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Abstract

Transposable elements (TEs) are dynamically expressed at high levels in multiple
human tissues including the brain, but the function of TE-derived transcripts remains
largely unknown. In this study we identify numerous miRNAs that are derived from
TEs and expressed in the human brain by conducting AGO2-RIP, followed by small
RNA sequencing on human brain tissue. Many of these miRNAs originated from L2
elements, which entered the human genome around 100-300 million years ago. We
found that L2-miRNAs derive from the 3’ end of the L2 consensus sequence and that
they share very similar sequences, indicating that they could target transcripts with
L2s in their 3’UTR. In line with this, we found that many protein-coding genes
expressed in the brain carry fragments of L2-derived sequences in the 3°’'UTR, which
serve as target sites for L2-derived miRNAs. Our findings uncover a TE-based post-

transcriptional network that shapes transcriptional regulation in the human brain.
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Introduction

The emergence and evolution of gene regulatory networks is thought to underlie
biological adaptations and speciation. Transposable elements (TEs) have recently
been implicated in these processes since they can amplify in numbers and move into
new regions of the genome. Genomic analyses supports a role for TEs in gene
regulatory networks, since a substantial fraction of TEs evolve under selective
constraints despite being non-coding (Chuong et al. 2017). Still, the impact of TEs on

human transcriptional networks remains poorly understood.

We have recently described that many transcripts expressed during human brain
development contain TE-derived sequences (Brattas et al. 2017). These sequences
appear to be indirectly transcribed, often in antisense direction, as part of other
transcripts including those coding for protein. The function of TEs expressed in the
human brain is unknown, but an interesting possibility is that they act as templates for

RNA-binding proteins hereby contributing to post-transcriptional regulation.

In this study, we found, using Argonaute — RNA Immunoprecipitation (AGO-RIP) on
adult human brain tissue, that many small RNAs bound by AGO2 are derived from
TEs, with enrichment for LINE-2 (L2) elements. These L2-derived microRNAs
(miRNAs) show strong sequence complementarity to L2-elements found in the
3’UTR of protein coding genes. Transcripts containing L.2-elements in the 3’UTR are
incorporated into the RNA induced Silencing complex (RISC) in the human brain and
are regulated by L2-derived miRNAs. Together our results demonstrate a TE-based
post-transcriptional network that influences the expression of protein-coding genes in

the human brain.
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Results

Identification of transposable element-derived miRNAs expressed in the human
brain

To identify small RNAs that participate in gene silencing in the human brain we
performed Argonaute2-RNA interacting Immunoprecipitation followed by small
RNA sequencing (AGO2-RIP-seq) on surgical biopsies obtained from either human
cortex (n = 3) or from human glioblastoma (n = 6) (Fig 1A). The use of AGO2-RIP-
seq on fresh human brain tissue circumvents several challenges associated with
detecting functional small RNAs derived from transposable elements (TEs) since it
reduces background noise generated by degradation products as well as avoids
problems arising with the use of cell lines, where a loss of DNA methylation could

activate aberrant TE expression.

We found that AGO2-bound small RNAs displayed a high enrichment for 20-24
nucleotide (nt) long reads, the typical size of microRNAs (miRNAs), while input
samples, which include all small RNAs in the tissue, displayed an expected broad size
profile of RNAs including e.g. many RNAs in the size range of 30-36 nt (Fig 1B). We
found similar results in both cortex and glioblastoma, although there was a trend for

an increased number of RNAs in the size range of 30-36 nt in glioblastoma samples

(Fig 1B & Suppl. Fig 1A).
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Figure 1: AGO2-associated small RNAs in the human brain.

A) Schematics of AGO-RIP-seq on human glioblastoma or cortex samples followed
by small RNA sequencing. B) Read size distribution of cortex and glioblastoma RIP
and input samples. C) Bar graph showing the percentage of 20-24 nucleotide long
reads in the human genome mapping to miRNAs, transposons, piRNAs and tRNAs.
Data is represented as mean + SEM (RIP Ctx n = 3; RIP GBM n = 6). D) Pie charts
showing the distribution of reads mapping to transposable elements. AGO -
Argonaute, CTX — cortex, GBM — glioblastoma, TE — transposable elments.

We next investigated the genomic origin of small RNAs expressed in the human
brain, and found, as expected, that most AGO2-bound RNAs were classical miRNAs
(Suppl. Fig 1A). We found very limited evidence for binding of transfer RNAs
(tRNAs) and piwi-RNAs (piRNA) to AGO2, although tRNA-fragments, of mostly

30-36 nt in size, were abundant in input samples (Suppl. Fig 1A).
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We next focused our analyses on AGO2-bound small RNAs of 20-24 nt in size. We
detected high expression of classic brain-enriched miRNAs, such as miR-128 and
miR-124, in cortex samples (Akerblom et al. 2012; Tan et al. 2013). We also
discovered altered expression of e.g. miR-21 and miR-10b in the glioblastoma
samples, which is in line with previous studies (Suppl. Fig. 1B) (Karsy et al. 2012).
Interestingly, we found a substantial fraction (around 2-3 % of reads) of AGO2-bound
RNAs that mapped to TEs, including LINE, LTR and SINE elements (Fig 1C). To
investigate if these results were unique for AGO2 or also applied to other Argonaute
family members we performed the same RIP-seq approach using an antibody against
AGOL, which revealed that AGO2 and AGOI loading is very similar, not only when
it comes to miRNAs, but also other small RNAs including TE-derived sequences

(Suppl. Fig 1C-E).

L2-derived miRNAs are abundantly expressed in the human brain

We next set stringent criteria to identify miRNA-like small RNAs that are derived
from TEs (see methods for details). We analysed the genomic position of individual
TEs and detected several TE-derived small RNAs that are likely to participate in gene
silencing. The majority of the small RNAs we identified derived from L2 elements,
with enrichment for L2¢ in both cortex and glioblastoma samples. Interestingly, we
saw a much higher proportion of reads mapping to L2b in cortex than in glioblastoma
samples, which was explained by the high expression of a single L2b-derived small

RNA in the cortical samples (Fig 1D & Table 1).
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TE coordinates direction miRNA paired mean expression
(reads in RIP)
L2b chr 4: 8005199 - 8005343 (+) AS miR-95-3p L2¢ 2626.71
L2¢ chr 8: 140732529 - 140732650 (-) S miR-151a-3p/5p L2¢c 2771.44
L2¢ chr 8: 140732622 - 140732734 (+) AS miR-151a-5p L2¢c 475
L2c chr 3: 188688700 - 188688813 (-) AS miR-28-5p L2¢ 652.61
L2¢ chr 3: 188688783 - 188688877 (+) s miR-28-3p/-5p L2¢ 313.10
L2¢ chr 11: 79402022 - 79402117 (+) AS miR-708-3p/-5p L2¢c 96.41
L2¢ chr 11: 79401986 - 79402051 (-) s miR-708-3p L2¢ 142.75
L2¢ chr 22: 45200672 - 45200995 (-) s miR-1249-3p - 179.36
L2¢c chr X: 74287157 - 74287324 (-) S miR-374a-3p/ miR-545-5p - 41.12
L2¢ chr X: 74218419 - 74218583 (-) s miR-374b-3p/ MiR-374¢-5p/ miR-421 5p - 5.89
L2b chr14: 100869090 - 100869150 (-) s miR-493-3p - 4053
L2b chr 5: 176367379 - 176367999 (+) S miR-1271-5p L2a 16.44
L2¢ chr 22: 35335672 - 35335822 (-) AS miR-3909-3p/ -5p - 31.77
L2a chr 5: 15934793 - 15935362 (-) AS miR-887-3p/5p - 20.74

Table 1: L2-derived miRNAs in the human genome.

When comparing the L2-derived small RNAs with miRbase annotations, we found
that they have previously been identified as miRNAs including e.g. L2c-derived miR-
151 and L2b-derived miR-95 (Table 1) (Smalheiser and Torvik 2005; Piriyapongsa et
al. 2007). Many L2-derived miRNAs that we identified in the human brain originate
from two L2 elements that are overlapping in the genome but oriented into opposite
direction, thereby providing a source of hairpin structures (Fig 2A, B) (Smalheiser
and Torvik 2005). However, we also found cases where one single L2 element gives
rise to two different miRNAs e.g. mir-545 and mir-374 (Fig 2B). We found similar
cases of L2-derived miRNAs in AGOI1-RIPseq samples from human brain tissue
(Suppl. Fig 2A) and in AGO2-RIPseq samples from pure neuronal cultures derived
from human embryonic stem cell (hESCs) (Suppl. Fig 2B). We moreover conducted

AGO2-RIPseq on mouse striatum to investigate if L2-miRNAs are conserved among


https://doi.org/10.1101/218842

bioRxiv preprint doi: https://doi.org/10.1101/218842; this version posted November 13, 2017. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Petri et al.

mammals. We found several conserved L2-derived miRNAs, including e.g. miR-151,
but also examples of L2-derived miRNAs present in the human but not mouse
genome, e.g. miR-95. Additionally, we identified miRNAs with the same mature
sequence in the human and mouse genome, however, originating from different
unique retrotransposition events such as miR-28 (Suppl. Fig 2C). This shows that L.2-
derived miRNAs are bound by both AGO1 and AGO2 and expressed in the brain of
different mammalian species, suggesting a conserved functional role for these non-

coding RNAs.
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Figure 2: miRNAs derive from L2 and share similar sequences.

A) Schematics of the generation of miRNAs from L2 elements. B) UCSC genome
browser tracks showing examples of L2-derived miRNAs. C) Schematics of a full-
length (FL) L2 element (red box indicates the 3’ end) and alignment of L2c-derived
miRNAs to the 3’ end (position 3222 — 3387) of the L2 consensus sequence.
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To investigate the similarity between different L2-derived miRNAs, we mapped all
the L2c-derived small RNAs to the L2 consensus sequence (RepeatMasker). This
analysis showed that most L2c-derived miRNAs are generated from the exact same
position within the consensus sequence of the 3’ end of L2 elements, even though
these elements are scattered throughout the genome. Thus, L2c-derived miRNAs are

therefore very similar in sequence and are likely to share targets (Fig 2C).

L2-derived fragments are found in the 3’UTR of protein coding genes

L2-derived AGO2-associated miRNAs have a large number of potential “self-targets”
since these elements extensively colonized the genome of our ancestors around 100-
300 million years ago, resulting in almost 500,000 L2-derived elements including
both fragments and more complete sequences (Vladimir V. Kapitonov 2006). Thus,
L2-derived miRNAs could guide the RISC to 3’UTRs containing these elements
transcribed in the opposite direction of their element of origin, herby providing a
possibility for TEs to post-transcriptionally shape the expression of numerous protein-
coding genes. To investigate this possibility, we analysed the location of L2 elements
in the human genome. We found that only a small fraction, 2847 out of 471,716, of
human L2-elements are found in 3’UTRs (Fig 3A). However, when analysing RNA
sequencing data from human neural progenitor cells (hNPCs) we found that more
than 40 % of L2 reads are mapping to L2 elements located in the 3’UTRs of genes.
This percentage was even higher for L2b (48 %) and L2c¢ (51 %), demonstrating that
L2 elements located in 3’UTR of genes are preferentially expressed in human neural

cells (Fig 3B).
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We next analysed the structural conservation of L2¢ elements in the human genome
and found that while the 3’ end of the L2c-consensus sequence has primarily been
maintained, most of the upstream sequences of L2c were lost during evolution. This
enrichment of the 3’-part was even more apparent when we specifically looked at L.2c
elements located in the 3’UTR of genes (Fig 3C). Interestingly, the conserved 3’-part

of the L2c elements was identical to the L2c-region from where the miRNAs are

generated (Fig 3C).
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Figure 3: Genes carrying L2 in their 3’UTR are expressed in hNPCs, during
neuronal differentiation and human embryonic tissue.

A) Pie chart showing the proportion of L2 within 3°’UTRs out of all L2 elements in
the human genome. B) Pie charts showing the percentage of reads mapping to L2 /
L2a/L2b/ L2c that are located either within (dark blue) or outside (grey) of 3’UTRs
of genes. C) Graph showing the density of the L.2¢c consensus sequence of all L2¢ in
the genome (black line) and of L2¢ element in the 3’UTR (blue line). D) Bar graph
showing the percentage of genes with L2 in their 3’UTR among all expressed genes
and genes with reads above 1000 in hNPCs. E) Box plots showing the expression of
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genes (log, transformed reads — Variance stabilising transformation) with or without
L2c¢ in their 3’UTR in human embryonic tissue. F) Box plots showing the expression
of genes (log, transformed reads — Variance stabilising transformation) with or
without L2c¢ in their 3°UTR during human neuronal differentiation G) GO-analyses of
genes carrying L2 in their 3’UTR. The red line indicates a p-value of 0.05.

SC — spinal cord; Dien — diencephalon: GE — ganglionic eminences; HB — hindbrain:
FB — forebrain; vMB — ventral midbrain.

We next investigated the expression of genes carrying L2-elements in the 3’UTR in
hNPCs. We identified 2042 such expressed genes, which is about 7 % of all genes
expressed in hNPCs (Fig 3D). The fraction of genes carrying L2 in their 3’UTR was
even higher, around 10 %, when looking at highly expressed genes (above 1000
reads) (Fig 3D). We also found that genes carrying L2c¢ in their 3’UTR are abundantly
expressed during neuronal differentiation, as well as in fetal human brain tissue (Fig 3
E-F). This analysis suggests that L2-derived miRNAs have the potential to target
numerous L2-derived sequences in the 3’UTR of genes, transcribed in the opposite
direction, and hereby regulate hundreds of protein-coding transcripts in human neural
cells. Gene ontology analysis of expressed L2-containing genes revealed enrichment
for terms such as sensory perception, protein transport, cell signalling and synaptic

transmission (Fig 3G).

L2-derived fragments in the 3’UTR of protein coding genes are L2-miRNA-targets

To provide functional evidence that L2- containing 3°’UTRs are regulated by miRNAs
in the human brain, we conducted AGO2-RIP on both cortex (n = 2) and glioblastoma
(n = 5) tissue followed by total RNA sequencing to identify miRNA target genes (Fig
4A). As expected, most reads in the RIP samples were mapping to RefSeq annotations
(Suppl. Fig 3), while in input samples ribosomal RNA (rRNA) was highly abundant,

the amount of rRNA was, as expected, strongly decreased in the RIP fraction. We

11
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found an enrichment of reads mapping to 3’UTRs of genes in the RIP samples
compared to input fractions, which is line with the high prevalence of miRNA target
sites in this part of a transcript. Long-non coding RNAs (IncRNAs) were also slightly
enriched in the RIP samples (Suppl. Fig 3), which is in line with previous studies,
showing that some IncRNAs are bound by AGO2 (Weinmann et al. 2009; Imig et al.
2015). Strikingly we also found that reads mapping to repeats including LINEs,

SINEs and LTRs, including many L2-transcripts, were enriched in RIP-samples.

We next analysed reads mapping to L2 elements in detail. We found that a substantial
fraction of L2 reads were originating from the 3’UTR of genes and this fraction was
higher in RIP samples compared to input samples, showing that transcripts with L2 in
their 3’UTR are bound by AGO2 (Fig 4B). Moreover, genes carrying L2 in their
3’UTR were enriched in RIP compared to input samples and many were highly

expressed (Fig 4C).

We found that approximately 2 % of all transcripts detected in RIP samples carry L2
in their 3’UTR, both in cortex and glioblastoma samples (Fig 4D). To investigate the
abundance of L2-carrying genes bound to AGO2, we analysed genes that belong to
the 100 most abundant transcripts in the RIP samples and which were also more than
4-fold enriched in RIP compared to the input fractions (hereafter referred to as AGO-
bound genes). Strikingly, we found that among the AGO-bound genes, L2 carrying
transcripts were highly enriched and made up 15 % of the transcripts. Although the
overall numbers of L2-carrying transcripts were very similar in glioblastoma and
cortex samples, we saw profound differences when analysing L2b and L2c-carrying

transcripts separately (Fig 4E&F). L2b-carrying transcripts were more abundant in

12
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cortex samples compared to glioblastoma tissue, where no L2b-carrying genes were
AGO-bound, which is in line with the small RNA data, where the L2b-derived miR-
95 was highly expressed in samples from cortex, but not from glioblastoma (Fig 4E).
However, genes carrying L2c¢ in their 3’UTR were enriched in the RIP samples from

both sample types (Fig. 4F).

Together this analysis shows that genes carrying L2 in their 3’UTR are highly
abundant in RIP fractions of glioblastoma and cortex samples suggesting that they are
miRNA target genes. When we looked for potential miRNA target sites within the
L2-elements in the 3’UTRs of highly abundant AGO-bound genes, we found several
potential non-canonical target sites with high complementary to the L2-derived
miRNAs: miR-28, miR-95, miR-151a or miR-708 (Figure 4G). To validate the
functionality of these non-canonical target sites, we performed luciferase assays and
confirmed that all tested target sites are regulated by L2-derived miRNAs (Figure
4H). Taken together, these data demonstrate that L2-derived miRNAs regulate
numerous target genes carrying L2-derived sequences in their 3’UTR resulting in a

TE-based post-transcriptional gene regulatory network (Figure 41).
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Figure 4: Genes with L2 in 3’UTR are bound by AGO2 in the human brain.

A) Schematics of AGO2-RIP followed by total RNA sequencing on glioblastoma and
cortex biopsies. B) Bar graph showing the percentage of L2/ L2b/ L2c¢ reads in the
3’UTR of genes in RIP and input sample (RIP, n=7; IN, n=7). Data is presented as
mean + SEM C) Dot plot of all genes in cortex samples of the human brain. Genes
with L2 in the 3’UTR are marked in red. The log, transformed mean expression (x-
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axis) is plotted against the log, transformed fold change of RIP (n=2) versus input
samples (n=2) (y-axis). D-F) Bar plots showing the percentage of genes with L2 / L2b
/ L2c¢ in the 3’UTR of all genes, and of the top 100 highest expressed genes that are
more than 4-fold enriched in RIP compared to input samples. G) Potential target sites
of L2-derived miRNAs in the L2 sequence in 3’UTRs of genes. Complementary bases
are marked in red and with a vertical line. H) Luciferase assay of L2-derived target
sites. Data is shown as mean + SEM. I) Schematics of the TE-based post-
transcriptional gene regulatory network.

Discussion

An increasing number of studies have demonstrated a role for TEs in fine-tuning gene
networks in different tissues by influencing gene expression from their integration
sites, by acting for instance as enhancers or repressors (Jern and Coffin 2008;
Elbarbary et al. 2016). In this study, we demonstrate that L2 elements serve as an
important source for several miRNAs that are bound by AGO proteins in the human
brain with the ability to target hundreds of transcripts carrying L2-fragments in their
3’UTR. Our study therefore provides a model for how TEs control post-

transcriptional networks in the human brain.

L2-elements invaded the genome of our ancestors some 100-300 million years ago,
well before mammalian radiation (Vladimir V. Kapitonov 2006). Throughout
evolution, these TE sequences likely underwent a high evolutionary pressure, leading
to the degradation of non-functional sequences, hence, only leaving fragments of
sequences remaining in the genome. Today, these sequences form a post-
transcriptional network composed of miRNAs and miRNA-target templates present in
the 3’UTR of thousands of protein-coding genes. It is tempting to speculate that the
majority, if not all, miRNAs have originally emerged from TEs, since TEs are

scattered throughout the genome in high numbers and therefore have the potential to
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give rise to a large number of miRNAs and miRNA target sites. However, since most
miRNAs are evolutionary old (more than a billion years) it is impossible to determine
their origin with certainty. Several TEs have previously been implicated in both the
generation of miRNAs as well as miRNA-targets (Smalheiser and Torvik 2005).
(Piriyapongsa et al. 2007; Roberts et al. 2013; Boudreau et al. 2014; Roberts et al.
2014). However, most of these descriptions are based on computational predictions
and the experimental evidence for TE-derived miRNA—target interaction was up until
now limited. Key to the findings in this study is the use of AGO-RIP on human tissue
coupled to next-generation sequencing. Using this approach we could demonstrate the
functionality of L2-derived miRNAs, such as miR-28, miR-151, miR-95 and miR-708
and show that hundreds of transcripts with L2 in their 3’UTR are AGO-bound

miRNA targets.

TEs have been suggested to influence speciation and to contribute to primate
evolution. Although, we found that ancient L2-derived miRNAs are the most
abundant TE-derived miRNAs in the human brain, we also found evidence for
miRNAs derived from MIR, L1, L3, LTR and SINE elements, including some
younger TEs. We also found evidence for many different TEs being bound to AGO
when looking at the target fraction. Thus, further investigations into other TE-derived

miRNAs and TE derived targets will be very interesting.

It is commonly accepted that miRNAs regulate genes via the seed sequence, which
spans from nucleotides 2-7 in the 5’ end of the miRNA (Bartel 2009). Additionally,
several alternatives to canonical seed sequences have been proposed (Shin et al. 2010;

Kim et al. 2016). For instance, miR-151 and miR-28 have previously been found to
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use centred seed pairing to regulate genes (Shin et al. 2010). Since TE-derived
miRNAs show high sequence similarities with TE sequences in the 3’UTR of genes,
those miRNAs most likely can use extensive base-paring for target recognition and
regulation. Those sequence similarities might also explain the wide-spread
distribution of TEs in the genome, since the high number of possible interactions of
TE-derived miRNAs and TE-sequences in genes most likely led to conserved
interactions during evolution. This suggests that non-canonical miRNA target sites

might be more broadly used than previously thought.

Glioblastoma is the most aggressive and most common type of brain tumour in adults
and is characterised by vast cellular and genetic heterogeneity. Nevertheless, we
found, at large, surprisingly comparable miRNA regulation of transcripts in GBM
compared to normal neocortical tissue, with a few notable differences including
previously identified glioma-associated miRNAs such as miR-21 and miR-10b. In
addition we found that the L2b-derived miR-95 was highly expressed in cortex, but
not in GBM, which is in line with a previous report (Skalsky and Cullen 2011).
Together with our finding that L2b-carrying transcripts are not bound to AGO in
glioblastoma tissue compared to cortex samples, this suggests that miR-95 could play
an important role in the regulation of transcripts related to tumour progression or
tumour defence in GBM. Future studies analysing the function of miR-95 are

therefore warranted.

In summary, this work demonstrates the existence of a TE-based post-transcriptional

regulatory network that shapes the expression of hundreds of TE-carrying transcripts
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and hence provides an additional mechanism for TEs to influence crucial gene

networks in the developing and adult human brain.

Methods

Human Tissue

Fresh human adult neocortical and GBM tissues were obtained during resective
surgery in patients suffering from GBM or pharmacologically intractable epilepsy,
respectively. The tissue was snap frozen immediately following removal. The use of
human brain tissue was approved by the local Ethical Committee in Lund (212/2007
for epilepsy and HI5 642/2008 for GBM) in accordance with the declaration of
Helsinki. Prior to each surgery written informed consent were obtained from all

subjects.

Mouse brain tissue

All animal-related procedures were approved and conducted in accordance with the
committee for use of laboratory animals at Lund University. For AGO2-RIPseq the
striata of mice were quickly dissected and immediately homogenised and lysed in ice-

cold lysis buffer.

Human ESC culturing and differentiation into forebrain-like cells

Human ESC H9 (WAOQ9, passage 31-45) (Thomson et al. 1998) was expanded and

maintained on y-irradiated mouse embryonic fibroblasts (MEFs) in DMEM/F12, 20%
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KSR, 0.05 mM 2-mercaptoethanol, 0.5% pen/strep, 0.5% glutamate and 10 ng/ml
FGF-2 (R&D Systems). The cells were passaged once weekly with EDTA (0.5 mM).
Differentiation was initiated by detaching the hESC colonies with EDTA and grown
as free-floating aggregates in DMEM/F12:Neurobasal (1:1) supplemented with N2
(1:100), B27 (without vitamin A) (1:50) for 4 days and Y-27632 (10 mM, Tocris
Bioscience) for the initial 2 days. The formed EBs were thereafter plated in
DMEM/F12:Neurobasal (1:1), N2 (1:200) and B27 (without vitamin A) (1:100) onto
a surface coated with polyornithine (PO), fibronectin (FN) and laminin (lam).

From dO to d9, SB431542 (10 mM, Tocris Bioscience) and noggin (200 ng/ml, R&D)
were present in the medium for neuralisation. At day 11, the attached cell clusters
were dissociated to a single-cell suspension with Accutase, and were replated in 20 pl
droplets of 10,000-15,000 cells/ul onto dry PO/FN/lam-coated plates in Neurobasal,
B27 (without vitamin A) (1:50), brain-derived neurotrophic factor (BDNF) (20
ng/ml), glial-derived neurotrophic factor (GDNF) (10 ng/ml) and ascorbic acid (200

mM).

AGO-RIPseq

Fresh or snap-frozen tissue was homogenised in ice-cold lysis buffer (10 mM HEPES
(pH = 7.3), 100 mM KCI, 0.5 % NP40, 5 mM MgCl,, 0.5 mM dithiothreitol, protease
inhibitors, recombinant RNase inhibitors, | mM PMSF) using TissueLyser LT (30
Hz, 4 minutes).

Homogenates were centrifuged twice for 15 minutes at 16,200 x g, 4 °C to clear the
lysate. 1/10 of the sample was then saved as input (total RNA) control. The remaining
lysate was incubated with anti-AGO2 or anti-AGO1-coated Dynabeads® Protein G

beads (Life Technologies) at 4 °C for 24 hours with end-over-end rotation (AGO2
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antibody: anti-Ago2-3148 for human brain tissue (Grey et al. 2010); AGO1 antibody:
Active Motif, 61071 and Sigma-Aldrich 2E12-1C9 for mouse tissue).

After incubation, the beads were collected on a Dynamagnet (1 minute, on ice) and
gently resuspended in low-salt NT2 buffer (50 mM Tris-HCL (pH = 7.5), | mM
MgCl,, 150 mM NaCl, 0.5 % NP40, 0.5 mM dithiothreitol, 1 mM PMSF, protease
inhibitors and recombinant RNAse inhibitors). The beads were transferred into a new
collection tube and washed once with low-salt NT2 buffer, followed by two washes
with high-salt NT2 buffer (50 mM Tris-HCI (pH = 7.5), 1 mM MgCI2, 600 mM
NacCl, 0.5 % NP40, 0.5 mM DTT, protease inhibitors, 1 mM PMSF and recombinant
RNAse inhibitors). After the last washing step, the RNA fraction was resuspended in
QIAzol buffer and RNA was isolated from RIP and input samples according to the

miRNeasy micro kit (Qiagen).

cDNA library preparation and sequencing of human AGO-RIP samples

All RNA sequencing data have been submitted to NCBI Gene Expression Omnibus
database and assigned the GEO series accession number GSE106810. cDNA library
preparation was conducted using the NEB small RNA library prep kit for small RNA
sequencing and the NuGen Ovation RNAseq V2 kit, followed by the Ovation®
Ultralow V2 Library or Ovation® Rapid Library Systems, for total RNA sequencing.
[lumina high-throughput sequencing (HiSeq2500 SR 1x50 run and HiSeq3000 1x50)
was applied to the samples (total number of reads for small RNA sequencing:
344508344; total number of reads for total RNA sequencing: 527413532) at the

UCLA Microarray Core Facility.

Identification of miRNA target sites
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The L2 sequence in the 3’UTR of a gene was aligned to the sequence of a L.2-derived
miRNA using the EMBOSS Needle nucleotide pairwise alignment tool (Rice et al.

2000) to find sequence complementarity.

Analyses of small RNA sequencing data from AGO-RIP

For the analyses of the genomic distribution of reads, the data was aligned to the
human genome (hg38) using StarAligner 2.5.0a (Dobin et al. 2013) allowing
multimapping and two mismatches per 22bp (--outFilterMismatchNoverLmax 0.05).
Reads were quantified with the SubRead package FeatureCounts (Liao et al. 2014)
(minimal overlap 19 nt) using annotations obtained from miRbase (Kozomara and
Griffiths-Jones 2014), UCSC genome browser RepeatMasker track (GRCh38) and
piRNAbank (Sai Lakshmi and Agrawal 2008).

For the analyses of small RNAs derived from individual transposable elements, the
data was uniquely aligned to the human genome (hg38) using StarAligner 2.5.0a (0
mismatches allowed (--outFilterMultimapMax 1) and reads were quantified strand-
specifically (-s1) using the SubRead package FeatureCounts (Liao et al. 2014).

For the identification of high-confidence smallRNAs, 3p and 5p strands and typical
Dicer cleavage patterns had to be present. We also assessed conservation of the
smallRNAs by using the 100 vertebrates Basewise Conservation data by phyloP from
the PHAST package.

For the alignment of the L2c small RNAs to the L2c consensus, the raw alignment
data used by RepeatMasker to generate the annotation of genomic L2c were assessed
though the detailed visualisation of RepeatMasker annotations in the UCSC genome
browser. For each L2c-small RNA sequence assessed, the RepeatMasker raw
alignment was used to map the genomic position of the small RNA to the L2c

consensus.
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Analyses of total RNA sequencing data from AGO-RIP on human tissue

For the expression analyses of AGO2-bound genes, reads were aligned to the human
genome (hg38) using StarAligner 2.5.0a allowing for multimappers and default
settings. For the quantification of reads in the 3’'UTR of genes, annotations were
obtained from Ensembl (Kersey et al. 2016). For the identification of L2 elements
within 3’UTRs, reads were uniquely aligned, allowing for 2 mismatches in 50bp (--
outFilterMismatchNoverLmax 0.04). The obtained files were intersected with L2
annotations, obtained from RepeatMasker with the requirement of 80 % overlap (-f
0.8). The reads were then intersected with 3’UTR annotations (Ensembl) with a
requirement of 1 bp overlap. The intersection was conducted using BEDTools

(2.26.0).

Culturing and RNA extraction from hNPCs

Human neural epithelial-like stem cell lines, Sai2 (embryo-derived) (Tailor et al.
2013) were cultured in DMEM/F12 (Thermo Fisher Scientific) supplemented with
Glutamine (2 mM, Sigma), Penicillin/Streptomycin (1x, Gibco), N2 supplement (1x,
Thermo Fisher Scientific), B27 (0.05x, Invitrogen), EGF and FGF2 (both 10 ng/ml,
Thermo Fisher Scientific). hNES were grown on NuncTM T25 or T75 flasks pre-
coated with Poly L-Ornithine (15 pg/ml, Sigma) and Laminin (2 pg/ml, Sigma). Cells
were passaged every 2-3 days using TryplLETM Express enzyme (Life Technologies)
and Defined Trypsin Inhibitor (Life Technologies) and plated at a density of 6x10*

per cm”. RNA from cells was extracted using the RNeasy mini kit from Qiagen.

cDNA library preparation and sequencing of human NPC
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cDNA library preparation was conducted using the TrueSeq mRNA stranded kit (with
poly-A enrichment) from Illumina according to the supplier’s recommendations.
Paired-end 126 bp sequencing was conducted with Hiseq3000 at SciLife Lab,

Uppsala, Sweden.

Analyses of RNA sequencing data from human NPC

The paired-end 126 bp reads were aligned to the human reference genome (hg38)
using STAR (v2.5.0a)(Dobin et al. 2013). For mapping of L2, the alignment allowed
3 mismatches per read (--outFilterMismatchNoverLmax 0.03) and discarding all
multimapping reads (--outFilterMultimapMax 1). For mapping of mRNAs, default
parameters were used. Gene abundances were counted using the SubRead package
FeatureCounts with strand-specific counting (-s 2) of primary alignments (--primary)
in paired-end mode (-p) using NCBI annotations. To quantify reads mapping to L2
and 3’UTR, the wuniquely aligned read coordinates were intersected with
RepeatMasker L2 coordinates, using the intersect module of BEDTools (v2.26.0)
requiring that at least 80 % of the read overlap with an L2 element (-f 0.8). These read
coordinates were further intersected if more than 1 bp overlapped with 3’UTR
annotation (Ensembl) to get the number of L2 reads derived from 3’UTR sequences.
For obtaining a list of transcripts with L2 in the 3’UTR, the Ensembl 3’UTR
annotation was overlapped with L2 RepeatMasker annotation using BEDTools
intersection requiring at least 1 bp overlap. To get the coverage of bases derived from
each base position in L2¢ consensus, the relative position of L2c elements aligning to
L2c consensus were extracted from the RepeatMasker output file
(http://hgdownloadtest.cse.ucsc.edu/goldenPath/hg38/bigZips/hg38.fa.out.gz).  The
coverage module of BEDTools (v2.24.0) was used to calculate coverage of each

position in consensus.
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Gene ontology analyses was conducted using Gene Ontology Consortium (Ashburner
et al. 2000; Gene Ontology 2015). As background, a list of all expressed genes in

hNPCs was used.

Analyses of RNA sequencing data from human embryonic tissue and differentiated
hNPCs

The RNA-seq data from human embryonic tissue have been reported previously
(GSE84259) (Brattas et al. 2017). Reads were mapped to the human genome
assembly (GRCH38) using STAR (v2.5.0a). Multiple mapping reads were discarded,
and a maximum of 3 mismatches were allowed. mRNA and TE expression was
quantified using the subread package FeatureCounts (Liao et al., 2014). Gene
coordinates for mRNA and retroelements were obtained from NCBI and the UCSC
genome browser RepeatMasker track (GRCh38). Read counts were normalised to the
total number of reads mapping to the genome. Downstream analyses were performed

using DESeq2 (Love et al. 2014), in-house R and unix scripts.

Luciferase reporter assay

A 400 bp sequence incorporating the L2-derived miRNA binding sites in the 3’UTR
of CLIP3, Impadl, YWHAZ, TPP1 and ADD2 was cloned into the dual luciferase
reporter vector pSICHECK-2 (Promega). The luciferase reporter constructs were co-
transfected with either a GFP overexpression vector, a miR-10a non-targeting over-
expression construct or the respective L2-derived miRNA overexpression vector into
three independent replicates of 293T cells using Turbofect (Fermentas). 48 hours after
transfection, cells were assayed for luminescence using a dual-luciferase assay

(Promega). One-way ANOVA followed by a Tukey’s multiple comparison post hoc
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test were performed in order to test for statistical significance. Data is presented as

mean + SEM.
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