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SUMMARY

H2A.Z is a highly conserved histone variant involved in several key nuclear processes. It is
incorporated into promoters by SWR-C-related chromatin remodeling complexes, but whether it is
also actively excluded from non-promoter regions is not clear. Here, we provide genomic and
biochemical evidence that RNA polymerase 11 (RNAPII) elongation-associated histone
chaperones FACT and Spt6 both contribute to restricting H2A.Z from intragenic regions. In the
absence of FACT or Spt6, the lack of efficient nucleosome reassembly coupled to pervasive
incorporation of H2A.Z by mislocalized SWR-C alters chromatin composition and contributes to
cryptic initiation. Thus, chaperone-mediated H2A.Z confinement is crucial for restricting the
chromatin signature of gene promoters, which otherwise may license or promote cryptic
transcription.
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INTRODUCTION

Compaction and accessibility of eukaryotic DNA is controlled through protein-DNA
complexes whose primary unit is the nucleosome. Four small, basic core histones (H2A,
H2B, H3, H4) assemble into an octameric structure around which ~147 bp of DNA is
wrapped ~1.7 turns to form a nucleosome. Although massive nucleosome assembly takes
place in S-phase during DNA replication, nucleosomes are assembled and disassembled
throughout the cell cycle, notably during transcription where RNA polymerase 11 (RNAPII)
needs to translocate across nucleosomes (Avvakumov et al., 2011; Burgess and Zhang,
2013). Several histone chaperones facilitate nucleosome assembly/disassembly during
transcription, the best characterized perhaps being the well-conserved FACT (Facilitates
Chromatin Transcription) and Spt6. FACT is a protein complex composed of Spt16 and
Pob3/SSRP1 (Belotserkovskaya et al., 2003; Brewster et al., 1998; Orphanides et al., 1998)
while Spt6 interacts with Spnl/lwsl1 (Krogan et al., 2002; McDonald et al., 2010; Yoh et al.,
2007). SPT16 and SPT6 were both originally identified in genetic screens looking for
suppressors of Ty element insertion within the HIS4 gene (Clark-Adams et al., 1988;
Winston et al., 1984) and subsequently shown to play roles in transcriptional elongation
(Hartzog et al., 1998; Kaplan et al., 2000; Orphanides et al., 1998). Both FACT and Spt6
possess histone chaperone activity in vitro (Belotserkovskaya et al., 2003; Bortvin and
Winston, 1996) and are required for proper chromatin organization in vivo (Bortvin and
Winston, 1996; DeGennaro et al., 2013; Ivanovska et al., 2011; Jamai et al., 2009; Kaplan et
al., 2003; Schwabish and Struhl, 2004; VVoth et al., 2014).

Chromatin organization and composition are very plastic, as cells need to modulate DNA
accessibility to several proteins in space and time for regulation of various nuclear
transactions such as gene expression, DNA replication and DNA repair. This is achieved by
at least three different mechanisms. First, histones in nucleosomes can be covalently
modified, affecting internucleosomal interactions and/or regulating the interaction with
effector proteins (Suganuma and Workman, 2011; Tessarz and Kouzarides, 2014). Second,
nucleosomes can be mobilized through the action of ATP-dependent chromatin remodeling
complexes, therefore modulating the access of DNA binding proteins to chromatin (Clapier
and Cairns, 2009; Narlikar et al., 2013). Finally, replacing core histones with histone
variants in specific nucleosomes is a strategy used by cells to regulate DNA-associated
processes (Talbert and Henikoff, 2010; Weber and Henikoff, 2014).

H2A.Z is an H2A variant conserved from yeast to human (Malik and Henikoff, 2003). It
occupies very well defined nucleosomes in promoters, enhancers and centromeres where it
achieves different functions (Billon and Cote, 2013; Talbert and Henikoff, 2010; Weber and
Henikoff, 2014; Zlatanova and Thakar, 2008). In addition, a hypoacetylated and
ubiquitinated version of H2A.Z is thought to cover heterochromatic domains (Fan et al.,
2004; Hanai et al., 2008; Sarcinella et al., 2007; Swaminathan et al., 2005). H2A.Z is loaded
into promoter nucleosomes by ATP-dependent chromatin remodeling complexes related to
the yeast SWR-C (Billon and Cote, 2013). More recently, we have shown that H2A.Z is
depleted from transcribed regions in yeast and mammalian cells relative to intergenic
regions (Hardy et al., 2009). Interestingly, the extent of H2A.Z depletion correlates with the
level of transcription. In addition, and quite strikingly, we found that H2A.Z within ORFs is
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depleted within minutes upon induction of transcription (Hardy et al., 2009). Conversely,
reducing transcription leads to rapid accumulation of H2A.Z within genes. These results led
us to propose that H2A.Z incorporation is not solely limited to SWR-C-targeted regions, but
that random incorporation and transcription-coupled eviction contribute to shaping the
H2A.Z genomic landscape (Hardy and Robert, 2010). This mechanism may also explain
how H2A.Z accumulates into large heterochromatin domains which are poorly transcribed
(Fan et al., 2004; Hanai et al., 2008; Hardy et al., 2009; Sarcinella et al., 2007; Swaminathan
et al., 2005). The presence of H2A.Z in gene bodies has also been reported in plants and in
mouse B-cell lymphoma, where it anti-correlates with DNA methylation (Coleman-Derr and
Zilberman, 2012; Conerly et al., 2010; Zilberman et al., 2008).

Here we show that FACT and Spt6 play key roles in limiting H2A.Z association with gene
bodies. We propose that these two histone chaperones selectively triage H2A.Z from
chromatin during transcription. In addition, by preventing nucleosome loss, FACT and Spt6
impede SWR-C from invading gene bodies and loading additional H2A.Z. Importantly, we
show that these mechanisms contribute to prevent the emergence of cryptic transcription
from within genes.

Histone Chaperones FACT and Spt6 Are Important for Proper H2A.Z Localization

Because our previous work showed that highly transcribed genes are depleted of H2A.Z to a
greater extent than non-transcribed regions (Hardy et al., 2009), we hypothesized that an
unknown activity assists elongating RNAPII in restricting H2A.Z to promoters. To identify
this activity, we analyzed genome-wide H2A.Z localization by chromatin
immunoprecipitation from various budding yeast Saccharomyces cerevisiae strains mutant
for different chromatin remodelers followed by tiling microarrays (ChlP-chip). Since H2A
can be exchanged for H2A.Z by the ATP-dependent remodeler SWR-C (Kobor et al., 2004;
Krogan et al., 2003; Mizuguchi et al., 2004), and because the INO80 complex (another
chromatin remodeler) has been shown to carry out the opposite reaction (Papamichos-
Chronakis et al., 2011), we first profiled H2A.Z localization in mutants for subunits of all
known ATP-dependent chromatin remodelers in yeast. As shown in Figures 1A and 1B,
except for the swrlA strain, which —as expected (Kobor et al., 2004; Krogan et al., 2003;
Mizuguchi et al., 2004)— dramatically affected H2A.Z levels, none of the tested mutants
caused any detectable defect in H2A.Z occupancy. Unlike previously published
(Papamichos-Chronakis et al., 2011), deletion of INO80 did not affect H2A.Z occupancy in
this study (Figure 1B, dark blue trace). While the reasons for this discrepancy are not clear,
differences in strain background may be the cause. Indeed, the growth phenotype resulting
from the deletion of INO80 has been shown to vary depending on the genetic background.
Also, we and others (Chambers et al., 2012) noted that ino80A cells become polyploid over
time, and this is also background specific. For all these reasons, we think it is likely that
differences in genetic background may explain the discrepancy between our data and that of
(Papamichos-Chronakis et al., 2011).

Next, we assessed roles for histone chaperones, since these are likely candidates to assist
RNAPII in the apparent specific depletion of H2A.Z during elongation. Among the eight
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histone chaperone mutants tested, only two, namely temperature sensitive alleles of SPT16
and SPT6, spt16-197 and spt6-1004, affected H2A.Z occupancy (Figure 1C). Indeed, the
dynamic range of H2A.Z occupancy across the genome was reduced in these strains. The
importance of these two chaperones in H2A.Z distribution was confirmed by nuclear
depletion of Spt16 and Spt6 using the anchor-away system (Haruki et al., 2008) (Figure
S1A-C). Similar results were obtained whether H2A.Z ChIP data were normalized against
H2B, Mock IPs or Input DNA (Figure S1D). Finally, and because spt16-197 mutant cells
have been shown to exhibit G1/S arrest (Prendergast et al., 1990, Morillo-Huesca, 2010), we
repeated the H2A.Z ChIP experiments in spt16-197/sic1A cells. While deletion of SIC1
releases the cell cycle arrest (Morillo-Huesca et al., 2010), it did not alter the H2A.Z
localization defect of the spt16-197 mutant (Figure S1E), ruling out the possibility of a cell
cycle arrest-induced defect. Together, these results support roles for FACT and Spt6 in
H2A.Z localization.

FACT and Spt6 Prevent Accumulation of H2A.Z in Gene Bodies

Because microarray data are normalized to the total signal from the experiment, the reduced
dynamic range of H2A.Z observed in spt16 and spt6 mutants could reflect either decreased
H2A.Z occupancy at promoters, increased occupancy in gene bodies, or both. In order to
discriminate these possibilities, we performed three different experiments. First, we repeated
the ChIP-chip experiments using a spike-in control strategy to correct for microarray
normalization artifacts caused by global occupancy changes (Figure 2A). In these
experiments, a fixed amount of foreign DNA (here, sonicated bacteriophage phiX174
genomic DNA) was spiked-in (added) to chromatin extracts prior to immunoprecipitation.
Because the phiX174 DNA is added exogenously, a similar amount is pulled down
irrespective of the genetic background (WT or mutants; data not shown), allowing for
external normalization using spots corresponding to the phiX174 genome present on our
tiling microarray. The ratios for the phiX174 controls from the spt16-197 and spt6-1004
mutants were therefore set equal to the ratios of their corresponding WT strain. Using this
rescaling scheme, it became apparent that H2A.Z incorporation increases broadly
throughout the genome in spt16-197 or spt6-1004 cells (Figure 2B). H2A.Z levels decrease
at promoters and radically increase in gene bodies (Figure 2C). In order to confirm this data
in an assay not involving any spiking strategy, we performed ChIP-gPCR for several genes.
Expressed as percent of ChlP Input, the data show increases in H2A.Z occupancy within
gene bodies in both spt16-197 and spt6-1004 mutants (Figure 2D). Reminiscent of the
genomic data, the increases in gene bodies are often accompanied by decreased H2A.Z
occupancy at promoters. Finally, we looked at bulk levels of H2A.Z within the chromatin of
spt16-197 and spt6-1004 cells in order to assay for H2A.Z-chromatin association using a
non-ChlP-based assay. As shown in Figure 2E, bulk levels of chromatin-associated H2A.Z
are slightly elevated in spt16-197 and spt6-1004 mutants when normalized for histone H4.
Taken together, these data suggest that despite a widespread loss of nucleosomes (Figure 2F
and text below), FACT and Spt6 mutants accumulate H2A.Z-containing nucleosomes in
gene bodies. In both mutants, the accumulation of H2A.Z in gene bodies correlates slightly
but positively with transcription as measured by RNAPII occupancy (Pearson r ~ 0.2, Figure
S2A), suggesting that the phenomenon is related to the transcription-associated function of
FACT and Spt6. In essence, compromising these chaperones causes H2A.Z to lose its
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relative specificity for promoters and to adopt a distribution profile similar to canonical
histones.

FACT and Spt6 Prevent Nucleosome Loss in Transcribed Regions

While it is widely accepted that FACT plays a role in maintaining nucleosome occupancy
during transcription, this model is based on data accumulated from specific genes and had —
to our knowledge- never been investigated at the genomic scale. As shown in Figure 2F,
spt16-197 cells have a decreased dynamic range of histone H4 occupancy as measured by
ChIP-chip. Our genomic data are therefore consistent with a previous report on specific
genes (Schwabish and Struhl, 2004) showing that FACT is required for maintaining
nucleosomes over genes. Figure 2F also shows the effect of inactivating Spt6 on histone
occupancy. Interestingly, in spt6-1004 cells, nucleosome loss is biased towards the 5 part of
gene bodies. This is consistent with a recent study in S. cerevisiae by the Bentley group
(Perales et al., 2013) but differs from what was observed in S. pombe (DeGennaro et al.,
2013) where the spt6-1 mutant showed a uniform decrease in histone occupancy, similar to
what we report here upon inactivation of FACT. Differences between fission and budding
yeasts regarding Spt6 are not limited to nucleosome occupancy since S. pombe Spt6, but not
S. cerevisiae Spt6, is important for histone H3K4 trimethylation (DeGennaro et al., 2013).
Nevertheless, our data show that, in S. cerevisiae, FACT and Spt6 have different effects on
nucleosome occupancy over genes. For both chaperones, however, —and as shown before for
Spt6 (Perales et al., 2013)- the effect on histone occupancy correlated with transcription
(Pearson r ~ 0.44, Figure S2B).

FACT and Spt6 Can Discriminate Between H2A.Z and H2A Dimers In Vitro

The data presented thus far argue for FACT and Spt6 assisting RNAPII in the eviction of
H2A.Z from intragenic nucleosomes while preserving overall nucleosome integrity during
transcription elongation. In order to further dissect the mechanism by which FACT and Spt6
confer discrimination between H2A.Z and H2A, we tested FACT and Spt6 for their ability
to incorporate H2A.Z-H2B dimers (hereafter called H2A.Z dimers) into nucleosomes in
vitro (Figure 3). Mononucleosomes were assembled on an immobilized DNA template using
recombinant yeast canonical histones and challenged with H2A or H2A.Z dimers in the
presence of highly purified FACT or Spt6 (Figure 3A). As a control for the system, we
showed that H2A.Z dimers were efficiently incorporated by SWR-C in this assay (Figure
3B). While both FACT and Spt6 incorporated H2A dimers into nucleosomes, neither
chaperone loaded H2A.Z dimers into nucleosomes (Figure 3C and Figure S3). This result is
consistent with a previous study using human FACT and H2A.Z in a similar assay (Heo et
al., 2008). Interestingly, when the immobilized nucleosome was prepared with H2A.Z,
FACT and Spt6 could efficiently load H2A dimers but not H2A.Z dimers (Figure 3D),
suggesting that the chaperones can evict H2A.Z from nucleosomes by exchanging them for
H2A dimers (exchange is a necessary feature of incorporation). Collectively, these assays
suggest that while FACT and Spt6 are able to replace H2A.Z in nucleosomes with H2A,
these chaperones are unable to incorporate H2A.Z within nucleosomes. Combined with the
genomic data shown above, these results support that FACT and Spt6 contribute to the
eviction of H2A.Z from transcribed regions by virtue of their inability to re-incorporate the
histone variant in the wake of RNAPII.
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FACT and Spt6 Prevent Pervasive Recruitment of SWR-C to Gene Bodies

In addition to a defect in nucleosome reassembly, additional increase in H2A.Z
incorporation (and not just failure to remove it) in non-promoter regions could contribute to
the defect observed in the chaperone mutants. We therefore looked at genome-wide SWR-C
occupancy in the Spt16 and Spt6 mutants. Strikingly, both mutants caused SWR-C to
redistribute from promoters to gene bodies (Figure 4A). Elegant biochemical and genomic
data from the Wu and Pugh labs recently showed that SWR-C is targeted to promoters by
virtue of its affinity for free DNA in the nucleosome-depleted region (NDR) at gene
promoters (Ranjan et al., 2013; Yen et al., 2013). SWR-C redistribution in the chaperone
mutants may therefore be a consequence of their observed nucleosome loss (Figure 2F and
(lvanovska et al., 2011; Kaplan et al., 2003; Perales et al., 2013; Schwabish and Struhl,
2004)). Redistribution of SWR-C is likely to contribute to both the observed decrease in
H2A.Z at promoters and its increase in gene bodies, representing a positive feedback loop
for chromatin defects in the spt16-197 and spt6-1004 strains. In agreement with this model,
we found that the accumulation of H2A.Z observed within gene bodies in these chaperone
mutants is lost in swrlA cells for all genes tested (Figure 4B). Together, our data show that
FACT and Spt6 impede H2A.Z accumulation outside promoters by at least two mechanisms:
directly by selective reincorporation and indirectly by preventing supra-physiological de
novo incorporation.

Mislocalization of H2A.Z Contributes to Cryptic Transcription

What are the consequences for inappropriate H2A.Z accumulation in gene bodies?
Mutations in either SPT16 or SPT6 lead to cryptic transcription initiated from within genes
(Cheung et al., 2008; Kaplan et al., 2003; Mason and Struhl, 2003), a phenomenon attributed
to the inability of these mutants to maintain proper chromatin structure over genes during
transcription. Because the presence of H2A.Z in promoter nucleosomes promotes RNAPII
recruitment (Adam et al., 2001; Hardy et al., 2009), we hypothesized that the accumulation
of H2A.Z outside of promoters might contribute to cryptic initiation in the chaperone
mutants. In order to test this hypothesis, we used a FLO8-HIS3 reporter system developed
by the Winston group (Cheung et al., 2008). In this system, growth on plates lacking
histidine is enabled by activation of a cryptic intragenic FLO8 promoter driving HIS3
expression (Figure 5A). As shown in Figure 5B, the ability of the spt16-197 and spt6-1004
strains to grow on plates lacking histidine is decreased upon the deletion of HTZ1 (the gene
coding for H2A.Z in S. cerevisiae) suggesting that H2A.Z contributes to the cryptic
transcription phenotype of both FACT and Spt6 mutants. Consistent with suppression of
spt16-197 cryptic transcription at FLO8, the spt16-197 Spt- phenotype for lys2-128d, which
is proposed to result from activation of a cryptic promoter within a d element inserted into
the 5’ end of LYS2 (Malone et al., 1991), is also strongly suppressed by htz1A (Figure S4A).
Also similar to the weaker suppression of spt6-1004 cryptic transcription by htz1A at FLOS,
htz1A suppression of the spt6-1004 Spt- phenotype is also weaker than that for spt16-197
(Figure S4A).

We then used Northern blots to confirm the suppression of the cryptic phenotype of FACT
and Spt6 mutants. These experiments showed that the cryptic transcription phenotype of
spt16-197 is partially suppressed by the deletion of HTZ1 when cells are shifted at 33°C, but
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not at 37°C (Figure 5C and Figure S4B). Because histone loss in spt16-197 is much more
pronounced at 37°C than at 33°C (data not shown), the contribution of H2A.Z
mislocalization to cryptic transcription may be obscured by overwhelming histone loss at
high temperature. At 33°C, however, the moderate histone loss in spt16-197 cells appears to
confer a requirement for H2A.Z for cryptic transcription. To further characterize the role of
H2A.Z in cryptic transcription, we measured the 3’/5” expression ratio by RT-gPCR as
described before (Rossetto et al., 2014) at eight genes previously known to experience
cryptic transcription in both Spt16 and Spté mutants (Cheung et al., 2008; Kaplan et al.,
2003). Note that while changes in the 3'/5” expression ratio could in principle be attributed
to events other than cryptic transcription such as antisense transcripts, our unpublished
strand-specific RNA-Seq data show that antisense transcripts in spt6-1004 and spt16-197
mutants are typically one order of magnitude less abundant than cryptic transcripts from the
sense strand (not shown). At all genes tested, deletion of HTZ1 led to a partial but
reproducible suppression of cryptic transcription in spt16-197 cells (Figure 5D and Figure
S4C). The cryptic phenotype of spt6-1004, however, was not reproducibly suppressed by the
loss of H2A.Z as measured by Northern blot (Figure S4B) or by RT-qPCR (data not shown).
This may be due to the fact that spt6-1004 abrogates multiple cryptic transcription
suppression pathways, e.g. spt6-1004 is defective for Set2-dependent H3K36 trimethylation
(Chu et al., 2006; Youdell et al., 2008). Altogether, our data suggest that aberrant H2A.Z
localization to gene bodies promotes cryptic transcription, and that cryptic initiation might
require attributes of normal promoters such as the presence of H2A.Z.

Other Phenotypes of FACT and Spt6 Mutant Cells Are Not Suppressed by Deletion of HTZ1

In order to address whether the accumulation of H2A.Z in gene bodies is a direct cause of
cryptic transcription in FACT and Spt6 mutants, we tested whether other phenotypes
associated with these mutants could be suppressed by the deletion of HTZ1. As shown in
Figure 5E-G, none of the phenotypes tested, namely loss of H3K36 trimethylation in
spt6-1004 as well as inviability at 37°C and nucleosome loss in both spt16-197 and
spt6-1004, were suppressed by deletion of HTZ1. It therefore appears likely that
accumulation of H2A.Z in gene bodies directly contributes to cryptic transcription in these
mutants. It is clear that H2A.Z is not essential for cryptic transcription, but instead appears
to promote cryptic transcription under conditions where cryptic initiation is moderate (i.e.
spt16-197 strains at 33°C). Importantly, although htz1A partially suppresses spt6-1004
cryptic transcription for the FLO8-HIS3 reporter, spt6-1004/htz1A double mutants show
synthetic growth defects (data not shown), suggesting that H2A.Z and Spt6 collaborate in
some roles though they are antagonistic for cryptic transcription. Supporting this
observation, we noticed that spt6-1004/htz1A cells spontaneously diploidize at high
frequency (data not shown). This is consistent with the previously described role of H2A.Z
in genomic instability in several organisms (Ahmed et al., 2007; Krogan et al., 2004;
Rangasamy et al., 2004) and suggests that it might be exacerbated in spt6-1004.
Nevertheless, both presumptive diploid and haploid spt6-1004/htz1A cells show similar
suppression of the cryptic transcription of spt6-1004 cells (Figure S4D).
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DISCUSSION

Here we have shown that proper H2A.Z localization requires not only its targeted deposition
at promoters by SWR-C but also its active restriction from gene bodies promoted by histone
chaperone activity. When either FACT or Spt6 is compromised, failure to selectively
reincorporate H2A from transcribed regions leads to increased H2A.Z occupancy. This also
occurs concomitantly with overall nucleosome loss, which subsequently promotes further
H2A.Z loading via the pervasive recruitment of SWR-C to free DNA. This self-promoting
cycle leads to redistribution of H2A.Z-containing nucleosomes —normally a signature of
promoters— into gene bodies, promoting cryptic transcription (Figure 6). In the broader
sense, our work suggests that the chromatin signature of promoters depends not only on
specific deposition at promoters but also on selective reincorporation during transcription.
Therefore, promoter signature is intimately linked to the state of chromatin at distal sites.
While this was demonstrated here for the histone variant H2A.Z, the phenomenon may also
apply to other chromatin/epigenetic marks. It should be possible to test whether histone
chaperones can recognize and evict histones carrying inappropriate histone modifications for
example. Preventing nucleosome loss may also be important for restricting pervasive
recruitment of other chromatin regulators as we showed here for SWR-C.

Although our study shows that an excess of H2A.Z in gene bodies (as observed here in
FACT and Spt6 mutants) can be harmful, it also questions whether some appropriately
constrained levels of H2A.Z play positive roles. It is indeed tempting to speculate that a
cycle of H2A.Z deposition/eviction exists in gene bodies and contributes positively to gene
expression. For example, some level of transcription, initiated from within genes may
uphold chromatin plasticity. Also, maintaining some level of H2A.Z in gene bodies may
promote transcription elongation. Consistent with this model, elongation rate is decreased in
htz1A yeast cells (Santisteban et al., 2011) and elongation through the +1 nucleosome in
Drosophila is facilitated by the presence of H2A.Z (Weber et al., 2014).

While, to our knowledge, our work is the first to show that Spt6 can discriminate between
histone variants, growing evidence points toward FACT being a highly discriminative
chaperone. Indeed, FACT can discriminate between H2A.Z and H2A ((Heo et al., 2008) and
this work) but does not differentiate between H2A.X and H2A (Heo et al., 2008). More
recently, FACT was shown to prevent ectopic localization of the centromeric H3 variant
CENP-A (Deyter and Biggins, 2014). Collectively, this and our work argue for a role for
FACT in preserving epigenetic identity by preventing pervasive incorporation of promoter
(H2A.Z) and centromeric (CENP-A) specific variants at distal sites. Interestingly, the
exclusion of CENP-A from euchromatin by FACT involves the ubiquitin-mediated
degradation of the centromeric histone (Deyter and Biggins, 2014). While we cannot
completely rule out such a mechanism for H2A.Z, our data suggest otherwise. Indeed,
FACT (and Spt6) can selectively remove H2A.Z from nucleosomes in vitro in the absence
of additional factors. Also, the pervasive recruitment of SWR-C in FACT and Spt6 mutants
is unlikely to require protein degradation and can itself explain excessive H2A.Z loading in
gene bodies.
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While our observations were made in budding yeast, several reasons suggest that our
findings translate into higher eukaryotes, including humans. First, all the factors involved
(H2A.Z, SWR-C, FACT and Spt6) have orthologs throughout eukaryotes, and human FACT
can discriminate H2A.Z from H2A in vitro (Heo et al., 2008). Second, the localization of
H2A.Z to promoters has been observed in all organisms examined to date (Billon and Cote,
2013; Talbert and Henikoff, 2010; Weber and Henikoff, 2014; Zlatanova and Thakar, 2008).
Third, the relative depletion of H2A.Z in gene bodies is also a conserved phenomenon
(Hardy et al., 2009). Fourth, two very recent studies identified a histone chaperone in human
cells (Anp32e) that can mediate H2A.Z removal (Mao et al., 2014; Obri et al., 2014). Fifth,
and quite interestingly, H2A.Z has been shown to redistribute to active gene bodies upon B-
cell lymphomagenesis (Conerly et al., 2010). Given the established role of H2A.Z in cancer
(Dryhurst and Ausio, 2014; Monteiro et al., 2014; Rangasamy, 2010), this raises the
possibility that H2A.Z-mediated cryptic transcription may contribute to carcinogenesis. Also
in favor of such a model, a recent study established that FACT acts as an “accelerator” of
tumor formation (Garcia et al., 2013). Since high H2A.Z levels have been associated with
cancer progression and a negative prognosis (Dryhurst and Ausio, 2014; Monteiro et al.,
2014; Rangasamy, 2010), and because aberrant transcription is a well-recognized hallmark
of cancer, activation of cryptic transcription by H2A.Z represents a new model for
pathological changes to gene expression that merits scrutiny.

EXPERIMENTAL PROCEDURES

For detailed Experimental Procedures, see Supplemental Experimental Procedures.

Yeast Strains

Genotypes for the yeast strains used in this study are listed in Table S1. All deletions and
tagging were performed using transformation and homologous recombination of appropriate
PCR cassettes or by the Delitto perfetto method. The spt6-1004/htz1A and spt16-197/htz1A
phenotypes were validated additionally by backcrossing of double mutants to wild type and
showed identical phenotypes to those generated by homologous recombination (data not
shown).

ChlIP and ChlIP-chip

ChIP experiments were performed at least in duplicates as previously described (Jeronimo
and Robert, 2014). H2A.Z ChIP DNA was hybridized in competition with H2B ChIP DNA
(performed on the same extract) except for experiments shown in Figure S1D (middle and
right panels) where H2A.Z ChIP DNA was hybridized in competition with a Mock IP (using
rabbit 1gG) and Input DNA. H4 ChIP DNA was hybridized in competition with Input DNA.
Swrl-HA ChIP samples were hybridized against similar ChIP samples performed from an
isogenic strain where the SWR1 gene is not tagged. In some experiments, 300 ng of
sonicated bacteriophage phiX174 DNA (Thermo Scientific) was added to the extract prior to
immunoprecipitation. The microarrays were custom designed by Agilent Technologies and
contain a total of about 180,000 T,,-adjusted 60-mer probes covering the entire yeast
genome with virtually no gaps between probes as well as several hundreds probes covering
the phiX174 genome (Jeronimo and Robert, 2014). For the initial screen testing chromatin
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remodeler mutants shown in Figures 1A and 1B, microarrays containg about 44,000 probes
were used (Bataille et al., 2012).

ChlIP-chip Data Analysis

The ChlIP-chip data were normalized using the Limma Loess method and replicates were
combined as described previously (Ren et al., 2000). The data were subjected to one round
of smoothing using a Gaussian sliding window with a standard deviation of 100 bp to
generate data points in 10 bp intervals as described before (Guillemette et al., 2005). In
Figures 2B and 2C, the H2A.Z/H2B log, ratios from the spt6-1004 and spt16-197 mutants
were rescaled by setting the average logy ratio of the control phiX174 spots to the same
value as the one observed in experiments performed in WT cells.

Aggregate Profiles

Aggregate profiles were generated using the Versatile Aggregate Profiler (VAP) (Coulombe
etal., 2014).

In Vitro Histone Incorporation Assay

Recombinant yeast histones were expressed and purified from Escherichia coli, and
octamers were reconstituted as described (Luger et al., 1999a, b). In order to monitor histone
deposition by FACT or Spt6, H2A or H2A.Z-containing mononucleosomes were
reconstituted by salt dialysis onto a biotinylated DNA fragment (200 bp) containing the 601
nucleosome-positioning sequence (Lowary and Widom, 1998). FACT or Spt6 were
preincubated with an equimolar amount of free histone dimers (either HA-H2A.Z/H2B or
Flag-H2A/H2B dimers) in exchange buffer (70 mM NaCl, 25 mM HEPES [pH 7.5], 5 mM
MgCl,, 0.5 MM EGTA, 0.02% NP40, 0.1 mg/ml BSA and 1 mM DTT). Mononucleosomes
(20 nM) were incubated with streptavidin-conjugated magnetic beads (Dynabeads M-280) in
exchange buffer for 30 min at 30 °C. Subsequently, 30 nM of FACT or Spt6/histone dimers
were added and incubated for another 60 min at 30 °C. Beads were washed three times with
exchange buffer containing 0.1 mg/ml sonicated salmon sperm DNA. Bound fractions were
subjected to 18% SDS-polyacrylamide gel electrophoresis and transferred onto PVDF
membranes for Western blotting. Western blotting was performed using commercially
available monoclonal antibodies against Flag (Sigma, 3165) or HA (Sigma, H9658), or
polyclonal antibody against yeast histone H3 (Abcam, ab1791).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was funded by grants from the Canadian Institutes of Health Research (CIHR) to F.R. (MOP-191732 and
MOP-82891) and grants from the National Institutes of Health to C.L.P. (5R37GM049650-22) and C.D.K.
(RO1GM097260). C.J. held fellowships from the CIHR and L’Oréal Canada-UNESCO for Women in Science
Research Excellence. F.R. holds a FRQS Chercheur boursier-senior salary award. We are grateful to Nicole Francis
for her critical reading of the manuscript and Christian Poitras for bioinformatics support as well as Alain Bataille
and Louise Laramée for technical assistance. We also thank Fred Winston, Hans-Joachim Schiller, Tim Formosa,
Sebastian Chavez and Alain Verreault for generously providing strains and reagents.

Mol Cell. Author manuscript; available in PMC 2016 June 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeronimo et al. Page 11

References

Adam M, Robert F, Larochelle M, Gaudreau L. H2A.Z is required for global chromatin integrity and
for recruitment of RNA polymerase Il under specific conditions. Mol Cell Biol. 2001; 21:6270—
6279. [PubMed: 11509669]

Ahmed S, Dul B, Qiu X, Walworth NC. Msc1 acts through histone H2A.Z to promote chromosome
stability in Schizosaccharomyces pombe. Genetics. 2007; 177:1487-1497. [PubMed: 17947424]

Avvakumov N, Nourani A, Cote J. Histone chaperones: modulators of chromatin marks. Mol Cell.
2011; 41:502-514. [PubMed: 21362547]

Bataille AR, Jeronimo C, Jacques PE, Laramee L, Fortin ME, Forest A, Bergeron M, Hanes SD,
Robert F. A universal RNA polymerase 11 CTD cycle is orchestrated by complex interplays between
kinase, phosphatase, and isomerase enzymes along genes. Mol Cell. 2012; 45:158-170. [PubMed:
22284676]

Belotserkovskaya R, Oh S, Bondarenko Va, Orphanides G, Studitsky VM, Reinberg D. FACT
facilitates transcription-dependent nucleosome alteration. Science. 2003; 301:1090-1093. [PubMed:
12934006]

Billon P, Cote J. Precise deposition of histone H2A.Z in chromatin for genome expression and
maintenance. Biochim Biophys Acta. 2013; 1819:290-302. [PubMed: 24459731]

Bortvin A, Winston F. Evidence that Spt6p controls chromatin structure by a direct interaction with
histones. Science. 1996; 272:1473-1476. [PubMed: 8633238]

Brewster NK, Johnston GC, Singer RA. Characterization of the CP complex, an abundant dimer of
Cdc68 and Pob3 proteins that regulates yeast transcriptional activation and chromatin repression. J
Biol Chem. 1998; 273:21972-21979. [PubMed: 9705338]

Burgess RJ, Zhang Z. Histone chaperones in nucleosome assembly and human disease. Nat Struct Mol
Biol. 2013; 20:14-22. [PubMed: 23288364]

Chambers AL, Ormerod G, Durley SC, Sing TL, Brown GW, Kent NA, Downs JA. The INO80
chromatin remodeling complex prevents polyploidy and maintains normal chromatin structure at
centromeres. Genes Dev. 2012; 26:2590-2603. [PubMed: 23207916]

Cheung V, Chua G, Batada NN, Landry CR, Michnick SW, Hughes TR, Winston F. Chromatin- and
transcription-related factors repress transcription from within coding regions throughout the
Saccharomyces cerevisiae genome. PLoS Biol. 2008; 6:e277. [PubMed: 18998772]

Chu Y, Sutton A, Sternglanz R, Prelich G. The BURL1 cyclin-dependent protein kinase is required for
the normal pattern of histone methylation by SET2. Mol Cell Biol. 2006; 26:3029. [PubMed:
16581778]

Clapier CR, Cairns BR. The biology of chromatin remodeling complexes. Ann Rev Biochem. 2009;
78:273-304. [PubMed: 19355820]

Clark-Adams CD, Norris D, Osley MA, Fassler JS, Winston F. Changes in histone gene dosage alter
transcription in yeast. Genes Dev. 1988; 2:150-159. [PubMed: 2834270]

Coleman-Derr D, Zilberman D. Deposition of histone variant H2A.Z within gene bodies regulates
responsive genes. PLoS Genet. 2012; 8:e1002988. [PubMed: 23071449]

Conerly ML, Teves SS, Diolaiti D, Ulrich M, Eisenman RN, Henikoff S. Changes in H2A.Z
occupancy and DNA methylation during B-cell lymphomagenesis. Genome Res. 2010; 20:1383-
1390. [PubMed: 20709945]

Coulombe C, Poitras C, Nordell-Markovits A, Brunelle M, Lavoie MA, Robert F, Jacques PE. VAP: a
versatile aggregate profiler for efficient genome-wide data representation and discovery. Nucleic
Acids Res. 2014; 42:W485-493. [PubMed: 24753414]

DeGennaro CM, Alver BH, Marguerat S, Stepanova E, Davis CP, Bahler J, Park PJ, Winston F. Spt6
regulates intragenic and antisense transcription, nucleosome positioning, and histone modifications
genome-wide in fission yeast. Mol Cell Biol. 2013; 33:4779-4792. [PubMed: 24100010]

Deyter GM, Biggins S. The FACT complex interacts with the E3 ubiquitin ligase Psh1 to prevent
ectopic localization of CENP-A. Genes Dev. 2014; 28:1815-1826. [PubMed: 25128498]

Dryhurst D, Ausio J. Histone H2A.Z deregulation in prostate cancer. Cause or effect? Cancer
Metastasis Rev. 2014; 33:429-439. [PubMed: 24398858]

Mol Cell. Author manuscript; available in PMC 2016 June 18.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeronimo et al.

Page 12

Fan JY, Rangasamy D, Luger K, Tremethick DJ. H2A.Z alters the nucleosome surface to promote
HP1lalpha-mediated chromatin fiber folding. Mol Cell. 2004; 16:655-661. [PubMed: 15546624]

Garcia H, Miecznikowski JC, Safina A, Commane M, Ruusulehto A, Kilpinen S, Leach RW, Attwood
K, Li Y, Degan S, et al. Facilitates chromatin transcription complex is an “accelerator” of tumor
transformation and potential marker and target of aggressive cancers. Cell Rep. 2013; 4:159-173.
[PubMed: 23831030]

Guillemette B, Bataille AR, Gévry N, Adam M, Blanchette M, Robert F, Gaudreau L. Variant histone
H2A.Z is globally localized to the promoters of inactive yeast genes and regulates nucleosome
positioning. PLoS Biol. 2005; 3:e384. [PubMed: 16248679]

Hanai K, Furuhashi H, Yamamoto T, Akasaka K, Hirose S. RSF governs silent chromatin formation
via histone H2Av replacement. PL0S Genet. 2008; 4:e1000011. [PubMed: 18454204]

Hardy S, Jacques P-E, Gévry N, Forest A, Fortin ME, Laflamme L, Gaudreau L, Robert F. The
euchromatic and heterochromatic landscapes are shaped by antagonizing effects of transcription
on H2A.Z deposition. PL0oS Genet. 2009; 5:e1000687. [PubMed: 19834540]

Hardy S, Robert F. Random deposition of histone variants: A cellular mistake or a novel regulatory
mechanism? Epigenetics. 2010; 5:1-5.

Hartzog GA, Wada T, Handa H, Winston F. Evidence that Spt4, Spt5, and Spt6 control transcription
elongation by RNA polymerase Il in Saccharomyces cerevisiae. Genes Dev. 1998; 12:357-369.
[PubMed: 9450930]

Haruki H, Nishikawa J, Laemmli UK. The anchor-away technique: rapid, conditional establishment of
yeast mutant phenotypes. Mol Cell. 2008; 31:925-932. [PubMed: 18922474]

Heo K, Kim H, Choi SH, Choi J, Kim K, Gu J, Lieber MR, Yang AS, An W. FACT-mediated
exchange of histone variant H2AX regulated by phosphorylation of H2AX and ADP-ribosylation
of Spt16. Mol Cell. 2008; 30:86-97. [PubMed: 18406329]

Ivanovska I, Jacques PE, Rando OJ, Robert F, Winston F. Control of chromatin structure by spt6:
different consequences in coding and regulatory regions. Mol Cell Biol. 2011; 31:531-541.
[PubMed: 21098123]

Jamai A, Puglisi A, Strubin M. Histone chaperone spt16 promotes redeposition of the original h3-h4
histones evicted by elongating RNA polymerase. Mol Cell. 2009; 35:377-383. [PubMed:
19683500]

Jeronimo C, Robert F. Kin28 regulates the transient association of Mediator with core promoters. Nat
Struct Mol Biol. 2014; 21:449-455. [PubMed: 24704787]

Jiang C, Pugh BF. A compiled and systematic reference map of nucleosome positions across the
Saccharomyces cerevisiae genome. Genome Biol. 2009; 10:R109. [PubMed: 19814794]

Kaplan CD, Laprade L, Winston F. Transcription elongation factors repress transcription initiation
from cryptic sites. Science. 2003; 301:1096-1099. [PubMed: 12934008]

Kaplan CD, Morris JR, Wu C, Winston F. Spt5 and spt6 are associated with active transcription and
have characteristics of general elongation factors in D. melanogaster. Genes Dev. 2000; 14:2623—
2634. [PubMed: 11040216]

Kobor MS, Venkatasubrahmanyam S, Meneghini MD, Gin JW, Jennings JL, Link AJ, Madhani HD,
Rine J. A protein complex containing the conserved Swi2/Snf2-related ATPase Swrlp deposits
histone variant H2A.Z into euchromatin. PLoS Biol. 2004; 2:e131. [PubMed: 15045029]

Krogan NJ, Baetz K, Keogh MC, Datta N, Sawa C, Kwok TC, Thompson NJ, Davey MG, Pootoolal J,
Hughes TR, et al. Regulation of chromosome stability by the histone H2A variant Htz1, the Swrl
chromatin remodeling complex, and the histone acetyltransferase NuA4. Proc Natl Acad Sci USA.
2004; 101:13513-13518. [PubMed: 15353583]

Krogan NJ, Keogh MC, Datta N, Sawa C, Ryan OW, Ding H, Haw Ra, Pootoolal J, Tong A, Canadien
V, et al. A Snf2 family ATPase complex required for recruitment of the histone H2A variant Htz1.
Mol Cell. 2003; 12:1565-1576. [PubMed: 14690608]

Krogan NJ, Kim M, Ahn SH, Zhong G, Kobor MS, Cagney G, Emili A, Shilatifard A, Buratowski S,
Greenblatt JF. RNA polymerase 1l elongation factors of Saccharomyces cerevisiae: a targeted
proteomics approach. Mol Cell Biol. 2002; 22:6979-6992. [PubMed: 12242279]

Lowary PT, Widom J. New DNA sequence rules for high affinity binding to histone octamer and
sequence-directed nucleosome positioning. J Mol Biol. 1998; 276:19-42. [PubMed: 9514715]

Mol Cell. Author manuscript; available in PMC 2016 June 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeronimo et al.

Page 13

Luger K, Rechsteiner TJ, Richmond TJ. Expression and purification of recombinant histones and
nucleosome reconstitution. Methods Mol Biol. 1999a; 119:1-16. [PubMed: 10804500]

Luger K, Rechsteiner TJ, Richmond TJ. Preparation of nucleosome core particle from recombinant
histones. Methods Enzymol. 1999b; 304:3-19. [PubMed: 10372352]

Malik HS, Henikoff S. Phylogenomics of the nucleosome. Nat Struct Biol. 2003; 10:882-891.
[PubMed: 14583738]

Malone EA, Clark CD, Chiang A, Winston F. Mutations in SPT16/CDC68 suppress cis- and trans-
acting mutations that affect promoter function in Saccharomyces cerevisiae. Mol Cell Biol. 1991;
11:5710-5717. [PubMed: 1922073]

Mao Z, Pan L, Wang W, Sun J, Shan S, Dong Q, Liang X, Dai L, Ding X, Chen S, et al. Anp32e, a
higher eukaryotic histone chaperone directs preferential recognition for H2A.Z. Cell Res. 2014;
24:389-399. [PubMed: 24613878]

Mason PB, Struhl K. The FACT complex travels with elongating RNA polymerase 11 and is important
for the fidelity of transcriptional initiation in vivo. Mol Cell Biol. 2003; 23:8323-8333. [PubMed:
14585989]

McDonald SM, Close D, Xin H, Formosa T, Hill CP. Structure and biological importance of the Spn1-
Spt6 interaction, and its regulatory role in nucleosome binding. Mol Cell. 2010; 40:725-735.
[PubMed: 21094070]

Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, Wu C. ATP-driven exchange of histone H2AZ
variant catalyzed by SWR1 chromatin remodeling complex. Science. 2004; 303:343-348.
[PubMed: 14645854]

Monteiro FL, Baptista T, Amado F, Vitorino R, Jeronimo C, Helguero LA. Expression and
functionality of histone H2A variants in cancer. Oncotarget. 2014; 5:3428-3443. [PubMed:
25003966]

Morillo-Huesca M, Maya D, Munoz-Centeno MC, Singh RK, Oreal V, Reddy GU, Liang D, Geli V,
Gunjan A, Chavez S. FACT prevents the accumulation of free histones evicted from transcribed
chromatin and a subsequent cell cycle delay in G1. PLoS Genet. 2010; 6:1000964. [PubMed:
20502685]

Narlikar GJ, Sundaramoorthy R, Owen-Hughes T. Mechanisms and functions of ATP-dependent
chromatin-remodeling enzymes. Cell. 2013; 154:490-503. [PubMed: 23911317]

Obri A, Ouararhni K, Papin C, Diebold ML, Padmanabhan K, Marek M, Stoll I, Roy L, Reilly PT,
Mak TW, et al. ANP32E is a histone chaperone that removes H2A.Z from chromatin. Nature.
2014; 505:648-653. [PubMed: 24463511]

Orphanides G, LeRoy G, Chang CH, Luse DS, Reinberg D. FACT, a factor that facilitates transcript
elongation through nucleosomes. Cell. 1998; 92:105-116. [PubMed: 9489704]

Papamichos-Chronakis M, Watanabe S, Rando OJ, Peterson CL. Global Regulation of H2A.Z
Localization by the INO80 Chromatin-Remodeling Enzyme Is Essential for Genome Integrity.
Cell. 2011; 144:200-213. [PubMed: 21241891]

Perales R, Erickson B, Zhang L, Kim H, Valiquett E, Bentley D. Gene promoters dictate histone
occupancy within genes. EMBO J. 2013; 32:2645-2656. [PubMed: 24013117]

Prendergast JA, Murray LE, Rowley A, Carruthers DR, Singer RA, Johnston GC. Size selection
identifies new genes that regulate Saccharomyces cerevisiae cell proliferation. Genetics. 1990;
124:81-90. [PubMed: 2407608]

Rangasamy D. Histone variant H2A.Z can serve as a new target for breast cancer therapy. Curr Med
Chem. 2010; 17:3155-3161. [PubMed: 20666725]

Rangasamy D, Greaves |, Tremethick DJ. RNA interference demonstrates a novel role for H2A.Z in
chromosome segregation. Nat Struct Mol Biol. 2004; 11:650-655. [PubMed: 15195148]

Ranjan A, Mizuguchi G, FitzGerald PC, Wei D, Wang F, Huang Y, Luk E, Woodcock CL, Wu C.
Nucleosome-free region dominates histone acetylation in targeting SWR1 to promoters for H2A.Z
replacement. Cell. 2013; 154:1232-1245. [PubMed: 24034247]

Ren B, Robert F, Wyrick JJ, Aparicio O, Jennings EG, Simon I, Zeitlinger J, Schreiber J, Hannett NM,
Kanin E, et al. Genome-wide location and function of DNA binding proteins. Science. 2000;
290:2306-2309. [PubMed: 11125145]

Mol Cell. Author manuscript; available in PMC 2016 June 18.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeronimo et al.

Page 14

Rossetto D, Cramet M, Wang AY, Steunou AL, Lacoste N, Schulze JM, Cote V, Monnet-Saksouk J,
Piquet S, Nourani A, et al. Eaf5/7/3 form a functionally independent NuA4 submodule linked to
RNA polymerase Il-coupled nucleosome recycling. EMBO J. 2014; 33:1397-1415. [PubMed:
24843044]

Santisteban MS, Hang M, Smith MM. Histone variant H2A.Z and RNA polymerase 1l transcription
elongation. Mol Cell Biol. 2011; 31:1848-1860. [PubMed: 21357739]

Sarcinella E, Zuzarte PC, Lau PN, Draker R, Cheung P. Monoubiquitylation of H2A.Z distinguishes
its association with euchromatin or facultative heterochromatin. Mol Cell Biol. 2007; 27:6457—
6468. [PubMed: 17636032]

Schwabish MA, Struhl K. Evidence for eviction and rapid deposition of histones upon transcriptional
elongation by RNA polymerase I11. Mol Cell Biol. 2004; 24:10111-10117. [PubMed: 15542822]

Suganuma T, Workman JL. Signals and combinatorial functions of histone modifications. Annu Rev
Biochem. 2011; 80:473-499. [PubMed: 21529160]

Swaminathan J, Baxter EM, Corces VG. The role of histone H2Av variant replacement and histone H4
acetylation in the establishment of Drosophila heterochromatin. Genes Dev. 2005; 19:65-76.
[PubMed: 15630020]

Talbert PB, Henikoff S. Histone variants--ancient wrap artists of the epigenome. Nat Rev Mol Cell
Biol. 2010; 11:264-275. [PubMed: 20197778]

Tessarz P, Kouzarides T. Histone core modifications regulating nucleosome structure and dynamics.
Nat Rev Mol Cell Biol. 2014; 15:703-708. [PubMed: 25315270]

Voth WP, Takahata S, Nishikawa JL, Metcalfe BM, Naar AM, Stillman DJ. A role for FACT in
repopulation of nucleosomes at inducible genes. PLoS One. 2014; 9:e84092. [PubMed: 24392107]

Weber CM, Henikoff S. Histone variants: dynamic punctuation in transcription. Genes Dev. 2014;
28:672-682. [PubMed: 24696452]

Weber CM, Ramachandran S, Henikoff S. Nucleosomes Are Context-Specific, H2A.Z-Modulated
Barriers to RNA Polymerase. Mol Cell. 2014; 53:819-830. [PubMed: 24606920]

Winston F, Chaleff DT, Valent B, Fink GR. Mutations affecting Ty-mediated expression of the HIS4
gene of Saccharomyces cerevisiae. Genetics. 1984; 107:179-197. [PubMed: 6329902]

Yen K, Vinayachandran V, Pugh BF. SWR-C and INO80 chromatin remodelers recognize
nucleosome-free regions near +1 nucleosomes. Cell. 2013; 154:1246-1256. [PubMed: 24034248]

Yoh SM, Cho H, Pickle L, Evans RM, Jones KA. The Spt6 SH2 domain binds Ser2-P RNAPII to
direct Iws1-dependent mMRNA splicing and export. Genes Dev. 2007; 21:160-174. [PubMed:
17234882]

Youdell ML, Kizer KO, Kisseleva-Romanova E, Fuchs SM, Duro E, Strahl BD, Mellor J. Roles for
Ctk1 and Spt6 in regulating the different methylation states of histone H3 lysine 36. Mol Cell Biol.
2008; 28:4915-4926. [PubMed: 18541663]

Zilberman D, Coleman-Derr D, Ballinger T, Henikoff S. Histone H2A.Z and DNA methylation are
mutually antagonistic chromatin marks. Nature. 2008; 456:125-129. [PubMed: 18815594]

Zlatanova J, Thakar A. H2A.Z: view from the top. Structure. 2008; 16:166-179. [PubMed: 18275809]

Mol Cell. Author manuscript; available in PMC 2016 June 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jeronimo et al.

A

H2A.Z enrichment
(Myc-H2A.Z/HA-H2B log, ratio)

B
1.0 = 1.5
0.5 é €10
. N
53 05
<N 05
05 500bp I
= L-10
m;rage geneI ’K/Zrage gene|
TSS pA TSS PA
— \WT = WT (W303)
—SWIr1A WT (JS91.15-23)
— SW2A = \WT (S288C)
— SW1A m—rSCTA snf2A
== chd1A m— rSC14A = in080A

(@)

H2A.Z enrichment
(H2A.Z/H2B log, ratio)
= N

'
N

o

Page 15

IK/;rage gene|
TSS pPA

= \WT (FY80) ===chz1A
== WT (FY70) hir1A
WT (S288C) ===asf1A
WT (W303) =—napiA
— spt6-1004 = r{t106A
— Spt16-197 = cac1A

Figure 1. A Survey of Chromatin Regulator Mutants I dentified Histone Chaperones FACT and

Spt6 as | mportant Regulators of H2A.Z Occupancy

(A-B) Aggregate profiles of H2A.Z/H2B log, enrichment ratios over all yeast genes longer
than 1 kb (n=3439 genes) in various ATP-dependent chromatin remodeler mutants. ChlP
experiments were either performed using epitope tagged H2A.Z (Myc) and H2B (HA) (A)
or rabbit polyclonal antibodies against H2A.Z and H2B (B). (C) Aggregate profiles of
H2A.Z/H2B log, enrichment ratios over all yeast genes longer than 1 kb in various histone
chaperone and chromatin assembly factor mutants. The experiments for the spt16-197 and
Spt6-1004 strains, as well as their respective wild type, were performed after an 80 minute

switch to non-permissive temperature (37°C). See also Figure S1.
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Figure 2. Inappropriate Accumulation of H2A.Z in Gene Bodiesin spt16 and spté Mutants
(A) A schematic representation of the spike-in strategy used to rescale H2A.Z ChIP-chip

data in spt16-197 and spt6-1004 cells. (B) H2A.Z/H2B log, enrichment ratio along a 90 kb
fragment of chromosome 111 is shown for WT (grey), spt16-197 (blue) and spt6-1004 (red)
cells. The data from mutant cells are shown prior to (“raw”) and after (“rescaled”) rescaling
using phiX174 exogenous spike-in controls. A zoom in around the ATG15 locus is shown at
the bottom. (C) Aggregate profiles of H2A.Z/H2B log, enrichment ratios over all yeast
genes longer than 1 kb in spt16-197 (blue) and spt6-1004 (red) cells, together with their
respective WT (grey). The data from mutant cells are shown prior to (dashed trace) and after
(solid trace) rescaling using phiX174 exogenous spike-in controls. (D) Absolute H2A.Z
occupancy (expressed in % of Input) over the promoter (grey) and coding region (white,
OREF) of selected genes, as determined by ChIP-qPCR. Control experiments using IgG
antibodies are also shown. (E) Western blot showing bulk levels of H2A.Z in chromatin
extracts prepared from spt16-197 and spt6-1004 cells, together with their respective WT.
Loading was normalized using histone H4. The right panel shows bulk H2A.Z and H4 levels
from chromatin extracts prepared from WT and htz1A cells, demonstrating the specificity of
the H2A.Z antibody. (F) Aggregate profiles of H4 log, enrichment ratios over all yeast
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genes longer than 1 kb in WT (grey), spt16-197 (blue) and spt6-1004 (red) cells, which were
shifted to 37 °C for 80 min. All traces were normalized by setting the minima (representing
the NDR) to “0”. Reads density from an MNase-Seq experiment (black) from WT cells
(Jiang and Pugh, 2009) is shown as a guide for the position of nucleosomes. See also Figure
S2.
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Figure 3. FACT and Spt6 Can Discriminate Between H2A and H2A.Z Dimersin Vitro
(A) Silver stained SDS-PAGE of the FACT (Spt16-TAP) and Spt6 (Spt6-TAP) protein

complexes used. Traces of TEV protease remaining after purification are indicated. (B)

Western blot showing the amount of HA-H2A.Z/H2B dimers incorporated within canonical
nucleosomes (H2A Nuc) by purified SWR-C in the absence (=) or presence (+) of ATP.
Histone H3 is shown as a loading control. (C) A scheme of the in vitro histone incorporation
assay (left) and Western blots showing the amount of Flag-H2A (middle) or HA-H2A.Z
(right) dimers incorporated within canonical nucleosomes in the absence (=) or presence (+)
of purified FACT or Spté complexes. Inputs (50%) were loaded as controls. Blotting beads
with an anti-H3 antibody shows that equivalent amount of mononucleosomes were used in
both assays. (D) A scheme of the in vitro histone incorporation assay (left) and Western
blots showing the amount of Flag-H2A (middle) or HA-H2A.Z (right) dimers incorporated
within H2A.Z nucleosomes in the absence (=) or presence (+) of purified FACT or Spt6
complexes. The blots are also probed using an anti-H3 antibody. See also Figure S3.
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Figure4. FACT and Spt6 Prevent Pervasive SWR-C Recruitment In Vivo
(A) Left panel shows Aggregate profiles of Swrl1-HA log, enrichment ratios (Tag vs No

Tag) over all yeast genes longer than 1 kb in WT (grey), spt16-197 (blue) and spt6-1004
(red) cells. The right panel shows the difference in Swrl-HA levels between spt16-197 and
WT cells (dashed blue) or spt6-1004 and WT cells (dashed red). (B) Absolute H2A.Z
occupancy (expressed in % of Input) over the promoter (grey) and coding region (white,
ORF) of selected genes, as determined by ChIP-qPCR in WT, swrlA, spt6-1004, spt6-1004/
SwrlA, spt16-197 and spt16-197/swrlA cells.
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Figure 5. Deletion of HTZ1 Partially Suppresses Cryptic Transcription From spt16-197 and
Spt6-1004 Cells

(A) A schematic representation of the FLO8-HIS3 system used to detect cryptic
transcription from the FLO8 gene (Cheung et al., 2008). (B) The indicated yeast strains were
grown to saturation in YNB-complete medium, washed, resuspended at the same density in
water, serial diluted (5 fold series) and spotted on YNB-complete (Complete) and YNB
medium lacking histidine (-HIS). Plates were incubated at 33°C. (C) Levels of cryptic
transcript transcribed from the FLO8-HIS3 locus, as determined by Northern blot, are shown
after an 80 minute shift from 30°C to 33°C. SNR190 was used as a loading control. The
experiments were performed four times. A representative example is shown on the left and
quantification for four independent biological replicates (grey circles) together with the
average (black bars) is shown on the right. Indicated P value is from T-test. (D) RT-gPCR
was used to measure cryptic transcription at four genes in the indicated strains (four
additional genes are shown in Figure S4C). Expression was measured in the 5— and 3-
regions of each gene and the 3—/5- ratio was used as a measure of cryptic transcription.
Values for four independent biological replicates are shown (grey circles) together with the
average (black bars). Indicated P values are from T-tests. (E) Western blots showing the
amount of H3K36me3 at permissive temperature (30 °C) in WT, spt6-1004 and spt6-1004/
htz1A cells (left) and in WT, spt16-197 and spt16-197/htz1A cells (right). Histone H4 is
shown as a loading control. (F) The indicated yeast strains were grown to saturation in YPD
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medium, washed, resuspended at the same density in water, serial diluted (10 fold series),
spotted on YPD plates and incubated at 30 °C or 37 °C. (G) Aggregate profiles of H4 log,
enrichment ratios over all yeast genes longer than 1 kb in WT (grey), spt16-197 (solid blue),
spt16-197/htz1A (dashed blue), spt6-1004 (solid red) and spt6-1004/htz1A (dashed red) cells,
which were shifted to 37 °C for 80 min. All traces were normalized by setting the minima
(representing the NDR) to “0”. See also Figure S4.

Mol Cell. Author manuscript; available in PMC 2016 June 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jeronimo et al.

Wild type cells

@
> q/

N

NOa 000n " 06

RNAPII

FACT or Spt6 mutant cells
L See
@ tf.FACtIff‘
RNAPIL ¢y @

>

RNAPII

Histone loss + Loss of selective reincorporation

f

Pervasive recruitment of SWR-C

f

Further H2A.Z incorporation

/

Cryptic transcription

Mol Cell. Author manuscript; available in PMC 2016 June 18.

Page 22

Figure 6. A Schematic Model Describing the Activitiesof FACT and Spt6 in Preserving the
Epigenetic Landscape and Guarding Against Cryptic Transcription
FACT and Spt6 prevent nucleosome loss and selectively reincorporate H2A within gene
bodies during transcription elongation. This ensures proper chromatin structure over genes
and prevents cryptic transcription. When either FACT or Spt6 is compromised, nucleosome
loss occurs and H2A.Z is not efficiently removed from gene bodies. The paucity of
nucleosomes in gene bodies leads to pervasive recruitment of SWR-C, which exacerbates
H2A.Z accumulation in these regions. This nucleosome-poor/H2A.Z-rich chromatin
promotes cryptic transcription.



