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LINEs are retrotransposable elements found in diverse organisms. Their activity is kept in check by several
mechanisms, including transcriptional silencing. Here we have analyzed the transcription status of LINE1 copies
in the early-branching parasitic protist Entamoeba histolytica. Full-length EhLINE1 encodes ORF1, and ORF2 with
reverse transcriptase (RT) and endonuclease (EN) domains. RNA-Seq analysis of EhLINE1 copies (both truncated
and full-length) showed unique features. Firstly, although 20/41 transcribed copies were full-length, we failed to
detect any full-length transcripts. Rather, sense-strand transcripts mapped to the functional domains- ORF1, RT
and EN. Secondly, there was strong antisense transcription specifically from RT domain. No antisense transcripts
were seen from ORF1. Antisense RT transcripts did not encode known functional peptides. They could possibly be

involved in attenuating translation of RT domain, as we failed to detect ORF2p, whereas ORF1p was detectable.
Lack of full-length transcripts and strong antisense RT expression may serve to limit EhLINE1 retrotransposition.

1. Introduction

Long Interspersed Nuclear Elements (LINEs) are a class of non-long
terminal repeat (non-LTR)-containing retrotransposon, that are ubiqui-
tously present in most genomes across the phylogenetic spectrum
ranging from unicellular protists to plants and mammals (Eickbush and
Malik, 2014). Yet their origin and sustenance remain mysterious, and
their complex relationship with the host genome and with cellular
physiology is not clearly understood (Goodier, 2016; Han, 2010; Kaza-
zian, 2004). A common feature of these elements is that although they

exist in a large number of copies in extant genomes, they are generally
maintained in a transcriptionally silent state with only a few copies
being active (Huang et al., 2012; Ostertag and Kazazian Jr, 2001; Sas-
saman et al., 1997). In addition, most copies contain multiple mutations,
including 5’- and 3'- truncations, point mutations and large deletions,
which render them non-functional. These strategies limit their active
insertion in genes, which could be lethal for the host genome (Deininger
and Batzer, 1999).

LINEs show a fairly conserved organization of functional features.
The prototype LINE may be represented by the human LINE-1 (L1),
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which has been most extensively studied. Human L1 occupies around
17% of the genome (Lander et al., 2001) with an estimated 500,000
copies, of which there are about 7000 full-length copies, and only
80-100 are retrotransposition competent (Brouha et al., 2003; Rang-
wala et al., 2009). Full-length L1 is around 6.0 kb in length, contains 5’-
UTR with an internal sense as well as antisense promoter, 2 open reading
frames (ORFs) designated as ORF1 and ORF2, and 3'-UTR which ends
with variable length poly(A) sequence (Scott et al., 1987). Transcription
from the internal promoter in a LINE element could give a full-length
bicistronic transcript whose translation would provide the two poly-
peptides (ORF1p and ORF2p) required for retrotransposition. However,
early studies revealed the complex nature of LINE transcription. Ex-
periments with a variety of systems, including Drosophila I element
(Chaboissier et al., 1990), mammalian LINE elements from human and
rodent cell lines and various tissues (Benihoud et al., 2002; Dudley,
1987; Martin, 1991; Packer et al., 1993; Perepelitsa-Belancio and
Deininger, 2003) showed that LINE element is transcribed into a het-
erogeneous population of RNAs (ranging in size from 0.2 kb to full-
length). These were mostly sense strand transcripts, although some
antisense transcripts were also detectable (Benihoud et al., 2002; Speek,
2001).

Due to the very large copy number of LINEs and the high sequence
similarity between copies, it has been difficult to determine the
expression of individual endogenous copies and study the transcription
pattern of each copy. A considerable amount of human L1 transcription
does not originate from its internal promoter as a large number of L1s
are inserted in introns and are co-transcribed within genes. In these
instances, different L1 loci are expressed in different tissues without the
use of L1 promoter (P. Deininger et al., 2017; Kaul et al., 2020). Tran-
scription from the L1 promoter is high in germ cells, at early stage of
embryonic development, in certain tumors, and in neuronal progenitor
cells (Belancio et al., 2010; Coufal et al., 2009; Faulkner et al., 2009;
Wissing et al., 2012). This transcription is contributed by the L1 HS-Ta
subfamily which is considered to be the youngest, and consists of
currently transcriptionally active members. On an average there are an
estimated 652 (+£68) L1HS-Ta copies per cell line. The transcriptional
activity of individual L1HS-Ta copies was measured (Philippe et al.,
2016). Only a small subset of L1HS-Ta loci contributed to the bulk of L1
expression, and the genomic environment in which the L1 copy was
inserted had an important role in determining its expression. Thus, the
transcriptional status of individual LINE copies in a genome is variable,
and may have important functional implications for the host organism.

The transcriptional behaviour of individual LINE copies could be
simpler to analyze in an early-branching unicellular protist in which the
copy number of these elements is much smaller than human, and the
elements are mostly inserted in intergenic regions due to the paucity of
introns in protein-coding genes. We have been studying the human
parasitic protist, Entamoeba histolytica, which has three classes of LINEs:
EhLINE1, EhLINE2 and EhLINE3. Among these, EhLINE1, present in an
estimated 742 copies is the most abundant (Bakre et al., 2005; Lorenzi
et al., 2008). Knowledge of the transcription pattern of genomic
EhLINE1 copies would be helpful to decipher any possible correlation
between differential expression of virulence genes in E. histolytica strains
of low and high virulence with EhLINE]1 insertion polymorphism. In
earlier studies with EhSINE1 (the nonautonomous partner of EhLINE1)
we have shown that geographical isolates of E. histolytica exhibit marked
SINE insertion polymorphism (Kumari et al., 2013; Sharma et al., 2017).
Hence, we are interested to investigate the transcriptional behaviour of
individual EhLINE1 copies to reveal the basic features of EhLINE1
transcription which are so far unknown, and to use this information for
future analysis of differential gene expression in E. histolytica isolates.
The influence of non-LTR retrotransposons on parasite gene expression
has been reported in the protozoan parasite Leishmania major which
contains non-LTR retrotransposons called LmSIDERs. These are found
almost exclusively within the 3'-UTRs of L. major mRNAs. Interestingly,
LmSIDER2-containing mRNAs are generally expressed at lower levels
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compared to the non-LmSIDER2 mRNAs, and LmSIDER2 is thought to
act as mRNA instability element (Bringaud et al., 2007). We expect that
information about transcriptional activity of individual EhLINE1 copies
would be useful to understand the influence of these elements on
E. histolytica gene expression. In addition, this study with an evolu-
tionarily distant organism would provide an interesting comparison
with the known transcription patterns of human L1.

Full-length EhLINE] is ~4.8 Kb in length, with two non-overlapping
ORFs: ORF1 of 1.5 Kb and ORF2 of ~3 Kb separated by a spacer region of
~440 bp. The domain structures of EhLINE1-encoded ORFs have simi-
larities with human L1-encoded ORFs. EhLINE1 ORF1-encoded protein
contains an RNA recognition motif with single stranded nucleic acid
binding activity whereas ORF2 codes for protein with reverse tran-
scriptase (RT) and endonuclease (EN) activities (Gaurav et al., 2017;
Mandal et al., 2004; Yadav et al., 2009). Unlike human L1, the endo-
nuclease encoded by EhLINE:s is restriction enzyme-like, as seen in ele-
ments of the R4 clade to which EhLINEs belong (Eickbush and Malik,
2014; Yang et al., 1999). This enzyme has also been shown to have
sequence and structure homology with archaeal Holliday junction
resolvases, and this activity is utilized to achieve second-strand DNA
synthesis during LINE integration (Khadgi et al., 2019). Most EhLINE1
copies are truncated or mutated, and E. histolytica cells normally do not
express detectable levels of ORF2, although ORF1 polypeptide is
constitutively expressed. Upon ectopic overexpression of ORF2,
E. histolytica cells could be made retrotransposition-competent (Yadav
et al., 2012). Here we have used RNA-Seq to determine the transcription
status of individual EhLINE1 copies (both truncated and full-length). We
find that sense transcripts primarily map to the functional domains,
namely ORF1, RT and EN, with the absence of full-length transcripts.
Antisense transcripts, which exceed sense transcripts in number, are
almost exclusively derived from the RT domain. To our knowledge, this
novel transcription pattern has not been reported for other LINEs. It may
be designed to limit retrotransposition both by restricting the number of
full-length transcripts and by attenuating RT expression.

2. Materials and methods
2.1. Cell culture and growth conditions

Trophozoites of E. histolytica strain HM-1:IMSS were axenically
maintained in TYI-S-33 medium supplemented with 15% adult bovine
serum, 1 x Diamond’s vitamin mix and antibiotic (125 pl of 250 units/ml
benzyl penicillin and 0.25 mg/ml streptomycin per 90 ml of medium) at
35.5 °C (Diamond et al., 1978) in normal condition and for 60 min at
42 °C during heat stress condition. As E. histolytica is microaerophilic,
oxidative stress was induced by providing aeration to the cells.

2.2. Isolation of total RNA from E. histolytica trophozoites

One million trophozoites (50 ml culture) growing in log phase were
harvested at 600 x g for 5 min at 4 °C. The cell pellet was washed with ice
chilled PBS #8 (0.37% K2HPO4, 0.11% KH2PO4 and 0.95% NaCl, pH
7.2) and resuspended in 1 ml of Trizol reagent (Invitrogen) followed by
lysis through repeated pipetting. RNA isolation was carried out ac-
cording to the manufacturer’s protocol (Invitrogen). Briefly, the lysed
cells were incubated at room temperature for 10-15 min. 200 pl of
chloroform was added and the mixture was shaken vigorously for 15-30
s followed by incubation for 10-15 min. The tubes were centrifuged at
12000 xg for 15 min at 4 °C for complete phase separation. The upper
aqueous phase containing RNA was transferred to a fresh tube and RNA
was precipitated with 500 pl of isopropanol at room temperature for 10
min. RNA pellet was collected by centrifugation at 12000 xg for 10 min
at 4 °C. Pellet was washed with 1 ml of chilled 70% ethanol in DEPC
treated water (freshly prepared) at 7500 x g for 5 min at 4 °C. The pellet
was dried at 37 °C for 15 min and resuspended in 50 pl of DEPC-treated
water, aliquoted and stored at —80 °C.
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2.3. Isolation of poly(A) + RNA

Poly(A) + RNA was purified from total RNA using poly(A) tract
mRNA isolation system III from Promega (Z5300) as per manufacturer
protocol. Briefly, total RNA was incubated in a sterile tube for 10 min at
65 °C. A biotinylated oligo(dT) probe and SSC was added to the RNA and
incubated at room temperature for 10 min to hybridize with the 3'-poly
(A) + region. The hybrids were added to the washed streptavidin-
coupled paramagnetic particles, captured using a magnetic separation
stand and washed at high stringency with the provided buffer. The pu-
rified poly(A) + RNA was eluted from the solid phase by the addition of
provided ribonuclease-free, deionized water.

2.4. Transcriptome analysis

This was done essentially as previously described (Naiyer et al.,
2019). The non-stranded RNA-Seq dataset used in this work have been
deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and
are accessible through GEO Series accession number GSE151975
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151975).
Total RNA, from three biological replicates, was used for selection of
poly(A) + RNA and library preparation was done after oligo(dT) selec-
tion. RNA-Seq libraries were generated by performing RNA fragmenta-
tion, random hexamer primed cDNA synthesis, linker ligation and PCR
enrichment. These libraries were then subjected to paired-end
sequencing on the Illumina HiSeq2500 (v3 Chemistry) platform. A
total of 222,636,746 paired-end reads of size 100 bp were generated
from the 3 biological replicates.

To align the high quality reads to E. histolytica (HM-1:IMSS) genome,
accession number: AAFB00000000.2, the gene model was downloaded
from AmoebaDB (http://amoebadb.org/common/downloads/relea
se-27/EhistolyticaHM1IMSS/gff/data/). The alignment was performed
using Tophat program (version 2.0.11) with default parameters. The
RSEM program (version 1.3.0) was used using default values for esti-
mating expression of the EhLINE1 elements using EhLINE] transcripts as
reference sequences (Li and Dewey, 2011). The pre-processed reads
were aligned to 742 LINE1 fasta sequences of E. histolytica (HM1:IMSS)
genome, accession number: AAFB00000000.2, which were extracted
from AmoebaDB sequence retrieval section using “Retrieve Sequences
By Genomic Sequence IDs”. EhLINE1 copies with expected read count
>10 in all 3 biological replicates were considered as expressed copies.

2.5. Strand specific expression analysis

Total RNA of E. histolytica was used for library preparation from two
biological samples following protocol of Illumina TruSeq stranded total
RNA sample preparation guide (Illumina, 2013) using the reagents
provided in TruSeq Stranded Total RNA with Ribo-Zero™ Human/
Mouse/Rat.

The libraries generated were then subjected to paired-end
sequencing on the Illumina HiSeq2500 (v3 Chemistry) platform.
Around 53 and 57 million reads of size 100 bp each were generated.
After trimming adapter sequences (the parameter used for trimming was
LEADING:20 TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:75) and
removing low quality reads using FastQC (Andrews, 2010) we aligned
reads to E. histolytica genome. For strand specific expression study, the
same RSEM pipeline was used including the option of “-strandedness
reverse/forward” using default values.

2.6. Visualization of expression data

Wiggle plots and IGV viewer were used for visualizing the alignment
files. Wiggle plots were generated using “rsem-plot-transcript-wiggles”
which requires the sample name (expression file name) and transcript
IDs. The output was a pdf file containing plots for the entire provided
transcript IDs and sorted bam file of the sample. Further, for in-depth
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study, expression data was also visualized in IGV viewer. Of this sor-
ted bam file (generated in wiggle plot step) we generated its index file of
same name suffix with .bai using samtools (H. Li et al., 2009). Sorted
bam file and respective bai file were used to visualize expression data in
IGV viewer.

2.7. Sequence analysis of EhLINE1 genomic copies

All 742 genomic copies of EhLINE1 were categorized as full-length,
truncated, and internal deletions by multiple sequence alignment
using MAFFT (Katoh and Standley, 2013). Small sized copies were
manually aligned to the full-length EhLINE1 (DS571192). We consid-
ered a copy full-length if it was within 5 nt at each end and did not have
any large internal deletions. We considered a copy 5’ and 3’ truncated if
it had truncation of more than 20 nt at either end of EhLINE1.

2.8. EhLINE] transfectants

Full-length EhLINE1 (4.8 kb) was cloned in place of CAT in the tet-
inducible vector pEhHYG-tetR-O-CAT (Hamann et al., 1997) at Kpnl
and BamHI sites, essentially as previously described (Yadav et al., 2012).
The 5- and 3'-actin and 5'-lectin sequences contain regulatory se-
quences from the E. histolytica genes to drive transcription. A sequence of
19 bp inserted between the TATA box and ATTCA initiator element in
the lectin promoter acts as a TetR-operator. Transfection was carried out
by electroporation and stable transfectants were maintained with 10 pg/
ml of hygromycin B as previously described (Singh et al., 2018).

2.9. Northern blotting, hybridization, and probe preparation

RNA (20-30 pg) was denatured by incubating with 2x RNA loading
dye at 65 °C for 15 min followed by snap chilling on ice. Samples were
loaded on denaturing agarose gel containing 2.2 M formaldehyde and
1x MOPS buffer followed by electrophoresis at 4 V/cm. The gel was
washed extensively with DEPC treated water to remove the formalde-
hyde and sequentially treated with denaturing (0.05 N NaOH and 1.5 M
NaCl) and neutralizing solution (0.5 M Tris-HCI pH 7.5 and 1.5 M NacCl)
for 20 min each, followed by 20 min equilibration in 20x SSC. The
transfer membrane [nylon membrane (GeneScreen Plus; PerkinElmer)]
was pre-equilibrated with 20 x SSC and the blotting was done by passive
transfer using standard protocols. After transfer, the RNA was UV cross-
linked and blot was stained with methylene blue to check equal loading
and to detect size of the molecular marker.

DecaLabel DNA Labeling Kit (Thermo Scientific #K0622) which is
based on random priming method, was used for probe preparation ac-
cording to manufacturer’s protocol. Briefly, 50-100 ng of linear DNA
along with Decanucleotide in 5x Reaction Buffer was denatured by
heating in a boiling water-bath for 10 min followed by snap chilling on
ice. To the tube containing denatured DNA, 3 pl of mixA, 30-50 pCi
[a-32P] dATP and 5 U of Klenow enzyme were added and the reaction
was incubated at 37 °C for 5 min followed by incubation with 4 ul of
dNTP mix at 37 °C for 5 min. 1 pl of 0.5 M EDTA, pH 8.0 was added to
stop the reaction. Unincorporated dNTPs were removed by ethanol
precipitation in the presence of 50 pg of carrier DNA (salmon sperm
DNA) and 2.5 M ammonium acetate, or by nucleotide removal kit
(Qiagen).

RNA blots were first incubated in prehybridization solution (1% SDS
and 1 M NaCl, 0.3-0.4 ml per square cm of the membrane) at 65 °C in
hybridization bottles. After 3 h, heat-denatured radiolabeled probe (2 x
105 dpm/ml) and 100 pg/ml denatured salmon sperm DNA was added
to the prehybridization mix and hybridization was carried out for 16 h at
65 °C. The membranes were washed sequentially twice with 2x SSC at
RT for 5 min, twice with 1x SSC and 1% SDS at 65 °C for 30 min and
finally twice with 0.1x SSC at RT for 30 min each to remove non-
specifically bound probe.

For the radiolabeled strand specific DNA probes, region 1 (ORF1 full-
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length) and region 2 (ORF2 B + C) were used as template for amplifi-
cation with the primer set HJ67FP + EK39RP and BK49FP + DY32RP
respectively. Purified template together with one primer from each
primer set was used for linear PCR as described (Kimpton et al., 1993)
with few modifications. Amplification reaction contained 1x Taq po-
lymerase buffer, 200 pM each dA/G/TTP, and 5 pM dCTP, 50 pCi
[a-P32] dCTP, 30 pmol respective primers, 10 ng/kb DNA template and
5 U of TagDNA polymerase in a reaction volume of 50 pl. The linear PCR
cycle comprised of an initial denaturation at 94 °C for 3 min followed by
40 cycles of denaturation at 94 °C for 30 s, annealing for 1 min at the Tm
of the primer, extension at 72 °C for 90 s. The last extension step at 72 °C
was done for an additional 10 min. Unincorporated dNTPs were
removed by nucleotide removal kit (Qiagen).

2.10. Primers used

The nucleotide sequences of all primers used in this study are listed
in Additional file 1.

2.11. RT-PCR analysis

For the RT-PCR analysis oligo(dT) primer was used for reverse
transcription followed by PCR with ORF1 and RT-specific primer pairs.
To minimize non-specific reverse transcription with oligo(dT) (since
E. histolytica genome is highly A + T rich), a 45-mer primer was used and
RT reaction was performed at high temperature at 50 °C for 1 h.

2.12. Luciferase reporter assay

The assay was performed as described (Shrimal et al., 2010). Briefly,
stably transfected trophozoites, were washed in 1 x PBS (pH 7.4) lysed in
200 pl of reporter lysis buffer (Promega) with the addition of protease
inhibitor cocktail (Sigma) and were frozen overnight at —80 °C. Lysates
were thawed on ice and pelleted to remove cellular debris. Before
measuring the activity, samples were allowed to warm at room tem-
perature, and assayed according to the manufacturer’s instructions
(Promega) using a Luminometer (Promega). Luciferase activity per pg of
protein was calculated. Statistical comparisons were made using anal-
ysis of variance test and t-test. Experimental values were reported as the
mean (+S.D.) for triplicate values. All calculations of statistical signifi-
cance were made using the GraphPad InStat software package (Graph-
Pad Prism 9).

3. Results
3.1. Organization of EhLINE] copies in E. histolytica

In order to undertake the transcriptomic analysis of individual
EhLINE1 copies we first determined their sequence organization.
Genome-wide analysis of the 742 EhLINE1 copies had earlier shown that
88 were full-length while the rest were truncated (Lorenzi et al., 2008).
We further identified the sequence features of each copy, including
deletion breakpoints in truncated copies. The 742 copies spanned a wide
range of sizes, from 42 bp to 4811 bp, with most copies in the range of
1-2 kb (Additional file 2: Fig. S1). Our analysis showed that only 61
copies were full-length (size range 4589 bp to 4811 bp), as opposed to
the previous count of 88 full-length copies. This was because 27 of these
copies had large internal deletions, although their 5'- and 3’-ends were
intact. Details of the number of truncated EhLINE1 copies, with one or
both ends truncated, are given in Additional File 2: Fig. S2. In copies
with one or more internal deletions, the size of internal deletions ranged
from 38 bp to 2.5 kb. Interestingly, the deleted sequences were flanked
by direct repeats of size 5-34 nt, with sequence identity of 67-100%
(Additional File 2: Figs. S3-S4). The presence of flanking direct repeats
is significant as these are known to be targets of recombination, or
replication slippage, leading to internal deletions (Pierce et al., 1991;
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Trinh and Sinden, 1993). Microhomology-mediated end joining for
repair of DNA double strand breaks could also result in deletions (Seol
et al, 2018; Sfeir and Symington, 2015). This analysis helped to
comprehensively describe the sequence arrangement of all 742 EhLINE1
copies.

3.2. Identification of EhLINE1 transcripts by RNA-Seq

We performed RNA-Seq analysis to determine the expression status
of all EhLINE1 copies, using poly(A)-enriched RNA of E. histolytica,
grown under normal conditions, from three independent cultures. De-
tails of the transcriptome analysis are presented in Additional File 2:
Fig. S5. After trimming adapter sequences and removing low quality
reads using trimmomatic-0.36, we got 67 to 71 million reads per sample
(GEO Series accession number GSE151975). The GC content was 33%
and the percentage of reads with >Q30 were 99.95% in all three bio-
logical replicates. On an average, ~93.70% of total high quality reads
(208,484,400) aligned to E. histolytica (HM-1:IMSS) genome.

To map the reads on the 742 EhLINE1 copies we excluded the small
copies of size <300 nt (136 copies) from further analysis. EhLINE1
copies with expected read count >10 in all biological samples were
considered as expressed copies. We found that the most suitable method
for analysis of our RNA-Seq data was RSEM, which has been used for
RNA-Seq read mapping to TEs (Jin et al., 2015). RSEM is a generative
probabilistic model, designed to address the issue of read mapping un-
certainty and, therefore, to produce more accurate gene expression es-
timates (Li et al., 2010). RSEM was shown to provide improved accuracy
with both mouse and maize. The improvement in accuracy was most
striking for repetitive genomes, such as maize, which give rise to large
fractions of multireads. It was used to generate leaf development tran-
scriptome data in maize (Hughes et al., 2014), and is comparable with
other TE-specific expression analysis tools (Jeong, H. H et al., 2018).
Some of the more recent methods (Yang et al., 2019) could not be used
as they need annotation files with assembled genomes available on
UCSC genome browser and Repeatmasker file for repeats of interest.
However, for our organism, E. histolytica, the annotation files with
assembled genomes are not available on UCSC genome browser. Also,
Repeatmasker would not work as the data for repeat elements of
E. histolytica is not available in their back-end database. Thus, RSEM was
the best available option. The reads were mapped to the whole genome
and those mapping to EhLINE1 were extracted. Alternatively, reads
were directly mapped to EhLINE1. Both approaches gave similar output.

Given the high sequence similarity of EhLINE1 copies, there were
instances of uncertainty associated with assigning reads to individual
copies. This was resolved by using credibility intervals (CIs). We used
95% CIs for the abundance estimates to examine uncertainty (Gupta
et al., 2012; Li and Dewey, 2011). The posterior mean estimate (PME)
values were used in lieu of maximum likelihood (ML) estimates as these
values were generally contained within the 95% CIs. Thus, we used
pme_TPM values for correlation calculation and further expression
analysis. The Spearman correlation among three biological samples for
EhLINE1 was R > 0.84 (Additional File 2: Fig. S6). Data showed that of
the 606 copies of EhLINE] analyzed, only 41 copies (6.7%) were tran-
scriptionally active. Of these, 20 were full-length copies while 21 had
internal deletions/end truncations (Fig. 1). Of the latter 21 copies, 10
had 5’ truncations, 3 had 3’ truncation, 3 had both ends truncated, and 5
had both ends intact (with internal deletions). Details of truncation
status and sense/antisense transcription of all 41 expressed copies are
given in Table 1, and they are further described in later sections.

Next, we mapped the reads from each expressed copy to determine
whether the entire EhLINE1 sequence was transcribed. We found that
reads mainly corresponded to three regions of EhLINE1: (1) 5'-end to
1517 bp; (2) 2440 to 3791 bp; (3) 3849 to 3'-end. These regions cor-
responded to ORF1, and to the RT and EN functional domains of ORF2
respectively (Fig. 2) (for description of RT and EN domains see (Mandal
et al., 2004). Very few reads mapped between 1510 and 2430 bp which
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Fig. 1. Distribution of transcriptionally active genomic copies of EhLINE1.Of the total 742 EhLINE1 copies, only 606 were selected for analysis which were >300 bp.

included the regions between ORF1 and ORF2 (spacer) and the 5'-part of
ORF2 that did not match with RT domain. Mapping of RNA-Seq reads
indicated that intracellular, steady state EhLINE1 transcripts were
truncated and corresponded to the functional protein domains.

The RNA-Seq data were validated by northern blot analysis using a
panel of DNA probes spanning the entire length of EhLINE1 (Fig. 3). We
divided the EhLINE] into three regions where the maximum RNA-Seq
reads mapped. These were region 1 (ORF1), region 2 (RT domain), re-
gion 3 (EN domain). Probes were designed from these three regions, and
also from region 1-2 lying between ORF1 and RT where very few reads
mapped. Northern data with these probes corroborated very well with
RNA-Seq data (Fig. 3B). No 4.8 kb band corresponding to full-length
EhLINE1 was visible with any of the probes. The ORF1 probe hybrid-
ized with a 1.5 kb band, and the expected transcript size from RNA-Seq
reads was 1517 nt. The RT probes hybridized with a broad band slightly
smaller than 1.5 kb, and the expected transcript size from RNA-Seq reads
was 1351 nt. Region 1-2 probes failed to give any signal. To confirm that
this was not due to poor labelling of probes, we performed dot blot
hybridization with total genomic DNA (Fig. 3C), in which the probes
gave bright signals. The EN probe did not give any signal in northern
blot although RNA-seq reads were obtained from this region. It is
possible that transcripts of this region were mainly short and hetero-
geneous in size and therefore not visible in northern analysis. We could
detect transcripts from this region by RT-PCR (Fig. 3D). The absence of
full-length (4.8 kb) RNA band in northern blots was not due to a tech-
nical problem of RNA prep, as we could see the 4.8 kb band in
E. histolytica cells transfected with full-length EhLINE1 driven from a
tetracycline-inducible promoter (Fig. 4). No 4.8 kb band was seen in
these cells in the absence of tet.

The large number of RNA-Seq reads from RT region compared with
other regions was due to massive antisense transcription, as described
below.

3.3. Massive antisense transcription from RT region of EhLINE]

LINE elements are known to be transcribed in the antisense orien-
tation, although the extent of sense transcription is generally greater. We
looked at a strand-specific transcription of EhLINE1 by RNA-Seq. Two
biological samples were analyzed for this study following the Illumina
TruSeq stranded total RNA protocol. The Spearman correlation among
two biological samples for EhLINE1 was R > 0.76 (Additional File 2:
Fig. S7). After trimming adapter sequences and removing low quality
reads using FastQC, we got 37,797,969 and 35,845,132 reads which
showed 32% mapping rate to E. histolytica genome. The low mapping
rate was due to presence of reads from the rRNA region of E. histolytica as
confirmed by BLASTn analysis. On aligning the sequence reads, we
found sense transcripts from 3 regions of EhLINE1 (ORF1, RT and EN)
but antisense transcripts were coded almost exclusively from RT region,
with a very small number of antisense reads coming from ORF1 and EN
regions (Fig. 5). The antisense reads from RT region mapped to distinct

/- and 3'-ends. We looked at the 41 expressed copies individually to
score for copies expressed in sense or antisense orientation, keeping read
count >2 as the cut-off. For strand specific data, we obtained overall low
reads from both biological replicates compared with double strand
sequencing. Hence a lower cut-off was used (Table 1). Since the read
count for silent or low-expressing genes was zero, the cut-off value of 2
was considered appropriate for expressed genes. One copy had read
count <2.0 in both sense and antisense directions. Of the remaining 40
copies, 28 showed antisense transcription while 37 copies showed sense
transcription. Three copies were exclusively transcribed in antisense
direction while 12 copies were exclusively transcribed in sense direction
(Table 1). These data showed that sense transcription was more common
than antisense in terms of number of transcribed copies, although the
overall number of antisense reads was about two-fold higher than sense
reads (Fig. 6). The high antisense read count was mainly due to two
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Table 1
Expressed EhLINE1 copies of Entamoeba histolytica.
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Sense-average-
Position Length FL / Truncation (#) log2_average expected_count Antisense-average
S.No. Scaffold in of LINE -pme_TPM -expected_count
Scaffold copy (bp) EhLINE1 RT alone
1 b%Ds571495 5888..10696 4809 Full Length 6.97 13.455 6 295.72
2 *DS571290 32725..37508:r 4784 Full Length 5.31 4.620 0 98.86
3 DS571155 84542..84887:r 346 5' truncated (4438-end) 5.11 5.500 NA 0.00
4 DS571261 37357..37932 576 5'truncated (4207-end) 4.90 5.000 NA 0.00
5 DS571201 32751..33214 464 5'truncated (4310-end) 4.60 0.000 NA 4.00
6 DS571267 21652..22101 450 Both end truncation (2630 - 3076) 4.50 5.500 5.5 0.00
7 | DS572240 698..1493:r 796 3'truncated (3986-end); 432 2.490 0 20.39
at scaffold end
8 DS571337 29259..30063 805 3' truncated (start-1107) 3.99 41.500 NA 0.00
9 DS571493 867..2479:r 1613 5' truncated (3178-end) 3.95 3.500 0 11.56
10 2%DS571192 10681..15465 4785 Full Length 3.88 10.110 2 43.90
11 | DS571181 1..2060 2060 5'truncated (2719 - end); 3.51 5.645 3 7.82
at scaffold start
12 | ™Nps571396 357..2911:r 2555 5' truncated (2237-end) RT 3.46 6.500 3 12.77
13 RDsS571271 2766..6879 4114 D_EhL1 3.27 7.000 2 25.01
14 *DS571606 4111..8079:r 3969 3' truncated (start-3976) 3.20 6.975 1 18.32
15 DS571570 2575..5614:r 3040 Both end truncation (1375 - 4410) 3.03 3.575 3 12.91
16 RDs571274 20255..22076:r 1822 D_EhL1 2.92 13.500 NA 0.00
17 | ®™ps571214 | 55871..57424 1554 D_both_end_truncation (879-4460) 291 19.235 NA 0.50
18 R05571236 41813..44330 2518 D_EhL1 291 25.500 NA 0.50
19 2*DS571151 66192..70991 4800 Full Length 291 10.420 3 23.94
20 RDS571432 2548..3739 1192 D_3'truncated (1-1505) 2.80 12.000 NA 0.50
21 Rps571219 29209..33989 4781 Full Length 2.62 13.465 2 14.68
22 $DS571387 5598..10374 4777 Full Length 2.58 9.160 0 21.50
23 | #*f"ps571434 2047..6842 4796 Full Length 2.58 3.415 2 22.50
24 *DS571467 4357..9130:r 4774 Full Length 2.55 2.970 0 14.31
25 DS571269 38394..43132:r 4739 Full Length 2.53 8.000 0 11.50
26 DS571158 57055..61833:r 4779 Full Length 2.44 20.080 4 9.99
27 | Rps571373 | 10757..12687:r 1931 D_5' truncated (499 - 4781) 241 19.500 NA 0.56
28 RDS571351 19528..21607:r 2080 D_EHL1 2.36 11.000 NA 0.00
29 DS571193 25627..30408:r 4782 Full Length 2.29 10.200 3 11.80
30 RDS571312 21378..24390:r 3013 D_5'truncated (230 - end) 2.23 3.345 0 8.05
31 *DS571417 7568..12350 4783 Full Length 2.12 6.640 1 10.29
32 DS571282 33548..38335:r 4788 Full Length 1.85 12.510 6 8.00
33 DS571362 9194..13984 4791 Full Length 1.69 14.015 0 6.08
34 DS571218 1012..5800 4789 Full Length 1.61 4,985 0 3.97
35 RDs571477 8414..12103:r 3690 D_EhL1 1.42 1.000 0 1.00
36 DS571529 5122..9932 4811 Full Length 1.23 1.020 0 2.93
37 RDs571186 60813..63836:r 3024 D_5'truncated (222-end) 1.18 6.955 0 1.00
38 RDS571304 4639..9366 4728 Full Length 0.81 1.765 0 3.02
39 | 2ps571160 55138..59914 4777 Full Length 0.80 6.335 0 6.00
40 RDS571372 19954..24632:r 4679 Full Length 0.77 3.415 0 4.50
41 DS571233 48784..53550:r 4767 Full Length 0.67 4.465 0 1.01
Symbols Used

a : EhLINE1 with intact ORF1 reading frame
b: EhLINE1 with intact ORF2 (has both EN and RT reading frame intact)
EN: Intact EN reading frame
RT: Intact RT reading frame

S : Readthrough transcription

R : Re-annonation
* : Validated by RT-PCR

:r : Reverse complement

D_EhL1: EhLINE1 with both ends intact but internal deletions

D_5'truncated: EhLINE1 with 5' end truncation and has internal deletions

D_3'truncated: EhLINE1 with 3' end truncation and has internal deletions
D_both_end_truncation: EhLINE1 with both ends trauncation and also has internal deletions
NA: Not applicable

#: Nucleotide Position w.r.t full length EhLINE copy of scaffold DS571192
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copies which showed very high read count (Table 1) compared with
transcription in the sense direction from any copy. Since most of the
antisense transcription came from the RT region, we checked the status
of sense transcription of this region, especially from full-length copies
that contained the entire sequence. Of the 20 full-length copies, 19
showed antisense transcripts while only 8 copies showed sense tran-
scripts from the RT region. The copy with the highest sense RT expres-
sion also showed the highest antisense expression. Only one copy had no
antisense expression, but showed sense RT expression. However, this
copy (DS571267) was truncated at both ends, with a size of only 446 bp
that included part of the RT region. Thus, RNA-Seq data revealed for the
first time the presence of antisense transcripts primarily from RT region
of EhLINEL.

The strand-specific expression data were experimentally validated
by northern analysis using single-stranded probes from ORF1 and RT
regions. The sense-strand probes from both regions hybridized with 1.5
kb bands, as expected. No signal was observed with antisense probe for
ORF 1. However, strong signal of 1.5 kb RNA was seen using antisense
RT probe (Fig. 7). This further confirmed the presence of antisense RT
transcripts. Another line of evidence was obtained for expression of
antisense RNA by checking the EST database. Two ESTs “CX099071.1
and CX095831.1” mapped with 100% identity in antisense orientation
to the full-length EhLINE1 copy (DS571495, Table 1), which showed
maximum antisense expression in our RNA-Seq data. The sequence
match was for nt position 2432 to 3155, which lies within RT domain
(Additional File 2: Fig. S8). The expected 3'-end of the antisense RNA
reads in RT region (at nt position 2440) matched with the 3'-ends of the
ESTs CX099071.1 and CX095831.1 at positions 2432 and 2433 respec-
tively. These data, taken together, strongly suggest the presence of a
novel long antisense RNA corresponding to the RT region of EhLINEL.

To explore the translational potential of this antisense RNA we
looked for possible ORFs using expasy translate tool (Gasteiger et al.,
2003) and found 4 non overlapping peptides of sizes 150, 47, 42 and 28
aa (Additional File 2: Fig. S9). We checked codon usage of the peptides

through the codon usage program of Sequence Manipulation Suite
(Stothard, 2000) to determine frequency of low-usage codons (Addi-
tional File 3: Table S1, Additional File 4). Compared with sense se-
quences of EhLINE1 ORF1p and ORF2p, the antisense peptides showed
significantly greater frequency of low-usage codons. We searched all
available protein databases (including AmoebaDB) for matches with the
peptides coming from antisense transcript, using Quick BLASTP, blastp,
psi-blast and delta-blast. No significant hits were obtained. Thus, we
could not obtain evidence for possible translation of the RT antisense
RNA into functional peptides/proteins. However, due to low coverage of
available E. histolytica proteomic data we were also not able to find
peptides corresponding to EhLINE1 ORF1p, which we could otherwise
detect by western blotting (Yadav et al., 2012). This question needs to be
resolved with more sensitive analysis.

3.4. Translation potential of transcribed EhLINE] copies

Having obtained sense strand-specific transcription data for indi-
vidual copies we checked which copies could potentially get translated
by looking for intact reading frames corresponding to ORF1 and ORF2.
Of 742 EhLINE]1 copies no copy was found with both the ORFs intact. Six
copies had intact ORF1 while only 1 copy had intact ORF2 (Table 1). Of
the 6 copies with intact ORF1, only 3 were transcriptionally active, as no
reads mapped to the other three copies. All three transcribed copies were
full-length (locus DS571192, DS571151 and DS571160), and all showed
comparable level of sense strand expression for ORF1 but no antisense
ORF1 transcripts (Additional File 2: Fig. S10). The single copy with
intact ORF2 reading frame (locus DS571495) was also full-length.
Interestingly, it contributed to the maximum number of antisense
transcripts from RT region (Table 1). The sense strand of this copy
showed transcripts from all the three regions. Further we looked for
copies (apart from this ORF2 copy) with intact reading frames for either
RT or EN domains individually. We found one full-length EhLINE1 copy
(locus DS571434) which had an intact RT reading frame. It showed RT
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this article.)

reads in both sense and antisense direction, although expression in the
sense direction was low. Intact EN reading frame was found in 6
EhLINE1 copies (apart from DS571495). Of these, RNA-Seq reads
mapped only to 1 copy (locus DS571396) (Table 1). It was a 5'-truncated
copy spanning nt position 2237 till 3’-end. The expression from EN re-
gion was low in both copies, and reads were from sense strand alone.

To sum up, our analysis showed that potentially translatable ORF1
was transcribed from three copies exclusively in sense direction. No
potentially translatable copy with ORF2 or RT domain was transcribed
in sense direction alone. There was extensive antisense transcription of
the RT domain. One copy with EN domain was transcribed in sense di-
rection alone at a low level. These factors explain our earlier observation
that E. histolytica cells express ORF1p, but ORF2p was undetectable
(Yadav et al., 2012). The role, if any, of antisense RNA in inhibiting the
translation of RT domain remains to be studied.

3.5. Absence of full-length EhLINE] sense transcripts

RNA-Seq data showed that 20/41 transcribed EhLINE1 copies were
full-length. Yet we failed to see any full-length (4.8 kb) transcripts both
in northern blots (Fig. 3), and from RNA-Seq data. We therefore looked
for internal promoters and polyadenylation sites. It is generally believed
that LINE elements are transcribed into polycistronic mRNAs from a
promoter located at the 5'-end (Heras et al., 2007; Macias et al., 2016).
We checked to see if such a promoter was active in EhLINE1 and whether
a second promoter existed upstream of RT domain that could be

responsible for the 1.5 kb transcript from this region. Promoter activity
was measured by a luciferase reporter assay using fragments cloned
upstream of luciferase. A 200 bp DNA fragment from 5'-end of EhLINE1
showed promoter activity, while no activity was seen in a fragment that
included only 100 bp from 5'-end (Fig. 8). This showed that, similar to
LINE elements in other organisms, EhLINE1 had an internal promoter
within 200 bp at 5'-end. To check whether a second promoter existed
upstream of RT domain we cloned a 1489 bp fragment (1511 nt-3000 nt)
upstream of luciferase. However, no luciferase activity was obtained
with this fragment (Fig. 8). Further work is required to understand how
the 1.5 kb RT domain transcript (and the EN domain transcript) are
generated.

Many of the truncated transcripts of human L1 element have been
shown to correspond to internal polyadenylation sites in the endogenous
elements (Perepelitsa-Belancio and Deininger, 2003). We checked for
the presence of such sites in EhLINE1. The consensus polyadenylation
signals of E. histolytica genes have been well documented from a number
of studies (L.opez-Camarillo et al., 2005; Zamorano et al., 2008). Three
sequence elements reported in this context include the consensus
AAWUDA motif (polyadenylation signal) located 20 nt upstream of
polyadenylation site, enrichment of C at —1 nt position, and a broad T-
rich region surrounding the polyadenylation site (Hon et al., 2013). We
checked to see if such motifs indicative of polyadenylation existed
throughout the EhLINE1 sequence. We found 23 sites with consensus
polyadenylation signal motif but only 2 sites met all the three criteria
(Additional File 5). These 2 sites corresponded to nt positions 1510 (end
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of ORF1), and 4770 (end of ORF2) of EhLINE1 copy in DS571192. They
were also found in the other expressed full-length copies at the corre-
sponding positions (Additional File 5), and in copies with intact ORF1
(loci DS571160, DS571151 and DS571192; Table 1) or intact ORF2

10

(locus DS571495) (Fig. 9). We also examined the sequence at the end of
RT domain in all full-length expressed EhLINE1 copies and could locate
the consensus polyadenylation signals, although the T-rich stretch was
poorly defined (Additional File 5: Table S2, Fig. S17). Further, we
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experimentally confirmed that the ORF1 and RT transcripts were poly-
adenylated by RT-PCR analysis of total RNA using oligo(dT) primer for
reverse transcription followed by PCR with ORF1- and RT-specific
primers (Fig. 10).

These data suggest that ORF1 is transcribed from the promoter

located at 5-end of EhLINEI1, and the transcript is possibly poly-
adenylated using consensus sequence motifs at the ORF1 3'-end. The 1.5
kb RT transcript could also be polyadenylated using consensus motifs.
However, it is not clear whether it is transcribed from an internal pro-
moter (which we could not detect), or is processed from a polycistronic
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transcript.

3.6. Contribution of flanking sequences to the transcription of EhLINE]
copies

In addition to transcription originating from the EhLINE1 promoter
at 5'-end it is possible that some LINE copies may get transcribed by
read-through transcription from neighbouring genes. To determine this,
in both sense and antisense directions, for all the 41 expressed EhLINE1
copies, we took 200 nt sequence from the end of each copy and 200 nt
from the end of nearest flanking gene, together with the intergenic re-
gion (the intergenic regions in E. histolytica are generally very short;
(Bruchhaus et al., 1993; Petter et al., 1992; Willhoeft et al., 1999) and
looked at the RNA reads mapping in this region. Only 2/41 copies
showed some read through transcription, at a very low level (Additional
File 2: Fig. S11, S12). One of these was a full-length copy (locus
DS571387), with midasin gene located 156 bp from its 3'-end. The other
copy was “both ends truncated”, (locus DS571214) and the gene Sec61
alpha subunit (putative), was located 67 bp upstream of it. The data
showed that the contribution of read-through transcription to the
EhLINE1 transcriptome was not significant.

Further, we checked for possible contribution by promoter elements
located upstream of EhLINEs. We looked at 13 expressed copies that
lacked the 5’-end (5’ truncated and both ends truncated). To look for
possible upstream E. histolytica promoter elements in these copies, we
extracted 200 bp sequence 5'-upstream of each copy of EhLINE1 and
searched for E. histolytica specific promoter motifs (Purdy et al., 1996),
using FIMO (Grant et al., 2011) and MAST (Bailey and Gribskov, 1998).
For two copies (DS571186 and DS571493) TATA box motifs were found
at position —125 and —85 respectively, upstream of EhLINE1 5'-end

12

(Additional File 2: Fig. S13A). However, no RNA-Seq reads originated
from these positions.

In two other copies (DS571267 and DS571201) TATA box and Inr
box could be located within 250 bp upstream in the sense or antisense
orientation, respectively (Additional File 2: Fig. S13B, S14; S13C, S15).
However, DS571201 lacks the RT region and contributes to very few
antisense reads (Table 1).

Thus, our data showed that read-through transcription, or expression
from upstream promoter elements might have a very limited role in
driving the expression of EhLINE1. Another possibility could be that
EhLINE1 transcripts might originate due to splicing from transcripts of
neighbouring genes. Although introns are not common in E. histolytica
mRNAs, we tested this possibility by mapping all the splice junctions
from RNA-Seq data using HISAT2 (Kim et al., 2019). Only one splice
junction mapped to EhLINE1 copy (DS571181). Thus, we could not find
evidence of spliced reads from other genes into EhLINE1 copies.

4. Discussion

The steady state levels and sizes of LINE transcripts from endogenous
genomic copies in different organisms is highly complex and indicates
that LINE transcription is subject to a number of regulatory factors.
These likely operate at different levels, including selection of tran-
scriptionally active copies, use of alternative promoters, poly-
adenylation sites and other processing events, and read-through
transcription. Due to the very large copy number of LINEs in most or-
ganisms it has been difficult to obtain a comprehensive picture of the
transcription status of all genomic copies. We have attempted such a
study in E. histolytica where the EhLINE1 copy number is relatively
small. Our RNA-Seq analysis showed that the pattern of EhLINE1
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Fig. 9. Consensus polyadenylation signals at 3' —ends of EhLINE1 ORFs. (A) Characteristic features of polyadenylation signal in E. histolytica, adapted from
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expected poly(A) site-solid arrow are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

transcription shares several common features with other LINEs. Firstly,
EhLINE] contains an internal promoter located within 200 bp of the 5'-
end, which can support sense strand transcription. Such a promoter,
driven by RNA polymerase II is reported in many LINEs, including
human L1(Alexandrova et al., 2012; Minakami et al., 1992; Swergold,
1990), and Drosophila (Mizrokhi et al., 1988). Among protistan para-
sites, the Trypanosoma cruzi LINE, L1Tc also has an internal promoter
(Pr77) located within 77 bp at the 5'-end (Heras et al., 2007). It is highly
conserved in all retrotransposons of T. cruzi, and has important sequence
motifs required for transcription (Macias et al., 2016). Secondly, only a
small fraction of EhLINE1 copies (6.7%) are transcriptionally active.
About half of the transcribed copies are full-length. Most human L1
copies are also found to be transcriptionally inactive. A detailed analysis
of expressed sequence tags corresponding to human L1 in a lympho-
blastoid cell line showed evidence of transcription at only 692 L1
element sites, of which 410 were full-length (Rangwala et al., 2009). The
retrotranspositionally most active human L1 members belong to the L1
HS-Ta subfamily. It was shown that the L1HsTa copies which were
highly expressed were located in loci that were also highly expressed,
and the environment in which the element was inserted had a strong
influence on expression of LINE copy (Philippe et al., 2016). We
analyzed E. histolytica RNA-Seq data (Naiyer et al., 2019) to look at
expression levels of genes flanking the 41 EhLINE1 expressed copies. We
could retrieve this information for 28 copies (the rest being at the end of
scaffolds), of which we found only 3 that were flanked by genes in the
higher expression categories, while the remaining were medium or low-
expressing (Additional File 6: Table S3). The maximally expressed
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EhLINE1 copies were not flanked by highly expressing genes. Thus, we
did not see any correlation between expression levels of flanking genes
with that of the neighbouring EhLINE1 copy. Thirdly, most EhLINE1
transcripts in our study (from exponentially growing cells) were trun-
cated. We tested RNA from cells grown in a variety of conditions, e.g.
subjected to growth stresses like heat shock and oxygen stress. In
northern blots these RNAs also failed to show full-length EhLINE1
transcripts (Additional File 2: Fig. S16). However, it is possible that
under certain conditions EhLINE1 may be retrotranspositionally acti-
vated and transcribed frequently into its full-length RNA. In both human
and mouse cells most LINE transcripts are truncated, with full-length
transcripts seen only in some cell types (Dudley, 1987; Martin, 1991;
Packer et al., 1993). In human L1 the truncation sites have been shown
to correspond with internal polyadenylation sites, and this could be a
mechanism to limit the production of full-length retrotranspositionally-
competent transcripts (Perepelitsa-Belancio and Deininger, 2003). Short
transcripts have also been reported in the major LINE (L1Tc) of T. cruzi.
Northern analysis of L1Tc showed a major band of 5 kb along with
shorter transcripts, especially 0.4 kb and 0.2 kb (Trelogan and Martin,
1995).

Apart from patterns generally shared with other LINEs, EhLINE1
transcripts displayed some interesting unique features. The sense strand
transcripts, observed both by RNA-Seq and northern hybridization,
corresponded to the major functional domains of EhLINE1 (ORF1, RT
and EN). This was not related to truncations of EhLINE1 copies at the
DNA level since DNA truncations showed no correspondence with
functional domains, and 49% of the transcribed copies were, in fact, full-
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Fig. 10. Polyadenylation status of ORF1 and ORF2 transcripts. cDNA was synthesized using a 45-mer oligo(dT) primer at 50° C (since E. histolytica genome is A + T
rich). (A) Location of primer pairs used for PCR. (B) DNase treated total RNA (5 pg) was used for cDNA synthesis with oligo(dT) primer, followed by PCR with ORF1
and RT specific primers. Amplicons were checked by 1.5% agarose gel electrophoresis. (C) As in (B), using poly(A) + RNA (500 ng) for cDNA synthesis. (D) U3
snoRNA which is not polyadenylated was used as negative control. U3 primers gave no amplicon with cDNA made with oligo(dT) primer while amplicon was
obtained with U3 specific reverse primer (U3R).

length (including the top two highly transcribed copies; Table 1). The RT and EN domains are translated under certain conditions, it is possible
genesis of truncated EhLINE] transcripts is not clear at present. Whether that these activities could mobilize EhLINEs, or EhSINEs in trans. We
these transcripts are obtained by internal processing from a single full- have earlier shown that EhSINE1l, the nonautonomous partner of
length transcript initiating from the promoter at 5'-end, or are gener- EhLINE1 with which it shares the 3’-end (Bakre et al., 2005), could be
ated by transcription initiation from alternative promoters remains to be mobilized by ectopic overexpression of EhLINE1 ORF2 (Yadav et al.,
resolved. Internal processing of precursor polycistronic transcripts by 2012). A role for trans-mobilization of truncated LINE transcripts has
trans-splicing of spliced leader sequences is a well-known mechanism to been suggested in mouse (Branciforte and Martin, 1994).

generate functional mRNAs in a variety of organisms, including parasitic The most important unique feature we found in EhLINE1 was the
protists like Trypanosoma and Leishmania (Hastings, 2005; Vesteg et al., strong antisense transcription specifically from RT domain. The pres-
2019). Although trans-splicing has not yet been reported in E. histolytica, ence of antisense RT transcripts was clearly demonstrated both by
it is possible that such a mechanism could generate the truncated mapping of RNA-Seq reads and by northern hybridization, and was also
EhLINE] transcripts observed by us. Other alternatives like splicing from corroborated by matches with EST database. At present we are unable to
read-through transcripts appear unlikely. Whatever might be the comment on the mechanism by which these transcripts are generated.
mechanism, it is significant that transcripts of the functional domains This will be taken up in future studies. However, the existence of such
are present in these cells. The activities required for retrotransposition transcripts is a significant novel observation. Although antisense tran-
could be available if these transcripts from ORF1, RT and EN domains scription is very well defined in human L1 it is fundamentally different
are translatable. The ORF1 polypeptide is constitutively expressed in from that observed by us. The L1 antisense promoter (ASP) is located in

E. histolytica (Yadav et al., 2012), but ORF2 could not be detected. If the the 5’-UTR between nucleotides 400 to 600 (Speek, 2001). The primate-
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specific LINE1 contains an open reading frame termed ORFO between
nucleotides 452-236 in the antisense orientation. It lies downstream
from the ASP, has a strong, well-conserved Kozak sequence and is
translated (Denli et al., 2015). In addition, transcription from ASP in L1s
inserted in introns of genes in antisense orientation can result in the
formation of chimeric transcripts (Criscione et al., 2016). By contrast,
antisense transcripts in EhLINE1 are predominantly derived from the
region that, in sense orientation, encodes the RT domain. They are large
transcripts, being 1.5 kb in size (as confirmed in northern blots), with
distinct ends mapped by RNA-Seq reads. From sequence analysis they do
not seem to encode any known functional peptides. Another striking
feature is that the overall number of antisense sequence reads exceeds
sense reads in EhLINE1. Such massive antisense transcription has not
been previously reported in LINEs. The EhLINE1 promoter/s from which
these antisense transcripts originate have yet to be mapped. They could
be located within ORF2. Interestingly, the mammalian LINE-1 ORF2 has
been shown to promote both sense and antisense transcription during
neuronal differentiation. The ORF2 region was found to contain a
number of overlapping Sox/LEF binding sites. These could promote
transcription in both directions mediated by Wnt/p-catenin activation
(Kuwabara et al., 2009).

We believe that antisense transcripts in EhLINE1 could be involved in
attenuating translation of the RT domain, as we failed to detect ORF2
polypeptide in E. histolytica cells. On the other hand, ORF1, for which we
did not find any antisense transcripts, was translated at high levels
(Yadav et al., 2012). An effect of antisense RNAs on reducing the level of
proteins required for replication and integration of LTR retrotransposon
Ty1 has been suggested in S. cerevisiae. Antisense RNAs of size between
0.5 and 1.0 kb, mapping to the Gag region of Tyl, act post-
transcriptionally and inhibit reverse transcription by preventing the
accumulation of mature Pol proteins (Matsuda and Garfinkel, 2009).
Antisense RNA could also act through the RNAi pathway to achieve
EhLINE1 silencing. PIWI-interacting small RNAs are known to repress
transposons by transcriptional or posttranscriptional mechanisms in a
variety of organisms (Iwasaki et al., 2015). The RNAi pathway has been
well characterized in E. histolytica. The predominant sRNAs in
E. histolytica are 27 nt with a 5'-polyP structure (Zhang et al., 2008,
2011), and three homologues of sRNA-binding Argonaute protein
(EhAgo) have also been reported (Zhang et al., 2019). These sRNAs have
been shown to mediate long-term transcriptional gene silencing. It is
possible that the antisense transcripts from EhLINE1 RT region could
contribute to silencing through the sRNA pathway.

In addition to its possible role in downregulating RT, the EhLINE1
antisense transcript could also serve as a long noncoding RNA which
may have been co-opted by the host for other gene regulatory functions.
This intriguing possibility needs to be tested. The involvement of LINEs
in attenuating the expression of selected host genes has been docu-
mented. Chimeric transcripts driven by the ASP in L1 are believed to
affect as many as 4% of all human genes, and may be important in
modulating host gene expression (Criscione et al., 2016). In E. histolytica
it remains to be seen whether some of the products of EhLINE1, like the
constitutively expressed ORF1 polypeptide and the 1.5 kb antisense RT
transcript have roles in cellular physiology other than those in
retrotransposition.

5. Conclusion

We have provided a detailed account of the transcription status of
individual EhLINE1 copies. The novel transcription pattern of EhLINE1
seems to be well designed to limit retrotransposition by the near absence
of full-length EhLINE] transcripts, and by massive antisense transcrip-
tion of the RT domain. It remains to be seen whether sense transcripts
corresponding to the functional protein domains are translatable under
certain conditions and could mobilize RNAs in trans, and whether the
antisense RT transcript could have regulatory functions other than in
retrotransposition.
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