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1. HERFEOHERHN

After the completion of the transcriptome collection, we planned to complete the bioinformatics
analysis to maximize the chance to find the best candidates for experimental perturbation, and
then to proceed with the experimental perturbation. In particular, we aimed at:

- Doing a deep, comprehensive bioinformatics analysis to establish the type, nature of the
RNAs, and understand which genomic region produce them in order to fully characterize the
extent of the non-coding transcriptome. We aimed also at bioinformatically characterize the
retrotransposon class (mostly LTR transposons) to understand their function in a possible
control of the epigenome.

- We next planned positive and negative perturbation (overexpression of cloned full-length
cDNA newly isolated; and siRNAs). We planned to follow these experiments by
CAGE-sequencing and by cell biology experiments (cell morphology, stem-cell markers), for
the largest number possible that was feasible with the proposed budget. We planned to
publish a transcriptome paper with the description of ncRNAs.

2. BIROEM®IRR

Introduction

We are investigating the role of non-coding RNAs (ncRNAs) for the pluripotent state, with
particular emphasis on nuclear and retrotransposon-derived transcripts. Retrotransposons are
transposable elements of the genome (such as LINE, SINE, LTR) that require reverse
transcription for propagation. Upon integration in the genome these elements often acquire
mutations that render them “transposition incompetent”, consequently the genome is littered
with degraded fragments of these elements collected over evolution and thought to be inactive.
We have previously reported that a very large number of these repeated elements are used as
promoters and surprisingly show very specific tissue and developmental stage restricted
expression patterns (Faulkner et al., Nat Genet, 2009). More recently, the ENCODE
consortium, observed in a large-scale transcriptomics research, that an important proportion of
human transcripts initiate from repeat elements (Djebali et al., Nature, 2012). It has also been
shown that specific retrotransposon elements are highly expressed in embryonic stem cells and
switched off upon differentiation (Cloonan et al, Nat. Meth. 2008). Others have demonstrated,
by blocking endogenous reverse transcriptase, that embryonic development is blocked at the

2-cell stage (Pittogi et al., Mol. Rep. Dev. 2003) and also promotes differentiation of tumor cells

1



¥X19 R

(Oricchio et al., Oncogene 2007). Taken together, these findings suggest a key role for
retrotransposons derived transcripts in cellular differentiation and maintenance of pluripotency
state; however little is known as to the molecules and mechanisms involved.

Research methodology

The first phase of our project consists in the generation of an exhaustive and representative
profiling of mammalian stem cell transcriptome. For this purpose, we selected 11 different
pluripotent cell lines from mouse and human origins (Table 1).

Aiming to detect abundant as well as rare compartment specific transcripts, we analyzed
nuclear enriched and cytoplasmic RNA fractions from all pluripotent and 6 differentiated cell
lines. Deep transcriptome profiling of the 34 samples were produced combining four
complementary highthroughput transcriptomics methods. First, genome wide transcription start
sites (TSSs) activity was defined using Cap Analysis of Gene Expression (CAGE, Takahashi et
al., Nat. Protoc.). 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-RNAseq data were produced to assess
post-transcriptional RNA processing events. All libraries were sequenced using multiplex
sequencing on HiSeq2000 (lllumina) platform. Using state of the art bioinformatics tools, we
performed integrative analyzes of these large datasets describing deeply the non-coding
transcriptome of stem cell and identifying potential novel stem cell specific transcripts.

The second phase of the project comprises the functional screen of a large number of stem
specific non-coding transcripts, identified in phase 1, for their putative implication in the genetic
regulation of pluripotency.

Table 1| Cell lines used for deep transcriptome profiling and sequencing depth
Aligned tags (x10°)
CAGE CAGEscan sRNA-seq RNA-seq

Cell line (clone name Cell type  Strain/sex
( ) P (Nu/Cy)  (Nu/Cy)  (Nu/Cy)  (NuiCy)
mouse
mESRO08 (Nanog”(Bgeo/)ES) ESC 129 SV Jae 19.7/16.6 205273  269/123  50/46.3
mESB6G-2 ESC C57Bl/6 16.2/16.2 23.1/7.3 38.1/20.4 77.4/60.9
mESFVB-1 ESC FVB 19.9/16.2 19.8/11 31.7/18.1
miPS.F (iPS_MEF-Ng-20D-17) iPSC C57Bl/6 17.9/148  20.2/28.1  25.5/22.5
miPS.B (iPS_LymB_44.1B4e) iPSC C57Bl/6 14.7/16.7 21/23.1 26.9/14
miPS.T (iPS_LymT i103 H12) iPSC C57Bl/6 15.1/17.4 8.9/25.5 28.1/22.1
MEF (MEF-Ng-20D-17) fibroblasts ~ C57Bl/6 23.9/158  29.5/203  22.2/253
Primary Lymphocytes B B cells C57Bl/6 18/16.2 15.8/27.1 28/21.1
Primary Lymphocytes T T cells C57Bl/6 18.4/15.5  27.9/252  26.4/44.1
human
KhES-1 ESC female 229/16.2  24.3/27.2 21.6/20
KhES-2 ESC female 19.4/154  29.4/33.1  23.3/19.5 105.1/46.4
KhES-3 ESC male 20/16.3 41.6/17 14.6/15.6  49.3/33.3
hiPS.F (iPS_HDF-f_hi6) iPSC male 19.6/15.1 26.6/8.6 28.1/19.3
hiPS.B (iPS_LymB_hi-68) iPSC male 19.2/18.6  28.3/19.1  26.4/17.7
HDF-f fibroblasts male 10.7/26.6 26.5/3.5 18.1/28.6
Primary Lymphocytes B B cells male 16.3/8.4 2.0/2.8 19.1/22.0
Primary Lymphocytes T T cells male 19.5/27.5  26.2/25.9 61.3/54
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Current research status

We have currently completed the data collection and bioinformatics analyzes. A manuscript
presenting a deep transcriptomics analyzes of a representative selection of human and mouse
stem cells analyzed by various high-throughput state of the art methods has been submitted.
At first, identification of CAGE-tag-clusters up-regulated in stem cells (Figure 1a,b) revealed a
high complexity of the stem cell nuclear transcriptomes, composed largely of non-annotated
transcripts (unknown from RefSeq, GENCODE, Ensembl databases). We thus focus our data
analyzes on the identification and description of putative novel stem specific transcripts
enriched in the nuclear fraction. It appears that 8,873 mouse and 3,043 human nuclear stem
cell specific CAGE-clusters are found either in antisense relative to annotated genes or reside
in intronic and intergenic regions. We named these putative novel stem specific transcripts
NASTSs for Non-Annotated-Stem-Transcripts (Figure 1c). We looked at NASTs expression within
the FANTOMS atlas and realized these transcript show very much stem specific expression
patterns, being express in no other somatic cell types/tissues than testis (Figure 1d).

Using publically available histone marks ChIP-seq data (The ENCODE Project Consortium,
Nature, 2012), we have shown that over 80% of human and mouse NASTSs carry histone marks
for enhancer, promoter or other combination of active transcription marks. As additional
characterization, we analyzed NASTs relative expression and length of associated de novo
assembled transcripts. We found that there are significantly shorter and expressed at lower
levels than annotated mRNAs.
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Figurel: a-b. MAplots of differentially expressed CAGE-clusters (FDR<0.01 marked in red) for mouse nuclear (a.)
and cytoplasmic (b.) datasets. c. Annotation of CAGE-tag-clusters significantly up-regulated in stem cells and
detected in nucleus (Nu), cytoplasm (Cy) or in both compartments (Nu/Cy). AS: antisense. d. Number of tissues and
differentiated cell type samples from the FANTOMS5 atlas in which non-annotated stem transcripts (NAST) are

expressed. Bin-width=1.

We analyzed the NASTs repeat composition and found that their promoters localized more often
than expected by chance in specific LTR retrotransposons families. Of interest, such
enrichments are generally not observed among un-annotated transcripts up-regulated in
control-differentiated cells. 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 (Figure 2a). In mouse, such enrichments for ERVK are
observed for nuclear clusters presenting histone marks for enhancer, promoters and other
combinations of active transcription marks as well as cluster lacking such epigenetic marks
(Exact Fisher test Bonferroni corrected p<0.05). Comparable enrichments patterns are
observed for CAGE-clusters associated with MaLR elements in mouse. In human, nuclear
NASTs carrying histone marks for active transcription are significantly enriched for ERV1
elements (Exact Fisher test Bonferroni corrected p<0.05) but not for MaLRs.

It has been recently reported that Setbl mediates repression of numerous noncoding and/or
repetitive elements in mouse ESC regulating tri-methylation of H3K9 (Karimi et al., Cell Stem
Cell, 2011). In this light, we found that NASTs associated with mouse ERVK, mouse MaLR and
human ERV1 are deprived of H3K9me3 marks, while the non-expressed elements are indeed
carrying this repressive marks (Figure 2b,c).

To investigate further the implication of retrotransposon derived transcripts in stem cells, we
performed differential CAGE-cluster expression analyzes focusing exclusively on repeated
elements, including sequences mapping to multiple genomic loci. For this purpose, we
assessed CAGE-based expression values for each repeat family and sub-family mapping
CAGE-tags to all repeated elements of the human and mouse genome as defined by
RepeatMasker (Jurka et al., Cytogenet. Genome Res., 2005). When considering expression
values calculated for nuclear samples, ERVK and MaLR families appear significantly
up-regulated (t-test, Bonferroni corrected p<0.05) in mouse stem cells (Figure 2d). DNA
repeats, MuDR, appears also significantly over-expressed while LINE-L1, LTR-ERVL and
satellite repeats show similar tendencies but do not pass the strict statistical significance
threshold. In human, ERV1 and ERVK depict analogous trends, being expressed at higher
levels in stem compare to differentiated cells. More specifically, when focusing at the sub-family
level, BGLII, RLTROE and RLTR17 elements were identified as members of the murine ERVK
family being the most significantly up-regulated in stem cells and showing the highest
expression levels relative to other repeat elements (Figure 2e). In human, ERV1-LTR7, LTR7B,
LTR7Y and HERVH-int elements appear clearly expressed at highest levels and present lowest
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FDR values. Importantly, these mouse ERVK and human ERV1 elements are not among the
most abundant in the genome (Figure 2f), suggesting that we are in presence of precisely
regulated transcription event and not observing products of random pervasive transcription.
Together, these observations suggest that the nuclear transcriptome of stem cell 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.
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Figure 2: a. Repeat composition of non-annotated stem transcripts (NAST). b-c. Frequency plot of normalized tag
counts for H3K4me3 (promoter) and H3K9me3 (repressive) ChlP-Seq (ENCODE date on mouse ES-Bruce4) at
NAST loci associated with mouse ERVK (b.) and human ERV1 (c.). d. Repeat family expression values in tag per
million (tpm) for mouse ESC, iPS and differentiated cells (Dif). Error-bars show S-D, indicated P-values are from
t-test, two-sided, Bonferroni corrected, n=3. e. Relative expressions for selected mouse sub-family repeats
expressions, in tpm, are plotted against associated false discovery rate (FDR). f. Amounts of repeat elements

counting at least 5 CAGE-tags are plotted against copy number found in the genome for mouse LTRs.
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Of great interest, when plotting the CAGE-tags distributions over the length of specific ERVK
elements, we observed specific divergent transcription pattern for mouse BGLII and RLTR17
elements (Figure 3a) that has been previously reported as landmark of enhancer regions (Kim
et al.,, Nature, 2010). We thus looked for cluster-pairs showing divergent transcription,
separated by less than 400bp and overlapping LTR repeats (Figure 3b). In detail, 1498 and 217
of such divergent transcription loci were identified in the mouse and human datasets
respectively. In mouse the top three most represented ERVK elements are RLTR17 (97 loci),
BGLII (85 loci) and RLTR9OE (53 loci), while in human LTR7 (49 loci), HERVH-int (37 loci) and
LTR9 (15 loci) are the most abundant. To support regulatory potential functions of these mouse
ERVK and human ERV1 associated loci, we assessed whether they present open chromatin
configuration and if stem cell specific transcription factors and enhancer binding protein p300
are actually bound to these potential regulatory elements. Publically available DNase-HS data
(The ENCODE Project Consortium, Nature, 2012) confirms that these loci presenting divergent
transcription and overlapping LTR elements in mouse are on an open chromatin state
specifically in ESC but not in differentiated cells (Figure 3c). In addition, ChiPseq data for the
main stem specific transcription factors and enhancer associated protein, p300 (The ENCODE
Project Consortium, Nature, 2012; Marson et al., Cell, 2008) show enriched signal at these
potential LTR associated regulatory regions (Figure 3d). Finally, histone marks associated with
enhancers (K3K27ac) were 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-RNA among novel stem cell
specific transcripts identified in this study.
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Figure 3: a. Relative CAGE-tags distribution from 5’ to 3’ extremities (grey bars, +/-10%) of mouse intergenic and
intronic BGLII and RLTR17 elements. Green and purple bars indicate CAGE-tags mapping to the (+) and (-) strand
respectively. b. Density plot for directionality score at loci showing divergent transcription overlapping intergenic LTR
(red) and from annotated TSSs (blue). Perfectly balanced transcription is reflected as a directionality score of 0; [Exps
— Exp)/[Exps + Expd] (Exps, Expr : expressions from forward and reverse strands). c-e. Tag counts density plots for

mouse DNasel-HS (c.) and ChIP-Seq (d, e.) at loci presenting divergent transcription and overlapping LTR repeats.

Based on the results presented above, we have started the second phase of our project, aiming
to functionally screen a large panel of the newly identified stem specific transcript for putative
role in the regulation of pluripotency maintenance. For this purpose, we designed RNAI
knock-down assays for over 150 candidate transcripts. We are currently testing these
candidates by knock-down and gain of function experiments in mouse iPS carrying a GFP
reporter gene under the control of a Nanog promoter (Okita et al., Nature, 2007).

We have tested 131 candidates by knock-down experiments and identified 26 transcripts for
which Nanog expression is decreased upon perturbation (Figure 4a-c). Their mechanisms of
action are currently under investigation, profiling gene-network modification after knock-down.
In addition, we have cloned 66 full-length ncRNA candidates, for which we previously performed
3’'RACE aiming to define precisely their 3’ends. We are currently overexpressing them in mouse
fibroblasts carrying a Nanog-GFP cassette to assess their potential in cell de-differentiation.
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Figure 4: a-c. Relative GFP intensities of transiently transfected miPS-20D17 with 20nM of siRNA targeting NAST
associated with ERVK (a.), MaLR (b.) and NAST non-associated with repeated elements (c.). Error-bars show S-D, *

p<0.05, t-test, two-sided, n=9.
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