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We have deeply profiled the transcriptomes of mammalian stem cells and detected Non—Annotated—Stem—Transcript. These
noncoding RNAs are rare, lowly conserved and nuclear transcripts found strongly associated with LTR retrotransposons in
both human and mouse. We showed that several these LTR-associated RNAs are involved in the maintenance of
pluripotency. In addition, we described the recruitment of LTR retrotransposons, in human and mouse, to be part of stem
specific enhancer elements implicated in chromatin remodeling and cell cycle regulations.

Although there are not yet direct applications of these findings for regenerative medicine, our findings provide essential
information to create better types of cells in future regenerative medicine studies.
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We have deeply profiled the transcriptomes of mammalian stem cells and detected
Non-Annotated-Stem-Transcript. These noncoding RNAs are rare, lowly conserved nuclear transcripts found
strongly associated with LTR retrotransposons in both human and mouse.
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We showed that several LTR-associated RNAs are involved in the maintenance of pluripotency. In addition,
we described the recruitment of LTR retrotransposons, in human and mouse, to be part of stem specific
enhancer elements implicated in chromatin remodeling and cell cycle regulations.

Although there are not yet direct applications of these findings for regenerative medicine, our findings

provide essential information to create better types of cells in future regenerative medicine studies.
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The ncRNAs, the major, uncharacterized fraction of the genome.

The pervasive transcription of mammalian genomes in multiple transcript classes is now a well-accepted
observation made possible thanks to high throughput transcriptomics technologies and large consortia
efforts from the FANTOM and the ENCODE projects. However, the large long non-coding RNA (ncRNAs)
production of mammalian genomes and its implication in biological pathway remain to be fully explored.
Long ncRNAs include intergenic ncRNAs, antisense ncRNAs, and retrotransposon elements (RE) derived
ncRNAs. We have recently shown that a very large number of RE are used as promoters (>200,000) of
ncRNAs or alternative promoters of mRNAs (Faulkner et al., Nat. Genet., 2009). Importantly, RE show
very specific tissue and developmental stage restricted expression patterns. Particular RE derived
ncRNAs are highly expressed in embryonic stem cells (ESC) and switched off upon differentiation
(Cloonan et al., Nat. Meth., 2009). Massive RE expression is a hallmark of ESC cells (Santoni et al.,
Retrovirology, 2012; Macfarlan et al., Nature, 2012), whereas RE expression is reduced upon
differentiation (Friedli et al., Genome Res., 2014).

Exploration of ncRNAs functions for cells reprogramming.

Cell programming, like creation of iPS cells or their subsequent differentiation are limited by a largely
uncharacterized “epigenome barrier”, of which we only know some common effectors (like modified
histones, polycomb proteins) and DNA modification (CpG methylation). Although some ncRNAs have been
involved in epigenome control (Gupta et al., Nature, 2010), the role of most ncRNAs remains unknown.

This proposal aims at filling the existing gap between the discovery of ncRNAs, including those derived
from RE elements, their role and function in the cell, as well as their utilization as tools for another
emerging big field in modern science, the regenerative medicine.

4. BAREFE-FE
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A comprehensive map of the non-coding transcriptome of mammalian stem cells. Using four
complementary highthroughput technologies (CAGE, CAGE-scan RNA-seq and small RNA sequencing), we
will comprehensively characterize the nuclear, cytoplasmic and chromatin bound transcriptomes of mammalian
stem cells, including capped and non-capped as well as polyadenylated and non-polyadenylated transcripts.
These transcriptome profiling methods will be applied on a representative set of human and mouse ESC as well
as derived induced pluripotent stem cell (iPSC) lines from three different somatic cell types (fibroblasts,
lymphocytes B and T).

This large datasets will then deeply analyzed using state of the art bioinformatics tools. Identification of stem
specific ncRNAs will be performed using differential expression analyses on nuclear and cytoplasmic data,
followed by comparison with numerous tissue and primary cell samples from the FANTOMS expression atlas
(Forrest et al., Nature, 2014). Characterization of newly identified stem specific transcripts will be carried out
integrating multiple data sources including ChIP-seq (chromatin immuno-precipitation) for histone marks,
transcription factors and co-factors as well as GRO-seq (global run-on) and ChIA-PET (chromosome

conformation capture including an immune-precipitation step).

Functional characterization of ncRNAs specific of stem cells.

From the transcriptome datasets extensive analysis, we will select ncRNA candidates putatively implicated in
the stem state genetic network and experimentally test their functional role by loss and gain of function
experiments.

Loss of function screen will be performed using RNAI (e.g. SIRNA) and RNase-H (e.g. anti-sense oligos) to
knock-down ncRNA in a mouse iPS model expressing the GFP reporter gene under the control of a Nanog
promoter (Okita et al., Nature, 2007). Decrease in GFP positive cell population will be measured 48 hours post
transfection by flow cytometry and decreased in stemness marker genes upon knock-down will be measured by
RT-gPCR.

On the other hand, candidate ncRNA cDNAs, confirmed with deep-RACE experiments, will be cloned in
over-expressing vectors and transfect in mouse ESC. Treated cells will be culture in differentiation medium for
48 hours, and differentiation progress monitored based on expression of Nanog, known to be among the first
stem marker gene to show reduced expression upon differentiation.

Additional experiments will be carried out for newly identified ncRNAs with putative implication in the
maintenance of pluripotency inferred from knock-down or over-expression experiments. For this purpose, cells
treated either with siRNAs or over-expressing vectors will be analyzed by CAGE in order to delineate

implication of these ncRNAs in specific regulatory pathways.

5. HARAE-KEHE
(ARDELGER)
We have deeply profiled the nuclear and cytoplasmic transcriptomes of human and mouse stem cells,
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applying four complementary high-throughput technologies on 11 pluripotent cell lines (ESC and iPS) and 6
differentiated control cell lines. In detail, genome wide transcription start sites (TSSs) activity was defined using
Cap Analysis of Gene Expression (CAGE, Takahashi et al., Nat. Protoc., 2012). Second, CAGEscan (CAGE
combined with paired-end sequencing, Plessy et al., Nat. Methods, 2010) and RNA-seq (Cloonan et al, Nat.
Methods, 2008) were used to generate de novo transcript assemblies. Finally, short-RNA - seq data were
produced to assess post-transcriptional RNA processing events. Using state of the art bioinformatics tools, we
performed integrative analyzes of these large datasets describing at an unprecedented depth the non-coding
transcriptome of mammalian stem cells and identifying novel stem cell specific transcripts, which we published
in April 2014 (Fort et al., Nat. Genet., 2014).

The original use of CAGE technology on RNAs extracted from the nucleus (rather than from the whole cells
as commonly used), allowed the detection of 8,873 and 3,042 mouse and human
Non-Annotated-Stem-Transcripts (NASTS) respectively. In their vast majority, NASTs were supported by
epigenetic marks characteristic of active transcription, found expressed in most of the ESC and iPS cells
included in the study. In addition, NASTSs are characterized with a very much stem cell specific expression
pattern when compared to other biological states in the recently published FANTOMS5 expression atlas (Forrest
et al., Nature, 2014).

We analyzed the NASTs repeat composition and found that their promoters localized more often than
expected by chance in specific LTR retrotransposons families. In detail, novel transcripts associated with
LTR-ERVK and LTR-MaLR elements appear clearly enriched in mouse stem cells, while they are more often
associated with LTR-ERV1 in human.

In summary, our deep transcriptome profiling suggest that the nuclear transcriptome of stem cells is more
complex than previously thought and that an important fraction of the newly identified transcriptomics
complexity is composed of genes with promoters associated to a few specific types of mouse ERVK and human
ERV1 elements.

We have tested implication of NASTs in the maintenance of pluripotency. Lots of function attempts on NASTs
were conducted using multiple types of reagents (i.e. short interfering RNAs, siRNA and lock nucleic acids
antisense oligos, LNA) in order to obtain a reproducible knock-down of some NASTs candidates in mouse iPS
carrying a GFP reporter gene under the control of a Nanog promoter (Okita et al., Nature, 2007). A total of 150
NASTSs were tested, 77 of these being associated with LTR-elements and we have reported for four candidates,
direct implication in the genetic regulation of the maintenance of pluripotency (Fort et al., Nat. Genet., 2014).

In addition, we discovered that thousands of LTR retrotransposons have been recruited, in human as well as
in mouse, to be part of stem specific enhancer elements implicated in chromatin remodeling and cell cycle
regulations, which are essential functions for stem cells. We identified 1,498 and 217 putative LTR-associated
enhancer regions base on characteristic balanced bi-directional transcription patterns. The regulatory potential
functions of mouse ERVK and human ERV1 associated loci are supported by an open chromatin configuration

specific in ESC as well as binding of core stem transcription factors (e.g. Nanog, Sox2, Pou5f1) and the
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enhancer co-factor P300. Finally, histone mark associated with enhancers (H3K27ac) was clearly enriched at
these loci unlike repressive marks (H3K36me3, H3K9me3). Taken together these results suggest that in stem
cells some retrotransposons have been recruited as regulatory elements and can be detected as
enhancer-RNAs among novel stem cell specific transcripts identified in this study.

Furthermore, we are currently performing over-expression experiments of NAST candidates. 70 NASTs were
cloned within an expressing vector and over-expressed in mouse ESC to test for their ability to slow down
passive differentiation process, following LIF removal. 10 of them lead to significant slowdown of differentiation,
when measuring Nanog expression. We are currently performing transcriptome wide analyses following
overexpression of 6 of these 10 candidates.

Beside transcriptional exploration of stem cells and function of ncRNAs, we are pursuing the development of
technology for the detection of RNA-chromatin interactions. We aim at finding optimal conditions for asymmetric
ligation of RNA and DNA using home-made linker. The goal being to obtain cDNA linked to fragmented
chromatin pieces, which are isolated together only when ncRNAs are retained on the chromatin. These
cDNA/genomic DNA chimeras are then analyzed with next-generation sequencing allowing the construction of
a genome-wide map for RNA/chromatin interactions. Our efforts are currently focused on testing different
crosslinking approaches as well as optimizing the linker sequences. We have collected preliminary sequencing

data confirming the actual production and detection of RNA/DNA chimeras.

(RO BT HERE)

We are very satisfied with the degree of accomplishment reached within the three years of the project,
ultimately leading to the publication of a major paper in Nature Genetics (Fort et al., 2014). The unexpected
finding of such a large un-annotated nuclear transcriptional complexity associated with repeat elements points
out to an unpredicted central role for retrotransposons in stem cell biology. We thus chose to focus our effort on
the in depth characterization of NASTS.

Still, we have accumulated preliminary data for ncRNA knock-down and over-expression in stem cells. These
parts of the project are still ongoing with genome wide experiments aiming at deciphering the mechanism of

actions of these transcripts in the mammalian stem cells physiology.

(BAERAEFFOERCERETFICEITAIHRH - BEENGRERRANDREIR)

We believe that our findings together with other recent reports broadly changed biological paradigm providing
a functional role to a part of the “dark matter” of the genome, the non-coding RNAs, including large non-coding
RNAs deriving from retrotransposon elements (RE), as well as other sense-antisense and intergenic
non-coding transcripts.

The deep transcriptome dataset resulting from our effort, open to the public through the DDBJ repository, will
certainly be broadly use by biologist in the field of stem cells and genomics for additional and comparative

analyses. We expect a general acceptance that ncRNA have a function and a strategy to show their
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mechanism is shown. It is likely that more colleagues will engage in functional assays by perturbing ncRNAs,

including RE element expression.
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