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The control of elongation by the yeast Ccr4-Not complex
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Abstract

The Ccr4-Not complex is a highly conserved nine-subunit protein complex that has been
implicated in virtually all aspects of gene control, including transcription, mMRNA decay and
quality control, RNA export, translational repression and protein ubiquitylation. Understanding its
mechanisms of action has been difficult due to the size of the complex and the fact that it regulates
mRNAs and proteins at many levels in both the cytoplasm and the nucleus. Recently, biochemical
and genetic studies on the yeast Ccr4-Not complex have revealed insights into its role in
promoting elongation by RNA polymerase Il. This review will describe what is known about the
Ccr4-Not complex in regulating transcription elongation and its possible collaboration with other
factors traveling with RNAPII across genes.
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Introduction

The Ccr4-Not complex was discovered in budding yeast and it is composed of nine “core”
subunits: Not1, Not2, Not3, Not4/Mot2, Not5, Caf130, Caf40, Pop2/Cafl, and Ccr4 [1-3].
A larger version of the complex (>1.9 MDa) was identified by crude fractionation schemes
of whole cell extracts on size exclusion columns that may contain Dhhl, Dbf2, Caf4, Caf16,
and Btt1 in addition to the core subunits [4-7]. It is still unclear if the >1.9 MDa complex is
a distinct entity since highly purified Ccr4-Not only contains the nine core subunits. The
complex is conserved among eukaryotes, and metazoans contain multiple isoforms of the
corresponding yeast subunits [1-3, 8, 9]. Human Ccr4-Not elutes at a molecular weight of
~1.0 MDa, but a >1.9 MDa version was detected also [9, 10]. The larger version of the
human complex has not been characterized, and the predominant form is the smaller core
complex.

Ccr4-Not was first considered a regulator of TFIID and transcription initiation, which was
supported by a plethora of genetic, function and physical interactions with initiation factors
(reviewed in [2, 3, 8]). For years, the only known function of Ccr4-Not was controlling
transcription initiation. However, two groups made the surprising discovery that Ccr4 and
Pop2/Caf1l are the major cytoplasmic mMRNA deadenylases [11-13]. This was followed
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shortly after by studies confirming that this function is conserved in metazoans [14-16].
Now, new lines of evidence suggest it may play roles in controlling chromatin
modifications, elongation, RNA export, nuclear mRNA surveillance, transcription coupled
repair, translation and protein degradation (for review see [1, 2]). Remarkably, Ccr4-Not has
been tied to just about every step in the regulation of a gene product, from mRNA synthesis
to protein destruction. It is still not clear if Ccr4-Not is directly involved in all of these
processes, however. Here, | will discuss its role in regulating different aspects of elongation
and summarize known genetic and physical interactions that suggest it exists as a component
of RNAPII elongation complexes in cells.

Genetic evidence for Ccr4-Not’s function in transcription elongation

The involvement of Ccr4-Not in the process of elongation emerged from genetic and
phenotypic analysis of Ccr4-Not mutants by Clyde Denis and colleagues. Strains harboring
mutations in CCR4, NOT1, NOTZ2, NOT4and NOT5 were sensitive to the elongation
inhibitors 6-azauracil (6-AU) and mycophenolic acid [17]. The sensitivity of mutants of
complex subunits has been confirmed by others [18, 19]. Importantly, mutations in Xrnl or
exosome subunits, the major exonucleases used in mMRNA decay, do not result in sensitivity
to elongation inhibitors, suggesting that impaired mRNA decay does not account for the
phenotype [17].

Sensitivity to elongation inhibitors is not considered sufficient evidence for impaired
elongation because mutants in many genes not involved in transcription are sensitive to
these drugs [20, 21]. Genetic interactions with known elongation factors, combined with
drug sensitivity can make a compelling case for a gene’s function in elongation. Many
elongation factor mutants have weak phenotypes on their own, but display lethality or
enhanced phenotypes in combination with mutations in other elongation factors [22]. For
simplicity, this will be referred to below as synthetic lethal interactions. Ccr4-Not mutants
show synthetic lethal interactions with mutants of the elongation factors Paflc, FACT
(SPT16), TFIIS (DST1I), Burl/2 kinase and DSIF (SP74and SPT5) [17, 19, 23-25].
Furthermore, mutants of RNAPII, such as 7pb9A and elongation deficient alleles of the two
large subunits, RPB1 and RPBZ, also display synthetic lethal interactions with Ccr4-Not
mutations [17](Libert and Reese, unpublished). Furthermore, deleting CCR4 suppressed a
cold sensitive allele of SPT5, spt5-242[17]. The spt5-242allele is unique in that it is
suppressed by mutations in RNAPII and DST71 (TFIIS) that impede the rate of elongation
[26]; thus, the suppression of the spt5-242allele by deleting CCR4 implies Ccr4-Not
promotes elongation /in vivo.

Evidence for arole in promoting elongation in vivo

The role of Ccr4-Not in elongation has been examined only in budding yeast up to this
point. Saccharomyces cerevisiae has small intron-less genes, compared to their metazoan
counterparts, making it difficult to detect elongation defects at natural loci in living cells. To
overcome this, reporter gene assays for measuring elongation were developed. Based on the
premise that transcription through long-GC-rich regions is particularly sensitive to
perturbations in the elongation process, the gene length-dependent accumulation of mMRNA,
or GLAM assay, was developed [27]. Another assay to detect elongation defects that has
gained popularity in the field uses a long yeast gene driven by the GAL1 promoter, GAL 1p-
YLR454w[28]. RNAPII density is monitored by chromatin immunoprecipitation (ChIP)
across the reporter under steady state (galactose) conditions and temporally after repression
of the promoter by the addition of dextrose. Monitoring the “last wave” of RNAPII across
the gene gives an estimation of elongation rate. However, a word of caution about relying
only on these reporter assays is that both of these systems are not fool proof as mutation of

Biochim Biophys Acta. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Reese

Page 3

some known elongation factors, such as TFIIS, do not display altered GLAM ratios or
altered RNAPII density at GALIp-YLR454w.

Using the GLAM assay, Aguilera and colleagues identified multiple Ccr4-Not complex
mutants with altered GLAM ratios [18], suggesting an elongation defect. The GC-rich
regions contained in the GLAM reporter genes impede elongation by forming R-loops,
regions of RNA-DNA hybrids that occur during transcription [29-32]. Mutations in factors
traveling with RNAPII during elongation, such as Hprl and other subunits of the TRO/
TREX and Paflc complexes show impaired elongation through these reporters similar to
Ccr4-Not mutations [18]. As will be discussed below, Ccr4 co-purifies with Hprl and Paflc
subunits [24]. The THO/TREX complex is believed to suppress R-loop formation by
binding to the transcript or assembling hnRNPs onto the RNA, and thus, preventing the
RNA-DNA hybrids from forming [31]. Since Ccr4-Not binds to the transcript in elongation
complexes [33], it is possible that Ccr4-Not promotes elongation through GC-rich regions
by preventing R-loop formation during transcription. R-loop formation during transcription
causes a phenomenon called transcription-associated recombination, TAR [30]. Mutation of
genes suppressing R-loop formation during transcription show a hyperrecombination
phenotype, including Paflc and Hprl mutants; however, deleting CCR4 did not cause a
hyperrecombination phenotype [24]. This might suggest that Ccr4-Not is not required to
prevent the formation of R-loops during transcription. However, R-loop formation in Ccr4-
Not mutants should be examined directly to determine if the impaired elongation in Ccr4-
Not mutants is caused, at least in part, by R-loop formation.

Evidence for a role of Ccr4-Not in elongation comes from the analysis of RNAPII density
across genes. Ccr4-Not mutants ccr4A, dhh1A (associates with Ccr4-Not complex) and
not4A displayed a shift in RNAPII density across the GAL 1p- YL R454w reporter gene
consistent with an elongation defect [33]. RNAPII density was significantly higher at the 3’
end of the gene in the steady state, suggesting a piling up of RNAPII at the 3" end. In
addition, the last wave of RNAPII cleared the gene after transcriptional repression more
slowly in Ccr4-Not mutants. This suggests that Ccr4-Not is required to promote RNAPII
transcription through natural blocks in elongation. An important question is if the increase in
RNAPII over the 3" end of GAL 1p-YLR454w is unique to the reporter gene or is prevalent
throughout the genome. Evidence for the latter was provided by Chavez and colleagues who
monitored RNAPII density across the open reading frame of 377 yeast genes in elongation
factor mutants. Using a combined transcription run-on-DNA macroarray technique they
found a modest, but statistically significant, accumulation of run-on signal at the 3" ends of
genes in a ccr4A mutant [34]. This indicates that RNAPII accumulated at the 3" ends of
genes in this mutant. In contrast, a significant difference in RNAPII density in the not5A
mutant was not observed. The reason for the difference between the ccr4A and not5A
mutant is not clear. Nonetheless, this study, like the reporter gene assays, suggests that Ccr4-
Not affects the elongation of RNAPII /n vivo.

Physical interaction with RNAPII during elongation

Ccr4p was found to co-purify with RNAPII, Hprl and subunits of the Paflc complex in
crude extracts on GST-Cdc73 and GST-Pafl beads [24]. This was initially thought to be a
distinct form of RNAPII that lacked mediator. However, an alternative interpretation is that
these subcomplexes or individual interactions may have arisen from fragmenting native
elongation complexes. Most notably, other subunits of the Ccr4-Not, such as the NOT
proteins, did not copurify with Paflc and Hprl. Nonetheless, this was an important
observation because it suggested that Ccr4-Not components bind to Paflc and other
elongation factors. The interaction between Ccr4-Not and RNAPII was revisited recently.
Multiple Ccr4-Not subunits and Dhh1 was shown to immunoprecipitate with RNAPII in an
RNA-independent manner [33]. The binding of Dhh1 to RNAPII required an intact Ccr4-
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Not complex, because the interaction was lost in extracts from Ccr4-Not mutants.
Furthermore, the form of RNAPII co-immunoprecipitated with Ccr4-Not was distinct from
the version described by Chang and colleagues that contained Hprl and Paflc subunits,
because deleting two integral subunits of the Paflc complex [25], Cdc73 and Pafl, did not
affect the interaction between Ccr4-Not and RNAPII [33]. These results reinforced the
notion that the Ccr4-Not complex, and not just Ccr4, interacts with RNAPII in solution.

Co-immunoprecipitation studies indicate that Ccr4-Not co-purifies with RNAPII in crude
extracts, but this does not mean the interaction is direct. In addition, interaction in solution
does not mean that it can bind RNAPII assembled into elongation complexes (ECs). Kruk
and colleagues used a strategy to prepare radiolabeled ECs from highly purified yeast
RNAPII to show that Ccr4-Not directly interacted with functional elongation complexes
[33]. The interaction was not dependent on nucleic acids, because Ccr4-Not could not bind
to ECs built from Drosophila or archeal RNAP. This suggests that that Ccr4-Not is making
direct contact with subunits of RNAPII.

The next question is what features of RNAPII recruit Ccr4-Not into the EC. Many factors
that associate with RNAPII during elongation do so by binding the carboxy-terminal domain
(CTD) of the large subunit. However, using a strain co-expressing a CTD-less version of
Rpb1l, it was shown that the CTD is not required for the interaction [33]. An attractive
candidate to consider is the Rpb4/7 module of RNAPII. Ccr4-Not and rpb4A mutants share
many phenotypes, such as stress sensitivity, 6-AU sensitivity, impaired transcription through
long GC-rich genes (GLAM phenotypes), impaired transcription coupled (TCR) repair and
reduced deadenylation and decay of mRNAs (for review see [2, 35]). Furthermore, evidence
is mounting that Rpb4/7 is important for linking the processes of MRNA synthesis and
decay [36-38]. Initially, the involvement of the Rpb4/7 module in the association between
Ccr4-Not and RNAPII was addressed in a crude manner by analyzing the ability of Ccr4-
Not to co-immunoprecipitiate with RNAPII in an rpb4A strain, which suggested that contact
with the Rpb4/7 module is not important for its association with polymerase [33]. However,
it is possible that Rpb7 associates with RNAPII in crude extracts in r0b4A mutant [39] or
that contacts with the Rpb4/7 module is more important for recruiting Ccr4-Not into ECs but
not for their interaction in solution. The requirement for the Rpb4/7 module was revisited
recently in a more sophisticated way. The ability of Ccr4-Not to bind to elongation
complexes (ECs) formed from highly purified RNAPII lacking the Rpb4/7 module was
examined using a gel mobility shift assay, and the results indicate that the Rpb4/7 module is
required for the stable association of Ccr4-Not with the EC (Babbarwal and Reese,
unpublished). The involvement of Rpb4/7 in recruiting Ccr4-Not into the EC is further
suggested by the observation that a subunit of Ccr4-Not crosslinks to the transcript within
the EC [33]. The Rpb4/7 module is located near the RNA exit channel and Rpb7 crosslinks
to RNA [40-42]. This places Ccr4-Not and Rpb4/7 in close proximity to each other in the
EC. This interesting connection between Ccr4-Not and the Rpb4/7 dimer may provide a
mechanism for how the synthesis and decay of mRNAs are linked [36, 38, 43].

Ccr4-Not subunits are recruited to transcriptionally active genes, suggesting their direct
involvement in the transcription process [19, 33, 44, 45]. At PYKZ1 and ARG, recruitment
was observed over the promoter or UAS regions [19, 44]. In the latter case, it was proposed
that the activator Gen4 recruits Cerd-Not, because Ccr4-Not subunits were retained from
cell extracts on GST-Gcn4 affinity columns [44]. On the other hand, Ccr4-Not crosslinks
strongly to the open reading frame of the GALZ and RNR3genes, but not to the upstream
regulatory regions, suggesting its recruitment is dependent on RNAPII and not the activators
that bind upstream of the start site of transcription [33]. The model that RNAPII recruits
Ccr4-Not to genes is consistent with the ability of Ccr4-Not to bind functional ECs in vitro.
In the case of RN/R3, it was uniformly recruited across the ORF and did not display obvious
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polarity that would indicate it is preferentially recruited by a specific form of modified
RNAPII that is generated during the “elongation cycle”. It is possible that Ccr4-Not can be
recruited to genes by both activators and RNAPII elongation complexes in a gene specific
manner. However, a ChIP-seq study concluded that Ccr4-Not is crosslinked to the open
reading frames of genes similar to other elongation factors on a genome-wide scale [45].
Thus, the localization of Ccr4-Not across genes is consistent with it acting in elongation and
its recruitment to genes is likely due to a direct interaction with RNAPII or other factors in
the elongation complex.

RNAPII is sufficient to recruit Ccr4-Not into ECs /n vitro [33]. However, this does not
preclude the possibility that other elongation factors affect its recruitment to actively
transcribed genes in cells. As discussed above, Ccr4 copurified with subunits of the Paflc
and THO/TREX complexes [24]. Furthermore, a two hybrid screen using a fragment of Ccr4
as bait identified Spt5 as an interacting protein, and a direct interaction between purified
Spt5 and Ccr4 and Cafl/Pop2 was observed [46]. Spt4/5 (DSIF) is known to serve as
platform to recruit many RNA processing factors to the EC during transcription (for review
[47]). In addition, it has been implicated recently in recruiting RNA binding proteins during
transcription, potentially “marking” mRNAs for control in the cytoplasm [48]. Ccr4-Not has
functions in the nucleus and cytoplasm, and it has been proposed that it marks mRNAs for
future regulation in the cytoplasm [2, 35]. Thus, the idea that Spt4/5 participates in the
loading of Ccr4-Not onto genes is worth considering.

An interesting genetic connection between Not4 and Spt5 can be made through the Burl/2
kinase. Burl/2 phosphorylates Spt5 [49-51] and Not4 and Burl/2 function in parallel
pathways to regulate stress resistance and histone H3 K4 methylation [19, 49]. Even though
Not4 is a phosphoprotein, this connection does not involve Burl/2-dependent
phosphorylation of Not4; thus, additional biochemical and molecular analysis will be
necessary to reveal the nature of the interactions between Not4, Burl/2 and Spt5.

Direct biochemical evidence suggests Ccr4-Not prevents arrest or reactivates backtracked
RNAPII complexes

Studies utilizing the ChIP assay indicate that many protein complexes track with RNAPII
across genes /n vivo. Only a subset of these directly affect RNAPII elongation, while others
may be involved in modifying chromatin, RNA processing, packaging the RNA into mRNPs
and export. Dissecting the contributions of these proteins in elongation control is not trivial,
but the development of biochemical assays to study elongation is starting to provide the
means to do so. Affinity purification strategies, such as tandem-affinity purification (TAP-
tag), have facilitated biochemical studies on elongation by providing a method to easily
isolate highly purified factors from source. Using a simplified biochemical elongation
system, a case has been made that Ccr4-Not is a direct regulator of RNAPII elongation. The
addition of Ccr4-Not rescued backtracked RNAPII arrested at the end of a G-less cassette
[33]. Interestingly, by changing the order of addition of various reaction components, the
authors provided evidence that Ccr4-Not had no detectable effect on the transcription rate of
unarrested RNAPII, suggesting that it specifically acts on arrested complexes. However, it is
possible that Ccr4-Not has a subtle affect on the elongation rate of RNAPII that was not
detected under the experimental conditions utilized in that study.

The ability of Ccr4-Not to rescue backtracked RNAPII complexes is similar to that of the
well-studied elongation factor TFIIS. Backtracking causes the displacement of the 3" OH
group on the growing RNA chain out of the active site of RNAPII, causing it to thread into
the secondary channel or “funnel”’[52]. TFIIS reactivates backtracked complexes by
inserting its acidic C-terminal domain into the secondary channel, stimulating the intrinsic
nucleolytic activity of RNAPII and causing the removal of the displaced RNA strand [22,
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52, 53]. The most straightforward mechanism of action of Ccr4-Not would be to stimulate
transcript cleavage like TFIIS. However, this appears not to be the case. Instead, a model
was proposed where Ccr4-Not realigns the 3" end of the RNA into the active site by
trapping the transient forward excursions of RNAPII over the arrest site by reiterative
rounds of transcript release and binding. The binding of Ccr4-Not to the transcript restricts
the movement of the RNA through the exit channel, moving RNAPII forward in a ratchet-
like motion (Figure 1). This model was supported by two observations. The first is that
crosslinking studies showed that a subunit of Ccr4-Not binds to the transcript in the EC. The
second is that the ability of Ccr4-Not to rescue backtracked RNAPII was dependent upon
the length of the transcript, suggesting that reducing the contact between Ccr4-Not and the
transcript impaired the reactivation of the arrested RNAPII.

While engaging the transcript is an attractive model for how Ccr4-Not reactivates
backtracked complexes, other actions on the ECs cannot be ruled out. Ccr4-Not could
change the structure of RNAPII into a form that favors forward translocation. It was noted
that the addition of Ccr4-Not to ECs increased the crosslinking of Rpb1 to the transcript.
Whether or not the increased crosslinking of Rpb1 in this assay reflects a conformational
change in RNAPII that enhances its association with the transcript remains to be seen. There
is still much to be learned about how Ccr4-Not affects the RNAPII ECs. Nonetheless, Ccr4-
Not joins a surprisingly small number of putative elongation factors that has been shown to
directly stimulate elongation, especially those capable of rescuing arrested RNAPII
complexes.

Ccr4-Not regulates histone H3 K4 methylation through Jhd2

The Ccr4-Not complex has been connected to the process of elongation through histone H3
K4 trimethylation (H3 K4me3). H3 K4me3 is a co-transcriptional modification that
correlates with transcription levels and it is considered a signature of transcription
elongation [54, 55]. The Timmer’s group first reported that deletion of NOT group genes,
especially NOT4, led to global reductions in H3K4me3 [19]. This was shortly followed by
another story published by the Strahl group, which also linked the proteasome to the Ccr4-
Not complex [56]. Earlier biochemical studies determined that the Ccr4-Not complex is
modular, separated into the “Ccr4-group” of genes, defined as CCR4and CAF1, and the
“Not-group” (for review see [3, 57]). Interestingly, the reduction in H3K4me3 is a
phenotype specific to the NOT group mutants, because deleting CCR4 or CAF1 did not
reduce H3K4me3 [19]. This also suggests that the reduced histone methylation in the not4A
mutant is not the result of impaired deadenylation and mRNA decay because Ccr4 is the
catalytic subunit required for the mRNA decay functions of Ccr4-Not. Importantly, evidence
was provided that deleting NOT74 did not affect the levels of the subunits or activity of
COMPASS, the H3 K4 histone methyltransferase complex in yeast [19, 56].

Both groups proposed different mechanisms for how Ccr4-Not regulates H3 K4me3.
Timmers and colleagues attributed the H3K4me3 defect to reduced Paflc recruitment and
histone H2b ubiquitylation (H2b-Ub), a prerequisite for transcription-linked histone
modifications [19]. On the other hand, the Strahl group did not observe reduced Paflc
recruitment and, if anything, slightly increased H2B-Ub levels in a not4A mutant [56].
Instead, they attributed the regulation of H3K4me3 by Ccr4-Not to its association with the
proteasome. The proteasome had previously been suggested to regulate H3K4me3 [58]. The
regulation of H3 K4me3 by Ccr4-Not thorough the Paflc complex is consistent with
physical and genetic interactions between the Ccr4-Not and Paflc complex subunits, but
contrary to the result that NOT mutants do not display defects in H3 K79 methylation,
which is also dependent upon Paflc and H2B-Ub. The differences between the two studies
have not been resolved.
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While the aforementioned mechanisms cannot be ruled out, a very attractive model has
emerged recently for how Not4 regulates H3 K4me3 through protein destruction. Not4 is an
E3 RING-domain ubiquitin ligase [59-62]. The E2 enzymes that function with Not4 are
Ubc4 and Ubc5, which appear to function redundantly [61]. Only a few substrates of Not4
are known, but include the transcriptional activator Yapl, cyclin C (Srb 11 mediator
subunit), DNA polymerase alpha, NAC and Jhd2 [2, 59, 63-66].

Jhd2 is the only known H3 K4me3-specific histone demethylase in yeast [67-69]. Strong
genetic and biochemical evidence indicates that Ccr4-Not, especially Not4, controls H3
K4me3 by regulating the stability of Jhd2 [59, 70]. Jhd2 levels increased in a not4A mutant,
resulting in enhanced demethylation of H3 K4me3. This mechanism was supported by the
genetic observation that deleting JHDZ suppressed the reduced methylation in a not4A
background [59]. Mersman and colleagues showed that human Not4, CNOT4, can
polyubiquitylate JARID1C, the human version of Jhd2 [59], indicating that this function is
conserved in eukaryotes. Using a mutant of Not4 lacking the entire RING domain (not4-
RINGA), it was determined that the regulation of H3K4me3 and Jhd2 turnover requires the
RING domain, and thus, its E3 ubiquitin ligase activity [56, 59]. However, another study
reported that a strain containing a single point mutant in the RING domain of Not4 (L35A)
did not display reduced H3K4me3 levels like a not4A or a not4-RINGA mutant [61]. The
first thought one might have is that the single mutation did not destroy ubiquitin ligase
activity. However, the single point mutation abolished the interaction between Not4 and the
E2 ligases Ubc4 and 5 in a two-hybrid assay and inactivated the auto-ubiquitylation activity
of Not4 [61]. The L35A allele displays weaker phenotypes compared to those of the deletion
mutation, and a plausible explanation for this is that the L35A mutation is a hypomorphic
allele that retains some functions in cells. On the other hand, deleting the entire RING
domain could impact more than the ubiquitin ligase activity of Not4. The differences
between the RING deletion and point mutants should be examined further. Nonetheless,
there is solid evidence that Ccr4-Not regulates elongation-linked histone modifications by
regulating Jhd2 stability.

Since Ccr4-Not associates with elongating RNAPII [33], it may ubiquitylate and destroy
Jhd2 locally during transcription (Figure 2). This would increase H3 K4me3 levels and
promote the recruitment of factors that recognize the trimethyl lysine modifcation. The role
of H3 K4me3 in yeast is still not clear, although it correlates with transcription levels (for a
recent review see [71]). Therefore, it is difficult to predict the consequences of the increased
H3 K4me3 resulting from Jhd2 destruction.

It should not be overlooked that Not4 has substrates other than Jhd2 and may target other
proteins for destruction during transcription. For example, the stress-induced destruction of
cyclin C (Srb11), a subunit of the mediator, requires Not4 [65]. An interaction between
Cdk8/CycC (Srb10/11) and Ccr4-Not has been described [6]. Recently, mediator has been
shown to participate in elongation in yeast and metazoans [72, 73]. Thus, the ability of Not4
to target CycC may have consequences on elongation. Furthermore, since Ccr4-Not is
required to activate arrested RNAPII and has an undefined role in transcription-coupled
repair [18, 33], Not4-dependent ubiquitylation may be involved in these processes too. It
would be interesting to test if Not4 can ubiquitylate RNAPII or other elongation factors in
response to cellular stress.

Conclusions

Ccr4-Not displays many genetic and physical interactions with a number of elongation
factors (see above and [1, 2]). The next challenge is to untangle the genetic interactions and
confirm that the physical associations are functionally relevant. Many of the interactions that
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have been described between Ccr4-Not and subunits of known elongation and mRNA
processing factors may originate from their residence within a large super-elongation
complex transcribing across genes with RNAPII. Other interactions, such as those with
hnRNPs and nuclear pore complex protein, may represent transient interactions between
Ccr4-Not, RNAPII and the machineries that package mRNA for export into the cytoplasm
[74, 75]. 1t will be especially difficult to trace back the network of the interactions between
Ccr4-Not and other elongation factors in cells. The predominant approach used in the field is
to examine the recruitment of a particular protein to genes using ChiIP in a mutant of another
elongation factor. However, most of these mutations reduce RNAPII levels at genes and it is
difficult to determine if the loss of Ccr4-Not recruitment is due to absence of a particular
elongation factor or reduced RNAPII. Reconstitution assays using purified factors will be
required to address these questions. But even here, the challenge will be to resolve and
isolate huge macromolecular machineries formed from large multi-subunit complexes.

Based on the observations that Ccr4-Not rescues arrested RNAPII /n vitro and mutants of
the complex show impaired elongation /n vivo, it seems feasible that Ccr4-Not is required to
prevent elongation arrest across genes, especially at nucleosomes. Application of a novel
nascent transcript sequencing (NET-Seq) method confirmed biochemical studies indicating
that the nucleosome is a major barrier causing transcription arrest in cells [76, 77].
Furthermore, it was shown that preventing RNAPII backtracking by hybridizing an
antisense oligonucleotide to the emerging transcript promoted transcription through a
nucleosome [77]. The RNA-DNA duplex prevented the movement of the RNA transcript
from threading back into RNAPII. The binding of Ccr4-Not to the transcript (see above)
would likewise prevent the RNA from being threaded into the exit channel and prevent
backtracking or favor forward translocation of RNAPII in a similar fashion.

If Ccr4-Not is required to resume RNAPII elongation after nucleosome-induced arrest, a
model can be constructed to connect its regulation of H3 K4me to its ability to transcribe
through nucleosomes. H3 K4me stimulates the recruitment of the ATP-dependent chromatin
remodeler Isw1 to genes, and Iswl remodels nucleosomes within the coding region during
elongation [78-81]. As the EC containing Ccr4-Not and RNAPII encounters a nucleosome,
Not4 ubiquitylates Jhd2. Ubiquitylation of Jhd2 leads to its destruction and results in
increased H3 K4me3 in the region. This in turn, recruits the Iswl complex, or another
transcription factor complex, to the nucleosome to promote remodeling. Ccr4-Not remains
engaged with the transcript in the EC to promote resumption of elongation after the
nucleosome has been remodeled or removed (Figure 2).
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Figure 1. Ccr4-Not rescues RNAPI| from arrest

RNAPII in the productive elongation phase (A) encounters a block in transcription resulting
in backtracking (B). RNAPII undergoes transient forward excursions over the arrest site,
causing movement of the transcription bubble and the threading of RNA out of the exit
channel (C). Reiterative transcript binding and release by Ccr4—Not causes realignment of
the 3" end of the RNA into the active site and promotes the resumption of elongation (D).
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Figure 2. Ccr4-Not promotes transcription through nucleosomes by regulating histone
modifications and rescuing arrested RNAPI|

The elongation complex encounters a nucleosome with low H3 K4me3 levels caused by the
presence of Jhd2. Jhd2 is polyubiquitylated by Not4 and ultimately destroyed by the
proteasome. This leads to an increase in H3K4me3 and recruitment of nucleosome
remodeling activities, removing the nucleosomal barrier. The collision of RNAPII with the
nucleosome caused backtracking, which is then relieved by Ccr4-Not.
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