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Recent evidence suggests that post-
transcriptional events that are 

executed in the cytoplasm can be pre-
determined during transcription. Here I 
speculate that this is a widespread mode 
of regulation and discuss the potential 
mechanisms, advantages and implica-
tions of such a regulatory strategy.

Introduction

Eukaryotic gene expression is typically 
portrayed as a series of sequential events 
starting with transcription, followed by 
mRNA processing, mRNA transport to 
the cytoplasm and eventually either trans-
lation or mRNA degradation. However, 
accumulating evidence demonstrates vari-
ous cross-talks between these processes 
and, in particular, that each of these sub-
sequent events is often linked to transcrip-
tion. mRNA processing, including 5'-end 
capping, 3'-end polyadenylation, splicing 
and mRNA export, typically initiate (and 
often terminate) co-transcriptionally.1 
More surprising, however, are observa-
tions that also post-transcriptional events 
that occur in the cytoplasm are linked to 
transcription in the nucleus.

Multiple studies have shown that the 
transport and intracellular localization 
of mRNAs are often determined during 
transcription, through RNA-binding pro-
teins (RBPs) that bind to the nascent pre-
mRNA and later guide the mature mRNA 
to its correct localization.2,3 mRNA splic-
ing in the nucleus involves binding of the 
exon junction complex (EJC) to the pre-
mRNA, which, at least in some cases, 
occurs co-transcriptionally, and upon 
export to the cytoplasm the EJC influ-
ences mRNA localization, translation and 
degradation.3 mRNA degradation and 

Transcriptional priming of cytoplasmic post-transcriptional regulation

Itay Tirosh
Department of Molecular Genetics; Weizmann Institute of Science; Rehovot, Israel

translation are further linked to transcrip-
tion through the activity of Rpb4/7, two 
dissociable subunits of RNA polymerase 
II (RNAP II). These subunits bind the 
nascent pre-mRNA and dissociate from 
the core RNAP II during transcription, 
facilitate the export of the bound mRNA 
to the cytoplasm and then influence the 
mRNA’s degradation and translation.4,5

These previous observations rely pri-
marily on analysis of few specific genes 
and thus might reflect mechanisms of 
limited scope. As a result, cytoplasmic 
post-transcriptional regulation is still 
thought of as largely independent of tran-
scription. However, a more prominent 
role of transcription in priming cytoplas-
mic events is possible3 and is supported 
by recent work. In particular, two recent 
studies focusing on mRNA degradation 
in yeast have shown a widespread associa-
tion between cytoplasmic mRNA degra-
dation and transcriptional activity. First, 
transcriptional induction of hundreds of 
yeast genes is associated with changes in 
degradation of these transcripts.6 Notably, 
a mutation that inhibits the association 
of Rbp4/7 with RNAP II abolished the 
changes in mRNA degradation, indi-
cating that Rbp4/7 exerts a widespread 
influence on mRNA degradation through 
transcription. In another work, we showed 
that evolutionary changes in the transcrip-
tion of yeast genes are coupled to changes 
in degradation of these transcripts.7 Both 
trans-mutations and cis-mutations were 
found to have a dual effect, on transcrip-
tion and on degradation; trans-mutations 
were linked to Rbp4/7 and to several 
other regulators, while cis-mutations were 
linked to promoter sequences, suggesting 
again that transcription primes mRNAs 
for their degradation in the cytoplasm. 
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domain (CTD),10 chromatin factors and 
modified histone tails, and the nuclear 
pore complexes.11 Binding to the tran-
scriptional machinery may then be fol-
lowed by loading onto the mRNA and 
export to the cytoplasm, promoted by the 
tight connection between transcription 
elongation and nuclear export.12 Notably, 
these latter steps may be the main target 
for regulation, as Rbp4/74 and She22 are 
recruited to the transcriptional machinery 
of many genes but shuttle with the mRNA 
only in a subset of these genes.

RNA structure may change during 
transcription, as the mRNA molecule is 
gradually extended and additional base-
pairing are established. Some confor-
mations of the nascent pre-mRNA are 
therefore transient and could define a 
window of opportunity for specific inter-
actions during transcription that cannot 

Mechanisms  
of Transcriptional Priming

Co-transcriptional binding of RBPs 
to the nascent pre-mRNA followed by 
nuclear-cytoplasmic shuttling of the 
mRNA-bound proteins appears to be a 
common mechanism for transcriptional 
priming. This includes known examples 
(e.g., Rbp4/74 and She22) as well as addi-
tional suspected examples (e.g., Ccr4-Not 
affects both transcription and mRNA 
degradation and was recently shown to 
interact with the nuclear export machin-
ery8). Co-transcriptional recruitment of 
RBPs, as well as of non-coding RNAs 
(ncRNAs9), could rely on interactions 
with the huge diversity of proteins in the 
vicinity of RNAP II, including transcrip-
tion factors, the general transcription 
machinery and the RNAP II C-terminal 

Note that, since different yeast genes 
are regulated by distinct cis-regulatory 
sequences, coupling by cis-mutations at 
~140 genes reflect independent evolution-
ary events, thus supporting the widespread 
occurrence of transcriptional priming.

Taken together, transcription appears 
to prime the localization, mRNA degrada-
tion and translation of many genes. Here 
I hypothesize that this reflects a common 
strategy of gene regulation that occurs 
at high frequency in various organisms. 
Accordingly, a large proportion of all cyto-
plasmic post-transcriptional events are 
proposed to be (at least partially) predeter-
mined during transcription, through both 
known and yet unknown mechanisms 
(Fig. 1). In the sections below I speculate 
about potential mechanisms, advantages 
and implications of this widespread tran-
scriptional priming.

Figure 1. Schemes of (A) simplistic view and (B) the proposed view for cytoplasmic regulation of gene expression, depicting a single mRNA whose 
proper regulation in the cytoplasm depends on interactions with three RBPs and on inhibition of the interaction with a microRNA. (A) These interac-
tions occur in the cytoplasm independently of transcription, through recognition of the mRNAs sequence and/or structure. (B) These interactions are 
either established during transcription (blue and purple RBPs) or depend on prior mRNA regulation that occurred during transcription: RNA modifica-
tion specifically recruits the brown RBP, and the use of an alternative polyadenylation site that is upstream to a microRNA binding site prevents the 
inclusion of that binding site and thereby the interaction with the microRNA. As indicated by black arrows, transcription-dependent binding and 
modifications of the mRNA may be directed through interactions with Pol II and its various associated factors (e.g., CTD-bound proteins), or through 
histone marks and associated chromatin factors. Other possibilities that are not shown include recruitment through promoter-bound transcription 
factors or through nuclear core complexes which are associated with actively transcribed genes (see main text).
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and translation. In fact, preferential invest-
ment in the fidelity of mRNA regulation 
of induced genes may have two comple-
mentary advantages: It increases the 
amount of correctly processed mRNAs, 
thereby facilitating the induced function 
(which often becomes highly important 
upon induction), and it may also reduce 
the load of damaged RNAs23 and trans-
lation-induced misfolded proteins.24 Even 
if only a small (and constant) fraction of 
mRNAs of a certain gene becomes dam-
aged and toxic, either as mRNAs or later 
as proteins, the increased amount of these 
mRNAs upon induction of that gene 
would incur increased burden of their 
overall toxicity. This effect would favor 
any mechanism that reduces the accu-
mulation of RNA damage in mRNAs of 
induced genes, for example by protecting 
these mRNAs from reactive oxygen spe-
cies, enhancing the recruitment of RNA 
repair enzymes and shortening the half-
lives of induced mRNAs. This latter pos-
sibility is again consistent with the recent 
observations that increased transcription 
is preferentially coupled to reduced half-
lives.6,7 Note that this argument is an 
extension of the idea that the sequences of 
highly-expressed genes are more conserved 
due to selection to reduce their propensity 
to misfold.24 Accordingly, the burden of 
damaged RNA and misfolded protein tox-
icity may both impinge on the evolution of 
genes with constitutively high expression 
and on the transient regulation of genes 
with dynamic expression patterns.

Transcriptional priming may also pro-
mote specificity in mRNA-RBP interac-
tions. Hundreds of RBPs compete for 
binding each mRNA in the cytoplasm, 
inevitably producing some spurious inter-
actions. Yet during transcription only few 
RBPs may be directly recruited to the 
site of transcription through interactions 
with various transcription and chroma-
tin factors. Furthermore, an RBP that is 
recruited to the transcriptional machinery 
may travel with the growing transcript 
and could be placed at specific orienta-
tions that promote mRNA interactions, 
including those that require transient 
mRNA structures that are only formed 
during transcription. Once an mRNA is 
exported to the nucleus its transcription-
dependent marks could further induce 

is performed during transcription, where 
each gene is bound by a variety of tran-
scriptional regulators and chromatin fac-
tors that respond to regulatory signals and 
dictate the individual expression pattern 
of that gene. This gene-specific informa-
tion is typically assumed to be lost once 
a mature mRNA is exported from the 
nucleus and is then subjected to another 
period of information processing, this 
time through binding of various cytoplas-
mic RBPs and ncRNA whose levels and 
activity are also tightly regulated. Instead 
of these multiple episodes of partial signal 
processing, each oblivious to the other, 
transcriptional priming may integrate 
the signals of transcriptional and post-
transcriptional regulation, while their 
execution remains physically separated. 
This may allow more sophisticated pro-
cessing of regulatory signals that could 
have important implications in various 
instances.

When a gene is transcriptionally 
induced, more of its mRNA molecules 
are generated and exported to the cyto-
plasm, yet the cytoplasmic regulation 
of these mRNAs is often unchanged. 
Transcriptional priming could mark the 
mRNAs of induced genes, for example if 
a transcriptional activator recruits an RBP 
to the mRNA, thereby signaling to the 
cytoplasmic regulators that these mRNAs 
are induced and possibly that their regu-
lation should be altered accrodingly. The 
exact effect of transcriptional induction 
may be determined by the specific mark 
that is deposited on the mRNA, and sev-
eral possibilities could be envisaged. First, 
an intuitive possibility is that a transcrip-
tionally-induced gene would benefit from 
further induction by post-transcriptional 
regulation, thereby enhancing its upregu-
lation. Second, as the time required for 
reaching a new steady-state of mRNA 
levels is proportional to the half-life of an 
mRNA, reduced half-lives could support 
a more dynamic expression pattern that 
rapidly adapts to environmental changes 
or that produces transient expression 
pulses.22 Consistent with this, increased 
transcription of yeast genes is often associ-
ated with reduced half-lives.6,7

Third, it may be beneficial to ensure 
that mRNAs of transcriptionally-induced 
genes are subject to error-free processing 

be established once the mRNA reaches 
its final conformation in the cytoplasm. 
Furthermore, faster transcription elonga-
tion would limit this window of oppor-
tunity. Thus, regulation of elongation 
rates could provide a natural way to link 
transcriptional activity with the binding 
of specific factors to mRNA sites that are 
transiently exposed during transcription.13

In addition to loading of mRNA-
binding factors during transcription, 
other means for altering the state of the 
transcribed mRNA could also be used to 
influence its future regulation in the cyto-
plasm. First, alternative selection of tran-
scription start sites and 3'-polyadenylation 
(polyA) sites alters 5' and 3' UTR lengths 
and thus controls the inclusion of regu-
latory sequences in the mature mRNA. 
Recent work has shown that alternative 
5' and 3' UTR lengths are a widespread 
phenomena that influences multiple post-
transcriptional mechanisms.14,15 As selec-
tion of transcription start sites and polyA 
sites are coupled to transcription16 they 
reflect potential sources for widespread 
transcriptional priming.

Second, it is tempting to speculate that 
transcriptional priming may be executed 
by RNA editing and modifications. ADAR 
enzymes deaminate adenosine to inosine 
at thousands of loci.17 At least in some 
cases A-to-I editing is linked to transcrip-
tion18 and can later affect the recognition 
of mRNAs by RBPs and ncRNAs17 (e.g., 
Tudor-SN specifically recognizes inosine-
containing RNAs19). Interestingly, recent 
work suggested widespread RNA editing 
in human cells including both A-to-I edit-
ing and additional mechanisms.20 Finally, 
mRNAs are also altered by many types of 
covalent modifications (e.g., methylation) 
whose dynamics and functions are poorly 
understood,21 and these could poten-
tially also be involved in transcriptional 
priming.

Potential Advantages  
of Transcriptional Priming

Regulation of gene expression is essentially 
an information processing activity, trans-
forming the information about the state of 
a cell and its surroundings into decisions 
of the required activity of all proteins. A 
great deal of this information processing 
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nsmb936.
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2011; 333:53-8; PMID:21596952; http://dx.doi.
org/10.1126/science.1207018.
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genetics? Nat Chem Biol 2010; 6:863-5; 
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bio.482.
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of gene induction. BMC Genomics 2010; 11:259; 
PMID:20409322; http://dx.doi.org/10.1186/1471-
2164-11-259.

23. Wurtmann EJ, Wolin SL. RNA under attack: cel-
lular handling of RNA damage. Crit Rev Biochem 
Mol Biol 2009; 44:34-49; PMID:19089684; http://
dx.doi.org/10.1080/10409230802594043.
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protein misfolding as a dominant constraint on 
coding-sequence evolution. Cell 2008; 134:341-
52; PMID:18662548; http://dx.doi.org/10.1016/j.
cell.2008.05.042.

evidences of extensive post-transcriptional 
regulation have called for shifting much 
of the attention to regulation of mRNA 
processing, degradation and translation 
by RBPs and ncRNAs.28 The possibility 
that such regulation is partially predeter-
mined at the time of transcription and 
orchestrated by RNAP II associated fac-
tors may suggest that the historical focus 
on transcription was in fact justified. 
Accordingly, post-transcriptional regula-
tion should be examined in the context of 
transcription rather than as an indepen-
dent layer of regulation.
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