RNA Biology 9:8, 1033-1038; August 2012; © 2012 Landes Bioscience

POINT-OF-VIEW

Role of Ser7 phosphorylation of the CTD during transcription of

snRNA genes

Sylvain Egloff***

'Université de Toulouse; UPS; Laboratoire de Biologie Moléculaire Eucaryote; Toulouse, France; *°CNRS; LBME; Toulouse, France.

Keywords: carboxyl-terminal domain,
transcription, RNA polymerase II,
snRNA genes, RNA processing, CTD
phosphatase

Submitted: 03/31/12

Revised: 06/13/12

Accepted: 06/19/12
http://dx.doi.org/10.4161/rna.21166

*Correspondence to: Sylvain Egloff;
Email: sylvain.egloff@ibcg.biotoul fr

www.landesbioscience.com

he largest subunit of RNA poly-

merase (pol) II, Rpbl, contains
an unusual carboxyl-terminal domain
(CTD) composed of consecutive repeats
of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-
Ser (Y,S,P,T,S.PS ). During transcrip-
tion, Ser2, Ser5 and Ser7 are subjected
to dynamic phosphorylation and dephos-
phorylation by CTD kinases and phos-
phatases, creating a characteristic CTD
phosphorylation pattern along genes.
This CTD “code” allows the coupling
of transcription with co-transcriptional
RNA processing, through the timely
recruitment of the appropriate factors
at the right point of the transcription
cycle. In mammals, phosphorylation
of Ser7 (Ser7P) is detected on all pol
II-transcribed genes, but is only essen-
tial for expression of a sub-class of genes
encoding small nuclear (sn)RNAs. The
molecular mechanisms by which Ser7P
influences expression of these particu-
lar genes are becoming clearer. Here,
I discuss our recent findings clarify-
ing how Ser7P facilitates transcription
of these genes and 3' end processing of
the transcripts, through recruitment of
the RPAP2 phosphatase and the snRNA

gene-specific Integrator complex.
Introduction

The carboxyl-terminal domain (CTD) of
the largest subunit of RNA polymerase
(pol) II is a flexible, unstructured exten-
sion of the enzyme, composed of a tan-
demly-repeated motif with the consensus
Tyr -Ser,-Pro,-Thr,-Ser -Pro-Ser,. ~ The
number of CTD repeats correlates with
genomic complexity and varies from 26
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in yeast to 52 in humans."? The CTD
plays a major role in coupling transcrip-
tion with nuclear processes such as RNA
processing and chromatin modification.?
It acts as a scaffold that coordinates the
recruitment of numerous factors required
during the transcription cycle. Each resi-
due within the CTD motif is subject to
post-translational modifications: tyro-
sine, threonine and serine residues can be
phosphorylated and cis-trans isomerisa-
tion of proline residues can occur. These
modifications can be read as a “code” that
dictates the association of the appropriate
factors with the transcription machin-
ery.’” Phosphorylation of Ser2 and Ser5
residues is the best characterized CTD
modification and has been shown to
directly influence the binding and release
of pol Il-associated factors. On protein-
coding genes, Ser5P is highly enriched at
promoter-proximal regions, while Ser2P
levels increase toward 3' end of genes.* In
the body of the gene, these two modifi-
cations are thought to co-exist, yielding a
CTD containing both Ser2P and Ser5P.
A complicated interplay between kinases
and phosphatases generates this charac-
teristic CTD phosphorylation pattern
along genes.”® CDK7/Kin28 places the
Ser5P mark early in transcription, where it
facilitates the recruitment of the capping
enzyme. Later in the transcription cycle,
pol II becomes phosphorylated on Ser2 by
the action of two distinct kinases: Ctdkl
and Burl in yeast, Cdk9 and the recently-
characterized Cdkl2 in mammals.’™"
Ser2P is thought to enhance co-tran-
scriptional splicing, chromatin modifica-
tion and 3'end processing of transcripts.
Since Ser5P levels peak at promoters, this
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mark is erased through dephosphoryla-
tion during transcription. Rerl and Ssu72
in yeast, RPAP2 and SCPI in mammals
are the major Ser5 phosphatases.'*” The
exact point of the transcription cycle at
which each of these phosphatases acts and
the relative contribution they make to
global Ser5 dephosphorylation remain to
be further investigated. Level of Ser2P is
modulated at the end of the transcription
unit by the evolutionarily-conserved Fepl
phosphatase, and global CTD dephos-
phorylation is a prerequisite for pol II ini-
tiating another round of transcription.**
In addition to Ser2P and Ser5P, phos-
phorylation of Thr4 has been detected on
pol Il-transcribed genes. First described
as required for 3'end processing of his-
tone transcripts in chicken,'® Thr4P has
recently been shown to be enriched at the
3'end of most human genes and is neces-
sary for efficient transcription elongation."”
Finally, Ser7 of the CTD is also
phosphorylated during transcription.'®
Although readily detected on protein-
coding genes, its role on these genes
remains poorly understood, since none
of the analyzed genes was significantly
affected by mutation of Ser7 in alanine.
However, this mutation drastically affects
expression of the class of pol II-transcribed
genes encoding small nuclear (sn)
RNAs, which includes the Ul and U2
snRNA.” Compared with
pol Il-transcribed genes, snRNA genes
differ in term of structure, length and
the nature of RNA processing signals.?®
snRNA genes have specialized TATA-less
promoters and snRNA transcripts are nei-
ther spliced nor polyadenylated, unlike
most pre-messenger (m)RNAs. Instead
of the polyadenylation signal found in
protein-coding genes, snRNA genes con-
tain a conserved 3' box element, located
downstream of the snRNA-encoding
region. The 3'box is recognized by the
Integrator complex, a snRNA-specific
multi-subunit complex recruited specifi-
cally to snRNA genes and required for
3' end cleavage of primary transcripts to
give pre-snRNA.?’ Mutational analysis
of the CTD demonstrated that, in addi-
tion to Ser2P and Ser5P, Ser7P is required
for proper snRNA genes expression.?
How does Ser7P specifically influence
transcription by pol II in a gene-specific

“classical”
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manner? The recent characterization of a
new Ser7P-interacting protein fills another
gap in our understanding of the molecu-
lar mechanisms underlying the role of
Ser7 of the pol IT CTD in expression of
snRINA genes.

Dynamic Phosphorylation
of Ser7 During Transcription

Ser7P is readily detected on both protein-
coding genes and snRNA genes in human
and yeast cells.'®*% In yeast, Ser7D is
placed early in transcription, like Ser5P,
and persists at robust levels over the whole
transcribed region.”” Higher levels of
Ser7P are detected on highly transcribed
genes and non-coding RNA  genes,
and enrichment in introns has been
detected.?? In mammals, the situation is
less clear, since only a few protein-coding
genes have been analyzed. As found in
yeast, Ser7 is detected across the tran-
scribed region but its level, relative to total
pol II, is higher at the 3'end of the B-actin
and TCRB genes.”®?® In contrast, Ser7P
peaks at the promoters of snRNA genes.*
This differential localization probably
reflects differences in the mechanics of
transcription of snRNA and protein-cod-
ing genes.

The kinases and  phosphatases
that establish the Ser7P profile on pol
II-transcribed genes in yeast have recently
identified. Kin28, the
responsible for Ser5 phosphorylation, is

been enzyme
also critical for placing the Ser7P mark
on the CTD.?¥? Accordingly, chemi-
cal inactivation of this kinase leads to a
drastic drop of both Ser5P and Ser7P at
the 5'end of genes. However, the level of
Ser7P within the body of the gene is unaf-
fected by Kin28 inhibition, suggesting
that Ser7P is placed anew during tran-
scription by another kinase. Indeed, the
Burl kinase also possesses Ser7 kinase
activity and appears to act on elongating
pol II at a later stage of transcription than
Kin28, as shown by chemical inactiva-
tion.” Cdk7, the equivalent of Kin28 in
mammals, is so far the only kinase proven
to be required for Ser7 phosphorylation
in vivo,?® but DNA-PK and P-TEFb have
been shown to phosphorylate Ser7 in
vitro.?*3° Importantly, substituting Ser7
by a phospho-mimic is lethal in yeast,
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suggesting that Ser7 needs to be dephos-
phorylated during the transcription
cycle?! In S.cerevisiae, Ser7P is erased at
the end of the transcription cycle by the
Ssu72 phosphatase,” which also dephos-
phorylates Ser5P. The other Ser5 phos-
phatase, RPAP2/R¢rl has no effect on the
level of Ser7P.!*% The human phosphatase
responsible for Ser7 dephosphorylation
has not been identified yet, but could be
human Ssu72.

Ser7P Recruits RPAP2
and the Integrator Complex
to snRNA Genes

Ser7 of the CTD is a key determinant for
expression of snRNA genes. Mutation of
Ser7 to alanine significantly affects the
level of transcription of the Ul and U2
genes, and also reduces the efficiency of the
3' end processing reaction.'” Which factor,
required for proper snRNA gene expres-
sion, recognizes the Ser7P mark on the pol
II CTD? Since mutation of Ser7 to alanine
has lictle effect on the expression of a range
of protein-coding genes, one would expect
a snRNA-specific factor to be recruited
through this mark to snRNA genes. The
best candidate was the Integrator complex,
since it had been reported to interact with
the CTD and was shown to be required
for snRNA 3'end processing.?’ Indeed,
mutation of Ser7 reduces the recruitment
of the Integrator catalytic subunit Intll
to snRNA genes, which readily explains
the defect observed in 3'end maturation
of transcripts.” However, the transcrip-
tional defect remained unexplained, since
siRNA-mediated knockdown of different
Integrator subunits failed to reproduce
the reduction in transcription of snRNA
genes."?

We recently demonstrated that Ser7P
is critical for the recruitment to snRNA
genes of another protein; RPAP2, the
counterpart of the yeast Rerl Ser5 CTD
phosphatase. Mutation of Ser7 to alanine
(S7A) abrogates interaction with RPAP2
in vitro and its recruitment to snRNA
promoters in vivo."? Importantly, RPAP2
knockdown largely recapitulates the effect
of Ser7 mutation on snRNA genes expres-
sion, with marked reductions in the pol II
transcription rate and 3'end processing.
Indeed, RPAP2 facilitates the recruitment

Volume 9 Issue 8

. Do not distribute

lI0Science

©2012 Landes B



of the Integrator complex to snRNA pro-
moters through a stable association with
a sub-complex of the Integrator contain-
ing most of the subunits, but not Intll.
Based on the high sequence similarities to
the CPSF73 and CPSF100 components
of the pre-mRNA cleavage complex,*"
Intll and Int9 are thought to form the
Integrator “catalytic core.” Chromatin

(ChIP)

ments suggest that the catalytic core is

immunoprecipitation experi-
recruited separately, at a later stage of
transcription.'” This hypothesis is further
supported by the fact that Intll requires
the CTD to be phosphorylated on both
Ser7 and on Ser2, which is an “elonga-
tion-associated” mark.*® In addition, Int9
and Intll are tightly associated within a
sub-complex.?"%

On the basis of these findings, I pro-
pose that phosphorylation of Ser7 by
Cdk7 initiates a cascade of reactions
leading to efficient snRNA gene expres-
sion (Fig. 1). RPAP2 is recruited through
direct interaction with the Ser7P mark,
and is required for Ser5P dephosphory-
lation, which is in turn required for effi-
cient transcription. RPAP2 also loads an
Integrator sub-complex onto snRNA pro-
moters, a step required for the subsequent
recruitment of the Integrator “catalytic
core” which matures the 3'end of snRNA
transcripts.

How is RPAP2 Recruited
to Protein-Coding Genes?

Ser7P is a key determinant of
RPAP2 recruitment to snRNA genes.
Importantly, RPAP2 is also detected on
protein-coding genes, where it likely plays
the same function as on snRNA genes.'?
However, RPAP2 is detected at the 5'end
of the B-actin gene whereas Ser7P peaks
at the 3' end.”® In addition, mutation of
Ser7 does not significantly affect recruit-
ment of RPAP2 to the B-actin gene,'”
likely explaining why Ser7 is dispens-
able for mRNA production. An impor-
tant question is what recruits RPAP2 to
protein-coding genes? I predict that a
distinct mechanism, based on additional
protein-protein interactions not estab-
lished on snRNA genes, compensates for
the loss of Ser7P on protein-coding genes.
Analysis of pol II and RPAP2-associated
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Figure 1. Differential recruitment of RPAP2 to snRNA and protein-coding genes. On snRNA genes,
RPAP2 is recruited through the pol I CTD phosphorylated on Ser7. RPAP2 association to snRNA
promoters facilitates the recruitment of the 3'end processing Integrator subcomplex. During
transcription, RPAP2 dephosphorylates Ser5 of the CTD, a step that might be required for efficient
transcription and subsequent recruitment of the ‘catalytic core’ of the Integrator complex. On
protein-coding genes, RPAP2 recruitment is independent of Ser7P and likely requires additional
protein-protein interactions. Recruitment through Mediator/TFIID complex (1) and RPRD proteins
(2) is proposed. Which CTD mark is required for binding the RPRD proteins is currently unknown.
Similarly to snRNA genes, Ser5 dephosphorylation by RPAP2 might facilitate transcription and

proteins by mass spectrometry could
provide important clues to the identity
of these potential bridging proteins.
For example, RPAP2-associated pro-
teins include several Mediator subunits
that could potentially facilitate RPAP2
recruitment to protein-coding gene
promoters.** Interestingly, our RPAP2
affinity-purification performed in HeLa
cells identified the TAF4 subunit of the
TFIID complex as one of the most sig-
nificant interactors."? This interaction
could specifically trigger RPAP2 recruit-
ment to protein-coding genes (Fig. 1), as
TAF4 is not found in the pre-initiation
complex formed on snRNA gene promot-
ers.” Other potential candidates are the
newly-discovered  RPRDI1A, RPRDI1B
and RPRD2 proteins, which are enriched
at the promoter region of protein-coding
genes and have been reported to interact
with both RPAP2 and the pol IT CTD.?¢
Importantly, overexpression of RPRD
proteins affects the phosphorylation state
of the CTD, and decreases the Ser5P
level on transcribing pol II, suggesting
that they might function as bridging pro-
teins necessary for RPAP2 recruitment
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to protein-coding genes (Fig. 1). Further
investigation will be required to under-
stand the precise role of these proteins in
RPAP2 recruitment. In particular, analysis
of the CTD mark required for recruitment
of RPRD proteins and their presence or
absence on snRNA genes would provide
useful information about the function of
RPRD proteins in pol II transcription.

Dephosphorylation of Ser5P
During Transcription, a Key Step
of Gene Expression?

Despite containing no previously-charac-
terized phosphatase domain, RPAP2, like
its homolog Rtrl in yeast, behaves as a
Ser5 CTD phosphatase.’* Rerl/RPAP2
depletion causes an increase in Ser5P
levels in whole cell extracts and on tran-
scribing pol II. In addition, Rerl/RPAP2
selectively removes Ser5 phosphate from
a phosphorylated CTD substrate in vitro.
Since RPAP2 and Rerl depletion leads to a
defect in transcription, reduction of Ser5P
levels shortly after initiation is likely to be
an important step during the transcrip-
tion cycle. Similarly, deletion of Ssu72,
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Figure 2. A specific machinery dedicated to snRNA genes transcription. snRNA gene-specific features at the different steps of the pol Il transcription

the other Ser5 phosphatase in yeast, also
affects transcription elongation.'>%

Why does Ser5P need to be dephos-
phorylated during early elongation? The
main function associated with Ser5P is the
recruitment of the capping enzyme to the
nascent RNA.** Once the RNA is capped,
removal of Ser5P might be necessary for
capping enzyme dissociation before elon-
gation resumes.”’ Accordingly, persistent
association of the capping enzyme with
the pol II machinery has been reported
to repress transcription.”” Alternatively,
repression of transcription after loss of
Ser5P de-phosphorylation might reflect
the inability of pol II to be recycled for
the next round of transcription. Yeast
strains deleted for either Rerl or Ssu72
also display defects in transcription ter-
mination.'"**' Ser5P phosphatase activities
might also be critical for 3' maturation of
transcripts, since in vitro data suggest that
Ser5P might interfere with recruitment
of processing/termination factors to the
3'end of genes. For example, Ser5P has a
negative impact on binding of the Intll
subunit of the Integrator complex to the
CTD,* and recruitment of the termina-
tion factors Rtt103/Pcf11 to protein-cod-
ing genes might also be affected.*4! In
accordance with this hypothesis, mutation
of all Ser5 of the CTD to the phospho-

mimic glutamic acid leads to drastic 3'end
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processing defects of transcripts from
snRNA

and to changes in alternative splicing.?

and protein-coding genes,"”

Taken together, these results suggest that
removal of phosphate by Ser5P phospha-
tases is crucial for transcription-coupled
RNA processing, termination and possi-
bly re-initiation.

A Specific Machinery Dedicated
to Transcription of shnRNA Genes

The critical functions associated with
Ser7P in expression of snRNA genes were
the first indication that the CTD could
display gene-specific features. The last sev-
eral years have highlighted other impor-
tant factors and regulatory mechanisms
unique to snRNA gene transcription that
are most likely critical to ensure a high
rate of transcription of these short genes
(Fig. 2). The promoter, which does not
contain a TATA box, is recognized by
a specific set of TBP-associated factors
(TAFs), devoid of TAF1, TAF10 and
TAF4,” as well as by the snRNA gene-
specific SNAPc/PTF transcription fac-
tor.” The 3'box is recognized by the
specialized multi-protein Integrator com-
plex;* the counterpart of the cleavage and
polyadenylation specificity factor (CPSF)
complex for protein-coding genes. The
whole transcription unit of snRNA genes
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displays a very low level of histones and is
devoid of a NELF-dependent elongation
checkpoint,® which likely explains why
transcription of these genes is insensitive
to P-TEFb inhibitors.”* However, P-TEFb
and Ser2P are still required for proper
processing of the pre-snRNA transcripts,
through recruitment of the Integrator
“catalytic core.”” A specialized elongation
complex, named the Little Elongation
Complex (LEC), is recruited to the
snRNA genes-encoding region.* In com-
parison to the Super Elongation Complex
(SEC) detected on protein-coding genes,*
the LEC contains two additional proteins,
Icel and Ice2, and lacks P-TEFb, suggest-
ing that differences in gene-type context
dictate how P-TEFb is recruited to genes.
The function of Ice proteins in snRNA
genes transcription remains to be fur-
ther investigated, as does the presence or
absence of other elongation factors neces-
sary for protein-coding genes expression.
Finally, the CTD phosphorylation pat-
tern on human snRNA genes contrasts
with that on protein-coding genes, with
lower levels of Ser2P*** and the highest
levels of Ser7P found close to the pro-
moter.”” Interestingly, it has recently been
shown that a single conserved arginine
(R1810) in the CTD can be methylated by
CARM1.% While this modification does

not affect protein-coding genes expression,
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it appears to be a general repressive mark

for snRNA gene expression. How and
when this modification restricts snRNA
transcription is currently unknown, but it

could, for example play a role in regula-

tion of snRNA expression during develop-

ment, since a recent study suggested that
expression of the U2 snRNA is spatially
and temporally regulated.” Undoubtedly,
snRNA genes will remain, in the near

future, a valuable model system for study-

ing and understanding transcriptional

regulation by pol IL.
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