
5.3   Post-transcriptional regulation 

QC–Methylation – Stability – RNA interference 



RNA processing  
 
• Capping 
• Splicing 
• Poly(A)  
• RBP binding 
• Editing ... 
 
 
....is RNA (better: RNP) finally ready for translation or function ? 



Other post-transcriptional modifications to RNAs 
 
 
• N6-methyladenosine (m6A)   (the most studied today – the most frequent) 

 
• N1-methyladenosine (m1A) 

 
• 5-methylcytosine (m5C) 

 
• Pseudo-uridine (most abundant, mostly in rRNA and tRNA, but several mRNAs) 

 
• 2’-O-methylnucleosides (methylation of 2’-OH of ribose) 
 
 
 Mainly in the nucleus, methylation 

is frequently co-transcriptional 



The YT521-B homology (YTH) 
domain family of proteins 
(YTHDF1, YTHDF2, YTHDF3 and 
YTHDC1) are direct readers of 
m6A and have a conserved 
m6A-binding pocket. 
 
The heterogeneous nuclear 
ribonucleoprotein (HNRNP) 
proteins HNRNPA2B1 and 
HNRNPC selectively bind m6A-
containing mRNAs.  

Localized primarily in nuclear speckles 

Consensus sequence:  
         « RRACH » 



The methyl group at the N6 position of m6A does not change Watson–Crick 
A•U  base pairing but weakens duplex RNA by up to 1.4 kcal per mol 
Consequence: “indirect” or “direct” effects on protein binding.   

Apparently opposing effects of YTHDF1 and YTHDF2 



All steps of RNA metabolism were found to be accelerated by m6A 

A  general effect therefore is «sharpening» the window of expression 



METTL3 is required for the transition of mouse ES cells from a naive to the primed state. 
During this process, the key pluripotency factor Pou5f1, Klf4 and Sox2 must be cleared.  
In mouse ES cells lacking Mettl3, this clearance is defective because non-methylated mRNAs 
are less subjected to decay, which prevents or delays the establishment of a differentiated 
transcriptome required to achieve a primed mouse ES cell state.  (from Zhao et al., 2017, mod.) 

Mettl3-/- 

Mettl3+/+ 



For those of you who are interested in knowing more: 



Schematic view of the nuclear side of eukaryotic gene expression, from transcription to 
nuclear export. NPC Nuclear pore complex, CTD C-terminal domain of Rpb1, RNAPII RNA 
polymerase II. 

Nucleo-cytoplasmatic transport 
- dedicated exportins 
- accompanying proteins are loaded 

co-transcriptionally 
- some accompanying proteins kept, 

other exchanged during transport 

exon junction complex (EJC) 
 

During the second step of splicing, the EJC 
is deposited approximately 20-24 nt from 
the 5’ end upstream of the splice junction.  
The EJC is made up of several key proteins: 
RNPS1, Y14, SRm160, Aly/REF and Magoh, 
among others. These proteins have 
functions in splicing and transport.  
Important function in NMD. 

Transport to the cytoplasm 



Figure 1 | The different RNA export pathways. The major RNA export routes are shown (tRNA, microRNA 
(miRNA), small nuclear (sn)RNA, mRNA, ribosomal (r)RNA). In each case, the primary RNA transcript is shown, as 
well as the transport-competent RNA after it has undergone processing, maturation and assembly with export 
factors (export adaptors are shown in blue, export receptors are shown in yellow). Prominent structural motifs 
in pre-RNAs are indicated (single/double-stranded RNA, loops, exons and introns, 5′ cap and 3′ poly(A) tail). For 
the mRNA export route, the names of both metazoan and yeast proteins are indicated, and mRNAs are shown 
with additional adaptor proteins and RNA binding general exporter in eukaryotes, CRM1, and two auxiliary 
exporters, Mex67–Mtr2 and Arx1, that have only been studied in yeast are depicted. CBC, cap-binding complex; 
Exp, exportin.    (From  Kohler & Hurt, Nat Rev Mol Cell Biol, 8:761, 2007). 



nucleus 

cytoplasm 

Modified from: Pérez-Ortin 2015 

localization 



RNPs remodeling 
in part 

nucleus 

cytoplasm 

From: Pérez-Ortin 2015 

localization 



Quality control 

nucleus 

cytoplasm 

From: Pérez-Ortin 2015 

localization 



A regulatory role for RNA Quality Control pathways ? 



1. Nonsense Mediated Decay 
Premature termination codon 

2. Non Stop Decay 
Absence of termination codon 

3. Non-Go Decay 
Pausing by structure before TC 

Terminating ribosome NMD 

NSD 

NGD 



From: Maquat 2004, Nat Rev Mol 
Cell Biol 5:89-99. 

Figure 1 | NMD and the ‘position-of-an-exon–exon-junction’ rule. Only the 3′-most 
exon–exon junction within a generic mammalian mRNA is shown. Mammalian mRNAs 
generally have an average of 7–8 splicing-generated exon–exon junctions. A premature 
termination codon (PTC) that is located in the region indicated in blue, which is followed 
by an exon–exon junction more than 50–55 nucleotides (nt) downstream, elicits 
nonsense-mediated mRNA decay (NMD), whereas a PTC that is located in the region 
indicated in green fails to elicit NMD. The normal termination codon (Ter) usually resides 
within the 3′-most exon. 

1. Nonsense-mediated decay 

stop 



NMD 

PTC recognition by 
downstream EJC 

PTC recognition by 
excessively long 3’-UTR 



In Mammals, a number of Alternative Splicing events introduce a premature 
termination codon into the processed mRNA, not followed immediately by pA. 

Primary transcript 

AUG start codon 

STOP codon 
Premature STOP codon 

This induces NMD. It should be considered a silencing AS event.  

What is the function of NMD ? Protection ? Regulatory ? 

pA 



RNAs (both coding ad noncoding) display very different half-lives, in a 
quite wide range, which often are subjected to regulation 
 
 
How can we measure RNA half-life ? 

RNA stability 



Measuring RNA half-life 

• Blocking RNA Polymerase 
• Labeling nascent RNA (pulse) and releasing 



 0  1   2   3  4        0  1  2   3   4 time points 

no ActD             + ActD 

Cells treated with Actinomycin D 

RNA extracted at time intervals 

Add radioactive 
protection probe 

RNase (ss) 

Older measure of mRNA half-life on single genes 

RNase Protection Assay (RPA) 

quantify, 
calculate 

wiki 

http://upload.wikimedia.org/wikipedia/commons/3/37/Actinomycin.png


Wiki 

Genome-wide 



Genome-wide 

Blockers: 
Actinomycin D (ActD),  
5,6-dichloro-1–D-ribofuranosyl-benzimidazole (DRB)  
α-amanitin (α-Am) 



Genome-wide 

or NGS 

1 

2 





Genome-wide 

or NGS 

By measuring the ratio between syntesis and steady-state level 



Genome Res. 2003; 13(8):1863-72. 

(First study human cells genome-wide: pre-NGS) 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Yang+E+Darnell+JE+Magnasco+M


HepG2 cells  (human liver carcinoma cell line)  
    + primary cells (fibroblasts Bud8) 
 
Actinomycin 2-3 hours 
 
RNA extraction, labelling and  Affymetrix microarrays 
 

Decay rate estimates for 5,245 genes 
 
 
The median half-life in both cell types is ∼10 h, with wide range (0.5 
hours up to “days”). 
 



Figure 1. Analysis of mRNA decay rate in C2C12 cells.  
(A) Examples of mRNA decay curves were derived by the nonlinear least squares 
method for a long and a short half life mRNA 

Mouse myoblasts    in culture treated with actinomycin D (blocks RNA biosynthesis) 
 
Samples collected at  0,  10,  50,  110,  230 min 
Total RNA   labeled  hybridized to Affymetrix Mouse Gene 1.0 arrays. 

Lee et al., PLOS One, 5:11201 ( 2010 ) 



(B) Distribution of mRNA half lives (see Dataset S1 for the complete list). The 10th-
percentile and 90th-percentile values (indicated by red dotted lines) were used to select 
mRNAs with short and long half lives, respectively. The median value (2.9 hr) is indicated 
by a red line. 

Lee et al., PLOS One, 5:11201, 2010  



Questions:  
 
 
1)  Does different stability reflect different functions ? 
 
           Analysis in AMIGO (Gene Ontology)  
 
 
2) Are cis elements in RNA traceable that can be correlated to half-life ? 

  
Analysis of «small word» over-representation 

 
 
 
 



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 is plotted on a 
logarithmic scale. 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, 
which is our cutoff for fast decay in 
PFDI. 

Decay rates were studied in 
functional groups, i.e. in G.O. 
categories.  

Gene Ontology 

Rate of decay 

Yang et al, 2003 



Answer to our question 1)  is: 
 
RNAs half-lives are correlated to functions of the encoded protein 
 
(mRNA species that need rapid regulation must have short half-lives) 

…before answering to question 2 let’s recall what we know about RNA decay mechanisms… 



 
 
we can analyse short-living or long-living RNAs in order to find over-
represented «motifs», that can suggest a stability regulatory sequence. 
 
 
 
Yang et al. made this analysis using two different algorithms:  
 
results are divided in 5’UTR, coding sequence, and 3’UTR 

Searching for regulatory elements. 



from Yang et al., 2003. 

Known and novel motifs examined 



5’-3’ 3’-5’ 5’-3’ decay 3’-5’ decay 

Poly(A) nuclease 

Exosome 

3’-5’ exo- 5’-3’ exo- 

endonuclease 
Pathways to RNA degradation 



decapping or polyadenylate 
shortening strongly impairs 
translation, since interaction of 
cap and poly(A) is essential  

Degradation and translation 
are competing events.  



NOTE: Some cis-elements can function in both pathway, depending which 
RBP is expressed in specific cell contexts. 

Stabilizing and de-stabilizing sequence motifs (cis-elements) 

Do you know one? 

Recruits degrading 
apparatus 

P-bodies assembly Endonuclease 
target site 

Poly(A) exonuclease 

Destabilizing proteins 
can not bind 

PABP-Poly(A) 
interaction 
strengthened 



RNA-binding proteins and small RNA 
 
 
 
Motifs imparting shorter or longer half-life may represent: 
 
1 - protein-binding elements for regulatory RBPs 
      or  
2 - targets for RNA-RNA interaction 
 
In general, in the latter case, we have miRNA, siRNA or piRNA targets.  
These kind of elements are simpler to recognize by mapping the 
sequences back to the genome. 
 
 
 
Let’s have a look to most common protein regulators: ARE-binding 
proteins 



Most known regulatory elements:  the ARE elements 

• are A/U-rich elements found in the 3’-UTR of some mRNAs encoding cytochines, 
proto-oncogenes and growth factors 

 

• are defined by their ability to promote rapid deadenylation-dependent mRNA decay 

 

• their sequence requirements are only loosely conserved 

 

 

 

 

 

 

 

 

 

 

 

ARE-binding proteins recognize these elements and, in conjunction with other proteins, 
will guide the mRNA to exosome degradation.  

 

Wilusz J.C. et al., 2001 



Wilusz J.C. et al., 2001 

ARE-binding proteins 

Many ARE-binding protein have been identified and have either negative or in some cases positive effect 
on processes such as stability, translation and subcellular localization of the mRNA 

interaction of the ARE element with a destabilizing 
factor, such as AUF1, might promote rapid 
deadenylation by reducing the affinity of the poly(A) 
binding protein (PABP) for the poly(A) tail 

mRNA INSTABILITY 

interaction of the ARE element with a 
stabilizing factor, such as HuR, might 
enhance the binding of the PABP to the 
poly(A) tail, thus blocking deadenylation 

mRNA STABILITY 



Garneau et al. Nature Reviews Molecular Cell Biology 8, 113–126 (February 2007) | doi:10.1038/nrm2104 



From the regulatory point of view, the most interesting class is 
given by  micro-RNA-guided AGO proteins 

The pathways in which AGO proteins are involved 
are collectively called RNA interference 

RNA interference 

RNA interference, small-interfering RNA, micro-RNA 



Andrew Fire and Craig Mello 

had the Nobel prize in 2006. 

Rdr 

In worms and yeast, 
NOT in mammals 

dicer 

RISC 



RNA interference 

Ago 



RNA interference 

Cartew, 2009 

Endogenous and exogenous 
double-stranded RNAs 

Dicer cleaves into 21-23nt pieces 

Si-RISC or mi-RISC  

Effect 

blocks 



DICER is a RNase III enzyme.  
The PAZ domain binds the RNA duplex end, 
then the two catalytic subunits cleave leaving 
2nt 3’-overhangs (5’ monophosphate).  
 
Mammals have a single DICER, whereas other 
classes have more enzymes. 

Argonaute superfamily: 3 clades. 
 Piwi clade: bind piRNAs 
 Ago clade: bind siRNA and miRNA 
 3rd: only in Nematodes (to date) 
8 Argonaute proteins (Ago) in H. Sapiens 
Piwi domain has high affinity for ends with 3’-
overhangs and in some case has endonucleolytic 
activity.  
Ago enter a RISC assembly pathway: only one RNA 
strand stably associated, the other (passenger) is 
discarded. 

Carthew, 2009 



Three major classes of silencing small RNAs. 
 
- Micro RNA (miRNA, also miR, but caution for confusion with MIR, a class of transposons) 
- Small interfering RNA (siRNA) 
- Piwi-dependent RNA (piRNA) 

 
- Some new classes emerged from NGS RNA-Seq experiment, but no clear evidence 

of function is available to date (see next table) 
 

Gene silencing using siRNA. 
(and shRNA)  

DICER product is like this  
In the lab: 



From Aalto & Pasquinelli, 2012 



mammals. 

Endo-siRNA 



piRNA are small RNAs associated to the Piwi-subfamily of Argonaute proteins. 
 
They have other specific features: 
 Lack of dsRNA precursors 
 Independence of Dicer 
 
Primary piRNA produced from piRNA clusters. 
Processed into 24-30 nt piRNA that associate with Argonaute Piwi clade proteins. 
piRNA then pairs with transposon sense transcript and cleave them endonucleolitically.  
  
piRNAs were first proposed to ensure germline stability by repressing transposons 
 
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. 



siRISC assembly 
Insects: 
R2D2/Dicer heterodimer binds siRNA 
duplex 
+ other factors RISC loading compex 
+ Ago2   pre-RISC 
Ago2 cleaves the passenger strand 
(eliminated)  RISC 
 
Humans: 
Dicer, TRBP, Ago2  assembling 
Binds dsRNA, processes to siRNA, 
eliminates passenger  RISC 

Which siRNA strand is selected ?  
thermodynamic stabilities of the two duplex ends: Guide strand is the one that 
has its 5’ terminus at the less stably base-paired end. 
Selection graded: siRNAs with equal base-pairing stabilities at their ends  

either strand used (Opposite strand miRNA is called with a «*» ). 

Nematodes, yeasts 



How do small interfering RNA exert their silencing effects?  



(*) 



Many roads to silencing.  
Mechanisms used by sRNAs to silence gene 
expression.  
 
(a) Typically, miRNAs, and possibly milRNAs and 
sdRNAs, partially pair to mRNA target sequences 
and promote mRNA degradation through the 
recruitment of deadenylases by GW182 
proteins bound to Argonaute (AGO).  Alternatively, 
miRISC inhibits translation initiation, stalls 
translation elongation or stimulates proteolysis of 
nascent peptides encoded by the target mRNA.  
 
(b) Perfect pairing of many types of sRNAs results 
in cleavage of the target mRNA by Ago2.  

(c) Endo-siRNAs, piRNAs and possibly many of the 
sRNAs derived from protein-coding regions of the 
genome direct DNA and histone modifications (red 
stars) that regulate transcriptional activity 
 

From Aalto 2012 



Current Opinion in Cell Biology 2012, 24:333–340 



Micro RNA are a family of small RNA that are transcribed from several locations in 
genomes.  

They have a typical structure, making a stem-loop structure with some mismatches in 
the stem 

 

MiRBase: http://www.mirbase.org/cgi-bin/browse.pl?org=hsa 

 

miRNA 

http://www.mirbase.org/cgi-bin/browse.pl?org=hsa
http://www.mirbase.org/cgi-bin/browse.pl?org=hsa
http://www.mirbase.org/cgi-bin/browse.pl?org=hsa
http://www.mirbase.org/cgi-bin/browse.pl?org=hsa










b | Intronic miRNAs in non-coding transcripts. For example, an miR-15a~16-1 cluster was found in the fourth intron of 
a previously defined non-coding RNA gene, DLEU2 (REF. 126). c | Intronic miRNAs in protein-coding transcripts. For 
example, an miR-106b~93~25 cluster is embedded in the thirteenth intron of DNA replication licensing factor MCM7 
transcript (variant 1, which encodes isoform 1). The mouse miR-06b~93~25 homologue is also found in the thirteenth 
intron of the mouse MCM7 homologue gene15. The hairpins indicate the miRNA stem-loops. Orange boxes indicate 
the protein-coding region. This figure is not to scale. 

Figure 1 | The structure of five 
pri-miRNAs.  
 
Primary transcripts that encode 
miRNAs, primiRNAs, 
contain 5’ cap structures as well 
as 3’ poly(A) tails. miRNAs can 
be categorized into three 
groups according to their 
genomic locations relative to 
their positions in an exon or 
intron. 
 
a | Exonic miRNAs in non-
coding transcripts such as an 
miR-23a~27a~24-2 cluster, miR-
21 and miR-155. miR-155 was 
found in a previously defined 
non-coding RNA (ncRNA) gene, 
bic17. 



MicroRNAs (miRNAs) are processed from RNA polymerase II 
(RNAPII)-specific transcripts of independent genes or from introns of 
protein-coding genes. In the canonical pathway, primary precursor 
(pri-miRNA) processing occurs in two steps, catalysed by two 
members of the RNase III family of enzymes, Drosha and Dicer, 
operating in complexes with dsRNA-binding proteins (dsRBPs), for 
example DGCR8 and transactivation-responsive (TAR) RNA-binding 
protein (TRBP) in mammals. In the first nuclear step, the Drosha–
DGCR8 complex processes pri-miRNA into an ~70-nucleotide 
precursor hairpin (pre-miRNA), which is exported to the cytoplasm. 
Some pre-miRNAs are produced from very short introns (mirtrons) as 
a result of splicing and debranching, thereby bypassing the Drosha–
DGCR8 step. In either case, cleavage by Dicer, assisted by TRBP, in the 
cytoplasm yields an ~20-bp miRNA/miRNA* duplex. In mammals, 
argonaute 2 (AGO2), which has robust RNaseH-like endonuclease 
activity, can support Dicer processing by cleaving the 3′ arm of some 
pre-miRNAs, thus forming an additional processing intermediate 
called AGO2-cleaved precursor miRNA (ac-pre-miRNA)70. Processing 
of pre-miR-451 also requires cleavage by AGO2, but is independent 
of Dicer and the 3′ end is generated by exonucleolytic trimming. 
Following processing, one strand of the miRNA/miRNA* duplex (the 
guide strand) is preferentially incorporated into an miRNA-induced 
silencing complex (miRISC), whereas the other strand (passenger or 
miRNA*) is released and degraded (not shown). Generally, the 
retained strand is the one that has the less stably base-paired 5′ end 
in the miRNA/miRNA* duplex. miRNA* strands are not always by-
products of miRNA biogenesis and can also be loaded into miRISC to 
function as miRNAs. See BOX 2 for details of miRISC function. 
GW182, glycine-tryptophan protein of 182 kDa; m7G, 7-
methylguanosine-cap;  PABP, poly(A) binding protein. 
(From Krol 2010 NRG, modified) 


