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ABSTRACT

Understanding regulation of transposon movement in somatic cells is important as mobile elements
can cause detrimental genomic rearrangements. Generally, transposons move via one of 2
mechanisms; retrotransposons utilize an RNA intermediate, therefore copying themselves and
amplifying throughout the genome, while terminal inverted repeat transposons (TIR Tns) excise
DNA sequences from the genome and integrate into a new location. Our recently published work
indicates that retrotransposons in Drosophila tissue culture cells are actively transcribed in the
antisense direction. Our data support a model in which convergent transcription of
retrotransposons from intra element transcription start sites results in complementary RNAs that
hybridize to form substrates for Dicer-2, the endogenous small interfering (esi)RNA generating
enzyme. Here, we extend our previous analysis to TIR Tns. In contrast to retrotransposons, our data
show that antisense TIR Tn RNAs result from transcription of intronic TIR Tns oriented antisense to
their host genes. Also, disproportionately less esiRNAs are generated from TIR transcripts than from
retrotransposons and transcription of very few individual TIR Tns could be confirmed. Collectively,
these data support a model in which TIR Tns are regulated at the level of Transposase production
while retrotransposons are regulated with esiRNA post-transcriptional mechanisms in Drosophila
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Introduction

Active transposons (Tns) and transposon derived
sequences comprise approximately 22% of the Dro-
sophila melanogaster genome.'> Movement of these
Tns plays an important role in evolution, but also
causes genomic instability;* therefore, regulation of
Tn expansion is important to maintain an appro-
priate balance. In Drosophila, mutations linked to P
element insertions cause hybrid dysgenesis syn-
drome.”® Intensive study of P elements has con-
tributed to a molecular understanding of class II
terminal inverted repeat (TIR) transposition mech-

anisms”'® and how Tn movement is regulated in

vivo, ! 1

Transposons are classified based on the identity
of their nucleic acid intermediates. Transposons
having an RNA intermediate and encoding a
reverse transcriptase are retrotransposons (retroTn).

Tns utilizing a cut-and-paste mechanism with a

DNA intermediate and having inverted repeat end
sequences are called terminal inverted repeat (TIR)
Tns. Drosophila melanogaster has several classes of
both retroTns and TIR Tns,' although retroTns
appear to be more active.>!

Movement of both retroTns and TIR Tns must
be regulated to ensure genomic stability. In Dro-
sophila, 2 non-coding RNA mediated post-tran-
scriptional ~ silencing mechanisms have been
elucidated. The piwi-interacting RNA (piRNA)
pathway generates small RNAs that suppress Tn
mobility by inducing heterochromatin formation in
the germline.'®** These siRNAs are produced from
a single stranded RNA precursor. In somatic cells,
endogenous small interfering (esi)RNAs silence ret-
roTns using an Argonaute 2 (Ago2)-dependent
mechanism.”>”*” Most of these esiRNAs are gener-
ated from double stranded Tn derived RNA precur-
sors by Dicer-2 (Dcr2).>»**?** Increased movement
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of retroTns is observed in somatic tissues from
Drosophila mutants lacking RNAi components.”’
How these silencing mechanisms function in the
fly to suppress Tn movement are poorly under-
stood. One transcriptional regulatory mechanism
has been identified for P element transposition.
Alternative splicing prevents expression of the P
element Transposase (Tnp) in somatic cells.'”
Therefore, P elements are only mobile in the Dro-
sophila germline as functional P element Tnp is
only produced in this tissue.'""

To understand the origins of Dcr2 substrates in
Drosophila tissue culture cells,” we performed
small RNA-seq and RNA-seq on wild type and
Dcr2 depleted samples. Our analyses of these data
revealed that many individual retroTns are tran-
scribed in both the sense (S) and antisense (AS)
direction from intra element transcription start
sites with canonical Drosophila RNA polymerase II
promoters. These S and AS RNAs are substrates
for Dcr2 as their levels are increased in the Dcr2
depleted sample. Correspondingly, the number
esiRNAs generated from these substrates decreases
when Dcr2 is knocked down. This work was
recently published in Genetics."

Here we extend this in-depth analysis to include
TIR Tns pogo and 1360 (hoppel or ProtoP). The pogo
TIR Tn is a member of the Tcl/mariner superfamily
of Tns with 21 base pair terminal inverted repeats.’’*>
1360 is believed to be derived from an ancient P ele-
ment-like Tn.>”> These elements were chosen for fur-
ther investigation as S and AS transcription of these
Tns was observed previously."> We conclude that
while a few AS RNA-seq reads are observed for these
TIR Tns, very few esiRNAs are generated from these

transcripts indicating that TIR Tn movement is mini-
mally regulated by esiRNAs in Drosophila mela-
nogaster somatic cells. Additionally, we discovered
that unlike retroTns, few individual TIR Tns are tran-
scribed in either the S or AS direction. Finally, analy-
ses of 1360 and pogo transcripts allow insight into the
transposition mechanisms of these TIR Tns.

Results

Ratios of full-length to truncated Tns differ for TIR
and retroTns

1360 or Hoppel is the most abundant TIR Tn in the
Drosophila genome with 304 annotated copies,”*** while
48 pogo TIR Tns have been documented.” A full-length
1360 element is predicted to be 1107 base pairs (bp)
while a full-length pogo element is 2122 bp. As a first
step toward insight into the molecular details of TIR Tn
mobility in a genomic context, variation in sizes among
the annotated 1360 and pogo Tns were first examined.
Approximately one-third of 1360 Tns are greater than
1 kb (Table 1), although only 3 are the predicted
1107 bp (data not show). Generally, the 1360 elements
vary tremendously in size; often differing by only 1 bp
in the 1360 Tns less than 40 bp and by only 10s of bp
for the 1360 Tns greater than 40 bp (data not shown).
Rarely are 2 1360 elements the same size. In contrast,
pogo elements are restricted to 4 sizes: 2120-2123 bp,
1067-1491 bp, 704 bp or 186-187 bp. Examination of
length distributions for previously investigated non-
LTR retrotransposons (retroTns) Juan and Jockey and
LTR retroTns blood, mdgl and 297 revealed a much
higher percentage of full-length elements than observed
for pogo and 1360 (data not shown)."” The variability of

Table 1. Very few TIR Tns greater than 1 kb are transcribed from internal transcription start sites.

Element Size % total % >1 kb inter % >1 kb intra % >1 kb intra (S) % >1 kb Intra (AS) %trans. int. tss
1360 >1kb 36.8 47.4 52.6 425 57.5 13
1 kb—40bp 52.0
<40bp 1.2
pogo >2kb 104
1-1.5kb 23.0 68.7 313 40.0 60.0 0.0
704bp 42
187—186bp 58.3
186—40bp 42

Note. The percent (% total) of 1360 and pogo TIR Tns in each size class is shown in the left three columns. The remainder of the analysis was only performed on Tns
greater than 1 kb. The percentages of intergenic and intragenic 1360 and pogo Tns (%> 1 kb inter and %> 1 kb intra) are shown in columns three and four. The
percent of intragenic 1360 and pogo Tns having mapped sense (S) and antisense (AS) RNA—seq reads (%> 1 kb intra (S) and %> 1 kb intra (AS)) are shown in col-
umns five and six. Finally, the percent of 1360 and pogo TIR Tns greater than 1 kb for which S or AS transcription from an internal transcription start site (tss) could

be confirmed (%trans. int. tss) is reported in the last column.



length distributions may support differences in mecha-
nisms that control retroTn and TIR Tn movement.

AS TIR Tn transcripts are not produced from
intraelement tss

To investigate S and AS pogo and 1360 Tn transcription
and potential esiRNA biogenesis, small RNA-seq and
RNA-seq data sets from control Drosophila tissue cul-
ture (Dmel-2) cells'> were mapped to the Drosophila
genome followed by visualization of non-unique and
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unique reads using the UCSC genome browser (http://
genome.ucsc.edu, Dmé6 assembly, August 2014).°%%
Examples of representative full-length intergenic pogo
and 1360 elements show RNA-seq reads mapping to
both S and AS strands, although the number of nor-
malized AS reads (reads per million (RPM)) is low
(Fig. 1A-B, red).

We also re-mapped publically available short-capped
RNA sequencing data to identify potential S and AS
pogo and 1360 transcription start sites (tss).”>** No
intra element tss accounting for S or AS transcripts
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Figure 1. Sense and antisense 1360 and pogo TIR Tn transcripts are not produced by intra element transcription start sites. (A-B) Bed-
graphs representing sense (top) and antisense (middle) non-unique RNA-seq reads mapping to a representative full-length pogo TIR Tn
(A) or 1360 TIR Tn (B) are shown in red. Peak reads per million (RPM) are listed to the left (red numbers). Non-unique small-capped
RNA-seq reads representing transcription start sites are overlaid in blue and RPM values are listed to the right (blue numbers). Non-
unique endogenous small-RNA seq reads mapping to pogo and 1360 TIR Tns are shown below the RNA-seq reads (A-B).


http://genome.ucsc.edu
http://genome.ucsc.edu

4 A.W. HARRINGTON AND M. STEINIGER

could be identified for canonical pogo elements
(Fig. 1A, blue) indicating that the non-unique reads
mapping to this intergenic element originated from a
different pogo TIR Tn. While intra element tss are pres-
ent in canonical 1360 elements, these tss initiate tran-
scription into flanking sequences rather than producing
S and AS 1360 TIR Tn RNAs (Fig. 1B, blue). Like pogo,
these data show that the observed non-unique reads
mapping to this representative intergenic 1360 TIR Tn
were produced by a different individual Tn.

If the S and AS TIR Tn RNA-seq reads are not pro-
duced from intra element tss, what could be the source
of these transcripts? To further investigate the origins
of low level AS TIR Tn transcription, we first exam-
ined Tn flanking sequences for all elements. No AS tss
were observed for pogo and 1360 TIR Tns in regions
surrounding the Tns (data not shown). Next we inves-
tigated the genomic locations of pogo and 1360 TIR
Tns larger than 1 kb. About half of the 112 1360 ele-
ments larger than 1 kb are between genes (intergenic)
and half are within introns of protein coding genes
(intragenic) (Table 1). ~70% of pogo TIR Tns greater
than 1 kb are intergenic while the other ~30% are
intragenic (Table 1). Further examination of intra-
genic TIR Tns greater than 1 kb revealed that the ori-
entation of the Tn to the mRNA was AS
approximately 60% of the time for both pogo and
1360 meaning that transcription of the protein coding
gene would produce AS TIR Tn RNAs for 60% of the
TIR Tns (Table 1) greater than 1 kb. As the AS RPMs
for both pogo and 1360 are low (Fig. 1A-B), we
hypothesize that these RNAs are generated indirectly
from transcription of protein coding genes with AS
oriented intragenic TIR Tns.

Previous experiments show that endogenous small
interfering (esi)RNAs are produced from hybridized
(double stranded (ds)) retroTn S and AS transcripts
by Dicer-2 (Dcr2)."” To investigate the potential for S
and AS 1360 and pogo transcripts to generate
esiRNAs, we visualized smRNA-seq reads from con-
trol Dmel-2 cells corresponding to representative 1360
and pogo TIR Tns (Figs. 1A-B, bottom). Very few
esiRNAs were observed for either pogo or 1360.

Pogo{}4759 is the only actively transcribed pogo Tn
in the Drosophila genome

Drosophila pogo elements fall into 4 size classes: 2.1 kb,
1.1-1.4 kb, 704 bp and 186-187 bp. Previous analyses

indicate that single internal deletions are responsible for
the 2.1 kb to 1.1-1.4 kb size reduction resulting in Tns
with similar ends, but differing internal structure.”® This
observation is confirmed by aligning all annotated Dro-
sophila pogo elements (data not shown). Comparing
pogo TIR Tns representative of the 2.1 kb (pogo{}297),
1.1-14 kb (pogo{}4759), 704 bp (pogo{}1454), and
186-187 bp (pogo{}718) size classes reveals deletion of
pogo{}297 nucleotides (nts) 788 to 1440 in pogo{}4759,
deletion of an additional approximately 300 nts flanking
the pogo{}4759 internal deletion in pogo{}1454, and
loss of all but 93 nts at each end of the Tn in pogo{}718
(Fig. 2A, left).

Visualization of RNA-seq reads corresponding to
pogo{}297, pogo{}4759, and pogo{}1454 show no non-
unique or unique reads mapping to pogo{}297 nts 788
to 1440 (Fig. 2A, right), nor is there evidence that these
sequences have been removed by splicing (data not
shown). In contrast, non-unique RNA-seq reads map
the entire length of pogo{}4759 and pogo{}1454
(Fig. 2A, right). Additionally, unique reads correspond-
ing to a splice junction are clearly evident for pogo{}
4759 and a strong tss (13,114 RPM) is present just
upstream of the intergenic pogo{}4759 element
(Fig. 2B). These data, together with a lack of observed
intra element S pogo tss (Fig. 1A), support a model in
which none of the 5 2.1 kb Drosophila pogo elements
are transcribed, but that active transcription of pogo{}
4759 accounts for all non-unique reads mapping to
pogo transposons.

EsiRNAs are generated from 1360 TIR Tns

Canonical 1360 TIR Tns produce very few esiRNAs
although AS transcripts are evident that could poten-
tially hybridize with S RNAs (Fig. 1B). Upon further
investigation we identified a few 1360 elements with
low abundance intra element S and AS tss near the 3’
end of the Tn; the presence of these tss correlates with
increased transcription of this 1360 region. An exam-
ple (1360{}1539) is shown in Figure 3A. Visualization
of smRNA-seq reads corresponding to these sequen-
ces shows that esiRNAs are generated from these 1360
RNAs, albeit at low frequency (Fig. 3A, bottom).

From these data, we conclude that the number of
esiRNAs produced from TIR Tn dsRNA precursors is
dramatically less than the expression level of S and AS
TIR Tn transcripts. Normalized RNA-seq read counts
for S and AS 1360{}1539 are ~170 while esiRNAs
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Figure 2. Pogo{}4759 is the only transcribed pogo element in the Drosophila genome. (A) Pogo TIR Tns representing the 4 different size
classes of pogo elements are shown. Nucleotide deletion positions are labeled above each schematic. To the right of each Tn, non-
unique RNA-seq (red) and small-capped RNA-seq (blue) reads mapping to each pogo TIR Tn are displayed. (B) Non-unique RNA-seq
reads (red), unique RNA-seq reads (green) and small-capped RNA-seq (blue) reads mapping to pogo{}4759 are shown with maximum
normalized RPM displayed in corresponding colors. Relative locations of specific ORFs are shown above the bedgraphs with the chromo-

somal location of pogo{}4759.

RPMs are 4 (Fig. 3A). Because expression of RNAs
from canonical 1360 elements is reduced compared to
1360{}1539 (Fig. 1B), any esiRNAs produced from
hybridized S and AS transcripts would be below the
limit of detection of our assay.

Transcription from 1360 intra element tss creates
fusion RNAs with neighboring sequences

As discussed previously, intra element tss were identi-
fied in canonical 1360 elements, but these tss initiate
transcription into flanking sequences instead of
toward the TIR Tn (Fig. 1B). Further investigation
revealed a few individual 1360 elements for which
unique RNA-seq reads corresponding to sequences
immediately surrounding the Tn could be identified.
An example is shown in Figure 3B (1360{}1514). 1360
{}1514 is an intergenic TIR Tn and therefore is not
indirectly transcribed as a consequence of being in an
intron. 1360{}1514 has 2 tss on the (—) strand that
clearly overlap non-unique RNA-seq reads at the 5’
end of the element (Fig. 3B). Further examination
reveals unique RNA-seq reads (10 RPM) mapping to
the 1360{}1514/flanking sequence indicating that tran-
scription from the observed tss continues beyond the

Tn into neighboring sequences (Fig. 3B). To our
knowledge, TIR Tn fusion transcripts have not been
observed previously.

1360{}1533 may encode a P-element-like
Transposase

Previous investigations defined an ancestral Drosoph-
ila Tn termed ProtoP from which 1360 elements
derive.”> The consensus sequence of this 4480 bp TIR
Tn encodes an 864 amino acid Transposase (Tnp)
with homology to the modern P-element Tnp.”> Our
examinations of the 304 annotated 1360 elements in
the Drosophila genome yielded one element that
might produce a functional Tnp. 1360{}1533, a
7854 bp 1360 element, is transcribed from the (—)
strand and has multiple ORFs in all 3 reading frames
(Fig. 3C). The first reading frame encodes an ORF
near the 3’ end with homology to the P-element Tnp
(582 amino acids) while the third reading frame enco-
des an ORF with an retroTn RNase H domain and
separate homology to retroviral integrases (641 amino
acids) (Fig. 3C). Additionally, 2 intra element tss were
identified in 1360{}1533 that would allow transcrip-
tion of the proposed Tnp (Fig. 3C). Unfortunately, all
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Figure 3. Diverse 1360 TIR Tns produce potential regulatory RNAs. (A-C) Non-unique RNA-seq reads (red), unique RNA-seq reads (green)
and small-capped RNA-seq (blue) reads mapping to 1360{}1539 (A), 1360{}1514 (B) or 1360{}1533 (C) are shown with maximum normal-
ized RPM displayed in corresponding colors. Chromosomal locations of each TIR Tn are shown above the bedgraphs. Relative locations

of specific ORFs are shown for 1360{}1533.

short-capped RNA-seq (defining tss) and RNA-seq
reads mapping to 1360{}1533 were non-unique.
Therefore, transcription of this specific 1360 element
could not be confirmed bioinformatically.

Discussion
RetroTns and TIR Tns are differentially regulated

Recently, we published data supporting a model in
which retroTns in Drosophila somatic cells are regu-
lated by esiRNAs."> RetroTns are convergently tran-
scribed in the sense and antisense direction primarily
from intra element transcription start sites (Fig. 4A)."

Many full-length retroTns are present in the Drosoph-
ila genome and transcription of individual elements
was confirmed for a large percentage of the elements
investigated."> The sense and antisense transcripts
produced from retroTns have the potential to hybrid-
ize, creating double stranded RNAs that are substrates
for esiRNA biogenesis by Dcr2 (Fig. 4A)."> EsiRNAs
restrict retroTn movement in Drosophila somatic cells
by an unknown mechanism requiring RNAi factors.””
The amount of Dcr2 precursor is determined by the
expression level of the least transcribed retroTn
strand. As the amount of antisense transcript is usu-
ally less, we proposed that the excess sense strand
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Figure 4. Models depicting Tn regulation in Drosophila somatic cells. (A) RetroTns (green arrow) produce both sense (S, red) and anti-
sense (AS, blue) transcripts by convergent transcription. Hybridization of these RNAs creates a double stranded RNA substrate for bio-
genesis of endogenous small interfering (esi)RNAs by Dcr2. These esiRNAs repress Tn movement via an unknown mechanism. The
retroTn transcript is also translated providing proteins required for Tn movement and balancing Tn repression by esiRNAs. (B) TIR Tns
also produce both S and AS transcripts, but the amount of AS transcript is 4-fold lower than the lowest expressed retroTn transcript
investigated (thin blue line). Additionally, the number of esiRNAs produced from potential TIR Tn dsRNA substrates is dramatically less
than for retroTns. While these mechanisms lead to limitations in repressing TIR Tn via the esiRNAs pathway, inhibition is less necessary

as S transcription of TIR Tns Tnps is severely restricted.

would be translated, providing proteins required for
retroTn mobility (Fig. 4A). Therefore, our model indi-
cates that the potential for retroTn amplification is
defined by the balance between inhibition by esiRNAs
and translation of proteins required for retroTn
mobility.

The analyses described here support a very different
mechanism to limit TIR Tn movement in Drosophila
somatic cells. Antisense TIR Tn RNAs are produced
indirectly from intronic elements oriented antisense to
sense mRNAs (Table 1, Fig. 1). Because expression of
these transcripts is considerably lower than for retroTns
(Fig. 1A-B), the potential for formation of double
stranded RNA Dcr2 precursor is greatly reduced
(Fig. 4B). Additionally, the number of esiRNAs pro-
duced from potential TIR Tn double stranded RNAs is
proportionately less than was observed for retroTns
(Figs. 3A and 4B)."® Therefore, many less total esiRNAs
are generated from TIR Tns than from retroTns. The
potential for production of protein(s) required for Tn
movement is also dramatically different for TIR Tns.
The number of full-length, actively transcribed TIR Tns
in the Drosophila genome, is much lower than the num-
ber of full-length, actively transcribed retroTns
(Table 1)."* Potential Tnp ORFs could only be identified
for one pogo TIR Tn (Fig. 2B) and one 1360 element
(Fig. 3C). We hypothesize that lower functional TIR Tn
Tnp copy number reduces active Tnp concentration.

Collectively, these data support post-transcriptional
retroTn regulation, while TIR Tns are inhibited at the
transcriptional level. In these models, the potential for
retroTn movement is higher because retroTn sense
transcript is more highly expressed. To balance this,
large numbers of esiRNAs produced from hybridized
sense and antisense retroIn RNAs inhibit retroTn
mobility. In contrast, because less TIR Tn Tnp tran-
script is produced, no esiRNAs are required to inhibit
TIR Tn movement. Future experiments will be
required to test these hypotheses.

TIR Tn 1360 produces fusion transcripts

We observed sequencing reads mapping to junctions
between 1360 TIR Tns and flanking sequences indicat-
ing that transcription initiates within the 5 prime end
of the Tn and continues into neighboring sequences
producing hybrid TIR Tn/flanking RNAs. To our
knowledge, these fusion Tn/flanking sequence RNAs
have not been reported previously in Drosophila.
Interestingly, the mammalian LINE-1 retroTn produ-
ces a similar fusion transcript by initiating AS tran-
scription near the 5 end of the element.**** LINE-1
elements are often intergenic and oriented AS to their
host genes,*’ therefore, AS transcription results in
LINE-1 RNA/mRNA fusion transcripts known to reg-
ulate expression of many genes.*>*"***  Further
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investigation is required to determine if intragenic (7]
1360 TIR Tns could regulate gene expression using a
similar mechanism in Drosophila.

(8]
Methods

rRNA depletion, library preparation, and next
generation sequencing

Performed as described.” 9]

Next generation sequencing analysis

10
Performed as described.” (10}
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