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In eukaryotes, nuclear mRNA synthesis is physically separated from its cytoplasmic translation and degrada-
tion. Recent unexpected findings have revealed that, despite this separation, the transcriptional machinery
can remotely control the cytoplasmic stages. Key to this coupling is the capacity of the transcriptional ma-
chinery to “imprint” the transcript with factors that escort it to the cytoplasm and regulate its localization,
translation and decay. Some of these factors are known transcriptional regulators that also function in
mRNA decay and are hence named “synthegradases”. Imprinting can be carried out and/or regulated by
RNA polymerase II or by promoter cis- and trans-acting elements. This article is part of a Special Issue
entitled: RNA polymerase II Transcript Elongation.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The eukaryotic transcription apparatus, which utilizes cis-acting DNA
elements and trans-acting factors, functions in the nucleus. Up until re-
cently, it was believed that this machinery has no direct effect on the
fate of the RNA in the cytoplasm. This common view is currently being
challenged, at least in the case of RNAs that are synthesized by RNA poly-
merase II (Pol II). Pol II is responsible for the transcription of all mRNAs,
many non-coding RNAs, all snoRNAs (except for snRN52), most of the
snRNAs and the telomerase RNA. The ten-subunit structure of Pol II is ca-
pable of transcription in vitro and is considered to be the “core Pol II”
[1–5]. Twoother subunits, Rpb4p andRpb7p, formadistinct substructure.
These two subunits strongly interact with each other, forming the Rpb4/7
heterodimer [6]. The Rpb7p “tip” interactswith a small “pocket” in the Pol
II core, composed mainly of a small region of Rpb1p, Rpb2p and Rpb6
[2,7]. The interface between Rpb7p and the core Pol II is small enough
such that the two substructures readily dissociate in vitro. Indeed a single
mutation in either Rpb1p or Rpb6p can destabilize and substantially
weaken the interaction between the two substructures [2,7–9]. Rpb4p
and Rpb7p are present in excess over the core subunits [10], raising the
possibility that they also function outside the context of the polymerase
[6]. Indeed, it was found that both subunits play roles in mRNA export
[11], translation [12] and degradation [13–15]. Here we discuss the vari-
ous roles of Rpb4/7, emphasizing its post-transcriptional functions. Re-
markably, Pol II regulates these post-transcriptional stages by providing
the correct context for Rpb4/7 to interactwith the transcript, as it emerges
from Pol II. In addition to Pol II, other elements of the transcription
merase II Transcript Elongation.
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apparatus can control the fate of their transcripts; among them are pro-
moter elements and trans-factors that bind these elements. The latter
have the capacity to regulate both mRNA synthesis and decay. In this re-
viewwe summarize the recent findings that assign additional roles to the
transcription machinery in regulating the fate of its transcripts in the
cytoplasm.

2. Structural and biochemical data indicate that Rpb4/7 binds the
emerging transcript

X-ray crystallographic studies of Pol II have revealed structural ele-
mentswith functional implications [3,4]. In a transcribing Pol II, nascent
RNA moves from the active center to the exterior through an RNA exit
tunnel [16–18]. Until recently, it was not clear which path the exiting
RNA follows beyond the exit tunnel. Based on their positively charged
surfaces, two prominent grooves on either side of the dock domain
were proposed to further accommodate the exiting RNA [17–20].
Groove 1 winds along the base of the clamp towards the Rpb4/7
subcomplex, which can bind RNA via its ribonucleoprotein fold and/or
oligonucleotide binding domain [5,7,21,22]. Groove 2 leads along
Rpb11p towards Rpb8p, which also has a single-stranded nucleic
acid-binding domain [23,24]. Two studies have provided evidence
that exiting RNA follows the path along groove 1. The first study used
cross-linkable nucleotides (located 3 nt from the RNA 5′ end) to charac-
terize the interaction between nascent RNA and components of the
transcription complex. They demonstrated that the 5′ end of the na-
scent RNA could be cross-linked to Rpb7p as soon as the RNA exited
from the core Pol II, once the cross-linkable nucleotide was 23 nt from
the 3′ end. When Pol II continued to transcribe and the cross-linkable
nucleotide was 39 nt from the 3′ end, it could still crosslink, albeit less
efficiently; no cross-linking could be detected when the Pol II moved
tional machinery regulates mRNA translation and decay in the cyto-
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further away from this position [25]. This indicates that, in vitro, Rpb7
serves as a tunnel through which the RNA exits the 12 subunit Pol II.
The second study employed fluorescence resonance energy transfer
(FRET) analysis to map the path of nascent RNA on Pol II. They demon-
strated that the growing RNA leads towards Rpb4/7 and, once it extends
to 26 nt, its 5′ end forms contacts with the ribonucleoprotein-binding
domain of Rpb7 [26]. The emerging transcript can take an alternative
route in vitro by binding to the dock domain without contacting either
of the grooves on the Pol II surface [16].The choice as to which route to
take may be dependent on the conditions of the in vitro studies [26]. In
vivo analysis supports binding of the emerging transcript with Rpb4/7,
because Rpb4/7 binds Pol II transcripts co-transcriptionally [13]. It is
possible that in the absence of Rpb4/7 the RNA exits invariably from
groove 2. The picture that emerges from these studies is that Rpb4/7
serves as the initial contact for the newly emerging RNA just beyond
the mouth of exit groove 1. The Rpb4/7 heterodimer contacts the main
body of Pol II adjacent to the C-terminal domain (CTD) of Rpb1p [2,7].
The CTD is known to have a role in recruitment of factors involved in
transcription regulation, RNA capping, splicing, polyadenylation and ter-
mination [27–29]. Thus, Rpb4/7 may play a significant role in directing
the transcript to the appropriate processing factors recruited to the CTD.

3. Rpb4/7 regulates transcription initiation, elongation
and polyadenylation

Rpb4/7 is considered to be a canonical Pol II subunit with a role in
transcription. In vitro studies demonstrated that Pol II requires Rpb4/7
for promoter-dependent transcription initiation [5,30], and for elonga-
tion [10]. In archaea, the Rpb4/7 homologue, F/E, facilitates DNAmelting
in conjunction with the basal transcription factor, TFE, during initiation
[31,32]. In yeast cells, Rbp4p and Rpb7p do not contribute equally to
the function of the heterodimer. Rpb7p is an essential protein, whereas
Rpb4p is dispensable under optimal growth conditions at moderate
temperatures. However, as soon as the environmental conditions devi-
ate from the optimum, most notably temperature extreme, starvation,
and ethanol, Rpb4p becomes important [33–37]. We suspect that
Rpb7p is the core subunit that binds both Pol II and the transcriptwhere-
as Rpb4p mediates some of the many interactions between Rpb4/7 and
regulatory factors [6].

Analysis of the genome-wide occupancy of Rpb4p using chroma-
tin immunoprecipitation revealed that Rpb4p is recruited to coding
regions of most transcriptionally active genes, similar to the core Pol
II subunit, Rpb3p, although to a lesser degree [38,39]. Interestingly,
the extent of Rpb4p recruitment increases with increasing gene
length, and Pol II lacking Rpb4p is defective in transcribing long,
GC-rich transcription units, as it is sensitive to 6 aza-uracil [39]. More-
over, Rpb4 was found to be important for Pol II processivity [40]. Con-
sistently, in vitro studies demonstrated that Rpb4/7 enhances Pol II
elongation activity [10] and that F/E has a profound effect on the tran-
scription elongation properties of Pol II by enhancing processivity
[41]. Importantly, this function is attributed to the ability of F/E to in-
teract with the RNA transcript [41]. Thus, the capacity of Rpb4/7 or its
archaeal homolog to enhance transcription elongation might be relat-
ed to its binding of the emerging transcript. It would be interesting to
examine whether this binding has some effect on the capacity of Pol II
to backtrack, thereby affecting processivity.

4. Rpb4/7 is recruited onto mRNAs co-transcriptionally and is
directly involved in all major post-transcriptional stages of the
mRNA lifecycle

Consistent with its interaction with the emerging transcript in
vitro (see previous section), Rpb4/7 has been shown to interact with
Pol II transcripts in vivo [12,13], probably at the 3′-untranslated re-
gion (Guterman and Choder, unpublished result). This interaction oc-
curs only in the context of Pol II. Surprisingly, at some stage of the
Please cite this article as: N. Dahan, M. Choder, The eukaryotic transcrip
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transcription process, Rpb4/7 dissociates from Pol II together with
the transcript and remains bound to the transcript throughout its
life. This “mRNA imprinting” has bearing on each and every stage of
the mRNA lifecycle.

Several studies have described the diverse roles of Rpb4/7 in
post-transcriptional stages, linking its role in the nucleus to the cyto-
plasmic stages of gene expression. One such study demonstrated that
Rpb4p is required for mRNA export under stress conditions. The roles
of Rpb4p in transcription and in mRNA export can be uncoupled ge-
netically by specific mutations in Rpb4p. Both activities are essential
for survival under stress conditions [11].

Another study revealed a role for Rpb4/7 in translation [12]. This
study demonstrated that the Rpb4/7 heterodimer interacts physically
and functionally with components of the translation initiation factor
3 (eIF3), and is required for efficient translation initiation. This func-
tion is more apparent during starvation, suggesting that the role of
Rpb4/7 in translation permits appropriate responses to environmen-
tal cues.

Two major mRNA decay pathways operate in the yeast cytoplasm.
They both initiate by a shortening of the mRNA poly(A) tail; one cul-
minates in exonucleolytic degradation of the mRNA from 5′ to 3′ by
the Xrn1 exonuclease, and the other in 3′ to 5′ degradation by the
exosome [42]. Rpb4/7 functions directly in shortening of the
poly(A) tail and in these two degradation pathways [14,15]. Unlike
Rpb7p whose role in mRNA decay is not specific [15], Rpb4p is in-
volved in the degradation of a specific class of mRNAs encoding pro-
tein biosynthetic factors, including ribosomal proteins, translation
initiation factors, aminoacyl tRNA synthetases and ribosomal biosyn-
thetic proteins [14]. Overexpression of Rpb7p could not restore prop-
er mRNA decay in rpb4Δ cells, suggesting that Rpb4p has a distinct
role in the decay of these mRNAs. Both Rpb4p and Rpb7p interact
with the basal decay factor Pat1p/Lsm1-7p via direct interactions
with Pat1p and Lsm2p [14,15]. This interaction might be important
for recruiting the Pat1/Lsm1-7 complex to the mRNP, or for stimulat-
ing Pat1/Lsm1-7 decapping activity. Consistent with their role in the
major decay pathway, Rpb4p and Rpb7p are constituents of P bodies
[14,15], where decapping and 5′ to 3′ degradation can occur [43].

Thus, by assuming various subcellular localizations and switching
interacting partners, Rpb4/7 exerts its effect on different processes
temporarily. Consistently, the Rpb4/7 heterodimer shuttles between
the nucleus and the cytoplasm. Shuttling occurs via two distinct shut-
tling mechanisms (one dependent on transcription and the other
not), depending on the environmental conditions [44].

5. mRNA imprinting

Several lines of evidence have started to reveal that nascent
mRNAs emerge from the nucleus with “imprinted” information that
serves to regulate post-transcriptional stages of gene expression [45].
As detailed above, Rpb4/7 represents a classic example of mRNA im-
printing, whereby its co-transcriptional association with the nascent
transcript affects all the major post-transcriptional stages that the
mRNA undergoes [see Fig. 1].

In addition to Rpb4/7, She2p and Dbf2p have been shown to be
loaded onto specific mRNAs during transcription, affecting their fate
in the cytoplasm. She2p affects localization and translation of specific
mRNAs [46,47] and Dbf2p binds SWI5 and CLB2 mRNAs and specifi-
cally affects their decay during mitosis [48]. Several other factors
have been proposed to bind RNA in the nucleus and affect its fate in
the cytoplasm: Exon-Junction Complex (EJC) components regulate lo-
calization and translation of oskar mRNA in Drosophila oocytes in a
splicing-dependent manner [49]; Ssd1p affects mRNA localization
[50]; ZBP1 affects localization and translatability of several different
RNAs [51,52]; the TREX complex and Mex67p mediate mRNA export
[53]; CPEB affects alternative splicing, cytoplasmic polyadenylation
and translation [54]; Npl3p [55] and Sro9p [56] affect mRNA export
tional machinery regulates mRNA translation and decay in the cyto-
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and translation; Cth1/2 [57] and Sus1p [58] regulate mRNA stability;
finally, the kinase Ctk1p, which phosphorylates the Pol II C-terminal
domain, also phosphorylates the ribosomal protein Rps2p thereby
regulating translation, and has the potential capacity (which remains
to be determined) to phosphorylate some RNP proteins temporarily
thereby regulating the mRNP fate [59]. Besides the cases of Rpb4/7,
She2p, Dbf2p, and EJC components, it remains to be determinedwhether
the post-transcriptional functions of the other above-mentioned factors
are directly dependent on their co-transcriptional association with the
mRNA.

6. Pol II and promoters regulate cytoplasmic
post-transcriptional stages

Although a number of proteins have been reported to bind mRNA
co-transcriptionally and later regulate diverse cytoplasmic processes,
only a small number of studies have elucidated the precise mechanism
by which such imprinting is achieved. It is plausible that the transcrip-
tionalmachinery itself plays a direct regulatory role by recruiting the im-
printing factor to the emerging transcript. Indeed, Shen et al. [47]
demonstrated that She2p binds to ASH1 mRNA cotranscriptionally in a
Pol II-dependent manner. She2p is recruited to Pol II via its association
Fig. 1. RNA polymerase II and promoters remotely regulate cytoplasmic stages of gene exp
polyadenylation [6]. During transcription, Rpb4/7 interacts with the emerging transcript. This in
in excess over Pol II complexes in thenucleus [10], the interaction of Rpb4/7with the transcript o
Rap1) is also shown. It recruits a putative RNP-binding factor to the vicinity of the transcription
small black arrow). In this example, Pol II and the promoter allow the mRNA transcript to be im
lation andmRNA decay in the cytoplasm (light blue arrows). Specifically, following transcription
toplasm. They remain associated with the transcript throughout its lifecycle, affecting post-tran
initiation, via its interaction with eIF3 [12]; and (iii) poly(A) tail shortening followed by mRNA
returns to the nucleus for an additional round [44]. Transcript-bound Rpb4/7 seems to be loc
the decay factor complex, Pat1/Lsm1-7 [14,15]. This location is strategic as it is not in conflict w
7 (and other putative RNP-binding factors) with the mRNA transcript throughout its lifecycle in

Please cite this article as: N. Dahan, M. Choder, The eukaryotic transcrip
plasm, Biochim. Biophys. Acta (2012), http://dx.doi.org/10.1016/j.bbagr
with the transcription elongation factor, Spt4p–Spt5p. Mutating SPT4 or
SPT5 disrupts the co-transcriptional recruitment of She2p to ASH1
mRNA and affects subsequent localization of ASH1 mRNA to bud tips
[47]. Goler-Baron et al. [13] demonstrated that Rpb4/7 imprinting is di-
rectly dependent on Pol II. They made use of two Pol II mutant forms
that poorly recruit Rpb4/7 due to mutations in either Rpb1 or Rpb6. Sig-
nificantly, interaction of Rpb4/7 with the transcripts of these Pol II mu-
tants is compromised, despite the presence of Rpb4/7 in excess over
Pol II molecules in the nucleus. Furthermore, these mutant cells do not
support efficient poly(A) shortening and mRNA decay [13] as well as
translation [12]. Overexpression of both Rpb4p and Rpb7p, which in-
creases the portion of mutant Pol II that manages to recruit Rpb4/7, par-
tially restoresmRNAdecay in themutant cells. Thus, the authors propose
that the interaction of Rpb4/7 with the mRNA occurs only in the context
of Pol II, and is required for Rpb4/7's capacity to stimulate translation and
mRNA decay [12,13]. Interestingly, cells harboring a Pol II mutant whose
in vitro elongation rate is abnormally slow also degrade mRNAs more
slowly [60]. The underlying mechanism is still unknown and it would
be interesting to examine the mRNA imprinting status in this mutant
strain.

Two recent works in yeast demonstrated that the promoter itself can
regulate mRNA stability, as suggested earlier in mammalian cells [61],
ression. Pol II-associated Rpb4/7 is involved in transcription initiation, elongation and
teraction is dependent on its proper associationwith Pol II [13]. Thus, despite being present
ccurs only in the context of Pol II. A representative promoter-bound synthegradase (such as
apparatus, allowing binding of the factor to the emerging Pol II transcript (indicated by a
printed with Rpb4/7 and an RNP-binding factor. Such imprinting can later regulate trans-
, Rpb4/7 and the RNP-binding factor accompany the transcript during its export to the cy-
scriptional stages. Rpb4/7 stimulates: (i) mRNA export (during stress) [11]; (ii) translation
degradation via the two major mRNA decay pathways [14,15]. Following decay, Rpb4/7

ated at the 3′-UTR (Guterman and Choder, unpublished results) where it associates with
ith translation [77]. Thus, this location would permit the continuous association of Rpb4/
the cytoplasm.

tional machinery regulates mRNA translation and decay in the cyto-
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possibly via an imprinting mechanism [48,62]. Bregman et al. [62]
showed that Rap1p-binding sites in the upstream activating sequence
(UAS) of the RPL30 gene enhance transcript decay and are sufficient to
confer transcript instabilitywhen inserted into theACT1UAS. Consistent-
ly, depletion of Rap1p stabilizes reporter transcripts whose promoters
contain Rap1p-binding sites, as well as endogenous mRNAs whose syn-
thesis is driven by Rap1p. They propose that Rap1p is involved in
co-transcriptional imprinting of the transcript, whereby binding of
Rap1p to the promoter affects the composition of the exported mRNP,
which in turn affects its cytoplasmic degradation. Trcek et al. [48] devel-
oped an RNA-fluorescence in situ hybridization technique to study
mRNA stability at a single-molecule level. They found that the transcripts
of SWI5 and CLB2, genes that are responsible for mitotic progression, are
rapidly degraded during mitosis. Exchanging their promoters with that
of ACT1 converts them from being unstable, cell-cycle-regulated tran-
scripts into stable, constitutively expressed transcripts. Thus, the pro-
moters of SWI5 and CLB2 are directly involved in regulating transcript
stability in a cell-cycle dependent manner. They further demonstrated
that Dbf2p binds to the mRNAs co-transcriptionally, and that its deple-
tion destabilizes these mRNAs and delays mitotic progression. They pro-
pose that Dbf2p-imprinted RNA is protected from degradation until
signals are received during mitosis.

These collective studies assign new roles to the transcription ap-
paratus in regulating cytoplasmic stages of the mRNA lifecycle. The
model shown in Fig. 1 depicts how translation and decay in the cyto-
plasm can be regulated remotely from the nucleus by Pol II and pro-
moters. It also highlights the roles of Rpb4/7 in all the major
post-transcriptional stages (splicing has not been examined, as only
15% of the yeast mRNAs contain introns).

7. Synthegradases, factors that stimulate both transcription and
decay, couple these two processes

Previous works have described factors that function in both mRNA
synthesis and mRNA decay. Rpb4/7, described earlier, stimulates both
transcription [6] and mRNA decay [14,15]. The yeast Ccr4–NOT complex
has been identified as a transcription activator and laterwas found to also
function in deadenylation in the cytoplasm (recently reviewed in [63]). It
remains to be determined whether co-transcriptional association of the
Ccr4–NOT complex with mRNAs is required for its post-transcriptional
functions, like the case of Rpb4/7. Recently, Rap1p, a known transcription
activator of genes encoding ribosomal proteins, was found to also stimu-
late the degradation of their transcripts [62]. Due to their dual role, we
name this kind of factors “synthegradases” [62]. Unlike Rpb4/7 and
Ccr4p, Rap1p is a synthegradase of a specific family of genes.

It was recently shown that coupling between transcription and
decay plays an important role in the normal response to the environ-
ment. Many environmentally induced genes are subject to induction
of mRNA synthesis that is accompanied by an increase in its decay
[64–69]. This counterintuitive “counter-action” characterizes mRNAs
whose levels are shaped by a sharp “peaked” behavior [68,69]. Pol II is
capable of regulating this pattern not only because it is responsible for
transcription, but also by regulating mRNA decay [14,70]. Shalem et al.
[70] have proposed that imprinting of somemRNAswith Rpb4/7 is reg-
ulated by environmental signals (see also [71]). They demonstrated that
cells harboring the Rpb6p mutant form, whose Pol II poorly recruits
Rpb4/7, exhibit abnormal transcriptome profiles in response to oxida-
tive stress (0.3 mM hydrogen peroxide). Both the magnitude of the re-
sponse and its kinetics were affected by the Rpb6 mutation. Thus, the
coupling between mRNA synthesis and decay shapes the temporal ki-
netic response of mRNA abundance to changing external conditions.

Synthegradases might serve as a mechanistic basis for the charac-
teristic “peaked” behavior of many genes whose expression responds
to environmental changes in a manner that stimulates (or represses)
both mRNA synthesis and decay. We suspect that the two-armed
mechanism of synthegradases is more responsive to regulatory
Please cite this article as: N. Dahan, M. Choder, The eukaryotic transcrip
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signals. Specifically, signaling pathways can modulate either the syn-
thetic or the decay function of the synthegradases, thereby affecting
the balance between mRNA synthesis and decay and fine-tuning the
desired steady-state levels, as well as the kinetics with which they
are achieved.

A recent comparison between mRNA degradation kinetics in two
related yeast species revealed a significant difference in 11% of the
orthologous mRNAs. In about half of these cases, the difference in
decay was linked to a difference in transcription. Thus, coupling al-
most always involves stimulation of both mRNA synthesis and
decay or, conversely, repression of both processes [72]. Moreover,
some yeast factors seem to have evolved in a manner that either stim-
ulates both mRNA synthesis and decay or represses both processes si-
multaneously. Among the most notable factors are Rpb4p and Ccr4p.
At least 5% of the 3000 yeast genes examined in this study is likely to
be regulated by synthegradases during optimal proliferation condi-
tions [72]. This number is likely to increase upon shifts from optimal
proliferation to stress conditions. The double roles of promoters and
synthegradases might have evolutionary implications; a single muta-
tion in either a promoter or a synthegradase can affect both transcrip-
tion and mRNA degradation, which otherwise would require at least
two independent mutations (see also [73]).

8. Concluding remarks

Coupling between transcription and translation is one of the
known hallmarks of prokaryotic organisms. This coupling involves
physical interaction between the two machineries, which is vital for
both proper transcription and translation [74–76]. When the first eu-
karyotes evolved, this kind of physical interaction was interrupted by
the nuclear envelope that separated transcription in the nucleus from
the post-transcriptional stages in the cytoplasm. Here we have
discussed works showing that the coupling has been preserved, but
the mechanism has changed. Conservation of coupling raises the pos-
sibility that the cross talk between transcription and mRNA transla-
tion and decay is vital for any organism.
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