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Abstract

U7 snRNA is part of the U7 snRNP complex, required for the 3’ end processing of replication-dependent histone pre-mRNAs in S phase of
the cell cycle. Here, we show that U7 snRNA plays another function in inhibiting the expression of a subset of long terminal repeats of human
endogenous retroviruses (HERV1/LTR12s) and LTR12-containing long intergenic noncoding RNAs (lincRNAs), both bearing sequence motifs that
perfectly match the 5" end of U7 snRNA. We demonstrate that U7 snRNA inhibits LTR12 and lincRNA transcription and propose a mechanism
in which U7 snRNA hampers the binding/activity of the NF-Y transcription factor to CCAAT motifs within LTR12 elements. Thereby, U7 snRNA
plays a protective role in maintaining the silencing of deleterious genetic elements in selected types of cells.
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Introduction

U7 snRNA (U7 small nuclear RNA) is synthetized in meta-
zoan cells by RNA polymerase II (RNAP2) and reaches a
length of 63 nucleotides in humans. The 3’ region of U7
snRNA (27 nucleotides) forms a stem—loop secondary struc-
ture required for its stability, while the central part is occu-
pied by a noncanonical sequence at the Sm-binding site (5'-
AUUUGUCUAG-3'). In the mature U7 snRNP (small nuclear
ribonucleoprotein) complex, the Sm site is wrapped by the
Sm/Lsm heptameric protein core, which consists of five pro-
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teins shared with other U snRNPs (SmB/B’, SmD3, SmE, SmF
and SmG) and two unique proteins (Lsm10 and Lsm11) (1-3).
U7 snRNA and proteins are assembled into the complex in the
same maturation pathway as spliceosomal U snRNPs. Thus,
after transcription, the U7 snRNA precursor is first exported
to the cytoplasm, where it combines with the core proteins and
is further processed. Next, the particle is reimported into the
nucleus and remains mostly concentrated in subnuclear sites
called histone locus bodies (HLBs) throughout the cell cycle
(3-8).
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In contrast to other U snRNPs, mostly involved in splicing,
U7 snRNP is a key factor involved in the 3’ end processing of
replication-dependent histone (RDH) pre-mRNAs (9). During
this unique maturation event, which takes place in S phase of
the cell cycle within microenvironment of HLBs, RDH pre-
mRNAs undergo a single endonucleolytic cleavage after a spe-
cific stem—loop structure located at their 3’ ends, which is
recognized by stem—loop binding protein (SLBP) (7,10-12).
Downstream of the stem—loop structure, there is a conserved
purine-rich sequence known as the histone downstream ele-
ment (HDE), which is highly complementary to the 5" end
of U7 snRNA (5'-UUACAGCUCUUU-3/, with the core be-
ing the last 6 nucleotides) (5,13,14). The base-pair binding
of U7 snRNP to the HDE aids in the recruitment of other
factors involved in processing that form the histone cleav-
age complex (HCC) (15). Cleavage occurs between the 3
stem—loop and the HDE and is catalyzed by the endonucle-
ase CPSF73. Cleavage releases mature histone transcripts, and
there is no polyadenylation step involved (6,12,16). Addition-
ally, U7 snRNA has previously been described as a negative
transcriptional regulator. U7 snRNA interacts with the tran-
scription factor NF-Y and inhibits its binding to the promoter
region of the MDR1 (multidrug resistance gene 1) gene encod-
ing P-glycoprotein that confers the drug resistance of cancer
cells via ATP-dependent extrusion of different drugs from the
animal cells (17). Binding between NF-Y and U7 snRNA has
been shown to be specific; however, the molecular mechanism
of this interaction is still unclear (18).

NF-Y is an ubiquitously expressed heterotrimeric transcrip-
tion factor (TF) consisting of the subunits NF-YA, NF-YB and
NF-YC (19). It specifically recognizes the CCAAT motif in for-
ward and reverse orientation at proximal promoters and cell-
type-specific enhancers located away from transcription start
sites (20,21). NF-YA contains DNA-binding and transactiva-
tion domains and is responsible for sequence-specific DNA
contacts, while NF-YB/NF-YC contact DNA nonspecifically
(19). Unlike most TFs, NF-Y is capable of binding to its DNA
motif within closed, transcriptionally inactive chromatin, and
therefore it has been characterized as a bifunctional TF, acti-
vator or repressor, associated with positive or negative histone
marks (22).

Here, we propose another function of U7 snRNA in human
cells related to its negative regulation of NF-Y, not linked to
the cell cycle. We suggest that U7 snRNA inhibits the tran-
scription of specific long terminal repeats (LTRs) of human
endogenous retroviruses (HERVs) and long intergenic non-
coding RNAs (lincRNAs), both of which contain U7 snRNA-
complementary sequences and CCAAT motifs recognized by
NF-Y.

HERVs belong to the ‘retrotransposon’ class of transpos-
able elements (TEs), which constitute approximately half of
the human genome. They originated from mobile DNA inte-
gration events that occurred in the past; however, TEs have
now mostly lost the ability to undergo transposition (23).
There are ~500 000 copies of HERV loci in the human
genome, and they account for ~8% of the genome (24). A
full-length HERV consists of two long terminal repeats (LTRs)
and open reading frames (GAG, POL and ENV). However,
90% of them exist as solitary LTRs, which nevertheless may
contain active regulatory sequences such as promoters, en-
hancers, splice sites, and polyadenylation signals. Therefore,
despite being transposition-inactive, LTRs can regulate the ex-
pression of other genes (24,25). Moreover, many HERVs are
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transcribed to form long noncoding RNAs (IncRNAs), and
most IncRNAs contain TE sequences with enrichment of LTR
elements (25-27). LncRNAs are transcripts longer than 200
nucleotides, and almost half of them (~15 000 genes) belong
to the lincRNA class, whose sequences are located intergeni-
cally. LincRNAs can be transcribed by RNAP2, spliced, alter-
natively spliced, capped and polyadenylated. They play vari-
ous roles in gene expression, in both the nucleus and the cyto-
plasm, as shown at the levels of epigenetics, transcription, and
translation (28-33).

HERVs and lincRNAs are generally expressed in a spa-
tiotemporally modulated manner, rather than constitutively.
As both act in complex gene regulatory networks, aberrant
levels of HERVs and lincRNAs are often associated with hu-
man diseases (28,34-37). Therefore, cells need to tightly con-
trol their expression. In this study, we show that U7 snRNA
mediates this regulatory pathway through the transcription
factor NF-Y. By this discovery, we describe a new function of
U7 snRNA in the cell nucleus, in addition to its role in S phase
of the cell cycle within the U7 snRNP complex. Furthermore,
we suggest a novel mechanism of regulation of HERV LTR
and lincRNA expression in human cells. In HEK293T, HeLa
and SH-SYSY cells, U7 snRNA blocks the expression of spe-
cific LTRs belonging to the HERV1 family — LTR12s and a
subset of lincRNAs. In this mechanism, U7 snRNA interacts
with complementary motifs present within LTR12s and lincR-
NAs containing LTR12 elements. This may in turn attenuate
the activity and/or binding of the transcription factor NF-Y
to the CCAAT motifs located in the same elements, leading
to transcriptional inhibition. In this model, U7 snRNA plays
a protective role in maintaining the silenced state of these ge-
netic elements in numerous somatic cell types.

Materials and methods

Cell cultures and transfection

HEK293T, HeLa and SH-SYSY cells were grown in Dul-
becco’s modified Eagle’s medium with r-glutamine and 4.5
g/l glucose (DMEM; Lonza or Biowest) supplemented with
10% fetal calf serum (Gibco) and antibiotics (100 U/ml peni-
cillin, 100 pg/ml streptomycin, 0.25 pug/ml amphotericin B
(Sigma-Aldrich)) at 37°C in a humid atmosphere containing
5% CO,. For differentiation into neuron-like cells, SH-SY5Y
cells were treated with 75 uM retinoic acid (USP, Tretinoin,
167400) for 10 days (38), with medium replacement every 3
days. The differentiation efficiency was analyzed by measur-
ing the abundance of the MAP2 protein or the mRNA levels
of two differentiation markers, RARB and MYC (39).

For U7 snRNA depletion, the chemically modified chimeric
ASO (40) was introduced to the cells at a 100 nM concen-
tration using Lipofectamine 2000, and GFP ASO was used
as a control (Supplementary Table S1). For NF-Y or Lsm10
knockdown, HEK293T cells were transfected with 20 nM
siRNA against NF-YA, NF-YB, NF-YC (Santa Cruz Biotech-
nology), 50 nM siRNA against Lsm10 (Merck, sequence from
(41)) or corresponding concentration of universal negative
control #1 siRNA (Merck) using Lipofectamine 2000 reagent
(Thermo Scientific) according to the manufacturer’s instruc-
tions. The cells were harvested and analyzed 48 h (NF-Y
knockdown) or 72 h (Lsm10 knockdown) posttransfection;
knockdown efficiencies were verified by RT—qPCR, North-
ern blotting and Western blotting. For overexpression
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experiments, HEK293T cells were transfected with
pcDNA3.1(+)-LINCO1554, pcDNA3.1(+)-ARRDC4-1 and
pcDNA3.1(+)-ADCYAP1-2 plasmids using Lipofectamine
2000. Cells were harvested 24 h posttransfection. Overex-
pression efficiencies were verified by RT—qPCR.

HEK293T cells with mutations in HDE-like elements
of Inc-ADCYAP1-2 (AP000829.1) (two out of four el-
ements) and [nc-ARRDC4-1 (AC024651.2) (three el-
ements) genes were generated according to (42) us-
ing SpCas9-2A-Puro (PX459) plasmids encoding the
sgRNA  5-CACACTTTCAGAATGTGACG-3'  or -
TTAGTGGGTTTGTAATCTCG-3', a donor plasmid for
HDR (homology-directed repair), and Lipofectamine 2000.
Twenty-four hours after transfection puromycin selection at a
concentration of 2 ug/ml was applied for 5 days. Clonal cell
lines were isolated by serial dilution. Subsequently, colonies
grown from single cells were picked, and gDNA was isolated
for clone screening using the ExtractMe Genomic DNA Kit
(Blirt). The selected clones were genotyped using DreamTaq
DNA polymerase (Thermo Scientific) and primers located
outside the region spanned by the homology arms to avoid
false detection of residual repair template. Lnc-ARRDC4-1
HDE-mut cell line is heterozygous with only one allele carry-
ing desired mutations in all three HDE-like motifs. In the case
of the Inc-:ADCYAP1-2 HDE-mut cell line, two HDE-like
motifs located in the first exon of lnc-ADCYAP1-2 were
edited in both alleles.

RNA extraction, cDNA synthesis, PCR and
RT—qPCR

Total RNA from normal human tissues was obtained from
Clontech (636643). Total RNA was isolated from cells us-
ing TRIzol reagent (0.8 M guanidine thiocyanate, 0.4 M am-
monium thiocyanate, 0.1 M sodium acetate pH 5.0, 5% v/v
glycerol, 38% v/v saturated acidic phenol) and the Direct-
zol RNA MiniPrep Kit (including on-column DNase I treat-
ment, Zymo Research, R2052) or according to the protocol
for TRIzol™ Reagent (Invitrogen). For the latter samples, 10
pg of RNA was treated with 2 U TURBO DNase (Ambion) for
40-60 min at 37°C followed by standard phenol—chloroform
extraction and ethanol precipitation. First-strand cDNA was
synthesized in 20 pl reactions with 1-3 pg of RNA using
200 ng of random hexamer primers and 200 U of Super-
script III reverse transcriptase (Thermo Scientific) accord-
ing to the manufacturer’s protocol. Semiquantitative PCR
amplification was performed using DreamTaq DNA Poly-
merase (Thermo Scientific) and gene-specific oligonucleotide
primer pairs. For qPCR, 1 ul of 2-5x diluted ¢cDNA tem-
plate, 0.2 uM primer mix, and 5 ul of SYBR Green PCR
master mix (Applied Biosystems) were mixed in a 10 pl re-
action with the following conditions: denaturation for 10
min at 95°C, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min (Applied Biosystems QuantStudio 6 Flex).
For testing U7 snRNA levels in U7 KD cells, cDNA was
synthesized in a coupled polyadenylation reverse transcrip-
tion reaction as described in (43) (Figure 1B and C) or us-
ing random hexamers (Figure 1G and H, Supplementary
Figures S1A, S5A, S8, S11). The statistical significance
of the RT—qPCR results was determined by Student’s t
test and was calculated using relative values. The primers
used for PCR and RT—gPCR are listed in Supplementary
Table S2. The graphs were generated using tidyverse collec-
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tion of R packages (https://cran.r-project.org/web/packages/
tidyverse/index.html), along with ggbreak (https://cran.r-
project.org/web/packages/ggbreak/index.html).

RNA immunoprecipitation

Nuclear extracts from ~6 x 10® HEK293T cells, prepared
as described in (43), were subjected to RNA immunoprecip-
itation (RIP) using 2 pg of anti-NF-YA (Santa Cruz Biotech-
nology, sc-17753) or mouse IgG (Santa Cruz Biotechnology,
sc-20235). Protein extracts were incubated with 25 ul of Dyn-
abeads Protein G (Invitrogen) for 2 h at 4°C. After washing the
immunoprecipitated complexes 3x with TBS-0.05% NP-40,
coprecipitated RNAs were eluted from the beads with TRI-
zol, precipitated with ethanol, treated with TURBO DNase,
and used for cDNA synthesis with hexamer primers followed
by qPCR, as described above. As an input, 10% of the extract
used for IP was directly added to TRIzol.

Northern blotting

For the Northern blot analysis, 30 ug of total RNA was used
to detect U7 snRNA. RNA electrophoresis, blot transfer and
hybridization were performed as previously described (44).
The U6 snRNA hybridization signal was used as a loading
control. The sequences of the hybridization probes are listed
in Supplementary Table S1.

Metabolic labeling of nascent RNA with 4sU and
nascent RNA purification

Metabolic labeling of newly transcribed RNA was per-
formed as described in (45) with some modifications. Cells
were treated with 500 uM 4sU (POL-AURA, PA-03-6085-
N#100MG) for 15 min. Nascent RNAs were eluted twice with
100 pl of fresh 0.1 M dithiothreitol (DTT) and precipitated
overnight with 2 ul of GlycoBlue (15 mg/ml), 20 ul of 3 M
sodium acetate pH 5.2 and 600 pl of ice-cold ethanol. The
precipitated RNA was centrifuged for 30 min at 16 000xg.
The pellet was washed twice with 75% ethanol, centrifuged
for 10 min at 16 000 x g, air-dried and resuspended in RNase-
free water. The RNA obtained was reverse transcribed into
cDNA as described above. The levels of newly transcribed
RNAs were analyzed by RT—qPCR, as described above.

Western blotting and immunodetection

For histone extraction, cells were lysed on ice in TEB buffer
(PBS containing 0.5% Triton X-100, 2 mM PMSE, 0.02%
sodium azide), centrifuged and washed with TEB buffer. Then,
the pellet was resuspended in 0.2 N HCI and incubated
overnight at 4°C with gentle stirring. Protein concentration in
the supernatant obtained was determined using Bradford as-
say. Protein extraction, SDS-polyacrylamide gel electrophore-
sis (SDS—PAGE) and immunodetection were performed as de-
scribed in (46) using the following antibodies: anti-actin (MP
Biomedicals, 691001), anti-NF-YA (Santa Cruz Biotechnol-
ogy, sc-17753), anti-NF-YB (Santa Cruz Biotechnology, sc-
376546), anti-EWSR1 (Santa Cruz Biotechnology, sc-48404),
anti-Lsm11 (Abcam, ab201159), anti-MAP2 (Cell Signaling,
8707), anti-vinculin (Thermo Scientific, MA5-11690), anti-
H2A (Santa Cruz Biotechnology, sc-10807), anti-H3 (Santa
Cruz Biotechnology, sc-10809), anti-H4 (Santa Cruz Biotech-
nology, sc-8658-R) and anti-Lsm10 (St John’s Laboratory,
STJ196051).
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Figure 1. The expression level of U7 snRNA is inversely correlated with the expression of LTR12s and lincRNAs. (A) The levels of U7 snRNA in particular
phases of the cell cycle were analyzed by Northern blotting, and U6 snRNA served as a loading control. The synchronization of Hela cells was
performed as described in (Figure 3A in (43)), and cell cycle phases at the indicated time points after release from nocodazole block are presented at the

top. (B) U7 snRNA was detected by RT-gPCR, U1 snRNA levels were used for normalization. The level of Lsm11 protein was checked by Western

blotting and immunodetection in proliferating (proli) and differentiated (diff) SH-SYBY cells. MAP2 was used as a differentiation marker, and vinculin was
used as a loading control. (C) The U7 snRNA knockdown efficiency in HEK293T cells treated with ASO targeting U7 snRNA (U7 KD) in comparison to
control ASO (ctrl) was checked by RT—gPCR. U6 snRNA levels were used for normalization. (D, E) Pie charts showing differentially expressed genes
(DEGs) (D) and differentially expressed repeats (DERs) (E), with special consideration of the HERV1 class in U7 KD cells. For clarity, protein-coding genes
were omitted from the DEG analysis. (F-H) The expression levels of selected LTR12s and lincRNAs were analyzed in HEK293T (F), proliferating SH-SY5Y
(G) and Hela (H) cell lines, ctrl cells and U7 KD cells by RT—qPCR. LINC01184 was not identified as a DEG in the RNA-seq data and was used as a
negative control. GAPDH levels were used for normalization. Data are presented as means + SDs (n=23). P values were calculated using two-sided

Student’s t test, and statistical significance was defined as follows: *P<0.05; **P<0.01; ***P <0.001.
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Plasmid construction

Plasmid-based donor repair templates for CRISPR were pre-
pared in the pGEM-T Easy vector (Promega). Homology
arms (each approximately 800-1000 bp) flanking the sites
of alterations (HDE-like motifs) were amplified from the ge-
nomic DNA using CloneAmp HiFi PCR Premix (Clontech),
A-tailed with DreamTaq DNA polymerase and ligated into
the pGEM-T Easy vector. The mutagenesis of the HDE-like
motifs and PAM sequence within the donor plasmid for HDR
was performed using the QuikChange II Site-Directed Muta-
genesis Kit (Agilent Technologies). pcDNA3.1(+)-ARRDC4-
1 and pcDNA3.1(+)-ADCYAP1-2 expression vectors were
constructed by cloning Inc-ARRDC4-1 and Inc-ADCYAP1-
2 sequences into the pcDNA3.1(+) vector by using the
Nhel, Xbal and Nhel, Apal restriction sites, respectively. The
pcDNA3.1(+) vector containing the LINC01554 sequence
was kindly provided by Professor Xin-Yuan Guan (47). The
primers used for the construction of all vectors are listed in
Supplementary Table S2.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described
in (39) with some modifications. A total of 225 ul of chro-
matin (~5 x 10° cells equivalent), diluted in a 1:5 ratio us-
ing dilution buffer, was used for IP with NF-YA or NF-YB
antibodies. IP with only beads served as a negative control.
One tenth of the chromatin used for immunoprecipitation was
used as an input.

Flow cytometry

The synchronization of HeLa cells in G2/M was performed
by the addition of 200 ng/ml nocodazole (Sigma—Aldrich) to
the medium for 18 h. After synchronization, the cells were
washed twice with PBS and then collected 2, 4, 6, 8, 10, 12,
14, 16, 18, 20, 22 and 24 h after release, as described in (43).
For cytofluorometric analysis, the cells were stained with pro-
pidium iodide as described in (48). Cell cycle profiles were an-
alyzed with a Guava easyCyte System (Merck Millipore) flow
cytometer, and the data were processed with InCyte Software
(utilities from guavaSoft 3.1.1).

Total RNA-seq library preparation

One microgram of RNA was first subjected to the rRNA de-
pletion step using RiboCop rRNA Depletion Kit, and next,
libraries were prepared using the SENSE Total RNA-Seq Li-
brary Preparation Kit (Lexogen) following the manufacturer’s
instructions. An Agilent High Sensitivity DNA Kit (Agilent)
was used to assess library quality on an Agilent Bioanalyzer
2100, and the libraries were quantified using a Qubit dsDNA
HS Assay Kit (Invitrogen). RNA sequencing was performed
for 125 bp paired-end reads using an Illumina HiSeq 2500
platform at the Lexogen NGS facility.

Bioinformatic analysis

Differential expression of repeats and HDE-like motifs:
a quality check was performed with FastQC v0.11.5
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and read processing and quality control were per-
formed with BBDUK2 v37.02 from the BBMAP pack-
age (sourceforge.net/projects/bbmap/). Then, reads were
mapped against the human genome version GRCh38 using
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STAR v2.5.3a_modified (49). Here, due to the nature of
repetitive elements, the reads were required to map uniquely
(—outFilterMultimapNmax 1 parameter was applied). Addi-
tionally, human genome annotations in a GTF format from
ENSEMBL 109 were used to improve the quality of read
mapping. The resulting BAM files were then input to the
featureCounts v1.5.0-p1 program from Subread software
(50) to calculate the raw expression values of the repeats.
Finally, the calculated expression values were subjected to
differential expression analysis using DESeq2 v1.34.0 from
R/Bioconductor (51), requiring the adjusted P value to be
below 0.05.

Differential expression of genes: after checking read qual-
ity with FastQC, the reads were subjected to processing with
BBDUK?2. Additionally, reads that mapped to human riboso-
mal RNAs were discarded using Bowtie 2 v2.3.5.1 (52). Then,
SALMON was used to estimate the expression values of genes
and transcripts, which was followed by the assessment of dif-
ferential gene expressions using DESeq2.

Human repetitive elements were downloaded from UCSC
Genome Browser via Table Browser utility (track: Repeat-
Masker, genome: GRCh38, format: BED). The coordinates of
HERVs, LTR12s and other repetitive elements were then ob-
tained by parsing the file using scripting languages. HDE-like
elements were identified using a custom Python script that
scanned both strands of the human genome (GRCh38), allow-
ing up to two mismatches compared to the following consen-
sus motif: AAGAGCTGTAACACT.

HDE-like motif frequency assessment: the human genome
(GRCh38) was scanned in search for HDE-like motifs, result-
ing in finding 21 168 of them. Scanning for a shuffled genomic
sequence of HDE-like motif (the same nucleotide composition
but a different order) led to the identification of only 5 489
such motifs.

HDE-like conservation analysis: phyloP scores for the
human genome were downloaded from (http://hgdownload.
cse.ucsc.edu/goldenpath/hg38/phyloP100way/hg38.
phyloP100way.bw), converted into a wig format with bigWig-
ToWig utility (http://hgdownload.cse.ucsc.edu/admin/exe/),
and finally to a BED format with wig2bed program from
BEDOPS package (53), which resulted in a table that stores
conservation scores at a single nucleotide resolution. Next,
a custom Python script was used to calculate and com-
pare conservation scores assigned to HDE-like elements
(mean = 0.064), LTR12 elements (mean= —0.068) and exons
of protein-coding genes (mean = 1.08) as a positive control.
A Mann-Whitney test showed that the differences between
each group are statistically significant (P value < 10e-5).

Analysis of RNA-seq read coverage around HDE-like ele-
ments: the BAM files resulting from uniquely mapped RNA-
seq reads were processed with bamCoverage from deepTools
v2.5.7 (54) to obtain local coverage near those HDE-like ele-
ments located inside LTR12 classes of repetitive elements. The
results were then parsed and plotted with a custom Python
script using the Matplotlib library (https://matplotlib.org/).

Strand-specificity analysis: expression values of U7 snRNA-
dependent LTR12 elements were calculated with RSEM
1.2.30 (55) using a —forward-prob 0 parameter to account for
RNA-seq data strandedness. The calculations were performed
twice - with LTR12 sequences in a sense orientation as well as
using their reverse complement variants. This gave insight into
profiles of their expression and numbers of mapped reads in
both sense and antisense orientations.
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Results

U7 snRNA regulates the expression of LTR12s and
l[incRNAs in human cells

The function of U7 snRNA is closely connected to the repli-
cation phase of the cell cycle, where it plays a crucial role
in the 3’ end processing of RDH pre-mRNAs. However,
the unique components of the U7 snRNP complex are de-
tectable throughout the cell cycle, including U7 snRNA (Fig-
ure 1A) (56,57) and Lsm11 (43). In nondividing, differenti-
ated cells, U7 snRNA, Lsm11 (Figure 1B) (58,59) and Lsm10
(58) are also present, despite the fact that these cells are no
longer capable of cell division. These results suggest that U7
snRNA/snRNP plays other roles in a cell. To address this pos-
sibility, we knocked down U7 snRNA in HEK293T cells (U7
KD cells) using an antisense oligonucleotide. The knockdown
efficiency reached 90%, as verified by RT—qPCR and North-
ern blotting, and resulted in inefficient 3’ end processing of
RDH transcripts (Figure 1C, Supplementary Figure STA—C).
At the same time, histone protein levels remained unchanged
in U7 KD cells (Supplementary Figure S1D). This is consis-
tent with the high stability of the histone proteins and previ-
ously reported results showing that histone mRNA levels do
not correspond with histone levels and suggesting that the U7
snRNP-mediated control of histone production is not the only
mechanism that guarantees an adequate supply of these pro-
teins during the S phase of the cell cycle (41). Thereafter, we
analyzed the transcriptomes of the cells by high-throughput
sequencing (RNA-seq) and found that U7 snRNA depletion
resulted in the deregulation of hundreds of genes (DEGs, dif-
ferentially expressed genes), mainly protein-coding genes and
IncRNAs, with predominance of the lincRNA class (Figure
1D, Supplementary Table S3). Subsequently, using parameters
provided in Materials and Methods, we uniquely mapped se-
quencing reads to genomic regions annotated as repeated se-
quences and we observed the differential expression of 250
regions annotated as repeat elements (DERs, differentially ex-
pressed repeats), with enrichment of the HERV1 family. Fur-
ther analysis revealed that 84% of these HERV 1s are solitary
LTR12 elements, with overrepresentation of LTR12C (Figure
1E, Supplementary Table S4). Interestingly, transposable el-
ement derived sequences are also present in the majority of
human IncRNAs, with specific enrichment of HERV LTRs
(27,60,61). Guided by these findings, we analyzed the compo-
sition of lincRNAs affected by U7 snRNA knockdown (here-
after referred to as U7-dependent for simplicity) and we found
that 50% of them contained LTR12 elements of the HERV1
family.

Among U7-dependent DERs and DEGs, all LTR12s and al-
most 90% of lincRNAs were upregulated, suggesting an in-
hibitory effect of U7 snRNA on these genomic regions in wild-
type cells. These results were confirmed for randomly selected
examples by RT—qPCR (Figure 1F). The same observations
were made in SH-SYSY and HeLa cell lines with U7 snRNA
knockdown, suggesting a more common phenomenon, re-
gardless of the cell type used (Figure 1G, H).

Furthermore, we noticed that U7-dependent repeats are
either transcribed as relatively short independent RNA
molecules from intergenic regions of the genome (in total they
account for ~55% of DERs) (Figure 2A) or are located within
other genes (mainly in introns) (Figure 2B). In the case of in-
tragenic repeats, the hosts were mainly protein-coding genes
(52%) and lincRNAs (39%). By comparing the U7-dependent

10509

DERs with U7-dependent DEGs, we found that in only 22%
of cases the activation of intragenically located repeats was ac-
companied by elevated expression of the host protein-coding
gene transcripts. This observation was in consistence with pre-
vious results of RT—qPCR showing the specific upregulation
of LTR12C elements located in introns of TRIOBP, ARSG
and FAM219A genes in HEK293T U7 KD cells (Figure 1F
Supplementary Figure S2), with little or no change in the rel-
ative abundance of mature mRNAs and different regions of
the host introns (Supplementary Figure S3). This suggests that
such LTR12 elements may serve as promoters that drive the
expression of short intronic RNAs, independently from their
host genes. In the case of U7-dependent lincRNAs, the expres-
sion of either the LTR12 element or the full-length transcript
was upregulated in U7 KD cells, as exemplified in Figure 2C.

U7 snRNA acts through HDE-like sequence motifs
located in LTR12s and LTR12-containing lincRNAs

The above results imply that U7 snRNA may play a role in
maintaining the silencing of transposable element derived se-
quences, such as LTR12s, in specific cells. Since small RNAs
operate mainly via specific base pairing with target RNAs,
we screened U7-dependent repeats to search for U7 snRNA-
complementary regions (the entire U7 snRNA sequence was
used as a query). This resulted in the identification of a se-
quence motif of 15 nucleotides in length exhibiting high com-
plementarity (1-2 mismatches allowed) to the 5" end of U7
snRNA (nucleotides 2-16 of U7 snRNA) (Figure 2D). Due
to the analogy of this motif to the one in RDH genes, we
called it the ‘HDE-like motif’. However, it should be pointed
out that this motif is not present in any histone pre-mRNAs,
since it is longer than the HDE. Further analysis showed that
the HDE-like motif is present within the sequence of all U7-
dependent LTR12s or is located in close proximity (from 1 bp
to 15 kb, most frequently closer than 1kb) to the vast major-
ity of differentially expressed repeats from other classes, such
as LINEs (long interspersed nuclear elements) or SINEs (short
interspersed nuclear elements). Similarly, U7-depenedent lin-
cRNAs contain HDE-like motifs embedded within their LTRs.
Importantly, in the majority of these lincRNAs, HDE-like mo-
tifs are present in several copies, predominantly at the begin-
ning of the genes (in the first exons or the first introns) and
perfectly or almost perfectly (1-2 mismatches) matched the
5" end of U7 snRNA (Table 1). Notably, within the human
genome, the HDE-like motif is overrepresented in repeated se-
quences, with a considerable prevalence of LTR12 elements of
the HERV1 family (81% of all HERVs) (Table 2). Our further
bioinformatic analyses revealed that HDE-like motifs in the
total number of 21 168 copies (with 0 (3 150 copies), 1 (6
900 copies) and 2 (11 118 copies) mismatches) are present in
the genome at frequencies higher than expected by chance and
show higher evolutionary conservation than the rest of the se-
quence of LTR12 elements in the human genome. In summary,
the high abundance of HDE-like motifs in the human genome
is due to its prevalence in repetitive elements of the LTR12
class and supports its biological relevance.

Subsequently, we asked how many HDE-like motifs are ac-
tivated after U7 snRNA depletion. First, we used our RNA-seq
data and calculated the expression values of HDE-like motifs
across the genome. This analysis revealed that 4157 of 21 168
HDE-like motifs are expressed in HEK293T cells, with 3336
motifs expressed exclusively in U7 KD cells, and only 269 with


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae738#supplementary-data
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Figure 2. U7 snRNA regulates the expression of LTR12s and lincRNAs containing HDE-like motifs. (A-C) UCSC Genome Browser visualization of
RNA-seq data from HEK293T ctrl and U7 KD cells (three biological replicates are shown) of the intergenic LTR12C element (A), the intragenic LTR12C
element in FAM219A (B) and the LTR12-containing lincRNA Inc-ARRDC4-1 (C). Peaks within data tracks illustrate reads mapped to particular genomic
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within the gene structures. The expression of full-length Inc-ARRDC4-1 was checked by semiquantitative PCR using primers depicted as orange boxes,
and GAPDH was used for normalization (C, on the right). (D) Consensus sequence of the HDE-like motif present within HERVs in the context of the 10
nucleotides flanking the motif on both sides. (E) Graph showing the distribution of reads around HDE-like motifs within LTR12 elements present in the
human genome. The Y axis represents the cumulative number of reads assigned to a corresponding position around the HDE-like elements, which are

placed at position ‘0’.

expression confined to control cells. Next, we performed dif-
ferential expression analysis to learn how many of them re-
spond to U7 snRNA depletion. We found that 527 HDE-like
motifs exhibit a statistically significant increase in expression
in U7 KD compared to control cells, with only 12 motifs being
downregulated (adjusted P value < 0.05). Out of the 527 up-
regulated HDE-like motifs, 525 overlap LTR12 elements in a
sense orientation (+/+ or —/— genomic strands). In general,
the distribution of the sequencing reads mapped across all
LTR12s containing HDE-like motifs confirmed the higher ac-
cumulation of RNA-seq reads around HDE-like motifs in U7

KD cells in comparison to control cells (Figure 2E). The dis-
tribution also indicates that HDE-like elements are predomi-
nantly transcribed as relatively short intergenic or intragenic
transcripts (100-250 nucleotides) from the LTR12 promoters,
as exemplified in Supplementary Figure S2. The analysis of
stranded RNA-seq data revealed that the reads map predomi-
nantly to transcripts in a sense orientation (i.e. the orientation
consistent with LTR12 annotations in the genome) in both
U7 KD cells and control cells (Supplementary Table S5). This
means that U7 snRNA depletion actually resulted in upregula-
tion of LTR12 transcripts containing HDE-like motifs and not


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae738#supplementary-data
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Table 1.

HDE-like motif occurrence in the selected U7-dependent lincRNAs
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HDE-like motifs (number, localization, size, sequence

Gene ID Gene name Length Exons similarity to U7 snRINA)

ENSG00000230392 Inc-PGRMC1-1 2907 nt 4 5 in exon 4: 2(15 nt, 100%), 2(15 nt, 93%), 1(15 nt,
87%); 4 in intron 1: 3(15 nt, 100%), 1(15 nt, 87%,
strand -)

ENSG00000263567 Inc-SUZ12-3 505 nt 2 3 in exon 1: 1(15 nt, 100%), 1(15 nt, 93%), 1(15 nt,
87%); 4 additional in close downstream region of the
gene

ENSG00000259870 Inc-ARRDC4-1 2098 nt 1 3 in exon 1: 1(15 nt, 93%), 2(15 nt, 87%)

ENSG00000249790 Inc-RIMKLB-6-3 1972 nt 2 3 in exon 1: 2(15 nt, 100%), 1(15 nt, 93%); 3
additional immediately downstream of the gene

ENSG00000263551 Inc-ADCYAP1-2 1132 nt 8 2 in exon 1: (15 nt, 93%); 2 in intron 1: 1(15 nt, 93%,
strand -), 1(15 nt, 87%, strand -)

ENSG00000236882 LINCO1554 2052 nt 4 3 in exon 1: 1(15 nt, 100%), 1(15 nt, 93%), 1(15 nt,
87%); 1 intron 3: 1(15 nt, 87%, strand -)

ENSG00000235643 LINCO01647 1351 nt 3 3 in exon 1: 1(15 nt, 100%), 2(15 nt, 93%)

Gene names according to LNCipedia. Sequence similarity to U7 snRNA is perfect (100%) or includes 1 (93%) or 2 (87%) mismatches.

Table 2. HDE-like motif distribution across the human genome (hg38)

HDE-like motifs

HDE-like motifs

HDE-like motifs HDE-like motifs

present in the genome embedded in all repeats embedded in HERVs embedded in LTR12s
Number 21 168 16 890 14 449 11 685
Relative to the genome 100% 79.79% 68.26% 55.20%
Relative to repeats 100% 85.55% 69.18%
Relative to HERVs 100% 80. 87%

The analysis encompasses 15 nucleotide HDE-like motifs (with sequence presented in Figure 2D) with 0, 1 or 2 mismatches allowed.

their reverse complement variants. Admittedly, in some cases
the reads were mapped to the antisense transcripts (bearing a
sequence that is reverse complement to the HDE-like element),
but their abundance was lower compared to sense transcripts.
Altogether, this provides evidence that U7 snRNA regulates
the expression of LTR12 elements and its depletion leads to
the generation of transcripts that contain a U7 snRNA com-
plementary sequence (i.e. the HDE-like motif).

Considering that lincRNAs can act as molecular sponges
(e.g. for miRNAs) (29,31,32,37), we examined whether lin-
cRNAs can regulate the accessibility of U7 snRNA. We ob-
served that the levels of the selected lincRNAs remained un-
changed in differentiated cells in comparison to proliferat-
ing cells (Supplementary Figure S4), although in the nondi-
viding cells the activity of U7 snRNP is supposed to be dis-
pensable. Furthermore, the overexpression of selected lincR-
NAs did not change the level of U7 snRNA or influence
the efficiency of the 3’ end processing of RDH pre-mRNAs
(Supplementary Figure S5A-B), contradicting the hypothesis
that the level or accessibility of U7 snRNA is regulated by
lincRNAs and indicating it is U7 snRNA that regulates the
expression of other genes.

Based on the results mentioned above, we hypothesized that
U7 snRNA directly regulates LTR12s and LTR12-containing
lincRNAs and does it through base pairing with HDE-
like motifs. To test this hypothesis, we used CRISPR—Cas9
technology based on homology directed repair and gener-
ated cells in which HDE-like motifs in the lnc-ARRDC4-1
and Inc-ADCYAP1-2 genes were mutated (hereafter called
Inc-ARRDC4-1 HDE-mut and Inc-ADCYAP1-2 HDE-mut
cells, respectively) (Figure 3A, Supplementary Figure S6A).
As shown in Figure 3B, in both types of HDE-mut cells,
the corresponding lincRNAs were upregulated regardless of
the presence of U7 snRNA in the cells, confirming that this

negative regulation relies on a base-pairing interaction be-
tween U7 snRNA and HDE-like motifs within the lincRNA
sequences. Lnc-ADCYAP1-2 HDE-mut cells were homozy-
gous, however Inc-ARRDC4-1 HDE-mut cell line used in
the analysis was heterozygous with only one allele carry-
ing the desired mutations in all three HDE-like motifs. Us-
ing primers that specifically amplify either the WT or mu-
tated version of Inc-ARRDC4-1, we found that the mutated
allele is predominantly expressed and is responsible for the
increased level of this lincRNA in Inc-ARRDC4-1 HDE-mut
cells (Supplementary Figure S6B).

Next, we addressed the question of whether U7 snRNA
alone or the U7 snRNP complex regulates lincRNA and
LTR12 expression. To answer this question, we knocked down
Lsm10, one of the unique proteins of the U7 snRNP pro-
tein core. However, the reduction in Lsm10 mRNA and pro-
tein levels to ~70% (followed by the increase of unpro-
cessed replication-dependent histone pre-mRNAs) did not re-
sult in the expected upregulation of U7-dependent LTR12s
and lincRNAs (Supplementary Figure S7A-C). This result sug-
gests that U7 snRNA may regulate the expression of HDE-
like-containing lincRNAs and LTR12s without the entire U7
snRNP complex.

U7 snRNA regulates the transcription of LTR12s
and LTR12-containing lincRNAs through the
transcription factor NF-Y

U7 snRNA has been reported to inhibit the activity of the
transcription factor NF-Y which is capable of activating or
repressing transcription (18). NF-Y is composed of three sub-
units, NF-YA, NF-YB and NF-YC, all of which are required
for binding to a CCAAT motif (19,62-66). CCAAT motifs
have been found in tissue-specific enhancers and within proxi-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae738#supplementary-data
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Figure 3. U7 snRNA controls the expression of LTR12s and lincRNAs via HDE-like motifs. (A) Schematic representation of Inc-ARRDC4-1 and
Inc-ADCYAP1-2 (isoform ENST00000670380.1). The black boxes represent exons, and the lines depict introns. The positions of HDE-like motifs and
sgRNA target sequences used for the generation of HEK293T Inc-ARRDC4-1 HDE-mut and Inc-ADCYAP1-2 HDE-mut cells using the CRISPR—Cas9
system are indicated in green and white, respectively. Nucleotides mutated in the HDE-like motifs are underlined. HEK293T Inc-ARRDC4-1 HDE-mut
cells are heterozygous, with one allele corresponding to the wild-type versions of HDE-like motifs and the other carrying desired mutations within
HDE-like motifs. Two HDE-like motifs located within the intron of the Inc-ADCYAP1-2 gene (in antisense orientation) were not edited. PAM,
protospacer-adjacent motif. (B) The expression levels of the respective lincRNAs in Inc-ARRDC4-1 HDE-mut and Inc-ADCYAP1-2 HDE-mut cell lines were
analyzed by RT—gPCR. The locations of the amplified gPCR products in the expression analysis are shown as blue boxes in (A). GAPDH levels were
used for normalization. Data are presented as means + SDs (n=3). P values were calculated using two-sided Student’s t test, and statistical

significance was defined as follows: *** P <0.001.

mal promoter regions of the genes. Interestingly, it has been re-
ported that the LTR12 class of transposable elements is abun-
dant in CCAAT motifs as well (20). Likewise, U7-dependent
LTR12s and LTR12-containing lincRNAs are rich in CCAAT
motifs, usually located near HDE-like motifs within LTR12
elements (Figure 4A). These results suggest a mechanism in
which U7 snRNA regulates the levels of LTR12s and lin-
cRNAs by inhibiting their transcription mediated by NF-Y.
This was further supported by the RIP experiment in which
we confirmed NF-Y:U7 snRNA interaction in HEK293T cells
(Figure 4B).

To determine whether this is indeed the case, we measured
the transcriptional activity of these genes by 4-thiouridine
(4sU) assay. As shown in Figure 4C, the levels of newly syn-
thesized U7-dependent LTR12 RNAs and lincRNAs were sig-
nificantly higher in U7 KD cells than in control cells. Next,
we examined the role of the transcription factor NF-Y in this
regulation. First, we knocked down all three subunits of NF-Y
in wild-type cells (NF-Y KD) and found no significant alter-
ations in the expression levels of U7-dependent LTR12s and
lincRNAs (Figure 4D). In turn, they were highly activated in
U7 KD cells, in which NF-Y subunits were present (U7 KD).
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Figure 4. U7 snRNA regulates the transcription of LTR12s and LTR12-containing lincRNAs. (A) Schematic representation of Inc-ARRDC4-1,
Inc-ADCYAP1-2 (isoform ENST00000670380.1) and LINC01554 (isoformm ENST00000436592.5). The black boxes represent exons, the gray boxes
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illustrate LTR12 elements, and the lines represent introns. The positions of the 5" ends of the genes are indicated by arrows. Positions of the HDE-like
and CCAAT motifs (within LTR elements only) are indicated in green and red, respectively. The locations of the amplified gPCR products in the 4sU and
ChIP experiments are shown as blue and yellow boxes, respectively. (B) The interaction between U7 snRNA and NF-YA subunit was analyzed using RNA
immunoprecipitation followed by RT-gPCR in HEK293T wild-type cells. The abundantly expressed RNAs, MALAT1 and 7SL RNA, were used as negative
controls. (C) The levels of newly transcribed LTR12s and lincRNAs in HEK293T U7 snRNA knockdown cells (U7 KD) compared to ctrl cells (ctrl) were
tested by the 4sU assay followed by RT—gPCR. The levels of GAPDH, LINC01184 and the FAM219A intron fragment (outside LTR12) were used as
negative controls. 18S rRNA was used for normalization. (D) The expression levels of selected LTR12s and lincRNAs in HEK293T cells with combined
depletion of U7 snRNA and all NF-Y subunits. GAPDH levels were used for normalization. DHRS2 was used as a positive control. (E) NF-YA and NFYB
binding to LTR12s and lincRNA gene regions containing CCAAT sequences near HDE-like motifs in HEK293T ctrl and U7 KD cells was analyzed by ChIP

followed by gPCR. Empty beads were used as a negative IP control. The bars represent the recovery, expressed as a percentage of the input (the

relative amount of immunoprecipitated DNA compared to the input DNA after gPCR analysis). DHRS2 was used as a positive control (PC). An intergenic
region and the fragment of E/IF4G1 gene deprived of CCAAT were used as negative controls (NC). Statistical significance was calculated to assess the
association of NFY subunits within selected genomic locations between U7 KD and ctrl cells. @, antibody. Data are presented as means + SDs (n=23).

P values were calculated using two-sided Student’s t test, and statistical significance was defined as follows: *P<0.05; **P<0.01; ***P<0.001.
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Then, we measured the levels of U7-dependent LTR12s and
lincRNAs in cells with depletion of U7 snRNA followed by
the depletion of the whole NF-Y complex (U7/NF-Y KD) and
we determined that in most cases their synthesis declined un-
der these conditions compared to the levels observed in U7 KD
cells (Figure 4D, Supplementary Figure S8). This finding sup-
ports our conclusion that the transcriptional activity of NF-Y
on LTR12 and lincRNA genes is unleashed after U7 snRNA
knockdown. DHRS2 was used as a positive control in the ex-
periment since it is known to be positively regulated by NF-
Y and driven by the LTR12 promoter (67). In addition, to
better understand the role of NF-Y in the repression of U7-
dependent genes, we performed chromatin immunoprecipita-
tion (ChIP) using antibodies against NF-Y subunits A and B.
Primer pairs were designed to amplify gene regions containing
CCAAT sequences near HDE-like motifs or the intergenic re-
gion and the EIF4G1 gene fragment devoid of CCAAT motifs
as negative controls. As shown in Figure 4E, we observed the
binding of NF-YA and NF-YB to the majority of LTR12s and
lincRNAs within regions containing CCAAT motifs, which
is consistent with previously published results (20). Intrigu-
ingly, in some cases (FAM219A-LTR12C, intergenic LTR12C-
2,LINCO01554, Inc-ARRDC4-1), this binding increased in the
absence of U7 snRNA, as in the case of the LTR12 promoter
region of a positive control (DHRS2-PC). In other cases, such
obvious changes were not detected, although corresponding
transcription was increased (Figure 4C). We speculate that this
could have been due to the partial or full saturation of the
given region by NF-Y. When the region is partially saturated
by NE-Y (presumably in the case of FAM219A-LTR12C, in-
tergenic LTR12C-2, LINC01554, Inc-ARRDC4-1), after U7
snRNA knockdown extra NF-Y subunits can bind to unoccu-
pied motifs and eventually all of them are activated. In turn,
when all CCAAT motifs in a given region are occupied, only
NF-Y activity is affected after U7 snRNA knockdown, not the
amount, therefore there was no effect on NF-Y binding in the
ChIP assay. In summary, these results confirm the role of U7
snRNA as an inhibitor of LTR12 and lincRNA transcription
through inhibition of the binding/activity of the transcription
factor NF-Y (Figure 5).

The key question arises what is the biological relevance
of LTR12 and lincRNA silencing via U7 snRNA. In general,
the expression of both HERVs and lincRNAs is tightly reg-
ulated and can differ depending on the type of cells and tis-
sues or the stage of development and diseases (31,68,69). Ac-
cording to our results, U7-dependent LTR12 and lincRNA ex-
pression is repressed in some cell lines, such as HEK293T,
HeLa, and SH-SYSY cells (Figure 1F-H). However, when
we analyzed their levels using the genotype-tissue expression
(GTEx) portal, it appeared that their expression predomi-
nates in the testis (Supplementary Figures S9 and S10). Fur-
thermore, we supported this trend by examining the expres-
sion levels of selected U7-dependent LTR12s and lincRNAs in
multiple normal human tissues. In the case of Inc-ARRDC4-1
and LINCO01647, testis expression was predominant, whereas
TRIOBP-LTR12C, Inc-ADCYAP1-2, and intergenic LTR12C
were highly expressed in the testis, cerebellum, or placenta
(Supplementary Figure S11). In the same set of samples, the
relative levels of U7 snRNA were more stable, with a promi-
nent decrease observed only in the heart and small intes-
tine (Supplementary Figure S11). The results obtained are in
consistence with the previously reported data showing DNA
demethylation in a subset of LTR12s in primordial germ cells
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(PGCs) and transcriptional activation of LTR12C class in
spermatogonial stem cells (SSCs) and early differentiated sper-
matogonia (70-72). In summary, U7-dependent LTR12s and
lincRNAs might be relevant in primordial germ cells and dur-
ing early spermatogenesis in the testes, with an adverse role in
other types of tissues.

Discussion

U7 snRNA regulates LTR12 and lincRNA expression
through a novel mode of action

The novel function of U7 snRNA in human cells proposed
here can be exerted outside of S phase, in addition to its role in
RDH gene expression. This is in line with the observation that
U7 snRNA is present not only in proliferating but also in ter-
minally differentiated cells. We showed that U7 snRNA func-
tions as a transcriptional regulator of various genes/regions
that possess a CCAAT motif by a mechanism involving NF-
Y, as previously suggested (Figure 5) (18). Our ChIP experi-
ment revealed NF-Y occupancy at U7-dependent LTR12 el-
ements. This is in agreement with previously published data
that identified LTR12s as one of the most predominant classes
containing NF-Y binding sites in the human genome (40%
of all sites are found within MLT1 and LTR12 families of
LTRs) (20). However, as it was reported in K562 cells, al-
though LTR12s are frequently bound by NF-Y, they appear
to be inactive as they are located within closed chromatin re-
gions (20). We propose two possible scenarios that can eventu-
ally result in the activated expression of LTR12 elements upon
U7 snRNA knockdown: (i) when all CCAAT motifs available
within certain LTR12s are occupied by NF-Y, U7 snRNA de-
ficiency may result solely in the liberating the transcriptional
activity of the already bound NF-Y; (ii) U7 snRNA depletion
may cause binding of extra NF-Y to unoccupied CCAAT mo-
tifs, affecting not only the activity, but also the pool of NF-Y
associated with certain loci.

As shown in Supplementary Figure S7A, in contrast to the
role of U7 snRNA in the expression of the RDH genes, the
mechanism of U7-dependent LTR12 and lincRNA expression
may depend on U7 snRNA alone, rather than the canonical U7
snRNP with the Sm/Lsm ring. In wild-type cells, we hypoth-
esize that after synthesis a pool of U7 snRNA can remain in
the nucleus where it hybridizes with HDE-like motifs, thereby
attenuating NF-Y transcriptional activity. Another pool of U7
snRNA is transported to the cytoplasm and assembled into
the U7 snRNP complex. Next, U7 snRNP is reimported to
the nucleus, where together with other proteins from the his-
tone cleavage complex it participates in the 3’ end processing
of RDH gene transcripts within HLBs. In this process, SLBP
stabilizes the base-pair interaction of U7 snRNA with HDE
motifs located in the 3'UTRs of histone pre-mRNAs, which
are not perfectly complementary to each other. Interestingly,
it has been reported that SLBP activity is not necessary for sta-
ble interaction in the case of perfect complementarity between
U7 snRNA and the HDE motif (73). In the novel mechanism
of regulation described here, most HDE-like motifs perfectly
match U7 snRNA (Table 1); therefore, there is no need for ad-
ditional stabilizing factors. Furthermore, HDE-like motifs are
located mainly at the beginning of the lincRNA transcripts,
in the first exon or intron, and we demonstrated that the U7
snRNA-mediated regulation of these genes and LTR12s re-
lies on transcriptional inhibition, which is the next argument
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Figure 5. Mechanism of the regulation of LTR12 and LTR12-containing lincRNA expression by U7 snRNA. In wild-type cells, U7 snRNA undergoes base
pairing with the HDE-like motif(s) present in the LTR12 element and attenuates the binding/activity of the transcription factor NF-Y, which recognizes the
CCAAT motif located nearby. The transcription of LTR12s and LTR12-containing lincRNAs is inhibited (upper panel). In particular conditions (U7 snRNA
deficiency, mutations in the HDE-like motif) or cell types, the interaction of U7 snRNA and the HDE-like motif is abolished, and NF-Y activates
transcription of LTR12s and LTR12-containing lincRNAs (lower panel). Created with BioRender.com.

confirming a novel mode of action of U7 snRNA alone, apart
from the U7 snRNP complex that triggers cleavage. Accord-
ing to our calculation, ~500 HDE-like elements were upreg-
ulated after U7 snRNA knockdown, suggesting that such a
number of elements must engage U7 snRNA-dependent mech-
anism for their repression at a given time. The number of U7
snRNA copies required could be even lower in the case where
multiple HDE-like motifs are present in close proximity in a
single LTR12 locus and/or due to chromatin topology, and
thus not all of them have to be saturated with U7 snRNA for
efficient inhibition of the LTR12 region. Therefore, even con-
sidering that abundance of U7 snRNA is very low, reaching
1 x 103 to 2 x 10* molecules per cell (5,6,74,75), it is still
possible that the number of U7 snRNA copies present in the
cell is high enough to fill both U7 snRNA pools: one involved
in the inhibition of LTR12 expression, and the other which is
a component of the U7 snRNP complex.

The link between U7 snRNA and transposable elements has
been described in murine embryonic stem cells (ES) and in
preimplantation embryos. It has been observed that the re-
moval of the 5" fragment of tRNA-Gly-GCC (tRF-GG) re-
sulted in the derepression of ~50 genes regulated by the LTR
of the endogenous retroelement MERVL (mouse endogenous
retrovirus L) (76,77). This was paralleled by decreased syn-
thesis of U7 snRNA/snRNP, which in turn led to decreased
expression of histones at the transcript and protein levels. Al-
though the detailed mechanism was not described, the au-
thors suggested that eventually the lower supply of histones

would cause chromatin changes and transcriptional activa-
tion of the MERVL element, in turn stimulating the expres-
sion of MERVL-linked genes in murine ES cells and preim-
plantation embryos (76). In contrast, we demonstrated that
U7 snRNA depletion does not influence histone protein levels
in HEK293T cells (Supplementary Figure S1D), which is con-
sistent with the results obtained by Ideue et al. (41). This is
additional evidence supporting a distinctness of the mode of
action described here, which is based on the direct regulation
of LTR12s by U7 snRNA via base-pair complementarity with
HDE-like motifs (which are absent in the MERVL sequence)
and involves the transcription factor NF-Y.

U7 snRNA acts as a transcription inhibitor to
ensure tissue-dependent expression of LTR12s and
lincRNAs

HERVs and lincRNAs are present in thousands of copies in the
human genome, and both are important components of gene
expression regulatory networks. In the case of HERVs, this
function is mostly related to regulatory sequences present in
LTR regions, and most HERVs exist as solo LTRs. Therefore,
despite being transpose-inactive, HERVs are essential repos-
itories of transcription factor-binding sites, such as CCAAT
motifs recognized by NF-Y, which may serve as promoters or
enhancers (24,25). In turn, lincRNAs can function both in the
nucleus and in the cytoplasm at the DNA, RNA, and protein
levels (29-33,78).
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As mentioned, the expression of both HERVs and lincR-
NAs is tightly regulated. HERVs are mostly silenced in so-
matic cells, including nondividing, terminally differentiated
cells; however, they are highly expressed in germ cells, dur-
ing embryogenesis, cell transformation, in neuronal precur-
sors and pluripotent stem cells (PSCs) (68,69). Similarly, lin-
cRNAs are expressed primarily in a cell type-specific, tissue-
specific, developmental stage-specific, or disease state-specific
manner, with overrepresentation in the brain and testis tis-
sues, suggesting involvement in neurogenesis and reproduc-
tive functions (31). In other kinds of cells, their expres-
sion should be restricted or may lead to human diseases.
According to GTEx data, U7-dependent LTR12s and lin-
cRNAs display cell type specificity as well, being predom-
inantly restricted to testis (Supplementary Figures S9-S11).
This observation is consistent with the reported extensive
chromatin remodeling and widespread transcription, includ-
ing TE-driven genes and intergenic regions, during spermato-
genesis in vertebrates (79,80). NF-Y has been shown to par-
ticipate in the activation of LTR12 elements (67,81), and
NF-Y binding sites are considerably enriched in LTR12C,
LTR12D, and LTR12E elements, which are upregulated in
hSSCs and oocytes (70). Furthermore, NF-Y binding motifs
are frequently found near DMRT1 binding sites, a transcrip-
tion factor essential for human gonadogenesis (70,82). The
close localization of HDE-like motifs and sites recognized by
these two pioneer transcription factors, NF-Y and DMRT1,
suggests their possible cooperation in the specific activation
of LTR12C transcription in hSSCs. These findings demon-
strate that LTR12 silencing, essential for genome stability
in somatic cells, and their specific derepression during sper-
matogenesis may require multiple distinct mechanisms and
one of them may involve the interplay between NF-Y and
U7 snRNA.

Exaptation of LTR elements into promoters and enhancers
is a widespread phenomenon in mammalian genomes that
contributes to the evolution of gene regulation (83). Accord-
ing to our RNA-seq results, U7 snRNA depletion caused a sig-
nificant upregulation of some LTR12-driven protein-coding
genes, such as RAE1, DHRS2, CGREF1, SEMA4D, CSEF3,
TNERSF10B, IRGM, ACSBG1, DNAH3, NPC1, DPEP2,
TPH2, DLEU1, OFCC1, PCDH17, ETV7, SH2D4B, TCN2,
RPL3L, WSCD1, DENND3 (Supplementary Table S3)
(67,72,84-87), from which RAE1, DHRS2, CGREFI and
SEMA4D are known to be positively regulated by NF-Y
(67,84). In all of these genes, LTR12 elements along with
HDE-like motifs are located within promoters/alternative
promoters, suggesting U7-dependent control of transcription.
Tissue-specific expression analysis using GTEx, single-cell
transcriptomic data (88) deposited in the Human Protein At-
las (proteinatlas.org), and results published by Iouranova et
al. (72) and Brind’Amour et al. (87) disclosed that these genes
exhibited enhanced expression in early embryo, oocytes, testis
and/or at different stages of the spermatogenesis. For instance,
Sema4D is involved in ovary follicular development in mice,
whereas Rael, NPC1 and Dnah3 have already been linked to
sperm development (89-93). In addition, Beyer et al. suggested
that cell death and immunity-related genes under LTR12 con-
trol, such as TNFRSF10B and IRGM, may increase the apop-
totic potential or defense mechanisms in germ cells, confer-
ring enhanced germ cell protection in the light of the long
lifetime and fertility of male individuals (85). Importantly,
Drosophila U7 snRNA null mutants displayed reproductive
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phenotypes; males and females are viable but sterile due to
compromised histone pre-mRNA processing (94). In sum-
mary, all these findings reinforce the essential role of LTR12
promoters/elements in the gamete formation (72,87), and im-
plicate an essential role of U7 snRNA in the regulation of
these hominoid-specific LTR12 elements. Finally, we do not
rule out the possibility that U7 snRNA is not only engaged in
the inhibition, but it may also mediate the reactivation pro-
cess of this specific class of HERV1 elements. Given that U7
snRNA levels do not differ considerably between human tis-
sues (Supplementary Figure S11), NF-Y-mediated transcrip-
tion activation in testes might be triggered by U7 snRNA dis-
placement from these elements.

Very recent studies identified LTR12s as enhancers with
oncogenic potential in acute myeloid leukemia and liver can-
cer cells (95,96). Importantly, some of these liver cancer-
specific LTR12s are upregulated in HEK293T U7 KD cells,
suggesting the role of the U7 snRNA- LTR12 module not only
in developmental processes, but also in carcinogenesis.

Limitations of the study

As mentioned above, ~80% of annotated human IncRNAs
have been reported to contain TE sequences, with enrich-
ment of LTR elements (25,27,60,61), and we observed a sim-
ilar phenomenon in this study: half of U7-dependent lincR-
NAs contained LTR12 elements, and 39% of intragenic U7-
dependent DERs were encoded by sequences within lincR-
NAs. Importantly, some genomic regions found to be affected
by U7 snRNA deficiency had representatives in both U7-
dependent lincRNAs and U7-dependent repeats. For example,
Inc-PGRMC1-1 (AC004835.1) contained four repeats show-
ing upregulated expression upon U7 snRNA knockdown, and
the expression of the entire gene was also shown to be ac-
tivated in DESeq2 analysis. It must be pointed out that we
cannot rule out the possibility that some lincRNAs listed as
DEGs are in fact included in the list only due to differential
expression of the embedded LTR12(s) and vice versa. This
ambiguity probably results from the imperfection of the al-
gorithm used, which can sometimes identify a gene as a DEG
based on the sequencing reads mapping only to one region
of the gene (e.g. TE elements). Therefore, it must be further
verified in each single case whether the whole lincRNA is up-
regulated under U7 snRNA knockdown conditions. However,
when LTR12 elements are located at the beginning of a gene,
they can act as transcriptional activators of the gene; indeed,
we observed reads covering the entire gene for the majority of
U7-dependent lincRNAs with LTR12 elements located in the
first exon or the first intron.

In this report, we also showed that 69% of DERs belong
to the HERV1 family with LTR12s containing HDE-like mo-
tifs, representing the most prevalent class of U7-dependent
repeats. Additionally, our manual inspection of activated re-
peats of other types revealed that approximately 80% of them
were located in close proximity to HDE-like motifs present in
neighboring LTR12s. Since the DER analysis in U7 KD cells
was performed using only uniquely mapped sequencing reads,
we assume that some loci activated by U7 snRNA deficiency
could have escaped identification due to the high similarity
of LTR12 elements in the human genome. Thus, we believe
that the novel U7 snRNA-mediated mechanism of LTR12
silencing described in this report may actually make a bigger
contribution to cell fitness.
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