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1. Introductions
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Human Mice Drosophila C. elegans Pombe A. thaliana

Dicer 1 1 2 1 1 4
Argonaute 4+4 4+3 3 27 1 10

RdRp None None None 3 1 6

RNAi proteins in different organisms
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DCL1: 20-25nt miRNA
-Development
-many other processes

DCL2: 22nt siRNA
-viral-derived siRNAs

DCL3: 24nt siRNA
-DNA methylation
-Heretochromatin 
-TGS

DCL4: 21nt siRNA
-viral-derived siRNAs
-TasiRNAs
- ‘Young’ miRNAs

Four Dicers in Arabidopsis thaliana

>50,000 (200,000)

  ~100 (conserved miRNAs)

  2

  5



miRNA cloned in undifferentiated ES cells

One Dicer in Mus Musculus

DCL1: - 22-23nt miRNA

How to find these endo-siRNAs?

MicroRNA (miRNA):
- endogenously expressed as stem loop structured
precursors
- could be processed independently of Drosha by
splicing event (miRtron)
- processed to 22-23 nt mature miRNA
- post-transcriptional regulation of transcripts from a
wide range of genes

  Putative siRNA dependent of Dicer? 

Endogenous siRNA (endo-siRNA):
- processed to 21-23 nt
- derived from piRNA clusters in oocytes of
mice
- regulation of gene expression

- ≈21nt endo-siRNA?

(Kim et al., 2009)



Next generation sequencing approaches

(Modified from ABI website)

Interactome
- 4-5C analysis



Small RNA profiling in mouse embryonic stem
cells





Cell lines used: XX ES cells / XY ES cells

Dynamics of small RNAs during ES cell differentiation
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Several cell types



33 nt

24 nt
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Isolation

small RNA

33 nt
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33 nt

24 nt
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markers

Small RNA libraries protocol

(Pfeffer et al., Methods and Enzymol, 2007)

- 5 days
- 3 radioactive polyacrylamid gel
- did with minimum 4 ug of total RNA

(1 week more for this
“test sequencing” step)



SOLID small RNA library kit

No radioactivity
Done in ONE DAY

Start with low quantity of total RNA



Sequencing methods

(Jorge S Reis-Filho., 2009)



454 sequencing:
Emulsion PCR

Pyrosequencing of ~400 bp
1 000 000 reads per run

(Genoscope sequencing)

www.454.com

Sequencing methods

1 CAGGCATCGGAATTCCTCACTAAA
2 CAGGATCCGGAATTCCTCACTAAA
3 CAGTGCACGGAATTCCTCACTAAA
4 CAGTAGCCGGAATTCCTCACTAAA
5 CAGTGACCGGAATTCCTCACTAAA
6 CAGTACGCGGAATTCCTCACTAAA

5’ primer

3’ primer
1’ GACCGTATGGAATTCGCGGTTAAA
2’ GACCTAGTGGAATTCGCGGTTAAA
3’ GACACGTTGGAATTCGCGGTTAAA
4’ GACATCGTGGAATTCGCGGTTAAA
5’ GACACTGTGGAATTCGCGGTTAAA
6’ GACTAGCTGGAATTCGCGGTTAAA

Example of barcoding libraries:

Some sequencing bias can be introduce using some barcodes (see Binladen et al., 2007)



Solexa sequencing:
Bridge PCR

Sequencing of ~80 bp
40 000 000 reads per run

Sequencing methods

(Mardis, 2008)

www.illumina.com



SOLID sequencing:
Emulsion PCR

Sequencing of ~50 bp
85 000 000 reads per run

Sequencing methods

(Mardis, 2008)



2. Bio-informatic workflow used for small RNA run analysis



Terminology

Genome5' 3'

Genome interval
w/ reads aligned

2 reads w/
2 matches

3 reads w/
1 match

1 read w/
1 match

5'CATATCAGTTTACAT

TACATTTGACTATAC5'CAAATGTAGACA5'

5'GATACCAGATACCATTTACCT

Watson
strand

Crick
strand

5'GATACCAGATACCATTTACCT

5'GATACCAGATACCATTTACCT

5'CATATCAGTTTACAT

TACATTTGACTATAC5'

 Read: short nucleotide sequence output by the sequencer
 Mapping: Reads are aligned to genome, allowing mismatches (sequencing

errors, SNPs)
 Aligned reads match one or more genome intervals
 Annotation: determine the type of read (miRNA, rRNA, etc.)

(J. Toedling)



1.   Adaptor removal

Small RNAs analysis – workflow

Unknown

KnownKnown

(J. Toedling)

Size distribution of reads



Small RNAs analysis – workflow

2. Mapping of reads
 map reads to the genome and
 determine type of read by (lack of) overlap with annotated genome elements

Several tools available :
• Mapreads - RNA2MAP (ABI)
• MAQ - BWA
• SOCS
• SHRIMP
• BFAST
• PASS
• ZOOM
• BOWTIE

(J. Toedling)

% of mapping per libraries



3.   Annotation of : (database used miRBase, MGI, RFAM) 
          - rRNAs
          - microRNAs
          - tRNAs
          - Repeats
          - Genome siRNAs
          - Unknown sequences

Small RNAs analysis – workflow

(J. Toedling)

% of rRNAs per libraries

Not Good!!!



(N. Servant)

3.   Annotation of : (database used miRBase, MGI, RFAM) 
          - rRNAs
          - microRNAs
         

Small RNAs analysis – workflow

Ex:



4. Visualisation of microRNA profiles on UCSC

Small RNAs analysis – workflow

(Ciaudo et al., 2009)



Comparison of tools

Parameters used for each tool have a big impact on results!!!



Comparison of sequencing machines

Some differences are observed (library preparation?)



3. Profiling of microRNAs during ES cells differentiation



Cell lines used: XX ES cells / XY ES cells

Dynamics of small RNAs during ES cell differentiation

Differentiation induced by LIF withdrawal (no RA)

Cells growing without feeders layer have been used
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D0 D2 D5

(Days)

Oct4
Nanog
Sox2

Several cell types

(Ciaudo et al., 2009)



Dynamics of small RNAs during ES cell differentiation
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(Ciaudo et al., 2009)



Statistical Analysis of microRNA expression

Three expression classes of microRNAs have been defined

Decrease during differentiation Increase during differentiation Transient increase during
differentiation

Class A Class B Class C

Hierarchical Clustering of PAM Classes

(Ciaudo et al., 2009)



Hierarchical Clustering of PAM Classes

In most of cases, miRNAs known to be genomically clustered were found to
be grouped together within the same PAM classes (Ciaudo et al., 2009)



Sex-specific microRNAs

Some microRNAs are differentially regulated between males and females during the
differentiation process

D2 Enriched in pvalue
miR-93 XX 0

miR-322 XX 0.004

miR-291b-5p XX 0.009

miR-20b-5p XX 0.01

miR-503 XX 0.014

miR-302a XY 0.014

miR-669a XY 0.036

miR-409-5p XY 0.038

miR-467c XY 0.044

miR-302d XY 0.05

D0 Enriched in pvalue
miR-21 XY 0.003

miR-669b XY 0.004

miR-467d XY 0.01

miR-291b-5p XX 0.028

miR-210 XY 0.039

D5 Enriched in pvalue
miR-302a XY 0
miR-302d XY 0
miR-302b XY 0
miR-367 XY 0.001
miR-302c XY 0.009
mir-18b-SL XY 0.01
miR-503 XX 0.011
let-7c(0) XX 0.014
miR-302c* XY 0.018
miR-142-3p XX 0.023
miR-302a* XY 0.046

(Ciaudo et al., 2009)



The miR-302 cluster

(Ciaudo et al., 2009)

In Vivo validation of miR-302 cluster over-expression in male germline
Looking for targets (deletion of the cluster  and over-expression followed by microarray

expression experiment)



4. Small RNAs involved in X inactivation process?



Analysis of other types of small RNAs

Collaboration
Dr Jennifer CHOW (Dr Edith Heard)

Small non-coding RNAs could be involved in X
inactivation process?



Heterogametic XY Species

Females XX

Males XY or XO

How to equalize X-linked gene expression between sexes?



X inactivation during female mice lifeX inactivation during female mice life
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MonoallelicMonoallelic  XistXist
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••histone histone modificationsmodifications
••Polycomb group proteinsPolycomb group proteins
••late replicationlate replication
••histone histone variantsvariants
••DNA DNA methylationmethylation

Xa Xi

SpreadSpread of of
HeterochromatinHeterochromatin??

Booster /Booster / relay  elements relay  elements??

X inactivation :
Multiple steps process



The LINE hypothesis (Lyon, 1998)

Mary Lyon proposed LINE retro-elements as  possible candidates for “booster
elements” that spread inactivation across the X chromosome :

Xist

Booster elements enriched
on the X serve to enhance
and spread the inactivation
signal from the X
inactivation centre

Active Inactive

(Gartler and Riggs 1983)

Xist and the Xic region is
the nucleation site of
heterochromatinization
enriched for these elements



LINE-1 expression patterns in differentiating female ES cells

(Chow et al., in revision)

What types of repeats are enriched on X chromosome during
establishment of X inactivation ?

L1 elements (LINEs)

•• At day 4, an accumulation of LINE transcripts At day 4, an accumulation of LINE transcripts
appears on both the inactive and active Xappears on both the inactive and active X
chromosomeschromosomes

••On the inactive X the LINE 1 transcripts appearOn the inactive X the LINE 1 transcripts appear
adjacent to the Xist RNA domainadjacent to the Xist RNA domain

••At later differentiation stages (day 8-10) theAt later differentiation stages (day 8-10) the
LINE1 transcripts become intermingled with theLINE1 transcripts become intermingled with the
Xist RNA domain and are Xist RNA domain and are only found on theonly found on the
inactiveinactive X X



Mouse LINE-1 subfamilies
Occasionally, new mutations

arise that enhance
transcription/replication creating

new “subfamilies”

Over time, L1 elements
continually acquire mutations
that eventually render them

transcriptionally incompetent

•• Older L1 elements will have had more time to accumulate mutations and members will be more Older L1 elements will have had more time to accumulate mutations and members will be more
divergent and largely divergent and largely transcriptionally transcriptionally incompetent.incompetent.
••Younger subfamilies will be the least divergent and will contain the most Younger subfamilies will be the least divergent and will contain the most transcriptionally transcriptionally competentcompetent
elements.elements.
••In mouse there are 3 In mouse there are 3 transcriptionally transcriptionally active active ““youngyoung”” L1 subfamilies: L1 subfamilies:

••Tf Tf = most active with 1800 active full length elements= most active with 1800 active full length elements
••Gf Gf = 400 active elements= 400 active elements
••A = 900 active elementsA = 900 active elements
••The young, The young, transcriptionally transcriptionally active active LINEs LINEs are the subfamilies that show enrichment on the Xiare the subfamilies that show enrichment on the Xi



Tf L1 RNA
Gf L1 RNA
Xist

Female ES Female ES 
DAY 4DAY 4

Female ESFemale ES
DAY 8-10DAY 8-10

AAAA

L1 accumulations can be detected with probes specific to the promoter
regions of young, transcriptionally active L1

Both Gf and Tf elements are
expressed and form an
accumulation at the Xi and Xa
at day 4

At day 10, mainly Tf
transcripts show
accumulation at the XiXi

Tf L1 RNA
Gf L1 RNA

L1 accumulations likely derive L1 accumulations likely derive from young,  young, transcriptionally transcriptionally active elementsactive elements
••DAY 4 DAY 4 ––  Gf Gf and and Tf Tf element familieselement families

••DAY 8-10 DAY 8-10 –– mainly  mainly Tf Tf elementselements

5’ UTR probe

(Chow et al., in revision)



L1(L1(TfTf)_)_XchrXchr

368bp inser+on

X‐specificX‐specific Tf Tf LINE element LINE element
(6.3kb)(6.3kb)

X chromosome

Expression of an X-specific LINE element persists only in
females

RT‐PCR in differen+a+ng female and male ESRT‐PCR in differen+a+ng female and male ES
cellscells

The expression of a specific X‐linked
LINE element persists un+l later

stages of differen+a+on in female but
not male ES cells

Differential expression of LINE1 elements depending on whether they are on the
active or the inactive X chromosome.

(Chow et al., in revision)



Does the presence/expression of specific X-linked LINEs have an
effect on nearby gene expression kinetics?

(Chow et al., in revision)

Great deal of Great deal of variabilityvariability in in
kinetics of silencingkinetics of silencing
during XCIduring XCI

Does XCI efficiencyDoes XCI efficiency
correlate with correlate with LINEs LINEs oror
other repeats ?other repeats ?



Does the presence/expression of specific X-linked Does the presence/expression of specific X-linked LINEs LINEs have anhave an
effect on nearby gene expression kinetics?effect on nearby gene expression kinetics?

Full LINE

Full LINE

LINE fragments

LINE fragments

Silencing begins at day 2
but 60% escape in MEFs

Silencing begins
at day 4

Silencing begins
at day 2

Full length antisense LINE
possibly overlapping

promoter region

Full length antisense LINE
downstream

No full length LINEs

Phf8
109 LINE hits

Huwe1
81 LINE hits

Jarid1C
46 LINE hits

Gene silencing efficiency correlates with LINE density
And even more so with the presence of full length LINEs

(Chow et al., in revision)



How might the expression of young full

 length L1 elements help in silencing?



(Grewal & Elgin, 2007)

S. Pombe

Endogenous-siRNA from repeat elements have been
found in mouse oocytes and ES cells

(Tam et al., 2008)

(Watanabe et al., 2008)

siRNAs have been involved in heterochromatin
formation and maintenance

Heterochromatic marks

(Calabrese et al., 2006)



Cell lines used: XX ES cells / XY ES cells

Dynamics of small RNAs during ES cell differentiation

Blastocyst

ICM

ES cells

Self-Renewal

Differentiation
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(Days)
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Nanog
Sox2

Several cell types



Endogenous-siRNA have been found in mouse
oocytes and ES cells

(Tam et al., 2008)
(Watanabe et al., 2008)
(Calabrese et al., 2006)

(Kim et al., 2009)

Analysis of non annotated small RNAs
- Derived from repeat elements
- Putative endo-siRNAs

Endo-siRNAs are unique sequence, process “randomly” from a
double strand RNA precursor



Small RNAs mapped several type of repeats in ES cells



Is there any link between the LINE1 transcription and small RNAs?

Are there small RNAs associated with specific LINE elements and what is their distribution?

454 sequencing of 19 - 30 nt small RNAs in male and female ES cells (Ciaudo et al., 2009)

•Small RNAs derived from
LINE1 elements can be

detected in differentiating male
and female ES cells.

•Transcriptionally competent
young, full length LINE

elements (Tf elements) had the
greatest number of hits.

(Chow et al., in revision)



Tf element
From SoliD deep sequencing of small RNAs in ES cells (unpublished data)

SiRNAs derived from LINE1 promoter



Genome wide bioinformatics approach

We looking for small RNA in 100 kb region surrounding Tf elements

At D5 of the differentiation we identified only on region in female ES cells

(Chow et al., in revision)



454
sequencing

Solexa
sequencing

Validation by Solexa deep sequencing



How could these small RNAs be produce
only in females?



Antisense transcription running through from the LINE right up to Huwe1

(Chow et al., in revision)



Identification of endo-siRNAs
1. From LINEs promoters

LINE



Identification of endogenous small RNA in female ES cells
which could have a role in the X inactivation process?

LINE

Huwe1

ES at D5

Identification of endo-siRNAs
2. From the Huwe1 gene



What are the nature and the role of these
small RNAs?

1. Generation of Dicer mutant ES cell lines 2. Generation of Ago transgenic ES cell lines

3.  Used Xist inducible transgenic cell lines to try to identify heterochromatic small RNAs in
mammalian ES cells

Doxycycline
+
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