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ABSTRACT

Although transposable elements are an important
source of regulatory variation, their genome-wide
contribution to the transcriptional regulation of
stress-response genes has not been studied yet.
Stress is a major aspect of natural selection in the
wild, leading to changes in the transcriptional regu-
lation of a variety of genes that are often triggered
by one or a few transcription factors. In this work, we
take advantage of the wealth of information available
for Drosophila melanogaster and humans to analyze
the role of transposable elements in six stress reg-
ulatory networks: immune, hypoxia, oxidative, xeno-
biotic, heat shock, and heavy metal. We found that
transposable elements were enriched for caudal, dor-
sal, HSF, and tango binding sites in D. melanogaster
and for NFE2L2 binding sites in humans. Taking into
account the D. melanogaster population frequencies
of transposable elements with predicted binding mo-
tifs and/or binding sites, we showed that those con-
taining three or more binding motifs/sites are more
likely to be functional. For a representative subset of
these TEs, we performed in vivo transgenic reporter
assays in different stress conditions. Overall, our re-
sults showed that TEs are relevant contributors to the
transcriptional regulation of stress-response genes.

INTRODUCTION

Transposable elements (TEs) represent a large portion of
eukaryotic genomes. They are repetitive sequences that have
the ability to move around in the genome making new
copies of themselves in the process. Some TEs contain reg-
ulatory sequences such as promoters, transcription start
sites (TSSs) and transcription factor binding sites (TFBSs)
that can affect the expression of nearby genes (1,2). Mul-
tiple examples of individual TE copies affecting gene ex-
pression have been described in a wide-range of organisms

(3). More recently, genome-wide approaches have been used
to explore the overall contribution of TEs to gene regu-
lation (4,5). In particular, several studies have found that
TEs contain binding sites for a variety of transcription fac-
tors (TFs) involved in very relevant cellular processes such
as cell pluripotency, placenta development or immune re-
sponse (6-9). These studies also found that it is one or a
few TE families the ones that contribute more to the TFBS
repertoire.

Most of the genome-wide approaches aimed at identify-
ing TFBSs in TEs are based on the analysis of chromatin im-
munoprecipitation sequencing (ChIP-seq) that provide ex-
perimental evidence for the binding of a particular TF to a
discrete genomic region. However, ChIP-seq only provides
information for the binding sites occurring in the particular
conditions in which the experiment is performed. Because
it is impossible to assay all tissue types and developmen-
tal stages under all conditions, combining binding site pre-
dictions using ChIP-seq with transcription factor binding
motif (TFBM) predictions using bioinformatic tools should
help identify a more complete dataset of binding sites (10).
The binding profiles for an increasing number of TFs are
available in dedicated databases such as JASPAR, includ-
ing the newer ones based on hidden Markov models named
transcription factor flexible models (TFFM) (11,12). Sev-
eral genomic features, such as chromatin accessibility or epi-
genetic marks, are often used to evaluate the regulatory po-
tential of the genomic sequences containing TFBS (13,14).
In any case, functional validation of the identified TFBSs
is needed to conclude that the predicted binding sites are
functional.

Most stress-related TFs are conserved across organisms
(15). Stress is a major aspect of natural selection in the
wild that leads to changes in the transcriptional regula-
tion of a variety of genes. Both in humans and in the
fruitfly Drosophila melanogaster, adaptation to high alti-
tude, toxic environments, high temperature environments,
and pathogen exposure has already been described (16,17).
These adaptations are related with hypoxia, xenobiotic,
heavy-metal, oxidative, heat, and immune stress. However,
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the contribution of TEs to the binding sites of stress-related
TFs remains largely unexplored.

In this work, we used bioinformatic tools to predict the
presence of binding motifs in TEs, and available ChIP-seq
data to identify binding sites for several TFs involved in six
stress responses (Table 1) (18-25). Enhancer and/or pro-
moter features such as open chromatin regions, active hi-
stone marks and co-binding of stress-related proteins, and
other genomic features such as location regarding nearby
genes and function of nearby genes were also investigated.
Besides genomic information, population-level information
was also used to identify the subset of TEs more likely to
contain functional TFBSs. Finally, in vivo enhancer assays
were performed for a diverse set of TEs. Our results showed
that TEs are likely to contribute a significant fraction of
stress-related transcription factor binding sites in humans
and in D. melanogaster.

MATERIALS AND METHODS

Trancription factor binding motifs (TFBMs) predictions
based on PWMs

To determine the relative contribution of TEs to the six
stress regulatory networks analyzed, we first quantified
the presence of motifs for several stress-related transcrip-
tion factors (TFs) in D. melanogaster and in humans, at a
genome-wide level (Table 2). We then checked how many
of those TFBMs were located in the TEs annotated in the
reference genomes of the two species. To test whether there
was enrichment of TFBMs in TEs, we used the binomial
test and Bonferroni correction. We compared the number
of motifs/sites predicted in TEs with the number expected if
motifs/sites were distributed randomly in the genome, tak-
ing into account that 5.45% of the D. melanogaster genome
and 45.5% of the human genome are TEs. Besides the P-
value, we also considered the fold enrichment, as the num-
ber of motifs/sites predicted is very high.

We made motif predictions using TFBSTools (26) against
version 6.04 of D. melanogaster genome, including all 5416
annotated TEs, and against version hg38 of the human
genome. We downloaded the repetitive elements track from
UCSC for hg38. After filtering out low complexity regions,
simple repeats and other non-TE sequences such as snRNA
and tRNA, we ended up with a dataset of 4 510 651 an-
notated TEs. These TEs belong to 1084 different families,
and 36 superfamilies.

Each TF motif has a different length and different infor-
mation content, thus we will obtain more predictions just
by chance for shorter motifs, or motifs with several posi-
tions with low information content such as DEAF1 or cau-
dal (Supplementary Figure S1). Thus, a single threshold
score for all TFs will not suffice. We calculated an adjusted
score threshold for each TF, which takes into account the
background nucleotide frequencies of the genome and the
relation between false positives and false negatives (Table
1). This threshold has a relation between the false-positive
rate and the false-negative rate of 1000 (f,;/fpr = 1000). The
threshold calculation was done using the ‘motifs’ library
included in BioPython. Motif plots (PWM, TFFM) were
done using the ggseqlogo R package (27).
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In D. melanogaster, we also extracted the coordinates of
genes in the areas surrounding TEs from the Flybase an-
notation (28). We obtained the gene structure (promoters,
UTR’s, exons, and introns) along with the parental relations
between genes and their transcripts parsing the Flybase an-
notation with an in-house script (28).

Construction of TFFMs for D. melanogaster and predictions
based on TFFMs

We built a TFFM for each of the four datasets with avail-
able ChIP-seq data in D. melanogaster (Supplementary Ta-
ble S1) and downloaded the TFFMs built for stress-related
TFs in humans (11). TFFMs were constructed using a seed
motif that is trained with ChIP-seq peaks enriched for mo-
tifs of the desired TF (see ChIP-seq data processing section
below). For each peak detected by MACS2, we extracted
500-bp, 250-bp region at each side of the summit, using an
in-house python script and we used Repeat Masker to mask
the repetitive regions. With those sequences, we run memie-
chip (29) to obtain the enriched motifs. Meme-chip uses the
central 100 bp of input sequences to look for motifs and the
rest of the sequence as background. We also enabled the -
centrimo-local option and used the JASPAR CORE 2016
as a target database for CentriMo and TOMTOM (30).
In addition, we limited the number of sequences to pass
to MEME suite to 2000 (-nmeme). Taking the best motif
found by MEME suite, and the sequences from the ChIP-
seq peaks we generated the TFFMs.

We used the different TFFMs to run predictions in
each of the TEs annotated in D. melanogaster and human
genomes and kept predicted TFBMs with a score better
than 0.90. If two predictions were overlapping, we kept the
one with the best score. We also predicted TFBMs using
TFFMs in a set of background sequences matching the GC
content of the TEs. We generated the background sequences
using BEDtools (bedtools random -1 1000 -n 2000000) and
the BiasAway script to adjust for GC content (31). The ra-
tio TE / background was obtained dividing the number of
TFBMs every 10 kb in both datasets. If we found the same
number of TFBMs in background sequences and in TEs,
the ratio is 1. A higher ratio means we found more TFBMs
in TEs and a ratio lower than one means that we found more
TFBMs in background sequences.

ChIP-seq data processing

For D. melanogaster, we processed the raw data instead of
just using the TFBSs regions reported by the authors to en-
sure fair comparisons across datasets, and to overcome one
of the main limitations of ChIP-seq traditional pipelines:
the use of uniquely mapping reads that make it very diffi-
cult to detect binding regions in TEs. Multi-mapping read
allocation allows the detection of binding regions in repeti-
tive regions and improves detection of peaks in mappable
regions (32). This approach is based on allocating multi-
reads or reads that map to multiple location as fractional
counts weighting every alignment.

We found high quality ChIP-seq datasets for four D.
melanogaster TFs. We classify a ChIP-seq as high quality if
(1) it has good quality reads, (ii) it has no major red flags
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Table 1. Transcription factors analyzed in this study. Description of the stress-related transcription factors, including the identifier (ID) of the position
weight matrix (PWM) or transcription factor flexible model (TFFM) used. The stresses analyzed were: HSE: Heat Shock element; ARE: Antioxidant
response element; HRE: Hypoxia response element; IRE: Immunity response element; MRE: Metal response element; and XRE: Xenobiotic response
element. In D. melanogaster, only TFFM IDs are provided for models built based on a D. melanogaster PWMs. *For HSF, HIF1, MTF-1, and XBP1 a
vertebrate PWM was used.

Drosophila melanogaster Human
Score Score

Transcription threshold Transcription threshold
Stress Factors PWM ID (PWM) TFFM ID factors PWM ID (PWM) TFFM ID
HSE/ARE/HRE/ HSF (18) MAO0486.2"  10.04 NA HSF1 (18) MAO0486.2 10.09 TFFMO0048.1

IRE/MRE/XRE

ARE/IRE DL (19) MA0022.1 8.48 TFFMO0158 NFKBI (20) MAO0105.4 10.35
HRE HIF1 (HIF1A, MA0259.1°  9.43 NA EGRI1 (22) MA0162.2 9.79 TFFM0020.1

tango-HIF1B) (21)

SP1 (20) MAO0079.3 10.48 TFFMO0097.1

MRE MTE-1 (23) PB0044.1" 9.27 NA - - - -
IRE CAD (19) MAO0216.2 10.12 TFFMO0159 - - — -

DEAF]1 (24) MAO0185.1 8.33 NA - - - -

NUB (78) MAO0197.2 8.99 NA - - - -

XBP1 (25) MAO0844.1"  9.69 NA - - - -
ARE/XRE CNC (20) MAO0530.1 9.97 NA - - - -
ARE - - - - NFE2L2 (200 MAO0150.2 9.56 TFFMO0071.1
ARE/HRE - - - - NRF1 (20) MAO0506.1 10.04 TFFM0082.1

- - - - CREBI (20) MAO0018.2 7.96 TFFMO0012.1
HRE/XRE - - - - API1 (FOS) MAO0476.1 10.46 TFFM0032.1

(20)

Description of the stress-related transcription factors, including the identifier (ID) of the position weight matrix (PWM) or transcription factor flexible
model (TFFM) used. The stresses analyzed were: HSE: Heat Shock element; ARE: Antioxidant response element; HRE: Hypoxia response element; IRE:
Immunity response element; MRE: Metal response element; and XRE: Xenobiotic response element. In D. melanogaster, only TFFM IDs are provided
for models built based on a D. melanogaster PWMs. *For HSF, HIF1, MTF-1 and XBP1 a vertebrate PWM was used.

Table 2. Prediction of binding motifs (TFBMs) and binding sites (TFBSs) in D. melanogaster and humans

TFBMs TFBSs
PWMs TFFMs Chip-seq

Ratio TE / Merged
Transcription Number back- Number TFBMs/
factors (TEs/Genome) % P-value TEs ground (TEs/genome) % P-value TFBSs
(A) D. melanogaster
CNC 1832/ 34 558 5.3 1 - - - - 1573
DEAFI 10 735/ 219 557 4.89 572¢73 - - - - 9042
MTF-1" 2223/ 29 964 7.42 262 - - - 1839
NUB 8666/ 181 721 4.77 570e73% - - - - 7335
XBP1" 528/ 10 402 5.08 0.86 - - - - 458
caudal 7068/ 123 046 5.74 5.87¢7% 1519 0.64 5907 / 35 630 1658  >le™3%3 8567
dorsal 5427/ 116 125 4.67 7466732 4579 1.16 985 / 2883 34.17 >1e323 7555
HSF” 480/ 7354 6.52 6.78¢~* 734 1.86 1643 / 4493 36.57 >le323 2191
tango 2754/ 62228 4.43 3.32¢7%0 1119 1.97 4349 /15238 28,54  >1e?B 4382
(HIF1B)
Total 39713/ 784 955 5.06 2.2e710 7995 - 12 884 / 58 244 2233 2.2e-16 42942
(B) Humans
CREBI 1462850/ 2434226  60.10 3.95¢732 308 156 0.89 2317/ 15908 1456 395738 1627554
EGRI 434593/ 1 169 693 37.15 2.77¢7322 196 187 1.15 9972/ 36 982 2696  3.95¢733 509377
FOS 324072/ 747 204 43.37 1.36e739 630618 0.89 45748/ 92 352 49.54  44e 130 370407
HSF1 83 286/ 211 771 39.33 1.18e7322 338290 0.69 343/ 1432 2395 3829 325915
NFE2L2 298 168/ 571 695 52.16 1.98¢7322 377740 0.95 639/ 744 85.89 1.42¢7 15 505947
NFKBI 30 447/ 49 199 61.89 3.95¢733 180383 1.47 12 638/ 28 678 4407 4.62¢7° 161213
NRF1 26327/ 127953 20.58 7.9¢7323 28 857 0.88 259/ 4511 5.74 3.95¢73% 37708
SP1 903 287/ 1929 185 46.82 1.53¢727 138185 1.94 4463/ 15 104 29.55 3957323 847478
Total 3563030/ 7240926  45.54 2.2¢710 2198416 - 76379 /195711 39.02  2.2¢710 4385599

“TFs for which a vertebrate PWM was used.

Number of PWMs and ChIP-seq peaks (TFBSs) predicted in TEs/number predicted in the genome. For TFFMs, the number of predictions in TEs, and
the ratio of predictions in TE versus background sequences is given. The merged TFBMs/TFBSs column shows the number of unique motifs/sites after
considering the overlapping of coordinates between PWM, TFFM and ChIP-seq peaks predictions.



(FastQC inspection), (iii) it includes an ‘input’ in the ex-
perimental setup and (iv) the cross-correlation profile (SPP
package) yielded a clear fragment length to continue with
the analysis. ChIP-seq experiments for each TF and its cor-
responding control were downloaded from NCBI (Supple-
mentary Table S2). We mapped the reads to version 6.04
of D. melanogaster genome using Bowtie (-v = 2, m = 99)
(33). We used CSEM to assign multi-mapping reads (32).
For each sample, we run a cross-correlation analysis using
SPP R package for ChIP-seq experiment quality assess-
ment and choose an appropriate fragment length for run-
ning MACS?2 peak calling software (34). The peak calling
with M ACS2 was done using the BA M files processed with
CSEM for the ChIP-seq experiment (-¢) and the input as
control. We enabled the —no-model and -extsize 200 param-
eters. For one experiment (caudal), we used the calculated
fragment length (123) instead of 200, because it yielded a
higher number of peaks with identifiable motifs. For each
TF, we merged peaks retrieved from replicas or different de-
velopmental stages into one single file using BEDtools.

For humans, we downloaded eight TFs ChIP-seq
datasets from the ENCODE project along with the TFFMs
that were constructed based on them (Table 1). All the
narrow Peak files coordinates were converted from hgl9 to
hg38. We calculated the overlap with our set of human TEs
with an in-house python script and BEDTools.

TE family enrichment

To calculate the enrichment score we use, the following for-
mula as in Sundaram et al. (2014) (5):

lor = log2((Number of TFBS in all TE copies / To-
tal length of TE family (Kb)) / (Number of TFBS in the
genome / genome size (Kb)))

In D. melanogaster, we removed nested TEs to avoid
counting twice the same TFBS, ending up with a dataset
of 3768 TEs. We focused on the 55 families with high copy
number: at least 20 genomic copies. We also required a total
length for the TE family of 1 Kb. For the ChIP-seq family
enrichment, we also required a minimum of five ChIP-seq
peaks in a family. We only consider peaks to belong to a TE
if the peak overlaps at least 75% with the TE. In humans,
we followed the same strategy used in D. melanogaster, but
we required a family to have at least 50 copies. In total, we
analyzed 1084 families. In both species, we used a threshold
of 1.5 in lor score, which equals 2.83 more TFBSs in TEs
than in the rest of the genome.

Overlap of TFBMs and TFBSs

We used BEDTools (35) and an in-house python script to
merge the TFBMs/TFBSs coordinates from the three dif-
ferent sources, PWM, TFFM and ChIP-seq peaks, into sin-
gle regions.

Open chromatin and CBP binding experimental data

We collected up to 12 ATAC-seq and FAIRE-seq ex-
periments and one ChIP-seq CBP experiment (36,37).
We converted the coordinates to the v6 D. melanogaster
genome and checked which TEs overlap with known open-
chromatin regions or contain a CBP peak. Overlapping

Nucleic Acids Research, 2019, Vol. 47, No. 13 6845

with open chromatin regions and permutation tests were
done using regioneR (38).

Epigenetic marks experimental data

The histone modification regions come from ChIP-seq data
with very high coverage (39). The peaks were called by Jung
et al. (2014) (39) using 100 million uniquely mapping reads
for H3K4me3, H3K36me3 and the input. We converted the
ChIP-seq peak coordinates to v6.04 of the D. melanogaster
genome. These experiments were done in the Oregon strain.
However, in this work we focused on the TEs annotated
in the reference strain (y';cn!, bw', sp'). To obtain a list
of TEs present in the Oregon strain, we run the presence
module from 7-lex2 (40) with DNA-seq data from mod-
ENCODE for the three experiments done with the Oregon
strain (SRP045325). We consider a TE to overlap an epige-
netic mark if it shares nucleotides with the TE and also with
the nucleotides located left or right of that TE (%1000 bp).
Currently, we can only estimate with confidence the pres-
ence of 3894 out of the 5416 TEs annotated in the reference
genome. We found that 2798 of these TEs were present in
the Oregon strain; for those TEs, we analyzed the presence
of epigenetic marks.

Evidence of selection

We used the list of TEs with evidence of selection reported in
Rech et al. (2019) (41). In addition, we also considered TEs
with evidence of positive selection based on iHS, HI2, nSL
and/or Fsr and located in low recombination regions that
were not included in Rech ef al. (2019) and were identified
using exactly the same procedure (Supplementary Table S3)
(41).

TFBS ratio

The TFBS ratio was calculated dividing the expected TFBS
in a TE given its length, using the g/m from Supplementary
Figure S2, by the number of TFBS found in a TE. For ex-
ample, a TFBS ratio of 1.2 means that we find 20% more
TFBS than expected in a given TE.

In vivo enhancer assays

Fly husbandry.  Flies were kept at 25°C, with 12-h light and
dark cycles, and 60% humidity. DGRP (Drosophila Genetic
Reference Panel) strains were used for generating the trans-
genic constructs (42).

Construct  design. For three TEs, FBti0019012,
FBti0061428 and FBti0019309, we amplified only the
TFBS containing part of the TE. For FBti0019197 and
FBti0019985, we amplified all the TE sequence. For
FBti0019978, FBti0019082, FBti0061578, FBti0019386 and
FBti0019453, we amplified the intergenic region containing
the TE and the intergenic region without the TE. In both
cases, the intergenic region was the 500 bp region on both
sides of the insertion. Finally, for FBti0018880 we cloned
three regions: only the TFBS containing part of the TE,
the intergenic region with the TE and the intergenic region



6846 Nucleic Acids Research, 2019, Vol. 47, No. 13

without the TE. We checked the polymorphism in several
DGRP lines with and without these insertions using the
online database POPDROWSER, and chose the two most
similar strains for the amplification (43). For the fixed TEs,
we amplified the two sides of the insertion separately and
joined them with a PCR step.

We also generated transgenic flies to be used as positive
controls for immunity (44), heat-shock (45) and for oxida-
tive stress (460) (Supplementary Table S4). As negative con-
trols, we generated transgenic flies with the empty vectors.
The primers used to amplify all the regions under study are
reported in Supplementary Table S4.

Genomic DNA was extracted with the Puregene Cell and
Tissue Kit (QIAGEN) and expand high fidelity Tag DNA
polymerase was used for DNA amplification (Sigma).

Embryo microinjections. We purified the vector with the
GeneEluteTM Plasmid Miniprep kit (Sigma) and prepared
the injection mix at 6 pg vector concentration diluted with
injection buffer (5 mM KCl, 0.1 mM sodium phosphate,
pH 6.8) We microinjected the constructs with the Eppendord
Femtojet 4i microinjector into a D. melanogaster strain with
a stable docking site (Bloomington Stock number: 24749).
Flies were crossed until homozygous flies for the insertion
were obtained. The insertion of the construct was verified
by PCR and sequencing. We generated three independent
stocks that were used as biological replicates for the qPCR
experiments.

Stress experiments

All experiments were performed with three biological repli-
cates of thirty 5 to 8 day-old females.

Oxidative stress. Flies were placed on 1.5% agar and
5% sucrose with (stress) and without (non-stress) 10 mM
Paraquat (Fisher Scientific) and kept at 25°C for 12 h. Af-
ter that, guts were dissected, flash frozen in liquid nitrogen
and stored at —80°C until RNA extraction.

Xenobiotic stress response. Scintillation vials (Labbox)
were coated with a solution containing 200 wl of acetone
and 50 wg dichlorodiphenyltrichloroethane (DDT) mix-
ture. Each vial was rolled until the acetone evaporated. The
vials were sealed with cotton balls soaked with 1 ml of 5%
sucrose solution as a source of food and water (47). Flies
were then kept at 21°C for 1,5 h because the efficiency of
the DDT is higher at lower temperature (48). RNA was ex-
tracted from the whole fly.

Immune stress. Flies were infected with Pseudomonas
entomophila, a gram-negative bacteria that infects D.
melanogaster in the wild (49). Prior to the infection, flies
were starved for 2 h. Then, they were placed in vials con-
taining food and a piece of filter paper soaked with 1.25%
of sucrose and bacterial pellet. The bacterial preparation
was adjusted to a final OD600 = 50-100 (50). Flies were
placed to the optimal infection conditions of the bacteria
(29°C and 65% humidity) for 10-12 h. The non-infected flies
were exposed to LB medium and 1.25% sucrose on the filter

paper. After 10-12 h depending on the strain, guts were dis-
sected, flash frozen in liquid nitrogen and stored at —80°C
until RNA extraction.

Heat-shock stress.  Flies were placed in empty vials in a
water bath at 36°C followed by a 1 h recovery time at room
temperature (25°C) (51). After the treatment, flies were flash
frozen with liquid nitrogen. The non-treated flies were kept
at room temperature for the same period of time and were
flash frozen with liquid nitrogen. Samples were stored at
—80°C until the RNA extraction. RNA was extracted from
the whole fly.

RNA extraction and cDNA synthesis. RNA was extracted
using GenElute™ Mammalian Total RNA Miniprep Kit
(Sigma Aldrich). We treated the RNA with DNAse 1
(Thermo Fisher Scientific) after the extraction. cDNA was
synthesized from 500 to 1000 ng of RNA using the NZY
First-Strand cDNA Synthesis Kit (NZYTECH).

gRT-PCR. Expression was measured using SYBR Green
master mix (BioRad) on an iQ5 Thermal cycler. Results
were analyzed using the ddCT method and the two-tailed
Student’s ¢-test (52).

RESULTS

We focused on six evolutionary conserved stress responses
that are relevant for D. melanogaster and human adap-
tation: heat-shock, oxidative, hypoxia, immune, xenobi-
otics and heavy-metal stress (Table 1). Through literature
searches, we identified the transcription factors (TFs) in-
volved in these six stress responses. In Drosophila, we an-
alyzed nine TFs available in JASPAR (12). When the D.
melanogaster motif was not available, we used the vertebrate
motif, as stress-related TFs are thought to be highly con-
served (15). For example, there is functional data showing
that human MTF-1 can restore to a large extent metal tol-
erance to flies lacking their own MTF-1 gene (53). Indeed,
we found that genes that have previously been reported as
heavy-metal responsive in D. melanogaster contained bind-
ing motifs for MTF-1 predicted with the human motif (Sup-
plementary Table S2). In humans, we analyzed the eight TFs
that were available in the ENCODE project, and PWMs
were downloaded from HomerMotifDB (54) (Table 1).
Besides predicting transcription factor binding motifs
(TFBMs), when available we used ChIP-seq data to identify
transcription factor binding sites (TFBSs). All the TFBS
predictions generated in this work are available at http:
/ldx.doi.org/10.20350/digital CSIC/8590

TEs contain stress-related TFBMs in D. melanogaster and in
humans

We used two different approaches to identify TFBMs: Po-
sition Weight Matrices (PWMs) and Transcription Fac-
tor Flexible Models (TFFMs) (Table 1, see ‘Materials and
Methods’ section). While PWMs consider that the nu-
cleotides within the TFBMs are independent, TFFMs take
into account nucleotide interdependencies and allow for
gaps, which improve the identification of some TFBMs (11).
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Figure 1. Percentage of transcription factor binding motifs (TFBMs) and
ChlIP-seq peaks (TFBSs) located in TEs in (A) Drosophila melanogaster
and in (B) Humans. In green, motif predictions using position weight ma-
trix (PWMs). The vertical dotted line depicts the expected percentage of
motifs in TEs in D. melanogaster (5.45%) and human (45.54%). In blue,
ratio of number of motifs predicted in TEs and number of motifs predicted
in background sequences with the same properties than TEs. The expected
ratio is 1 (vertical dotted line). In orange, percentage of ChIP-seq peaks
located in TEs. The expected percentages of TFBSs falling in TEs are rep-
resented as vertical dotted lines as in the PWM predictions.

PWMs predictions.  For all TFs, we predicted motifs using
PWMs with the software TFBSTools (26), and we adjusted
the score threshold for each TF (Table 1 and Supplementary
Figure S1A; see ‘Materials and Methods’ section). Overall,
the percentage of TFBMs in TEs appears to be small in D.
melanogaster (4.43-7.42%, Table 2A). The 5416 TEs anno-
tated in the reference genome represent 5.45% of the eu-
chromatic fraction of the D. melanogaster genome, and on
average 5.06% of TFBMs are located in TEs suggesting that
overall TEs contained a similar number of TFBMs than ex-
pected if motifs were randomly distributed in the genome
(Figure 1A and Table 2A). Only MTF-1 motifs were slightly
enriched in TEs (1.4-fold enrichment, P-value = 2.62¢*,
Table 2A). We tested whether removing the INE-1 family
from the analyses affected these results. While the major-
ity of D. melanogaster TE families are active or have been
recently active, and contain from a few to 100 copies, the
INE-] family contains ~2000 copies and has been inactive
for the past ~3- 4.6 million years (55-57). We found that
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overall, non-INE-I TEs were not enriched for TFBMs ei-
ther (Supplementary Figure S3).

In humans, we also focused on the TEs annotated in the
reference genome: 4 510 651 TEs. We found that the percent-
age of predicted TFBMs inside TEs was quite variable, from
21% to 62% (Figure 1B and Table 2B). Some TFs such as
CREBI or NFKBI have slightly more TFBMs within TEs
than expected considering that TEs constitute 45.5% of the
human genome (1.3-fold enrichment, P-value = 3.95¢73%
and 1.4-fold enrichment, 3.95¢=3%3, respectively, Figure 1B
and Table 2B).

TFFMs predictions. For D. melanogaster, we constructed
TFFMs for the four TFs for which ChIP-seq data are avail-
able (Supplementary Table S1 and see ‘Materials and Meth-
ods’ section). The number of predicted binding motifs in D.
melanogaster TEs for all TFs was smaller compared to the
PWM predictions except for HSF (Table 2A). This can be
partially explained because this motif has one gap at posi-
tions 9-10 (Supplementary Figure S1), and as mentioned
before, TFFMs are able to handle small gaps. In addition,
PWM predictions for HSF were made using the human
PWM, while for the TFFM we used D. melanogaster ChIP-
seq data. We also predicted motifs in a set of background
sequences and estimated the ratio of predictions in TEs ver-
sus the background sequences (see ‘Materials and Methods’
section). The ratio was between 0.64 and 1.97 depending on
the TF analyzed (see ‘Materials and Methods’ section; Ta-
ble 2A and Figure 1A).

In humans, TFFMs were available for all eight TFs ana-
lyzed (Table 1 and Supplementary Figure S1B). The num-
ber of TFBMs predicted using TFFMs was quite vari-
able (Table 2B). Similar to the results obtained with D.
melanogaster, the ratio also varied depending on the TF an-
alyzed (see ‘Materials and Methods’ section; Table 2B and
Figure 1).

Overall, our results suggest that TEs contain a vari-
able number of bindings sites for the TFs studied in D.
melanogaster and in humans. Only for some TFs, we did
find a slight enrichment of binding sites in TEs (Figure 1
and Table 2).

TEs are enriched for some stress-related TFBSs in D.
melanogaster and humans

Not all the predicted TFBMs will be actively bound by
their corresponding TFs (58,59). Thus, besides TFBMs we
searched for TFBSs using available ChIP-seq datasets (Sup-
plementary Table S1).

In D. melanogaster, there is ChIP-seq data available in
non-stress conditions for four of the nine TFs studied (Ta-
ble 2A). Based on these data, we retrieved a total of 58 244
TFBSs, of which 12 884 were located within TEs (Table 2A
and Figure 1A). This is one order of magnitude less than
the total number of predicted motifs with PWMs: 784 955.
This suggests that most of the TFBMs predicted would not
be bound by the TF, at least in the conditions and develop-
mental stages in which the ChIP-seq experiments were per-
formed. The number of TFBSs varies among TFs, which
could be partly explained by the different number of exper-
iments analyzed (Supplementary Table S1). While the num-
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ber of TFBMs in TEs was overall not higher than expected
if motifs were randomly distributed in the genome, when we
looked at the ChIP-seq peaks, up to 37% of them occur in
TEs (6.7-fold enrichment, P-value < 1 e-?3), with an aver-
age of 22% (4.1-fold enrichment, P-value = 2.2¢'°, Table
2A and Figure 1A).

In humans, there are ChIP-seq data available for all eight
TFs studied (see ‘Materials and Methods’ section). Overall,
the proportion of TFBSs occurring within TEs is smaller
than expected for all TFs, except for NFE2L2 (1.9-fold en-
richment, P-value = 1.42¢~'!°, Table 2B and Figure 1B).
For HSF1, we also analyzed a ChIP-seq dataset obtained in
stress conditions (60). In non-stress conditions, 22.94% (120
out of 523) of the peaks were located inside TEs, while in
stress conditions 32.06% (680 out of 2121) of the peaks were
inside TEs, suggesting that we might be underestimating the
number of peaks in TEs by analyzing non-stress conditions.
While more TFBS were identified in stress conditions com-
pared to non-stress conditions, 71% (369 out of 523) of the
peaks found in non-stress conditions are present in stress
conditions, suggesting that most of the peaks in non-stress
conditions were also present in stress conditions.

Overall, we found that TEs are enriched for caudal, dor-
sal, HSF and tango binding sites in D. melanogaster and for
NFE2L2 binding sites in humans (Figure 1 and Table 2).
Our results also suggest that we might be underestimating
the number of binding sites in TEs since we analyzed ChIP-
seq experiments performed in non-stress conditions.

TE families, superfamilies and classes are enriched for differ-
ent TFBMs/TFBSs in D. melanogaster and humans

It has been described that particular TE families and TE
classes are enriched for TFBSs (5,8). Thus, we measured the
enrichment of TFBMs/TFBSs in TEs at the family, super-
family and class levels. In D. melanogaster, we found 14 fam-
ilies enriched both for TFBMs and TFBSs (Supplementary
Table S5A and B). If we take into account the copy number
of the families enriched for a certain TF, the three largest
TE families (/360, Crla and roo) were enriched for tango
(HIF1B) TFBSs, suggesting that these families could signif-
icantly contribute to the spreading of hypoxia response el-
ements (HRE) in the D. melanogaster genome (Figure 2A).
At the superfamily level, only TEs that belong to the P
and BEL superfamilies were enriched both for TFBMs and
TFBSs (Supplementary Table S5C and D). Finally, at the
classlevel, LTRs, nonLTRs, and DNA transposons were en-
riched for TFBSs for at least one TF (Supplementary Table
S5E). Note that LTRs are known to be enriched for TFBSs
in human and mouse (5,8).

In humans, 214 families were enriched both for TF-
BMs and TFBSs (Supplementary Table S6A and B). The
five families with the highest copy numbers were enriched
for FOS, NFE2L2 and/or NFKBI binding sites suggest-
ing that these families could significantly contribute to the
spreading of these three response elements (Figure 2B). At
the superfamily level, six superfamilies were enriched both
for TFBMs and TFBSs (Supplementary Table S6C and D).
Finally, SINE were enriched both for TFBMs and TFBSs,
while DNA transposons, LTRs, and LINEs were enriched
for TFBSs (Supplementary Table S6E and F).

Overall, both in D. melanogaster and in humans, we
found enrichment for different TFBMs/TFBSs at the fam-
ily (Figure 2), superfamily and class levels (Supplemen-
tary Tables S5 and S6) suggesting that they could signif-
icantly contribute to the TFBMs/TFBSs repertoire in D.
melanogaster and in humans.

The overlap between TFBMs and TFBSs predictions varies
among stress-related TFs in D. melanogaster and humans

To identify the unique TFBMs/TFBSs in TEs, we checked
the overlap among the predictions of the three methodolo-
gies used. The overlap between PWMs and TFFMs was in
general low for all TFs in both species (Figure 3 and Sup-
plementary Figure S4). If we consider the ChIP-seq peaks
as true binding events (not necessarily functional), we ob-
served that neither PWM nor TFFM predictions alone are
able to predict all binding sites for a given TF (Figure 3 and
Supplementary Figure S4). As mentioned above, only for
some TFs, such as HSF in D. melanogaster, TFFMs outper-
formed PWMs at predicting motifs (Figure 3A). In humans,
only FOS showed a high overlap between motif predictions
and ChIP-seq peaks, while for other TFs the overlap was
quite small (Figure 3B and Supplementary Figure S4B).

The fraction of ChIP-seq peaks for which we could not
predict a motif with either PWMs or TFFMs might be ex-
plained by indirect binding through another TF, undiscov-
ered minor motifs, or unspecific binding (5,61). Similarly,
the fraction of motifs predicted by PWMs or TFFMs that
did not overlap with a ChIP-seq peak could be explained be-
cause ChIP-seq data were obtained in non-stress conditions,
and for a few developmental stages. Thus, because all three
methods have limitations, to obtain the unique number of
TFBMs/TFBSs identified, we merged the predictions for
those TFs where we had multiple sources of motif and/or
binding predictions (Table 2).

For the rest of this work, we focused on D. melanogaster
TFBMs/TFBSs predictions as our ultimate goal was to test
whether a subset of TFBMs/TFBSs were functional by us-
ing in vivo reporter gene assays.

TEs containing TFBMs/TFBSs are not globally enriched for
enhancer and/or promoter distinctive features

To further investigate the potential role of TEs with pre-
dicted TFBMs/TFBSs as enhancers or promoters, we
checked whether these TEs were enriched for several dis-
tinctive features associated with these regulatory regions:
location in open chromatin, co-binding of CREB-binding
protein (CBP), and presence of active histone marks. We
also checked the genomic location of the identified TEs.
We considered all the TEs with at least one predicted
TFBMs/TFBSs (3593 TEs) and the TEs with three or more
TFBMs/TFBSs (2183 TEs) as it has been shown that func-
tional regulatory regions tend to be bound by multiple re-
lated TFs, usually three or more (58,62,63). Indeed, we
found that the number of unique predicted TFBMs/TFBSs
correlates very well with TE length: most TEs have at least
one motif prediction if they have a minimum length of 220
bp (Supplementary Figure S2).

Active transcription has been linked to changes in nu-
cleosome organization in regulatory elements due to TF
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Figure 3. Overlap of TFBMs and TFBS predictions. Venn diagrams show-
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ChIP-seq) within TEs for representative transcription factors in panel (A)
D. melanogaster and panel (B) humans. A motif/peak is considered as
shared if there is overlap in their coordinates. Note that a ChIP-seq peak
can overlap with several motifs.

binding (36). Thus, identifying motifs located within open
chromatin regions should be an effective strategy to iden-
tify functional binding sites (64). By combining, all ATAC-
seq and FAIRE-seq experiments performed in Davie et al.
(2015) and Koenecke ef al. (2016), we obtained 36 507 dis-
tinct open chromatin regions (36,37). Only 637 open chro-
matin regions were detected inside TEs, corresponding to
489 unique TEs. This overlap is much smaller than expected
by chance (permutation test, P-value = 0.0002, Supplemen-
tary Figure S95), suggesting that TEs in D. melanogaster
do not tend to be located in open chromatin regions, as
has been previously reported in humans (65). Overall, TEs
containing one or more TFBMs/TFBSs were not preferen-
tially located in open chromatin regions if we consider each
one of the TFs independently (Figure 4 and Supplemen-
tary Table S7) or altogether (Supplementary Table S8). The
same result was obtained for TEs containing three or more
TFBMs/TFBSs (Supplementary Table S8). The only excep-
tions were TEs containing TFBMs/TFBSs for XBP1, which
were slightly enriched in open chromatin regions (14.49%
versus 9.04%, P-value = 0.04, Supplementary Table S7).
We also looked for evidence of co-binding of CBP, which
has a role as an activator of several TFs, some of them re-

lated to different stress responses, such as CNC (66), HSF
(67), HIF1A (68), MTF-1 (69), or immune response (70).
We identified 815 TEs that contain a CBP-binding region.
We did not find significantly more CBP interactions in TEs
that have one or more TFBMs/TFBSs (Figure 4 and Sup-
plementary Table S7), while we see a depletion of CBP
peaks in TEs that contain one or more ChIP-seq peaks for a
stress TF (Figure 4 and Supplementary Table S7). Overall,
TEs with one or more TFBMs/TFBSs and TEs with three
or more TFBMs/TFBSs are not enriched for CBP binding
sites (Supplementary Table S8).

Binding of TFs to TEs has been found to be strongly as-
sociated with the epigenetic status of a TE (5,71). Indeed,
TEs have been postulated as tissue-specific gene regula-
tors through epigenetic modifications (72). We thus looked
for the presence of two key histone modifications in TEs:
H3K4me3 and H3K36me3, associated with promoters and
transcriptional elongation, respectively (39, see ‘Materials
and Methods’ section). We found that 286 TEs contained
the H3K4me3 histone mark, and 584 TEs contained the
H3K36me3 histone mark (Supplementary Table S9). We
found that TEs containing TFBSs for HSF and dorsal
were enriched for H3K4me3 and/or H3K36me3 (P-value
= 1.11e7'° and 1.57e~'8, respectively, Figure 4 and Sup-
plementary Table S7). Note that histone marks are highly
variable across cell types and strains; thus, the fraction of
TEs with active epigenetic marks is an underestimation, and
many more might be identified in other cell types or condi-
tions.

Finally, we also tested whether TEs with TFBMs/TFBSs
were located in proximal regulatory regions. We defined the
proximal regulatory region of a gene as the 1000 bp up-
stream the TSS, the SUTR, and the first intron. Only TEs
containing TFBSs for dorsal were slightly enriched in reg-
ulatory regions (P-value = 3.19¢™*, Figure 4 and Supple-
mentary Table S7).

Overall, TEs containing one or more, or three or more,
TFBMs/TFBSs were not globally enriched for enhancer or
promoter features (Figure 4 and Supplementary Table S8).
Only TEs containing TFBMs/TFBSs for XBP1, HSF and
dorsal were enriched in open chromatin regions, active hi-
stone marks and/or regulatory regions (Figure 4 and Sup-
plementary Table S7).

TEs with three or more TFBMs/TFBSs were present at
higher population frequencies

We expect TEs with functional TFBMs/TFBSs to be
present at high frequencies or fixed in populations due
to an increase in fitness of the individuals that carry
them. We found that the proportion of TEs with one or
more TFBMs/TFBSs present at high frequencies (>10% to
<95%) in populations is significantly higher than the pro-
portion of all TEs present at high frequencies in the genome
(16.2% versus 11%, P-value < 2.2e~'¢, Table 3). This per-
centage increased when we only considered TEs with three
or more TFBMs/TFBSs (25.9%), and it was even higher in
the subset of TEs that have ChIP-seq evidence for three or
more TFBSs (42.1%, Table 3).
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Figure 4. Enhancer/promoter genomic characteristics in TEs with predicted TFBMs/TFBSs in D. melanogaster. Percentage of TEs with at least one
TFBMs/TFBSs for each one of the nine transcription factors studied overlapping with (A) open chromatin regions, (B) containing a CBP peak, (C)
enriched for active histone marks or (D) located in a regulatory region. In purple, merged dataset of TFBMs/TFBSs and in orange dataset with evidence
from ChIP-seq. The vertical dotted line showed the expected percentage for each feature.

Table 3. Number of TEs containing one or more, or three of more TFBMs/TFBSs present at high population frequencies or fixed

High freq TEs

Fixed TEs (non-INE-1) Fixed TEs (INE-I)

Dataset TE # TE # % P-value TE # % P-value TE # % P-value
All TEs with 3894 424 11 NA 855 22 NA 2234 58 NA
frequency estimations

>1 TFBSs 2438 396 16.2 <22e710 621 25.5 <22e710 1086 44.5 <2.2e716
>3 TFBSs 1314 340 25.9 <2.2e716 386 29.4 <22e710 275 20.9 <2.2e716
>3 Chip-seq TFBSs 311 131 42.1 <22e710 12 3.9 <22e716 0 0 <2.2e716

For the fixed non-INE-1 TEs, we observed a small in-
crease in the proportion of TEs with one or more TFBS
present at high frequencies in populations (22% versus
25.5%, P-value < 2.2¢~'¢, Table 3). However, we found
a significant decrease when we only considered ChIP-seq
peaks (3.9%, P-value < 2.2e~!¢, Table 3). This can be ex-
plained by the shorter length of fixed TEs that makes it more
difficult to detect three relatively large non-overlapping
ChIP-seq peaks in this dataset. Finally, the proportion of
TEs from the INE-I family decreased in the datasets of
TEs with TFBMs/TFBSs consistent with these TEs having
reached fixation in populations through neutral processes
rather than positive selection (Table 3).

Overall, these results suggest that the subset of TEs con-
taining three or more TFBMs/TFBSs, and especially those
TEs with evidence coming from ChIP-seq experiments,
could be enriched for functional TFBMs/TFBSs, as the
proportion of these TEs present at high frequencies in pop-
ulations is higher compared to all TEs in the genome. On
the other hand, INE-1 elements were depleted for TEs with
three or more TFBMs/TFBSs.

TEs containing three or more TFBMs/TFBSs and present
at high population frequencies were enriched nearby stress-
associated genes

We tested whether TEs containing three or more
TFBMs/TFBSs were enriched nearby stress-associated
genes. Briefly, we considered as stress-associated genes those
identified in GWAS, QTL, transcriptomics and/or protein—
protein interaction analysis as described in Rech et al
(2019) (41). We first confirmed that the promoters of genes
that have been reported as stress-associated are enriched
for the corresponding stress-associated TFBMs/TFBSs
compared with the promoters of nonstress-associated genes
(Supplementary Figure S6 and Supplementary Table S10).

We observed that high frequency TEs were more often
located nearby stress-response genes (28.81% versus 18.93,
P-value = le~%, Supplementary Table S11A). This associa-
tion was also significant for TEs present at high frequencies
and containing three or more TFBMs/TFBSs (30.31% ver-
sus 18.83, P-value = 9.16e~7, Supplementary Table S11B).
Thus, TEs containing three or more TFBMs/TFBSs and
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Figure 5. Characteristics of TEs containing three or more
TFBMs/TFBS present at (A) high frequency or (B) fixed (non-INE-1).
Histone mod: TE bears H3K4me3 or H3K36me3 marks associated with
active chromatin. Open chromatin: TE is located in an open chromatin
region. Evidence of selection: TEs with evidence of selection (41).
Reg. region: TE is located in the proximal regulatory region of a gene
(promoter, S’UTR or first intron). Gene association: TEs located nearby
stress-associated genes. Ratio TFBS: TE contains 20% more TFBS than
expected given their length.

present at high population frequencies are enriched nearby
stress-associated genes.

TEs containing TFBMs/TFBSs affect the expression of
genes that were already part of a stress regulatory network

We summarized all the information suggesting that TEs
could be adding functional TFBMs/TFBSs (Figure 5 and
Supplementary Table S12). Based on our results, we focused
on those TEs containing at least three TFBMs/TFBSs, and
present at high population frequencies or fixed (non-/NE-
1). We considered TEs that were (i) enriched for active hi-
stone marks, (ii) located in open chromatin regions, (iii)
located in regulatory regions, (iv) located nearby stress-
associated genes and/or (v) have more TFBSs than expected
given their total length (ratio TFBS, see ‘Materials and
Methods’ section). In addition, we also considered whether
there is evidence suggesting that the region flanking the TE

insertion is under positive selection (41, see ‘“Materials and
Methods’ section). We found that 73 TEs containing at least
three TFBMs/TFBSs, and present at high population fre-
quencies or fixed (non-INE-1) showed signatures of selec-
tion in their flanking regions (Supplementary Tables S3 and
S12).

We found that 82.5% (264 out of 320) of the TEs with
three or more TFBMs/TFBSs and present at high popula-
tion frequencies have at least one additional line of evidence
suggesting that they might be functional. This percentage
is significantly smaller for fixed non-INE-1 TEs suggesting
that fixed non-INE TEs are less likely to contain functional
TFBMs/TFBSs (63%, 243 out of 386, chi-square P-value <
0.0001).

We chose 11 TEs with at least one additional line of ev-
idence to perform in vivo enhancer reporter assays (Table
4). We also included in Table 4 three TEs, tdn8 (transpac),
FBti0020057 (BS) and FBti0018868 (297), which were pre-
viously tested in our laboratory (44). All these TEs con-
tained three or more TFBMs/TFBSs, except FBti0019453
(jockey) that contained two and FBti0020057 (BS) that con-
tained one (Table 4). The majority of them were present
at high population frequencies, except FBti0019197 (Tcl)
and FBti0061578 (baggins) that were fixed. Based on the
TFBMs/TFBSs added by the TE and on the functional in-
formation available for the nearest gene, we tested the role
of these TEs in four stress responses: heat-shock, oxidative,
xenobiotic and immune (Table 4). Seven of the 14 TEs were
tested in two stress conditions.

Six of the 14 tested TEs affected the expression of the re-
porter gene under stress conditions: three TEs up-regulated
and three down-regulated the reporter gene (Table 4 and
Figure 6; Supplementary Table S13). Four of the six vali-
dated TEs added TFBSs that were already present in the
promoter region of the nearby gene (Table 4). For five of
the six validated TEs, the intergenic region containing the
TE was compared with the intergenic region cloned from
a strain without the TE insertion, while in the other case
only the TE was cloned and significance was determined by
comparing with the empty vector (see ‘Materials and Meth-
ods’ section). On the other hand, only the TE or only the
TE fragment containing the TFBMs/TFBSs was cloned for
five of the eight TEs that were not validated (Supplementary
Table S13). These results suggest that in most cases the TE
sequence is not enough to drive the expression of nearby
genes but rather modulates their level of expression.

Finally, for three insertions, we cloned the TE in sense and
in antisense orientation. We did not find differences between
the two constructs: FBti0019985 (roo) affected the expres-
sion of the reporter gene regardless of the orientation while
FBti0019012 (pogo) and FBti0019309 (1360) did not affect
the expression in any of the two orientations (Table 4 and
Supplementary Table S13).

DISCUSSION

In this work, we showed that transposable elements (TEs)
contribute to stress-related transcription factor binding
motifs/sites (TFBMs/TFBSs) in D. melanogaster and in hu-
mans. This contribution is transcription factor (TF) spe-
cific, ranging from 17% to 37% in D. melanogaster and from
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Table 4. Results summary for the in vivo enhancer assays performed

TFBS/TFBM q-PCR result (¢-test P-value)
Experimental
TE Family Class TE Reg. region Additional evidence design Stress tested Control Treated Reference
FBti0019386 DEAF1: 1 CAD: 2 Regulatory region CBP Intergenic IRE No Up- This work
Invader4 LTR CAD: 1 NUB: 1 TFBS ratio Histone regulation
tango:1 DEAFI1: 1 marks Selection evidence (8.91E-05)
dorsal: 1
FBti0019082 Rt1b CAD: 1 NUB: 2 Regulatory region Open Intergenic IRE No Down- This work
non-LTR DEAF1: 3 XBP1: 1 chromatin CBP Histone regulation
MTEF-1: 3 marks Selection evidence (0.033)
CNC: 3
dorsal: 2
FBti0019985 roo DEAF1: 1 DEAF1: 1 Regulatory region TE/antisense IRE No Up- This work
LTR NUB: 1 Selection evidence TFBS regulation
MTF-1: 1 ratio (0.0126)
dorsal: 1
TE/sense No Up- (44)
regulation
tdn8 transpac LTR NUB: 2 NA Regulatory region Intergenic IRE No Up- (44)
DEAF1: 4 regulation
(0.046)
FBti0020057 BS NUB: 1 NUB: 3 Regulatory region Open Intergenic IRE Down- Down- (44)
non-LTR CAD: 1 chromatin Gene: Achp6 regulation regulation
DEAF1:1 Selection evidence (0.0193) (0.0161)
FBti0019453 jockey ~ NUB: 1 NUB: 2 Regulatory region Open Intergenic XRE No No This work
non-LTR CAD: 1 DEAF1:1 chromatin Selection
evidence
IRE No Down- This work
regulation
(0.007)
FBti0019012 Pogo NUB: 4 NUB: 3 Regulatory region Gene: TFBS/sense IRE No No This work
TIR HSF:1 tango: DEAF1: 1 mir-31a TFBS ratio
2 CAD: 2 XBPI: 1
dorsal: 1
HSE No No This work
TFBS/antisense HSE No No This work
FBti0019309 7360 DEAF1:2 NUB: 3 Regulatory region TFBS TFBS/sense IRE No No This work
TIR NUB: 3 CAD: 1 ratio
MTF-1:2 DEAF1:2
tango: 1 dorsal:1
TFBS/antisense HSE No No This work
FBti0018880 Baril CNC: 1 MTF-1: 1 Regulatory region TFBS TFBS ARE No No This work
TIR DEAF1:3 DEAF1:2 ratio Gene: Jheh2
NUB: 2 Selection evidence
MTF-1: 1
HSF: 2
tango: 1
CAD: 2
dorsal: 3
Intergenic ARE No No This work
IRE No No This work
FBti0061428 Hobo dorsal: 3 NA Open chromatin Histone TFBS IRE No No This work
TIR DEAF1: 3 marks Gene: CG31809
tango: 2 TFBS ratio
CAD: 2
CNC: 1
HSE No No This work
FBti0019197" Tel tango: 1 MTF-1: 1 Regulatory region TE IRE No No This work
TIR dorsal: 1 NUB: 1 Histone marks
CAD: 1
ARE No No This work
FBti0019978 1360 MTF-1:2 MTF-1: 1 Regulatory region Open Intergenic XRE No No This work
TIR tango: 1 CAD: 1 chromatin Histone
CAD: 1 DEAF1: 1 marks
HSF:1
DEAF1: 1
DEAF1:2 CAD: 1 Regulatory region Intergenic ARE No No This work
FBti0061578" haggins tango: 1 DEAF1: 1 Histone Marks TFBS

non-LTR dorsal: 1 ratio Gene:CG2217
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Table 4. Continued

TFBS/TFBM q-PCR result (z-test P-value)
Experimental
TE Family Class TE Reg. region Additional evidence design Stress tested Control Treated Reference
IRE No No This work
FBti0018868 297 DEAFI: 1 NA Regulatory region TFBS TE IRE No No (44)
LTR NUB: 1 ratio Gene: TM4SF
CAD: 1

“Fixed TEs; In bold, TFs for which the evidence for the presence of TFBSs in that particular TE comes from ChIP-seq data. Experimental design indicates the region that was
cloned in front of the reporter gene. We also included the data for three reporter assays performed previously in the lab (44).

FBti0019386 FBLti0019082 FBLti0019453 FBti0019985
* * * *

(S}
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<
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Figure 6. Four TE insertions analyzed in this work affect the expression of a reporter gene. qRT-PCR experiments comparing the expression of the gfp
reporter gene in transgenic flies containing the genomic region under study without the TE insertion (gray) and with the TE insertions (red), in stress and
non-stress conditions. The error bars represent the standard deviation of three biological replicates. Significant results are indicated with *.

6% to 86% in humans (Figure 1 and Table 2). This is con-
sistent with previous reports in humans in which the con-
tribution of TEs was also highly TF specific (5,6). Some
of the families with the highest copy number, such as /360
and Crla in D. melanogaster and MIRb and L2c¢ in hu-
mans, were enriched for TFBSs suggesting that these fam-
ilies could be significantly contributing to the spreading
of particular stress response elements (Figure 2). Indeed,
MIRs have previously been shown to contribute to func-
tional enhancers genome-wide in mammals (73).

We showed that while D. melanogaster TEs are not en-
riched in open chromatin regions, TEs containing bind-
ing sites for HSF and dorsal were enriched for active hi-
stone marks (Figure 4). Histone marks are often used to
identify active regulatory regions at a genome-wide level
(72,74,75). Interestingly, SINEs involved in neural gene ac-
tivation were enriched for active histone marks in control
conditions suggesting that these insertions were epigeneti-
cally primed prior to neural activation (75). Thus, histone
mark enrichment in control conditions, as we have studied
in this work, could be informative about the enhancer role
of TEs in specific conditions.

We also found that TEs containing three or more TFBSs
had a higher proportion of TEs present at high population
frequencies (Table 3), and were enriched in the promoter re-
gions of stress-related genes, suggesting that this subset of
TEs is likely to be enriched for functional TFBSs. Our re-
sults are consistent with previous studies showing that TEs

containing three or more TFBSs are more likely to be func-
tional (58,62,63). Indeed, based on the integration of ChIP-
seq data for enhancer histone marks and TFs, ERVs have
been shown to disproportionally overlap with genomic re-
gions showing combinatorial binding of several TFs (76).

While we could not confirm the functional role of the two
TEs that were fixed in all the populations analyzed, six of
the 12 TEs present at high population frequencies were vali-
dated (Table 4). Five of these six TEs affected the expression
of the nearby gene only under stress conditions suggesting
that their effect is stress-response specific (Table 4). Most
of these TEs, four out of six, add TFBSs that were already
present in the promoter region of the nearby gene. This re-
sult suggests that rather than recruiting new genes to stress-
regulatory networks, these TEs affect the level of expression
of genes that were already part of the cellular stress response
(Table 4).

Interestingly, all six validated TEs were either LTR or
LINE elements, while most of the non-validated TEs, six
out of eight, were TIR elements (Table 4). Each vali-
dated TE belong to a different family: Invader4, Rt1b, roo,
transpac, BS and jockey. These results suggest a different dy-
namics in D. melanogaster compared with humans or mouse
in which often is a particular TE family or subfamily that
contributes most of the TFBSs for a given TF (72-73,75,77).
It is also noteworthy that five of the six TEs that were func-
tionally validated showed signatures of selection in their
flanking regions, suggesting that the changes in expres-



sion they induced could have an adaptive effect (Supple-
mentary Table S3). Three of these TEs are associated with
down-regulation of the reporter gene (Table 4). These three
insertions contain TFBMs related with immune-response
TFs, with some of them involved in the negative regula-
tion of genes in response to an immune challenge (78). Fi-
nally, we cannot discard that mechanisms other than adding
TFBMs/TFBSs could affect the changes in expression of
the reporter gene described in this work as TEs have been
shown to affect gene expression through a variety of mech-
anisms (1,2).

While it is possible that the non-validated TEs are false
positives, that is, TEs containing non-functional TFBSs, it
could also be that these TEs are false negatives. First, in or-
der for some TFs to be able to bind the DNA, they could re-
quire genomic context that is missing in the genomic region
where the transgene is inserted. For example, it has been
reported that binding of HSF to the corresponding motif
sequences required the presence of active chromatin marks
(79). Moreover, instead of affecting expression of nearby
genes, it has been argued that TEs containing TFBSs could
provide a buffer of extra binding sites to trap TFs or could
serve as a landing pad to allow TFs to scan the DNA (5).
Thus, although we cannot discard that the non-validated
TEs are indeed non-functional, there are other possible ex-
planations for the lack of effect of these TEs on the expres-
sion of the reporter gene. If we extrapolate our validation
rate to the subset of TEs with similar characteristics, we can
speculate that at least 132 reference TE insertions in the D.
melanogaster genome could be adding functional TFBSs to
their nearby genes. This is likely an underestimation as we
only analyzed binding peaks in non-stress conditions. Thus,
our results suggest that TEs are likely to be important con-
tributors to the regulation of stress-response genes in the D.
melanogaster genome. Experimental data on binding sites
and chromatin features, obtained both under control and
stress conditions, should help further quantify their contri-
bution.
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Supplementary Data are available at NAR Online.
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