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Setl-dependent H3K4 di- and tri-methylation (H3K4me2/3)
have been associated with active transcription. Recent data
indicate that the H3K4me2/3 also plays a poorly character-
ized RNA-dependent repressive role. Here, we show that
GALI1 promoter is attenuated by the H3K4me2/3 deposited
by cryptic transcription. The H3K4me2/3 delay the recruit-
ment of RNA polymerase II (RNAPII) and TBP on GALI
promoter. Inactivation of RNA decay components revealed
the existence of the RNAPII-dependent unstable RNAs,
initiating upstream of GAL1 (GALIucut). GALIucut RNAs
are synthesized in glucose and require the Rebl transcrip-
tion factor. Consistent with a regulatory function of the
cryptic transcription, Reb1 depletion leads to a decrease of
H3K4me3 on GAL10-GALI1 locus in glucose and to an accel-
eration of GAL1 induction. A candidate approach shows that
the RPD3 histone deacetylase attenuates GALI induction
and is tethered at the GALIO-GALI1 locus by H3K4me2/3
upon repression. Strikingly, Setl-dependent Rpd3 recruit-
ment represses also the usage of a hidden promoter within
SUC2, suggesting a general function for H3K4me2/3 in
promoter fidelity. Our data support a model wherein certain
promoters are embedded in a repressive chromatin con-
trolled by cryptic transcription.
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Introduction

The condensation of eukaryotic DNA in arrays of nucleo-
somes, folded into higher-order chromatin fibres influences
several aspects of DNA metabolism such as gene expression,
DNA repair and recombination (Kornberg and Lorch, 1999).
The fundamental unit of chromatin, the nucleosome, consists
of 146 base pairs (bp) of DNA wrapped around a histone
octamer containing two H2A/H2B heterodimers and two H3
and H4 dimers (Luger et al, 1997). Histone-modifying
enzymes regulate nucleosome functions by adding or
removing a large variety of covalent modifications, mainly
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on the N-terminal regions of histones (Peterson and Laniel,
2004). Chromatin structure has been proposed to be regu-
lated by histone tail recognition modules, binding acetylated
lysine such as bromodomains, or methylated lysine such as
plant homeobox domain (PHD) and chromodomains (CHD)
(Dhalluin et al, 1999; Sims and Reinberg, 2006). Histone
methylation has received a lot of interest, as it marks active
and inactive chromatin. In Saccharomyces cerevisiae, the
histone methyl transferases Setl, Set2 and Dotl, catalysing
H3K4, H3K36 and H3K79 methylation (H3K4me, H3K36me
and H3K79me), respectively, have been associated with
active transcription and euchromatin (Santos-Rosa et al,
2002; Strahl et al, 2002; Krogan et al, 2003). Remarkably,
these histone methylations are conserved throughout evolu-
tion. In contrast to Dotl, Setl- and Set2-dependent histone
methylations are surprisingly dynamic on gene activation and
have been shown to be involved in early and late transcrip-
tion processes (Santos-Rosa et al, 2003; Morillon et al, 2005).
Set2 associates with RNA polymerase-II (RNAPII) carboxy-
terminal domain (CTD) and marks the 3’ region of active
genes (Li et al, 2003; Xiao et al, 2003). The main function of
Set2 is to control transcription fidelity by preventing spurious
transcription from the hidden promoter. Indeed, H3K36me3 is
recognized by the histone deacetylase complex (HDAC)
RPD3S, through Eaf3 and Rcol modules (Joshi and Struhl,
2005; Keogh et al, 2005; Li et al, 2007). Subsequently, histone
H3 and H4 de-acetylation, catalyzed by Rpd3, prevents
inappropriate nucleosome displacement at the 3’ end of
genes and maintains the dormancy of cryptic promoters
embedded in coding regions (Carrozza et al, 2005).

Similar to Set2, Setl associates with the RNAPII-CTD and
its activity is controlled by factors found in the SET1C
complex (Dehe and Geli, 2006). The seven subunits of
SET1C are important either for its integrity or for controlling,
specifically, H3K4 tri-, di- and mono-methylation (H3K4me3,
H3K4me2 and H3K4mel). Among them Sppl has an impor-
tant function in maintaining high levels of H3K4me3,
whereas Sdcl is necessary for H3K4me3 and H3K4me2. In
addition, trans-tail communication regulates H3K4me. H2B
ubiquitylation and H3R2 methylation are required to control
H3K4me3 (Briggs et al, 2002; Kirmizis et al, 2007; Lee et al,
2007; Vitaliano-Prunier et al, 2008). H3K4me3 is mainly
found at the 5’ end of genes, consistent with high levels of
Setl at the promoter proximal regions of active genes
(Ng et al, 2003). The H3K4me3 function is still poorly
characterized, but has been linked with transcription initia-
tion, elongation and RNA processing (Santos-Rosa et al, 2003;
Sims et al, 2007; Vermeulen et al, 2007). Surprisingly,
H3K4me2 is found throughout the coding region on tran-
scribed gene, whereas H3K4mel is excluded from the 5" end
of active genes to accumulate at the 3’ end (Morillon et al,
2005; Shahbazian et al, 2005). In agreement with its positive
role in transcription, several active transcription-related fac-
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tors have been shown to interact with H3K4me3 in higher
eukaryotes such as CHD1, TAF1 and NURF (Flanagan et al,
2005; Wysocka et al, 2006; Vermeulen et al, 2007). Despite
the general idea that Setl activity is associated with transcrip-
tion, some evidence suggested that Setl-dependent histone
methylation might be involved in gene silencing. First, a
genetic screen in Caenorhabditis elegans identified homologs
of Setl that are involved in ncRNA-mediated gene silencing
(Ketting and Plasterk, 2000). Second, reports showed that
H3K4me3 is recognized by ING2, subunit of a HDAC, to
repress Cyclin D gene in mammalian cells (Pena et al, 2006;
Shi et al, 2006). Finally, our results showed that trans-acting
regulatory ncRNAs silence gene expression through Setl-
dependent histone H3K4me2/3 in S. cerevisiae (Berretta
et al, 2008). In addition to RNA-mediated gene silencing,
Setl plays a repressive role on PHOS5, PHO84 and GALI
expression in yeast, suggesting that H3K4me could create a
repressive chromatin configuration (Carvin and Kladde,
2004).

In this work, we investigated the role of Setl on gene
repression in S. cerevisiae. Using mutations disabling the
SET1C activity and H3K4 point mutation, we showed that
H3K4me2/3 are repressive marks for GALI induction, inhi-
biting TBP and RNAPII recruitment to the GALI promoter.
Furthermore, we showed the existence of long cryptic un-
stable RNAPII transcripts initiating upstream of GALI, which
are produced upon GALI repression and controlled by the
Rebl transcription factor. Inactivating the GALIucut cryptic
transcription led to a large reduction of H3K4me3 at the
GALIO-GALI locus. A candidate screen for PHD domain-
containing factors, showed that Rcol, a subunit of the
HDAC RPD3S (Li et al, 2007), attenuates GALI induction.
Consistent with this result, we showed that ‘cryptic’
H3K4me2/3 at the GALIO-GALI locus tethers Rpd3 to delay
gene induction. In an attempt to generalize our observation to
inducible genes known to contain cryptic transcription, we
found that the Rpd3 occupancy is mediated by H3K4me2/3
at the PHOS, IMDZ2 and SUC2 promoter proximal regions.
Importantly, Setl and Rpd3 impaired the usage of a hidden
SUC2 promoter, suggesting a general role for H3K4me2/3 in
transcription fidelity. Altogether, our data support a model in
which, cryptic transcription can generate a repressive chro-
matin configuration on RNAPII promoters to control tran-
scription initiation.

Results

Set1-dependent H3K4me2/3 attenuate GALT mRNA
accumulation

To study the repressive role of Setl in transcription, we
generated mutations  affecting the  Setl-dependent
H3K4me2/3 and analyzed the kinetics of GALI induction.
The GALI gene is located in the GALIO-GALI locus, where
the two genes share the same promoter (Campbell et al,
2008). The GALIO and GALI genes are controlled by carbon
sources in the growth media, being repressed by glucose,
poised by raffinose and transcriptionally activated by galac-
tose. The different states of the GALIO-GALI transcriptional
activity are the result of the interplay between the Gal80, Gal3
and Gal4 factors. Among the mutations affecting Set1, partial
N-terminal truncations have been shown to reduce the levels
of H3K4me2 and H3K4me3 when expressed from a multicopy

1698 The EMBO Journal VOL 28| NO 12 | 2009

plasmid (Schlichter and Cairns, 2005). To get robust results,
we designed a strain labelled set1(463-1080), expressing the
N-terminal truncated version of Setl from its endogenous
promoter. Western blot and chromatin immunoprecipitation
(ChIP) experiments confirmed that the N-terminal part of
Setl was required for H3K4me2 and H3K4me3 (Supple-
mentary Figure 1A and B). Then, we extracted total RNA
from WT and set1(463-1080) strains. After probing with the
GALI sense riboprobe P1 (Figure 2A), we observed that
accumulation of GALI RNA in setl(463-1080) at 60 min of
induction, was 3.5-fold higher than in WT (Figure 1A and D).
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Figure 1 Setl-dependent histone H3K4me2/3 attenuate GALI acti-
vation. Northern blot experiments with total RNA extracted from
(A). WT (YAM908), setlA (YAM249), setl(463-1080) (YAM912),
(B) WT (YAM92), setlA (YAM249), spplA (YAMS04), sdclA
(YAMS800) and set2A (YAM678) and setlAset2A (YAM623) and (C)
with WT (YAM212), H3K4A (YAM216) and H3K36A (YAM215)
strains. scRI RNA is a loading control and GALI has been probed
with P1 probe (see Figure 2A). Time of induction is indicated in
minutes after a shift from glucose (G) to raffinose (R) and galactose
(gal) containing media. (D) Quantification of GALI/scR1 levels at
60 min of induction. GAL1/scR1 levels of WT have been arbitrary set
to 1. Error bars represent the standard deviations of at least three
independent experiments.
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This observation suggests that H3K4me3 and/or H3K4me2
attenuated the GALI induction.

To distinguish between H3K4me2 and H3K4me3 and
determine whether the regulation was restricted to Setl-
dependent methylation, we performed similar experiments
with WT, spplA, sdclA, setlA, set2A and setl1Aset2A strains.
The sdcIA and setlA strains showed 6- to 8-fold increase of
GAL1 levels, respectively, when compared with the WT,
whereas the spplA strain had a milder effect with a fourfold
increase (Figure 1B and D). In contrast, the setZA strain
showed no change of GALI RNA accumulation at 60 min of
induction (Figure 1B and D), and the kinetics of induction of
setlAset2A strain was similar to the setIA strain, showing
that H3K36me has no function in GALI regulation. The
induction folds of sppIA and sdclA strains, affecting
H3K4me3 only and both H3K4me2 and H3K4me3, respec-
tively, point out that the two states of H3K4 methylation are
important for the GALI regulation. As it is difficult to
distinguish between the effects of H3K4me2 and H3K4me3,
we will refer to both states of methylation as H3K4me2/3 in
the remainder of the paper.

To confirm that histone methylation was indeed involved
in the GALI regulation, we generated strains with H3K4A and
H3K36A mutations, lacking methylation at the respective
lysines. In the H3K4A mutant, the accumulation of GALI
RNA was 2.5-fold higher than in WT at 60 min of induction
(Figure 1C and D). In contrast, GALI levels were similar in
H3K36A and WT strains, confirming that H3K36me was not
involved in GALI regulation. Analyses of the 120-min-late
time point of induction showed that the strains defective for
H3K4me2/3 finally accumulated equivalent levels of GALI
as the WT (Supplementary Figure 2), suggesting that
Setl-dependent regulation controls only the rate of activa-
tion. Finally, we observed similar profiles for GAL10 induc-
tion in the different mutants (data not shown), suggesting
that the Setl-dependent regulation exerts an effect in the
same manner on GALIO and GALI, putatively through their
shared promoter. From these data, we concluded that
H3K4me2/3 marks can attenuate directly or indirectly the
GALI0 and GALI RNA accumulation.

Set1-dependent H3K4me2/3 attenuate GAL1
transcription initiation

As the GALI RNA accumulation is the outcome of RNA
degradation and synthesis, we asked whether the Setl-de-
pendent histone methylation affects the GALI RNA stability
or the GALI transcription. To discriminate between these two
possibilities, our first strategy was to induce GALI transcrip-
tion and then to arrest RNAPII activity to measure the GALI
RNA stability in WT and setIA strains (Supplementary Figure
3A). Inactivating the main subunit of RNAPII by the use of
rpb1-1 strain (Nonet et al, 1987) showed similar half-lives of
the GAL1 RNA in setlA (27 min) and WT strains (34 min)
(Supplementary Figure 3B and D), indicating that the GALI
RNA was not stabilized in setIA strain but even slightly more
unstable.

To test whether GALI transcription is regulated by Set1, we
carried out ChIP experiments using RNAPII antibody and
primers in the GALI gene (Figure 2A). The WT strain showed
a twofold increase of RNAPII occupancy at 60min in
galactose, when compared with the non-induced condition
(Figure 2B). In contrast, setIA and sdclA strains showed a
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Figure 2 Setl-dependent H3K4me2/3 control GALI transcription
initiation. (A) Schematic view of the GALIO-GALI locus with
positions of probes (P1, P2 and P3) and amplicons (A, B, C, D, E
and F) for northern blot and real-time PCR, respectively. (B) Setl
and Sdcl affect RNAPII occupancy on GALI gene. Chromatin
immunoprecipitation (ChIP) experiments were carried out with an
anti-RNAPII antibody in WT (YAM1242), setlIA (YAM1243) and
sdclIA (YAM1237) strains after transfer in galactose media (times
in minutes). Amplicons correspond to E and F probes. Results are
presented as percentages of input normalized with the 3’ end of
RPO21 gene. (C) Setl and Sdcl regulate TBP-HA occupancy on
GALI promoter. Same experiment as in (B), but with an anti-HA
antibody. Amplicon corresponds to the D probe. Percentages of
input were normalized with a tRNA region (tf(GAA)P2 in ChrXVI).

10-fold increase of RNAPII levels at 60 min of induction.
The levels of RNAPII occupancy remained high in sdcIA
and setIA strains after 120 min of induction, but the differ-
ence with the WT levels decreased. This observation is
consistent with the kinetics of GALI RNA and confirms that
Setl activity delayed the GALI transcription. Similar results
were obtained with the H3K4A mutant but not with
the H3K36A strain (Supplementary Figure 4A), showing
that only H3K4me2/3 marks attenuate transcription of the
GALI gene.

To determine whether GALI transcription was controlled
at the initiation level, we measured by ChIP the levels of
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TBP-HA at the GALI0-GAL1 promoter (probe D). At 60 min,
we observed a twofold increase of TBP-HA levels in WT,
whereas setlA and sdclA strains showed a 13- and 10-fold
increase, respectively (Figure 2C). After 120 min of induction,
the TBP-HA occupancy reached the same levels in WT, sdcIA
and setlA strains, suggesting that the Setl activity delayed
the TBP occupancy. Furthermore, setIA and WT strains
maintained identical levels of Gal4 during the kinetics of
induction (Supplementary Figure 4B), ruling out an indirect
effect of H3K4me2/3 on Gal4 binding. We propose that
H3K4me2/3 control the pre-initiation complex (PIC) forma-
tion at the GALI promoter.

The cytoplasmic 5'-3' RNA decay pathway degrades
cryptic long unstable RNAs initiating upstream of GAL1
The repressive activity of Set1 is largely uncharacterized. Our
recent data linked Setl-dependent H3K4me2/3 with RNA-
mediated gene silencing (Berretta et al, 2008). To determine
whether Setl could control GALI transcription through an
RNA-dependent mechanism, we tested the existence of cryp-
tic unstable transcripts, which could regulate the GALI
transcription. As this work was in progress, Houseley et al.
(2008) showed the existence of unstable antisense GALIO
ncRNAs, reinforcing a model linking Setl activity and
ncRNA-mediated regulation of the GALIO-GALI locus. To
facilitate the detection of putative regulatory RNAs, we
probed total RNA extracted from xrnIA strain defective for
the cytoplasmic 5'-3’ decay (Long and McNally, 2003) and
from a trf4A strain defective for the nuclear surveillance 3'-5’
pathway (Wyers et al, 2005). Interestingly, with a GALIO-
GAL1 double-stranded DNA probe (probe P2 in Figure 2A),
we observed a significant stabilization of three species (A, B
and C) of unstable RNAs ranging from 2, 4 and 6 kilobases
(kb) long in the xrnlA strain upon repression (Figure 3A).
Characterization of these unstable RNAs with different
probes spanning the GALIO-GALI locus showed that they
are transcribed through GALIO-GALI promoters in antisense
orientation to the GALIO gene. These RNAs were subse-
quently called GALI upstream cryptic unstable transcripts
(GALIucut). 5RACE experiments established that the main
start site of the GALIucut is at + 572 nucleotides from the
GALI0 stop codon (Figure 3B), corresponding to one of the
initiation sites determined for the GALIO antisense ncRNA
(Houseley et al, 2008). As shown earlier, the 3’ end of GALIO
contains a perfect consensus motif (TTACCCG) for the bind-
ing of Rebl transcription factor (Morrow et al, 1989) at
+ 380, and we identified two perfect TATA boxes (-+ 159
and + 538) in this region (Figure 3B). To test whether Rebl
could control GALIlucut transcription, we used a rebl-1
thermosensitive degron strain (Ben-Aroya et al, 2008) in
which XRNI has been deleted and measured the presence
of the GALIucut RNAs. After three hours at 37°C, we
observed a two- to fourfold decrease of the three forms of
GALIlucut in the rebl-1xrn1A strain when compared with the
xrnlA strain (Figure 3C). Remarkably, the Tyl antisense
regulatory ncRNA RTL, also sensitive to Xrnl (Berretta
et al, 2008), did not show any decrease on Rebl depletion,
showing that Rebl is required for the synthesis of the three
GALIlucut RNAs specifically.

To test whether GALIucut transcription could attenuate
GALI induction, we carried out kinetics analyses of GALI
induction in the absence of Rebl. Northern-blot experiments
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Figure 3 Rebl-dependent cryptic transcription generates GALI
upstream transcripts mainly destabilized by Xrnl. (A) Xrnl exoribo-
nuclease destabilizes GALIucut RNAs. Northern blot experiments
with total RNA extracted from WT (YAM92), xrnIA (YAM97) and
trf4A (YAMA456) grown in glucose or galactose (gal) for 3 h. scRI RNA
is a loading control and GALIucut, GALIand GALI0 have been probed
with P2 probe (see Figure 2A). The three species of GALIucut (A, B
and C) are labelled with arrows. (B) Schematic representation of the
different RNAs detected at the GALI0-GALI locus and determination
of the main starting site of the GALIucut (+ 572 from GALIO stop
codon). Classic and putative TATA boxes are represented by white
boxes and the Rebl binding site (Reb1BS) is indicated. (C) GALIucut
A, B and C are controlled by Rebl. Same as in (A), but with WT
(YAM1), xrmlA (YAMG6), rebl-1 (YAM1591) and xmnlArebl-1
(YAM1650), grown at 30°C in glucose and transferred to 37°C during
3 h. Ratios of the different GALIucut and RTL ncRNA are indicated
(Berretta et al, 2008). (D) GALIucut RNA transcription attenuates
GALI and GALIO induction. Same as in Figure 1A, but RNA extracted
from WT (YAM1) and rebI-1 (YAM1591) strains. Cells were grown at
30°C in glucose, diluted in raffinose containing media for 2h at 37°C
then transferred in galactose containing media at 37°C and RNA
analyzed at the indicated time (min). The GALI and GALIO RNAs
were detected with the P2 probe.
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and GAL1/ScRI quantifications (Figure 3D and E) showed
that GALI and GALIO inductions were accelerated when
Rebl was depleted, supporting the idea that Rebl transcrip-
tion factor plays a repressive role on GALIO and GALI
expression.

Altogether these data reveal the existence of several cryptic
transcripts, starting upstream of GALI gene, that are mainly
degraded by the 5'-3’ cytoplasmic degradation pathway.
Importantly, we show that Rebl is required for the GALIO-
GALI1 cryptic transcription and controls GALI and GALIO
induction, either by a transcription interference mechanism
or in an RNA-dependent manner.

Accumulation of the GAL1ucut does not control GAL1
induction

To determine whether GALI induction is attenuated by the
GALIucut RNA accumulation, we carried out Kinetics studies
in xrnIA and xrnlAtrf4A strains mutated for the 5-3" and/or
the 3’-5" RNA decay pathways (Figure 4A). Using a GALI
sense riboprobe detecting both GALI and GALIucut RNAs
(probe P1), we made two Key observations. First, we con-
firmed that the GALIucut B is the most abundant form of
GALIucut RNA detected in xrnlA strain (Figure 4A).
Furthermore, the xrnIAtrf4A strain showed accumulation of
the GALIucut C, suggesting that GALIucut C is sensitive to
both RNA decay pathways. Importantly, GALIucut B and C
species were detectable mainly in repressive or non-induced
conditions and their levels decreased on induction, suggest-
ing that the accumulation of GALIucut and GALI RNAs is
antagonistic. Second, the GALI levels were similar in WT and
xrnlIA strains and only 1.5 fold reduced in xrnlAtrf4A strain
at 60min of induction (Figure 4A and B). These results
strongly suggest that stabilizing the GALIucut B and C
RNAs does not attenuate the GALI induction.

From these data, we concluded that the GAL10-GALI locus
is transcribed on repressive conditions, but that the produced
GALlucut RNAs do not interfere with GALI induction. An
attractive hypothesis is that the GALIucut transcription per se
could regulate the GALI promoter through the Setl-depen-
dent activity. Alternatively, Setl could control the GALIucut
transcription to repress GALI promoter through a transcrip-
tional interference mechanism.

Set1 is not involved in GAL1ucut transcription

To distinguish between these two hypotheses, we first aimed
to determine whether Setl plays a role in the GALIlucut
transcription. We carried out high sensitive reverse-transcrip-
tion experiments coupled with quantitative-PCR analyses on
total RNAs extracted from WT, xrnlIA, setlA and setlAxrnlA
strains. Using amplicons in the GALI UAS (probe P3), we
detected low but significant levels of GALIucut in WT cells
grown in glucose and raffinose containing media (Figure 4C).
Consistent with our data in Figure 4A, GALIlucut levels
showed a threefold decrease when cells were transferred in
the inducible galactose-containing media, confirming that
GALI is fully active when GALIucut are not produced any-
more. More importantly, the levels of GALIucut were 10-fold
higher in the xrnIA strain than in the WT strain in glucose,
confirming a key role of the 5 end cytoplasmic RNA decay in
GALIlucut stability. Furthermore, deletion of SET1 did not
affect the levels of GALIucut RNA when compared with the
WT and xrnlA strains in glucose-containing media, suggest-
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Figure 4 GAL1 upstream transcripts are not Setl dependent.
(A) The GALIlucut RNAs do not control GALI induction. Same
as in Figure 1A, but with WT (YAM92), xrnlA (YAM97) and
xrnlAtrf4A (YAMA458). GALlucut are labelled with an arrow and
the GALI read through RNA (GALIRT) with an asterisk. (B)
Quantification of GALI/scR1 levels at 60 min of induction. Same
as in Figure 1C. (C) GALIlucut RNAs are synthesised upon repres-
sive conditions, destabilized by Xrnl but not controlled by Setl.
Reverse transcriptions were performed with the GALIUAS primer
P3 (position in Figure 2A) and amplified by PCR with amplicon D of
GALI UAS region. Data were normalized with scRI RNA. WT
(YAM92), xrnlA (YAM97), setlA (YAM249) and xrnlAsetlA
(YAM448) strains were grown in glucose, transferred during 2h in
raffinose and shifted to galactose containing media. The samples
were extracted at the indicated time (min).

ing that Setl was not required for the synthesis of the
GALIlucut. In addition, we observed that GALIlucut levels
rapidly decreased upon induction in the setIAxrnlA strain
when compared with the xrnIA strain. This observation is
consistent with a rapid induction of GALI when Setl is
inactivated. We concluded that Setl controls GALI induction
but not the GALIucut transcription. Instead, an interesting
idea is that the cryptic transcription would deposit H3K4me2/3
marks to attenuate GALI induction.

Cryptic RNAPII transcription and Reb1 transcription
factor are required for H3K4me2/3 deposition on
GAL10-GAL1 region on repressive conditions

To test whether cryptic transcription was required for the
deposition of H3K4me2/3 at the GALIO-GALI locus, we
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carried out ChIP with chromatin extracted from WT, setIA
and rpbl-1 strains grown in glucose or galactose media.
Using antiH3K4me3 antibody, we observed that, after 1h at
37°C in glucose conditions, H3K4me3/H3 ratios in WT were
14-fold higher than those in the set1A strain and peaked at the
3’ end of GALIO (probe A, Figure 5A and B). Interestingly,
along the rest of the locus, H3K4me3 showed a two- to
threefold difference with the threshold defined by the setIA
strain (probes B, C, D, E and F), suggesting that Setl
maintained high levels of H3K4me3 in repressive conditions
mainly at the 3’ end of GALIO. Importantly, the
peak of H3K4me3 at the 3’ end of GALIO is consistent with
the start site of the GALIucut in this region. Strikingly,
the rpbl-1 mutant showed almost no signal of H3K4me3/
H3 from the beginning to the end of the GALIO-GALI locus
(Figure 5B), suggesting that cryptic active transcription
was required to maintain detectable levels of H3K4me3
at the GALIO-GALI locus in glucose. To test whether the
peak of H3K4me3 at the 3’ end of GALIO resulted from a
leakage of the GALIO promoter, we induced GALI-GALIO
transcription and measured the H3K4me3 occupancy. As
anticipated, the H3K4me3 re-localized to the 5 end of
GALI0O and GALl genes and dramatically decreased
from the 3’ end region of GALIO, strongly suggesting
that the peak of H3K4me3 at the 3’ end of GALIO in
glucose was not the consequence of a GALIO promoter
leakage but instead the result of an alternative transcription
process.

We next performed the same experiment with anti-
H3K4me2 antibody (Figure 5C). First, similarly to
H3K4me3/H3, H3K4me2/H3 peaked at the 3’ end of GALIO
(probe A) but remained detectable along the rest of the locus
with signals up to 20-fold above the baseline defined by those
measured in the setlA strain (probes B, C, D, E and F).
Second, H3K4me2 levels showed a 10- to 2-fold decrease in
the GALI0 coding region in the rpb1-1 strain (probes A and B,
respectively), suggesting that RNAPII-dependent transcrip-
tion was also required for H3K4me2 deposition at GALIO.
Surprisingly, the levels of H3K4me2 remained unchanged
over the rest of the locus in the rpbI-1 strain (probe C, D, E
and F) when compared with the WT. This observation is in
contrast to the decrease of H3K4me3 levels in this region,
suggesting that the H3K4me2 demethylation process might be
less efficient than H3K4me3 demethylation after transcription
arrest. In addition, galactose induction led to a four fold
decrease of H3K4me2 over the 3’ end region of GALIO and
showed constant but high levels over the GALI-GALI0 locus,
again reinforcing the idea that the peak of H3K4me2/3 at the
3’ end of GALIO was not because of GALIO promoter leakage
in glucose.

To determine whether the H3K4me3 at the 3’ end of GAL10
in glucose was the result of alternative transcription, we
depleted Rebl in vivo, abolishing GALIucut synthesis, and
measured the H3K4me3/H3 levels. ChIP experiments
(Figure 5D) showed that inactivation of Rebl resulted in a
threefold decrease of H3K4me3 levels at the 3’ end of GALIO,
showing that Rebl indeed controls the GALIucut transcrip-
tion mediating the H3K4me3 deposition onto GALI10 chroma-
tin in glucose conditions.

Altogether these data argue that cryptic transcription con-
trols the presence of H3K4me2/3 marks at the GAL10-GALI
locus in repressive conditions.
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Figure 5 RNAPII- and Rebl-dependent cryptic transcription control
residual H3K4me3 and H3K4me2 at the GALIO-GALI locus.
(A) Schematic view of the GALIO-GALI locus with positions of
amplicons for real-time PCR. (B) Cryptic transcription deposits
H3K4me3 on GALIO-GALI locus in repressive condition.
Chromatin immunoprecipitation (ChIP) experiments were per-
formed with an anti-H3K4me3 antibody in WT (YAM15) and
pb1-1 (YAM268) and setlA (YAM1494) strains grown in glucose-
containing media at 28°C, then shifted to 37°C in 1h. H3K4me3
signals were normalized with H3 signals performed with an anti-H3
antibody on the same chromatin. Amplicons correspond to A, B, C,
D, E and F shown in (A). Results are presented as relative levels of
H3K4me3/H3 to those measured in setlA strain (WT/setIA and
rpb1-1/setl1A). (C) Cryptic transcription deposits H3K4me2 on
GALI10-GALI1 locus in repressive condition. Same as in (B), but
with an anti-H3K4me2 antibody. (D) Reb1 controls H3K4me3 on the
GALIO-GALI locus. Same as in (B), but with WT (YAM1) and reb1-1
(YAM1591) strains. Cells were grown in glucose containing media at
28°C then shifted to 37°C in 3 h.
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The HDAC RPD3S attenuates GAL1 induction and is
tethered on GAL10-GAL1 locus by H3K4me2/3

To understand how H3K4me2/3 regulate GALI transcription,
we systematically screened for factors containing PHD do-
mains, which could bind H3K4me2/3 in vitro (Shi et al,
2007). One of them is implicated in transcriptional elongation
(Byel); the others are part of histone acetylation (Yngl) and
histone deacetylation (Rcol, Set3 and Pho23) complexes
(Wang et al, 2002; Wu et al, 2003; Martin et al, 2006).
Interestingly, among these factors, Pho23 and Rcol belong
to the distinct HDAC RPD3L and RPD3S complexes, respec-
tively (Carrozza et al, 2005).

Our approach was to follow the GALI induction in strains
mutated for these different PHD-factors and to discriminate
between the RPD3S and RPD3L complexes. Thus, total RNAs
were extracted from rpd3A, eaf3A, rcolA, sds3A and pho23A
strains lacking subunits of the RPD3S and RPD3L complexes,
and from byelA, ynglA and set3A strains. The rpd3A and
rcolA strains showed an acceleration of the GALI Kinetics by
eight- and two-fold at 60 min of induction, respectively, when
compared with WT (Figure 6A and C). In contrast, strains
deleted for genes encoding subunits of the RPD3L, such as
pho23A and sds3A strains, but also set3A and yngIA strains
showed a delay in GALI accumulation, suggesting that
RPD3L is required for GALI activation, as shown earlier
(Wang et al, 2002). This indicates that the RPD3S complex
specifically attenuates GALI induction. Interestingly, the
eaf3A strain showed a similar induction as the WT despite
the fact that Eaf3 belongs to the RPD3S complex. One
explanation is that Eaf3, in addition to being part of the
RPD3S complex, is a subunit of the histone acetyl transferase
(HAT) NuA4 complex (Eisen et al, 2001) and EAF3 deletion
might impair both activities and would result in no change in
gene induction (Figure 6C). Finally, the late time point at
120 min of induction showed that the rpd3A strain had very
high levels of GALI RNA when compared with the WT or
set1A strains, suggesting that Rpd3 has an additional repres-
sive activity on the GALI promoter efficiency (Supplementary
Figure 5).

To determine more precisely the role of Rcol in histone
recognition, we analyzed the effect of the PHD domain
truncation of Rcol subunit. We observed that the rate of
induction of rcolPHDA strain was threefold higher than the
WT strain in galactose-containing media (Figure 6B and C). It
is interesting to note that rcolPHDA strain had a stronger
effect with respect to GALI induction than rcolA strain,
suggesting that Rcol could be partially complemented to
attenuate GALI transcription. Altogether, these results sug-
gest that the PHD domain of Rcol was required for the Rpd3
repressive activity at the GALIO-GALI locus. An interesting
idea is that H3K4-methylated histone tethers Rcol in order to
recruit the RPD3S complex and to repress the transcription of
GAL genes.

To test this hypothesis, we measured Rpd3-Myc occupancy
on the GALIO-GALI region in WT and H3K4A strains.
Consistent with earlier genome-wide analyses of Rpd3 occu-
pancy (Wang et al, 2002), we observed that Rpd3 was
detectable at the 5’ end of GALIO and at the 3’ end of GALI
genes in glucose (Figure 6D). Remarkably, the H3K4A strain
showed a fourfold decrease of Rpd3 levels on the GALIO-
GALI coding regions. In contrast, Rpd3-Myc levels were
similar at the GALIO-GAL1 UAS region in WT and H3K4A
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Figure 6 RPD3S complex attenuates GALI induction. (A) RPD3S
attenuates the GALI induction. Same experiment as in Figure 1A,
but with WT (YAM1), rpd3A (YAM4) and eaf3A (YAMS) and WT
(YAM1483), rcolA (YAM1489) and sds3A (YAM1488) strains.
(B) Rcol-plant homeobox domain (PHD) is required to attenuate
GALI induction. Same as in Figure 1A, but with WT (YAM118) and
rcol PHDA (YAM1465). (C) Quantification of GAL1/scR1 at 60 min of
induction for strains used in (A) and (B) but, also for pho23A
(YAM1370), byelA (YAM1371), ynglA (YAM1369) and set3A
(YAM1302) strains. (D) H3K4me2/3 control Rpd3 occupancy at
the GALIO-GALI locus upon repressive conditions. Chromatin im-
munoprecipitant (ChIP) experiments were performed as in (A), but
with an anti-Myc antibody in WT (YAM1477), H3K4A (YAM1481)
strains grown in glucose. Results are presented as percentage of
input normalized with the promoter of INOI.
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strains, suggesting that H3K4 methylation controls only a
sub-population of Rpd3. The remaining Rpd3 might represent
the RPD3L complex, which was earlier shown to play a
positive role on GALI induction (our results in Figure 6C
and Wang et al, 2002). Finally, ChIP experiments with WT
and setlA strains confirmed that Rpd3-Myc was tethered
directly by Setl activity (Supplementary Figure 6B). To test
whether Setl controls the RPD3S specifically, we attempted
to measure the occupancy of the Rcol specific subunit over
the GAL10-GALI locus. Unfortunately, Rcol-Myc failed to
produce consistent data by ChIP experiments (data not
shown). Nevertheless, our results suggest that Setl controls
GALI induction by tethering the repressive RPD3S complex at
the GAL10-GALI locus.

Set1-dependent binding of Rpd3 to SUC2 promoter
represses the usage of a SUC2 hidden promoter

To generalize our observation to other loci in the genome, we
selected a few genes of which the promoters have been
shown to be recognized by Rpd3. Among them, we analyzed
SUC2 RNAs levels in mutants defective for H3K4me2/3 and
Rpd3 activity. The SUC2 gene encodes an invertase enzyme
playing a role in carbon source metabolism (Carlson and
Botstein, 1982). SUC2 is transcribed in 1.8 and 1.9 kb RNA
species (schematic view in Figure 7A). The constitutive
1.8 kb SUC2 RNA is lowly expressed and results in a protein
lacking the secretion signal. In contrast, the 1.9 kb SUC2 RNA
is induced on glucose depletion and is translated into an
active secreted protein (Carlson and Botstein, 1982).
Consistently, our northern-blot experiments showed low
levels of the 1.8kb SUC2 RNA in glucose (repressed) and
high levels of the 1.9 kb SUC2 RNA in raffinose (derepressed)
for the WT strain (Figure 7B). We noted that the two SUC2
RNAs species co-migrated in the gel system used in this
study. Strikingly, we observed a shorter SUC2 RNA species
(suc2S that will be described elsewhere) in spplA, sdclA,
setlA and rpd3A strains in repressed conditions. This sug-
gests that Setl-dependent H3K4me2/3 inhibit the usage of a
hidden promoter within the SUC2 gene, probably in a similar
manner as for the GALI promoter, by targeting Rpd3 to the
SUC2 promoter proximal region.

To test our hypothesis, we measured the Rpd3-Myc occu-
pancy on the SUC2 promoter proximal region upon repressed
conditions (glucose) in WT and H3K4A strains. As controls,
we probed other promoters such as IME2 and INOI known to
target the RPD3L complex through a Ume6-dependent me-
chanism (Kadosh and Struhl, 1997), and the PHOS and IMD2
promoters described to be regulated by cryptic transcription
(Uhler et al, 2007; Kuehner and Brow, 2008). We observed a
consistent twofold reduction of Rpd3-Myc levels at SUC2,
PHOS and IMDZ2 promoter proximal regions in the H3K4A
strain (Figure 7C) on non-induced conditions. In contrast, the
IMEZ2 promoter showed a mild 1.2-fold decrease of Rpd3-Myc
in the H3K4A strain. These results suggest that Setl-depen-
dent RPD3S recruitment could be extended to a specific class
of promoters containing a cryptic transcription unit.

Discussion

With this work, we addressed the possibility of a repressive
role of Setl on gene expression. We showed that Setl-
dependent H3K4me2/3 marks directly contribute to the
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Figure 7 H3K4me2/3 recruit Rpd3 to control SUC2 promoter fide-
lity. (A) Schematic view of the SUC2 transcripts with positions
of the probes for northern blot and gPCR. (B) Setl-dependent
H3K4me2/3 repress a SUC2 spurious transcript (suc2S). Northern
blot with total RNAs extracted from WT (YAM1 and 92), rpd3A
(YAM4), setlA (YAM249) sppIA (YAM804) and sdclA (YAMS8O00)
strains. WT cells were grown in glucose (G) and transferred in
raffinose (R) containing media. Mutants were grown in glucose
containing media (G) only. scR1 is a loading control and SUC2 has
been probed according to Figure 7A. (C) Rpd3-Myc is targeted to
SUC2, IMD2 and PHOS promoters and is dependent on H3K4me.
Chromatin immunoprecipitant (ChIP) experiments were performed
with an anti-Myc antibody in WT (YAM1477) and H3K4A
(YAM1481) strains in glucose. Amplicons correspond to SUC2,
PHOS, IMD2, IME2 and INOI promoters. Results are presented as
percentage of input normalized with the promoter of INOI.
(D) Model of promoter attenuation by H3K4me2/3. Cryptic transcrip-
tion activates the deposition of H3K4me2/3 on promoter proximal
regions and triggers the recruitment of the RPD3S complex inhibit-
ing the pre-initiation complex (PIC) formation and promoter activity.

repression mechanism of the GALIO-GALI promoter by
tethering the RPD3S complex. H3K4me2/3 inhibit PIC forma-
tion and attenuate GALI induction. Importantly, we showed
that Setl-dependent RPD3S recruitment might be widely
generalized to regions containing cryptic transcription units
and could be an important regulation process for the tran-
scription fidelity (The model in Figure 7D).

H3K4me2 as a signalling mark for histone deacetylase
recognition?

A key point of this study is the unexpected finding that
H3K4me2/3 might provide a signal for tethering the RPD3S
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complex to repress GALI induction. Our mutant analysis
suggests that both H3K4me2 and H3K4me3 are required for
Rpd3 recruitment and gene attenuation. However, we could
not distinguish which of the two marks was the main
recruiting signal as published in vitro data showed that the
Rcol-PHD domain is able to recognize H3K4mel, H3K4me2
and H3K4me3 (Shi et al, 2007). It is important to note,
however, that Rpd3-Myc peaked in the GALIO region where
H3K4me3 levels are low, whereas H3K4me2 levels remain
high, suggesting that H3K4me?2 is sufficient to target Rpd3.
One model is that H3K4me3 would attract another complex
competing with RPD3S. This is compatible with the recogni-
tion of H3K4me3 by the NuA3 HAT complex (Taverna et al,
2006) and displacing RPD3S from H3K4me2.

Moreover, H3K4me3 controls the mSIN3 histone deacety-
lase complex in higher eukaryotes through the recruitment
of ING2 containing a PHD domain (Shi et al, 2006). ING
proteins are also present in HAT complexes, resulting in a
surprising regulation where, a single histone mark tethers
complexes with opposing activities (Mellor, 2006). It is
tempting to speculate that, in yeast, these functions could
be separated, with H3K4me2 tethering the HDAC RPD3S
complexes and with H3K4me3 activity recruiting the NuA3
HAT complex to compete with RPD3S (Taverna et al, 2006).

RPD3S recognizes H3K36me or H3K4me?

Recent publications have shown that RPD3S recognizes
H3K36me3 through Eaf3 and Rcol modules (Joshi and
Struhl, 2005; Keogh et al, 2005; Li et al, 2007).
Subsequently, histone H3 and H4 de-acetylation, catalyzed
by Rpd3, prevents inappropriate nucleosome displacement at
the 3’ end of genes and maintains the dormancy of hidden
promoters embedded in coding regions such as FLO8 and
STEIl (Carrozza et al, 2005). Interestingly, none of those
characterized spurious transcripts are produced in setIA,
sdcIA or sppIA strains (data not shown), suggesting that
Setl-dependent H3K4me2/3 are not the marks for tethering
RPD3S at these regions. Houseley et al. proposed a model in
which, H3K36me would be responsible for the GAL10-GALI
promoter regulation through a similar mechanism, but we
could not determine a negative role for Set2-dependent
methylation for the GALIO-GALI induction. Instead,
H3K4me2/3 marks play a crucial role in targeting RPD3S at
the cryptic transcribed regions and are crucial for GALIO-
GALI attenuation, suggesting that Set1 is important for target-
ing the RPD3S complex to control the hidden promoter on a
specific transcriptional unit. An interesting hypothesis is that
an RNA quality control process or a transcription termination-
related mechanism, would exert an effect by way of distin-
guish between Setl- or Set2-dependent RPD3S recruitment.
This idea is reinforced by the striking concomitant association
to Ser5 phosphorylated RNAPII of Setl and Nrd1/Nab3 com-
plex, the latter triggering the degradation of unstable tran-
scripts (Ng et al, 2003; Vasiljeva et al, 2008). Further work is
necessary to understand the recognition mechanism of RPD3S
in different transcriptional mode contexts.

Cryptic transcription marks an inactive promoter?

As cryptic ncRNAs produced within the genome are unstable,
it has been suggested that the RNA molecules are not the
regulatory aspect of this pathway (Struhl, 2007). Consistent
with this model, recent works on S. cerevisiae showed that
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cryptic transcription could control gene expression by inter-
fering with promoters of IMD2, PHOS, URAZ2 and SRGI
(Martens et al, 2004; Uhler et al, 2007; Kuehner and Brow,
2008; Thiebaut et al, 2008). In our work, we propose that
Setl-dependent H3K4me2/3 deposited by the cryptic tran-
scription is one of the signals that downregulates the promo-
ter activity of the downstream gene. In the case of IMD2, the
cryptic transcription machinery has been shown to have an
important function in attenuating IMD2 expression through
sensing intracellular nucleotide pools and the choice of
initiation starting site (Kuehner and Brow, 2008). Here, we
showed that, upon repression, the IMD2 promoter proximal
region is targeted by RPD3S mediated by H3K4me2/3, re-
inforcing the link between cryptic transcription and Setl
activity. However, in the case of PHOS, even though Setl
represses the gene activity probably through Rpd3 recruit-
ment, the characterized cryptic transcription has a positive
role on PHOS induction (Carvin and Kladde, 2004; Uhler et al,
2007). One explanation to this discrepancy is that the Setl-
dependent regulation of PHOS5 gene would be independent of
the cryptic transcription. Alternatively, it remains possible
that another uncharacterized cryptic transcription that we
predict to be embedded in the PHOS promoter could deposit
the H3K4me2/3 repressive marks. Interestingly, H3K4me2/3
marks also repress a SUC2 spurious transcription and control
Rpd3 recruitment on the SUC2 promoter. Our model proposes
that a SUC2 cryptic transcription, that needs to be properly
characterized, might deposit the H3K4me2/3 marks at the
proximity of the SUC2 promoter to prevent inappropriate
usage of a hidden promoter. Further investigation will deter-
mine the features of these transcripts.

Materials and methods

Yeast strains
The strains used in this study are described in Supplementary
Table 1.

Media and culture conditions

Typically, all inductions have been performed with cultures grown
overnight in YPA (Gibco) containing 2% glucose, diluted at OD 0.5
in 2% raffinose media. After 2h, cells were transferred in 2%
galactose-containing media.

RNA analyses

RNAs were analyzed following the described procedure (Berretta
et al, 2008) and the mean of at least three independent experiments.
The 5'RACE experiments were carried out as described earlier
(Berretta et al, 2008) and following the manufacturer’s instructions
(kit Ambion).

Chromatin immunoprecipitation

ChIPs were carried out as described earlier (Berretta et al, 2008)
using antibodies against H3K4me2, H3K4me3, H3, Gal4p (Abcam),
the N-terminal domain of Rpbl (Santacruz, Y80), HA (Santacruz,
fp7) and Myc (Roche). Primer pairs are listed in Supplementary
Table 2. Signals are expressed as % of input DNA relative to a
specific region. Error bars correspond to standard deviations of 2-3
independent experiments.

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