5], implying that new L1 insertions can impact our
genome through a myriad of mechanisms (reviewed in [6-8]). As a result, retro-
transposition events mediated by RC-L1s have been associated with a diverse
group of more than 100 genetic disorders in man [9].

Human RC-L1s are 6 kb in length, and, from 5’ to 3/, an active element con-
tains a 900 bp long 5 untranslated region (UTR) with sense and antisense
promoter activities [10,11], two non-overlapping open reading frames (L1-
ORF1 and L1-ORF2) and a short 3'UTR ending in a poly(A) tail [6-8] (figure 1).

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Rationale of the retrotransposition reporter assay. (a) The structure of a human RC-L1 is shown. In the conventional retrotransposition reporter assay, an
active L1 is tagged with a retrotransposition indicator cassette in its 3’UTR (red boxes labelled with backward REP), which is normally cloned at nucleotide 5982 with
respect to L1.3 (accession number L19088.1 [12], a reference L1 used in most L1 biology studies). With this configuration, only transcripts generated from the L1
promoter can undergo a round of retrotransposition and activate expression of the reporter (red oval labelled REP). Further details can be found in the main text.
Black arrows and lollipops indicate promoters and polyadenylation signals, respectively. TSD, target-site duplications flanking the new insertion (white triangles). (b)
Schematic of the different retrotransposition reporter assays used to study LINE-1 biology. Below a scheme of an active human L1, are shown the structures of the
four most commonly used L1 retrotransposition indicator cassettes: mneol, mblast], megfpl and mlucl. Also shown on the right is the reporter activated by each

indicator cassette.

L1-ORF1 codes for a protein with sequence-independent
RNA binding and nucleic acid chaperone activities, while
L1-ORF2 codes for a protein with endonuclease (EN) and
reverse transcriptase (RT) activities (reviewed in [6,7,13]). L1
retrotransposition starts with the transcription of a full-
length L1 mRNA using the internal sense promoter [11]; in
the cytoplasm, L1-ORFlp and L1-ORF2p are translated
[14,15], and both proteins bind back in cis to their encoding
RNA [16], forming a RiboNucleoprotein Particle (L1-RNP, a
retrotransposition intermediate [17,18]). The L1-RNP can
access the nucleus without cell division [19,20], although in
dividing cells retrotransposition peaks during the S phase
[21]. In the nucleus, a new L1 insertion is generated by a
mechanism known as target-primed reverse transcription
(TPRT [22,23], reviewed in [6,7,13]), which requires the enzy-
matic activities encoded by the L1-RNP but also host factors.
RC-L1s are also responsible for the mobilization of Alu and
SVA RNAs in trans [24-26], and even cellular mRNAs to gen-
erate processed pseudogenes [27]. In summary, L1 activity
has generated at least a third of the human genome during

evolution, and RC- L1s, Alus and SVAs continue to impact
our genome.

Given its mutagenic potential, retrotransposition needs
to be controlled, allowing the evolutionary success of L1
over evolution without decreasing the fitness of species.
Over the years, dozens of host factors regulating retro-
transposition have been identified (recently reviewed in
[6,9,13,28,29]). Epigenetic repression of L1 expression by
DNA-methylation of the L1 CpG island is a well-known
restriction mechanism [30-32], although additional cellular
host factors that regulate other steps of the L1 retrotranspo-
sition cycle have also been characterized ([28,33], reviewed
in [13,29]). Notably, the conventional L1-retrotransposition
reporter assay developed by Moran and colleagues in 1996
([34], reviewed in [35,36]) was instrumental in most of
these studies, revealing the complexity of the ‘L1 regulome’.
The L1-retrotransposition reporter assay exploits the ration-
ale developed by Boeke and colleagues in 1985 to
demonstrate that the mobilization of a long terminal
repeat (LTR)-containing retrotransposon from yeast, Tyl,
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occurs through an intermediate RNA [37]. Briefly, in the L1
retrotransposition reporter assay, the 3’'UTR of an active L1
is tagged with a retrotransposition indicator cassette
oriented antisense with respect to L1 transcription
(figure 1a). The retrotransposition indicator cassette consists
of a reporter gene containing its own promoter and polyade-
nylation signal, but the reporter is interrupted by an intron
that is located in the same transcriptional orientation as the
L1 (i.e. antisense to the reporter, figure 1a). With this con-
figuration, only transcripts arising from the L1 promoter
could remove the intron by canonical splicing. If the result-
ing spliced RNA undergoes a round of retrotransposition,
expression of the reporter gene will be activated upon L1
insertion, giving rise to a functional reporter product
(figure 1a). The first version of the L1 retrotransposition
reporter assay exploited a retrotransposition indicator cas-
sette developed by Dixie Mager’s laboratory, termed mneol
[34,38,39]; the mneol cassette consists of the neomycin phos-
photransferase gene, containing its own promoter (SV40)
and polyadenylation sequence, and confers resistance
against neomycin/G418 to cultured cells upon retrotranspo-
sition (figure 1b). The development of this assay has been
instrumental in uncovering many aspects of L1 biology,
identifying and characterize active LINEs in genomes, iden-
tifying how retrotransposition is regulated, etc. A wider
view of all the implications and achievements facilitated
by the retrotransposition reporter assay can be found in
[7,35,36]. Over time, different reporter genes have been cre-
ated to study LINE biology, including enhanced green
fluorescent protein (EGFF, [40]), the blasticidin S-resistance
gene [41,42] and luciferase [43] (figure 1b); similarly, modi-
fications of the original retrotransposition assay have been
developed to study the mobilization of Alu [44] and SVA
retrotransposons [25,26], and to demonstrate pseudogene
formation [16,27]. In sum, the cell culture-based L1 retro-
transposition reporter assay represents an essential tool for
most laboratories working on LINE biology.

On the other hand, the discovery of RNA interference [45]
and microRNAs (miRNAs, [46]) were instrumental to
uncover many aspects of human biology. miRNAs are
small non-coding RNAs that function as key regulators of
gene expression [47]; miRNAs are transcribed in the nucleus
as long pri-miRNAs, undergo two subsequent processing
steps by the Microprocessor in the nucleus and by Dicer in
the cytoplasm, and are then loaded into AGO proteins to
form the effector complex RISC (RNA-induced silencing com-
plex, [48]); similarly, cytoplasmic siRNAs can be loaded into
RISC. The RISC complex, guided by the miRNA/siRNA
sequence, will bind its target RNA with imperfect or perfect
pairing, respectively, and either promote its degradation or
decrease its translation (miRNAs, reviewed in [49]), or it
will promote degradation of mRNAs (siRNAs [45]). Indeed,
while a given siRNA can normally regulate only one
mRNA, a single miRNA can regulate a variety of mRNAs
[50]. As a result, miRNAs are involved in a myriad of bio-
logical processes [47,51,52], including the regulation of
LINE-1 retrotransposition (by miR-128 [53]). Interestingly,
mammalian LINE-1s contain bidirectional promoters con-
served through evolution, and it has been postulated that
L1 derived RNAs could generate L1-siRNAs regulating
retrotransposition [54].

The inherent specificity of siRNAs to degrade target
RNAs with complementary sequences has resulted in

useful molecular tools to ablate gene expression in a specific [ 3 |

manner, and siRNAs can be routinely used to reduce gene
expression of specific genes and study a plethora of biological
processes [55]. Consistently, siRNAs are starting to be used as
a therapeutic tool for several human disorders [56]. Here, we
introduce sSRNA/L1 retrotransposition, an optimized L1 retro-
transposition reporter protocol that allows: (i) testing of
whether a given miRNA can regulate L1 mobilization, and
(ii) ablation of expression of specific proteins using siRNAs
to test their role on L1 retrotransposition/regulation. The
SRNA/L1 retrotransposition protocol is quantitative, sensitive
and reproducible. As a proof of concept, we used the
SRNA/L1 retrotransposition protocol to explore the role of
miR-20 and of Fanconi anaemia mutated proteins on L1
retrotransposition.

2. Methods

(a) Cell culture

All reagents were purchased from Gibco-ThermoFisher unless
otherwise indicated. Hela-JVM, HCT116 and U20S cells were
obtained from ATCC and cultured in high-glucose (4.5 g ™Y Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS, Hyclone), 2mM Glutamax,
100 U ml™ penicillin and 50 pg ml™! streptomycin (Invitrogen).
Cells were maintained at 37°C, 5% CO, and atmospheric O,,
and were passaged using 0.05% trypsin-EDTA. The absence of
Mycoplasma spp. was confirmed at least once a month using
the Lonza-Mycoalert Mycoplasma Detection Kit (at GENYO).
Once a year, the identity of the cell lines was confirmed using
short tandem repeat (STR) analyses at Lorgen (Granada, Spain).

(b) Plasmids

All plasmids used were purified using the Qiagen Plasmid Midi
Kit (Qiagen), and were checked in 1% agarose gels prior to use.
Only preparations of highly supercoiled DNAs (greater than
80%) were used for transfection.

(i) pIM101/L13

pIM101/L1.3 has been previously described in [12]. It contains a
full-length copy of the human L1.3 element (accession number
L19088.1 [12]) tagged with the mneol retrotransposition indicator
cassette [39]. It is cloned in pCEP4 (Life Technologies).

(i) pl101/L13

pJJ101/L1.3 has been previously described in [57]. It contains a
full-length copy of the human L1.3 element [12] tagged with
the mblast] retrotransposition indicator cassette [41,42]. It is
cloned in pCEP4 (Life Technologies).

(iii) Pu6ineo

Pu6ineo has been previously described in [58]. It contains the
neomycin phosphotransferase (NEO) expression cassette from
pEGFP-N1 (Clontech) cloned into a modified pBSKS-II(+) (Stra-
tagene) that contains a Pol-IIl U6 promoter in the multi-cloning
site. However, the U6 promoter does not participate or affect
expression of the NEO gene.

(iv) pcDNA6.1
pcDNA6.1 was purchased from Invitrogen. It contains an
expression cassette for the blasticidin-S deaminase gene.
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(c) MicroRNA inhibitors and siRNAs

The miR-20a (accession number MIMAT0000075) inhibitor (antimiR,
IH-300491-05), an antimiR negative control (C-, IN-002005-01),
ON-TARGET plus SMART-pool siRNAs against XRCC4
(L-004494-00-0010), FANC-A (L-019283-00-0005) and FANC-C
(L-016941-00-0005) and their non-targeting (NT) control (D-001810-
10-20, ON-TARGETplus Non-targeting Pool) were purchased from
Dharmacon. They were dissolved in 1x siRNA Buffer (Thermo) to
a working concentration of 20 pM, aliquotted and stored at —80°C.

(d) MicroRNA expression analyses

We used RT-qPCR to quantify expression of miRNAs in cultured
cells. Briefly, total RNA was isolated from confluent cultures of
HeLa cells using TRIzol (Thermo fisher Scientific), following
standard protocols. Next, we used the qScript microRNA
cDNA Synthesis Kit (QuantaBio) to polyadenylate 1 pg of total
RNAs, which were subsequently converted to cDNAs in a
single step, following the manufacturer’s instructions. cDNAs
were diluted using UltraPure double-distilled (dd)H,O (Invitro-
gen) and quantitative PCR (qPCR) analyses were performed
using a universal primer against poly(A) and miRNA-specific
primers (electronic supplementary material, table S1) that
allows the specific detection of polyadenylated mature
miRNAs and not their precursors (QuantaBio). qPCRs were per-
formed (20 pl, triplicate) using GoTaq qPCR MasterMix
(Promega) and 0.15 uM of each primer. The qPCR cycling con-
ditions were: 2 min at 95°C; 40 cycles of 15s at 95°C, 30s at
57°C and 30 s at 72°C. A melting curve was recorded to confirm
the identity of amplified products. We used the Small Nucleolar
RNA C/D Box44 (SNORD44) to normalize miRNA expression.

(e) miRNA-retrotransposition assays

Different concentrations of HeLa cells were plated in six-well
tissue culture plates (Corning): 2 x 10° cells well™" (triplicate) for
the retrotransposition reporter assay and RNA extraction (dupli-
cate), and 1x10°cells well™" (triplicate) for the clonability/
toxicity assay (i.e. using pU6iNeo or pcDNAG6.1, figure 2c).
After 18 h, cells were transfected with 1ng of pJM101/L1.3 or
0.5 ng of pU6iNeo and 40 nM of an antimiR or its negative con-
trol (C-), using 4 pl of Dharmafect DUO (Dharmacon) per well
and following the manufacturer’s instructions. Eight hours
post-transfection, cells were fed with fresh medium, and total
RNA was extracted 48h post-transfection using TRIzol
(Thermo Fisher Scientific) and following standard protocols.
For the clonability and retrotransposition reporter assays, selec-
tion with 400 pg ml™' G418 (Invitrogen) was started 48 h post-
transfection, and cells were fed every other day. After 12 days,
cells were washed in 1x PBS (Gibco), fixed (using 2 ml well™!
of 2% (v/v) formaldehyde, 0.2% (v/v) glutaraldehyde prepared
in 1x PBS), washed with ddH,O, and stained with 0.5% (w/v,
prepared in ddH,O) crystal violet. Plates were dried and colonies
were counted manually. Toxicity/clonability data was used to
normalize changes in L1 retrotransposition, as described [35].

(f) siRNA-retrotransposition assays

We used a protocol adapted from [60], where we first
transfected siRNAs and then co-transfected siRNAs with
L1 reporter plasmids. Besides functional validation of
siRNAs, it is important to note that some ‘non-targeting con-
trol’ siRNAs (NTCs) are known to interfere with L1
retrotransposition, and their use should be avoided [61].
Here, we confirmed that the NTC-siRNA used had no signifi-
cant effect on L1 retrotransposition (electronic supplementary
material, figure S2) For the first siRNA depletion, 4 x 10°
cells were plated (duplicate) per well of a six-well tissue cul-
ture plate (Corning). After 18 h, cells were transfected with

each siRNA (final concentration 40 nM) using DharmaFECT n

4 following the manufacturer’s instructions (4 pl transfection
reagent per transfected well). After 20 h, culture medium
was replaced with fresh medium. Forty-eight hours after the
first transfection, cells in the two transfected wells were tryp-
sinized, pooled and counted, and these are termed ‘depleted
cells stepl’. We then reseeded ‘depleted cells stepl’ under
different plating conditions (see below), and 18 h later cells
were co-transfected with each siRNA (40 nM) and: (a) plasmid
JJ101/L1.3 (mitomycin C (MMC) and RNA level assays); (b)
0.5pg well™" of plasmid pcDNA6.1, in clonability/toxicity
assays; or (c) 1pg well™" of plasmid JJ101/L1.3 for retrotran-
sposition assays (figure 3b). In the second transfection, we
used DharmaFECT DUO, following the manufacturer’s
instructions and using the same ratio of transfection reagent
per well as above (i.e. 4 ul well™ of a six-well tissue culture
plate).

In (a), and to determine the efficiency of each siRNA, we
analysed mRNA levels of each targeted FANC gene 48 h after
the second transfection (efficiency of FANC siRNAs, top, figure 3b);
similarly, 72 h after the second siRNA transfection, we analysed
the sensitivity to mitomycin C (MMC) induced by each siRNA
(efficiency of FANC siRNAs, bottom, figure 3b). For RNA level
experiments, we reseeded 1x 10° ‘depleted cells stepl’ (dupli-
cate) per well of a six-well tissue culture plate, and 18 h later
cells were transfected with a second dose of each siRNA and
1pg of plasmid JJ101/L1.3, but using DharmaFECT DUO.
Next day, medium was replaced with fresh medium, and 48 h
later total RNA was isolated from cells and used to analyse
expression levels of each targeted FANC gene (see below). In
parallel and for MMC experiments, we reseeded 5 x 10°
‘depleted cells stepl” (triplicate) per well of a 12-well tissue cul-
ture plate, and 18 h later cells were transfected with a second
dose of each siRNA and 0.5ug of plasmid JJ101/L1.3, but
using DharmaFECT DUO. After 72 h, cells were treated with 0,
50 or 100 nM MMC for 48 h and sensitivity to MMC was deter-
mined using a colorimetric method (see below). Untransfected
parental cells were also used in MMC assays as an internal
negative control.

In (b), to analyse changes in clonability /toxicity induced by
the double siRNA transfection (clonability, figure 3b), we reseeded
5x10% and 1x 10* ‘depleted cells stepl’ (each in triplicate) per
well of a 12-well tissue culture plate; 18 h later, cells were co-
transfected with a second dose of each siRNA (40 nM) and
0.5ng of plasmid pcDNA6.1, using DharmaFECT DUO (2 pul
transfection reagent per well). Next day, medium was replaced
with fresh medium, and 72 h post-co-transfection we started
selection with blasticidin S (blast, 5 pg ml™", Invitrogen), which
was continued for 7 days (changing the medium every
other day). Next, cells were washed, fixed and stained as
described above. The toxicity results were used to normalize
retrotransposition rates upon siRNA transfection.

Finally, in (c), and to analyse changes in L1 retrotransposi-
tion, we reseeded 2 x 10* and 1 x 10° ‘depleted cells stepl’ (each
in triplicate) per well of a six-well tissue culture plate (retrotran-
sposition, figure 3b); 18 h later, cells were co-transfected with a
second dose of each siRNA (40 nM) and 1 pg of plasmid JJ101/
L1.3, using DharmaFECT DUO (4 pl transfection reagent per
well). Next day, medium was replaced with fresh medium, and
72h post-co-transfection we started selection with blast
(5pgml™"), which was continued for 7 days (changing the
medium every other day). Next, cells were washed, fixed and
stained as described above.

The above assays were optimized for amount of: siRNA
transfected as a function of cellular toxicity and MMC sensitivity
achieved; DharmaFECT reagent used to transfect siRNAs and co-
transfect plasmids and siRNAs; time to initiate selection with
blast after the second transfection. While optimizing the protocol,
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Figure 2. The miRNA/L1-retrotransposition reporter assay. (a) Scheme of the two plasmids used, following the nomenclature described in figure 1. CMV and SV40,
cytomegalovirus and simian virus 40 promoters; OriP and pUC ori denote mammalian and prokaryotic origins of replication; Amp, denotes the gene conferring
resistance to ampicillin in bacteria; Pr-HYG-pAr¢ denotes the hygromycin-resistance marker present in pCEP4, driven by the herpes simplex virus thymidine
kinase (TK) promoter, and which also uses the polyadenylation signal from this viral gene. (b) The graph indicates the expression level of two miRNAs, let-7
and miR-20a, in Hela cells. The standard deviation (s.d.) of the assay (triplicate) is indicated. () Scheme of the optimized protocol developed to study the
role of miRNAs in L1 retrotransposition. Details are included in the panel, and numbers indicate ‘days post-transfection’. Briefly, Hela cells are co-transfected
with antimiR-20 and pU6iNeo (to control for toxicity/changes in clonability), or with antimiR-20 and JM101/L1.3 (to measure changes in retrotransposition),
and G418-resistant foci selected during 12 days. In parallel, Hela cells were also co-transfected with a non-targeting control antimiR and pU6iNeo or JM101/
L1.3 (see Methods). (d) AntimiR-20 transfection in Hela cells can increase the expression of validated miR-20 targets [59], as revealed by Western blot analyses
of RBL2 protein expression. In the Western blot, tubulin was used as a loading control. The graph shown on the right depicts the quantification of the Western blot
results shown on the left side. (e) Representative retrotransposition (left) and toxicity/clonability (right) results in Hela cells transfected with antimiR-20a (miR-20
inh) or an internal negative control (C-). The graph on the right side plots the retrotransposition rate upon miR-20a inhibition, relative to C- transfected cells.
Toxicity/clonability values were used to normalize retrotransposition data. The s.d. of the assay is indicated. Unpaired two-sided t-test, *p < 0.05.

we included additional controls to demonstrate that the transfec- HeLa and HCT116 cells are shown in electronic supplementary
tion efficiency of plasmids was constant among samples (i.e. material, figure 54).

different siRNAs), using the same DNA batch in all transfections.

Finally, and when indicated, we used the extent of MMC sensi- (g) Quantlflcatlon Of SlRNA target mRNA expreSSIOn by
tivity conferred by each siRNA to normalize retrotransposition

values. We also tested the reproducibility of these protocols RT-qPCR

using three cell lines: HeLa, U20S and HCT116, with very simi- TRIzol was used to isolate total RNA, following the manufac-
lar results among cell lines. For simplicity, in the main turer’s instructions. We then measured mRNA transcript levels

manuscript, we only show results in U20S cells, while data on using previously described methods [62]. Briefly, after two
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Figure 3. The siRNA/L1-retrotransposition reporter assay. (a) Scheme of the two plasmids used, following the nomendlature described in figure 2. (b) Scheme of the
optimized protocol developed to study the role of FANC siRNAs on L1 retrotransposition. Details are included in the panel, and numbers indicate ‘days post-transfection’.
Briefly, U20S cells were first transfected with FANC siRNAs (or non-targeting control siRNAs), and cells grown for 2 days. After 2 days, cells were collected, reseeded, and
co-transfected again with FANC siRNAs and the control plasmid pcDNA6.1 (to control for toxicity/clonability), or with plasmid JJ101/L1.3 to test changes in retrotran-
sposition and to conduct siRNA depletion controls (mitomycin C (MMC) and RT-gPCR experiments). To measure the efficiency of siRNAs, we took a double approach and
we determined the extent of MMC sensitivity induced by the double siRNA treatment, but we also determined the reduction in each targeted FANC mRNA using RT-
gPCR. When exploring changes in L1 retrotransposition, toxicity data were used to normalize data (see Methods). (c) The graphs indicate the overall efficacy of each
siRNA depletion, measured as RNA levels of each targeted gene by RT-qPCR. In the graphs, the expression level of each FANC gene upon siNT transfection was arbitrarily
assigned as 1. The s.d. of the assay is included, and we used an unpaired two-sided t-test, *p < 0.05. (d) Results from the MMC sensitivity assay. The graph plots the
percentage of cell viability detected upon treatment of siRNA-transfected cells with 0 (black bars, assigned 100%), 50 (dark grey) and 100 nM MMC (light grey). (e)
Representative retrotransposition (left) and toxicity/clonability (right) results in U20S cells transfected with the indicated FANC siRNA (A or C) or with a NT control (iNT),
used as an internal negative control. The graph on the right side plots the retrotransposition rate upon siRNA treatment (FANC-A and FANC-C, dark and light grey bars,
respectively) relative to SiNT. The s.d. of the assay is indicated. Unpaired two-sided t-test, *p < 0.05.
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cycles of RNase-free DNasel (Invitrogen) treatment on 1 pg of
total RNA, cDNAs were synthesized using a high-capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Triplicate
samples were next analysed in a StepOne real-time PCR system
(Applied Biosystems) using GoTaq qPCR MasterMix (Promega),
and serial dilutions of cDNAs (1/5 and 1/10, prepared using
UltraPure ddH,O (Invitrogen)). An internal control (no RT
added) was performed in all subsequent gPCR reactions. Diluted
cDNAs were analysed in 20 ul reaction volumes, using GoTaq
qPCR MasterMix (Promega) and 0.15 nM of each primer (Invitro-
gen). The qPCR cycling conditions were described above, and to
normalize expression we used GADPH. Results were analysed
using the 274ACT method [63].

(h) Western blot analyses of antimir-transfected cells
To test the effect of antimiR-20 on cultured Hela cells, we
measured the expression of a known target of miRNA-20
(RBL2 gene, [59]) by Western blot. Briefly, 2 x 10° HeLa cells
were plated per well of a six-well tissue culture plate. After
18 h, cells were co-transfected with 1pg of JM101/L1.3 and
40nM of either the miR-20 inhibitor (i.e. antimir-20) or the
internal negative control (a non-targeting antimiR) using Dhar-
mafect DUO and the conditions described above. Forty-eight
hours after transfection, cells were washed with 1x PBS, trypsi-
nized and pelleted at 200 ¢ for 4 min. To extract proteins, cell
pellets were resuspended in 50 pl of RIPA buffer (Sigma) sup-
plemented with 1x Complete EDTA-free Protease Inhibitor
cocktail (Roche), 1 mM PMSF (Sigma), 0.25% pB-mercaptoethanol
(Sigma) and incubated for 10 min on ice. Extracts were then cen-
trifuged (13000 r.p.m. at 4°C for 10min) and debris-free
supernatants were transferred to new tubes. Protein concen-
tration was determined using the Micro BCA Protein Assay Kit
(Thermo). Proteins were resolved in 4-15% Mini-PROTEAN
TGX Precast Gels (BioRad), and transferred to polyvinylidene
difluoride (PVDF) membrane using Trans-Blot Turbo Mini
PVDF Transfer Packs (BioRad) and the Trans-Blot Turbo Transfer
System (BioRad). The following antibodies were used: a mono-
clonal rabbit anti-RBL2 (D9T7M, 1:1000, Cell Signaling) and a
monoclonal mouse anti-tubulin (1 : 1000, Santa Cruz). For chemi-
luminescence detection, we used anti-rabbit HRP (1 :2000, Cell
Signaling) or anti-mouse HRP (1:2000, Cell Signaling), and
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo). Images were acquired with an ImageQuant LAS4000
and quantified using Image] software.

(i) Sensitivity to mitomycin C assays

To determine the functional efficiency of siRNAs, we analysed
mitomycin C (MMC, Sigma) resistance, following the protocol
described in [64]. Briefly, double-siRNA-transfected cells and
untransfected controls were treated with 0, 50 and 100 nM
MMC (which was made from a freshly prepared Streptomyces cae-
spitosus MMC stock solution, Sigma) for 72 h at 37°C. Cells were
then washed with 1 x PBS (Gibco) and fixed to plates by adding
0.5 ml well™! of an aqueous solution containing 10% acetic acid
(Sigma) and 10% methanol (Sigma), and incubating plates for
10 min at room temperature. After fixation, plates were washed
twice with ddH,O and stained with an aqueous 0.1% (w/v) crys-
tal violet solution for 10 min at room temperature. After staining,
plates were washed twice with ddH,O and allowed to dry over-
night. On the following day, the crystal violet solution was
dissolved from the wells by incubating them for 2 h at room
temperature using 250 pl well ™ of 1% (w/v) Sodium dodecyl
sulfate (SDS, Sigma) prepared in 100% methanol (Sigma). An ali-
quot (100 pl) from each well was transferred to a well of a 96-well
tissue culture plate and ODsgs values were determined using a
GloMax-Multi Detection System (Promega). For comparisons,

the value obtained with untreated samples was arbitrarily
assigned as 100%.

3. Results

(a) The SRNA/L1-retrotransposition reporter assay allows
testing on the role of microRNAs in L1 activity

To test the effect of selected miRNAs on L1 retrotransposition,
we used RC-Ll1s tagged with the mmneol retrotransposition
indicator cassette [34,38,39], which confers resistance to
neomycin(NEO)/G418 upon retrotransposition (plasmid
JM101/L1.3, figure 2a, left side). Previously, the mneol-based
L1-retrotransposition reporter assay has been used to test the
effect of transiently overexpressed host factors on retrotran-
sposition, using plasmid co-transfection (reviewed in [35]).
From these studies, it has become evident that changes in clon-
ability / toxicity induced by the co-transfected host factor need
to be taken into account when analysing potential changes in
L1 retrotransposition (see for example [58]). Thus, and to con-
trol for potential changes in toxicity/clonability induced by
miRNA inhibition, we used a plasmid that constitutively
expresses the same NEO reporter gene (plasmid pU6iNeo,
but lacking the antisense intron, figure 24); to quantify poten-
tial changes in L1 retrotransposition, we considered data from
the toxicity / clonability assays. We tested different transfection
reagents specifically designed to transfect small RNAs
(sRNAS) to cultured cells, as this would allow us to test the
role of miRNAs and siRNAs. Among the different reagents
used, we reproducibly observed that Dharmafect DUO from
Dharmacon generated constant transfection efficiency rates
among experiments and consistent results (see Methods).
These experiments resulted in an optimized retrotransposition
protocol that could be used to potentially analyse the role
of any miRNA on L1 mobilization/regulation (see protocol
schematic figure 2c).

Notably, using the rna22 prediction software [65], we ident-
ified two putative miR-20 binding sites in the consensus
sequence of human RC-L1s [2], located in the 5UTR and
3'UTR (electronic supplementary material, figure S1). miR-20
has been associated with several biological processes, including
cancer [66], and we selected this miRNA for further experimen-
tation. RT-qPCR analyses revealed that in HeLa cells, the scale
of miR-20 expression is similar to that of other miRNAs pre-
viously shown to be highly expressed, such as let-7 (figure 2b)
[67]. Thus, we decided to inhibit miR-20 and test any effect
on human L1 retrotransposition, using HelLa cells where
human L1s are known to retrotranspose at high frequencies
[34,38]. To inhibit the action of miRNAs, we used antimiR oli-
gonucleotides, as this loss-of-function approach has been
previously shown to work robustly on cultured cells (reviewed
in [68]). In these experiments, we used a non-targeting antimiR
as an internal negative control (see Methods).

To analyse the effect of antimiR-20 on retrotransposition,
we used the protocol shown in the schematic in figure 2c,
where we also controlled for potential changes in clonabil-
ity /toxicity. Briefly, cells transfected with pU6iNeo
(figure 24, right side) could express the NEO gene after trans-
fection, generating G418-resistant foci. However, cells
transfected with plasmid JM101/L1.3 (figure 2a, left side)
could only activate the NEO gene after a round of retrotran-
sposition, also generating G418-resistant foci. Thus, we used
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the number of G418-resistant foci generated with the control
plasmid pU6iNeo in cells co-transfected with antimiR-20 to
normalize changes in L1 retrotransposition. As an internal
negative control, cells were also co-transfected with a non-
targeting antimiR (see Methods). Notably, Western blot
analyses revealed a significant increase in RBL2 protein
expression in Hela cells transfected with antimiR-20a,
which is consistent with validated targets for this human
miRNA (figure 2d) [59]. However, control assays revealed
that antimiR-20 did not elicit toxicity to HeLa cells, at least
under our experimental conditions (figure 2e, compare
number of G418 resistant foci generated upon pU6iINEO
co-transfection with antimiR-20a (labelled ‘miR-20 inh’) or
with a non-targeting antimiR negative control (labelled
‘C-")). Surprisingly, we found that inhibition of miR-20
decreased human L1 retrotransposition by half when com-
pared with the control (figure 2e). We confirmed these
results using a second retrotransposition indicator marker
(mblastl, data not shown). While further research is required
to clarify the molecular mechanisms involved in downregula-
tion of L1 retrotransposition, these data suggest that, contrary
to expectations, miR-20 does not act as a negative regulator of
L1 retrotransposition (see Discussion).

The discovery of interference RNA [45] allowed the develop-
ment of small interfering RNAs (siRNAs) as tools to
transiently knock-down expression of genes of interest.
Thus, we next optimized the L1 retrotransposition reporter
protocol using siRNAs. Notably, a previous study demon-
strated that widely used non-targeting control siRNAs
(NTCs) could interfere with L1 retrotransposition [61]. The
mechanism of the interference is unknown, and the use of
these NTC siRNA controls should be avoided, at least in com-
bination with the L1-retrotransposition reporter assay (see
Methods for further details). Here, we used SMART-pool
siRNAs, and we specifically tested that the SMART-pool
NTC used did not interfere with engineered L1 retrotranspo-
sition. To do that, we compared the rate of LI
retrotransposition (using plasmid JJ101/L1.3, figure 3a) on
siRNA-NTC and mock-transfected Hela cells, and we
detected very similar levels of L1 retrotransposition (elec-
tronic supplementary material, figure S2). As an additional
control, we also confirmed that SMART-pool siRNAs to
XRCC4 had no effect on L1 retrotransposition (electronic sup-
plementary material, figure S2), consistent with a previous
report on mammalian cells [33,42,69]. Although siRNAs are
powerful tools, protein depletion induced by siRNAs is tran-
sient, and this could confound the interpretation of results
using mmneol-tagged RC-Lls, especially considering that
G418 selection in cultured cells requires more than 7 days.
As blasticidin S has a fast and potent mode of action that
induces rapid cell death [70], we reasoned that we could
exploit this peculiarity to measure retrotransposition while
siRNAs were successfully depleting mRNAs (i.e. score retro-
transposition in the first 72 h after siRNA transfection). Thus,
we used RC-Lls tagged with mblastl, a retrotransposition
indicator cassette that activates the blasticidin S-resistance
gene upon retrotransposition (figure 3a, [41,42]). To control
for changes in toxicity/clonability, we used plasmid
pcDNAG6.1, which constitutively expresses the same blast

marker after transfection (figure 3a). In the conventional [ 8 |

assay using mblastl-tagged L1s, cells are transfected with L1
reporter constructs and cultured for 5 days prior to initiation
of blasticidin S selection [41,42] (see scheme in electronic sup-
plementary material, figure S3). However, here we analysed
the kinetics of mblastl-tagged L1 retrotransposition in HeLa
cells, starting blast selection at 1, 2, 3, 4 or 5 days after trans-
fection (electronic supplementary material, figure S3).
Remarkably, we consistently observed that the majority of ret-
rotransposition events accumulated during the first 72 h after
transfection, and that the numbers of blast-resistant foci were
similar if selection was started 2, 3, 4 or 5 days after transfec-
tion (electronic supplementary material, figure S3). Similar
data were obtained using U20S and HCT116 cells. In sum-
mary, we started blast selection 3 days after transfection
when using siRNAs, (see scheme in figure 3b), ensuring
that scored retrotransposition events accumulated while
siRNAs were effectively depleting candidate genes.

As candidate factors, we decided to test the effect of
siRNAs on Fanconi anaemia proteins, as a previous
CRISPR/Cas9-based genome-wide study identified several
of these genes as L1 regulators [33]. Briefly, Fanconi anaemia
(FANC) is a rare recessive genetic disorder characterized by
genomic instability resulting from the accumulation of unre-
paired interstrand crosslinks (ICLs) (reviewed in [71-73]).
More than 20 FANC genes have been discovered in
humans [74], and the FANC pathway is essential for the
DNA damage response; as a result, patients” cells exhibit
characteristic sensitivity to DNA crosslinking agents such as
mitomycin C (MMC), and are prone to chromosome break-
age [71-73]. To validate the siRNA/Ll-retrotransposition
reporter assay, we selected two commonly mutated FANC
genes, FANC-A and FANC-C, mutated in approximately
65% and approximately 14% of all known FANC cases [75].

In the siRNA/Ll-retrotransposition reporter assay, we
used ON-TARGET plus SMART-pool siRNAs to avoid off-
target effects, and to increase the effectiveness of the
siRNA-mediated depletion, we used a double siRNA trans-
fection protocol as previously described [60] (figure 3b).
Additionally, we used a different cell line, U20S osteosar-
coma cells, where human RC-Lls are also known to
retrotranspose at high frequencies [17]. In the assay, U20S
cells were transfected with each FANC siRNA; 48 h later,
siRNA-depleted cells were pooled and reseeded, and this
population of FANC-depleted cells was used to analyse: (i)
the overall efficiency of the siRNA depletion (using MMC
sensitivity assays and RT-qPCR); (ii) changes in toxicity/clon-
ability induced by siRNAs, using co-transfection with the
control plasmid pcDNA6.1 (figure 3a, right side); and (iii)
changes in L1 retrotransposition induced by the FANC
siRNAs (see schematic in figure 3b), using the JJ101/L1.3
vector (figure 3a, left side). As we used two rounds of
siRNA-mediated depletion, in the second co-transfection we
co-transfected either the mblastl-tagged RC-L1 vector
(JJ101/L1.3) or the toxicity/clonability control plasmid
pcDNAG6.1, again with each siRNA (figure 3a,b). To measure
the efficiency of the double siRNA-mediated depletion, we
extracted total RNA 48 h after the second transfection, and
RT-qPCR analyses revealed that both siRNAs reduced
expression of each FANC gene more than 50% (figure 3c).
To analyse whether this reduction in FANC mRNAs could
induce a FANC phenotype in U20S cells, we determined
the sensitivity to MMC induced by each siRNA. Notably,



we determined that the double siRNA transfection increased
the sensitivity to MMC of U20S cells when compared with
siNT-transfected cells and untransfected controls (figure 3d).

Next, we analysed whether the double siRNA-mediated
depletion had any effect on L1 retrotransposition rates,
using the protocol optimized above where blast selection is
started 72 h after the second transfection (day 6 in scheme
shown in figure 3b). In parallel, we also tested if siRNAs
induced toxicity/changes in clonability, using plasmid
pcDNAG6.1, and we used the number of blast-resistant foci
generated upon transfection with the toxicity/clonability
control plasmid (pcDNA®6.1) to correct changes in retrotran-
sposition (figure 3b). Notably, we reproducibly detected
that both FANC siRNAs led to elevated levels of L1 retrotran-
sposition, without significant changes in toxicity/clonability
(average increase twofold, grey bars, figure 3e). Using this
optimized protocol, we also analysed the effect of FANC-A
and FANC-C siRNAs on HelLa and HCT116 cells, with simi-
lar results (electronic supplementary material, figures S2 and
S4). Notably, our results are in agreement with those from Liu
and colleagues [33], who used a completely different
approach to knock-out FANC genes using CRISPR/Cas9
and a different cell line (K562 cells). In summary, these data
further suggest that FANC members act as regulators of
human RC-L1 retrotransposition in cultured cells.

The development of the engineered L1 retrotransposition
reporter assay more than 20 years ago [34,38] significantly
improved our capability to study how active retrotransposons
impact genomes and how they are regulated. Indeed, this
assay is still the gold standard in the field, because of its sim-
plicity, robustness and sensitivity, and the list of processes
uncovered using the retrotransposition reporter assay is
long and continues to grow (recently reviewed in [35,36]).
To illustrate its sensitivity, it is worth noting that the retro-
transposition reporter assay was successfully used to
uncover the mechanism of L1-ORF2p translation [14],
which is translated at an incredibly low level, perhaps as
little as one molecule of L1-ORF2p per L1 transcript. Here,
we developed minor modifications of this robust assay to
analyse the role of small RNAs on L1 biology, and to exploit
siRNAs to further understand how host factors interact with
L1-RNPs and can regulate their activity.

Work from several labs including ours has demonstrated
that small RNAs (sRNAs) are major components of the L1
‘regulome’ [33,54,60]. Among sRNAs, miR-128 was recently
shown to repress L1 retrotransposition by binding to its
mRNA [53]. Another class of sSRNAs often associated with
L1 retrotransposons are Piwi interacting RNAs (piRNAs)
and endosiRNAs, which seem to have a critical role to control
retrotransposons in the germline [76-79]. Besides sRNAs,
many factors associated with RNA metabolism, such as
Dicer, the Microprocessor, MOV10, small nuclear RNAs and
TUTases, are also known members of the L1 ‘regulome’
[28,29,33,60,80-82]. Thus, developing protocols that allow
testing of the role of small RNAs on L1 retrotransposition
would ultimately increase our knowledge on the L1 ‘regu-
lome’ at a mechanistic level. In this study, we identified two
potential binding sites for miR-20 in the consensus sequence
of human RC-L1s, and as this miRNA is expressed in HeLa

cells (figure 2b), we used the optimized protocol to test
whether miR-20 inhibition would impact retrotransposition.
Unexpectedly, we reproducibly observed that antimiR-20
reduced L1 retrotransposition rates in cultured cells. Thus,
we speculate that if miR-20 binds the 3'UTR of RC-L1s, it
does not act as a canonical miRNA, which would reduce
transcript levels and/or translation of L1-encoded proteins.
While this might seem paradoxical, it is possible that miR-
20 might regulate expression of L1 repressors [33], explaining
why miR-20 inhibition would result in increased levels of L1
repressors and thus reduced L1 retrotransposition, acting
through an in trans mechanism. Interestingly, a previous
study validated a small number of human miRNA-20 targets
(n=7, see electronic supplementary material, table S2); fur-
thermore, we found a second group of human genes (1=
15, electronic supplementary material, table S2) potentially
regulated by miRNA-20, which were identified by three inde-
pendent softwares (microrna.org, targetScan and miRdb.org).
Intriguingly, 21 of 22 genes potentially regulated by miR-20
were found to behave as L1 repressors in a recent LINE-1 ret-
rotransposition genome-wide CRISPR/Cas9 screening [33]
(electronic supplementary material, table S2). Alternatively,
miR-20 binding to the 5’'UTR of RC-L1s in cis could positively
regulate L1 retrotransposition, using a mechanism discovered
with other sRNAs that when binding 5'UTRs facilitate gene
expression/translation rather than inhibiting targeted RNAs
[83-85]. Either way, these data revealed that some miRNAs
could behave as L1 activators within the ‘L1 regulome’, and
we currently continue to research the unexpected molecular
mechanism of regulation elicited by miR-20 on LI
retrotransposition.

To unveil the numerous molecular mechanisms involved
in the regulation of active retrotransposons, several studies
have successfully exploited ‘gain of function” approaches,
where host factors are overexpressed in the retrotransposi-
tion reporter assay, increasing our knowledge of the L1
‘regulome’ [35,36]. Similarly, ‘loss of function’ approaches
for L1 regulators will help to ultimately define molecular
mechanisms operating in the context of the L1 ‘regulome’.
The development of CRISPR/Cas9 genome editing tools
represents a revolution in genomics, and these resources
will be further used to better understand the L1 ‘regulome’
in the future, either as ‘loss of function’ tools [33], or to
remove transposable elements from selected genomic loci
[86]. While CRISPR/Cas9 systems are simple and very effi-
cient at generating knock-out models, this strategy is likely
to fail with essential genes. However, as siRNAs are not
completely effective in removing targeted RNAs, generating
hypomorph phenotypes, siRNAs could be an ideal alterna-
tive to CRISPR/Cas9 for essential genes. Consistently,
another inherent advantage of siRNA-based experiments is
that experiments are done in pools of cells, not in many
isolated clones, as would occur in genome-wide CRISPR/
Cas9-based screenings. Thus, following this rationale we
speculate that the development of reproducible siRNA/L1-
retrotransposition reporter protocols will be useful to
study the role of essential genes that belong to the L1 ‘regu-
lome’. As a proof of principle, we used here the optimized
siRNA /L1-retrotransposition reporter protocol to demon-
strate that FANC proteins can indeed regulate L1
retrotransposition, which is consistent with two previous
reports [33,87], although we know very little about the mol-
ecular mechanism of this regulation. Considering the large
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variety of siRNAs commercially available, the protocol
developed here could be used in many different scenarios,
with the ultimate goal of increasing our knowledge on L1
biology and the different molecular mechanisms participating
in the regulation of L1 activity.

This article has no additional data.
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