The EMBO Journal (2012) 31, 2784-2797 | © 2012 European Molecular Biology Organization | All Rights Reserved 0261-4189/12

www.embojournal.org

THE

EMBO

JOURNAL

Threonine-4 of mammalian RNA polymerase Il CTD
is targeted by Polo-like kinase 3 and required

for transcriptional elongation

Corinna Hintermair'>,

Martin Heidemann'®, Frederic Koch?®,
Nicolas Descostes?, Marta Gut?, lvo Gut?,
Romain Fenouil?, Pierre Ferrier?,

Andrew Flatley*, Elisabeth Kremmer?,
Rob D Chapman’, Jean-

Christophe Andrau®* and Dirk Eick'*

'Department of Molecular Epigenetics, Helmholtz Center Munich,
Center of Integrated Protein Science (CIPSM), Munich, Germany,
2Centre d’Immunologie de Marseille-Luminy, Université Aix-Marseille,
Campus de Luminy, Marseille, France, *Centre Nacional D’Analisi
Genomica, Parc Cientific de Barcelona, Barcelona, Spain and
“Helmholtz Center Munich, Institute of Molecular Immunology,
Munich, Germany

Eukaryotic RNA polymerase II (Pol II) has evolved an
array of heptad repeats with the consensus sequence
Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser?7 at the carboxy-term-
inal domain (CTD) of the large subunit (Rpbl).
Differential phosphorylation of Ser2, Ser5, and Ser7 in
the 5’ and 3’ regions of genes coordinates the binding of
transcription and RNA processing factors to the initiating
and elongating polymerase complexes. Here, we report
phosphorylation of Thr4 by Polo-like kinase 3 in mamma-
lian cells. ChIPseq analyses indicate an increase of Thr4-P
levels in the 3’ region of genes occurring subsequently to
an increase of Ser2-P levels. A Thr4/Ala mutant of Pol II
displays a lethal phenotype. This mutant reveals a global
defect in RNA elongation, while initiation is largely
unaffected. Since Thr4 replacement mutants are viable in
yeast we conclude that this amino acid has evolved
an essential function(s) in the CTD of Pol II for gene
transcription in mammalian cells.
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Introduction

In eukaryotic cells, synthesis of mRNA and small nuclear
(sn)RNA is catalysed by the multi-subunit RNA polymerase II
(Pol II). The large subunit (Rpbl) of Pol II has evolved a
carboxy-terminal domain (CTD) containing tandem repeats
with the consensus sequence Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-
Ser7. The number of repeats varies with the complexity of
organisms from 26 in yeast to 52 in mammalian cells
(Phatnani and Greenleaf, 2006; Corden, 2007; Chapman
et al, 2008; Egloff and Murphy, 2008; Buratowski, 2009).
CTD is not part of the catalytic domain of Pol II but is
required for transcription of chromatin templates and
couples transcription with co-transcriptional processes as
mRNA capping (Viladevall et al, 2009; Cowling, 2010;
Ghosh et al, 2011), splicing (de la Mata and Kornblihtt,
2006; Munoz et al, 2010; David et al, 2011; de Almeida
et al, 2011), 3’ processing (Ahn et al, 2004; Egloff et al,
2007; Johnson et al, 2011), and export (Custodio et al, 2007;
MacKellar and Greenleaf, 2011). New findings implicate CTD
also in other nuclear processes such as chromatin
modification (Govind et al, 2010; Spain and Govind, 2011)
and transcription-coupled genome stability (Blazek et al,
2011). CTD undergoes continuous structural remodelling
during the transcription cycle, which allows the binding and
release of a multitude of factors and the coordination of various
co-transcriptional processes. The recruitment and release of
these factors to CTD is regulated by a complex interplay of
kinases and phosphatases that establish and erase specific
factor binding platforms in the course of the transcription
cycle. In principle, all three amino acids with hydroxy groups
(Ser, Thr, Tyr) in the heptad repeat can undergo modification by
phosphorylation. The placement and removal of phospho-
residues appears to be influenced by the isomeric state of the
two proline residues in each heptad repeat that can switch from
cis to trans isoforms with the help of peptidyl-propyl
isomerases (Singh et al, 2009; Werner-Allen et al, 2011).
Phosphorylation of serine residues is by far the best-
studied modification of CTD (for reviews, see Phatnani and
Greenleaf, 2006 and Egloff and Murphy, 2008). After binding
of Pol II to the promoter Ser5 is phosphorylated by the Cdk7
subunit (Kin28 in S. cerevisiae) of the transcription factor
TFIIH in a mediator-dependent manner (Boeing et al, 2010)
and subsequently essential for Pol II-Mediator dissociation
(Max et al, 2007). Ser5-P is later on required for recruitment
of the guanylyltransferase and 5 capping of the nascent
transcript (Cowling, 2010; Ghosh et al, 2011), but also
chromatin modifying and splicing factors (for review, see
Perales and Bentley, 2009). In yeast, specific inhibition of the
analogue-sensitive kinase Kin28 inhibits recruitment of the
capping enzyme, but has only little effect on gene
transcription (Kanin et al, 2007; Hong et al, 2009). The
function of Cdk7 and Kin28 at the promoter is not restricted
to Ser5 phosphorylation, since both enzymes were identified
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also as Ser7-specific kinases (AKkhtar et al, 2009; Glover-Cutter
et al, 2009; Kim et al, 2009). Ser5-P and Ser7-P marks are
placed in CTD already at the promoter, but only Ser7-P marks
remain associated with Pol II during the transcription cycle.
Ser5-P marks are largely removed when Pol II transcribes
sequences downstream of the promoter, while Ser2-P marks
are progressively introduced in CTD, if Pol II approaches the 3’
end of genes (Akhtar et al, 2009; Kim et al, 2010; Mayer et al,
2010; Tietjen et al, 2010; Bataille et al, 2012). Cell signalling for
the recruitment of Ser2-specific kinase activity is often the
critical step in activation of promoter-proximally paused Pol
II. At least two kinases can phosphorylate Ser2 in metazoans
and yeast. While Cdk9 (kinase subunit of the positive
transcription elongation factor P-TEFb) phosphorylates
mainly promoter-proximal Pol II, and thereby facilitates the
release of Pol II from pause sites, the more recently discovered
Cdk12 shows low abundance at the 5 end of genes, but
phosphorylates CTD in the middle and 3’ end of metazoa
genes (Bartkowiak et al, 2010; Blazek et al, 2011). For the
kinases Burl and Ctkl (Keogh et al, 2003; Jones et al, 2004)
similar division of work has been described before for
S. cerevisiae (Qiu et al, 2009). The removal of CTD phospho-
marks is achieved during different phases of the transcription
cycle by phosphatases FCP1, SSU72, and Rtrl (RPAP2)
(Krishnamurthy et al, 2004; Mosley et al, 2009; Werner-Allen
et al, 2011; Egloff et al, 2012; Zhang et al, 2012) with specificity
to single or several phospho-residues, during mitosis by
phosphatase Cdcl4 with specificity for Ser2 and Ser5
(Clemente-Blanco et al, 2011), or in a tissue-specific manner
by Scpl in neural cells (Yeo et al, 2005).

Many of the features described above apply to most of Pol
II transcribed genes and contribute to the view of a uniform
transition of general Pol II complexes with uniform CTD
phospho-marks through the transcription cycle in yeast
(Mayer et al, 2010; Bataille et al, 2012). First studies in
mouse T and embryonic stem cells confirm this general
view, but the situation in mammalian cells is also more
complex, since genes are much larger, contain many and
large introns, and are flanked or interspersed with enhancer
and silencer elements (Rahl et al, 2010; Koch and Andrau,
2011; Koch et al, 2011; Brookes et al, 2012).

Some CTD modifications may occur in a gene-specific
manner and fulfil gene-specific tasks, but are not required
for transcription of all genes. For example, Ser2-P is not
essential for transcription, mRNA cleavage, and poly-adeny-
lation (poly-A) of p21(Cipl) in mammalian cells (Gomes et al,
20006), but is required for sexual differentiation in S. pombe
(Coudreuse et al, 2010). Ser7-P is not critical for 3’ processing
and polyadenylation of protein-encoding genes (Chapman
et al, 2007), but for proper 3’ processing of small nuclear
(sn)RNAs and the recruitment of the Integrator complex
(Egloff et al, 2007, 2010). Methylation of an arginine residue
in non-consensus repeats of mammalian CTD regulates the
abundance of small nuclear and nucleolar RNAs but not of
mRNAs (Sims et al, 2011). Thus, modifications in CTD can
serve as general mechanism of gene transcription, but
apparently also fulfil gene-specific tasks.

Here, we have studied the modification of CTD Thr4 by
phosphorylation in mammalian cells. We show that Thr4 is
phosphorylated by Polo-like kinase 3 (Plk3) in vitro and
in vivo and that a Thr4/Ala mutant, different to the earlier
reported Thr4/Val mutant in chicken DT40 cells (Hsin et al,
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2011), has a severe transcription defect characterized by an
elongation block proximal to the initiation site.

Results

Residue Thr4 of the CTD consensus repeat is essential
for viability of mammalian cells

In S. cerevisiae and S. pombe, Thr4 can be replaced by alanine
in CTD repeats without affecting cell viability (Stiller et al,
2000; Schwer and Shuman, 2011). To investigate whether
Thr4 is essential for the growth of mammalian cells, we
transiently transfected HEK293 cells with an expression
vector for a mutant of the large subunit (Rpbl) of RNA Pol
II resistant to a-amanitin (Gerber et al, 1995; Chapman et al,
2004). This Rpb1 contained either the wild-type sequence of
CTD, a CTD with 48 consensus repeats (Con48) (Chapman
et al, 2005), or CTDs where positions Ser2, Ser5, Thr4, or
Ser7 were replaced by alanine, or Thr4 by Ser (Figure 1A).
After transfection and selection with a-amanitin, the viability
of cells was measured over a period of 4 days. The Con48
mutant displayed a growth rate similar to recombinant wild-
type Pol II. In contrast, mutants comprising replacements of
Ser2/Ala, Thr4/Ala, and Ser5/Ala in 48 repeats showed a
severe growth defect with a strongly reduced cell count after
4 days. The Thr4/Ser and Ser7/Ala mutants revealed an
attenuated phenotype with almost constant cell numbers
(Figure 1B). Comparable results were obtained if similar
CTD mutants were conditionally expressed in the human
B-cell line Raji (Chapman et al, 2007, data not shown). We
conclude that Thr4 is an essential residue in mammalian CTD
heptad repeat, which cannot be replaced by alanine or serine.
The phenotype of the Thr4 mutants could be associated with
the failure of proper phosphorylation of CTD at this residue
during transcription. Therefore, we next studied if and how
Thr4 is phosphorylated in the transcription cycle.

Production and characterization of a CTD Thr4-P-specific
monoclonal antibody

To study Thr4 phosphorylation, two monoclonal antibodies
(mAbs) were produced after immunization of rats with the
phospho-peptide CTD-2 (Figure 2A) containing a CTD phos-
pho-Thr4 (Thr4-P) epitope. The binding specificity of the two
Thr4-P-specific mAbs (6D7 and 1G7), and of the previously
generated Ser2-P (3E10), Ser5-P (3E8), and Ser7-P (4E12)
mAbs (Chapman et al, 2007) were tested in enzyme-linked
immunosorbent assays (ELISAs; Figure 2B). To get further
insight how other adjacent modifications can influence or
inhibit epitope recognition, a panel of 19 di-heptad peptides
(CTD1-19) with various combinations of modifications was
included in the test. The analysis gave a comprehensive
overview of inhibitory modifications that impair or block
binding of specific mAbs to CTD (Figure 2C). For example,
the presence of Tyrl-P upstream and downstream of Thr4-P
as well as of Ser7-P were not inhibitory for Thr4-P recognition
by mAbs 6D7 and 1G7, while phosphorylation of Ser2 or Ser5
next to Thr4-P was inhibitory. A survey of phosphorylated
amino-acid residues (in red) with inhibitory activity for
binding of CTD-specific mAbs is shown in Figure 2C.

RNA Pol Il CTD is phosphorylated at residue Thr4 in vivo
Modification of Thr4 by phosphorylation was detectable in
HeLa cells (Figure 3A), in other cell lines of human and
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Figure 1 Viability of cells expressing CTD mutants. (A) Overview of analysed CTD mutants. (B) HEK293 cells were transfected with an
expression vector for Rpb1 carrying a point mutation for a-amanitin resistance (wild type). CTD mutants carry 48 consensus repeats (Con48),
or have replaced specific residues in all consensus repeats by alanine (Ser2, Thr4, SerS, Ser7) or serine (Thr4). Twenty-four hours after
transfection, ¢-amanitin was added (2 pg/ml) and cell growth rates were monitored for 4 days in the xCELLigence system (Roche), error bars

show standard deviation of 3 replicates.

mouse origin, as well as in S. pombe and S. cerevisiae
(Figure 3B). The occurrence of Thr4-P apparently was
restricted to the hyper-phosphorylated 110 form of Pol II.
Divergent from Ser2-P and Ser5-P, phosphorylation at residue
Thr4 requires a minimal length of the CTD and is not or only
hardly observed for CTD truncation mutants with only 8, 16,
20, or 24 consensus repeats (Supplementary Figure S1). The
similar length restriction has been observed for phosphoryla-
tion of Ser7 in CTD truncation mutants before (Chapman
et al, 2007).

Characterization of a Thr4-P-positive sub-population of
Pol ll0

The panel of mAbs with specificity for different CTD phos-
phorylation marks allowed addressing the question, whether
specific marks occur in Pol II0 preferentially in certain
combinations. For this analysis, we first optimized the pro-
tocol for immunoprecipitation (IP) of Pol I (see Materials and
methods). Under optimized conditions, all modification-
specific antibodies precipitated Pol II quantitatively without
leaving significant amounts of Pol II0 with the respective
modification in the supernatant (Figure 3C and D). The
supernatant was further analysed for Pol II0 residues with
other modifications. If Pol II0 was precipitated with the Thr4-
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P-specific mAb (Figure 3C), then a significant amount of Pol
110 remained in the supernatant. The leftover in the super-
natant was Ser5-P and Ser7-P positive, but showed only little
reactivity for Ser2-P. Inverse IP experiments with Ser2-P-,
Ser5-P-, and Ser7-P-specific mAbs confirmed these results
(Figure 3D). The Ser2-P-specific mAb co-precipitated Pol II
with the Thr4-P mark quantitatively, while large amounts of
Thr4-P-positive Pol II0 remained in the supernatant after
precipitation with the Ser5-P-specific mAb. These experi-
ments demonstrate the existence of three major populations
of Pol 110 regarding their CTD marks. A population associated
preferentially with (i) Ser5-P marks, (ii) Ser5-P and Ser2-P
marks, and (iii) Ser2-P and Thr4-P marks. All three popula-
tions apparently occur together with the Ser7-P mark albeit
small fractions of Ser2-P and Thr4-P-positive Pol 110 is left in
the supernatant of Ser7-P-specific precipitates (Figure 3D, lane
7). The presence of differently modified populations of Pol II
was also supported by immunofluorescence microscopy ana-
lysis of nuclei (Supplementary Figure S2). To summarize, the
Thr4-P mark is detectable only in a subpopulation of poly-
merases and is strictly associated with the occurrence of the
Ser2-P mark while the association with the Ser5-P mark is not
stringent. The conclusion is subject to the caution that masked
CTD epitopes are not recognized by antibodies.

©2012 European Molecular Biology Organization
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Figure 2 Thr4-P-specific mAb production. (A) Survey of synthetic phospho-peptides used for characterization of CTD-specific mAbs.
Peptide CTD-2 was used for immunization of rats and identification of Thr4-P-specific mAbs (6D7 and 1G7). The binding specificity
of Thr4-P-specific mAbs and of previously generated mAbs with specificity for Ser2-P (3E10), Ser5-P (3E8), Ser7-P (4E12), and unmodified
CTD (1C7) was determined by ELISA using a panel of 19 CTD peptides with different combinations of phosphorylated amino acids.
Phosphorylation of amino acids adjacent to the phospho site used for immunization either inhibited (— ), did not inhibit (+++ ), or inhibited
binding of mAbs to various degree (++, +). (B) Quantitative ELISA data for CTD peptides 1-19. Reactivity below 0.05 indicates background.
(C) Overview of conditions of phospho-CTD recognition by mAbs. Red amino acids indicate full or partial inhibition of mAb binding.
Phosphorylated amino acids in black colour (Tyrl, Ser, Thr) did not inhibit mAb binding. Error bars show standard deviation of three

experiments.

CTD Thr4 is target of Plk3 kinase in vitro and in vivo

In order to identify Thr4-specific kinases, we screened
a library of 81 recombinant serine/threonine Kkinases
(Supplementary Figure S3) for specificity of Thr4 phospho-
rylation of a CTD peptide in ELISA experiments. This
pre-screen yielded a few kinases, however, only Plk3 strongly
phosphorylated purified Pol IIA and caused a shift to the II0
form (Figure 4A). The reactivity of Plkl, a related kinase,
towards Thr4 was ~ 10-fold lower (data not shown), while
other kinases did not phosphorylate Thr4 of purified Pol IIA.
Phosphorylation of Ser2 by Cdk9 served as a positive control

©2012 European Molecular Biology Organization

in our experiments. Cdk9 has previously been claimed as a
Thr4-specific kinase, because Thr4 phosphorylation is sensi-
tive to the kinase inhibitor flavopiridol (Hsin et al, 2011). We
could confirm this sensitivity for Cdk9 but not for Plk3
in vitro (Supplementary Figure S4). Cdk9 failed to phospho-
rylate Thr4 in vitro (Figure 4A, lane 5). Since Cdk9 can
phosphorylate Ser2 and Ser5 residues, the recognition of
Thr4-P by mAbs 6D7 and 1G7 could be inhibited by these
adjacent modifications. Therefore, the contribution of Cdk9
to Thr4 phosphorylation remains elusive. Short interfering
RNA (siRNA) knockdown experiments were performed in
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Figure 3 RNA polymerase II CTD is phosphorylated at residue Thr4. (A) Western blot analysis of HeLa cell extracts with Rpb1-specific mAb
(POL 3/3) and the Thr4-P-specific mAb (6D7). II0 and IIA designate the hyperphosphorylated and hypophosphorylated forms of the large
subunit Rpb1 of Pol II. (B) Extracts of mouse (MEF, NIH3T3) and human cell lines (Raji, U20S, HEK293), or S. pombe and S. cerevisiae were
analysed with mAbs specific for the various phospho-residues in CTD described in Figure 2A. (C, D) Immunoprecipitation (IP) experiments
with phospho-specific CTD mAbs for Thr4-P, Ser2-P, Ser5-P, and Ser7-P in extracts of HeLa cells. Analysis of western blots with indicated

mAbs. SN, supernatant; IgG1, IgG2a, and IgG2b are isotype controls.

HeLa cells to test if P1k3 is required for phosphorylation of
Thr4 in vivo. The knockdown reduced Plk3 protein levels to
<40% of control cells and the ratio Thr4-P/Pol Il by ~50%,
while the ratio Ser2-P/Pol II slightly increased (Figure 4B).
Thus, knockdown of PIk3 specifically reduces Thr4-P levels
in cells. The remaining Thr4-P signal may be due to the
incomplete knockdown of Plk3 and/or other not yet identi-
fied kinases, which can contribute to Thr4 phosphorylation
in vivo.

P1k3 can be activated by hypoxia/reoxygenation stress and
may fulfil a specialized role in transcriptional gene regulation
upon stress (Wang et al, 2008; Yang et al, 2008). Therefore,
we tested whether oxidative stress can specifically modulate
Thr4-P levels. Indeed, treatment of HeLa cells with H,0, for
30min upregulated Plk3 protein and Thr4-P levels in CTD
concomitantly, but did not affect the phosphorylation levels
of other residues in CTD (Figure 4C). We conclude that P1k3
phosphorylates Thr4 residues of CTD in vivo and can
contribute to Thr4 phosphorylation in a stress-dependent
manner.

Thr4-phosphorylated RNA Pol Il is enriched in the

3’ region of genes

Chromatin immunoprecipitation (ChIP) experiments were
performed in the human B-cell line Raji to identify the
step(s) of the transcription cycle involving Thr4 phosphor-
ylation. The occupancy profiles of total Pol II and of the
three CTD marks Ser2-P, Ser5-P, and Thr4-P were examined

2788 The EMBO Journal VOL 31| NO 12 | 2012

across the genome of Raji cells by deep sequencing. The
genome-wide occupancy analysis revealed high levels of
Pol II and Ser5-P at transcription start sites (TSSs), while
signals for Ser2-P were essentially absent at TSS (Figure 5A).
The signal for Ser2-P steadily increased within the gene body
and reached a maximum at the poly-A site (3’ end), and
dropped slowly thereafter. Signals for Thr4-P were low but
detectable for few genes at the TSS (see top 5% of the signal;
Figure 5A, lower panel), slightly rose in the body of
genes, but strongly increased at the 3’ end of genes and
reached a maximum between 500 and 2000 nt downstream of
the poly-A site. Inspection of individual genes (HSPDI,
PTMA, and NCL) revealed significant differences in the
local occurrence of the Ser2-P and Thr4-P at the 3’ end of
genes. While Ser2-P signals increased concomitantly with Pol
II levels at the 3’ end of genes, the increase of Thr4-P levels
was apparently delayed and occurred with a local distance of
several 100nt later (Figure 5B and C). This suggests that
phosphorylation of CTD Ser2 probably precedes the phos-
phorylation of Thr4 at the 3’ end of genes. For more gene
ChIP profiles, see Supplementary Figure S5. As outlined
above, the Thr4-P-specific mAb cannot discriminate between
de-novo phosphorylation of a Thr4 residue and the unmask-
ing of a pre-existing Thr4-P mark, thus the strong increase of
the Thr4-P mark in the 3’ region of genes may derive from
either or both options. We conclude that Thr4-P-associated
structural changes occur in the CTD downstream of the
poly-A site.

©2012 European Molecular Biology Organization
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Figure 4 Identification of P1k3 as a CTD Thr4-specific kinase. (A) Immunoprecipitated Pol IIA from HeLa cell extracts was used as substrate for
DNA-PKk, Plk3, and Cdk9, and subsequently analysed by western blot with mAbs specific for CTD modifications Thr4-P and Ser2-P, or Rpbl
(POL 3/3 and 1C7, latter recognizes non-modified CTD). (B) Knockdown of Plk3 by siRNA reduces Plk3 protein levels in HeLa cells and
concomitantly the levels of Thr4-P in Pol II CTD. (C) Treatment of HeLa cells with 0.2 mM H,0, induces increased Plk3 protein levels after
30min and concomitantly a significant increase in Thr4-P levels, while Ser2-P, Ser5-P, and Ser7-P levels remained unaffected. Experiments
were performed with at least three replicates; error bars show standard deviation.

CTD Thr4/Ala mutants display an elongation defect

To study the role of specific amino-acid residues in the heptad
structure of CTD, we have established a system that allows
the comparison of CTDs with different repeat composition in
stably transfected Raji cells. Recombinant, HA-tagged poly-
merases are engineered with a point mutation conferring the
resistance to o-amanitin, allowing the endogenous polymer-
ase to be inhibited and degraded (Meininghaus and Eick,
1999) after addition of o-amanitin, but without affecting
recombinant polymerase activity (Meininghaus et al, 2000).
The system is useful to study the activity of all kinds of CTD
mutants. However, the analysis of the phenotype of CTD
mutants is limited to a short time window of few days, if the
mutant cannot sustain expression of the recombinant
polymerase. In this case, the mRNA for the recombinant Pol
II has prior to be synthesized by the endogenous Pol II in the
absence of a-amanitin (Supplementary Figure S6). The lethal
phenotype of some CTD mutants, however, need not imply
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that these mutants have a general defect in gene transcrip-
tion. It could well be that only specific classes of genes are
affected, or that maturation of mRNA or other small RNAs is
impaired. To get deeper insight in the potential transcriptional
defect of the Thr4/Ala mutant, we compared the genome-
wide occupancy profile of this mutant with the viable all
consensus CTD mutant Con48 in ChIP experiments (for
mutants, see Figure 1). The analysis of both mutants was
performed with an HA-tag-specific mAb to ensure that possi-
ble residual amounts of endogenous Pol II do not affect the
results. The gene-specific profiles of both mutants showed
striking differences. While both Con48 and Thr4/Ala mutants
showed a strong peak at the TSS, the peak in the Thr4/Ala
mutant was less sharp and characterized by a broad shoulder
downstream of the TSS (Figure 6A). A high-resolution profile
of the TSS region (Figure 6B, upper panel) revealed an
additional broad peak for mutant Thr4/Ala ~ 500 bp down-
stream of TSS that was largely absent in Con48. The second
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large difference was seen in the 3’ region of genes. While the
level of Pol II in the Con48 mutant significantly increased at
the 3’ end as observed for wt Pol II (Figure 5A), this increase
was almost absent in the Thr4/Ala mutant (Figure 6A and B,
lower panel). Genome-wide quantification of Pol II densities
by boxplots (Figure 6C) confirmed higher amounts of Pol II at
the TSS and lower amounts at the 3’ end of genes in the Thr4/
Ala mutant. SERBP1 (Serpinel mRNA binding protein 1) and
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NCL (nucleolin) are shown as representative genes with an
altered Pol II occupancy profile in mutant Thr4/Ala
(Figure 6D). The additional peak of Pol II downstream of
TSS and the lack of Pol II in the 3’ region of the genes are
indicated by green and red arrows, respectively. For more
profiles, see Supplementary Figure S7. Previously, a 3’ pro-
cessing defect of histone mRNAs has been described in
chicken DT40 expressing a CTD Thr4/Val mutant, while
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histone gene transcription apparently was not affected in
nuclear run-on experiments (Hsin et al, 2011). Consistent
with the genome-wide elongation defect of mutant Thr4/Ala
in Raji cells in mRNA encoding genes, this defect was also
observed in several histone genes (Supplementary Figure S8).
Finally, we found few genes that become activated in the
Thr4/Ala mutant. High amounts of Pol II are detectable on
the ATF3 (activation transcription factor 3) gene in the Thr4/
Ala but not in the Con48 mutant (Figure 6E). This implies
that CTD residue Thr4 may also be involved in the negative
regulation of gene transcription by preventing initiation.
Expression levels of Pol II in Thr4/Ala mutants are reduced
compared with Con48 mutants (Supplementary Figure S7);
therefore, the impact of this mutation on global initiation
remains however uncertain. In conclusion, the Thr4/Ala
mutant displays a complex transcriptional phenotype and
affects gene activity probably at different levels. The most
prominent phenotype constitutes a block to elongation down-
stream of TSS.

Discussion

Our knowledge about the presence and gene-specific changes
of CTD modifications originate mainly from the application of
mAbs in genome-wide ChIP experiments. However, con-
straints for epitope binding of the antibodies are often not
well characterized. Usually antibodies are selected for their
ability to recognize a specific CTD modification in peptides,
but recognition of the same epitope in Pol II prepared from
cell extracts can be impaired or inhibited by other modifica-
tions occurring next to the epitope in vivo. In this study, we
have tested the conditions of epitope recognition for Ser2-P,
Ser5-P, Ser7-P as well as for the new Thr4-P mark in CTD. As
expected, all CTD-specific mAbs underlie specific restrictions
in recognition of their respective epitope. For example, occur-
rence of Thr4-P in the same repeat together with Ser2-P or
Ser5-P inhibits recognition by the Thr4-P-specific mAb,
whereas phosphorylation of Tyrl and Ser7 residues next to
Thr4-P was not inhibitory. The restriction of epitope recogni-
tion by mAbs has an eminent impact on the interpretation of
data generated by ChIP (discussed below), or IP and immu-
noblot experiments. For the recognition of CTD by an mAb, a
single epitope in CTD may be sufficient that fulfils the criteria
described above. Hence, the signal strength in immunoblots
depends solely on the number of accessible CTD marks and
not on the number of marks physically present in CTD.
Likewise, absence of a CTD mark can indicate either its
physical absence or its masking by other modifications.
Currently, we have to deal with these limitations but hope-
fully, mass spectroscopic analyses of CTD modifications will
help to elucidate this complex issue in the future.

Thr4 is the fourth identified amino acid in the CTD heptad
repeat, which undergoes modification by phosphorylation.
Apparently, a significant portion of the Pol II0 fraction is
positive for this mark. Ser2-P-specific antibodies precipitate
the fraction of Thr4-P-positive Pol II0 entirely, demonstrating
that all Thr4-P-positive Pol II0 is also positive for Ser2-P.
Inversely, Thr4-P-specific antibodies precipitated the fraction
of Ser2-P marks only incompletely, leaving a substantial
fraction of Ser2-P-positive Pol II0 in the supernatant. This
indicates that only a subfraction of Ser2-P-positive Pol II0 is
target for Thr4 phosphorylation. The Thr4-P-specific mAb
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also failed to precipitate the fractions of Ser5-P- and Ser7-P-
positive Pol II0 quantitatively, confirming previous reports
that Ser5-P/Ser-7 and Ser2-P marks are associated with
different populations of Pol II0 in cells. Differences in Pol
110 populations were also detected after immunostaining of
HeLa cells with antibodies for CTD modifications. The Ser5-
P- and Ser7-P-specific mAbs stained accentuated nuclear
spots, which were much less apparent after staining with
Ser2-P- and Thr4-P-specific antibodies. Taken together, Thr4-
P is a new phosphorylation mark in CTD that occurs tightly
associated with Ser2-P marks in CTD. In addition, the anti-
bodies described in this study enable us to purify and define
different fractions of Pol 110 biochemically.

The Thr4-P mark is strictly associated with the transcrip-
tionally engaged Pol II0 form. To analyse whether the occur-
rence of this mark is associated with a specific group of
genes, or specific positions within transcription units we
performed ChIP experiments and compared the occurrence
of Thr4-P marks with Ser5-P and Ser2-P marks in CTD. The
Ser5-P marks are highly abundant at TSSs and strongly
decline in the body of genes. In contrast, Ser2-P marks are
absent at TSS, slowly increase in the body of genes and peak
close to the poly-A site of genes. This distribution pattern of
Ser5-P and Ser2-P marks has been described for genes in low
(Kim et al, 2010; Mayer et al, 2010; Tietjen et al, 2010; Bataille
et al, 2012) and higher eukaryotes (Rahl et al, 2010; Koch and
Andrau, 2011; Koch et al, 2011; Brookes et al, 2012). Likewise,
Thr4-P marks show a very striking distribution pattern on
genes. They are low or absent at the TSS, remain low in the
gene body, but strongly increase downstream of the poly-A
site. Interestingly, the profile of Thr4-P increase does not
follow exactly the increase of Ser2-P marks, and generally
reaches its maximum ~300bp downstream of the Ser2-P
peaks. This suggests that the increase of Ser2-P marks in CTD
might be a prerequisite for the subsequent phosphorylation
of Thr4-P. This assumption is consistent with the results of
our co-IP experiments for Ser2-P and Thr4-P, and also with
the failure of Thr4 phosphorylation of the Ser2/Ala mutant
(Supplementary Figure S9).

What could be the function of Thr4-P at the 3’ end of genes?
Screens for CTD binding factors have been performed
with CTD peptides phosphorylated at Ser2, Ser5, and Ser?
residues, but not with Thr4 phosphorylated peptides. The
interaction domains of Pcfll (Meinhart and Cramer, 2004),
Pinl (Verdecia et al, 2000), Cgtl (Fabrega et al, 2003), Set2
(Vojnic et al, 2006), and Spt6 (Sun et al, 2010) with Ser5-P
and/or Ser2-P CTD peptides have been characterized, while
the structure of the Ser7-P binding domain of the Integrator
subunit (Egloff et al, 2010) is still unknown. The function of
Thr4-P could be two-fold: (i) Thr4-P could act as an inhibitory
mark for CTD binding of factors that require the
unphosphorylated state of Thr4 or (ii) Thr4-P establishes a
new binding platform for new factors.

The Thr4-P mark becomes detectable very late in the
transcription cycle still after the appearance of the Ser2-P
mark. As discussed above, we cannot discriminate whether
Thr4 becomes newly phosphorylated in the 3’ region of genes
or whether an unmasking of a pre-existing Thr4-P mark
occurs at this position. Regardless of this uncertainty, how-
ever, the increased reactivity of the Thr4-P-specific mAb in
the 3’ region of genes clearly indicates an alteration in the
CTD structure that is associated with Thr4-P. If and how this
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Thr4-P-associated structural change can be linked to termina-
tion or 3’ processing events remains to be elucidated.

Raji or HEK293 cells expressing the Thr4/Ala mutant of Pol
II are not viable. A lethal phenotype was also reported for
chicken DT40 cells expressing a Thr4/Val mutant of Pol II
(Hsin et al, 2011). Analysis of the transcriptome of mutant

DT40 cells revealed a specific defect in processing of non-
polyadenylated histone mRNAs, while abundance and
processing of other mRNAs was not affected. We studied
the genome-wide distribution of Pol II in the Thr4/Ala mutant
in ChIP experiments. Since cells lose their viability after the
switch from the endogenous to the recombinant polymerase,
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the time window for a genome-wide analysis was narrow and
restricted to the first 2 days. Nonetheless, the window was
large enough to allow ChIP experiments. IPs were performed
with the HA-tag-specific antibody to ensure that only the
distribution of the mutant polymerase was analysed. The
analysis showed striking differences between the mutant
Thr4/Ala and control polymerase Con48. While the levels
for both polymerases were high at the TSS, levels for Thr4/
Ala markedly declined in the body and 3’ region of genes
indicating an elongation defect in the mutant. This defect was
in accordance with a local accumulation of polymerases
immediately downstream of the initiation site in mutant cells
that was not seen in wild-type cells. A similar elongation defect
was also observed for various histone genes, indicating no
specific defect at these loci as compared with mRNA encoding
genes (Supplementary Figure S8) as previously reported for the
Thr4/Val mutant in DT40 chicken cells. Whether the difference
is based on the nature of the mutants (Thr4/Ala versus
Thr4/Val), the different cellular background, or other reasons
remains to be elucidated.

While Pol II profiling at most genes is impaired, we
observed few genes that become apparently activated in the
Thr4/Ala cells and display high levels of Pol II in the body of
the gene. This suggests that Thr4 may also be involved in
regulation of transcription initiation. The vast majority of
genes, however, display an elongation defect. Since Thr4-P
signals are not detectable at TSSs or directly downstream
thereof in wild-type cells, it remains questionable whether a
lack of Thr4 phosphorylation is really causative for the
elongation in the Thr4/Ala mutant. It appears also probable
that the unmodified Thr4 residue or other modification(s) of
Thr4 could be critical for initiation and the early phase of
elongation.

We identified PIk3 as a Thr4-specific kinase. None of the
cyclin-dependent kinases, including Cdk9 (Cdkl2 was not
tested), with specificity towards CTD residues Ser2, Ser5, and
Ser7 revealed specificity towards Thr4 in vitro. In concor-
dance with the in-vitro assays, Thr4-P levels responded to
upregulation and downregulation of Plk3 levels by H,0, and
siRNA in vivo, while phosphorylation levels of other CTD
residues did not change significantly. While the activity of
other PIk family members (Plk1) is strictly associated with
specific phases of mitosis, PIk3 is present in cells probably
throughout the entire cell cycle (Bahassi el et al, 2002).
Therefore, P1k3 may regulate and coordinate gene activity by
Thr4 phosphorylation under physiological conditions but also
play a role for adaption of gene activity after stress signals.

We also observed that Thr4-P levels are sensitive to the
Cdk9 inhibitor flavopiridol. However, as shown in this work
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Cdk9 could properly phosphorylate Ser2 in vitro but failed to
phosphorylate Thr4. Therefore, the previously reported in-
hibitory effect of flavopiridol on Thr4 phosphorylation (Hsin
et al, 2011) could be indirect and caused by inhibition of Ser2
phosphorylation, if Ser2-P is a prerequisite for priming Thr4
phosphorylation. For reasons discussed above, however, we
cannot rule out that phosphorylation of Thr4 by Cdk9 is not
detectable by our antibodies.

How is PIk3 recruited to CTD? All Polo-like kinases contain
a Polo-box next to the kinase domain that recognizes specific
protein motifs. The binding motif for Plk1 is characterized by
an Ser, Thr-P, Pro motif (Elia et al, 2003a, b) but binding to an
Ser, Ser-P, Pro motif has also been reported (Lowery et al,
2005). The latter motif is present several times in the
sequence of mammalian CTD. It will be interesting to study
if and how specific CTD hepad repeats are involved in the
recruitment of PIk3 to CTD and whether phosphorylation of
specific CTD residues is a prerequisite for Plk3 recruitment
and Thr4 phosphorylation.

In conclusion, Plk3 is a member of a new class of CTD-
specific kinases, which is involved in Thr4 phosphorylation
of CTD under physiological but also under stress condition.
Plk3 has previously been described as tumour suppressor
gene. CTD-Thr4 could be a critical target for the tumour
suppressor activity of Plk3, since it has a global impact on
gene activity in mammalian cells.

Materials and methods

Cell lines

Raji cells were grown in RPMI-1640 medium supplemented with
10% fetal calf serum (FCS), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 2 mM r-glutamine (Gibco/Invitrogen) at 37°C and 5%
CO,. The stable-transfected Raji cell lines were produced and
maintained by selection with G418 (Invitrogen) (Chapman et al,
2005). Cell lines were induced to express recombinant Rbpl
through removal of tetracycline. NIH 3T3, mouse embryonic
fibroblast (MEF), U20S, HeLa, and HEK293 cells were incubated
in Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS, 100U/ml penicillin, 100pg/ml streptomycin, and 2mM
L-glutamine (DMEM, Gibco) at 37°C and 8% CO,.

Antibodies

mAbs against Rpbl (POL 3/3), haemagglutinin (HA) tag (3F10,
Roche) and the different CTD phosphorylations (3E10, 3ES, 4E12)
were used as described previously (Chapman et al, 2007). Affinity
purified antibodies against P1k3 (D14F12), a-tubulin (T6557) and
(HA) tag (ab9110) were obtained from Cell Signaling, Sigma, and
Abcam, respectively. The rat mAbs 6D7 (IgG2b) and 1G7 (IgG2a)
against CTD-Thr4-P were generated as described previously
(Chapman et al, 2007). For immunization, we used CTD-specific
phosphopeptides (YSPT'SPSYSPTSPSC) coupled to ovalbumin
(Peptide Specialty Laboratories GmbH, Heidelberg, Germany).

Figure 6 Genome-wide profiles of CTD mutants Con48 and Thr4/Ala. (A) Average transcription unit occupancy profiles with representative
clusters for HA-tagged CTD mutants. Genes with length >4kb are represented with different selections of signal intensities (different
percentages are represented by different colours). (B) Distribution of Pol II upstream and downstream of TSS and 3’ end of genes in Thr4/Ala
mutant cell line for the top 20% of binding signal of genes >4 kb. (C) Boxplots of the poising of Pol II at 5’ initiation site and 3’ termination site.
In the mutant Thr4/Ala, the poising index is increasing at 5" whereas it is decreasing at 3’. The profile at bottom shows the areas used for
calculating the poising: A= — 500/ + 1000 at TSS, B=50% to end of gene body, C=0-3000 after 3'. Poising at termination site (TS): A/B,
poising at 3: C/B. Genes with Top 5% of binding signal were considered. The significance of the difference of the median was assessed using a
non-parametric Mann-Whitney-Wilcoxon test and returned significant P-values of 2.119e — 08 and <2.2e —16 for the TSS and 3’ end,
respectively. (D) Example of genes reflecting an altered Pol II distribution (SERBPI and NCL) in the Thr4/Ala mutant. Red arrows indicate
reduced Pol II signal at the 3’ end and green arrows increased Pol II at TSSs. More individual examples are shown in Supplementary Figure S7.
For all examples shown here and further in the manuscript, DNA is oriented with the chromosomal coordinates direction so that the plus strand
shows genes in the 5'-3’ and the minus strand in the 3’5" orientation. (E) Example for the minority of genes, ATF3, reflecting an increased Pol
II density on the gene body and after the 3’ end, when Thr4 is mutated to alanine.
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The rat mAb 1C7 (IgG2a) recognizes the unphosphorylated CTD
peptides (Figure 2). The Pesl (pescadillol)-specific antibody (8E9)
is described elsewhere (Holzel et al, 2005). Generation of the CTD
K7-me-specific antibody will be described elsewhere.

Cloning of CTD mutants

Synthetic CTD constructs were created essentially as described
(Chapman et al, 2005), and transferred to a tetracycline-regulated
expression vector. In brief, pUC19-CTD modified to contain an Nhe I
site in repeat 3 was digested with Nhe I and Sty I, to which synthetic
linkers with the sequence for three heptads with, for example, Ser7/
Ala mutations were unidirectionally introduced. Isoschizomers of
Nhe 1 (Avr II and Spe I) included in the linkers permit sequential
cloning of multimers from (Nhe I-Cla I) back in to the same vector
(Spe I-Cla 1), leading to a doubling of repeats at each step. Joining
of Spe I to Nhe I codes for Thr-Ser, allowing seamless joining and
expansion of repeat multimers.

Cell viability assay

For cell viability of Rpb1l mutants, we analysed transiently trans-
fected HEK293 cells expressing the different constructs. Cell
proliferation was continuously monitored throughout the experi-
ment with the xCELLigence System (Roche). In all, 3000 HEK293
cells were plated in a final volume of 150 ul DMEM (10% FCS) per
well on an E-plate 96. After 24 h, cells were transfected with 0.1 pg
plasmid DNA and 0.4 pl FuGENE HD Transfection Reagent (Roche).
After a further 24h, cells were treated with o-amanitin 2 pg/ml
(Sigma) to inhibit endogenous Pol II and the cell index (CI) was
continuously monitored for 4 days.

Immunofluorescence microscopy

HelLa cells were grown on a coverslip for 24 h with DMEM/10% FCS
complete medium. Cells were fixed with 2% paraformaldehyde at
room temperature for 5min and permeabilized with 0.15% Triton
X-100 for 15min at room temperature. All samples were blocked
with 1% BSA for 30min and incubated with the appropriate
primary antibody overnight at 4°C. Cells were washed with PBS,
0.15% Triton X-100 for 10 min at room temperature, blocked with
1% BSA for 7 min and incubated with Cy3-conjugated goat anti-rat
immunoglobulin (Dianova) and Alexa Fluor 488 goat anti-mouse
immunoglobulin (Molecular Probes) in the dark for 45 min. Cells
were washed again with PBS containing 0.15% Triton X-100,
stained with DAPI (4/, 6-diamidino-2-phenylindole) (Roth), and
mounted on slides using fluorescent mounting medium (Dako).
Confocal microscopy was performed on a Leica LSCM SP2 fluores-
cence microscope. Images were taken with objective HCX PL APO
x 63 1.4 and processed using Image J 1.37V software.

Immunoprecipitation

1 x10° HeLa cells were lysed in 200 pl IP buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1% NP-40 (Roche), 1 x PhosSTOP (Roche),
1 x protease inhibitor cocktail (Roche) for 20min on ice. All
samples were sonicated on ice using a BRANSON Sonifier 250
(155 on, 15s off, 50% duty) and centrifuged at 14 5001.p.m. for
15min at 4°C. The supernatant was incubated with antibody-
coupled protein G/A-sepharose (1:1) beads (2.5pg of antibodies
for 4h at 4°C, followed by two washes with 1 ml IP buffer) rotating
overnight. Beads were washed several times with 1 ml IP buffer and
proteins were boiled off Sepharose beads in laemmli buffer contain-
ing 8 M urea for SDS-PAGE.

In-vitro kinase assay

For ELISA, the CTD peptide (YSPTSPS YSPTSPS YSPTSPS
YSPTSPSC; Peptide Specialty Laboratories GmbH) was coupled on
96-well maleimide plates for 60 min at 37°C in carbonate buffer at
pH 9.5. After washing, the kinase assay was performed using
recombinant kinase (100ng) in 25pul kinase buffer (20 mM Tris-
HCI (pH 7.4), 20 mM NacCl, 10 mM MgCl,, 1 uM DTT and 2 uM ATP)
at 28°C for 60 min followed by washing and blocking with PBS/milk
(1%) for 30 min. Primary antibodies were added and incubated for
30min. After an additional washing and blocking step, biotin-
coupled secondary antibodies were added for 30 min. Following
another washing and blocking step, peroxidase attached to avidin
was added to the wells. After washing five times with PBS, 50 ul of
substrate buffer (o-phenylenediamine and H,0,; pH 5.0) were
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added and after the colour change, samples OD were measured at
405nm in the ELISA reader.

For the kinase assay with the endogenous Pol II as substrate, we
immuno-purified Pol II from whole cell extracts with an antibody
recognizing unphosphorylated CTD (1C7). In all, 10 ul of the sub-
strate coupled Sepharose G beads were incubated with 40 ul kinase
buffer B (50 mM Hepes (pH 7.9), 100 mM KCl, 10 mM MgCl,, 200 pM
EGTA, 100 uM EDTA, 1 mM DTT, 200 uM ATP, 1 pug BSA, and 200 ng
of the recombinant kinase) at 30°C for 30min. Specific kinase
activity specified by the supplier in pmol/pg x min: Plk3 (131),
Cdk9/CycT (26), DNA-Pk (50). Laemmli buffer was added (six-fold)
and samples were incubated for 5 min at 95°C followed by western
blot analysis.

RNA interference
Synthetic siRNA oligonucleotides (Eurofins/MWG) were double
transfected into cells with Oligofectamine (Invitrogen). HeLa cells
were seeded at a density of 100000 cells in 6-well plates the day
before transfection. In all, 100nM siRNA oligonucleotide diluted
in 300pl Opti-MEM (Invitrogen) was incubated with 3pl
Oligofectamine (Invitrogen) for 25min and then mixed with
600 ul Opti-MEM. Transfection mixture was added to cells for 6 h.
The following siRNA sequences were used:

Luciferase: 5-CGUACGCGGAAUACUUCGATT-3';

Pesl: 5-AGGUCUUCCUGUCCAUCAATT-3’;

human Plk3-1: 5-CGGCCUCAUGCGCACAUCCTT-3’;

human P1k3-2: 5-CUGCGUGACAGUCCCAGACTT-3'.

Western blots

Samples of protein were harvested following treatment using 2 x
laemmli buffer. Protein equivalent to 200000 cells was loaded in
20 pl laemmli, per lane, and subjected to SDS-PAGE on a 6.5% gel
before transfer onto nitrocellulose (GE Healthcare). Membranes
were either stained with affinity purified, IR-labelled secondary
antibodies against rat (680nm; Alexa, Invitrogen) and mouse
(800nm; Rockford, Biomol), and revealed using the Odyssey
(Licor), or stained with HRP-conjugated secondary antibodies
against rat (Sigma), mouse (Promega) or rabbit (Promega), and
revealed by enhanced chemiluminescence.

Chromatin preparation and ChlIPSeq

CTD mutants carry 48 consensus repeats (Con48), or have replaced
Thr4 residues in all consensus repeats by alanine (Thr4/Ala) were
induced for 24h and then treated with a-amanitin (2 pg/ml) for
48 h. Wild-type or stable-transfected Raji cells were crosslinked at
room temperature with the addition of 1/10th volume of cross-
linking solution (11 % formaldehyde, 100 mM NacCl, 1 mM EDTA pH
8.0, 0.5mM EGTA pH 8.0, 50 mM Hepes pH 7.8) in growth medium
for 10 min. The reaction was quenched with the addition of 250 mM
glycine for 5min. Cells were washed twice with cold DPBS and
5 x 107 cells/aliquot were pelleted.

Final concentrations of 1 x phosphatase inhibitors, 1 x EDTA-free
protease inhibitors (Roche), 0.2 mM PMSF and 1 pg/ml pepstatin were
added to all LB buffers. Centrifugations and lysis steps were carried
out at 4°C. Each cell aliquot was lysed in 2.5 ml LB1 (50 mM Hepes pH
7.5, 140mM NaCl, 1 mM EDTA pH 8.0, 10% glycerol, 1% NP-40,
0.5% Triton X-100) for 20 min on a rotating wheel. Chromatin was
collected by centrifugation for 5min at 1350g and washed in 2.5 ml
LB2 (200 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 10 mM
Tris pH 8.0) for 20 min. Chromatin was collected, resuspended in
1.5ml of LB3 (1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8, 10 mM Tris pH
8.0, 100 mM NacCl, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine)
and sonicated using a Misonix 4000 (Misonix Inc.) sonicator for 14
cycles (30s on, 30s off, amplitude 40). After the addition of Triton
X-100 to a final concentration of 1%, particulates were collected
through centrifugation at 20000g for 20min a 50-pl aliquot was
taken to serve as input control. The input was combined with an
equal volume of 2 x elution buffer (100 mM Tris pH 8.0, 20 mM EDTA
pH 8.0, 2% SDS) and incubated overnight at 65°C for 13-15h. SDS
was diluted by the addition of an equal volume of TE (10 mM Tris pH
8.0, 1 mM EDTA pH 8.0), followed by 2 h of RNase A (0.2 ug/ml) and
2h of Proteinase K (0.2 pg/ml) digestions at 37 and 55°C, respectively.
DNA was purified by two subsequent phenol:chloroform:isoamylal-
cohol (25:24:1, pH 8) extractions, followed by a PCR purification
column (Qiagen). DNA was eluted using 50 ul H,O and the concen-
tration was measured on a Nanodrop 1000 (Thermo Scientific). To
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verify DNA fragmentation, 500ng was run on a 2% agarose gel.
ChIPseq and data processing are described in detail in Supplementary
data.

Accession codes
All Chipseq data are deposited at Gene Expression Omnibus:
GSE37519.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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