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RNA stability and translation depends on specific 
cis-acting sequences (often within 3’-UTR).

Motif finder 

articolo (in parte discusso nella lezione 10 (4-dic) from Yang et al., 2003.
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HepG2 cells

Actinomycin 2-3 hours

RNA extraction, labelling and Affymetrix microarrays

Repeated on primary fibroblasts

Decay rates estimated for 5,245 genes.

Group of genes either short lived or long lived explored for ontology

...
To study the rates of mRNA degradation (“decay”) in human cells, we 
measured changes in mRNA levels following application of the RNA 
polymerase inhibitor Actinomycin D with Affymetrix U95Av2 high-density 
oligonucleotide arrays.

In this way, we obtained decay rate estimates for 5245 accessions

Combining the decay rate for all probe sets present in the initial and final 
conditions, we find that the median half-life in both cell types was 10 h

Comparing this median half-life with the median half-lives of transcripts in 
yeast and bacteria, it appears that the half-life of the mRNA pool of a
cell scales roughly in proportion to the length of the cell cycle: cell cyclecell scales roughly in proportion to the length of the cell cycle: cell cycle 
lengths of 20, 90, and 3000 min correspond to median half-lives of 5, 21, 
and 600 min, respectively, for E. coli, S. cerevisiae, and human 
HepG2/Bud8 cells

from Yang et al., 2003.
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As indicated in the cumulative distribution plot, a small percentage ( 5%) of 
expressed transcripts have “fast” decay rates (which we define as r > 0.5 h1 or a 
half-life < 2 h). A similar percentage of rapidly decaying genes was observed when 
we re-ran an HepG2 experiment with U95B arrays, which are predominantly 
expressed sequence tags.
....
Although total length of cDNA did not correlate with decay rate, we did find 
evidence that mRNAs with 3-UTR sequence >1 kb decayed at a significantly faster 
rate than shorter 3-UTRs

Figure 1 Functional analysis of decaying 
transcripts in human cells.

(C) Reverse cumulative distribution of decay 
rates for probe sets in different functional 
classes (HepG2 experiments). Decay rate r is 
shown horizontally, while vertically the fraction 
of probe sets with decay rates higher than r isof probe sets with decay rates higher than r is 
plotted on a logarithmicsc ale. The pairs of lines 
show the 98% posterior probability intervals for 
the fraction at each value of r. (Red) GO 
process transcription; (black) all probe sets; 
(green) biosynthesis. The gray line indicates the 
decay rate r = 0.5 h�1, which is our cutoff for 
fast decay in PFDI.

from Yang et al., 2003.
Decay rates were studied in functional groups, i.e. in G.O. categories. 

from Yang et al., 
2003.
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Known and novel motifs were examined: for each of these, DRI and PDFI 
is calculated and deviation from global estimated. 

from Yang et al., 2003.

from Yang et al., 2003.
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from Yang et al., 2003.

(C) Reverse cumulative distribution of decay rates for probe sets from genes that contain 
particular sequence motifs in their 3-UTR (HepG2 experiment). Decay rate r is shown 
horizontally, while vertically the fraction of probe sets with decay rates higher than r is plotted on 
a logarithmicsc ale. The pairs of lines show the 98% posterior probability intervals for the fraction 
at each value of r. (Red) Motif 1; (blue) motif MEGSHORT; (green) Motif 2E; (light green) Motif 
H1; (black) all probe sets. “Described” AU-rich decay motifs (1–2E, MEG, MEGSHORT) and 
“undescribed” motifs were derived from the sources mentioned in Methods.

....
Together, these observations show that the examined RNA motifs 
correlate with shifts in the distribution of decay rates, but that they do 
not reliably predict turnover behavior. It thus seems that the regulation 
of mRNA decay is more complicated and might involve combinatorial 
interactions, that is, cooperative binding between different RNAbinding
proteins that bind at different sites in the mRNA. This might also explain 
why the effect on decay rate is context dependent for certain motifs 
(such as H-2).

from Yang et al., 2003.

Motifs imparting shorter half-life may represent protein-binding elements 
or miRNA targets ( other ? )or miRNA targets ( other ? ).

microRNA biochemistry  was initially attributed to translational effects
however microarray studies have shown that a substantial part of 3’-UTR 
target-containing mRNAs are indeed downregulated “also” at the RNA 
level. 
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Review allegata a Lezione 6
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Both exo-siRNA and endo-siRNA

Variety and sources vary among different organisms

siRNA pathway: Ago2 is the main actor

Diversity among organisms: C. elegans has 27 different Argonaute proteins,
D. melanogaster has 5, A. thaliana has 10.
Numbers of Dicer also vary, mammals have a single Dicer

Choice bet een g ide and passenger strains of siRNA are selected basedChoice between guide and passenger strains of siRNA are selected based 
on thermodynamic stability of 5’ end (the higher guide)
The cut is between nucleotides paired to positions 10 and 11 of the guide 
(AGO2). 

Small RNA silencing pathways in Drosophila.
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Plants exhibit a surprising diversity of small RNA types and the proteins that 
generate them.

In plants, inverted-repeat transgenes or coexpressed sense and antisense 
transcripts produce two sizes of siRNAs: 21 and 24 nucleotides. The DCl4-
produced 21-mers typically associate with AGo1 and guide mRNA cleavage. 
The 24-mers associate with AGo4 (in the major pathway) and AGo6 (in the 
surrogate pathway), and promote the formation of repressive chromatin.

In plants, single-stranded sense transcripts from tandemly repeated or highly 
expressed single-copy transgenes are converted to dsRNA by RDR6, a 
member of the RNA-dependent RNA polymerase (RdRP) family that transcribe 
ssRNAs from an RNA template. RDR6 and RDR1 also convert viral ssRNA 
into dsRNA initiating an anti iral RNAi responseinto dsRNA, initiating an antiviral RNAi response.

roles.
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endo-siRNA

The first endo-siRNAs were detected in plants and C. elegans, and the recent 
discovery of endo-siRNAs in flies and mammals suggests that endo-siRNAs are
ubiquitous among higher eukaryotes.

In many cases plant and worm endo-siRNA dependt upon RDRP activity.

The genomes of flies and mammals do not seem to encode such RdRP 
proteins, so the recent discovery of endo-siRNAs in flies and mice was 
unexpected.

The first mammalian endo-siRNAs to be reported corresponded to the long 
interspersed nuclear element (l1) retrotransposon and were detected in 
cultured human cells (2006).

More recently, endo-siRNAs have been detected in somatic and germ cells 
of Drosophila species and in mouse oocytes.
(most done by AGO2 immunoprecipitation followed by RNA-Seq)

Fly endo-siRNAs derive from transposons, heterochromatic sequences, 
intergenic regions, long RNA transcripts with extensive structure and, most 
interestingly, from mRNAs.g y,

A subset of fly endo-siRNAs derives from ‘structured loci’, RNA transcripts of 
which can fold into long intramolecularly paired hairpins (intramolecular 
information) others from pseudogenes (trans).
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endo-siRNAs have also been identified in mouse oocytes 
(Tam et al., Nature 453: 534-538, 2008; Watanabe et al., Nature 453: 539-
543, 2008).

As in flies, mouse endo-siRNAs are 21 nucleotides, Dicer-dependent and 
derived from a variety of genomic sourcesderived from a variety of genomic sources

A subset of mouse oocyte endo-siRNAs maps to regions of protein-coding 
genes that are capable of pairing to their cognate pseudogenes, and to 
regions of pseudogenes that are capable of forming inverted repeat
structures. (Interestingly, pseudogenes can no longer encode proteins, but they drift 
from their ancestral sequence more slowly than would be expected if they were simply 
junk DNA).

mammals
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piRNA are small RNAs associated to the Piwi-subfamily of Argonaute proteins.

piRNAs were first proposed to ensure germline stability by repressing 
transposons when Aravin and colleagues discovered in flies a class of longer 
small RNAs (~25–30 nucleotides) associated with silencing of repetitive 
elements

Mammalian piRNAs can be divided into pre-pachytene and pachytene piRNAs, 
according to the stage of meiosis at which they are expressed in developing 
spermatocytes. like piRNAs in flies, pre-pachytene piRNAs predominantly 
correspond to repetitive sequences and are implicated in silencing 
transposons, such as l1 and intracisternal A-particle

miRNA as mRNA regulators

• > 3000 miRNAs have been identified in vertebrates, flies, worms, plants and viruses
• 1000 or more miRNAs are predicted to function in humans, regulating 30% of human genes

• target mRNAs and biological function have been assigned to many  miRNAs, including cell proliferation  
control (miR‐181 and let‐7); hematopoietic B‐cell lineage fate (miR‐181);  B‐cell survival (miR15a and 
miR16‐1);  brain patterning (miR430);  pancreatic cell insulin secretion (miR375);  adipocyte 
development (miR‐143), and many other

• expression of many miRNAs is specific to particular tissues or developmental stages
• deregulation of miRNA important in pathology (cancer metabolic diseases)• deregulation of miRNA important in pathology (cancer, metabolic diseases)

In Cancer:
• altered patterns of miRNA expression may affect cell cycle and survival programs
• germ‐line and somatic mutations in miRNAs and polymorphisms in the target

mRNAs contribute to cancer predisposition and progression
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Figure 1. Mechanisms of miRNA-Mediated Gene 
Silencing

(A) Postinitiation mechanisms. MicroRNAs (miRNAs; red) 
repress translation of target mRNAs by blocking 
translation elongation or by promoting premature 
dissociation of ribosomes (ribosome drop-off).

(B) Cotranslational protein degradation. This model 
proposes that translation is not inhibited, but rather the 
nascent polypeptide chain is degraded cotranslationally. 
The putative protease is unknown.

(C–E) Initiation mechanisms. MicroRNAs interfere with a 
very early step of translation, prior to elongation. (C) 
Argonaute proteins compete with eIF4E for binding to the 
cap structure (cyan dot). 

(D) Argonaute proteins recruit eIF6, which prevents the 
large ribosomal subunit from joining the small subunit.

(E) Argonaute proteins prevent the formation of the closed 
loop mRNA configuration by an ill-defined mechanism that 
includes deadenylation.

(F) MicroRNA-mediated mRNA decay. MicroRNAs trigger 
deadenylation and subsequent decapping of the mRNA 
target. Proteins required for this process are shown 
including components of the major deadenylase complex 
(CAF1, CCR4, and the NOT complex), the decapping 
enzyme DCP2 and several decapping activators (darkenzyme DCP2, and several decapping activators (dark 
blue circles). (Note that mRNA decay could be an 
independent mechanism of silencing, or a consequence of 
translational repression, irrespective of whether 
repression occurs at the initiation or postinitiation levels of 
translation.) RISC is shown as a minimal complex 
including an Argonaute protein (yellow) and GW182 
(green). The mRNA is represented in a closed loop 
configuration achieved through interactions between the 
cytoplasmic poly(A) binding protein (PABPC1; bound to 
the 3′ poly(A) tail) and eIF4G (bound to the cytoplasmic 
cap-binding protein eIF4E).

Since the “seeding” sequence is very short (6-8nt), potential targets for known 
miRNA can be identified in the 3’-UTR of hundreds of genes each.

However, experiment using either trasfection of miRNA in cultured cells or 
knock-down of endogenous miRNA function by “antagomir” , followed by 

i fili ith i d t t d th t li it dgene expression profiling with microarrays, demonstrated that a limited 
number of targets exist for each miRNA, and that (in fewer cases) new 
unidentified targets may exist.

Many studies have shown that several context-dependent factors are 
important :

1) the number of miRNA targets / 3’UTR
2) cooperativity with different miRNA2) cooperativity with different miRNA
3) position of the targets
4) Protein-binding sites
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Articolo

five general features of site context that boost site efficacy:

1) AU-rich nucleotide composition near the site,
2) proximity to sites for coexpressed miRNAs (which leads to 

cooperative action), 
3) proximity to residues pairing to miRNA nucleotides 13 163) proximity to residues pairing to miRNA nucleotides 13–16, 
4) positioning within the 3’UTR at least 15 nt from the stop codon, 
5) positioning away from the center of long UTRs. 

A model combining these context determinants quantitatively
predicts site performance both for exogenously added miRNAs and 

for endogenous miRNAmessage interactions. 

Because it predicts site efficacy without recourse to evolutionary 
conservation, the model also identifies effective nonconserved 
sites and siRNA off-targets.
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Articolo discusso nella lezione 10 (4-dic)

After miRNA, global levels of mRA measured 
on microarray By comparing protein changes

Goodness of seed

on microarray. By comparing protein changes 
with mRNA level changes
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miRNA target sequences alone, as discussed before for “decay” 
sequences, is not sufficient to “predict” the fate of a specific mRNA.

A more complex network, involving miRNA, RNA binding proteins 
(and perhaps endosiRNA), together with more classical proteins, is 
more likely in place to control the life of mRNA.

In fact, some proteins are being discovered that bind RNA close to 
miRNA sites and regulate either positively or negatively the function 
of miRNA.

One example is given by the  Dnd1 protein (next slide)

Second e ample comes from the PUM1 PUM2 proteinsSecond example comes from the PUM1 PUM2 proteins 
(homologues of D. melanogaster Pumilio, a translational regulator 
of nanos mRNA in early development) (Galgano et al., 2008).

SUMMARY
MicroRNAs (miRNAs) are inhibitors of gene expression capable of controlling processes in 
normal development and cancer. In mammals, miRNAs use a seed sequence of 6–8 
nucleotides (nt) to associate with 30 untranslated regions (30UTRs) of mRNAs and inhibit their 
expression. Intriguingly, occasionally not only the miRNA-targeting site but also sequences in its 
vicinity are highly conserved throughout evolution We therefore hypothesized that conservedvicinity are highly conserved throughout evolution. We therefore hypothesized that conserved 
regions in mRNAs may serve as docking platforms for modulators of miRNA activity. Here we 
demonstrate that the expression of dead end 1 (Dnd1), an evolutionary conserved RNA binding 
protein (RBP), counteracts the function of several miRNAs in human cells and in primordial 
germ cells of zebrafish by binding mRNAs and prohibiting miRNAs from associating with their 
target sites. These effects of Dnd1 are mediated through uridine-rich regions present in the 
miRNA-targeted mRNAs. Thus, our data unravel a novel role of Dnd1 in protecting certain 
mRNAs from miRNA-mediated repression.
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mRNA captured by RIP

Antibodies against PUM1 and PUM2 incubated with mRNA, then 
immunoprecipitated.

mRNA eluted, RT, labeled and hybridized to Stanford microarrays 
(cDNA spotted) containing probes for 26,000 transcripts

Bound RNA explored for:
1) function of the encoded protein (Gene Ontology); 
2) the presence of a “PUM” recognition nucleotide motif;
3) the presence of other known motifs
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Functional classes significantly associated with mRNAs bound by PUM1 and 
PUM2, ordere by the significance “p-value”
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Figure 2. PUM targets encode proteins 
acting in cancer related pathways. 
Components whose mRNAs are 
associated with PUM1 are
depicted in yellow, those bound by both 
PUM1 and PUM2 are shown in red. 
Messages that contain a PUF motif are 
shown with a thick black bordershown with a thick black border.

Figure 3. Analysis of an RNA consensus 
sequence associated with human PUM proteins. 
(A) PUF consensus motif in 39-UTR sequences 
associated with PUM1, PUM2, Drosophila Pum 
and yeast Puf3, Puf4 and Puf5 proteins [35,36]. 
Height of the letters indicates the probability of
appearing at the position in the motif. Nucleotides 
with less than 10% appearance were omitted.
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Figure 3. Analysis of an RNA 
consensus sequence associated 
with human PUM proteins.

(B) Distribution of PUF consensus 
motifs.

(C) Number of PUF motifs in the 3’-
UTRs of PUM bound messagesUTRs of PUM bound messages.

Figure 3. Analysis of an RNA consensus sequence associated with human PUM proteins.
(E) Analysis of PUF motif conservation among PUM1 and PUM2 targets. The x-axis shows the 
position (relative to the middle of the PUF motif), and the y-axis shows the logarithm (base 10) 
of the p-value from the Wilcoxon test determining whether conservation scores come from the 
same distribution for PUM targets and non-targets. The vertical blue line is drawn at position 0 
corresponding to the PUF motif. The dashed black line is drawn at a p-value of 0.05, the 
continuous black line at a p-value of 0.01, and the red line at a p-value of 1025, which is the 
threshold for significance considering multiple testing.
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Figure 5. miRNA binding sites are enriched among human PUM targets. 
(A) Example of a motif identified using the Phylogibbs motif finding algorithm in the 
vicinity (400 nucleotides upstream) of high-confidence miR-30a target sites. The x-
axis indicates the position of a nucleotide in the inferred motif, and the y-axis gives 
the information score (bits) at that position. The height of each letter is proportional 
to the frequency of the respective nucleotide at that particular position in the 
alignment of inferred sites.

Work from other groups also has shown that binding of PUM1 may be 
essential to allow an adjacent miRNA site to work properly.

Regulation of mRNA stability derives from a comples compositionality of 
cis-acting sequences and trans-acting factors, involving both miRNA /Ago1, 
known mRNA decay regulators (AU-binding proteins), and new proteins as 
exemplified by Dnd1 and PUM proteins.  


