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ABSTRACT

CK2 is an essential protein kinase implicated in vari-
ous cellular processes. In this study, we address a
potential role of this kinase in chromatin modula-
tions associated with transcription. We found that
CK2 depletion from yeast cells leads to replication-
independent increase of histone H3K56 acetyla-
tion and global activation of H3 turnover in cod-
ing regions. This suggests a positive role of CK2
in maintenance/recycling of the histone H3/H4
tetramers during transcription. Interestingly, strand-
specific RNA-seq analyses show that CK2 inhibits
global cryptic promoters driving both sense and an-
tisense transcription. This further indicates a role of
CK2 in the modulation of chromatin during transcrip-
tion. Next, we showed that CK2 interacts with the ma-
jor histone chaperone Spt6, and phosphorylates it in
vivo and in vitro. CK2 phosphorylation of Spt6 is re-
quired for its cellular levels, for the suppression of
histone H3 turnover and for the inhibition of spuri-
ous transcription. Finally, we showed that CK2 and
Spt6 phosphorylation sites are important to various
transcriptional responses suggesting that cryptic in-
tragenic and antisense transcript production are as-
sociated with a defective adaptation to environmental
cues. Altogether, our data indicate that CK2 mediated
phosphorylation of Spt6 regulates chromatin dynam-
ics associated with transcription, and prevents aber-
rant transcription.

INTRODUCTION

All DNA-related processes within the cell such as replica-
tion, transcription and repair occur in the context of chro-
matin. The basic unit of chromatin, the nucleosome, con-
sists of 147 base pairs of DNA wrapped around a histone
octamer (1). To make DNA accessible to the various macro-
molecules involved in the processes listed above, cells need
to modulate chromatin structure. Different factors can alter
chromatin structure; these include histone modifiers, ATP-
dependent chromatin remodelers, histone chaperones and
histone variants. Modulation of chromatin structure during
transcription elongation has been the focus of several stud-
ies [reviewed in (2,3)]. Diverse sets of factors have been iden-
tified to play important roles in altering chromatin structure
during transcription elongation, e.g. Isw1, Isw2, SWI/SNF,
Chd1, Spt6, the FACT complex (Spt16-Pob3), Set2, Set1
and the Paf1 complex [reviewed in (3–5)].

Nucleosomes are a major obstacle to transcription elon-
gation (6). Cells have developed intricate mechanisms in-
volving histone chaperones (HCs) to deal with this chal-
lenge. HCs promote disassembly of nucleosomes in front
of RNAP II and reassembly in its wake [reviewed in (7–
9)]. Chromatin reassembly in the wake of transcription is
related to the important issue of dealing with the conse-
quences of RNAP II passage (10,11). The cell must re-
establish chromatin structure to repress a large number of
sites that should not allow transcription initiation (12–14).
The consequences of this spurious transcription are not
known. However, it may interfere with many important pro-
cesses, such as gene regulation, self-renewal of stem cells,
genome stability and viral infections (15–18). HCs play an
important role in the regulation of spurious transcription
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presumably by reassembling nucleosomes in the wake of
RNAP II. Interestingly, recent studies showed that HCs in-
volved in yeast spurious transcription regulation, such as
Spt2 and Spt6, use the histone H3/H4 molecules displaced
by transcription and recycle them to reassemble nucleo-
somes following RNAP II passage (19,20). This function is
of great importance because it blocks the incorporation of
newly synthesized histones that are highly acetylated (21,22)
which may contribute to the maintenance of histone marks
in transcribed regions. Acetylated histones tend to favor ini-
tiation from cryptic promoters located within coding re-
gions. Furthermore, in addition to blocking spurious tran-
scription, nucleosome reassembly mediated by HCs, such as
Spt6, prevents wrongful localization of the variant histone
H2A.Z in transcribed units (23).

Spt6 is a major conserved H3/H4 HC, essential for the re-
pression of spurious transcription and the maintenance of
nucleosomes (12,13,23–27). Many questions regarding the
function and regulation of Spt6 remain without answers. In-
terestingly, we have found that Spt6 interacts with the HC
Spt2 and that this interaction is regulated by Casein Kinase
2 (CK2) through the phosphorylation of Spt2 (28). CK2 is
an essential serine/threonine kinase involved in many cellu-
lar processes [reviewed in (29,30)]. CK2 is commonly dereg-
ulated in cancer, and several studies suggest a link between
CK2 dysfunction and epigenetic modulations in favor of the
tumorigenesis process (31,32). Moreover, it has been shown
in different organisms that CK2 interacts with many fac-
tors involved in chromatin modulations and may regulate
their functions. Studies in Saccharomyces cerevisiae (33–35),
Plasmodium falciparum (36), Drosophila (37), and mammals
(38) strongly suggest a conserved and extensive role of CK2
in chromatin modulations. However, this role and the con-
cerned molecular mechanisms remain elusive. Importantly,
as mentioned previously, we have found that CK2 interacts
with Spt2, phosphorylates it and thereby disrupts its inter-
action with Spt6 (28). We found that this regulation plays a
role in the association of Spt2 with coding regions and into
the function of this HC in the repression of spurious tran-
scription in yeast. In addition to the link between CK2, Spt2
and Spt6, this kinase has been directly involved in interac-
tions with other factors that are implicated in chromatin
modulations during transcription elongation. Indeed, CK2
cooperates with the FACT complex to phosphorylate the
PAF complex and may regulate indirectly the level of H2B
ubiquitylation in coding regions (33,39). Proteomic analy-
ses show that it also co-purifies with Spt4/Spt5, FACT and
other elongation related factors (35,40). Together, these ob-
servations strongly suggest a potential role of CK2 in chro-
matin dynamics during transcription elongation.

In this study, we have specifically addressed the role of
CK2 in chromatin dynamics associated with transcription.
Using ChIP and ChIP-seq approaches, we have found that
CK2 regulates histone H3 dynamics outside of replication,
indicating a role in nucleosomes turnover associated with
transcription. In cells depleted of CK2 activity, newly syn-
thesized histone H3 are incorporated in transcribed regions
at a higher rate than what should be expected in normal
cells. As a consequence, cryptic sense and antisense tran-
scripts levels are increased in these cells, indicating that
chromatin refolding in transcribed units is deficient. We

next addressed the question of how CK2 regulates this pro-
cess. We reasoned that CK2 could regulate the function of
key factors that are involved in chromatin dynamics asso-
ciated with transcription. Importantly, we found that it in-
teracts and phosphorylates the HC Spt6, which plays a ma-
jor role in chromatin refolding during transcription elonga-
tion (12,13,20,23,26). Furthermore, we identified the CK2
phosphorylation sites in Spt6 and showed that mutation of
these sites affects the function of this protein. Interestingly,
our global analyses of transcripts by RNA-seq indicate that
CK2 phosphorylation sites are involved in the regulation of
cryptic sense and antisense transcription. Moreover, com-
parison between CK2 and Spt6 mutant data sets clearly
shows that both regulate the levels of similar cryptic tran-
scripts suggesting an overlapping function. Surprisingly, we
found that Spt6 cellular levels are directly controlled by
CK2 and their restauration bypass the need for normal CK2
activity for the repression of cryptic transcription. Finally,
we show that CK2 and Spt6 phosphorylation are required
for the dynamic response to environmental changes and var-
ious stresses. Taken together, our data show that CK2 reg-
ulates the dynamics of chromatin in transcribed regions by
modulating Spt6 stability.

MATERIALS AND METHODS

Saccharomyces cerevisiae strains and plasmids

All strains used in this study are isogenic to S288C (41)
and are listed in Supplementary Table S1. Strains were con-
structed by standard genetic methods, either by crosses or
by transformation. Yeast cells expressing different SPT6
alleles were constructed by transformation of SPT6 plas-
mid containing the indicated alleles in SPT6/Δspt6 diploid
strains followed by tetrad dissection. SPT6-FLAG, CKA1-
13MYC, CKA2-13MYC, IWS1-13MYC, CKB2-TAP, al-
leles were constructed by integrating the DNA encoding
the particular epitope at the 3′-end of the respective gene
(42,43). The cka1Δ::KANMX6, spt6Δ::KANMX6 and
bar1Δ::NatMX4 alleles were constructed by replacing the
open reading frame with KANMX6 or NatMX4 selection
marker (42,44). The point mutation in the CKA2 allele
(D225N) was introduced as described in (45) with NatMX6
as a selection marker. The plasmids were constructed using
standard molecular biology techniques. 6-His fusion plas-
mids were constructed by insertion of PCR amplified frag-
ments into the appropriate sites of the pet15b vectors (No-
vagen). The pCC11 SPT6 WT plasmid is described else-
where (46). Plasmids expressing Spt6 were generated by
mutagenesis of pCC11 using Quick Change Multi Site-
Directed Mutagenesis Kit from Agilent Technologies fol-
lowing the manufacturer’s protocol. All mutations were ver-
ified by sequencing. FLAG-SPT6 was amplified from ge-
nomic DNA and inserted in the YCp50 plasmid. Plasmid
YCp has been described elsewhere (47). Growth of differ-
ent strains was monitored by spot tests on the indicated
medium

Western blot and antibodies

Proteins were extracted in the presence of trichloroacetic
acid, separated on 8–15% SDS-PAGE gels, and transferred
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to nitrocellulose membrane. Membranes were incubated
with anti p-Ser5 (Millipore clone 3E8, 04-1572), anti p-Ser2
(Millipore clone 3E10, 04-1571), anti Rpb1 (8WG16 Cov-
ance, MMS-126R), anti Pgk1 (Invitrogen 459250) anti-H3
(Abcam Ab1791), anti-H3K36me3 (Abcam Ab9050), anti-
Flag (Sigma F3165), anti-Myc (Covance MMS-150R), anti-
Tap (Open Biosystems CAB1001) and anti His (Clontech
631212). Ponceau red staining and Pgk1 signal were used to
determine equal loading.

Protein purification and in vitro phosphorylation assay

Recombinant 6His-tagged proteins were expressed in Es-
cherichia coli BL21 bacteria and purified with Ni2+-
nitrilotriacetic acid (NTA)-agarose (Qiagen) according to
the manufacturer’s protocol. Tandem affinity purification
(TAP) of Ckb2 was done as described previously (43). In
vitro phosphorylation of recombinant proteins was done as
described previously (28). His-tagged recombinant proteins
(1 �g) were incubated for 30 min at 30◦C with CK2 purified
from yeast in kinase buffer (final concentration of 80 mM
NaCl–KCl, 25 mM Tris–HCl [pH 8], 10 mM MgCl2, 1 mM
DTT, 50 �M cold ATP and 1 �Ci [� -32P]ATP). Samples
were run on 10% SDS-PAGE gels, blotted onto nitrocellu-
lose, dried and exposed to film.

Immunoprecipitation experiments

Co-immunoprecipitation assays were performed as de-
scribed previously (48). Briefly, 10 �l of anti-Flag M2
agarose beads were incubated overnight at 4◦C with yeast
whole-cell extract (WCE) (5 mg of total protein) in bind-
ing buffer (20 mM HEPES [pH 7.5], 300 mM NaCl, 10%
glycerol, 0.1% NP-40, 2 �g/ml of leupeptin and pepstatin,
5 �g/ml of aprotinin and 1 mM phenylmethylsulfonyl fluo-
ride [PMSF]). Beads were washed three times with the bind-
ing buffer. Bound proteins were analyzed by Western blot-
ting. For His pulldown assay, 300 ng of recombinant 6xHis-
Spt6 coupled to Ni-NTA agar beads were incubated with
an equal amount of Ckb2-TAP purified from yeast in pull-
down buffer (20 mM Hepes (pH 7.5), 150 mM NaCl, 10%
glycerol, 100 �g/ml BSA, 0.5 mM DTT, 0.1% NP-40 and 2
�g/ml each of leupeptin and pepstatin, 5 �g/ml aprotinin)
for 3 h at 4◦C. Beads were washed three times with pull-
down buffer and bound proteins were analyzed by western
blot with an antibody against TAP-tag.

Protein stability assay

Cells were grown to mid-log phase in synthetic medium
with 2% glucose as the carbon source and reinoculated in
50 ml fresh media with 0.003% SDS at OD600 0.5 for 3 h.
Then, cultures were shifted to 37◦C, cycloheximide (Sigma,
7698) was added to a final concentration of 40 �g/ml to
stop protein synthesis and cells were harvested at different
time points. Cell lysates were prepared in lysis buffer and
protein concentration was determined using the Bradford
assay. Proteins were analyzed by SDS-PAGE and western
blotting using the same amount of total proteins for each
time point.

Transcriptional response assays

For galactose induction, strains were grown in YP 2% raf-
finose, to an OD600 of 0.8, G1 arrested with � factor and
shifted to 37◦C for 30 min. Then, galactose was added to a
final concentration of 2% and cells were harvest at the in-
dicated time. For amino-acid starvation, cells were grown
in synthetic media lacking histidine (SC-HIS) to an OD600
of 0.8 and shifted or not to 37◦C for 30 min. Then, 3-
aminotriazole (3AT, Sigma A8056) was added to the final
concentration of 40 mM and cells were harvest after 1 h of
treatment.

Chromatin immunopurification (ChIP)

ChIP experiments were performed as described previously
(21). Efficient G1 arrest (at least 95%) of yeast cells was
achieved by adding 500 ng/ml � factor for 2–3 h. Immuno-
precipitation of Rpb1 was performed using 2–3 �g of the
8WG16 anti-CTD antibody per immunoprecipitation (Co-
vance, MMS-126R). Antibodies against p-Ser5 (3E8, 04-
1572) and p-Ser2 CTD (3E10, 04-1571) were purchased
from Millipore and ChIP was performed using 2 �g per im-
munoprecipitation. The immunoprecipitations of H3 and
H3K56ac were done with 0.5 �g of anti-H3 antibody per
immunoprecipitation (Abcam, 1791) and 0.2 �g of anti-
H3K56 antibody per immunoprecipitation (Millipore, 07-
677-I), respectively. Anti H3K36me3 (Abcam, 9050) were
used at 0.5 �g per immunoprecipitations. Finally, the Flag
ChIPs were done using 10 �l of anti-Flag agarose beads
per immunoprecipitation (Sigma, A2220), and Myc ChIPs
were done using 3–5 �g of anti-Myc 9E10 per immunopre-
cipitation (Covance monoclonal antibodies, MMS-150R).
ChIP experiments were analysed by qPCR with oligonu-
cleotides listed in Supplementary Table S2. All ChIP exper-
iments were done at least in triplicates; P value < 0.05 (*),
P value < 0.01 (**) and P value < 0.001 (***).

RNA analyses

Total RNA was isolated using the hot-phenol method. In
northern blot analyses, 20 to 40 �g of RNA were separated
on a 1% agarose formaldehyde–MOPS gel and transferred
to a nylon membrane. The FLO8, SCR1, DDC1, SPB4,
PHO84 and YML122C probes were amplified by PCR and
radiolabeled by random priming. For RT-quantitative PCR
(qPCR) quantifications, cDNAs were generated using the
Invitrogene M-MLV reverse transcriptase kit and their lev-
els were measured by real-time PCR using LightCycler 480
Sybr green I master kit purchased from Roche. Sequences
and detailed protocols used in RT-qPCR are available in
online supplementary file. All RT-qPCR experiments were
done at least in triplicates; P value < 0.05 (*), P value <
0.01 (**) and P value < 0.001 (***) are indicated. RNA-
seq experiments were performed following TruSeq stranded
total RNA illumina protocol and Illumina next genera-
tion sequencing was performed as 50 base pairs single-end
reads (TruSeq was performed at the McGill University and
Génome Québec Innovation Centre, Montréal, Canada).
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RNA-seq data processing

The sequenced reads from each sample were preprocessed
with Trimmomatic (49) and aligned with bwa (50) to S. cere-
visiae genome assembly R64-1-1 (GCA 000146045.2). The
number of reads for each exon annotated in Ensembl Re-
lease 77 was calculated for both the sense and antisense
strands. Differential expression of gene was assessed using
DESeq (51). The subset of reads falling within the 5′-most
and 3′-most 10% of each exon were also calculated. To avoid
confounding effects from non-cryptic antisense transcrip-
tion, overlapping genes were excluded from further analy-
ses. Furthermore, to reduce the amount of noise from in-
active genes, genes with fewer than 20 reads in their 5′ re-
gion or 10 reads in their 3′ region were also excluded (2670
genes in total). For each gene, the following metrics were
calculated: antisense ratio = log2(readsantisense/readssense),
antisense enrichment = antisense ratioCK2/Spt6 – antisense
ratioWT, three prime ratio = log2(reads3′/reads5′ ) and three
prime enrichment = three prime ratioCK2/Spt6 – three prime
ratioWT. Additionally, using samtools (52), all libraries were
split into sense and antisense reads according to the under-
lying genes. Coverage of all genes over a hundred equal-
sized bins were then calculated using the bam Coverage and
compute Matrix utilities from the deeptools suite (53). The
average coverage over all genes from the TSS to the TES
were then normalized into reads per million (RPM) and
plotted for each library.

ChIP-Seq analyses

Illumina next generation sequencing was performed as
50 base pairs single-end reads at the McGill Univer-
sity and Génome Québec Innovation Centre, Montréal,
Canada. The sequenced reads were aligned to the S. cere-
visiae genome assembly R64-1-1 (GCA 000146045.2) using
bowtie v0.12.8 (54) (Coverage was calculated using bedtools
(http://bedtools.readthedocs.io/) (55) and was normalized
into reads per million (RPM). Metagenes plotting the aver-
age coverage for every gene going from transcription start
site (TSS) to transcription end site (TES) were then pro-
duced using the ngs.plot tool version 2.08 (56). Briefly, we
used the ngs.plot.r function with the sarCer3 database, the
gene body option and a window of 1000 bp around the gene.

RESULTS

CK2 regulates replication-independent H3K56 acetylation in
transcribed regions

Several reports involved CK2 functionally and physically
with chromatin regulators including Spt2 and Spt6 histone
chaperones (28,34,35,38). Importantly, we and others found
that Spt2 and Spt6 maintain the histone H3/H4 tetramer
in coding regions by repressing replication-independent H3
exchange and turnover at several genes (19,20,57). Whether
CK2 is implicated in histone H3 dynamics is not known. In
order to address this question, we analyzed, in vivo, the role
of CK2 in the regulation of H3/H4 exchange in G1 arrested
cells. Because histone H3/H4 turnover is tightly associated
with H3K56ac levels outside of S-phase (21), we first as-
sessed by ChIP assays the level of H3K56ac in G1 arrested

cells in wild-type or ck2ts mutant. As shown in Figure 1A,
depletion of CK2 activity is associated with higher levels
of new H3K56ac in the coding regions of transcribed genes
PMA1, CLN3 and ACT1. In contrast, no such effect was
observed in the non-transcribed intergenic region of chro-
mosome V. Thus, our data suggest that CK2 controls the
histone H3 exchange.

CK2 prevents global histone exchange in 3′end of genes inde-
pendently of H3K36me3

We tested directly the H3 exchange (Figure 1B and C) by
measuring the level of newly synthesized histone Flag-H3
incorporation at various locations in G1 arrested cells as
described previously (21). Upon galactose induction in G1
arrested cells, Flag-H3 is synthesized and incorporated in
the genome, mainly within the 5′ and 3′ transcribed re-
gions and not in the coding regions of genes (21,58). ChIP-
qPCR assays showed that similarly to H3K56ac, depletion
of CK2 resulted in higher incorporation of new Flag-H3
into coding regions of active genes (Figure 1C). This ob-
servation confirms that CK2 prevents histone exchange in
the coding regions of PMA1, ACT1 and CLN3 genes. Then,
we analyzed the global exchange in wild-type and ck2ts by
Flag-H3 ChIP-seq in G1 arrested cells. Metagene analy-
ses of replication-independent Flag-H3 incorporation indi-
cated that CK2 inhibition led to increased levels of new H3
association (Figure 1D). This experiment was performed
twice with similar results as shown in Supplementary Fig-
ure S1A. Interestingly, this effect was globally localized in
3′ end of the coding regions of genes as further illustrated in
Figure 1E showing two different regions containing ATP1
and ACO1 genes. Importantly, previous studies indicated
that histone H3 exchange in 3′end of genes is regulated
by H3K36 tri-methylation (H3K36me3) mediated by Set2
(22). Our observation suggested the possibility that CK2
could modulate the H3 exchange by regulating directly or
indirectly H3K36me3. To address this possibility, we an-
alyzed the effect of CK2 depletion on the global level of
H3K36me3 in yeast cells. As indicated in Supplementary
Figure S1B, the level of H3K36me3 in restrictive conditions
was similar to that of the wild-type. Moreover, H3K36me3
ChIP assays at various genes indicated that CK2 is not in-
volved in the modulation of this histone mark (Supplemen-
tary Figure S1C). Thus, our data indicate that CK2 effect
on histone H3 dynamics is independent of H3K36me3.

CK2 inhibition affects global redistribution and phosphoryla-
tion of RNAP II

CK2’s role in histone H3 dynamics outside of S-phase may
suggest a global involvement of this kinase on transcrip-
tion by RNAP II. Because replication-independent histone
H3 exchange is correlated with transcription by RNAP II
(21,58), it is possible that the H3 dynamics observed in ck2ts

mutants is the result of a change in RNAP II level, distri-
bution or activity. To address this question, we analyzed the
association of RNAP II by Rpb1 ChIP-seq in wild-type and
ck2ts cells in the same conditions described for Flag-H3 ex-
periments. The reads obtained after Rpb1 ChIP-seq were
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Figure 1. Histone H3 turnover is increased in ck2ts mutant at coding regions of genes. (A) CK2 is required for the repression of replication-independent
H3K56ac incorporation. ChIP assays assessing the H3K56 acetylation level in WT and ck2ts. Cells were G1-arrested and subsequently grown for 2 h at
30 or 37◦C. The values shown represent the average and standard errors of three independent experiments measuring H3K56ac levels (IP/Input) relative
to histone H3 occupancy (IP/Input). Coding regions of different genes were tested and NoORF is a non-transcribed control locus of chromosome V. (*)
P value < 0.05; (**) P value < 0.01; (***) P value < 0.001. (B) Schematic representation of Flag-H3 inducible construction in YAN1104 and YAN1105
strains. A galactose-inducible form of H3, inserted in URA3 locus, was fused to Flag epitope and co-expressed with histone H4. (C) CK2 is required for
the replication-independent repression of the new H3 deposition. ChIP experiment of newly synthesized Flag-H3 in WT and ck2ts. Cells were grown at
30◦C in YP-Raffinose, arrested in G1, and then Galactose was added to induce Flag-H3 synthesis for 1 h at 30 or 37◦C. The values shown represent the
average and standard errors of three independent experiments measuring Flag-H3 (IP/Input) in coding regions of two transcribed genes. (*) P value <

0.05; (**) P value < 0.01; (***) P value < 0.001. (D) CK2 represses global replication-independent incorporation of newly synthesized H3 in the 3′end of
genes. Metagene analysis of ChIP-seq data showing newly synthesized Flag-H3 signal of WT and ck2ts strains aligned over transcribed regions of genes.
Transcription start site (TSS) and transcription end site (TES) are shown. (E) A view of Flag-H3 ChIP-seq data at two genomic regions of chromosomes
XII and II illustrating increased Flag-H3 in ck2ts.
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aligned for each strain on the transcription start site (Sup-
plementary Figure S2A). In contrast to new H3 deposition,
we did not observe a consistent change in the global Rpb1
distribution upon CK2 loss. We next grouped the genes with
respect to their RNAP II level and analyzed the effect of
CK2 on Rpb1 distribution. As shown, in all groups, CK2
depletion had no effect on the pattern of Rpb1 distribu-
tion (Supplementary Figure S2B). We also tested the phos-
phorylation level of cellular Rpb1 in presence or absence
of CK2 activity. Interestingly, CK2 depletion led to global
decrease in the phosphorylation of CTD-Serine 2 (Supple-
mentary Figure S2C). This suggests that CK2 may affect
RNAP II activity.

CK2 inhibits antisense transcription

The role of CK2 in histone H3 dynamics, RNAP II distri-
bution and phosphorylation suggests a potential global in-
volvement of this kinase in the regulation of transcription.
To identify a possible role of CK2 on transcripts levels, we
performed strand-specific RNA-seq comparing WT to ck2ts

at restrictive temperature. Strikingly, a CK2-depletion led
to an increase of antisense transcripts levels in a large num-
ber of genes (Figure 2A). The genes for which the antisense
transcript levels were up are overrepresented. The number
of genes showing more antisense transcripts is nine times
higher than those having antisense transcript levels down.
This ration up/down of 9:1 is much higher to what could
be expected when we compare it with the gene count of
up/down sense ratio that is approximately of 1:1 (P value
of 10e–70). Next, we compared wild-type and ck2ts RNA-
seq datasets. Wild-type and ck2ts sense transcripts showed
high level of similarity. However, the Pearson correlation
between WT antisense transcripts and ck2ts was signifi-
cantly reduced (Figure 2B). This effect to antisense tran-
scripts levels was further confirmed by metagene analysis
aligning sense and antisense transcripts to the transcription
unit (Figure 2C; Supplementary Figure S3). Antisense en-
richment relative to WT has been calculated for each gene
in ck2ts mutant, and 1430 genes showed at least 2-fold in-
crease in their antisense ratio. This experiment was per-
formed twice with similar results each time and the correla-
tion between the two experiments is excellent (r = 0.98) as
shown in Supplementary Figure S4. To validate the RNA-
seq data regarding the altered antisense transcription, we
analyzed a locus located in chromosome XIII containing
PHO84 and YML122C genes (Figure 2D). PHO84 anti-
sense transcription produces a long transcript that extend
into YML122C (15,59). We conducted Northern blot anal-
yses of PHO84 and YML122C in WT and ck2ts cells. In
the conditions of our experiment, YML122C is not tran-
scriptionally active and no sense or antisense transcripts
from this gene were observed in WT cells. However, deple-
tion of CK2 resulted in the production of a long antisense
transcript (PHO84-YML122C) starting in PHO84 and ex-
tending into YML122C (Figure 2E). The observation of the
transcript in ck2ts cells confirms the RNA-seq data obtained
for this locus and further indicates that CK2 inhibits anti-
sense transcription.

CK2 represses sense spurious transcription from intragenic
cryptic promoters

Recent studies highlighted the role of many chromatin re-
modelers and HCs in the repression of cryptic transcrip-
tion and established a clear link between chromatin struc-
ture regulation in the transcription unit and the repres-
sion of both antisense and sense cryptic transcription from
within coding regions (13,23,27,60). Because CK2 regulates
antisense transcription similar to chromatin regulators, we
wanted to know if CK2 depletion was also associated with
sense spurious transcription from known cryptic promot-
ers. For that, we first analyzed FLO8 model gene contain-
ing well characterized sense cryptic promoters in its coding
region (12,26). FLO8 cryptic promoters are activated when
chromatin is not properly refolded after RNAP II passage
(12,26,61). Northern blot analyses were performed on total
RNA isolated from wild-type, ck2ts and spt6-1004 cells as
control (Figure 2F). These analyses showed high levels of
FLO8 short cryptic transcripts in spt6-1004 cells grown at
restrictive temperature, indicating the activation of the sense
cryptic promoters. Interestingly, in the ck2ts cells, we ob-
served strong signals indicating the presence of short cryp-
tic transcripts. Thus, CK2 plays a crucial role in the re-
pression of spurious transcription from FLO8 cryptic pro-
moters and contributes in the maintenance of proper chro-
matin structure in its coding region. We next analyzed our
RNA-seq data to look for a potential global role of CK2 in
the regulation of intragenic spurious transcription. Previ-
ous studies showed that derepression of sense cryptic intra-
genic transcription results in the enrichment of transcripts
initiated in the 3′end of genes leading to a global alteration
in the 3′/5′ transcripts ratio signal (12,27). To address the
role of CK2 in cryptic transcription, we generated a ratio of
3′ over 5′ RNA-seq sense signal to obtain a value for each
gene. These values were highly reproducible as shown by the
pairwise correlations between each replicate (Supplemen-
tary Figure S5). When comparing WT and ck2ts 3′/5′ ratios,
we identified 591 genes in ck2ts with 50% increase (Supple-
mentary Table S3). Representative genes with altered ratio
or 3′ enrichment relative to WT are shown in Figure 2G.
To validate our results, we used different approaches. First,
we assessed the 3′/5′ expression ratio by RT-qPCR at two
other genes exhibiting, in our RNA-seq data, a substantial
3′ enrichment in ck2ts, SPO23 and MAL33. FLO8 is used
as positive 3′enrichment control, PMA1 and FKS1 as neg-
ative 3′enrichment controls (Figure 2H). As expected for
FLO8, SPO23 and MAL33, CK2 depletion led to an al-
teration in the 3′/5′ transcript ratio suggesting that this ki-
nase represses cryptic transcription from within these genes.
As a second approach to further confirm our analyses, we
tested spurious transcription by Northern blot probing spe-
cific genes. Our RNA-seq data predicted spurious initia-
tion at DDC1 and SPB4 in ck2ts mutant. Interestingly, sev-
eral spurious cryptic transcripts produced from these genes
were identified in previous studies (12,27). Using 3′end spe-
cific probes, we found clear bands indicating short tran-
scripts initiated from cryptic promoters of FLO8, DDC1
and SPB4 (Figure 2I). These observations further confirm
that CK2 is essential for the repression of spurious tran-
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Figure 2. CK2 regulates transcriptional accuracy. (A) CK2 is required for the repression of antisense transcription in a high number of genes. A repre-
sentation of genes count affected by at least two-fold either positively (blue) or negatively (red) in ck2ts for sense or antisense transcripts levels. (B) The
ck2ts antisense transcripts are less similar to those of wild-type (WT) strain. WT and ck2ts sense (left panel) or antisense (right panel) log10 RPM scores
were plotted for each transcription unit. The Pearson correlation (R value) was calculated and is shown in each panel. (C) CK2 represses global antisense
transcription. Metagene analysis showing WT and ck2ts RNA-seq RPM signals of the sense (left panel) or antisense (right panel) strands aligned over
transcribed regions of genes. Transcription start site (TSS) and transcription end site (TES) are shown. (D) A view of PHO84 locus (chromosome XIII)
sense and antisense strands transcripts data obtained by RNA-seq in WT (red) or ck2ts (blue). (E) CK2 represses antisense transcription at the PHO84
locus. Northern blot analyses of PHO84-YML122C locus transcripts using different probes. PHO84 probe was used to identify PHO84 sense transcripts
while YML122C probe was used specifically to follow the long antisense transcript that starts in PHO84 and extends into YML122C. As shown, this
transcript is only observed in ck2ts. (F) CK2 is required for the suppression of spurious transcription from the cryptic promoter of FLO8 gene. Total
RNA was isolated from WT, cka1Δ, cka2D225N, ck2ts and spt6-1004 cells grown at 30◦C and shifted to 37◦C for 2 h. The probe for the northern analysis
was generated against 3′-end of FLO8, and SCR1 was used as a loading control. The arrow indicates full-length FLO8 RNA transcripts, and the asterisk
indicates FLO8 short transcripts resulting from cryptic initiation. (G) CK2 mutation leads to 3′enrichment of sense transcripts at FLO8 and DDC1. The
sense strands transcripts data were obtained by sequencing total RNA of WT (red) or ck2ts (blue). The overlay of WT and ck2ts signals illustrates the
3′ RNA enrichment in ck2ts mutants. (H) CK2 mutation leads to 3′enrichment of sense transcripts at SPO23, MAL33 and FLO8. In this experiment,
transcripts levels of the indicated genes were analyzed by RT-qPCR. The 5′ and 3′ regions of each gene were amplified and the values shown are 3′/5′
ratios representing the average and standard errors of three independent experiments. (*) P value < 0.05; (***) P value < 0.001. (I) CK2 is required for the
repression of spurious transcription at DDC1 and SPB4. Total RNA was isolated from cells after two hours of growth at 37◦C and analysed by Northern
Blot with probes specific for 3′-end of FLO8, DDC1 and SPB4. SCR1 was used as a loading control. Arrows indicate full-length RNA transcripts, and
asterisks indicate short transcripts.
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scription from cryptic promoters located within the coding
regions of genes.

CK2 interacts with and phosphorylates the transcription elon-
gation associated histone chaperone Spt6

Our data indicate a global role of CK2 in the modulation
of chromatin structure during transcription elongation. We
wanted to address how CK2 regulates this process. Sev-
eral observations initially suggested that CK2 might ful-
fill this function at least in part by regulating Spt6 activity.
First, Spt6 is one of the most important chromatin orga-
nizer in the coding regions of genes throughout evolution
(13,16,62). Second, we established that CK2 regulates the
Spt6-Spt2 interaction during elongation (28). Third, pep-
tides from the various subunits of CK2 have been identi-
fied by mass spectrometry in tandem affinity-purified Spt6
samples (35,40). Fourth, Spt6 was found phosphorylated at
three CK2 consensus motifs (35). To investigate the func-
tional relationship between CK2 and Spt6, we first assessed
whether this kinase stably interacts with Spt6 in vivo. For
this purpose, we purified FLAG-Spt6 from yeast strains
containing two epitope-tagged CK2 subunits. CK2 sub-
units Cka1-Myc and Cka2-Myc co-purified with FLAG-
Spt6 (Figure 3A). To test if this interaction was direct, we
performed a His pulldown assay using purified 6xHis-Spt6.
Ckb2 purified from yeast by TAP was incubated with 6xHis-
Spt6 coupled with Ni-NTA agarose. As shown in Figure 3B,
Ckb2-TAP was pulldown by 6xHis-Spt6 indicating a direct
interaction between the histone chaperone and the kinase.

We next determined whether Spt6 was directly phos-
phorylated by CK2 using an in vitro phosphorylation assay
with recombinant 6xHis-Spt6 and tandem affinity-purified
Ckb2 from yeast. CK2 was able to incorporate [� ]-32Pi into
Spt6 (Figure 3C). This indicates that Spt6 is a direct sub-
strate for CK2. Interestingly, it has been previously shown
that Spt6 is phosphorylated in vivo at various CK2 consen-
sus motifs (35,63). To investigate if Spt6 is modified by CK2
in vivo, we immunopurified FLAG-Spt6 from WT and ck2ts

yeast strains and analyzed the purified material by Western
blot with an antibody against phospho-serine/threonine.
As shown in Figure 3D, Spt6 was recognized by the anti-
phospho-serine/threonine in WT extracts, further confirm-
ing that Spt6 is indeed a phosphoprotein in vivo. This sig-
nal was significantly altered in the ck2ts mutant at the re-
strictive temperature, suggesting an important role for CK2
in the regulation of the phosphorylation state of Spt6 in
vivo. Taken together, our data indicate that CK2 interacts
directly with Spt6 and phosphorylates this elongation fac-
tor both in vitro and in vivo.

Next, we aimed to identify the sites in Spt6 that are phos-
phorylated by CK2. Previously, three potential CK2 phos-
phorylation sites (S94, S134 and S206) in Spt6 were shown
to be modified in vivo (35). We analyzed by mass spectrome-
try the phosphorylation profile of Spt6 and confirmed that
at least two sites (S94, S134) were indeed modified in vivo
(Supplementary Figure S6). Interestingly, our mass spec-
trometry analyses allowed the identification of at least one
additional site in N-terminal region of Spt6: S155 (Supple-
mentary Figure S6). Moreover, five CK2 phosphorylation

target sites have been reported for Spt6 in vivo (63,64). No-
tably, all the above-mentioned phosphorylation sites are lo-
cated in the N-terminal region of Spt6. Furthermore, using
the NetPhos 3.1 server, we predicted a total of 7 ‘high score’
potential CK2 target sites in the N-terminal region of Spt6
(Figure 3E). We therefore elected to mutate either the three
initially identified, or all seven potential CK2 target sites to
alanine residues to produce and collect the resulting recom-
binant protein. Then, we subjected the two mutant proteins
to in vitro phosphorylation by purified CK2 from yeast. The
Spt6 mutant in which the three initial CK2 target sites had
been eliminated, exhibited a reduced but residual level of
phosphorylation, while no [� ]-32Pi was incorporated into a
mutant Spt6 protein in which all seven CK2 potential target
sites had been eliminated, indicating that these sites include
all CK2 phosphorylation sites used in vitro (Figure 3F).

CK2 Phosphorylation in Spt6 are important for its chromatin
function

To analyze the potential function of the identified CK2 tar-
get sites, we constructed strains expressing Spt6-7SA mu-
tant form and probed a set of phenotypes associated with
Spt6 function. One aspect of the SPT phenotype is a de-
fect in Spt6 function that suppresses � insertion mutations
in the promoter of the LYS2 genes. Thus, a WT strain with
a lys2-128δ allele is unable to grow in the absence of ly-
sine. A defect in Spt6 function suppresses this phenotype
and the strain is no longer auxotrophic for lysine (46 ). As
shown in Figure 4A, cells expressing spt6-7SA mutant ex-
hibited thermosensitivity, and an spt- phenotype (loss of ly-
sine auxotrophy) on SC-Lys. An spt- phenotype indicates
defect in Spt6 function associated with chromatin organi-
zation (65). Defective Spt6 function is also associated with
spurious transcription from cryptic promoters within the
coding regions of transcriptionally active genes (12). We an-
alyzed the consequence of the expression of non phospho-
rylatable Spt6 mutant on the repression of intragenic cryp-
tic promoter at FLO8 using the reporter system pGAL1-
FLO8-HIS3. The expression from the FLO8 cryptic pro-
moter, as measured by growth in the absence of histidine,
indicates spurious transcription (Figure 4B), reflecting a de-
fect in chromatin refolding during transcription. We also
analyzed cryptic transcription at FLO8 by Northern blot
and detected short cryptic transcripts in yeast expressing
spt6-7SA (Figure 4C). This result shows that CK2 target
sites found in the N-terminal region of Spt6 are important
for Spt6 chromatin functions. Finally, we assessed by ChIP
assays the level of H3K56ac in G1 arrested cells in WT or
spt6-7SA mutant (Figure 4D). Importantly, the inhibition
of Spt6 phosphorylation by CK2 was associated with higher
specific incorporation of new H3K56ac in the coding re-
gions of transcribed genes (non-transcribed intergenic re-
gion of chromosome V was used as negative control). Our
data strongly suggest that CK2-dependant phosphorylation
of the Spt6 N-terminal region is involved in the modula-
tion of histone H3 dynamics during transcription. Taken
together, these data show that CK2 phosphorylation sites
of the Spt6 N-terminal region are required for Spt6 chro-
matin functions.
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Figure 3. CK2 interacts with Spt6 and phosphorylates it in vitro and in vivo. (A) Spt6 interacts with different subunits of CK2 in vivo. Flag-Spt6 was
immunopurified from strains expressing Cka1-Myc or Cka2-Myc. The purified samples were analyzed by western blot with antibodies against the Myc
and Flag epitopes. A purification control was obtained using strains expressing untagged Spt6. (B) Spt6 interacts directly with CK2 in vitro. A His pulldown
assay was performed using equal amounts of Ckb2-TAP purified from yeast and recombinant 6xHis-Spt6. Ni-NTA agar beads alone served as a control.
(C) CK2 phosphorylates Spt6. In vitro phosphorylation assay of recombinant 6xHis-Spt6 with CK2 kinase purified from yeast. (D) Spt6 is phosphorylated
in vivo in a CK2-dependent manner. Flag-Spt6 was immunopurified from WT and ck2ts strains grown at 30◦C or at 37◦C for 2 h. The purified samples
were analyzed by western blot with antibodies against phosphoserine/phosphothreonine or Flag epitope. (E) Schematic representation of various domains
of Spt6: potential CK2 target sites (S28, S39, S40, S94, S134, S155, S206) are all found in the N-terminal region. (F) The N-terminal phosphosites of Spt6
(S28, S39, S40, S94, S134, S155, S206) are required for the phosphorylation by yeast CK2. In vitro phosphorylation assay of recombinant 6xHis-Spt6 WT,
and non-phosphorylatable mutants (6xHis-Spt6-3SA and -7SA) using CK2 kinase purified from yeast.

Spt6 phosphorylation sites play an essential role in the global
repression of antisense and cryptic transcription

To characterize further the role CK2-dependent Spt6 phos-
phorylation in transcription at high resolution, we per-
formed strand-specific RNA-seq in mutant comparing WT
to spt6-7SA. Approximately the same number of genes for
which the sense transcripts levels were affected either posi-
tively or negatively (Figure 5A). Strikingly, spt6-7SA mu-
tation led to the increase of antisense transcription in a
significantly higher number of genes (P value < 10e–70,
Ratio UP/Down 6:1). This is consistent with what we ob-
served for the ck2ts mutant and suggests that Spt6 phos-
phorylation sites are required for the repression of anti-
sense transcription. We next analyzed the data by com-
paring WT and spt6-7SA sense and antisense transcripts.
Also, similar to what have been found in ck2ts cells, the
Pearson correlation between WT and spt6-7SA data sets
is reduced for the antisense transcripts (Figure 5B). The
metagene analyses aligning sense and antisense transcripts
to transcription start site further confirmed that the most
striking effect of spt6-7SA mutation is to antisense tran-
scription (Figure 5C and Supplementary Figure S7). Next,
we confirmed our global data by testing antisense transcrip-
tion in a specific locus. As for ck2ts, the RNA-seq analy-
sis showed that spt6-7SA allele is associated with a signif-

icant induction of antisense transcription in PHO84 locus
(Figure 5D). We probed for the gene YML122C located up-
stream of PHO84. This gene is not transcriptionally active,
no sense or antisense transcripts are observed unless anti-
sense transcript initiates from PHO84 coding region and
extends into YML122C (Figure 5E). In spt6-7SA allele, a
probe located in YML122C revealed a long antisense tran-
script (PHO84-YML122C) starting in PHO84 and extend-
ing into YML122C (Figure 5E). Hence, these data indicate
that CK2 phosphorylation sites in Spt6 are required for the
repression of antisense transcription in yeast cells.

Spt6 is involved in the repression of global spurious
transcription from cryptic promoters (12). As shown in Fig-
ure 4, mutations of CK2 phosphorylation sites lead to the
derepression of the FLO8 cryptic promoter suggesting that
CK2 regulation of Spt6 may be involved in global control
of sense cryptic transcripts level. To analyze the global role
of CK2 regulation on cryptic transcripts, we measured the
3′/5′ ratios in the spt6-7SA mutant for all genes and com-
pared them to that of wild-type cells. In spt6-7SA, we found
563 genes with increased ratio suggesting that CK2 phos-
phorylation sites play an important role in the repression
of cryptic transcription (Figure 5I, Supplementary Table
S3). These data are reproducible as attested by the cor-
relation shown in Supplementary Figure S8. To validate
these results, we measured the 3′/5′ ratio by RT-qPCR at
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Figure 4. Phosphorylation by CK2 regulates Spt6 chromatin function. (A) Mutation of CK2 phosphosites in Spt6 leads to spt- phenotype. SPT6 WT
and spt6-7SA (Serine to Alanine) strains containing the Lys2-128δ SPT reporter allele were serially diluted and spotted on synthetic complete (SC) or SC
medium lacking lysine (SC-Lys) at 30 or 39◦C. The spt6-7SA allele is thermosensitive and has an spt- phenotype. (B) The spt6-7SA is not able to suppress
spurious transcription from FLO8 cryptic promoter. WT and spt6Δ strains expressing SPT6 WT or spt6-7SA containing pGAL1-FLO8-HIS3 spurious
transcription reporter were serially diluted and spotted on synthetic complete (SC) medium, or SC medium lacking histidine (SC-His) with Galactose as
a carbon source. The spt6-7SA allele growth in absence of histidine indicates intragenic cryptic initiation within FLO8 coding region. (C) The spt6-7SA
mutant is associated with cryptic transcription. Cells expressing either SPT6 WT or spt6-7SA were grown in YPD at 37◦C. Total RNA was isolated and
analyzed by Northern blot with a probe specific for 3′-end of FLO8. SCR1 served as loading control. (D) Replication-independent histone H3K56ac level
is increased at coding regions of genes in spt6-7SA mutant. ChIP assays assessing the H3K56 acetylation level in G1-arrested cells expressing Spt6 or the
mutated Spt6-7SA version. Cells were G1-arrested and subsequently grown for 2 h at 30 or 37◦C. The values shown represent the average and standard
errors of three independent experiments measuring H3K56ac levels (IP/Input) relative to histone H3 occupancy (IP/Input). Coding regions of different
genes were tested and NoORF is a non-transcribed control locus of chromosome V. (*) P value < 0.05; (**) P value < 0.01; (***) P value<0.001.

3 genes, FLO8, SPO23 and MAL33, exhibiting 3′ enrich-
ment in spt6-7SA mutant RNA-seq signals (Figure 5F). In-
terestingly, as predicted by our RNA-seq analyses, spt6-7SA
mutation is associated with a significant increase of 3′/5′
transcripts ratio at SPO23 or MAL33 and a slight one at
FLO8 (Figure 5F). This effect is not observed in the negative
controls PMA1 and FKS1, confirming that CK2 regula-
tion of Spt6 controls the cryptic transcripts levels at several
genes identified by our analyses. Moreover, our RNA-seq
3′/5′ ratios data also predicted the existence of cryptic tran-
scripts produced from within DDC1 3′end but not in SPB4
3′ end region. This was surprising because SPB4 is a com-
mon model gene used in several studies of cryptic transcrip-
tion and has been found to be affected in ck2ts cells (12).
To further confirm our analyses, we probed the transcripts
of DDC1 and SPB4 by Northern blot (Figure 5G). We

observed clear bands indicating short transcripts initiated
from 3′end cryptic promoters of FLO8 and DDC1, but not
for SPB4 as predicted by our analyses. Therefore, these data
suggest significant but not complete overlap between ck2ts

and spt6-7SA RNA-seq data sets. Together our observa-
tions indicate that CK2 phosphorylation of Spt6 is required
for the repression of spurious transcription from cryptic
promoters located within the coding regions of genes.

Spt6 phosphorylation mutants regulate cryptic sense and an-
tisense transcription at promoters that are also affected by
CK2

As suggested by our Northern blot experiments there are
overlaps between ck2ts and spt6-7SA but also some differ-
ences as shown for SPB4. We wanted to address this ques-
tion globally and know if the mutation of Spt6 phospho-
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Figure 5. Spt6 phosphorylation regulates cryptic intragenic and antisense transcription. (A) Spt6 is required for the repression of antisense transcription
in a high number of genes. A representation of genes count affected by at least two-fold either positively (green) or negatively (red) in spt6-7SA for sense
or antisense transcripts levels. (B) The spt6-7SA antisense transcripts are less correlated with those of the wild-type (WT) strain. WT sense (left panel)
or antisense (right panel) log10 RPM scores for each transcription unit were plotted against spt6-7SA datasets. The Pearson correlation (R value) was
calculated and is shown in each panel. (C) CK2 phosphorylation sites in SPT6 are required for the global repression of antisense transcription. Metagene
analysis showing WT and spt6-7SA RPM RNA-seq signals of the sense (left panel) or antisense (right panel) strands aligned over transcribed regions of
genes. Transcription start site (TSS) and transcription end site (TES) are shown. A higher level of antisense transcription is observed in spt6-7SA. (D) Spt6
phosphosites are essential to the repression of antisense transcription in PHO84 locus. A view of PHO84 locus (chromosome XIII) sense and antisense
strands transcripts data obtained by RNA-seq in WT (red) or spt6-7SA (green). (E) The CK2 phosphorylated residues play a crucial role in the repression of
antisense transcription at PHO84 locus. This observation was shown here by Northern blot analyses of PHO84-YML122C locus transcripts using different
probes. PHO84 probe was used to identify PHO84 sense transcripts while YML122C probe was used specifically to follow the long antisense transcript
that starts in PHO84 and extends into YML122C. (F) Mutation of CK2 phosphorylated residues in Spt6 leads to 3′enrichment of sense transcripts at
SPO23, MAL33 and FLO8. In this experiment, transcripts levels of the indicated genes were analyzed by RT-qPCR. The 5′ and 3′ regions of each gene
were amplified and the values shown are 3′/5′ ratios representing the average and standard errors of three independent experiments. (*) P value < 0.05. (G)
CK2-dependent phosphorylation of Spt6 is required for the repression of spurious transcription at DDC1 and SPB4. Total RNA was isolated from cells
after two hours of growth at 37 and analysed by northern blot with probes specific for 3′-end of FLO8, DDC1, and SPB4. SCR1 was used as a loading
control. Arrows indicate full-length RNA transcripts, and asterisks indicate short transcripts. (H) Significant overlap between ck2ts and spt6-7SA datasets
for the genes with an increased antisense transcripts levels. The Venn diagram compares the number of genes with antisense enrichment in ck2ts and spt6-
7SA mutants. The right panel is a correlation plot of antisense enrichment between ck2ts and spt6-7SA mutants. The ck2ts Antisense/Sense ratio relative
to WT for each gene was plotted against spt6-7SA Antisense/Sense ratio relative to WT. The Pearson correlation coefficient (R value) was calculated and
shows a positive and significant correlation between the two ratios. (I) Significant number of genes with predicted intragenic cryptic transcripts, identified by
3′enrichmnent, in ck2ts overlap with those of spt6-7SA mutants. The Venn diagram compares the number of genes with 3′ enrichment in ck2ts and spt6-7SA
mutants. The right panel is a correlation plot of 3′ enrichment between ck2ts and spt6-7SA mutants. The 3′ennrichment of ck2ts for each gene was plotted
against that of spt6-7SA. The Pearson correlation coefficient (R value) was calculated and shows a positive and significant correlation between the two
data sets regarding cryptic transcripts.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/46/15/7612/5037729 by guest on 01 O

ctober 2021



Nucleic Acids Research, 2018, Vol. 46, No. 15 7623

rylation sites affects cryptic sense or antisense transcrip-
tion at the same sites as CK2. We first compared ck2ts and
spt6-7SA RNA-seq data sets for antisense transcripts and
found positive and significant overlap between the two data
sets (Figure 5H left panel and Supplementary Figure S9A).
Moreover, we found positive correlation between the two
data sets (Figure 5H right panel). Interestingly, we also
observed the same type of relations between the two sets
of data regarding the cryptic transcripts identified by the
3′/5′ ratio (Figure 5I and Supplementary Figure S9B). The
overlap was much higher than what would be expected by
chance with P values less than 8.529784e-67 (Figure 5H and
I; Supplementary Figure S9). Remarkably, 76% (434 out
569) of the genes showing an increase of antisense transcrip-
tion in spt6-7SA also produce higher antisense transcripts
in ck2ts (Figure 5H). Together, these data establish a strong
link between Spt6 phosphorylation and the global regula-
tion of transcription accuracy by CK2. However, it must
be noted that the group of CK2 genes producing pervasive
antisense transcripts extends well beyond those affected in
spt6-7SA. This suggests that, in addition to CK2–Spt6 path-
way, this kinase may regulate additional sites independently
of Spt6.

CK2 phosphorylation sites are required for the stability of
Spt6

The essential kinase CK2 regulates transcription accuracy
possibly by modulating the activity of chromatin factors in-
volved in the re-setting of the chromatin structure in the
path of transcription. We have found that CK2 interacts and
phosphorylates Spt6 which plays a major role in the refold-
ing of nucleosomes in the body of genes. Our global data
indicate that CK2 represses spurious transcription at many
genes that are also affected by the loss of its phosphoryla-
tion sites in Spt6. These observations suggest that CK2 may
influence, at least in part, the accuracy of transcription by
phosphorylating Spt6 and thereby modulating its activity.
Interestingly, by studying the effect of CK2 on Spt6/Iws1
complex, we observed that the level of the complex is signif-
icantly dependent on CK2 phosphorylation of Spt6 in vitro
(data not shown). This effect is not observed in vivo (data
not shown). However, we observed that CK2 depletion has
a significant effect on total Spt6 protein level as indicated
by Western blots shown in Figure 6A. This finding suggests
a mechanism involving CK2 that regulates the cellular level
of Spt6. We tested this by assessing the level of Spt6 in spt6-
7SA cells. As shown in Figure 6B, mutation of CK2 phos-
phosites is clearly associated with a decreased level of Spt6.
Interestingly, reducing the level of Spt6 just by 50% results
in an impaired function, as shown in Supplementary Figure
S10, supporting previous reports (46,65). The reduction of
Spt6 level could be the consequence of either a defect in the
production of the protein or an impaired stability. Because
we did not observe a significant and a reproducible effect of
CK2 on the production of SPT6 transcripts by RT-QPCR
(data not shown), we decided to test the second possibility
by asking whether CK2 phosphorylation sites contributes
to Spt6 stability. For that, Spt6 level was analyzed in wild-
type and CK2 phosphosites mutant spt6-7SA cells grown in
presence of cycloheximide, a protein synthesis inhibitor. As

shown in Figure 6C and Supplementary Figure S11, Spt6–
7SA protein level decay was significantly faster than Spt6
WT decay. The half -life of Spt6-7SA was around two hours
while that of Spt6 WT is approximately four hours. Impor-
tantly, expressing a version of Spt6 mimicking CK2 phos-
phorylation stabilized the protein and no significant decay
was observed after six hours of cycloheximide treatment.
This result indicates that CK2 phosphorylation sites play a
major role in the maintenance of normal Spt6 level.

Restoring Spt6 cellular level in CK2 depleted cells suppresses
H3K56ac incorporation and spurious transcription

Our later findings regarding Spt6 stability bring about an in-
teresting possibility involving CK2 regulation of histone H3
dynamics. Indeed, one can assume that if CK2 regulation
modulates histone H3 dynamics by maintaining Spt6 cel-
lular levels, then mimicking CK2 phosphorylation of Spt6
could affect this dynamic. To address this possibility, we
analyzed the incorporation of new H3 in CK2 phospho-
sites mutants at the coding regions of several genes. The
level of H3K56ac, a surrogate of new H3 incorporation,
was assessed by ChIP assays in wild-type or ck2ts G1 ar-
rested cells expressing either Spt6 WT or Spt6-7SD (Figure
6D). Interestingly, when the ck2ts cells express a wild-type
Spt6, the H3K56ac level is increased at the coding regions
of active genes at both permissive and restrictive temper-
atures. This shows higher replication-independent incorpo-
ration of newly synthesized H3 in ck2ts and indicates that in
these regions, H3/H4 tetramers that are disrupted by elon-
gating RNAP II are not recovered. Instead, in these loca-
tions, new H3/H4 tetramers are used to reassemble nucle-
osomes. Importantly, when ck2ts cells express a version of
Spt6 that mimics CK2 phosphorylation, a clear suppression
of the new H3 incorporation was observed at the coding re-
gions of active genes. This indicates that CK2 function in
the regulation of replication-independent H3/H4 dynam-
ics is mediated by the phosphorylation of Spt6 and suggests
that stable level of this factor plays a key role in this process.
To further study the effect of Spt6 phosphorylation state on
CK2 chromatin function, we asked if the suppression of hi-
stone H3 incorporation observed in ck2ts cells expressing a
version mimicking CK2 phosphorylation is associated with
a change in the spurious transcription. To this end, we an-
alyzed by Northern blot the transcripts of FLO8 gene. As
shown in Figure 6E, in restrictive conditions, short tran-
scripts are clearly observed in ck2ts cells expressing Spt6 WT
or Spt6-7SA. Interestingly, ck2ts cells expressing Spt6-7SD
display significantly less FLO8 short transcripts indicating
that a stable level of Spt6 suppresses spurious transcription
from cryptic promoters in cells that are depleted in CK2 ac-
tivity. Together, our findings demonstrate that CK2’s func-
tion in suppression of spurious transcription is at least in
part dependent on the regulation of Spt6 stability through
its direct phosphorylation.

CK2 and Spt6 phosphorylation sites are important for the ef-
ficient transcriptional response to environmental signals and
stresses

CK2 has a widespread role in chromatin dynamics and the
control of transcription accuracy without impacting tran-
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Figure 6. CK2 phosphorylation sites are critical for Spt6 stability and chromatin functions. (A) CK2 mutant is associated with a decrease of Spt6 cellular
level. Flag-Spt6 and Iws1-Myc proteins were analyzed by western blots on total extracts from wild type (WT) or ck2ts heat-shocked cells using antibodies
against Flag and Myc epitopes. (B) Mutation in CK2-dependent phosphosites leads to a decrease in Spt6 protein level. Flag-Spt6 and Iws1-Myc proteins
were analyzed by western blots on chromatin extracts of cells expressing Flag-Spt6 or Flag-Spt6-7SA. (C) CK2-dependent phosphorylation of Spt6 is
required for its stability. Flag-Spt6, Flag-Spt6-7SA (non-phosphrylatable) and Flag-Spt6-7SD (phosphomimic) proteins were analyzed by western blots
on total extracts from heat-shocked cells treated for the time indicated with cycloheximide (CHX). Pgk1 was used as a loading control. Mutation of Spt6
phosphosites to alanine reduces its half-life while the change toward aspartic acid residues stabilizes this protein. (D) Spt6 phosphomimic mutant spt6-7SD
suppresses the increased H3K56ac deposition observed in ck2ts mutant. ChIP assays assessing the H3K56 acetylation level in WT and ck2ts expressing
Spt6 or Spt6-7SD. Cells were G1-arrested and subsequently grown for 1 h at 30 or 37◦C. The values shown represent the average and standard errors
of three independent experiments measuring H3K56ac levels (IP/Input) relative to histone H3 occupancy (IP/Input). Coding regions of different genes
were tested and NoORF is a non-transcribed control locus of chromosome V. (*) P value < 0.05. (E) Spt6 phosphomimic mutant spt6-7SD suppresses
the cryptic transcription in ck2ts at FLO8 gene. Cells expressing either Spt6-7SD or Spt6-7SA were grown in YPD at 30◦C and then shifted 37◦C for two
hours. Total RNA was extracted and analyzed by northern blot using a specific FLO8 3′ end probe. SCR1 is a loading control.
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scripts levels of most protein-encoding genes. Indeed, in
standard conditions used in our study, the important pro-
duction of spurious sense and antisense transcripts in CK2
depleted cells has only limited effects on gene expression.
This surprising observation is however not restricted to
CK2 and many chromatin modifiers have limited impact on
gene expression (66). Interestingly, elegant studies showed
that chromatin regulators have greater effect on the dynam-
ics of gene expression than on the steady state transcription
(66). Thus, it is possible that, similar to chromatin regula-
tors, CK2 would modify the dynamics of transcriptional re-
sponse. To test this, we first asked whether CK2 has a role in
the dynamics of galactose induction at galactose responsive
genes. In Figure 7A, a time-course of Rpb1 (a subunit of
RNAP II) recruitment to GAL2 gene is shown in both wild-
type and ck2ts at permissive and restrictive temperatures.
Interestingly, at both conditions, we observed a clear reduc-
tion of Rpb1 recruitment at GAL2 while no such effect was
observed at the constitutive gene PMA1. This defect was
associated with a clear reduction of the GAL2 mRNA pro-
duction, indicating that CK2 affects the cellular response to
carbon source shift (Figure 7B). Next, we wanted to know if
CK2 phosphorylation sites in Spt6 are important for Rpb1
recruitment and GAL2 transcriptional induction. Impor-
tantly, similar to ck2ts mutant, the recruitment of Rpb1 and
the induction of GAL2 induction are both impaired in spt6-
7SA (Figure 7C and D). We further tested other transcrip-
tional responses as histidine starvation by treating WT or
mutant cells with 3-aminotriazole (3AT), a competitive in-
hibitor of His3. Both ck2ts and spt6-7SA mutations affected
significantly this response regarding mRNA levels of differ-
ent metabolic genes activated by amino-acid starvation such
as HIS4, ARG1 and ATR1 (Figure 7E). We conclude that
CK2 and the phosphorylation of Spt6 are required for the
dynamic adaptation of cells to environmental changes and
stresses.

DISCUSSION

Proper refolding of chromatin during the course of tran-
scription is tightly regulated. Defects in chromatin re-
folding have been linked to spurious transcription from
cryptic promoters within the coding regions of different
genes (12,14,22,23). Cryptic transcription is a widespread
phenomenon in yeast, with many genes displaying such
aberrant event. Importantly, it has also been reported in
mammals (18,67). Different factors can suppress cryp-
tic transcription, including histones, regulators of histone
genes, chromatin remodeling factors, transcription elonga-
tion factors and histone chaperones (12,23,68). CK2’s sub-
units have been associated with some of these factors. In-
deed, subunits of CK2 have been found to be associated
with different factors that modulate chromatin structure
during transcription elongation (35,39,40). Previous stud-
ies suggested that CK2 may regulate chromatin structure
(33,34,69). However, an exact mechanism of how such reg-
ulation operates remained largely elusive. Here we show, for
the first time, clear and direct evidence of CK2’s involve-
ment in this process. Our data further support a physical
and a functional link between CK2 and an essential HC,
indicating a specific role of CK2 in chromatin structure dy-

namics. Furthermore, we identified a potential mechanism
of how CK2 may regulate chromatin modulations associ-
ated with transcription elongation. By regulating this chro-
matin process, CK2 contributes directly to the suppression
of cryptic intragenic sense and antisense transcription.

CK2 controls the nature of nucleosomes in the 3′end of tran-
scribed regions

During transcription elongation, nucleosomes are unfolded
to allow the progression of the transcription machinery
along DNA (3). Upon RNAP II passage, nucleosomes are
refolded back, mainly by mechanisms that preserve the hi-
stone H3/H4 tetramers. These mechanisms involve histone
H3/H4 chaperones such as Spt2 and Spt6 (19,20,57). In ad-
dition to nucleosomes refolding, histones are further modi-
fied by enzymes, including Set2, which incorporates methyl
groups on lysine 36 of histone H3 (70). This modification
is of great importance because it directs the deacetylation
of histone H3/H4 tails and thereby stabilizes nucleosomes
(22,70). Together, reassembly of nucleosomes and chemical
modifications of histones are required for the repression of
spurious transcription and the focusing of RNAP II on real
promoters leading to production of transcripts translated
into proteins. Our data show a key role of CK2 in chromatin
remodeling in 3′end of coding regions. First, we found that
CK2 activity is required for the control of H3K56 acety-
lation level in transcribed regions of several genes (Figure
1A). Second, we showed that new histone H3 incorpora-
tion in coding regions, a surrogate of nucleosomes turnover
in these locations (5), is also tightly and globally controlled
by CK2 (Figure 1C). Third, the high level of histone H3 ex-
change in CK2 depleted cells is specifically located in the
3′end regions of genes (Figure 1D). Thus, CK2 controls the
nature of nucleosomes that are refolded back after the pas-
sage of RNAP II and this has important consequences. In-
deed, a marked increase of replication-independent histone
H3/H4 exchange means that those nucleosomes have dif-
ferent marks and may therefore display different properties.
A high level of H3K56ac outside of S-phase indicates not
only a higher histone H3/H4 turnover but also a higher
general acetylation level of histone H3/H4 (22,70). As dis-
cussed above, acetylation of H3/H4 in coding region has a
major impact on the role of the chromatin structure as bar-
rier against RNAP II wrongful association in these loca-
tions. Our work shows that CK2 is required for the control
of H3K56ac levels in coding regions and may influence in-
directly other histone acetylation sites that could be impor-
tant for the inhibition of cryptic promoters located within
coding regions.

One important observation regarding CK2 and chro-
matin modulations, is that the high level of new histone H3
incorporation we observed in CK2 depleted cells is located
in the 3′end regions of genes. These regions are typically en-
riched in histone H3K36me3 mark, which is known to play
a major role in the inhibition of various cryptic promoters,
and is involved in the control of histone H3 exchange at
these locations (22). In addition, similar to a set2 mutant,
ck2ts did not affect the global levels of histones in coding re-
gions (data not shown). Furthermore, Spt6/Iws1 complex is
a key regulator of H3K36me3 and Set2 activity (62). Thus,
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Figure 7. CK2 and its Spt6 phosphorylation sites are required for transcriptional response. (A) Rpb1 recruitment to galactose-inducible gene is affected
by CK2 depletion. ChIP assays analysing Rpb1 recruitment to galactose inducible GAL2 or to constitutive PMA1 genes. Cells from WT or ck2ts strains
were grown in raffinose to mid-log phase, galactose was added and cultures were shifted to the indicated temperatures (30◦C: permissive or 37◦C: non-
permissive). The values shown represent the average and standard errors of three independent experiments measuring Rpb1 relative levels (IP/Input). (B)
CK2 is required for the transcript level induction of the galactose responsive gene GAL2. RT-QPCR assessing transcripts levels of GAL2 and PMA1 upon
galactose induction in WT and ck2ts. Total RNAs, extracted from cells treated as described in A, were analysed by RT-qPCR. (C) Rpb1 recruitment to
galactose-inducible gene is affected by mutations of CK2 phosphosites in Spt6. ChIP assays analysing Rpb1 recruitment to galactose inducible GAL2 or to
constitutive PMA1 genes. Cells expressing Spt6 or Spt6-7SA mutated version were grown in raffinose to mid-log phase and then galactose was added for the
indicated time. The values shown represent the average and standard errors of three independent experiments measuring Rpb1 relative levels (IP/Input).
(D) Spt6 phosphorylation sites are required for the transcript level induction of the galactose responsive gene GAL2. RT-QPCR assessing transcripts levels
of GAL2 and PMA1 upon galactose induction in cells expressing WT Spt6 or Spt6-7SA. Total RNAs, extracted from cells treated as described in C, were
analysed by RT-qPCR. (E) CK2 and its phosphorylation sites in Spt6 are required for the transcriptional response to histidine starvation. WT, ck2ts or
cells expressing spt6-7SA were grown in SC-His medium, heat shocked at 37◦C for 30 min and then treated with 40 mM 3-aminotriazole (3AT) for 1 h to
induce amino acid starvation response. Total RNA was extracted, used to produce cDNA and quantified by QPCR at HIS4, ARG1 and ATR1 genes. For
all RT-QPCR, the relative level is the ratio of the indicated RNA to the SCR1 transcript level. (*) P value < 0.05; (**) P value < 0.01; (***) P value <

0.001.
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CK2 has similarity towards Set2 on histone H3 exchange
in 3′ of coding regions, H3K56ac levels, histone H3 occu-
pancy, and Spt6 function. Consequently, one could easily
imagine that CK2 may influence chromatin modulations
through the direct or indirect control of H3K36 methyla-
tion. Our data discard this possibility. First, in ck2ts cells,
we did not observe an effect on H3K36me3 at all genes
tested (Supplementary Figure S1C and data not shown).
Second, the global level of these modifications was not sig-
nificantly different in CK2 depleted cells from that of wild-
type cells (Supplementary Figure S1B). Third, the recruit-
ment of Set2 enzyme was directly assessed by ChIP assays
in ck2ts cells and no significant change has been observed
(data not shown). Therefore, we conclude that CK2 con-
trols the chromatin dynamics in the coding regions through
one or more pathway(s) and none of these include Set2 and
H3K36me3.

CK2-mediated phosphorylation of Spt6 modulates chromatin
in transcribed regions

Several new observations made in this work point toward a
direct regulation of one of the main histone chaperone in-
volved in chromatin modulations during transcription elon-
gation. Indeed, we found that Spt6 is phosphorylated on
several residues by CK2 both in vivo and in vitro (Figure 3).
These phosphosites have an important impact on the func-
tion of Spt6 and their mutation leads to defects in the sup-
pression of Ty transcription (Figure 4). In addition, they are
required for the control of H3K56ac levels and recycling
of H3/H4 tetramers in coding regions. Consequently, the
Spt6 version mutated in CK2 phosphosites cannot achieve
the repression of spurious transcription, as shown by re-
porter assay, Northern blot and RNA-seq data (Figures 4
and 5). Importantly, we demonstrated that mimicking CK2
phosphorylation results in rescue of ck2ts phenotypes on
both histone H3K56ac and spurious transcription (Figure
6C and D). Thus, we feel confident that a significant part
of CK2 regulation proceeds through Spt6 phosphorylation.
This is especially the case for histone H3 dynamics, given
the fact that the expression of an Spt6 version mimicking
CK2 phosphorylation in ck2ts mutants leads to a complete
repression of histone H3K56ac increased incorporation in
the tested coding regions (Figure 6D). However, CK2 con-
trol of cryptic sense and antisense transcription extends be-
yond the role of Spt6. Indeed, despite good overlap between
ck2ts and spt6-7SA data sets regarding genes producing in-
tragenic or antisense transcripts, differences do exist. This
is well illustrated by the comparison of ck2ts and spt6-7SA
genes that were affected for antisense transcripts. We ob-
served that almost 80% of genes affected in spt6-7SA also
produce antisense transcripts in ck2ts. However, CK2 mu-
tant affects many more genes and only 32% are common
with spt6-7SA. Several possibilities could explain these ob-
servations. In our experimental conditions, ck2tscould sim-
ply have indirect effects that would result in more drastic
phenotypes. Alternatively, CK2 could regulate different fac-
tor(s) that would modulate directly the initiation from dif-
ferent cryptic sense or antisense promoters. Interestingly,
CK2 has been directly linked with FACT and PAF elon-
gation complexes and H2B ubiquitylation (33,35,39) which

were associated with spurious transcription and chromatin
reassembly (71,72). The existence of such an alternative
pathway is supported by the partial suppression of CK2
spurious transcription when Spt6-7SD is expressed.

Finally, we should mention that Spt6 partner, Iws1,
is a potential target of CK2 (35). In addition to Spt6,
CK2 may regulate the other subunit of the Spt6/Iws1 com-
plex and this regulation could have a significant role in the
overall control of transcription accuracy. Thus, it would
be interesting to test if CK2 modulates Iws1 and how
this potential regulation affects the chromatin function of
Spt6/Iws1complex and spurious transcription. In any ways,
CK2 regulates Spt6 function by maintaining its cellular lev-
els. This has direct consequences on histone H3/H4 dynam-
ics in coding region and thereby transcription accuracy.

CK2 may help RNAP II to focus on real promoters and there-
fore allows optimal cell response to environmental challenges

In cells depleted of CK2 activity, we measured high levels of
cryptic sense and antisense transcripts (Figure 2). It is likely
that this spurious transcription would have a major impact
on bona fide genes transcription. Indeed, an increasing num-
ber of studies in various organisms show that non-coding
RNA and their transcription directly and indirectly regu-
late the transcription of genes (15,17,73,74). Our data do
not allow us to draw clear conclusions on steady state tran-
scripts levels of genes (Figure 2C). One could expect that
transcription from a cryptic promoter driving either sense
or antisense transcription would impact and compete with
the normal canonical promoter. We assessed this possibility
by analyzing the link between changes in the transcription
of bona fide genes and the presence of spurious transcrip-
tion in these genes. Unfortunately, we did not observe a sig-
nificant correlation between the normal transcript variation
and production of spurious transcription (data not shown).
Importantly, this is consistent with previous observations
made on spt6-1004 mutant cells in which massive spurious
transcription has been observed (12,27). In this mutant, no
significant correlation between spurious transcription and
transcription from canonical promoters has been reported
(27). It was proposed that absence of obvious link may be
caused by spt6-1004s’ drastic effects on chromatin structure
including massive loss of nucleosomes (25). Importantly, in
our experimental conditions, no such effect has been ob-
served in CK2 depleted cells and histone H3 levels taken as
an assessment of nucleosomes occupancy was not changed
(data not shown). Thus, in the light of our data, it seems un-
likely that mutant with less drastic effect would allow us to
uncover or analyze better a potential relationship between
spurious and canonical transcription. Hence, the question
of the spurious transcription effect on the bona fide gene
expression remains unanswered. Two possibilities explain-
ing the transcriptional role of CK2 may be discussed. First,
cryptic transcription could have no impact on gene expres-
sion. This would be consistent with many observations re-
garding the phenotypes of mutants that produce spurious
transcripts without a significant outcome on transcription
from regular promoters. Indeed, mutants of the HCs Spt2
or the methyltransferase Set2 are associated with cryptic
transcription that has virtually no impact on their growth
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Figure 8. Mechanism of chromatin regulation by CK2. In presence of CK2 activity, Spt6 is phosphorylated and its level is maintained. This allows the
proper recycling of histones H3/H4 tetramers and ensures the accuracy of transcription by repressing spurious transcription. Altogether, these functions
could lead to the efficiency of the transcriptional response.

fitness or even global gene expression (75,76). However, it
is important to note that despite their importance, many
chromatin factors mutants have mild effects on global gene
expression. Presumably, this is due to homeostatic mecha-
nisms that compensate for the loss of chromatin regulators
(66).

Interestingly, looking at model genes, such as PHO5, sug-
gest a second possibility that may explain the potential tran-
scription role of CK2. Indeed, in steady state standard con-
ditions, PHO5 transcription is not generally affected by the
loss of many chromatin factors. This is however not the case
when cells are challenged to produce rapidly the Pho5 al-
kaline phosphatase (77,78). Therefore, in the case of CK2,
we reasoned that CK2 repression of spurious transcription
may be important for the response to environmental chal-
lenges. As shown in our study, all stresses conditions tested
in ck2ts mutant led to the observation of a defect in the tran-
scriptional response (Figure 7). Moreover, this was also ob-
served in the Spt6 phosphosite mutant (Figure 7). Our ob-
servation is consistent with elegant global studies showing
that chromatin factors have only mild effects on steady state
transcription, but are severely impaired in transcriptional
stress response (66). Without excluding other possibilities,
such as a role of CK2/Spt6 phosphorylation in the tran-
scriptional induction itself, a disturbed chromatin dynamics
and the induction of spurious transcription may affect tran-
scriptional response. In summary, our study shows a new
role of CK2 in the regulation of histone H3/H4 dynam-
ics through the phosphorylation of the HC Spt6. We pro-
pose a mechanism (see model Figure 8) where CK2 phos-
phorylates the Spt6 N-terminal domain and these modifica-
tions stabilize Spt6. Consequently, this HC recycles H3/H4
tetramers and nucleosomes are adequately refolded back.
Finally, we suggest that CK2 modulates other substrate that
collaborate to the inhibition of spurious transcription. Fu-
ture studies focused on these factors should give us a full
picture on how this conserved kinase controls the accuracy
of transcription.
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21. Rufiange,A., Jacques,P.É., Bhat,W., Robert,F. and Nourani,A. (2007)
Genome-Wide Replication-Independent histone H3 exchange occurs
predominantly at promoters and implicates H3 K56 acetylation and
Asf1. Mol. Cell, 27, 393–405.

22. Venkatesh,S., Smolle,M., Li,H., Gogol,M.M., Saint,M., Kumar,S.,
Natarajan,K. and Workman,J.L. (2012) Set2 methylation of histone
H3 lysine 36 suppresses histone exchange on transcribed genes.
Nature, 489, 452–455.

23. Jeronimo,C., Watanabe,S., Kaplan,C.D., Peterson,C.L. and Robert,F.
(2015) The histone chaperones FACT and Spt6 restrict H2A.Z from
intragenic locations. Mol. Cell, 58, 1113–1123.

24. Bortvin,A. and Winston,F. (1996) Evidence that Spt6p controls
chromatin structure by a direct interaction with histones. Science,
272, 1473–1476.
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