H
Nucleic Acids Research, 2025, 53, gkaf486
https://doi.org/10.1093/nar/gkaf486
Gene regulation, Chromatin and Epigenetics
e OXFORD
ANNIVERSARY

RNA-binding protein Ars2 mediates transcriptional
silencing of telomeric repeats and transposable elements
in the Drosophila germline

Valeriya Morgunova'-f, Anastasiya A. Kobelyatskaya'-?-{, Maksim Erokhin3, Olesya Sokolova’,
Tatyana V. Sizova', Dmitry A. Kwon?, Alla Kalmykova ©1-*

Koltzov Institute of Developmental Biology of Russian Academy of Sciences, Moscow 119334, Russia
2Engelhardt Institute of Molecular Biology of Russian Academy of Sciences, Moscow 119991, Russia
3Institute of Gene Biology of Russian Academy of Sciences, Moscow 119334, Russia

4Syntol LLC Company, Moscow 127434, Russia

“To whom correspondence should be addressed. Email: allakalm@idbras.ru
The first two authors should be regarded as Joint First Authors.

Abstract

Telomeres ensure genome stability and the levels of telomeric RNA reflect the integrity of telomeric chromatin. The highly conserved RNA-
binding protein Ars2 (Arsenite-resistance protein 2) plays an essential role in the RNA nuclear metabolism and negatively regulates the expression
of telomeric transcripts in human cells and in Drosophila. We found that germline knockdown of Drosophila Ars2 does not affect small RNA
abundance but causes overexpression of telomeric repeats and transposable elements (TEs), accompanied by chromatin decompaction of these
regions. The expression of a transgene containing the HeT-A telomeric retrotransposon was also affected by Ars2 knockdown. The mutation
of the G-rich region, which is prone to the formation of G-quadruplex structures, reduces the HeT-A transgene’s sensitivity to Ars2 depletion.
Intriguingly, Ars2-regulated non-telomeric TEs are also enriched by G-quadruplex structures, implying their role in the Ars2 target recognition. Ars2
also prevents the formation of R-loops at telomeres, which are most likely caused by the accumulation of unreleased transcripts. Surprisingly,
Ars2 is required for the expression of R1 retrotransposons, which are integrated in rRNA genes and essential for their amplification. Our findings
point to a new mechanism for control of expression of telomeric repeats and TEs in the germline involving Ars2.

Graphical abstract

Ars2 knockdown

Enhanced transcription of telomeric repeats

RNA

Telomere

Telomere

R-loops (59,6)|

Introduction scriptional silencing is not the only mechanism involved in

Suppression of transposable element (TE) activity and telom-
ere maintenance are the key mechanisms controlling genetic
stability. Small RNAs, Piwi-interacting RNAs (piRNAs), me-
diate transcriptional silencing of transposons in animal go-
nads [1, 2]. piRNAs are also involved in the regulation of
Drosophila telomeres, which are maintained by the transpo-
sitions of telomeric retrotransposons at the chromosome ends
[3, 4]. Despite its high capacity, the piRNA-mediated tran-

TE control. There is a growing body of evidence indicating
that the mechanisms of transcriptional repression act in con-
cert with co- and post-transcriptional mechanisms to limit TE
activity. In yeast, a coordinated action of transcriptional and
co-transcriptional pathways provides silencing of repetitive
loci and degradation of the emerging RNAs through the exo-
some or small RNA pathway [5-10]. In Drosophila, the Piwi—
piRNA complex is able to promote heterochromatin assembly
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at TEs [11-13], degradation of their transcripts in the cyto-
plasm accompanied by the amplification of piRNAs [14-17],
and co-transcriptional degradation of TE RNAs via recruit-
ment of the nuclear Ccr4-Not deadenylation complex [18].

Our study revealed a new mechanism of transcriptional si-
lencing of TEs and telomeric repeats in Drosophila mediated
by the RNA-binding protein Ars2. This highly conserved pro-
tein with unknown biochemical activity plays an essential role
in the nuclear metabolism of many types of RNA in plants,
yeasts, and animals [19]. In human cancer cells, ARS2 deple-
tion increased both steady-state and telomere-associated levels
of telomeric repeat-containing RNA (TERRA) [20] and reg-
ulates telomerase RNA processing [21]. In Drosophila, Ars2
also serves as a negative regulator of telomeric retrotranspo-
son expression, suggesting a conserved telomeric function for
Ars2 independent of the nature of telomeric repeats [22]. In
our study, we were primarily interested in understanding the
mechanisms of Ars2 effects on Drosophila telomeric repeat
transcription.

Telomerase was lost in Drosophila species. Telomeres in
Drosophila are elongated by retrotranspositions of special-
ized telomeric retroelements HeT-A, TART, and TAHRE to
the chromosome ends [23]. HeT-A, the basic structural telom-
eric element, is a non-autonomous retroelement with tran-
scripts that are functionally similar to the telomerase RNA
template; TART or/and TAHRE are thought to provide re-
verse transcriptase activity. Both species-specific features and
conserved mechanisms were identified in studies of the biogen-
esis of the Drosophila telomeres. One of the distinct features
of the telomeric chromatin in Drosophila is that telomere-
specific piRNAs mediate the recruitment of the heterochro-
matin protein 1 (HP1) to telomeres through the recognition of
telomeric retrotransposon transcripts [24]. The nuclear Ccr4-
Not deadenylase complex participates in co-transcriptional
recognition and degradation of telomeric HeT-A transcripts
in telomere-associated bodies but does not affect telomeric
chromatin state [18]. Our attention was drawn to the fact that
Ars2 depletion in the Drosophila germline led not only to a
hundred-fold increase in steady-state HeT-A RNA levels, but
also to an increase in nascent HeT-A transcript levels, suggest-
ing that RNA-binding protein Ars2 acts at the transcriptional
level [22]. Accumulation of HeT-A ribonucleoprotein parti-
cles following Ars2 depletion in the Drosophila germline and
syncytial embryos led to centrosome dysfunction, mitotic ar-
rest, and early embryonic lethality, indicating a crucial role of
Ars2 in oogenesis and early development [25].

ARS2 and its plant ortholog SERRATE are the critical fac-
tors of cell proliferation, early development, and stem-cell
maintenance (reviewed in [19]). ARS2 is considered an adap-
tor protein involved in the formation of higher-order co-
transcriptional complexes with diverse compositions, which
determine the fate of nascent RNA [26]. ARS2 interacts
with the RNA cap-binding complex and regulates the nu-
clear metabolism of many types of RNAs by affecting 3'-end
processing, export, and transcript decay [27-31]. In human
cells, ARS2 plays a genome-wide role in transcription termi-
nation of small nuclear RNAs (snRNA), enhancer RNAs, pro-
moter upstream transcripts, and histone mRNA (messenger
RNA) [27, 32, 33]. Ars2 is required for the biogenesis of hi-
stone mRNAs that are normally not polyadenylated and un-
dergo cleavage downstream of a 3’-end stem-loop structure
[33]. ARS2 is also required for the processing of a subset of mi-
croRNAs in Drosophila, mammalian cells [34, 35], and plants
[36, 37]. Both histone mRNA and microRNAs contain sec-

ondary structures suggesting that Ars2-containing complexes
could recognize and process structured RNAs. Despite a broad
spectrum of Ars2 functions, its specific biochemical activity
remains elusive.

In a few studies, the role of ARS2 in the recruitment of
chromatin-modifying enzymes was demonstrated. In the fis-
sion yeast, Schizosaccharomyces pombe, the Ars2 ortholog
was found in the nuclear RNA silencing complex participating
in the degradation of meiotic RNAs [38]. S. pombe Pir2ARS?
was also reported to mediate recruitment of Clr3 histone
deacetylase and histone chaperone FACT, which enforces tar-
get gene repression [39]. The Arabidopsis ARS2 ortholog
SERRATE recruits histone methyltransferases to repress TE
transcription [40]. In mammals, ARS2 is a transcriptional
regulator that is essential for mammalian neurogenesis [41,
42]. ARS2 depletion leads to reduced levels of transcrip-
tion start site (TSS)-associated RNAPII at protein-coding
genes [32]. These examples demonstrate that ARS2 act-
ing co-transcriptionally can be involved in the chromatin-
modifying complexes; however, the mechanisms underlying
ARS2-mediated chromatin effects are unclear. It also remains
an open question how this multifunctional protein is linked to
the biogenesis of telomeric transcripts.

Transposon activity, along with telomere length and stabil-
ity, which are critical for preserving genomic integrity across
generations, is most tightly regulated in the germline. The
processes governing telomere transcription and the mainte-
nance of telomeric chromatin in the germline appear to differ
from those in somatic cells [3, 18, 22, 24, 43, 44]. Here, us-
ing a genome-wide chromatin and transcription analysis, we
demonstrated that germline knockdown of Drosophila Ars2
does not affect small RNA abundance but causes derepression
of telomeric repeats and a group of non-telomeric TEs. This
effect was accompanied by chromatin changes and telomeric
DNA damage. Intriguingly, in contrast to the repressive role
of Ars2 in telomeres, it is essential for the transcription of the
R1 retrotransposons, which preferentially target rRNA genes
and are likely required for their amplification [45]. The bio-
genesis of the R1 family of domesticated retrotransposons,
which are found in many species, is still unknown. The iden-
tification of Ars2-mediated regulation of R1 expands the list
of significant Ars2 targets.

Overall, our findings demonstrated a novel level of reg-
ulation of telomeric repeats and transposable genetic ele-
ments in the germline mediated by Ars-dependent chromatin
remodeling.

Materials and methods

Drosophila melanogaster strains and genetic
constructs

The transgenic strain H111 bearing a construct containing
the HeT-A 3’ untranslated region (UTR) fragment fused to
lacZ in the CaSpeR-AUG-3-gal vector was used in the study
[46]. X-gal staining of the 3-galactosidase in the ovaries was
performed according to a previously published protocol [47].
The transgenic strains containing full-length tagged HeT-A
transgene were described previously [48, 49]. pUAST-HeTA-
HA-FLAG expresses HeT-A Gag protein tagged with HA
and FLAG epitopes. pUAST-HeTA-HA-FLAG_ms2 contains
the same HeT-A-HA-FLAG copy tagged by eight MS2 bacte-
riophage hairpins in the 3'UTR that allows detection of the
transgenic HeT-A RNA. The strain expressing Ars2-GFP was
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#318920 from Vienna Drosophila Research Center (VDRC).
The strains bearing the constructs with short hairpin (sh) RNA
were as follows: white (w)_sh (#30033, VDRC), Ars2_shl
(#106344, VDRC), Ars2_sh2 (#22575, VDRC), Ars2_sh3
(#35204, Bloomington Drosophila Stock Center, BDSC),
FLASH sh (#100082, VDRC), CPSF160_sh (#110571,
VDRC), spnE_shl (#103913, VDRC), and spnE_sh2
(#34808, BDSC). To induce tissue-specific RNAi knock-
downs, we used genetic crosses of strains expressing sShRNA
with driver strains P{GAL4-nos.NGT}40 (#25751, BDSC) for
the germline knockdown (GLKD) or P{GAL4-da.G32}UH1
for ubiquitous knockdown. Somatic tissues analyzed were
brain and imaginal discs of third instar larvae. The driver
strain P{GAL4-n0s.NGT}40 was maintained through “short
generations,” where offspring are from 3-day-old females.
Short generations are expected to lead to depletion of the
maternal pool of small RNAs, thereby ensuring stable expres-
sion of the short hairpin constructs targeted by endogenous
hsp70-directed piRNAs [50, 51].

The  construct  pUAST-attB-HeTA-HA-FLAG-G4mut
was created on the basis of pUAST-attB-HeTA-HA-
FLAG. To mutate the nucleotides of the HeT-A_G4_4
(DmHc) fragment, presumably involved in the for-
mation of the G-quadruplex (G4) [52, 53] and lo-
cated in the HeT-A 3'UTR, two fragments were am-
plified using primers HeTA_3UTR_s/DmHc_1_rev and
DmHc_2_fw/DmHc_2_rev on the template of pUAST-attB-
HeTA-HA-FLAG (Supplementary Table S1). Then, the two
polymerase chain reaction (PCR) fragments were combined
and amplified by HeTA_3UTR_s and DmHc_2_rev primers,
cut Kpnl and Xbal, and cloned into pUASTattB-HeTA-HA-
FLAG digested by Kpnl-Xbal. The construct was integrated
in the attP docking site on chromosome 3 (strain #24862,
BDSC) by $C31 attB recombination.

Detection of G-quadruplex DNA by native
polyacrylamide gel electrophoresis

Oligonucleotides listed in Supplementary Table S1 (3 ul of
5 uM solution) were incubated in 100 mM Tris—=HCI (pH 8.0)
and 10 mM KCI at 25°C for 20 min, and then run in 20%
polyacrylamide gels (acrylamide/bisacrylamide ratio 19:1) in
1 x TBE buffer [80 mM Tris-borate, 2 mM ethylenediaminete-
traacetic acid (EDTA), pH 8.3]. The gel was stained with a so-
lution of TOR-G4 (Lumiprobe, USA) according to the manu-
facturer’s instructions or with ethidium bromide (0.5 pg/ml).
The images were acquired using a ChemiDoc imaging system
(Bio-Rad, USA).

Dot-blot analysis of R-loops

Xbal-Kpnl fragments of HeT-A 3'UTR of pUAST-attB-
HeTA-HA-FLAG and pUAST-attB-HeTA-HA-FLAG_G4mut
were used to obtain constructs in pBlueScript SK(—) desig-
nated HeT-A_G4 and HeT-A_G4mut, respectively. The HeT-
A open reading frame (ORF) fragment comprising G4_1
and G4_2 motifs was amplified using primers indicated in
Supplementary Table S1 on the template of pUAST-attB-
HeTA-HA-FLAG and was cloned into pBlueScript SK(—)
(HeT-A_G4_1-2). A fragment of the HeT-A ORF (nucleotides
4330-4690 of GenBank sequence DMU06920) lacking G4
motifs and cloned in pBlueScript SK(—) was used as a
negative control (HeT-A_ORF). The fragments of gypsyl2
(chr2R:4272523-4274243) and Tirant (chr21:21041588-

21043676) retrotransposons were amplified using primers
indicated in Supplementary Table S1, utilizing the genomic
DNA of iso-1 strain used for the D. melanogaster genome
sequencing. These PCR fragments were subsequently used
to amplify gypsy12 and Tirant fragments comprising several
G4 motifs, and the amplicons were cloned in pBlueScript
SK(—) to generate the gypsy_G4 and Tirant_G4 constructs.
The orientation of fragments in all constructs ensured pro-
duction of sense RNA from the T7 RNA polymerase pro-
moter, while G4 motifs were located on the template strand.
All constructs were verified by Sanger sequencing. The con-
centrations of linearized templates were measured using a
Qubit 4 Fluorometer (Thermo Fisher Scientific, USA). The lin-
earized plasmids (200 ng per sample) were used for in vitro
transcription with T7 RNA polymerase. Aliquots of all sam-
ples were saved for electrophoresis. The sample was then pro-
cessed with RNase A to remove free RNA and obtain RNA-
DNA complexes. Half of the sample was treated with RNase
H, which eliminated RNA from an RNA-DNA hybrid, and
served as a control for the specificity of R-loop staining. Tris—
EDTA buffer (TE), pH 8.0 was used as a negative control.
DNA-RNA complexes were dot blotted and mobilized using
UV cross-linking onto Hybond N+ membrane (GE Health-
care, USA). The membrane was incubated with the $9.6 an-
tibody that recognizes DNA-RNA hybrids (Millipore, Ger-
many, MABE10935, 1:500), washed, and incubated with anti-
mouse IgG alkaline phosphatase conjugated antibody (Jack-
son ImmunoResearch, USA, 1:7000). The signals were de-
tected by Immun-Star™ AP Substrate (Bio-Rad, USA) and vi-
sualized by a ChemiDoc Imaging System (BioRad, USA). Sta-
tistical analysis of signal intensity on dot blots (7 = 4) was
performed using Image] tools (http://imagej.nih.gov/ij/).

Immunostaining, RNA fluorescence in situ
hybridization, and immunoprecipitation

Immunostaining and RNA fluorescence in situ hybridization
(FISH) combined with immunostaining were carried out ac-
cording to the published protocols [54]. The previously pub-
lished protocol [55] was used for the R-loop immunostain-
ing with modifications. After fixation, the specimens were in-
cubated with 50 pg/ml proteinase K solution in 1x phos-
phate buffered saline for 8 min. RNase Il and RNase H treat-
ments were done in blocking buffer (3% bovine serum albu-
min, 0.2% NP-40, 0.2% Tween 20, 10% dry milk) contain-
ing 3 mM MgCl, with RNase III (New England Biolabs, USA)
and RNase H (for RNaseH+ controls) (New England Biolabs,
USA) with a 1-h incubation period. The $9.6 antibody (Milli-
pore, Germany, MABE1095) was diluted 1:50 in the blocking
buffer. Calculation of $9.6/HOAP foci was done from two
biological replicates (7 = 20, 7 is the number of nurse cell
nuclei quantified). GraphPad Prism 8.0 was used for statisti-
cal analysis and graphing. Colocalization analysis, including
quantifications of Pearson’s correlation coefficient (PCC) and
Manders’ Colocalization coefficient (MCC), was performed
using Image] JACoP plugin. In the PCC and MCC plots, each
point represents the mean values from 10 slices for each nurse
cell nucleus.

A digoxigenin (DIG)-labeled antisense HeT-A riboprobe
containing a fragment of the ORF (nucleotides 4330-4690
of GenBank sequence DMU06920) was used. The MS2 an-
tisense probe was a 548-bp long PCR fragment containing
eight MS2 repeats and a T7 RNA polymerase promoter ampli-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf486#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf486#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf486#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf486#supplementary-data
http://imagej.nih.gov/ij/

4  Morgunova et al.

fied using the UAST-HeT-A-HA-FLAG-ms2 construct. Images
were captured using a Zeiss LSM 880 confocal microscope
and analyzed using Image] and Adobe Photoshop. Airyscan
detector was used for a super-resolution imaging. The follow-
ing primary antibodies were used: guinea pig anti-HOAP [25];
rabbit anti-POF (kindly provided by J. Larsson [56]); rat anti-
Ars2 (generated in the Immunochemistry Laboratory, Branch
of IBC RAS, Pushchino, Russia, using recombinant protein
corresponding to the 151-300 amino acids of D. melanogaster
Ars2); mouse anti-DNA-RNA Hybrid Antibody, clone S9.6
(Millipore, Germany); mouse anti-yH2Av (Developmental
Studies Hybridoma Bank, USA); rabbit anti-trimethyl-histone
H3 Lys9 (Millipore, Germany); and rabbit anti-HP1a (kindly
provided by S. Elgin). Alexa Fluor-conjugated secondary an-
tibodies with minimal cross-reactivity to IgG from non-target
species (Jackson ImmunoResearch, USA) were used (dilution
1:500). Immunoprecipitation of Ars2 from ovarian nuclear
extract was performed as described [48].

Reverse transcription quantitative PCR

RNA was isolated from 20 pairs of ovaries of 2-3-day-
old females. cDNA was synthesized using random hexamers
and M-MulV reverse transcriptase (Biolabmix, Russia). The
c¢DNA samples were analyzed by real-time quantitative PCR
(qPCR) on a LightCycler 96 (Roche, Switzerland). Values were
averaged and normalized to the expression levels of the ribo-
somal protein gene rp49.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) on Drosophila
ovaries was performed according to a published procedure
[57]. ChIP using dual cross-linking with ethylene glycol
bis(succinimidyl succinate) and formaldehyde was per-
formed according to the published protocol [58]. Chromatin
was immunoprecipitated with the following antibodies:
anti-trimethyl-histone H3 Lys9 (Millipore, Germany); anti-
dimethyl-histone H3 Lys4 (Millipore, Germany); anti-RNA
polymerase II (Millipore, Germany); anti-trimethyl-histone
H3 Lys36 (Abcam, UK); and anti-Rhino [46]. The primers
used in this study are listed in Supplementary Table S1. qPCR
was conducted with a LightCycler 96 (Roche, Switzerland).
The obtained values were normalized to input. Standard
error of the mean (SEM) of duplicate PCR measurements
for four biological replicas was calculated. The libraries for
ChIPseq were prepared using MGIEasy FS DNA Library
Prep Set (MGI, China) and sequencing was done on an MGI
Tech DNBSEQ 400 platform (MGI, China). ChIPseq data are
deposited in the GEO database (GSE266038).

Preparation of chromatin-associated and small
RNA libraries

The libraries of chromatin-associated RNA were prepared
from the ovaries of Ars2_GLKD1, Ars2_GLKD2, and two
independent w_GLKD according to a previously published
procedure [18]. Small RNAs (19-29 nt) from total ovarian
RNA of Ars2_GLKD1 and w_GLKD were cloned as previ-
ously described [59]. Sequencing was performed on the Illu-
mina HiSeq1500 platform (Illumina, USA). ChromRNAseq
and small RNAseq data are deposited in the GEO database
(GSE266036 and GSE266037).

Sequencing data preprocessing

FastQC  (v.0.11.9, Cambridge, UK, https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and Trim-
momatic (v.0.33, Julich, Germany) [60] were used for the
quality control and trimming of reads, respectively.

ChromRNAseq data processing

The STAR splice-aware aligner (v.2.7.1, Cold Spring Harbor,
NY, USA) [61] was used to map the reads to the reference
genome (BDGP assembly R6/dmé6) and the canonical se-
quences of TEs (https://github.com/bergmanlab/drosophila-
transposons). The Rsamtools package (https://bioconductor.
org/packages/Rsamtools) was used to process bam
files.

FeatureCounts (RSubread package v.1.6.4, Parkville, VIC,
Australia) [62] was used to calculate the read counts for gene
(Ensembl) [63] and repeat databases (RepeatMasker) [64] pre-
pared by the biomaRt package (v.2.54.0, Berkeley, CA, USA)
[65].

Differential expression analysis was carried out in the R
environment (v.3.6.3, Vienna, Austria, https://www.r-project.
org/) using the edgeR package (v.3.24.3, NSW, Australia) [66].
To normalize the obtained data, the TMM (trimmed mean
of M-values) method was applied with the calculation of
CPM (counts per million) considering the normalization co-
efficients.

The quasi-likelihood F-test was used to evaluate the signif-
icance of the changes. The fold change in the expression level
between genotypes (FC, in the log, transformation, log, FC)
and the mean expression level in the cohort (CPM, in the log,
transformation, log, CPM) were calculated.

Small RNAseq data processing

Small RNA reads that passed quality control and mini-
mal length filter (>18 nt) were mapped (allowing 0 or 0-
3 mismatches) to the reference genome (BDGP assembly
R6/dmé), the canonical sequences of TEs (https://github.com/
bergmanlab/drosophila-transposons), and miRNA sequences
of miRbase [67] by bowtie2 [68]. To identify piRNAs, we used
reads with a length from 24 to 29 nt, and to identify siR-
NAs we used 21 nt length reads. The genomic coordinates
of piRNA clusters were obtained from [14]. Further data pro-
cessing (processing bam files, counting) and statistical analy-
sis (differential expression analysis) were similar to ChromR-
NAseq.

ChlIPseq data processing

Bowtie2 aligner [68] was used to map the reads to the ref-
erence genome (BDGP assembly R6/dmé6) and the canonical
sequences of TEs (https://github.com/bergmanlab/drosophila-
transposons). The input signal was subtracted from the nor-
malized ChIP signals (CPM). Further data processing (pro-
cessing bam files, counting) and statistical analysis (differen-
tial enrichment analysis) were similar to ChromRNAseq.

Results visualization

To calculate the enrichment per genome regions, computeM-
atrix (deepTools) [69] was used. For data visualization gg-
plot2 R package (https://ggplot2.tidyverse.org/) was used.
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Results

The expression profile of Ars2 in Drosophila
ovaries

Ars2 is expressed in a wide range of Drosopbhila tissues, with
the highest expression observed in the ovaries (modENCODE
Tissue Expression Data). To examine the localization of Ars2
protein in the ovaries, we generated polyclonal rat anti-Ars2
antibodies. Western blot analysis demonstrated that the anti-
bodies specifically recognize Ars2 protein in the ovary lysate
of wild-type strain and the transgenic strain expressing Ars2-
GEP (Fig. 1A).

The main morphological unit of Drosophila ovaries is the
ovariole (Fig. 1B), which consists of the germarium and a
series of developing egg chambers. The early stages of oo-
genesis take place in the germarium. The egg chamber con-
sists of a cluster of germ cells (the oocyte and 15 nurse cells)
surrounded by somatic follicle cells. Ovary immunostaining
detects Ars2 in the nuclei of both somatic follicle and germ
cells (Fig. 1B). Ars2 exhibited a broad nuclear staining with
an affinity for chromatin in the nurse cells but has a nu-
cleoplasmic localization in the oocyte. Immunoprecipitation
of Ars2 from the ovarian nuclear protein extract demon-
strated that anti-Ars2 antibodies are efficient in immunopre-
cipitation (Supplementary Fig. S1A). However, ChIP analy-
sis of Ars2 using standard protocol or dual cross-linking did
not reveal the direct binding of Ars2 to telomeric chromatin
(Supplementary Fig. S1B).

We then performed co-immunostaining of Ars2 and
telomere-specific HOAP protein [70] in wild-type ovaries.
Due to the polyploidy of the nurse cell nuclei, HOAP stain-
ing reveals numerous signals, many of which appear in the
Ars2 staining regions (Fig. 1C). We noticed that Ars2 is ex-
cluded from the heterochromatic regions characterized by
bright DAPI staining (Fig. 1C). Among them is a large clus-
ter of HOAP signals at nuclear periphery. In the Drosophila
genome, the heterochromatic fourth chromosome interacts
with chromosome-specific painting of fourth (POF) protein
[71, 72]. Co-immunostaining of HOAP and POF confirms
that the telomeres of the fourth chromosome are localized in
this region (Fig. 1D). Thus, Ars2 is excluded from the hete-
rochromatin environment of the fourth chromosome. More-
over, heterochromatin domains and Ars2-occupied regions
did not overlap in the nurse and follicle cells of wild-type
ovaries, as demonstrated by co-immunostaining and quan-
titative colocalization analyses of heterochromatin compo-
nents HP1 and trimethylated at lysine 9 histone 3 (H3K9me3)
with Ars2 (Figs. 1E and F, and Supplementary Fig. S2). In
contrast, telomeres (indicated by HOAP staining) were local-
ized in both heterochromatic and euchromatic environments
(Supplementary Fig. S2). Thus, Ars2 preferentially occupied
euchromatic regions, where a fraction of telomeres was also
found.

Ars2 depletion causes accumulation of telomeric
HeT-A transcripts at telomeres and telomere
instability in the germline

Since loss of Ars2 is lethal for Drosophila [35], we per-
formed RNAi GLKD of Ars2 to study its telomeric role in the
germline. Strong overexpression of telomeric retrotransposon
HeT-A and moderate accumulation of TART transcripts were
observed in three independent strains expressing Ars2-specific

short hairpin RNA in the germline, indicating target-specific
effects of knockdowns (Fig. 2A). Ars2 RNAi knockdown in
somatic tissues resulted in pupae lethality; therefore, we in-
vestigated telomeric retrotransposon expression in the larval
brain and imaginal discs. We discovered a very mild effect of
Ars2 knockdown on HeT-A and TART expression in larval so-
matic tissues (Fig. 2A), suggesting a germline-specific role for
Ars2 in telomeric retroelement expression. Ars2_GLKD1 was
used in most further experiments. Western blot analysis us-
ing ovarian protein extracts demonstrated a reduction in Ars2
protein levels following knockdown (Supplementary Fig. S3).
However, this result does not accurately reflect the knock-
down’s efficacy since the ovaries contain both germ and so-
matic follicle cells, which retain the protein and mask the
knockdown effect. We demonstrated the cell-specific impact
of Ars2 germline knockdown using Ars2 immunostaining to
show that Ars2 was retained in somatic follicle cells but al-
most lost in the germ nurse cells and the oocyte following
Ars2_GLKD1 (Supplementary Fig. S3).

Ars2 is a component of multiple alternative complexes act-
ing co-transcriptionally. We performed HeT-A RNA FISH
on Ars2_GLKD1 ovaries to study the distribution of HeT-A
sense transcripts after Ars2 depletion. We found accumulation
of abundant HeT-A RNAs in nurse cell nuclei at telomeres
stained for telomere-specific HOAP protein (MCC of HeT-A
RNA with HOAP is 87% =+ 7%); however, HeT-A RNA was
not detected at large heterochromatic telomere clusters (Fig.
2B and D, and Supplementary Fig. S4A).

We next address the role of RNA 3’-end processing
factors other than Ars2 in HeT-A expression. We chose
the CPSF160 subunit of the polyadenylation complex [73]
and FLASH, a factor involved in histone mRNA process-
ing in Drosophila [73] and previously shown to interact
with ARS2 in mammalian cells [26]. Both FLASH_GLKD
and CPSF160_GLKD resulted in the accumulation of HeT-
A transcripts (Supplementary Fig. S4B). Moreover, HeT-A
RNAs were detected at telomeres in nurse cell nuclei of
FLASH_GLKD (Fig. 2C and D, and Supplementary Fig. S4A).
These data suggest that the 3’-processing complex regulates
the stability of telomeric HeT-A transcripts in the nucleus.

Retention of abundant HeT-A transcripts at telomeres
could result in accumulation of RNA-DNA hybrids—R-
loops—and telomere instability. In turn, formation of R-loops
can lead to DNA damage caused by induced double-strand
(ds) DNA breaks and recombination [74]. We performed im-
munodetection of R-loops at telomeres after Ars2 knockdown
using a $9.6 antibody to recognize RNA-DNA hybrids [75].
It has been demonstrated that RNase III treatment effectively
eliminates dsRNAs primarily produced from centromeric re-
peats, allowing for the genome-wide detection of genuine R-
loops utilizing the DNA-RNA immunoprecipitation (DRIP)-
seq approach with S9.6 antibody in yeast and human cells
[55, 76]. Therefore, Drosophila ovaries were pretreated with
RNase IIT to remove dsRNA recognized by S9.6 antibody.
While RNase III treatment had no significant influence on
telomeric S9.6 staining, a wide genomic region was sensi-
tive to RNase III (Supplementary Fig. S5), demonstrating that
RNase III treatment is essential for accurate R-loop detection
in tissues and cells using $9.6 immunostaining. The $9.6 im-
munostaining observed at telomeres of non-heterochromatic
chromosomes in Ars2_GLKD1 ovaries was RNase H-sensitive
suggesting that R-loops accumulate at telomeres upon Ars2
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depletion (Fig. 2E). S9.6 foci were revealed in the close
proximity of telomeric HOAP staining and partially over-
lapped it. We counted the $9.6 telomeric foci in w_GLKD
and Ars2_GLKD and found their significantly increased num-
ber following Ars2 knockdown (Fig. 2F). Inmunostaining of
HOAP and yH2Av, a histone H2 phosphorylated variant as-
sociated with dsDNA breaks, combined with HeT-A RNA
FISH revealed that telomeric regions where HeT-A RNA accu-
mulated were associated with DNA lesions in Ars2_GLKD1
(Supplementary Fig. S6). In the control, where HeT-A expres-
sion is low and HeT-A RNA does not accumulate in telom-
eres, co-localization of HOAP and YH2Av was not identified.
Thus, Ars2_GLKD causes accumulation of telomeric tran-
scripts at telomeres of non-heterochromatic chromosomes ac-
companied by telomere instability.

Ars2 depletion in the germline causes derepression
of telomeric repeats and non-telomeric TEs

Ars2 knockdown leads to the accumulation of HeT-A tran-
scripts at telomeres suggesting that these transcripts are rec-
ognized as export-incompetent and retained at telomeres. To
characterize genome-wide changes in chromatin-bound RNA
caused by Ars2 depletion, we performed chromatin-associated
RNA sequencing, chromRNAseq [18], from the ovaries of
the control w_GLKD and two independent Ars2 GLKDs.
This RNA fraction contains nascent RNAs and transcripts
that are retained at the sites of transcription [18]. As ex-
pected, the chromRNA fraction was enriched with unpro-
cessed RNAs (Supplementary Fig. S7). We performed differ-
ential expression analysis of chromRNAseq data for the an-
notated TEs (D. melanogaster genome assembly, dm6) and
found derepression of telomeric retrotransposons and cer-
tain TE families (Fig. 3A). We generated a list of all anno-
tated TE copies affected by Ars2 knockdown (log, chrom-
RNA fold change >1.5). Our results show that TEs related
to gypsy, Jockey, Pao, and CR1 superfamilies are the most
sensitive to the Ars2 loss among non-telomeric TEs (Fig. 3A
and Supplementary Table S2_1). Strongest upregulation in
Ars2_GLKD was observed for HeT-A and TAHRE telomeric
retrotransposons (Fig. 3B). Surprisingly, Ars2 knockdown had
the opposite effect on the expression of R1 non-LTR retro-
transposons (Fig. 3B), which insert specifically into the 28S
rRNA genes [77]. Analysis of chromatin-bound transcripts
of the piRNA clusters revealed strong upregulation of the
telomeric piRNA clusters that consist of HeT-A, TAHRE, and
TART (Supplementary Table S2_2). Ars2_GLKD showed a
small effect on the levels of coding gene transcripts, long non-
coding RNAs, and miRNA precursors (Supplementary Fig. S8
and Supplementary Table S2_3).

Next, we estimated how Ars2_GLKD affected small RNA
abundance in the germline by small RNA sequencing (sR-
NAseq). We have examined separately three classes of small
RNAs, piRNAs, siRNAs, and miRNAs, taking into account
the previously reported role of Ars2 in the processing of siR-
NAs and a subset of miRNAs in Drosophila somatic cells
[35]. Ars2 is not required and does not affect piRNA produc-
tion from telomeric regions, transposons, and piRNA clusters
(Fig. 3C and Supplementary Table S2_4,5). Although piRNA
production is not affected by the Ars2 knockdown, we ob-
served strong accumulation of telomeric TE transcripts and a
decrease in R1 RNA levels (Fig. 3E). We did not observe sig-
nificant changes in the production of siRNAs from TEs and

miRNAs (Fig. 3C, Supplementary Fig. S9, and Supplementary
Table S2_6,7), suggesting that Ars2 is not generally required
for the biogenesis of small RNAs in the germline. Impor-
tantly, Ars2 does not compete with the piRNA system for
the RNA substrate since Ars2 knockdown has no effect on
the abundance of piRNAs derived from the Ars2-regulated
TEs.

Although a wide spectrum of TEs is regulated by the piRNA
system, Ars2 selectively affects TE expression without interfer-
ing with the piRNA pathway, implying a distinct mechanism
of action.

Ars2 germline knockdown causes chromatin
changes of telomeric and non-telomeric
retrotransposons

To address a mechanism of Ars2-mediated repression of
telomeric repeats, we performed chromatin analysis of
Ars2_GLKD ovaries using ChIPseq with antibodies against
histone H3 modifications associated with active (H3K4me2)
and compact chromatin (H3K9me3). The most pronounced
effects were the reduction of H3K9me3 histone modifica-
tion at telomeric repeats and an increase in H3K9me3 at R1
retrotransposons (Fig. 4A and B). We found enhanced en-
richment of H3K4me2 at telomeric retroelements (Fig. 4C).
These results are in agreement with the previously observed
transcriptional activation of HeT-A revealed by nuclear run-
on transcription [22]. In contrast, the chromatin of R1 retro-
transposons was more compacted in Ars2_GLKD, which is
in accordance with the reduced levels of R1 expression.
Ars2_GLKD resulted in the general effect of the increas-
ing of H3K4me2 enrichment at LINE and LTR TEs (Fig.
4D, logoCPM_ChIPseq > 2). At the same time, Ars2_GLKD
did not strongly affect the levels of H3K9me3 at these TE
groups (Supplementary Fig. S10).

Ars2 depletion also affected chromatin state of DNA class
of TEs. For example, Bari-1, a transposon related to the
Tcl/mariner family, was derepressed in Ars2_GLKD and
H3K9me3 chromatin marks were lost (Supplementary Fig.
S11). RT-qPCR analysis confirmed derepression of Bari-1 in
Ars2_GLKD (Supplementary Fig. S11).

HeT-A telomeric element is the most sensitive target of
Ars2; therefore, we performed a detailed analysis of HeT-
A chromatin after Ars2 depletion in the germline by ChIP-
qPCR. We analyzed changes in histone modifications asso-
ciated with transcriptionally active and compact chromatin
at HeT-A ORF region in the ovaries of Ars2_GLKD. A sig-
nificant increase in active chromatin histone modifications
H3K4me2 and H3K36me3 was found at the HeT-A ORF
region, which is in accordance with ChIPseq data (Fig. 4E).
Ars2_GLKD did not significantly affect binding of Rhino (Fig.
4E and Supplementary Fig. S12)—a germline-specific ortholog
of HP1 required for expression of piRNA precursor tran-
scripts [78, 79]. This observation agrees with the finding that
Ars2 depletion did not affect piRNA production from piRNA
source loci (Fig. 3C).

Overall, these results indicate that the chromatin of telom-
eric and non-telomeric TEs has a mixed pattern of active and
repressive chromatin marks and that the erasure of active hi-
stone modifications from the many TEs is to a large extent
dictated by Ars2. In contrast, Ars2 is required for the expres-
sion of R1 retrotransposons in the germline, suggesting that
Ars2 can mediate different mechanisms of TE regulation.
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A G-rich sequence in the 3'UTR of HeT-A is required
for Ars2-mediated regulation

The strong effect of Ars2 on endogenous telomeric repeats
could be mediated by the telomere-specific components or by
telomere-specific genomic context. The HeT-A promoter has
an unusual organization, as it is positioned within the 3'UTR
and can drive transcription of the downstream element in the
telomeric retrotransposon arrays [80]. Furthermore, the HeT-
A promoter is bidirectional and can drive divergent transcrip-
tion [46].

To address the potential role of genomic context in the
Ars2-mediated regulation, we investigated the expression of
HeT-A transgenes in a euchromatic context. Previously, we
demonstrated that the expression of HeT-A-lacZ construct
in which HeT-A promoter drives the expression of lacZ re-
porter is silenced by the piRNA pathway [46,47]. To evaluate
the role of Ars2 in the regulation of HeT-A promoter activity,
we analyzed the expression of HeT-A-lacZ upon Ars2_GLKD.
The expression of this construct was significantly upregulated

after knockdown of spnE, a piRNA pathway component,
as expected, and was only weakly activated in Ars2_GLKD
(Supplementary Fig. S13). This result demonstrated that activ-
ity of the transgenic HeT-A promoter is not strongly affected
by Ars2.

In our previous experiments, we used the transgenic strain
HeTA-HA-FLAG, which carried euchromatic full-length HeT-
A fused with the hemagglutinin (HA) and FLAG tags and
was driven by the UAST promoter (Fig. SA), and we observed
an accumulation of both endogenous and transgenic HeT-A
transcripts after piRNA pathway depletion [48, 49]. Here,
we genetically combined the HeTA-HA-FLAG transgene and
Ars2_sh1 to examine transgenic HeT-A expression. RT-qPCR
using transgene-specific primers demonstrated strong upreg-
ulation of transgenic HeT-A after the knockdowns of both
Ars2 and spnE, the piRNA pathway gene (Fig. 5B). Using the
HeTA-HA-FLAG-ms2 transgenic strain carrying euchromatic
full-length HeT-A tagged with MS2 bacteriophage hairpins,
we revealed nuclear foci of HeT-A_ms2 transcripts that did
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not overlap with telomeric protein HOAP staining in the nurse
cells in Ars2_GLKD (Fig. 5C). MCC analysis revealed no colo-
calization of HeT-A_ms2 RNA to telomeres (i.e. HOAP stain-
ing). Transgenic transcripts appear to be retained at the sites of
their transcription similar to endogenous HeT-A RNAs. The
finding that transgenic full-length He'T-A driven by UAST pro-
moter behaves similarly to endogenous HeT-A implies that
Ars2-mediated regulation of HeT-A expression is independent
of genomic context and does not require the HeT-A promoter.

Most likely, Ars2 recognizes sequence specificity or struc-
tural features of HeT-A transcripts. It was previously found
that HeT-A comprises sequences capable of forming G-
quadruplex DNA [52, 53]. In most organisms, telomeres are
composed of short G-rich repeats that form double-stranded
regions with a single-strand overhang of the G-rich sequences.
G-quadruplexes in the telomeric single-strand overhang are
thought to protect telomeres from degradation and regulate
telomere end accessibility. In contrast, G-quadruplex forma-
tion in the double-strand telomere region during transcrip-
tion and replication can cause telomere damage and instability
[81, 82]. G-quadruplex motifs have been discovered in HeT-A,
TART, and TAHRE Drosophila telomeric retroelements [53],
which differ significantly from the short telomeric repeats gen-
erated by the telomerase, demonstrating that G-rich motifs at
telomeres are preserved regardless of the structure of telom-
eric repeats.

Four G-quadruplex motifs were identified bioinformati-
cally in the HeT-A coding region within the gag gene and
in the 3'UTR [53] (Fig. 5A). The DmHc region, forming
G-quadruplex and corresponding to the HeT-A_G4_4 mo-
tif [53], was independently identified by electrophoretic mo-
bility assay [52] on the template strand between the sense
and antisense TSSs in the HeT-A 3'UTR [83] (Fig. SA). This
region is strongly enriched by the H3K4me2 histone mod-
ification (Supplementary Fig. S14), which is typical for the
open chromatin regions. G4 DNA is implicated in maintain-
ing the open structure of promoters and can cause arrest of
RNA polymerase Il progression when located on the tem-
plate strand [84-86]. It has been proposed that Ars2 is capa-
ble of identifying transcripts in regions where G-quadruplexes
alter DNA structure and transcriptional activity. We mu-
tated the HeT-A_G4_4 (DmHc) fragment (Fig. SA) and gener-
ated transgenic flies bearing the construct pUASTattB-HeTA-
HA-FLAG-G4mut at the same genomic site as the origi-
nal construct HeTA-HA-FLAG. Then, we examined the ex-
pression of this transgene using transgene-specific primers in
Ars2_GLKD ovaries. RT-qPCR revealed strong upregulation
of endogenous HeT-A, whereas transgenic HeTA-HA-FLAG-
G4mut was less affected in contrast to original transgene
HeTA-HA-FLAG (Fig. 5B). At the same time, spnE knock-
down still caused strong upregulation of transgenic HeTA-
HA-FLAG-G4mut expression (Fig. 5B). This result suggests
that Ars2-mediated regulation of HeT-A expression depends
on G-quadruplex DNA structures. Other G4 motifs found in
the HeT-A coding region may potentially have an impact on
transgene expression, as the DmHc mutation in the HeT-A
3'UTR diminished but did not completely eliminate the Ars2-
mediated effect on transgene expression.

Computational analysis predicted G4-forming sequences in
a subset of TEs, including the Jockey superfamily of non-LTR
retrotransposon retroelements, LTR retrotransposons Gypsy
and Pao, and Helitron DNA transposon [53]. Non-telomeric
TEs upregulated in Ars2_GLKD were mostly represented by

Table 1. TEs enriched by the G-quadruplex motifs are overexpressed in
the Ars2 knockdown

Proportion of

The Number  TEs from a
of specific family The Number
derepressed  relative to all  of predicted
TE family TE copies TEs G4 [53] TEclass
Gypsy 63 0.381 623 LTR
telomeric 37 0.023 141 LINE
Pao 22 0.100 213 LTR
Jockey 16 0.094 350 LINE
Helitron 15 0.155 110 RC
CR1 14 0.041 77 LINE
Copia 6 0.028 2 LTR
R1 3 0.038 184 LINE
TcMar-Tel 3 0.029 3 DNA
P 2 0.063 4 DNA
CMC- 1 0.016 11 DNA
Transib
I 1 0.009 35 LINE
LOA 1 0.011 51 LINE
hAT-hobo 0 0.005 0 DNA
MULE-NOF 0 0.001 0 DNA
PiggyBac 0 0.001 0 DNA
R2 0 0.001 S LINE
TcMar- 0 0.000 0 DNA
Mariner
TcMar-Pogo 0 0.002 0 DNA

those TE families that are enriched by the sequences capable
to form G4 structures (Table 1). The number of predicted G4
within TE families is strongly positively associated with the
number of TE copies derepressed in the Ars2_GLKD ovaries
(Pearson’s 7 = 0.867, P-value = 1.531e—06, adj.R? = 0.737).
It is noteworthy that the number of G4 motifs is not pro-
portional to the TE ratio in the genome. Moreover, it was
reported that G4 motifs were predominantly found at the
template strand of TEs [53]. This suggests that Ars2 primar-
ily controls the expression of TEs that have the ability to
form G-quadruplexes, which likely contribute to TE transcript
recognition.

To validate the presence of G4 in the retrotransposons
regulated by Ars2, we utilized a thiazole orange derivative
that demonstrated binding selectivity for G-quadruplex DNA
in the gel electrophoresis and in vivo studies [87, 88]. To
this end, we synthesized the oligonucleotides comprising G4
motifs from HeT-A and Tirant LTR retrotransposon, which
are upregulated in Ars2_GLKD, along with TeloG, mimick-
ing mammalian telomere sequences. These oligonucleotides,
as well as the HeT-A_G4mut and HeT-A_prom oligonu-
cleotides lacking G4, were separated by PAGE and stained
with either TOR-G4 dye, which binds selectively to struc-
tured DNA, or ethidium bromide, which more efficiently
stains dsDNA. HeT-A_G4_1, HeT-A_G4_2, HeT-A_G4_4,
Tirant_G4_1, Tirant_G4_2, and TeloG oligonucleotides were
consistently stained more brightly by TOR-G4 compared
to HeT-A_G4mut and HeT-A_prom oligonucleotides (Fig.
5D). HeT-A G4_1, HeT-A_G4_2, and HeT-A_G4_4 were
highly structured, as evidenced by TOR-G4 staining, and
these structured DNA forms were less visible on an ethidium
bromide-stained gel. These findings suggest the presence of G-
quadruplex DNA structures in the HeT-A and Tirant retro-
transposons, both regulated by Ars2.
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Figure 6. The G-rich HeT-A 3'UTR region is prone to formation of R-loops. (A) Scheme showing the strategy for in vitro detection of R-loops. Two
different types of pBS-based constructs with TE fragments were used in T7 RNA polymerase in vitro transcription: those with G4 (yellow) on the
template strand and those without G4 motifs. It was proposed that the G4 structure, which maintains the open DNA state, would encourage the

generation of R-loops. RNA is shown by a red arrow. (B) Immunodetection of R-loops using S9.6 antibody by dot-blot analysis of purified DNA-RNA

complexes treated with RNaseA or RNaseA and RNAseH. Negative control is TE buffer. Representative image is shown. Quantification of R-loop
staining measured from four independent dot-blot analyses is shown on the right. ***P < .001, unpaired two-tailed t-test. (C) Schematic model
depicting chromatin and transcription dynamics of HeTA telomeric retrotransposon after Ars2 depletion. In germ cells, Ars2 identifies telomeric RNAs

that form R-loops in G-rich regions, facilitating heterochromatinization and transcriptional silencing. A deficiency in Ars2 leads to the accumulation of

nascent telomeric RNAs and the development of R-loops.

Retrotransposon regions with G4 motifs are prone
to producing R-loops (RNA-DNA hybrids) in vitro
We proposed that the 3'UTR of HeT-A is prone to the R-loop
formation due to G4 structure that maintains the open DNA
state. If this hypothesis is correct, mutation of the HeT-A G-
rich motif should resolve R-loops at this region. We tested this
hypothesis by an in vitro experiment. Fragments of HeT-A
3'UTR containing either the original G4_4 region or the mu-
tated one (Fig. 5A) were cloned into the pBlueScript SK(—)
and in vitro transcribed by T7 RNA polymerase (Fig. 6A).
Free RNA was removed by RNaseA. Plasmid concentrations
and in vitro transcription efficiency were found to be sim-

13

posons, both of which are targets of Ars2 (Supplementary Fig.

$16). The construct containing HeT-A ORF region lacking

ilar by measuring template DNA concentrations and using RNAs and chromatin compaction (Fig. 6C).
agarose gel electrophoresis (Supplementary Fig. S15). Puri-

fied RNA-DNA complexes were used for the dot-blot im-
munodetection of R-loops. R-loop staining was significantly
lower in HeT-A G4-mutated construct as compared to the
original (Fig. 6B). Next, we tested the generation of R-loops
in the HeT-A OREF region containing G4_1 and G4_2 motifs
(HeT-A_G4_1-2 construct), as well as in the G-rich regions
of the Tirant (Tirant_G4) and gypsy12 (gypsy_G4) retrotrans-

Discussion

the G-rich motifs was also evaluated (HeT-A_ORF). Dot-blot
analysis of R-loops revealed that HeT-A_G4_1-2, Tirant_G4,
and gypsy_G4 constructs but not HeT-A_ORF were positive
for staining of the R-loop. Treatment with RNase H, which re-
moves RNA in RNA-DNA hybrids, was used as a control for
specificity for the R-loop staining. These results demonstrated
that the G-rich regions of HeT-A, gypsy12, and Tirant retro-
transposons promoted the formation of R-loops iz vitro. Ars2
prevents R-loop development at telomeres and retrotrans-
posons in vivo most likely by eliminating excessive nascent

We show that Ars2 mediates transcriptional silencing of
telomeric retroelements and a subset of non-telomeric TEs
in the Drosophila germline. Ars2-mediated TE silencing is
a novel anti-transposon defense mechanism acting alongside
the piRNA pathway in the germline. Depletion of Drosophila
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Ars2 caused telomeric accumulation of chromatin factors
associated with active transcription, namely enrichment of
H3K4me2 and H3K36me3 histone modifications. Our find-
ings imply that Ars2-mediated silencing may be triggered by
changes in DNA structure and transcriptional activity at G-
quadruplex-forming regions. Here, we showed that Ars2 in-
hibited the formation of R-loops in telomeres, strengthen-
ing the argument for Ars2 function in preserving functional
telomeres and genome stability. Because Ars2 has no effect on
piRNA production, yet regulates a subset of TEs, we believe
that the piRNA pathway and Ars2 work in tandem to silence
TEs. However, it cannot be excluded that both pathways share
common chromatin-modifying partners.

RNA-dependent mechanisms play an important role in the
assembly of inactive chromatin at specific genomic loci. Phys-
ical and functional interaction between nuclear RNA decay
and chromatin remodeling pathways is required for the elimi-
nation of prematurely terminated TE transcripts in mouse em-
bryonic stem cells [89]. Meiotic mRNAs in S. pombe contain
specific hexanucleotide sequences recognized by RNA degra-
dation machinery [90], which in turn promotes heterochro-
matin assembly at these loci [6]. Differential splicing of cryptic
introns is recognized by RNA processing machinery that trig-
gers heterochromatin assembly at retrotransposons and pro-
motes telomerase RNA maturation in yeast [5]. However, the
mechanisms for recognition of nascent RNA and the trigger-
ing of chromatin changes at specific genomic loci in higher
eukaryotes are far from understood. It is believed that nu-
clear RNA biogenesis is directed by both RNA-specific signals
and context-dependent factors, and in its turn, nascent RNA
features could also affect the recruitment of regulatory pro-
teins to chromatin [91]. A well-known example is the recruit-
ment of chromatin remodeling or DNA methylation factors to
TEs mediated by the complementarity of small piRNAs to the
nascent TE transcripts [92, 93]. Our study has revealed a new
example of RNA-dependent chromatin modulation: Ars2, a
component of the nuclear RNA surveillance, has been shown
to mediate the repression of TE transcription through chro-
matin modifications.

Although Ars2 was found in a variety of RNA processing
complexes, its biochemical activity remains unclear. Ars2 is re-
quired for the regulation of a special subset of transcripts, in-
cluding promoter and enhancer transcripts, some pre-miRNA,
histone mRNA, and telomeric RNAs, suggesting that Ars2
uses very specific targeting mechanisms. A secondary stem-
loop structure at the 3’ end of transcripts was proposed to
be required for Ars2 binding to its RNA targets [33]. The
list of Ars2 targets suggests that CG-rich sequences or G-
quadruplex structures could be responsible for Ars2-mediated
transcriptional control. Indeed, promoter/enhancer regions,
transcription termination sites, or telomeric repeats are G-
rich sequences prone to the formation of G-quadruplexes [81,
94, 95]. Within transcribed regions, G-rich sequences of par-
ticular orientation and composition can cause blockage and
stalling of RNA polymerase II activity [86]. The 3’'UTR of the
D. melanogaster telomeric element HeT-A contains sequences
capable of forming G-quadruplexes on the template DNA
strand [52]. G4-forming motifs were identified within HeT-A,
TART, and TAHRE Drosophila telomeric elements [53], sug-
gesting a similar mechanism for their Ars2-mediated repres-
sion. Interestingly, telomeric DNA in species that use non-
telomerase telomere maintenance mechanisms also reveals a
G/C strand bias, with G4 DNA enriched on the noncoding

strand [53]. It is believed that formation of G-quadruplexes at
telomeric 3’ ssDNA overhangs may have a telomere-capping
function. Moreover, emerging evidence implicates G4 DNA
and proteins interacting with this structure in the regula-
tion of R-loop formation and telomere stability [81]. G4-
forming sequences are a hallmark of young lineages of LINE1
retrotransposons contributing to their mobility [96]. Viral G-
quadruplex structures and G4-binding proteins are also impli-
cated in the regulation of viral reverse transcription and repli-
cation [97]. Given the role of G4 structures in the transposon-
and virus-associated pathogenesis, the recognition and regu-
lation of their state is essential for genome stability.

Formation of stable G4 requires open chromatin, as found
at active promoters and enhancers in human and mouse
genomes [94, 95]. It was suggested that G4 in the 3'UTR may
be involved in transcriptional termination [98]. R-loops asso-
ciated with transcriptional termination at G-rich terminator
elements can on their own induce assembly of the repressive
chromatin [99]. The G-rich motif found in the 3'UTR of HeT-
A is located on the template strand between sense and an-
tisense TSSs of the promoter region [46, 83]. In Drosophila
telomeres, telomeric retrotransposons are organized in head-
to-tail tandem repeats so that the upstream copy can drive
transcription of the downstream one. Localization of a G-
quadruplex 30 bp upstream of the HeT-A polyadenylation
signal suggests a scenario in which G4 could cause premature
termination of HeT-A transcription and subsequent activation
of the Ars2-mediated silencing. The expression of HeT-A may
be similarly impacted by G4 DNA structures present in the
HeT-A coding region. Overall, this mechanism adds another
layer of regulation to the levels of telomeric RNAs, which are
critical for cell fate and development. Computational analy-
sis revealed G4 motifs at the template strand of many TEs
[53]; noteworthy, those TEs that contain more G4 motifs are
derepressed after the Ars2 knockdown. Given the Ars2 activ-
ity in the RNA quality control, it seems unlikely that Ars2 is
directly involved in the recognition of G-rich sequences. In-
stead, Ars2 may induce chromatin modifications by targeting
RNAs that have been prematurely terminated or are engaged
in R-loop structures. Ars2 participates in several pathways im-
plicated in the activation of RNA decay and RNA degrada-
tion [19, 27]. Ars2 most likely stimulates both degradation of
HeT-A transcripts and transcriptional silencing of the locus.
FLASH is involved in histone pre-mRNA 3’-end processing in
Drosophila; however, Ars2 is dispensable for this regulation in
contrast to mammalian cells [73]. We found that HeT-A ex-
pression is regulated by both Ars2 and FLASH, suggesting the
cooperation of these factors in telomere protection. Future re-
search investigating Ars2 interactors in the germline will shed
light on the RNA-guided pathway for the telomeric epigenetic
silencing.

Intriguingly, Ars2 regulates telomeric and rDNA-specific
retrotransposons, both of which are considered symbiotic and
their integrations are beneficial for the host genome [100].
R1/R2 insertions into 28S rRNA genes are proposed to gen-
erate dsDNA breaks that initiate homologous recombina-
tion resulting in the amplification of rDNA copies [101]. R1
retroelements have sequence-specific integration patterns and
are found in 28S rDNA as well as in non-rDNA regions
[102, 103]. R1/R2 retrotransposons are transcribed by RNA
polymerase I as a part of read-through transcripts from the
28S gene [104, 105]. Since Ars2 participates in the biogen-
esis of the RNA polymerase II-transcribed RNA, it is un-
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likely that it regulates metabolism of RNA Poll-derived 28S
rRNA-R1 fusion transcripts. Most likely, Ars2 targets R1
transcripts derived from R1 insertions into the non-rDNA re-
gions. Silkworm R1 transcripts are not polyadenylated; addi-
tion of poly(A) at the 3’ end of Bombix mori R1 strongly sup-
presses its retrotransposition activity, which is mediated by the
base pairing between R1 3’'UTR and 28S rDNA [103]. Given
that Ars2 promotes 3’-end processing of non-adenylated his-
tone mRNAs, snRNAs, and snoRNAs [29, 33], it is reasonable
to suggest that Ars2 also promotes 3’-end formation of R1
transcripts. Ars2-mediated stabilization of R1 RNA described
here is a novel mechanism that can modulate rDNA-specific
retrotransposition activity of R1.
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