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ABSTRACT

Eukaryotic genomes harbor hundreds of rRNA
genes, many of which are transcriptionally silent.
However, little is known about selective regulation of
individual rDNA units. In Drosophila melanogaster,
some rDNA repeats contain insertions of the R2
retrotransposon, which is capable to be transcribed
only as part of pre-rRNA molecules. rDNA units with
R2 insertions are usually inactivated, although R2
expression may be beneficial in cells with decreased
rDNA copy number. Here we found that R2-inserted
rDNA units are enriched with HP1a and H3K9me3 re-
pressive mark, whereas disruption of the heterochro-
matin components slightly affects their silencing in
ovarian germ cells. Surprisingly, we observed a dra-
matic upregulation of R2-inserted rRNA genes in
ovaries lacking Udd (Under-developed) or other sub-
units (TAF1b and TAF1c-like) of the SL1-like complex,
which is homologues to mammalian Selective fac-
tor 1 (SL1) involved in rDNA transcription initiation.
Derepression of rRNA genes with R2 insertions was
accompanied by a reduction of H3K9me3 and HP1a
enrichment. We suggest that the impairment of the
SL1-like complex affects a mechanism of selective
activation of intact rDNA units which competes with
heterochromatin formation. We also propose that R2
derepression may serve as an adaptive response to
compromised rRNA synthesis.

INTRODUCTION

Regulation of ribosomal DNA (rDNA) transcription is a
fine-tuned mechanism that defines the global level of pro-
tein synthesis and controls cell growth and differentiation
(1,2). In eukaryotes, production of rRNA by RNA poly-
merase I (Pol I) occurs in the nucleolus accounting for up
to 60% of total transcriptional activity of the cell (3,4). Eu-
karyotic rDNA is organized in clusters also known as the
nucleolus organizer regions, NORs, generally consisting of
hundreds of tandemly repeated rRNA genes separated by
intergenic spacer regions (IGS) (5). Each gene expresses
a pre-rRNA transcript harboring an external transcribed
spacer (ETS) followed by the sequences of 18S, 5.8S and
28S rRNAs, which are interspaced by internal transcribed
spacers (ITSs). Both ETS and ITSs are eliminated during
nuclease processing steps, leading to formation of mature
rRNA:s.

Numerous genetic, microscopic and biochemical studies
have demonstrated that only a part of rDNA units is tran-
scriptionally active at any time, while the rest, or even the
majority of IDNA repeats, are in a repressed state (6-14).
In organisms whose genomes contain several rDNA clus-
ters, silencing can occur at the level of entire NORs, which is
well described in plants, mammals and the fruit fly (15-18).
Moreover, within the active NORs, some rRNA genes can
be silent (19,20). For example, the mosaic clustering of ac-
tive hypomethylated and repressed hypermethylated rDNA
units was revealed in human cells (20). Repression of a frac-
tion of rRNA genes can perform various functions. First,
this phenomenon can be useful to maintain an optimal
level of ribosome production regardless of the rDNA copy
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number in the genome (21). Second, maintaining a subset of
rRNA genes in an inactive heterochromatic state is thought
to be important for ensuring nucleolar structure and pre-
venting recombination between rDNA repeats (22-24). Be-
sides, it is necessary to repress defective rDNA units, which
are abundant in eukaryotic genomes. For instance, approx-
imately 20-30% of rDNA repeats in human cell lines are
palindromic and noncanonical (20,25). Repressive histone
modifications, DNA methylation and nucleosome remodel-
ing have been identified as the mechanisms responsible for
rDNA silencing in studies performed mainly in yeast and
mammalian cells (see (26-29) for reviews). However, it re-
mains generally unknown how cellular machineries select
particular rRNA genes to establish their activation or re-
pression.

Drosophila provides an attractive model for studying
the transcriptional regulation at the level of individual
rDNA units because some rRNA genes in this organism are
marked by insertions of non-LTR retrotransposons called
R1 and R2 (see (30,31) for reviews). In D. melanogaster,
rDNA clusters located in the X and Y chromosomes usu-
ally consist of 200-250 rDNA units (32), more than half of
which contain insertions. R1 elements occupy from 15% to
67% of rRNA genes, and R2 up to ~ 30% depending on
D. melanogaster strain (33). The R2 element is highly con-
served being present in the genomes of various groups of
animals but not found in mammals (30,34). R2 insert into
a strictly defined site in the rDNA sequence located 2651
bp after the beginning of the 28S rRNA and R1 elements
are integrated 74 bp downstream of the R2 insertion site
(30). R2 elements are of particular interest because they are
present exclusively at the rDNA locus, whereas R1 inser-
tions have also been found in other regions of the genome
(35-38). Along with unusually high specificity of integra-
tion, another peculiarity of R2 elements is that they do not
have their own promoters and therefore can be transcribed
only as a part of pre-rRNA (39-42). Hence, R2 sequences
can be considered as markers of the expression of corre-
sponding rDNA units. Full-length R2 insertions encode a
ribozyme, which releases the 5'-end of the R2 transcript
from the upstream 28S rRNA sequence during the auto-
catalytic reaction (Figure 1A), whereas the mechanism of
3’-end formation of R2 RNA remains unclear (30,42). The
R2 protein encoded by this element has several domains,
including DNA- and RNA-binding motifs, a reverse tran-
scriptase and an endonuclease (30,43,44).

Given that R2 elements hijack the most potent transcrip-
tion machinery in eukaryotic cells, namely Pol I, they are
likely to be under especially strong control from cellular
silencing mechanisms. With complete release of transcrip-
tional and post-transcriptional repression, one would ex-
pect an accumulation of their transcripts comparable to
rRNA abundance. On the other hand, some level of R2 ex-
pression may be beneficial for the host, since it has been
suggested that the R2 endonuclease can initiate recombina-
tion restoring rDNA clusters in cells with decreased rDNA
copy number (45,46). In fact, it has been known for sev-
eral decades that rRNA genes with insertions (hereafter, in-
serted or interrupted rDNAs) produce hundreds or thou-
sands of times fewer transcripts than intact (uninserted) rD-
NAs (47-49), though in one work only a 10-fold difference

was observed (50). Electron microscopy using the ‘Miller
spreading technique’ (6) showed that the low level of R2
transcripts is mainly due to the transcriptional repression
of the entire rDNA units, which contain insertions (51,52).
However, run-on analysis indicated that transcription is of-
ten terminated within the insertion sequence (50). Further-
more, it was found that most uninserted rRNA genes are
also silenced: psoralen cross-linking assay revealed that only
<10% of the total rDNA units are actively transcribed (50).
The mechanism of inserted rDNA recognition and repres-
sion remains obscure, though some assumptions have been
made in a number of reports (40,53,54). In particular, the
repression was supposed to engage small RNAs and local
formation of heterochromatin (30), i.e. the pathways that
are known to determine silencing of conventional transpos-
able elements (TEs) in the Drosophila genome (55-57). An
upregulation of R1 and R2 (usually several times relative to
controls) was observed in some experimental systems due to
the impairment of Ago2-siRNA and Piwi-piRNA pathways
(58-61), HI histone (62), lamin (63), the architectural pro-
tein CTCF (53) and the nucleolar protein Nopp140 (64). An
analysis of the proportion and interposition of inserted and
uninserted rRNA genes within clusters suggested a ‘tran-
scriptional domains’ model according to which the region
of the rDNA cluster lacking R1/R2 insertions is selected
to be transcriptionally active, while the rest of the locus
undergoes heterochromatinization (40,65). However, differ-
ences in chromatin density and histone modifications be-
tween inserted and uninserted rDNA units have not been
observed in embryonic cells (50). Nevertheless, another re-
port found the colocalization of R1 and R2 elements with
condensed chromatin in the nucleolus of salivary gland cells
(38). Overall, the role of chromatin context in the repression
of interrupted rDNA units and in the general regulation of
Drosophila rtDNA transcription remains controversial and
under-investigated.

Here, we study the role of the heterochromatic state in
the silencing of ribosomal genes with TE insertions in D.
melanogaster ovarian germ cells that are characterized by an
especially intense rRNA synthesis required for the oocyte
development (66,67). We found that interrupted rDNA
units are indeed enriched with H3K9me3 and HPla re-
pressive marks compared to intact rDNA repeats. How-
ever, disruption of H3K9 methylation or depletion of HP1a
led to only a modest upregulation of interrupted rRNA
genes, indicating that selective silencing of rDNA units is
mainly determined by other mechanisms. We revealed a
drastic R2 derepression up to several hundred folds due
to the impairment of different components (Udd, TAF1b
and TAF]lc-like) of the SL1-like complex participating in
Pol T transcription initiation (68). H3K9me3 was reduced
at derepressed R2-inserted rDNA units in udd mutants. On
the contrary, inhibition of transcription by actinomycin D
caused an increase of the H3K9me3 level in the chromatin
of uninserted rRNA genes. Overall, we propose that in-
tact rRNA genes can be selected based on a transcriptional
feedback loop, whereas less effectively transcribed rDNA
copies undergo heterochromatinization. We also hypothe-
size that enhanced R2 expression due to the defects of SL1-
like can be a part of an adaptive response to reduced rRNA
production.
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Figure 1. Interrupted rDNA units are enriched in heterochromatin marks compared to intact ones. (A) Scheme of the rDNA array fragment in D.
melanogaster. The rDNA cluster consists usually of 200-250 rDNA units separated by intergenic spacers (IGS). Each rRNA gene is about 8 kb long
and encodes 188, 28S, 5.8S rRNAs and a small 2S molecule. Some rRNA genes contain insertions of R1 and R2 elements in the 28S sequences. R2 retro-
transposons are transcribed only as a part of pre-rRNA molecules. A self-cleaving ribozyme releases the 5'-end of the R2 transcript from the upstream 28S
rRNA sequence. Locations of primers used for detection of intact (uninserted) rDNA genes (unins f/unins r) and ETS region (ETS f/ETS r) are indicated
by arrows. (B) Input-normalized levels of transcription of single rDNA repeat, R1 and R2 elements according to ovarian PRO-seq. The distribution of
transcription levels (log; TPM) of protein-coding genes is shown in black. (C) Density profiles of ChIP-seq reads on rDNA unit, R2 and R1 elements in
ovaries and OSC cells. RPMs are normalized to the corresponding input DNA in 100 bp windows. The genotypes of the analyzed D. melanogaster lines are
indicated in the Materials and Methods. (D) ChIP-qPCR analysis of H3K9me3 and HP1a levels in ovaries of two D. melanogaster lines. The enrichment
levels of uninserted 28S sequence, R2 insertions and the beginning of ETS, which corresponds to promoter regions of both inserted and uninserted rDNA
units, are normalized to the heterochromatic cluster-1 (Cl1, 42AB). Mean =+ s.d. and P-values based on Student’s -test are indicated.
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MATERIALS AND METHODS
Drosophila strains, maintenance and crosses

Drosophila melanogaster stocks and crosses were main-
tained under standard conditions at 25°C or in some
cases, as indicated below, at 18°C. udd’ and udd™" lines
were kindly provided by M. Buszczak (68). udd’%%3-%*
stock with genotype w/!’8; PBac{IT. GAL4}udd"%-“* was
obtained from Bloomington Drosophila Stock Center
(BDSC #63478). For analysis of udd mutant phenotype,
udd" Judd™" or udd’®3-* Judd™" flies were compared to het-
erozygotes (designated as udd/+) obtained in the same cross
(mix of udd' /+ and udd™"/+ or udd®®3-%* and udd™", re-
spectively). Because of the increasing with age loss of germ
cells in udd' Judd" and udd' /udd™" ovaries, for most exper-
iments the ovaries from 0- to 1-day-old females were iso-
lated. To check whether the udd mutant alleles exhibit hap-
loinsufficiency, by genetic crosses, we obtained flies with
X-chromosomes carrying tDNA clusters from udd mu-
tant lines and chromosomes 2 lacking udd mutations and
compared them with corresponding udd heterozygotes. For
ChIP-qPCR analysis of H3K9me3 and HPla marks we
used the wild-type Batumi strain and piwi® /+; piwi™ /+ flies
exhibiting the wild-type ovary phenotype (69). The use of
this line was due to the previously obtained H3K9me3 and
HP1a ChIP-seq data (70). The wild-type Canton-S line was
used as a control in RT-PCR experiments.

UAS-RNAI stocks were obtained from BDSC and Vi-
enna Drosophila Resource Center (VDRC): egg RNAIi
(#101677 VDRC, #109673 VDRC), Su(var)3-9 RNAI
(#39378 VDRC, #101494 VDRC), HPla RNAI (#31994
VDRC, #31995 VDRC), white RNAi (#30033 VDRC),
Udd RNAi (#25313 VDRC), TAFIB RNAi (#61957
BDSC, #105873 VDRC), TAFIC-like RNAi (#62424
BDSC). Germline knockdowns (GKD) were induced by
crossing these lines with nos-GAL4 driver P{UAS-Dcr-
2.D}1, w18 P{GAL4-nos. NGT}40 (#25751 BDSC), pro-
viding germline-specific GAL4 expression under the con-
trol of the nanos (nos) gene promoter. The resulted RT-
PCR values for egg, Su(var)3-9 and HP1la GKD were av-
eraged based on three biological replicates for each of the
two RNAI lines. HP1a crosses were grown at 18°C, since
maintaining at 25°C resulted in almost complete loss of
germ cells and other GKD were grown at 25°C. To obtain
Su(var)3-9/egg double GKD, RNAI constructs for both
proteins were combined by genetic crosses and the resulting
line was crossed with nos-GAL4 driver. Females of 4 oft-
spring genotypes containing the same rDNA clusters were
analyzed: Su(var)3-9 GKD, egg GKD, double GKD and
non-KD individuals.

Fly stocks for histone replacement system (71) were
kindly provided by Robert J. Duronio. These stocks con-
tain a transgenic histone cluster, in which codons for K9 ly-
sine residues of the H3 histone genes are substituted with
arginine (K9R) or a wild-type transgenic histone cluster
(HWT). Progeny lacking endogenous histone genes and
containing K9R or HWT transgenes integrated on chro-
mosome 3 was produced by crossing parents heterozygous
for the HisC deletion on chromosome 2 and identified by
YFP expression using UAS-GAL4 as described (71). For

this, AHisC, twi-GAL4/CyO females were crossed with
AHisC, UAS-2xEYFP/CyO; HWT/HWT or K9R/K9R
males. Therefore YFP-positive progeny carried HisC dele-
tion on both chromosomes 2. Then YFP-positive HWT and
KO9R larvae were manually selected and processed for RT-
gPCR analysis. The absence of H3K9me3 modification in
KOR larvae was confirmed by immunostaining of polytene
chromosomes from salivary gland cells with H3K9me3 an-
tibodies (Upstate, 07-442).

Chromatin immunoprecipitation (ChIP) and ChIP-seq

ChIP was performed according to the published procedure
(72) with some modifications. Formaldehyde cross-linking
was performed immediately after manual ovary dissection
without freezing, that was found to be important to ob-
tain high enrichments. Chromatin was fragmented by son-
ication on Vibra-Cell (Sonics) with amplitude 15% during
35 pulses of 10 s with 10 s pause intervals. About 0.6 pg
of chromatin extract was taken for DNA input and stored
at —20°C. For IP, 2 g of chromatin extract was diluted up
to 500 plin lysis buffer and pre-incubated overnight at 4°C
in the presence of 50 pl Protein A-Sepharose suspension
(Amersham Pharmacia, 50% w/v, hereinafter PAS). After
removing PAS, samples were incubated at 4°C for 5 h with
antibodies and overnight with the addition of PAS. Subse-
quent steps were performed as described (72). The follow-
ing antibodies were used: rabbit anti-H3K9me3 (Upstate,
07-442), rabbit anti-HP1a (a gift from Sarah Elgin), rabbit
anti-H4K20me3 (Abcam, ab9053), rabbit anti-H3K27me3
(Upstate, 07-449), guinea pig anti-Udd (a gift from Michael
Buszczak (68)). The obtained qPCR values were normal-
ized to those of the DNA input and the region of cluster
1 (Cl1)/42AB as a control genomic region using the fol-
lowing formula: V(target)IP * V(CI1)Input / V(CID)IP *
V(target)Input, where V is qPCR value. For each value, 3
to 7 biological replicates were analyzed. PCR primers are
shown in Supplementary Table S1.

ChIP-seq libraries were prepared from samples of pre-
cipitated DNA using Accel-NGS 1S Plus DNA Library
Kit (Swift Biosciences) and sequenced on the Illumina
HiSeq 4000 platform on the basis of the Genomics Core
Facility of Skolkovo Institute of Science and Technology
(Moscow). ChIP-seq data were deposited in the NCBI Gene
Expression Omnibus (GEO) under the accession number
GSE183035.

qPCR and RT-qPCR

Total RNA was extracted from hand-dissected ovaries or
other organs using TRIzol reagent (Invitrogen). DNase
treatment and reverse transcription was performed as de-
scribed (61). Genomic DNA was isolated from the whole
flies according to the standard procedure (73). At least
three biological replicates of RNA and genomic DNA were
used. Nucleic acid quantification was performed using Nan-
oDrop 1000 spectrophotometer V3.8 or using the Qubit
RNA BR Assay Kit (Invitrogen). Both genomic DNA and
cDNA were analyzed in triplicates on DT96 real-time DNA
amplifier (DNA-Technology) using SYTO™ 13 Green



Fluorescent Nucleic Acid Stain (Invitrogen) and Hot Start
Taq DNA polymerase (Evrogen) applying a program of
94°C, 5 min, followed by 40 cycles at 94°C, 15 s; 60-64°C
(depending on primers), 20 s; 72°C, 20 s, except for primers
to truncated insertions of R1 and IGS-ETS cotranscripts,
for which the last step was 72°C, 60 s. A melting curve anal-
ysis was performed from 72 to 92°C, with 0.3°C increments.
Relative expression was calculated from Cq values using a
AACq method. RT-qPCR values were normalized to the
rp49 mRNA level, which according to our observations was
not significantly changed in a number of RNA-seq data sets,
including those for HPla GKD and udd mutant ovaries.
Actin 5C (Act5C) mRNA was used as an additional control
for RT-qPCR. To compare transcript levels between differ-
ent regions of the R2 element, we calculated ratios of the
rp49-normalized RT-qPCR values to genomic qPCR val-
ues normalized to the rp49 gene for the same Drosophila
genotype. PCR-products were verified by gel electrophore-
sis and in some cases by Sanger sequencing. For the design
of primers corresponding to rDNA locus and inserted TEs
we used the following sequences: TDNA (clone pDm238,
NCBI M21017.1), R2 (X51967.1) and R1 (X51968.1). Se-
quences of PCR primers, amplification efficiencies, anneal-
ing temperatures and amplicon lengths are shown in Sup-
plementary Table S1.

RNA-seq

Total RNA samples were isolated from ovaries using TRI-
zol reagent (Invitrogen) according to the standard protocol
and treated with DNase using the DNA-free DNA Removal
Kit (Invitrogen). rRNA was removed by hybridization of
200 ng of total RNA with biotinylated oligonucleotides
complementary to different regions of rRNA followed by
binding to Dynabeads™ MyOne™ Streptavidin C1 (Invitro-
gen). After precipitation, supernatants containing rRNA-
depleted RNA were precipitated with isopropanol. NGS li-
braries were prepared in duplicates using MGIEasy RNA
Library Prep Set V3.1 (MGI Tech Co. Ltd.) according to the
manufacturer’s recommendations. Sequencing was carried
out on the basis of the Center for Precision Genome Editing
and Genetic Technologies for Biomedicine of the Pirogov
Russian National Research Medical University (Moscow)
with 2 x 100 bp paired-end reads on a MGISEQ-2000 plat-
form (MGI Tech Co. Ltd.). RNA-seq data were deposited
in the NCBI GEO under the accession number GSE183035.

Bioinformatic analysis

The following ChIP-seq data and corresponding input
DNA samples were analyzed: H3K9me3 and HPla ChIP-
seq from piwi® /+;piwi' /+ ovaries #GSE56347 (70) (desig-
nated as line 1); H3K9me3 ChIP-seq from shWhite ovaries
#GSE43829 (74) (designated as line 2); H3K9me3, HPla
and H1 ChIP-seq from Control-KD OSC #GSE81434 (75),
Udd ChIP-seq from udd’®®% judd™" and udd/+ ovaries
performed in this work. A quality control of reads and
trimming of adapters for ChIP-seq and PRO-seq/RNA-
seq data were carried out using FastQC version 0.11.5
and Trimmomatic version 0.39 (http://usadellab.org/cms/
?page=trimmomatic/), respectively. Read mapping to the
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D. melanogaster reference genome (release 5.57 from fly-
base.org), IDNA (NCBI M21017.1), R1 (X51968.1), and
R2 (X51967.1) sequences was performed using Bowtie2
version 4.1 (http://bowtie-bio.sourceforge.net/index.shtml/)
with the mapping option -k1. Further filtering and indexing
were carried out using Samtools version 1.7 (http://www.
htslib.org/). To create coverage profiles, the data were con-
verted to reads per million (RPM) and the region of in-
terest was divided into 100 nt windows. Further normal-
ization of ChIP-seq and PRO-seq to input was performed
using bedtools version 2.26.0 (https://bedtools.readthedocs.
io/en/latest/). PRO-seq data for w!/® (wild-type) ovaries
(76) was taken from GEO #GSM3608097 and normal-
ized to DNA (ChIP-seq input sample from w///% ovaries
#GSM3608100). To obtain transcript per million (TPM)
for PRO-seq and RNA-seq data, Salmon version 1.3.0
(https://salmon.readthedocs.io/en/latest/salmon.html/) (77)
was used with the size of the kmer = 31. The data were visu-
alized using the ggplot2 package (https://ggplot2.tidyverse.
org/).

Cell line and actinomycin D treatment

Ovarian somatic cells (OSC) were grown at 25°C in Shields
and Sang M3 insect medium (Sigma-Aldrich #S3652) sup-
plemented with 10% heat inactivated fetal bovine serum
(FBS) (Gibco #10270106), 10% fly extract, 10 pg/ml in-
sulin (Sigma-Aldrich # 19278), 0.6 mg/ml L-glutathione
(Sigma-Aldrich #G6013), 50 units/ml penicillin and 50
pg/ml streptomycin. To prepare fly extract, 1 g of flies, 3—
7 days after eclosion, were homogenized in 6.8 ml of M3
medium and centrifuged for 15 min at 1500 g. The su-
pernatant was heated for 10 min at 60°C, centrifuged and
the pellet was discarded. Actinomycin D (ActD) (Sigma
#A9415) was used in the final concentration of 10 pg/ml in
OSC growth medium for 2 h at 25°C. ActD at lower concen-
tration (1 wg/ml) did not lead to complete block of nascent
transcription in the nucleolus.

RNA FISH, immunostaining, EU and EdU incorporation as-
says, TUNEL assay

RNA FISH with an R2 probe was performed using tyra-
mide signal amplification as previously described (78). The
DNA template for R2 probe transcription carrying the
T7 RNA polymerase promoter sequence at their 5-end
was PCR-amplified on the Drosophila genomic DNA us-
ing primers indicated in Supplementary Table S1. Single
molecule RNA FISH (smFISH) for R2 and pre-rRNA was
carried out using Cy3- and CY5-labeled oligonucleotide
probes, respectively (Supplementary Table S1). Dissected
ovaries were fixed in 4% PFA, then washed in PBS with 0.1%
Tween20 and 0.3% Triton X100. Ovaries were incubated
in buffer F containing 30% formamide, 2x SSC and 0.1%
Tween20, briefly heated (80°C) in 100 pl of hybridization
buffer containing 30% formamide, 2x SSC, 0.1% Tween20,
10 pg herring sperm DNA, 10 pg yeast tRNA, 0.1 mM
DTT and 15 ng DNA labeled probes and then incubated
overnight at 37°C. Ovaries were washed in buffer F with de-
creasing concentration of formamide (30%, 15%, 5%) and
with PBS.
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Immunostaining was performed according to previously
described protocols for OSC cells (79) and ovaries (80).
The following primary antibodies were used: rabbit poly-
clonal anti-fibrillarin (1:500, Abcam #5821); mouse mon-
oclonal anti-fibrillarin (1:500, Abcam #4566); rabbit anti-
lamin (1:500, provided by P. Fisher) (81), guinea pig poly-
clonal anti-Udd (1:800, provided by M. Buszczak) (68),
rabbit anti-HP1la (a gift from Sarah Elgin), rat anti-Vasa
(1:100; DSHB #AB_760351). Secondary antibodies (Invit-
rogen, Thermo Fisher Scientific) were the following: anti-
rabbit IgG Alexa Fluor 488; anti-mouse IgG Alexa Fluor
488; anti-rat IgG Alexa Fluor 488; anti-rabbit IgG Alexa
Fluor 546; anti-mouse IgG Alexa Fluor 546; anti-rabbit
IgG Alexa Fluor 633; anti-mouse IgG Alexa Fluor 633 and
anti-guinea pig IgG Alexa Fluor 633.

The newly synthesized RNA in OSC cells was labeled
with S-ethynyl-uridine (EU) (Life Technologies, #E10345)
as described (61). For EU incorporation assay in ovaries,
manually dissected ovaries were incubated in the OSC
growth medium with 1 mM EU for 1 h at 25°C, then fixed
and permeabilized as described (79). EU detection using the
Click-iT™ reaction was carried out in a cocktail containing
Alexa Fluor 647 azide, triethylammonium salt (#A10277,
Invitrogen, Thermo Fisher Scientific) and Reaction Buffer
Kit (#C10269, Invitrogen, Thermo Fisher Scientific) for 30
min in the dark at room temperature. Then ovaries were
washed in PBTX and processed for immunostaining.

For the 5-Ethynyl-2'-deoxyuridine (EdU) labeling, con-
trol OSC cells and cells treated by 10 wg/ml ActD during
2 h were supplied with EAU (10 pM in final concentra-
tion) and incubated 1 h at 25°C. The cells were fixed, as de-
scribed above, and processed for EAU label detection using
the Click-iT™ reaction according to the manufacturer’s in-
structions. Then cells were washed in PBTX and processed
for confocal microscopy.

TUNEL staining was performed using Click-iT™ Plus
TUNEL Assay for In Situ Apoptosis Detection, Alexa
Fluor™ 647 dye kit (#C10619, Invitrigen, Thermo Fisher
Scientific) according to the manufacturer’s instructions.

Confocal microscopy was performed using an LSM
510 META system (Zeiss) and LSM 900 Confocal with
Airyscan 2 super-resolution detector (Zeiss).

RESULTS

R1 and R2 elements are enriched with repressive chromatin
marks compared to intact rRNA genes

To clarify the extent to which the interrupted rRNA genes
are silenced in ovaries, we evaluated levels of pre-rRNA, as
well as R1 and R2 nascent transcripts in publicly available
PRO-seq data for the ovaries of the w///® D. melanogaster
line (76). To account for the copy number of these repeti-
tive elements in the genome, we normalized PRO-seq values
to the number of corresponding sequences in the genomic
DNA sample of the same Drosophila strain (76). We calcu-
lated that the w!//® female genome contains a total of 206
rDNA genes, of which 20 (~10%) have R2 insertions. As
noted above, R1 elements can insert outside the rDNA lo-
cus and therefore the R2 sequence is more appropriate as
a marker of inserted rDNA. Our analysis showed that the

average pre-rRNA transcription level per TDNA repeat is
higher than transcription of any protein-coding gene, and
approximately 100 and 30 times higher than that of R1 or
R2 clements, respectively (Figure 1B). In fact, expression
levels of R1/R2-inserted and vigorously transcribed intact
rRNA genes can differ much stronger, given that the latter
constitute only a small fraction of all rDNA units.

Next, we asked whether interrupted rDNA repeats are as-
sociated with repressive chromatin marks. To check this, we
first analyzed our own (70) and publicly available ChIP-seq
data from ovaries (74) and ovarian somatic cultured cells
(OSC) (75) using normalization to the DNA input sam-
ples of corresponding genomes. We observed a pronounced
enrichment of the H3K9me3 heterochromatin mark and
a main reader of this mark, HPla (82), in R1 and R2-
associated chromatin compared to the rDNA sequence in
all analyzed ChIP-seq libraries (Figure 1C). In addition,
R1 and R2 elements exhibited an increased level of H1
linker histone (Figure 1C), which is also mainly associated
with repressive chromatin in Drosophila (62,75,83). We then
performed H3K9me3 and HPla ChIP-qPCR taking ad-
vantage of PCR to detect uninserted rRNA genes using
primers surrounding the R1/R2 insertion sites in the 28S
rDNA sequence (primers location is shown in Figure 1A).
We found a >3-fold higher H3K9me3 level at R2 insertions
compared to uninserted rDNA units in the ovaries of two
tested Drosophila lines and about a 2.5-fold higher enrich-
ment of HP1a (Figure 1D). Interestingly, we also observed
reduced H3K9me3 occupancies in the very beginning of
ETS (Figure 1D, primer location on Figure 1A), which cor-
responds to promoter regions of all rDNA units (both in-
serted and uninserted). This result indicates that chromatin
marks are non-uniformly distributed along a single rDNA
repeat and promoter regions of IDNA genes are depleted in
heterochromatin marks.

Disruption of heterochromatin only partially weakens the re-
pression of interrupted rRNA genes

To estimate the impact of repressive chromatin state on the
silencing of rDNA units with TE insertions, we analyzed
the levels of R1 and R2 transcripts in ovaries depleted for
H3K9-specific methyltransferases (HMTs) and HPla. Ac-
cording to RT-qPCR, nos-GAL4 driven germline knock-
down (GKD) of H3K9 methyltransferase Eggless/SetDB1
(Egg) led to about a 2- to 3-fold upregulation of R1 and
R2 elements as compared to the non-KD sisters (Figure
2A). Note that Egg was previously shown to be strongly
required for transcriptional silencing of a broad range of
TEs in ovaries (84) and its knockdown caused about a 40-
fold derepression of telomeric HeT-A element in our analy-
sis (Figure 2A). GKD of another HMT, Su(var)3-9 known
to be involved in the formation of constitutive heterochro-
matin and the spreading of the H3K9me3 mark (84-86) led
to much more severe defects of oogenesis than Egg deple-
tion but also induced a 2-3-fold upregulation of R1 and R2
elements (Figure 2A). Double GKD of Egg and Su(var)3-
9 led to activation of R1 and R2 at the same level as sin-
gle knockdowns (Figure 2A), indicating that two HMTs do
not substitute for each other in regulation of rRNA genes.
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Similarly, the levels of R1 and R2 transcripts increased ap-
proximately 3-fold upon HPla GKD (Figure 2B and Sup-
plementary Figure S1). Then, to directly evaluate the role
of H3K9 methylation in the repression of inserted rDNA
units we took advantage of a histone replacement system
(71) where a wild-type cluster of histones is replaced by
an artificial one, in which codons for K9 lysine residues
of the H3 histone genes are replaced with arginine (K9R)
(see Materials and Methods for details). Although this re-
placement abolishes all modifications of H3K9, it mainly
manifests itself in derepression of TEs likely due to the loss
of H3K9me2/3 marks (71). Homozygous K9R individu-
als survive up to the larval stage. RT-qPCR analysis of fe-
male larvae showed that K9R substitution induced an ap-
proximately 3-fold increase of R2 expression, respectively,
as compared to control individuals (HWT) containing a
wild-type histone transgenic array (Figure 2C). Thus, dere-
pression of R1 and R2 upon loss of heterochromatin com-
ponents is much less than the upregulation that would be
expected if the silencing of inserted rRNA genes was com-
pletely disrupted. This revealed that the putative mecha-
nisms of individual rDNA unit repression mostly retain

their effectiveness in the absence of H3K9me3/HP1la het-
erochromatin marks.

Impairment of components of the SL1-like complex leads to
drastic upregulation of R2 elements

We then examined a role of the Pol I transcription initia-
tion apparatus in the regulation of inserted rDNA units.
Transcription of rRNA genes in mammals requires several
specific basal factors: upstream binding factor (UBF), the
RRN3 (Tif-IA) protein and the core pre-initiation com-
plex SL1, consisting of the TATA-box binding factor (TBP)
and TBP-associated factors (TAFs). SL1 specifically recog-
nizes and binds rTDNA promoter sequences (87). Drosophila
melanogaster lacks UBF homolog, while Tif-IA and the
SL1-like complex were described in the fruit fly (68,88).
Three components of the Drosophila SL1-like complex were
identified: conserved TAF1B and TAF1C-like subunits and
a small 18 kD protein called Udd (Under-developed) (68),
which does not contain any known motifs and has no ho-
mologs outside the Diptera. It has been shown that the dis-
ruption of SL1-like compromised rRNA synthesis and de-
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velopment of ovarian germ cells (68). Although the SL1-like
complex is thought to be pivotal for the rDNA transcrip-
tion, which mediates the expression of TEs incorporated
into pre-rRNA, we surprisingly found that germline knock-
downs of TAF1B, TAF1C-like and Udd led to 40- to 70-fold
upregulation of R2 and to a lesser extent of R1 elements
(up to 26-fold) (Figure 3A). RT-qPCR also unexpectedly
revealed that total levels of pre-rRNA (18S-ITS1 cotran-
scripts) were not changed or fluctuated slightly (no >1.5-
fold) in ovaries depleted for SL1-like components (Supple-
mentary Figure S2). Note that pre-rRNA can be derived
from both inserted and uninserted rDNA units. Thus, given
the increased contribution of inserted rDNA unit transcrip-
tion to the total pre-rRNA pool, intact rRNA genes may
be downregulated upon knockdowns. These results suggest
that impairment of the SL1-like complex affects the selec-
tion of individual rDNA units for activation or silencing.

We focused on investigating the effects of Udd lack due
to the existence of viable udd mutants. We examined the
previously described udd’ hypomorphic allele (68), and the
unstudied before udd’®33-%* allele (BDSC #63478) combin-
ing them with the udd™" allele (68). It is noteworthy that
homozygous udd™" judd™" mutation with complete loss
of Udd is lethal (68). All other tested udd mutant flies
(udd' Judd’, udd' judd™, udd”*>% judd™" and udd’®33-%%/
udd’%%3-%) were sterile and had reduced ovaries and testes
(in accordance with (68)) but did not display any morpho-
logical body defects known to be associated with signifi-
cantly decreased ribosome production (minute-like pheno-
types (89)). RT-qPCR revealed a 70- to 80-fold upregula-
tion of R2 elements in udd’ /udd’ and udd' Judd™" ovaries,
relative to corresponding heterozygotes (Figure 3B). Even
stronger derepression of R2 (>500-fold) was observed in
udd’®%% judd™" ovaries (Figure 3B). The amount of R1
transcripts was increased from 5- to 36-fold in ovaries of
various udd mutant combinations. Expression of other an-
alyzed TEs showed a smaller increase or no change (Fig-
ure 3B). No substantial upregulation of R1 and R2 ele-
ments was observed in udd/+ ovaries compared to ovaries
of wild-type flies carrying the same rDNA clusters on X-
chromosomes (Supplementary Figure S3). Although Udd
is expressed ubiquitously and immunostaining shows Udd
within nucleoli in various Drosophila tissues (Supplemen-
tary Figure S4), we did not found any significant influ-
ence of udd mutations on R2 expression in carcasses (bodies
without gonads), while about a 10-fold increase of R2 RNA
level was revealed in udd’ /udd™" testes (Figure 3B).

We examined in which types of ovarian cells R2 activa-
tion occurs in udd mutants. Drosophila ovaries are com-
posed of ovarioles, chains of egg chambers starting from a
germarium region and then consistently developing over 14
stages. Each egg chamber includes 16 cytoplasmically con-
nected germline cells (fifteen nurse cells and a single oocyte)
surrounded by somatic follicle cells. Nurse cells are poly-
ploid (up to 8000C) and exhibit high transcription activity
supplying the transcriptionally inert oocyte with proteins,
RNA and ribosomes through intercellular channels (90).
Consistent with previous report (68), we noted that ovaries
of udd' Judd" and udd' /udd™" flies contain egg chambers
only up to stages 4-5 of oogenesis. udd’®33-%* judd™" ovaries
had a more normal phenotype and retained oogenesis up

to stage 11 (Figure 3C and Supplementary Figure S5). Egg
chambers of later stages were lost likely as a result of germ
cell apoptosis (Supplementary Figure S5) and consequently
udd’®% judd™" females did not produce embryos. RNA
FISH revealed the accumulation of R2 transcripts mainly
in the nucleoli of nurse cells in both udd”53-% judd™" (Fig-
ure 3C) and udd' Judd™" ovaries (Supplementary Figure
S6A), whereas weak R2 RNA signals were also observed
in some follicle cell nuclei (Supplementary Figure S6B). In
the control heterozygotes, R2 RNA was not detected by
FISH in any cells. Remarkably, in both udd”®$3- judd™"
and udd' Judd™" ovaries FISH signals were faint in germ
cells of germarium and early egg chamber stages, then grad-
ually increased as oogenesis progressed and reached a max-
imum in nurse cells at the latest stages present in mutants
(Figure 3C and Supplementary Figure S6A). Therefore, a
much stronger R2 upregulation in udd”®®*% judd™" com-
pared to udd' judd™" ovaries observed by RT-qPCR was
likely due to the passing the late oogenesis stages. It is note-
worthy that nucleoli in nurse cells develop into branched
structures that are different from the ordinary spherical nu-
cleoli of diploid cells (67). However, the nucleoli in nurse
cells of udd mutants were less branched and appeared as
large intranuclear bodies (Figure 3D-F). Interestingly, R2
transcripts tended to accumulate in the central part of the
nucleolus, while pre-rRNA was localized mainly at its pe-
riphery (Figure 3F).

According to RNA FISH and visualization of nascent
RNA by EU incorporation assay, nucleolar transcription
was observed in germ cells at all oogenesis stages, which
are present in the udd mutants (Figure 3C and Supplemen-
tary Figure S7TA). Although a severe decline in rRNA syn-
thesis was previously described for the udd’ /udd™" mutant
(68), our RT-qPCR analysis showed about a 2-fold reduc-
tion of the ETS and 18S-ITSI transcripts in udd' /udd™"
ovaries (Figure 4A and Supplementary Figure S7B). No
significant alteration of these transcripts was revealed in
udd”33-%* Judd™!" ovaries relative to heterozygotes (Figure
4A and Supplementary Figure S7B). However, as noted
above, the unchanged level of total pre-rRNA upon the ac-
tivation of the R1 and R2 elements does not exclude that
transcription of intact rDNA units is reduced. Given that
the SL1 complex is known to recognise the rDNA core pro-
moter and enable rRNA transcription start at the 5’ end
of the ETS (87), we examined whether rRNA transcription
in udd mutants could be aberrant. We observed an increase
of chimeric IGS-ETS cotranscripts in udd’ /udd™" and no-
tably in udd’%%3-%* judd™" ovaries by RT-qPCR (Figure 4A).
Nevertheless, the amount of IGS-ETS RNA was still about
25-fold lower than the amount of transcripts correspond-
ing to the beginning of the ETS in the udd”-%* judd™"
ovaries, whereas for the udd’ /udd™! mutant this differ-
ence was greater (Figure 4A). We also performed RNA-
seq, which revealed highly elevated level of 1GS-derived
RNA in udd”®3% judd™" ovaries but also demonstrated
that transcription from the beginning of the ETS occurs
in the mutant and control ovaries at the same level (Fig-
ure 4B). Thus, analyzed udd mutants mostly retain normal
rRNA transcription start site, while display elevated IGS
RNA synthesis and strong upregulation of R1 and notably
R2 elements.
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Figure 3. Impairment of SL1-like components cause derepression of R1 and R2 elements in ovaries. (A) RT-qPCR analysis of R2 3’-region, R1 and HeT-
A elements in ovaries upon nos-GAL4 driven GKD of SL1-like subunits. ID numbers of UAS-RNAI stocks obtained from BDSC or VDRC resource
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udd mutations cause transcriptional activation of entire
rDNA units containing TE insertions

It has been previously shown that the repression of inserted
rDNA repeats can occur through termination of transcrip-
tion within the insertion sequence (50) or due to the tran-
scriptional silencing of the entire rDNA unit (51). To test
which of these repression modes may be affected by udd
mutations, we measured the amounts of transcripts corre-
sponding to different regions of R2 insertions in the udd mu-
tant ovaries and control heterozygotes. Then we normalized
the RT-qPCR values to qPCR values obtained using the
same primers on the genomic DNA of the same Drosophila
line. Hence, the results shown in Figure SA allow us to com-
pare the transcript levels between different regions of R2 re-
gardless of their abundance in the genome and primer am-
plification efficiency. The normalized RT-qPCR values were
drastically higher in the udd’ /udd™" and udd®%3-%* judd™"
ovaries than in the controls for all analyzed regions indi-
cating increased transcription along the entire length of R2
insertions (Figure 5A). The transcripts containing the junc-
tion of the upstream 28S rRNA and the beginning of the
R2 sequence (hereafter, ‘28S-5'R2 cotranscripts’) were also
upregulated in both analyzed mutants. Notably, an approx-
imately 400-fold increase of 28S-5'R2 cotranscripts was ob-
served in udd’0%% judd™" ovaries (Figure SA). Thus, dere-
pression occurs mostly as a result of the enhancement of
rDNA transcription upstream of the insertion region. Note
that the absolute level of 28S-5'R2 cotranscripts is lower
than that of 5 R2 body transcripts (Figure 5SA) because
R2 RNA can self-cleave from the 28S rRNA sequence. At
the same time, we observed a reduction of the transcript
amount in the 5'- to 3’ direction of the R2 body by both
RT-qPCR (Figure 5A) and RNA-seq (Figure 5B). In udd/+
ovaries, the amount of transcripts detected in the 5'-region
of the R2 was approximately 100-fold higher than at its very

3’-end according to RT-qPCR. This difference was only
slightly smoothed out in udd mutants (Figure SA). Thus,
the lack of Udd strongly enhances transcription across R2-
inserted rDNA unit but does not prevent transcriptional de-
cline within the R2 body. Altogether, these results suggest
that normally repression of R2-inserted rRNA genes occurs
both by silencing of the entire rDNA unit and by interrup-
tion of transcription in the R2 body, while udd mutations
release the repression only on the level of the entire rDNA
repeat possibly affecting the transcription initiation step.

Some rDNA units contain R1/R2 insertions shortened
to varying degrees from the 5'-end, formed due to abortive
reverse transcription (30,41). Using genomic DNA PCR
with subsequent sequencing, we detected the highly trun-
cated R2 insertions of ~180 and ~50 bp in the udd' /udd™"
genome, whereas full-length R2 is about 3.6 kb. RT-qPCR
using a forward primer located in upstream 28S rRNA
sequence and reverse primer in the 3’-end of R2 demon-
strated that TDNA units with these truncated R2 inserts
were derepressed in udd’ /udd™" ovaries similarly to ones
with the full-length R2 elements (Figure 5A). Thus, ef-
fect of Udd on R2-inserted rDNA units is independent of
the insertion length and therefore is unlikely to be deter-
mined by any specific nucleotide motifs within the R2 se-
quence, or at least within its most part. In addition, this
result further supports the conclusion that udd mutations
cause transcriptional activation of entire rDNA units with
insertions.

As noted above, the lack of Udd and other SL1-like
subunits led to considerably weaker upregulation of R1
than R2 elements according to RT-qPCR (Figure 3A and
B). However, RNA-seq showed that a short region corre-
sponding to the 3'-UTR of the R1 element was 200-300-
fold derepressed in udd®33-%% judd™" ovaries, whereas the
level of transcripts derived from the most of this element
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Figure 5. udd mutations cause transcriptional activation of entire rDNA units containing TE insertions. (A) Fold change and log;o RNA level normalized
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increased much less drastically (Figure 5C, bottom panel).
In udd/+ ovaries, the 3’-UTR region was also expressed
higher than the rest of the element (Figure 5C, upper panel).
We assumed that this effect can be attributed to short in-
sertions of the R1 solo 3’-UTR lacking the R1 body. In-
deed, we detected rDNA units containing the 3-UTR of
the R1 element by PCR of udd”®%% judd™" genomic DNA
and demonstrated by RT-qPCR that these units were 200-
fold upregulated in udd”3% judd™" ovaries (Supplemen-
tary Figure S8). Note that RT-qPCR in Figure 3A,B de-
tected transcription of the R1 middle part. Thus, the trun-
cated R1 insertions are much more strongly derepressed in
udd mutants when compared to full-length R1 insertions
suggesting that the R1 sequence upstream of the 3'-UTR
may contain a putative silencer element, which prevents the
complete activation of full-length R1 elements in udd mu-
tants. This may also be due to the Pol I pausing signal, the
presence of which at the R1 5-end was recently proposed
(54).

Udd is associated with intact but not interrupted rDNA units

Based on our results, it is possible that Udd and other sub-
units of SL1-like can serve both as transcription initiation
factors and components of a hypothetical repressor com-
plex interacted with silent rDNA units. Consistent with the
previous report (68), ChIP-qPCR and ChIP-seq showed
high Udd enrichment at the rDNA promoter region (ETS
on Figure 6A) with the most pronounced peak at the bor-
der of IGS and ETS (dotted line in Figure 6B). Udd en-
richments at IGS and ETS can correspond to promoters of
both inserted and uninserted rDNA repeats. However, by
ChIP-qPCR we also observed a weak but significant asso-
ciation of Udd with uninserted 28S rRNA sequences that
was about 2-fold higher compared to different parts of R2
insertions in several D. melanogaster lines (Figure 6A and
Supplementary Figure S9). This effect can be attributed to
the preferential interaction of Udd with actively transcribed
rRNA genes. Studies on mammalian cells show that rDNA
repeats in the nucleolus form loops connecting promoter
and termination regions (91,92) or more complex struc-
tures, in which the transcribed rDNA region is wrapped
around the core formed by SL1 (93). Hence, it is conceiv-
able that in ChIP experiments some cross-linking can oc-
cur between proteins associated with the promoter and pre-
rRNA-coding part of the same rDNA unit. Thus, our re-
sults fit well with the idea that Udd being a component of
the Pol I transcription promoting apparatus is associated
mainly with intact rDNA units. Overall, we suggest that
SL1-like indirectly controls the repression of inserted rRNA
genes possibly through redistribution of Pol I toward unin-
serted rDNA repeats (see Discussion for details). We also
found Udd enrichment in the region of rDNA transcrip-
tion termination on the border of 28S and IGS sequences,
as well as in the IGS (Figure 6A and Supplementary Figure
S9). This can be interpreted as the formation of a spatial
loop or as a binding of the SL1-like to putative IGS pro-
moters. A similar pattern of Udd distribution along rDNA
units was observed in both ovaries and carcasses, whereas
enrichment levels were lower in carcasses (Supplementary

Figure S9), which may reflect a higher rate of rRNA syn-
thesis in ovarian cells.

H3K9me3 level depends on transcriptional status of rDNA
repeats

Next we tested whether derepression of R2-inserted rDNA
units in udd mutants was accompanied by changes in repres-
sive chromatin marks. ChIP-qPCR revealed 2- to 3-fold re-
duction of H3K9me3 occupancy at R2 elements and rDNA
promoter regions in both udd’ Judd™" and udd’®$3-%* judd™"
ovaries when compared to control heterozygotes (Figure
6C). The H3K9me3 levels at uninserted 28S were also de-
creased, though to a lesser extent than at the R2 sequence
(Figure 6C). This result suggests that some rRNA genes
lacking R1/R2 insertions are also normally silenced and
heterochromatinized, whereas in udd mutants they may be
transcriptionally activated and lose heterochromatin marks
in a similar way to R2-inserted rDNA units. udd muta-
tions had no effect on the H3K9me3 occupancy at telomeric
HeT-A elements (Figure 6C) and other heterochromatic
genome regions, such as piRNA clusters (data not shown),
indicating that Udd affects the H3K9me3 level specifi-
cally within rDNA locus. We also observed a reduction
of HPla in the chromatin associated with both R2 inser-
tions and uninserted 28S rDNA sequences in udd' /udd™"
ovaries (Supplementary Figure S10A). However, the levels
of H3K27me3 and H4K20me3 marks, which have also been
shown to be involved in rDNA silencing in mammalian cells
(94,95) did not change significantly for any of the analyzed
sequences (Supplementary Figure S10B and C).

Our observations suggest that the reduction of the
H3K9me3 level in rRNA genes in the udd mutant ovaries
can be caused by their transcriptional activation, and vice
versa repressive chromatin marks can normally be recruited
to rDNA units as a consequence of their transcriptional si-
lencing. To additionally clarify a relationship between the
rDNA transcriptional status and heterochromatin marks,
we examined the rDNA chromatin after inhibition of tran-
scription by actinomycin D (ActD) during 2 h in OSC cul-
tured cells. ActD nonspecifically blocks all types of RNA
polymerase (96). We detected cessation of rRNA synthe-
sis in ActD-treated cells, which was accompanied by a re-
duction of a nucleolar area occupied by fibrillarin (Sup-
plementary Figure SI1A and B) but did not lead to cell
death and block of DNA replication (Supplementary Fig-
ure S11C and D). Interestingly, Udd was largely released
from the nucleolus and found in the cytoplasm of ActD-
treated cells (Supplementary Figure S11A). ChIP-qPCR re-
vealed a loss of Udd binding at the rDNA promoter, termi-
nator, and IGS regions where Udd is enriched in untreated
cells (Figure 6D) additionally indicating that Udd inter-
acts with actively transcribed rRNA genes. ChIP-qPCR
analysis demonstrated a significant increase of H3K9me3
mark at uninserted 28S rDNA sequences and rDNA pro-
moter regions but not at R2 insertions in ActD-treated cells
compared to control (Figure 6E). Thus, repressive chro-
matin can be rapidly established on transcriptionally inac-
tive rDNA units that supports the notion that the difference
in H3K9me3 levels between inserted and intact rRNA genes
can be a consequence of their distinct transcriptional states.
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DISCUSSION

Possible mechanisms of discrimination between interrupted
and intact ribosomal genes and activation of R2 element

It has been known for several decades that a substantial
number of TDNA units in the D. melanogaster genome con-
tain insertions of R1 and R2 retrotransposons usually caus-
ing these units to be expressed at very low levels (47,48,51).

The R2 element integrates exclusively into the rDNA locus
and is capable to be transcribed only as part of pre-rRNA
(39-42). Here we found that the impairment of the putative
Pol I transcription initiation complex SL1-like abolished si-
lencing of interrupted rDNA units and especially those with
insertions of R2 (Figure 3). Drosophila SL1-like was de-
scribed as an analog of the mammalian SL1 complex (68),
which promotes rDNA transcription by recognizing and
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binding the rDNA core promoter sequence and recruiting
Pol I (87). Three components of SL1-like have been identi-
fied: TAF1b and TAF1c-like subunits, which have orthologs
in mammals, and a Drosophila-specific small subunit Udd
(68). Depletion of any of the three components induced up-
regulation of interrupted rRNA genes (Figure 3A). Appar-
ently, the complete loss of these proteins is lethal, and the
analyzed effects are caused by a partial impairment of the
SL1-like complex. In contrast to the previous report (68),
we did not find a dramatic decrease in the total pre-rRNA
derived from both interrupted and intact rDNA units in the
ovaries lacking SL1-like components, except for a 2-fold re-
duction in udd’ Judd™" mutants (Figure 4, Supplementary
Figure S7). However, we assume that transcription of in-
tact rRNA genes may decrease to some extent upon all ex-
amined mutations and knockdowns of SL1-like subunits.

Activation of interrupted rDNA units upon udd muta-
tions occurs predominantly in germ cells (Figure 3B,C).
This effect may be attributed to the fact that a small amount
of Udd retained in udd' and udd’*®*-%* hypomorphs is suf-
ficient to ensure Udd function in somatic cells. Nurse cells
require much more Pol I transcription factors, because pro-
vide an especially high level of rRNA synthesis. It has been
calculated that a stage 14 oocyte contains approximately
2 x 10" ribosomes (66), the vast majority of which are pro-
duced in the nurse cells during stages 7 through 10 (67). The
strongest accumulation of R2 transcripts was observed in
udd’®%% judd™! ovaries at these stages (Figure 3C).

The mechanism of repression of inserted rDNA units re-
mains generally unknown. In accord with the previous work
(50), we revealed a sharp reduction in the amount of tran-
scripts from the 5 to the 3’ end of the R2 insertions indi-
cating that transcription is partially interrupted within the
insertions (Figure 5A). On the other hand, we found that
udd mutations caused an increase of transcription along
the entire length of the R2 element and the upstream 28S
rRNA sequence (Figure 5A). This result suggests that tran-
scription of inserted rDNA units normally can be less ef-
ficiently initiated than that of intact ones and this repres-
sion is released in udd mutants. It is tempting to speculate
that transcriptional selection of rDNA units can be estab-
lished by spatial loops formed between the rDNA promoter
and terminator regions, which can contribute to efficient
switching from termination to re-initiation of transcription
as was demonstrated in mammalian cells (91-93,97). Since
transcription usually reaches the terminator in intact rRNA
genes, it can be effectively re-initiated at their promoters,
whereas in inserted rDNA units transcriptional re-initiation
may occur much less frequently due to the often termina-
tion within or at the ends of TE insertions. The possible
role of spatial interactions in transcriptional selection of
rDNA repeats is supported by the R2 upregulation upon
mutation of the chromatin architectural protein CTCF (53).
Other factors such as deposition of active chromatin marks,
co-transcriptional rRNA processing, and phase separation
could also be involved in the positive feedback loop, pro-
moting the accumulation of components of the Pol I tran-
scription apparatus on intact rDNA units. On the contrary,
silencing of inserted rDNA units can be further enhanced
by a repressive regulatory loop, which includes heterochro-
matin formation and other mechanisms (see the second part
of the Discussion).

We consider two non mutually exclusive models that
could explain the upregulation of inserted rDNA units
upon the impairment of SL1-like function. First, we sup-
pose that the SL1-like complex may facilitate effective tran-
scription re-initiation on active rDNA units or participate
in the bridging of the rDNA promoter and terminator,
which is consistent with Udd enrichment at both regions
(Figure 6A and Supplementary Figure S9). Of note, SL1
in mammalian cells is thought to be involved in anchoring
the core promoter, upstream enhancer and terminator ele-
ments, which provides a spatial arrangement favorable for
active rRNA synthesis (93). Therefore, we hypothesize that
the partial SL1-like impairment can abrogate the feedback
regulatory loop on intact rRNA genes. Without this loop,
Pol I complexes may be indiscriminately redistributed over
all rDNA units, including those with insertions. The ob-
served elevated transcription of IGS repeats in udd mutants
(Figure 4B) can also be attributable to this redistribution
since these regions contain promoter elements resembling
the main rDNA promoter (98,99). Second, it is conceivable
that derepression of normally silent rRNA genes with pref-
erential activation of the R2 element may be induced by
a transcriptional reprogramming, which is triggered in re-
sponse to decreased rRINA synthesis upon the impairment
of SL1-like. Under natural conditions, a decline of rRNA
production can be caused by a reduction of rDNA copy
number, which occurs due to spontaneous intra-chromatid
recombination within the rDNA locus (100). The R2 pro-
tein is suggested to initiate the restoration of rDNA clusters
by generating DNA breaks that induce the recombination-
mediated repair (45,46). Thus, transcriptional activation of
the R2-inserted rDNA units may serve as an adaptive re-
sponse in order to produce the R2 protein, which then stim-
ulates the increase of IDNA copy number. This model bet-
ter interprets an extremely high upregulation of the R2 el-
ement observed in udd’®*-%* judd™" ovaries. Our assump-
tions are consistent with previous finding that loss of a ri-
bosome assembly factor Nopp140 leads to both reduced
rRNA synthesis (101) and R2 activation (64). Similarly to
the effects of the SL1-like impairment, R2 elements dis-
played preferential induction upon Nopp140 loss as com-
pared to R1 elements (64). Further experiments are needed
to test these hypotheses. It would be interesting to explore
whether disruption of other components of the Pol I tran-
scription machinery, in particular Tif-IA, influences on se-
lective regulation of rDNA units. Elucidation of how cells
are capable to sense the level of rRNA production as well
as the mechanism of subsequent transcriptional reprogram-
ming are also of great interest for further exploration. Be-
sides, the follow-up studies may clarify a possible link be-
tween these transcriptional changes and the alterations of
nucleolar structure observed in udd mutant ovaries (Figure
3C-F).

Heterochromatin marks in the context of Drosophila rRNA
genes

Silent TRNA genes in mammalian cells are known to
have hypermethylated DNA and regular nucleosomes car-
rying repressive histone modifications, such as H3K9me3,
H4K20me3 and H3K27me3 (94,95,102,103) (see (26-29)
for reviews). In D. melanogaster, heterochromatin compo-



nents have been shown to be implicated in maintaining
the nucleolar structure and preventing recombination be-
tween TDNA repeats (22), as well as in nucleolar domi-
nance, a phenomenon whereby an entire rDNA cluster is
silenced (104). However, the association of repressive chro-
matin marks with silencing of individual rDNA units in
Drosophila was not evident. Here we found higher levels of
H3K9me3 and HPla in the chromatin of inserted rDNA
units compared to uninserted ones (Figures 1C, D, and
6C, E). Furthermore, upregulation of R2-inserted rRNA
genes in the ovaries of udd mutants was accompanied by
a reduction of H3K9me3 and HP1la enrichments (Figure
6C and Supplementary Figure S10), whereas inhibition of
transcription by ActD led to the acquisition of H3K9me3
at intact rRNA genes (Figure 6E). These results demon-
strate that heterochromatin marks indeed are associated
with rDNA unit repression in Drosophila and support for
the idea of chromatin-based differentiation between indi-
vidual rDNA repeats within one array. Our findings par-
allel with the results revealing the coexistence of methylated
and unmethylated rDNA units within the same cluster us-
ing FISH and immunostaining of single DNA fibers in hu-
man cells (20). Moreover, the transcriptionally inert IDNA
genes associated with HP1 have been recently demonstrated
inside active human NORs by super-resolution microscopy
(105).

Earlier, based on the psoralen cross-linking assay it was
suggested that a substantial part of Drosophila rRNA genes
lacking R1 and R2 insertions is also silenced (50). This re-
pression may be caused in particular by other defects of
rDNA sequences. Presumably, these rTDNA units are also
marked by repressive chromatin modifications. Therefore,
transcriptionally active rRNA genes may in fact have lower
levels of H3K9me3 and HP1a than was shown for R1/R2-
uninserted rDNA units detected by our ChIP-qPCR analy-
sis. The observed decrease of H3K9me3 mark at uninserted
28S region in udd mutants (Figure 6C) can be owing to the
derepression of these units.

We showed that the lack of HP1a protein, H3K9 HMTs,
as well as H3K9 methylation itself leads to several fold up-
regulation of R1 and R2 elements in ovaries (Figure 2).
Interestingly, Egg and Su(var)3-9 HMTs did not compen-
sate the loss of each other, which may be due to the fact
that Egg is involved in de novo H3K9me3 establishment,
while Su(var)3-9 is required for H3K9me3 spreading (84),
and its binding with the chromatin partially depends on
Egg in ovarian germ cells (106). The effects of heterochro-
matin loss observed in our work are quantitatively similar
to R2 upregulation revealed previously upon knockdown
of histone H1 (62) and upon lamin depletion, which in-
duces a strong decrease of the H3K9me3 level at the R2
element (63). Altogether, we propose that heterochromatin
marks are deposited on less effectively transcribed rDNA
units, strengthening their repression, whereas transcrip-
tional activation can remove the repressive chromatin mod-
ifications (see model in Supplementary Figure S12). The
H3K9me3 recruitment to uninserted rDNA repeats upon
inhibition of transcription by 2 h ActD treatment demon-
strates a possibility of a remarkably rapid heterochro-
matin formation on transcriptionally inactive rDNA units
(Figure 6E).
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Other mechanisms of interrupted rRNA gene silencing
may include small RNA pathways (siRNA and piRNA),
the disruption of which lead to some modest upregula-
tion of R1 and R2 elements (58-61) possibly on the post-
transcriptional level. At the same time, the loss of piRNA-
binding protein Piwi on a specific genetic background may
cause general transcriptional repression of the rDNA clus-
ter, which leads to partial removal of Udd from the nucleoli
of nurse cells (107). In parallel with our investigations, it
was shown that knockdowns of SUMO (Small Ubiquitin-
like Modifier) and SUMO ligase Ubc9 induce dramatic
derepression of inserted rDNA units and, probably, acti-
vation of silent rDNA repeats lacking R1/R2 insertions
(108). The authors suggest that multiple chromatin proteins
associated with silenced rDNA units undergo SUMOyla-
tion. Although Udd was found among nucleolar targets
of SUMOylation (108), the effects upon SUMO knock-
down cannot be explained solely through Udd or SL1-like
functions, but apparently represent a more extensive release
of rDNA transcription. In particular, the loss of SUMO
leads to a stronger derepression of R1 compared to R2 ele-
ments and increases the total pre-rRNA production (108).
It is likely that the SUMO pathway, independently of hete-
rochromatin, may play a key role in the repressive feedback
loop, which maintains the silencing of rDNA units.

As a whole, our study, along with other recent publi-
cations, uncovers that transcriptional selection of individ-
ual rRNA genes can be regulated by a complex of various
molecular mechanisms that are only beginning to be eluci-
dated.
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