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ABSTRACT

The histone chaperone facilitates chromatin trans-
actions (FACT) functions in various DNA transac-
tions. How FACT performs these multiple functions
remains largely unknown. Here, we found, for the
first time, that the N-terminal domain of its Spt16
subunit interacts with the Set3 histone deacetylase
complex (Set3C) and that FACT and Set3C function
in the same pathway to regulate gene expression in
some settings. We observed that Spt16-G132D mu-
tant proteins show defects in binding to Set3C but
not other reported FACT interactors. At the permis-
sive temperature, induction of the GAL1 and GAL10
genes is reduced in both spt16-G132D and set3A
cells, whereas transient upregulation of GAL10 non-
coding RNA (ncRNA), which is transcribed from the
3’ end of the GAL10 gene, is elevated. Mutations
that inhibit GAL70 ncRNA transcription reverse the
GAL1 and GAL10 induction defects in spt16-G132D
and set3A mutant cells. Mechanistically, set3A and
FACT (spt16-G132D) mutants show reduced histone
acetylation and increased nucleosome occupancy at
the GAL1 promoter under inducing conditions and
inhibition of GAL10 ncRNA transcription also par-
tially reverses these chromatin changes. These re-
sults indicate that FACT interacts with Set3C, which
in turn prevents uncontrolled GAL70 ncRNA expres-
sion and fine-tunes the expression of GAL genes
upon a change in carbon source.

INTRODUCTION

In eukaryotic cells, histone post-translational modifica-
tions, including acetylation and methylation, play impor-
tant roles in regulating gene transcription in response to
both endogenous and environmental stimuli (1,2). For in-
stance, in response to environmental cues, histone acetyl-
transferases (HATs) can be recruited to specific gene pro-
moters to acetylate histone proteins, which in turn pro-
motes gene transcription (3-6). On the other hand, his-
tone deacetylases (HDACs), when recruited, reverse his-
tone acetylation and in general result in gene repression (7—
10). In addition to histone modifiers, histone chaperones, a
group of proteins that can bind histones and regulate nucle-
osome assembly/disassembly but do not possess enzymatic
activity, also regulate chromatin dynamics and gene tran-
scription (11-13). However, it remains largely unexplored
how histone chaperones function with histone-modifying
enzymes in gene regulation.

F acilitates chromatin transactions (FACT) is a conserved
histone chaperone that can both disassemble and reassem-
ble nucleosomes (14-16). FACT consists of two essential
subunits, Spt16 and Pob3, in budding yeast, which corre-
spond to Sptl6 and SSRPI in higher eukaryotes. Human
FACT was initially identified and named for its ability to
facilitate in vitro transcription through a chromatin tem-
plate (11). It has been proposed that FACT displaces H2A-
H2B dimers from nucleosomes, which in turn facilitates
the passage of RNA polymerase (Pol) II through the chro-
matin template (17-20). FACT can also change histone-
DNA contact globally in vitro (19). In addition to partici-
pating in nucleosome disassembly, FACT is proposed to re-
assemble nucleosomes in the wake of RNA Pol II. Spt16
and Pob3 mutant alleles show the Spt™ phenotype, indicat-
ing FACT’s roles in transcription initiation (21). Further-
more, Sptl6 is enriched at actively transcribed genes (22).
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Depletion of yeast Spt16 using the temperature-sensitive al-
lele spt16-G132D results in a global reduction in nucleo-
some occupancy and a dramatic increase in cryptic tran-
scription, consistent with a role of FACT in nucleosome re-
assembly during transcription elongation (23-26). In addi-
tion to playing a role in gene transcription, FACT also plays
important roles in DNA replication. Early studies revealed
that FACT interacts with DNA polymerase a and can also
be copurified with the replicative helicase MCM2-7 in both
yeast and human cells (27,28). Using a partial separation-
of-function allele, we have shown that FACT functions in
the assembly of newly synthesized H3-H4 into nucleosomes
following DNA replication (29). Recently, it has been shown
that FACT is essential for replication via a chromatin tem-
plate in an in vitro reconstituted DNA replication system
(30). More recently, a structure of human FACT in com-
plex with a nucleosome has been reported (31), providing
novel insights into how FACT manipulates the nucleosome.
Together, these findings suggest that FACT performs mul-
tiple functions during gene transcription and DNA replica-
tion, including nucleosome assembly and disassembly, likely
by interacting with distinct proteins involved in these pro-
cesses.

Both Spt16 and Pob3 contain multiple domains (32), and
these domains are highly conserved from yeast to humans.
For instance, Spt16 has an N-terminal peptidase domain,
a dimerization domain, a middle domain (Spt16-M) and a
C-terminal acidic domain. The N-terminal domain (NTD)
of Sptl6 is highly conserved among all known Spt16 ho-
mologs, although it is not essential for cell viability in yeast
cells. It has been shown that deletion of the Spt16 NTD
in yeast reduces the need for the SWI/SNF chromatin-
remodeling complex for gene activation (33). It has been
proposed that the Spt16 NTD is important for gene re-
pression. The Spt16 NTD also interacts with Sas3, a sub-
unit of the NuA3 HAT complex (34). Therefore, it is pos-
sible that this domain is also involved in gene activation
through histone acetylation. Furthermore, yeast cells lack-
ing the Spt16 NTD show sensitivity to high levels of hydrox-
yurea (HU) that interferes with DNA replication (35,36).
Taken together, these findings indicate that the Spt16 NTD
likely regulates both gene transcription and DNA replica-
tion.

Set3 is a component of the Set3 HDAC complex (Set3C).
While Set3 contains a SET domain, it lacks histone methyl-
transferase activity; it also interacts with two proteins, Hos2
and Hstl, that have HDAC activity. Set3C contains seven
subunits: Set3, Sif2, Sntl, Hos2, Hstl, Cprl and Hos4
(37). Sif2 and Sntl interact with each other and form a 2:2
tetramer, which interacts with Set3 and other Set3C com-
ponents. Hos4 interacts with both Hstl and Hos2. Set3,
Sntl, Hos2 and Hos4 are likely present only in the Set3
complex, whereas Sif2, Cprl and Hst1 can exist as free pro-
teins. Moreover, deletion of HST/ does not disrupt Set3C
integrity, suggesting that it is a peripheral component of
Set3C (37). Hstl also forms a complex with Sum1 to repress
the transcription of genes involved in vegetative growth.

Set3C likely performs multiple cellular functions. It is
reported to mediate the transgenerational inheritance of
an activated chromatin state (38). Moreover, while histone
deacetylation catalyzed by HDACs such as Rpd3 is gener-

Nucleic Acids Research, 2021, Vol. 49, No. 10 5503

ally involved in gene repression, Set3C has been found to
be involved in both gene repression and activation (8,39).
For instance, it has been shown that Set3C can repress the
transcription of some meiotic genes and metabolic genes
(37,40). However, Set3 and Hos2 are also required for
maximal induction of the GALI and INOI genes in re-
sponse to changes in carbon sources (environmental stim-
uli) (8,41,42). While Set3C functions in gene repression
most likely through histone deacetylation, it remains un-
clear how Set3C contributes to maximal expression of the
GALI gene.

Multiple models have been proposed to explain how
Set3C functions in gene activation. For instance, it has been
suggested that Set3C represses noncoding transcription,
which in turn facilitates activation of coding genes (40).
Supporting this idea, most of the genes upregulated in cells
lacking Set3 are overlapped with noncoding RNA (ncRNA)
transcription (40). Moreover, Set3 contains a PHD (plant
homeodomain) domain that binds H3K4me2, which re-
cruits Set3C to the 5" ends of transcribed units (41). In sepa-
rate studies, a long ncRNA has been found to be transcribed
from the 3’ end of the GAL10 gene under derepressed condi-
tions (raffinose treatment), which prevents leakage expres-
sion of genes at the GAL locus under these conditions. Un-
der induced conditions (galactose treatment), repression of
GALI0 ncRNA is important for the maximal production
of GALI and GALI0 (43-46). Therefore, it is possible that
Set3C represses GAL10 noncoding transcription, which in
turn promotes optimal production of GAL gene transcripts
under inducing conditions.

We found that Sptl6 interacts with Set3C through its
NTD and functions together with Set3C in gene regula-
tion in some but not all settings in which FACT partici-
pates. Moreover, we showed that the FACT-Set3C inter-
action likely contributes to recruitment of these molecules
to the gene body of GALI under inducing conditions. Fur-
thermore, FACT and Set3C repress the transcription of a
ncRNA (GALI0 ncRNA), and this repression contributes
to the maximal induction of the GALI gene. Finally, we
revealed that FACT and Set3C regulate nucleosome occu-
pancy and histone acetylation at the GALI promoter at
least partly by repressing GAL10 ncRNA expression. Col-
lectively, these results reveal a novel interaction between
FACT and Set3C and a role of FACT-Set3C in repression of
GALI0 ncRNA expression, which in turn fine-tunes GALI
activation in response to environmental stimuli.

MATERIALS AND METHODS
Strains and media

All strains used in this paper are isogenic to W303-1: leu2-
3, 112, ura3-1, his3-11,15, trpl-1, ade2-1, canl-100 (Sup-
plementary Table S1). Yeast tagging and deletion mutant
strains were generated by one step transformation and con-
firmed by western blot or PCR (47,48). Standard yeast me-
dia were used for yeast culture (49).

TAP purification and MS analysis

Tandem affinity purification was performed as described
(49). Generally, 1-liter cells were grown in YPD media to
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an OD of 1.8-2.0. Cells were collected by centrifugation.
The same volume of IP buffer (25 mM Tris pH 8.0, 100 mM
NaCl, | mM EDTA, 10 mM MgCl,, 0.01% NP-40, 1 mM
DTT) with protease inhibitors (1 mM PMSF, 1 mM benza-
midine, ] mM Pefabloc) and 15 KU/ml DNase I was added,
and the cells were frozen drop by drop in liquid nitrogen.
The frozen yeast cells were broken by Freezer Mill. Then,
the cell powder was then thawed on ice, cleared by centrifu-
gation at 20 000 g for 10 min. The supernatant was then
added with 75 pg/ml ethidium bromide (EB) and placed on
ice for 30 min to disrupt DNA-mediated interactions. The
sample was again centrifuged at 20 000 g for 40 min. The
resulting supernatant was incubated with 40 pl IgG beads
for 2 h. The beads were extensively washed by IP buffer and
bound protein was cut by TEV enzyme at 16°C for 2 h. The
released proteins were bound to 30 wl calmodulin beads for
2 h. Then, the beads were washed. The bound proteins were
eluted with SDS sample buffer and boiled for 3 min. The
sample was separated on SDS-PAGE, and stained with sil-
ver staining for subsequent MS analysis, or for western blot.

Chromatin immunoprecipitation assay (ChIP)

ChIP assay was performed essentially as previously de-
scribed (50). Briefly, cells were grown in SCM with 2% raf-
finose and 0.02% glucose (SC-raffinose) to an OD of about
1.0. The cells were then centrifuged and washed by cold
ddH20, and resuspended in synthetic complete media with
2% galactose (SC-galactose) for the indicated time. The cells
were fixed with 1% formaldehyde for 20 min, quenched
with 125 mM glycine for 5 min. After washing with cold
TBS, the cells were resuspended in ChIP lysis buffer (50
mM HEPES/KOH pH 7.5, 140 mM NaCl, ]| mM EDTA,
1% Triton X-100, 0.1% Na-deoxycholate) with protease in-
hibitors (1 mM PMSF, 1 mM Pefabloc, 1 mM benzami-
dine, I mg/ml bacitracin) and equal amount of glass beads,
and then broken by MP Biomedicals Fastprep-24. The cell
pellet was resuspended in ChIP buffer and sonicated with
bioruptor to an average DNA size of 500 bp. After cen-
trifugation, the supernatant was incubated with IgG beads
for 3 h at 4°C. The beads were then washed and boiled to
release the crosslinked DNA. The eluted DNA was subse-
quently quantified using Q-PCR. For the H3K27Ac ChIP,
the sonicated cell lysate was divided into two parts, 0.1 .l
of anti-H3K27Ac antibody (homemade) or 0.5 pl of anti-
H3 antibody (ab1791) was added separately and rotated
at 4°C overnight. The next day, 20 wl of protein G beads
were added to allow binding for 2 h. The protein G beads
were then extensively washed, and the DNA was eluted for
Q-PCR analysis. All ChIP experiments were performed at
least three times with independent biological samples. The
primers used are listed in Supplementary Table S2.

Micrococcal nuclease (MNase) protection assay

To determine the effect of ser3A on nucleosome density of
GALI promoter during galactose induction, we used Mi-
crococcal nuclease (MNase) protection assay. Briefly, cells
were induced in 2% galactose for 40 min, then fixed with
1% PFA for 20 min and quenched by 125 mM glycine for 5
min. The cells were then spheroplasted with zymolase, and

the resulting spheroplasts were digested with MNase to the
mononucleosome. Mononucleosomal DNA was gel puri-
fied and nucleosome density at GA LI promoter region was
determined by quantitative real-time PCR (QPCR) normal-
ized to the PHOS gene.

Drug sensitivity assay

MPA and 6-AU sensitivity assay was performed as de-
scribed (41). Briefly, the cells were transformed with the
empty vector pRS316 and grown on synthetic complete mix
minus Uracil (SC-URA) media. The cells were diluted to an
OD of 0.6, then 5-fold serially diluted. About 5 pl of each
dilution was spotted on SCM-URA plate containing the in-
dicated drugs. We took images after the cells grew at 30 or
25°C for 2-5 days.

RT-qPCR

Yeast total RNA was extracted by standard hot phenol
method. GALI10 ncRNA level was determined by northern
blot as described (44). GALI mRNA level was quantified by
RT-gqPCR. Briefly, 1 g of total RNA was first treated with
DNase I (Thermo Scientific) and then reverse-transcribed
with oligo (dT), the cDNA was directly served as template
for qPCR. Primers are listed in Supplementary Table S2.

RESULTS
Set3 and Sif2 are new binding partners of FACT

To investigate how the distinct functions of FACT are
regulated, we used tandem-affinity purification to purify
FACT-associated protein factors in wild-type (WT) Sptl6
and three mutant forms of SPT16 (spt16-m, spt16-G132D
and spt16-AN) that distinctly impact DNA replication and
gene transcription (Supplementary Figure S1). Spz/6-m has
a defect in replication-coupled (RC) nucleosome assembly
and has a minor effect on gene transcription (29). Spt16-
G132D is a temperature-sensitive (ts) mutant that affects
gene transcription with little impact on DNA replication
at the permissive temperature (29,33). The impact of spt16-
AN, a mutant without the conserved NTD (amino acids 2—
484), on gene transcription and DNA replication is not clear
(36). Based on SDS-PAGE analysis of purified proteins, we
observed distinct proteins associated with WT FACT and
different FACT mutants (Supplementary Figure S1). We
then used mass spectrometry (MS) to identify these Spt16-
associated proteins. In addition to Pob3, another subunit
of FACT, we found that several proteins (e.g. Pafl, Ctr9,
Chdl1, Tbp7, Pshl, Sif2 and Set3; Supplementary Tables
S3 and S4) were primarily associated with WT Spt16 and
the Spt16-m mutant forms, but not with the Spt16-G132D
or Spt16-AN mutant forms (Supplementary Tables S3 and
S4). Pafl, Ctr9, Chdl, Tbp7 and Pshl interact with FACT
(51-53). The newly identified Spt16 binding partners Set3
and Sif2 are two core members of Set3C. Set3C consists of
four core subunits: Set3, Sif2, Hos2 and Sntl (37,41). In-
terestingly, Set3C functions in both gene repression and ac-
tivation (8,40). We thus focused our current study on the
FACT-Set3C interaction and the potential impact of this
interaction on gene regulation.



The NTD of Spt16 is required for FACT-Set3C interaction

To validate the interaction between FACT and Set3C, we
Flag-tagged SET3 and SIF2 and performed Sptl6 im-
munoprecipitation (IP) experiments. Consistent with the
MS data, WT Sptl6 and the spzl/6-m mutant interacted
with Set3. In contrast, the FACT-Set3 interaction was dra-
matically decreased in the spt/6-G132D mutant cells at
a permissive temperature (25°C) and barely detectable in
the spt16-AN mutant (Figure 1A and Supplementary Fig-
ure S2A). Similar results were obtained when the FACT-
Sif2 interaction was analyzed (Supplementary Figure S2B
and S2C), suggesting that the N-terminus of Sptl16 me-
diates the interaction between FACT and the Set3 com-
plex. In addition, Spt16-m showed a defect in histone H3-
H4 (29), but not Set3 and Sif2 binding (Supplementary Fig-
ure S2A and S2B). In contrast, the spt/6-AN and sptl6-
G132D mutations did not appear to reduce the interaction
between FACT and H3 (Supplementary Figure S2A and
S2C). These results indicate that FACT interacts with Set3C
and this interaction is unlikely to be mediated by histone
H3-H4.

To test whether FACT interacts with Set3C directly, we
first attempted to purify the Set3 complex. However, we
were not able to purify a large amount of the Set3 complex
from yeast cells for in vitro pull down assay despite repeated
attempts. Next, we utilized similar approaches used by oth-
ers to show direct interactions between two protein com-
plexes (54,55). Briefly, we expressed the Spt16 NTD (amino
acids 1-451) tagged with a TAP tag in Flag-tagged SET3
and SIF2 strains and analyzed the interaction of the Sptl16
NTD with Set3C by IP. We observed that the Spt16 NTD
protein interacted with both Set3 and Sif2 but to a lesser de-
gree than full-length Spt16 (Figure 1B and Supplementary
Figure S2D). Importantly, while H3 and Pob3 signals were
readily detectable upon IP of full-length Spt16, they were
not detectable upon IP of the Spt16 NTD, indicating that
the FACT-Set3C interaction is also not bridged by proteins
that interact with Pob3 as well as the large portion of Spt16
(amino acids 452-1035). Moreover, we observed that the
Spt16 NTD containing the G132D mutation also displayed
less binding with Set3C than the WT Spt16 NTD (Figure
1C and Supplementary Figure S2E). Collectively, these data
demonstrate that the NTD of Spt16 is the primary domain
that mediates the physical interaction between FACT and
Set3C. However, we cannot eliminate the possibility that a
protein interacts with Spt16 NTD and in turn bridges the
FACT-Set3C interaction.

Previous data have revealed that several subunits, includ-
ing Set3 and Sif2, are required for the integrity of Set3C
(37). To further characterize the interaction between FACT
and Set3C, we disrupted the Set3 complex by deleting ei-
ther Set3 or Sif2, each of which is a core subunit of Set3C.
We observed that the FACT-Set3 and FACT-Sif2 interac-
tions were not detectable in the absence of SIF2 (Figure 1D)
or SET3 (Supplementary Figure S2F), respectively. Similar
results were obtained when Spt16-N proteins were used for
immunoprecipitation (Figure 1E and Supplementary Fig-
ure S2G). We noted that deletion of SET3 did not affect
the protein levels of Sif2 and vice versa. These results sug-
gest that FACT interacts with multiple subunits of Set3C or
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that the integrity of Set3C is indispensable for the interac-
tion between FACT and Set3C.

FACT also interacts with the catalytic subunit of the
NuA3 HAT complex (Sas3) through the N-terminus of
Spt16 (34). We confirmed that Sas3 coimmunoprecipitated
with WT Sptl16 and that this interaction was significantly
reduced for the spti6-AN mutant (Supplementary Figure
S2H). Interestingly, the spt/6-G132D mutation did not af-
fect Spt16-Sas3 interaction (Supplementary Figure S2I),
indicating that Sas3 interacts with other regions in the Spt16
NTD. These results also indicate that the reduced interac-
tion between Spt16-G132D and components of Set3C is un-
likely due to the slight reductions in Spt16-G132D mutant
protein levels in cells (Figure 1A and Supplementary Fig-
ure S2C). Therefore, we used the spt/6-GI132D mutant al-
lele at the permissive temperature to dissect the function of
FACT-Set3C interaction in gene regulation in subsequent
experiments.

Spt16-G132D and Set3C mutations interact genetically

In the absence of SET3, yeast cells are sensitive to the tran-
scription elongation inhibitor mycophenolic acid (MPA)
(41,42). Spt16-G132D cells cannot grow at elevated temper-
ature (37°C) (56,57). However, we observed that the FACT-
Set3C interaction was weakened in spt16-G132D cells at the
permissive temperature (25°C). Therefore, we monitored
the phenotypes of set3A and spt16-GI132D single or dou-
ble mutants at this temperature. We observed that both the
set3A and spt16-G132 D mutant cells were sensitive to MPA,
although spt16-G132D cells were more sensitive to MPA
than set3 A cells (Figure 2A). Interestingly, the MPA sensi-
tivity of spt16-G132D set3A double-mutant cells was sim-
ilar to that of set3A mutant cells, suggesting that SET3
depletion suppresses the MPA sensitivity of spt16-G132D
cells. We noted that set3A did not suppress the tempera-
ture sensitivity of the spt/6-G132D mutant (Figure 2A). A
similar effect was observed when SIF2 was deleted from
the spt16-G132 D mutant cells (Supplementary Figure S3A).
These results suggest that Set3C functions together with
FACT in some but not all biological processes in which
FACT participates.

The spt16-G132D mutant cells were also sensitive to an-
other inhibitor of transcription elongation, 6-azauracil (6-
AU), at the permissive temperature (56,58), whereas the
sif2A and set3A mutants were not (Figure 2B and Sup-
plementary Figure S3A). Importantly, both spt/6-GI132D
set3A and spt16-GI132D sif2 A were more resistant to 6-AU
than the spt16-G132D single mutant (Figure 2B and Sup-
plementary Figure S3A). Combined with the results of the
MPA sensitivity analysis described above, these results show
that the MPA and 6-AU sensitivity of spt/6-G132D cells de-
pends on the presence of intact Set3C.

Interestingly, we observed that spt/6-AN cells did not
show detectable sensitivity towards either MPA or 6-AU
(Supplementary Figure S3B). One possible explanation for
the differential drug sensitivity of spt/6AN and sptl6-
G132D cells is that spt/6 AN mutation losses interactions
with two histone modifying enzymes (Set3C and NuA3)
with opposite effects on gene transcription. However, the
spt16-AN mutation suppressed the MPA sensitivity of
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Figure 1. FACT interacts with Set3C through the Spt16 NTD. (A) The N-terminal G132D mutation of SPT16 affects the Spt16-Set3 interaction, whereas
mutation in the M-domain does not. Different forms of SPT16 (WT, m = spt16-K6924 R693A4 and spt16-G132D) were TAP-tagged and subjected to
tandem affinity purification. The purified protein complexes and the corresponding input samples were detected by western blot analysis using antibodies
against calmodulin-binding peptide (CBP), Pob3 and Flag-tagged Set3. (B) The N-terminal domain (NTD) of Spt16 interacts with Set3. The full-length
Sptl6 and the NTD (amino acids 1-451) of Sptl6 constructed in the YCp lac 111 plasmid with a TAP tag were expressed in a Set3-Flag-tagged strain
and subjected to tandem affinity purification. The purified protein complexes and the corresponding input samples were detected by western blot analysis
using antibodies against CBP, Flag-tagged Set3, H3 and Pob3. FL: full-length Spt16; N: NTD of Spt16. (C) G132D mutation affects the interaction of
exogenously expressed Spt16-N with Set3. The Spt16-N proteins with or without the Spt16-G132D mutation constructed in the YCp lac III plasmid with
a TAP tag were expressed in the no-tagged or Set3-Flag-tagged strain and subjected to tandem affinity purification. The purified protein complexes and
the corresponding input samples were detected by western blot analysis using antibodies against CBP and Flag-tagged Set3. (D) The integrity of the Set3
complex is essential for the FACT-Set3C interaction. Spt16 protein complex was purified from WT or sif2A cells, and the purified protein complexes and
the corresponding input samples were detected by western blot analysis using antibodies against CBP, Flag-tagged Set3, H3 and Pob3. (E) The integrity of
the Set3 complex is also essential for the Spt16 NTD-Set3 interaction. The Spt16-N-TAP proteins with or without the Spt16-G132D mutation constructed
in the YCp lac III plasmid were purified from WT or sif2A cells; the purified protein complexes and the corresponding input samples were detected by
western blot analysis using antibodies against CBP and Flag-tagged Set3.
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Figure 2. FACT genetically interacts with Set3C during gene transcription. set3A attenuates the MPA (A) and 6-AU (B) sensitivity of spt/6-G132D cells.
Five-fold serial dilutions of exponentially growing cells of the indicated genotypes were spotted onto SC-URA plates at 25 or 37°C, onto SC-URA plates
containing 15 or 30 pwg/ml MPA, and onto SCM-URA plates containing 75 or 100 pg/ml 6-AU at 25°C. Photographs of the SC-URA plates were taken
on the indicated incubation days.



set3A cells (Supplementary Figure S3B). Taken together,
these results indicate that FACT and Set3C function in the
same pathway to regulate some aspects of gene transcrip-
tion in which FACT is involved (see ‘Discussion’ section for
more explanation) and strongly support the idea that FACT
interacts with Set3C through the Spt16 NTD.

The associations of FACT and Set3C with actively tran-
scribed GAL1 are mutually dependent

The regulation of GAL genes represents a classic transcrip-
tional switch in response to changes in sugar in eukary-
otic cells (59). The GAL gene cluster of Saccharomyces cere-
visiae contains three genes (GALI, GAL7 and GALI10) re-
quired for galactose metabolism (46). We noticed that Set3C
is important for activation rather than repression of GAL
genes (8,40). Moreover, FACT has been shown to play a
role in GALI gene activation (19,24,60). However, the role
of FACT and Set3C interaction during this process remains
poorly understood. Therefore, we utilized this system to un-
derstand the function of the FACT-Set3C interaction in
gene regulation.

Both FACT and Set3C are recruited to transcribed re-
gions (22,24,41,61). Therefore, we analyzed the effects of
set3A and two sptl6 mutations (sptl6-G132D and spti6-
AN) on the associations of Sptl6 and Set3, respectively,
with the GALI gene body. When cells are grown in SC-
raffinose medium (Raf), the GALI gene is noninduced.
However, the expression of GALI increases dramatically
upon switching to galactose medium (Gal, inducing con-
ditions). We observed that the levels of Set3 at the GALI
coding region were higher in WT cells grown in Gal than
in those grown in Raf, with a more robust increase at the
5'-GALI region than at the 3'-GALI region (Figure 3A),
consistent with previous reports (8,62). Moreover, Set3 sig-
nals at the 5" and middle regions of GA LI were significantly
lower in spt16-G132 D mutant cells than in WT cells (Figure
3A). Similarly, deletion of the Spt16 NTD reduced the Set3
level at the GALI 5'-coding region (Supplementary Figure
S4A). Of note, neither the spt16-G132D allele nor the spt16-
AN allele affected the protein level of Set3 (Supplementary
Figure S4B and S4C).

We also observed that the levels of Spt16 across the GALI
gene body were elevated in WT cells upon galactose addi-
tion, with slight enrichment at the 3’-GALI over 5'-GALI
(Figure 3B and Supplementary Figure S4D) (62). Com-
pared to WT Sptl6, both spt16-G132D and spt16-AN mu-
tants showed impaired Spt16 binding to GALI coding re-
gions under inducing conditions (Figure 3B and Supple-
mentary Figure S4D). The protein levels of Spt16-AN were
similar to those of WT Spt16, whereas the protein levels of
Spt16-G132D were slightly lower than those of WT Sptl6
(Supplementary Figure S4E and S4F). Finally, the associ-
ation of Sptl6 with GALI coding regions was reduced in
set3 A mutant cells compared to WT cells (Figure 3B), and
this reduction was unlikely due to the effect of sez3A on
Spt16 protein levels (Supplementary Figure S4E). Interest-
ingly, the levels of Spt16 in the middle and at the 3’ end of
GALI were reduced more in the spt16-G132D set3A double
mutant than in the sp7/6-G132D single mutant (Figure 3C).
Taken together, these results suggest that the associations of
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FACT and Set3C with active transcribed regions depend on
each other or that the effects of Set3C and Spt16 mutations
on the associations of their binding partner arise from de-
fects in transcription in these mutant cells (see below and
‘Discussion’ section).

spt16-G132D and set3 A have similar effects on GALI tran-
scription

While HDACs are generally associated with gene repres-
sion, HDAC Set3C and Rpd3 display opposite effects on
GALI gene transcription. Depletion of RPD3 results in in-
creased transcription of GALI, whereas deletion of SET3
delays the activation kinetics of GALI transcription com-
pared to that in WT cells (8). We confirmed the differential
impacts of set3A and rpd3 A mutations on GALI transcrip-
tion (Supplementary Figure S5A). Moreover, we observed
similar effects on GALI( transcription in the two corre-
sponding mutant cell types (Supplementary Figure S5B).
Next, we compared the effects of spt/6-G132D and set3A
mutations on transcription at the GAL gene cluster. We ob-
served that the induction kinetics of GAL/ and GALI10 were
impaired to similar extents in spz/6-G132 D mutant cells and
set3A mutant cells. Importantly, the effect of set3A spt16-
G132D double mutation on the transcription of the GALI
and GAL10 genes was similar to the effects of spz16-G132D
and set3 A single mutation (Figure 4A and Supplementary
Figure S5C). These results provide additional data to sup-
port the idea that FACT and Set3C interact and function in
the same pathway to regulate gene transcription, at least in
some settings.

The spt16-G132D and set3 A mutations show similar effects
on GAL10 ncRNA transcription

Most Set3C-affected genes have overlapping noncoding
transcripts (40). Moreover, FACT functions to repress cryp-
tic transcription initiation for a subset of yeast genes (62). A
4 kb GAL10 long ncRNA (GALI0 ncRNA) starting from
the 3’ end of the GALI0 coding region is transcribed in the
opposite direction of GAL10 under noninducing conditions
(44) (Figure 4B). To understand how the HDAC complex
Set3C and the histone chaperone FACT function in GAL!
activation, we first analyzed the effects of spt16-G132D and
set3A mutation on GALI0 ncRNA transcription by north-
ern blotting (Figure 4C). As the half-life of the GALI0
ncRNA transcript in WT cells is ~8-17 min upon 2% galac-
tose addition at 30°C (44,46), we tracked the expression of
GALI0 ncRNA at different time points upon galactose ad-
dition at 16°C to capture the kinetics of GALI0 ncRNA ex-
pression. The transcription factor Rebl binds to the pro-
moter of GALI0 ncRNA (Figure 4B) and is essential for
GALI0ncRNA transcription (44). As controls, we also ana-
lyzed the effects of mutations in four putative Rebl-binding
sites (Reb1-BSA mutant) on GALI0 ncRNA transcription.
Mutations in Reb1-binding sites led to dramatic reductions
in GAL10 ncRNA levels under all conditions, supporting
the idea that Reb1 is essential for GA4L10 ncRNA transcrip-
tion (Figure 4C).

In WT cells grown in noninducing conditions (Raf), low
levels of GAL10 ncRNA were detected. Under these condi-
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repeats is shown. The error bars indicate the &1 standard error; Student’s ¢ test was performed: *P < 0.05, **P < 0.01; Raf: Raffinose; Gal: Galactose.
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tions, deletion of SET3 had no apparent effect on the ex-
pression of GAL10 ncRNA, suggesting that Set3 has a mi-
nor role in the regulation of GALI0 ncRNA in Raf (Figure
4C). Under inducing conditions (Gal), we observed that the
levels of GALI0 ncRNA in WT cells were apparently in-
creased at 60 min and were reduced dramatically at 90 min
upon galactose addition (Figure 4C, lanes 1, 5 and 9). Dele-
tion of SET3 resulted in pronounced increases in GALI0
ncRNA at both 60 and 90 min upon galactose addition
from the levels in WT cells (Figure 4C and Supplementary
Figure S5D), suggesting that Set3 inhibits an unchecked in-
crease in GALI0 ncRNA during galactose induction.

We next evaluated whether sprl16-G132D also impinges
on GALI0 ncRNA transcription in Gal (Figure 4D and E).
Similar to the case in set3 A cells, northern blot analysis indi-
cated that GAL10 ncRNA in spt16-G132D mutant cells was
increased at different time points after addition of galac-
tose for induction. Importantly, GAL10 ncRNA levels were
not further increased in spt16-G132D set3 A double mutant
cells compared to single-mutant cells of either cell line (Fig-
ure 4D and E). Together, these results indicate that FACT
and Set3C function in the same pathway to repress GALI0
ncRNA transcription upon galactose induction, likely pre-
venting unrestricted expression of GALI0 ncRNA, which
may affect the induction of GAL gene expression.

The roles of FACT and Set3C in GALI activation are linked
to their roles in GAL10 ncRNA transcription

Previous studies have demonstrated that GALI0 ncRNA
can fine-tune the activation of GAL genes in response to
metabolic changes (43,46). Therefore, we asked whether
the effects of spt16-G132D and set3A mutations on GALI
and GALI0 activation are due to their impacts on GALI0
ncRNA transcription. To do this, we first attenuated GAL10
ncRNA expression by mutating the Rebl-binding sites
(Rebl-BSA) in WT and set3A mutant cells (44,45) and
analyzed the impact of set3A and Rebl-BSA single mu-
tation and set3A Rebl-BSA double mutation on GALI
and GALI10 transcription. Consistent with previous results
(44,45), rapid induction of GALI was observed in Rebl-
BSA mutant cells compared to WT cells (Figure 4F and
G), and this effect of RebI-BSA on GALI and GALI10 tran-
scription was opposite to that of set3A. Importantly, incor-
poration of the Rebl-BSA mutation in the set3 A strain re-
stored the induction profiles of GALI and GALI0 to levels
similar to those in WT cells (Figure 4F and Supplementary
Figure SS5E). Similar results were also observed for the im-
pact of depletion of the Rebl-binding sites in spt/6-G132D
cells on the induction of GALI and GALI( transcription
(Figure 4G and Supplementary Figure SSF). Of note, we
site-specifically mutated the TATA box of the GAL10 pro-
moter (Supplementary Figure S5H, top panel). While mu-
tating the GAL10-TATA box led to a dramatic reduction of
GALIO gene expression, GALI0 ncRNA was not affected
(Supplementary Figure S5G and S5H, left panel). No ap-
parent changes were observed on GALI gene expression
level in GAL10-TATA* mutation cells (Supplementary Fig-
ure S5H, right panel). Taken together, these results suggest
that both Set3C and FACT promote the induction kinet-
ics of the GAL genes at least partly through inhibition of

excessive expression of GALI0 ncRNA upon galactose in-
duction.

Spt16-dependent noncoding transcription at the GAL10 locus
is detected in spt16-G132D cells under nonpermissive temper-
ature

To understand how FACT and Set3C may function in
GALI0O ncRNA transcription, we first investigated whether
Sptl6 and Set3 bound to the regions surrounding Rebl-
binding sites. Unfortunately, this experiment was compli-
cated by the fact that both FACT and Set3 are recruited to
the GALI0 gene likely in a transcription-dependent man-
ner. We previously found that depleting Sptl6 by grow-
ing spt16-G132D cells at 37°C for 45 min leads to nucleo-
some fuzziness and position shifts in gene bodies and to an
increase in the levels of Sptl6-dependent noncoding tran-
scripts (SNTs) (23). To understand how FACT may be in-
volved in inhibition of GALI10 ncRNA induction, we rean-
alyzed micrococcal nuclease (MNase)-seq datasets for WT
and spt16-G132D cells growing at the permissive tempera-
ture (T0) and a nonpermissive temperature (T45) for 45 min
in glucose (repressive conditions). We observed that nucle-
osome occupancy and nucleosome positions at the GALI0
ncRNA region were barely changed when WT cells were
shifted to 37°C. In contrast, nucleosome positions and oc-
cupancy were altered at this region in spt/6-G132D cells
growing at 37°C compared to 25°C (Supplementary Fig-
ure S6A). Moreover, high levels of noncoding transcription
from the 3’ region of GALI0 were also detected at this re-
gion (Supplementary Figure S6B). These results indicate
that FACT can be recruited to the GAL10 ncRNA locus to
suppress noncoding transcription, at least under repressive
conditions.

Mutation of the GALI-TATA box has minor effects on
changes in nucleosome dynamics at the GA LI promoter

In general, nucleosome occupancy at promoters is inversely
correlated with gene transcription (63-66). High nucleo-
some occupancy can in principle block the association of
transcription factors with promoters, which in turn hinders
gene transcription. To further dissect the role of Set3C and
FACT in the GA LI regulation, we analyzed the histone H3
levels at both the GALI promoter and gene body regions,
which reflect the nucleosome occupancy at these regions, by
H3 ChIP assays. When wild-type cells were shifted from raf-
finose condition to galactose condition, the H3 signals were
apparently reduced at both the GALI-promoter regions
(GALI-Pro’) and the GALI-gene body regions (GALI-m’)
(Figure 5D and E), suggesting a nucleosome removal along
with the GALI gene activation. To ask whether these nu-
cleosomal changes are a consequence of ongoing gene tran-
scription, we site-specifically mutated the TATA box of the
GALI promoter (Figure 5A) (67). The transcription levels
of GALI mRNA in GALI-TATA box mutant cells (GALI-
TATA*) were dramatically reduced upon galactose induc-
tion (Figure 5B), consistent with the idea that the GALI-
TATA box is essential for GALI transcription. On the other
hand, the GALIO0 mRNA levels were not affected in the
GALI-TATA* mutant cells compared to the levels in WT
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and GALI-TATA* mutant cells as in (F). The H3K27Ac-precipitated DNA was analyzed by Q-PCR using the primer sets indicated in the top panel (B)
and then normalized to the H3 occupancy. The average of three biological repeats is shown. The error bars indicate the &1 standard error; Student’s 7 test
was performed: *P < 0.05, ns, not significant.
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cells under the same condition (Figure 5C). Under these
conditions, nucleosome occupancy detected by H3 ChIP
in the gene body region of GALI in GALI-TATA* mutant
cells did not change upon a change in carbon source from
raffinose to galactose (Figure 5E), supporting that the on-
going GALI transcription likely contributes to nucleosomal
changes at the GALI gene boy in wild-type cells. Intrigu-
ingly, nucleosome occupancy detected by H3 ChIP at the
GALI promoter region was also reduced in GALI-TATA*
mutant cells upon a change in carbon source from raffinose
to galactose, while to a lesser degree than in WT cells (Fig-
ure 5D). These results suggest that changes in nucleosome
occupancy at the gene body of GA LI are due largely to gene
transcription, whereas nucleosome changes at the GALI
promoter might be independent of the on-going GALI tran-
scription.

Set3C functions as an HDAC. We therefore examined the
acetylation at lysine 27 of H3 (H3K27Ac) levels at the GAL!
regions during galactose induction. Since nucleosome occu-
pancy was altered in WT cells, we normalized the H3K27Ac¢
ChIP signals to the corresponding H3 ChIP signals. Under
noninducing conditions, there were no apparent differences
in H3K27Ac levels in GA L1-TATA* mutant cells compared
to WT cells (Figure SF and G). We found that H3K27Ac
levels increased in WT cells at both promoter region and
gene body of GALI upon GALI activation during the car-
bon source shift from raffinose to galactose (Figure SF and
G). In contrast, while H3K27Ac levels did not increase at
the GALI gene body regions in GALI-TATA* cells (Fig-
ure 5G), H3K27Ac levels at the GALI promoter regions
also increased in GALI-TATA* cells to a level similar to
WT cells (Figure 5F). These results suggest that the increase
in histone acetylation at the GAL/ gene body is also likely
a consequence of increased transcription, but that the in-
crease in histone acetylation levels at the GALI promoter
region can occur in the absence of strong GALI induction.
Collectively, these results strongly indicate that changes in
nucleosome occupancy and H3K27Ac levels at the GALI
promoter upon metabolic shifting can occur prior to strong
induction of GALI expression.

Effects of set3A and rpd3 A mutations on nucleosome occu-
pancy at the GALI promoter

It has been shown that an intergenic ncRNA (SRGT) causes
repression of an adjacent coding gene (SER3) by affect-
ing nucleosome occupancy of the promoter region of the
SERS3 gene (68). Moreover, a previous study has shown that
the GAL10 ncRNA operates in cis to recruit the HDAC
Rpd3 in order to repress GA LI expression under repressive
conditions (44). We therefore set out to evaluate whether
GALI0 ncRNA could regulate nucleosome occupancy at
the GALI promoter region, which is largely independent
of GALI induction, to repress the induction of the GALI
gene. To do this, we first analyzed nucleosome occupancy
at the GALI promoter in set3 A and rpd3 A single and set3 A
rpd3 A double mutant cells, as set3A and rpd3 A mutations
have opposite effects on GALI transcription (Supplemen-
tary Figure S5A). Under noninducing conditions, the H3
levels were comparable between WT and set3A, whereas
the rpd3 A single and set3A rpd3A double mutants exhib-

ited detectable but not significant decreases in H3 levels at
the GALI-GALIO locus (Figure 6A, Raf). Upon galactose
induction, we observed that the H3 levels were remarkably
decreased at the promoter region (GALI-Pro’) as well as the
middle coding regions of GALI and GALI0 in WT cells
(Figure 6A, compare Raf to Gal), suggesting a rapid re-
moval of nucleosomes upon gene activation. Of note, the H3
level was significantly higher in sez3 A cells than in WT cells
(Figure 6A), suggesting that nucleosome removal in set3A
mutant cells is impaired than that in WT cells. These results
are consistent with the observation that GA LI transcription
is lower in set3 A mutant cells than in WT cells.

H3 levels in rpd3 A cells were also reduced to a similar de-
gree to WT cells upon induction. In contrast, GA LI expres-
sion in rpd3 A mutant cells was higher than that in WT cells
(Supplementary Figure S5A), consistent with published re-
sults (8). To rule out the possibility that our assay was un-
able to detect differences in nucleosome occupancy between
rpd3 A cells and WT cells, possibly due to the resolution
of H3 chromatin IP (ChIP) assays based on sonication-
sheared chromatin, we performed an MNase protection as-
say to further analyze the nucleosome occupancy at each of
the three nucleosomes at the GALI promoter under galac-
tose induction (69). In agreement with H3 ChIP results, nu-
cleosome occupancy at all three nucleosomes localized at
the promoter region was markedly higher in set3A mutant
cells than in WT cells (Figure 6B and Supplementary Figure
S7A). We again detected that the nucleosome occupancy in
rpd3 A single mutant cells was comparable to that in WT
cells. These results suggest that the increase in gene tran-
scription in rpd3 A cells may not lead to an additional re-
duction in nucleosome occupancy at the GALI promoter
region in rpd3 A cells. These findings support the idea that
both nucleosome occupancy and GA LI transcription are al-
tered in set3 A mutant cells and that H3 ChIP assays can be
used to detect nucleosome changes in these cells.

Interestingly, nucleosome occupancy at the GALI pro-
moter was higher in set3A rpd3 A double mutant cells than
in rpd3 A mutant cells and WT cells based on the H3 ChIP
assay (Figure 6A) and MNase protection assays (Figure 6B
and Supplementary Figure S7A). Moreover, we observed
that GALI transcription in set3A rpd3A cells was lower
than that in rpd3A mutant cells (Supplementary Figure
S5A). Collectively, these results suggest that Set3C has more
dominant roles in regulating gene transcription and nucleo-
some occupancy at GA LI promoter regions under inducing
conditions than the HDAC Rpd3.

The effects of spt16-G132D and set3 A mutations on nucle-
osome occupancy at the GAL1I promoter depend on GAL10
ncRNA transcription

Next, we compared the effects of spt16-GI132D and set3 A
mutations on nucleosome occupancy at the GA LI promoter
region upon galactose addition. Histone levels at the GAL!
promoter in spt16-G132 D mutant cells were similar to those
in set3A mutant cells but were higher than those in WT
cells under galactose-mediated inducing conditions (Fig-
ure 6C). Moreover, the nucleosome occupancy at the GALI
gene promoter in spt16-G132D set3A double mutant cells
was similar to that in either sp¢/6-G132 D single mutant cells
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or set3A single mutant cells (Figure 6C). These results are
consistent with the idea that FACT functions in the same
pathway as Set3C to regulate nucleosome occupancy at the
GALI promoter.

To test whether GALI0 ncRNA transcription has any
role in the nucleosome occupancy observed in spt16-G132D
and set3 A mutant cells, we performed H3 ChIP experiments
in Reb/-BSA mutant cells (Figure 6D). The histone H3 lev-
els at the GALI promoter in Rebl-BSA mutant cells were
similar to those in WT cells (Figure 6D). Moreover, the
histone H3 levels of set3A Rebl-BSA double-mutant cells
were similar to those of RebI-BSA cells (Figure 6D). Simi-
larly, the histone H3 levels of spt16-G132D Rebl-BSA cells
were comparable to those of RebI-BSA cells, which were
lower than those of spt/6-G132D mutant cells (Figure 6E).
Collectively, these results suggest that the nucleosome occu-
pancy changes observed in spt/6-G132D and set3 A cells are
at least partly dependent on GALI0 ncRNA transcription.

Effects of FACT and Set3C on histone acetylation levels at
the GALI promoter

We next examined H3K27Ac levels at the GALI promoter
during galactose induction. Since nucleosome occupancy
was changed in set3A and spt16-G132D mutant cells, we
normalized the H3K27Ac ChIP signals to the correspond-
ing H3 ChIP signals. Under noninducing conditions, there
were no apparent differences in H3K27Ac levels in set3A
and spt16-G132D cells compared to WT cells (Figure 7A).
Moreover, we observed markedly higher H3K27Ac levels
at the GALI promoter in WT cells grown in Gal than in
WT cells grown in Raf. This increase was impaired in both
set3A and sptl6-G132D single mutant cells. Moreover, the
effect of the set3A GI132D double mutation on H3K27Ac
levels was similar to those of the set3A and spt16-G132D
single mutations (Figure 7A). These results suggest that
FACT and Set3C may functionally interact to affect the hi-
stone acetylation levels of the GALI promoter upon galac-
tose addition.

It has been established that Rpd3 is a major HDAC reg-
ulating histone acetylation at the GAL gene locus under
noninducing conditions (8). Consistent with this idea, we
observed that deletion of RPD3 resulted in a dramatic in-
crease in H3K27Ac under noninducing conditions at the
GAL locus (Figure 7B and Supplementary Figure S7B).
Interestingly, deletion of SET3 did not affect the levels of
H3K27Ac under noninducing conditions (raffinose). Dele-
tion of SET3 in rpd3A cells also did not affect the lev-
els of H3K27Ac under noninducing conditions (raffinose)
(Figure 7B and Supplementary Figure S7B). In contrast,
H3K27Ac levels only at the GALI promoter were signif-
icantly lower in set3A rpd3A double mutant cells than
in rpd3A mutant cells under inducing conditions (Fig-
ure 7B), and the levels of H3K27Ac¢ were comparable at
the GALI and GALIO gene bodies in the two mutant
cells (Supplementary Figure S7B). Moreover, both GALI
and GALI0 mRNA levels showed dramatic decreases in
set3A rpd3A mutant cells compared with rpd3A mutant
cells upon galactose addition (Supplementary Figure S5A
and S5B, (8)). We reasoned that this was due to delayed
nucleosome removal in sef3A cells upon galactose induc-

tion (Figure 6A and B) as well as reduction of H3K27Ac
levels at the GA LI promoter observed here, consistent with
the idea that nucleosome occupancy changes at promoter
regions are critical for gene transcription regulation.

As GALIO ncRNA affects nucleosome occupancy, we
next examined the effect of GALIO ncRNA on histone
acetylation at the GALI promoter. We observed that
H3K27Ac levels increased slightly but not significantly in
Reb1-BSA cells (Figure 7C). Interestingly, Rebl-BSA par-
tially reversed the reductions in H3K27Ac levels at the
GALI promoter in set3A cells (Figure 7C) and fully re-
versed those in spt16-G132D mutant cells (Figure 7D).
These results support the idea that FACT and Set3C affect
histone acetylation levels at the GALI promoter partially
by repressing GALI0 ncRNA transcription under inducing
conditions.

DISCUSSION

Eukaryotic gene transcription occurs in the context of chro-
matin and involves multiple layers of regulation to deal
with the chromatin template in response to various signals.
FACT is an essential histone chaperone functioning in mul-
tiple aspects of DNA replication and gene transcription. It
has been proposed that FACT functions in these multiple
processes by interacting with different proteins involved in
DNA replication and gene transcription. Herein, we present
multiple lines of evidence indicating that FACT interacts
with Set3C to inhibit overproduction of GALI0 ncRNA,
which in turn fine-tunes GALI expression in response to
carbon source shifts. Thus, we reveal a new interaction and
a mechanism by which FACT functions in gene regulation
(Supplementary Figure S8).

The NTD of Spt16 interacts with distinct factors and regu-
lates FACT function in different contexts

FACT, consisting of Spt16 and Pob3, is essential for cell
proliferation. Both Spt16 and Pob3 contain multiple Pleck-
strin homology (PH) domains, and these domains mediate
interactions with histones or nucleosome substrates (32).
Spt16 has an N-terminal peptidase domain, and this NTD
is highly conserved among all known Sptl16 homologs. In-
triguingly, yeast cells expressing a Spt16 mutant lacking the
NTD are viable, indicating that this domain may function in
nonessential regulatory processes. It has been reported that
the Spt16 NTD binds H3-H4 in vitro (70) as well as Sas3,
the subunit of the NuA3 HAT complex, but not SAGA (34).
Here, we show that FACT interacts with the HDAC Set3C
and that this interaction is not bridged by histone H3-H4.
Importantly, we found that the Spt16-G132D mutant shows
defects in binding to Set3C but interacts with Sas3 similar
to WT Spt16; these findings suggest that the Spt16 NTD in-
teracts with distinct factors that in turn act with FACT to
regulate different processes. Consistent with this idea, MS
analysis suggested that the interactions between FACT and
several proteins involved in DNA replication and/or DNA
damage repair are also compromised in spt/6-G132D and
spt16-AN cells compared to cells with WT Spt16 (Supple-
mentary Tables S3 and S4). Furthermore, yeast cells lacking
the Spt16 NTD are sensitive to high levels of hydroxyurea
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(HU), which interferes with DNA replication (35,36). In the
future, it would be interesting to dissect the interactions of
FACT with these proteins involved in DNA replication and
DNA damage repair.

FACT and Set3C participate in GALI activation likely
through inhibition of GAL10 ncRNA

Supporting a direct interaction between FACT and Set3C,
we observed that individual depletion of SET3 and SIF2,
two components of Set3C, reduced the drug sensitivity of
spt16-G132D cells towards transcription inhibitors but did
not reduce the temperature sensitivity of these mutant cells.
There are two nonmutually exclusive explanations for the
suppression of MPA and 6-AU sensitivity of spt16-G132D
cells by deletion of SET3 or SIF2. First, Set3C and FACT
have opposite roles in gene transcription. This interpreta-
tion is similar to the proposed roles of Chdl and FACT
in gene regulation. It has been reported that Chdl inter-
acts with FACT physically (51,71). Deletion of CHDI sup-
pressed several defects of a spz/6 mutant allele, and it was
proposed that Chd1 and FACT have opposite roles in gene
regulation (72). Second, in spt16-G132 D mutant cells, Set3C
is mis-localized to other regions, which in turn alters gene
expression and renders spt/6-G132D cells sensitive to MPA
and 6-AU. Supporting this idea, we found that the chro-
matin association of Set3 at the GA LI gene is compromised
in spt16-G132D cells. Moreover, FACT and Set3C physi-
cally interact with each other. Nonetheless, the suppression
of MPA and 6-AU sensitivity, but not temperature sensi-
tivity of spt16-G132D cells by set3 A is consistent with the
idea that the Set3C and FACT function in the same path-
way in some, but not all settings in which FACT participates
in gene regulation (73).

Because previous studies have shown that FACT and
Set3C are required for activation of the GALI gene
(19,24,40,41,60), a well-studied model for gene regulation,
we focused our analysis on the effects of spti16-GI132D
and set3A at the GAL locus. We found that spt16-G132D
and set3A mutants showed similar defects in the induc-
tion of GAL genes after cells were switched from dere-
pressed (raffinose) to inducing (galactose) conditions. Im-
portantly, spt16-G132D set3 A double-mutant cells showed
the same defects in GAL gene transcription as spt16-G132D
and set3 A single-mutant cells under these conditions. To-
gether, these results indicate that FACT interacts with Set3C
and that these molecules work together to fine-tune the ac-
tivation of GAL genes under inducing conditions.

Set3C contains two proteins, Hos2 and Hst1, which have
HDAC activity. Histone deacetylation by HDACs gener-
ally represses genes. Therefore, the finding that Set3C is re-
quired for efficient activation of GAL genes, in contrast to
the HDAC Rpd3, was surprising. It has been proposed that
gene upregulation mediated by Set3C could be due to the ef-
fect of Set3C in repressing the expression of ncRNAs (40).
Indeed, we also found that FACT and Set3C function in the
same pathway to inhibit overproduction of GALI0 ncRNA
transcripts, which are transcribed in the direction oppo-
site to that of GAL10 transcription under inducing condi-
tions. Finally, we show that inhibition of GALI0 ncRNA
via mutation of the binding sites of the transcription factor

Rebl1, which is essential for GALI0 ncRNA transcription,
reverses the effects of the spt16-G132D and set3 A mutations
on GALI transcription. These results indicate that both
FACT and Set3C are required to repress GALI0 ncRNA
upon galactose addition and that this repression is at least
partially responsible for the role of Set3C in GALI gene ac-
tivation, providing a mechanism for how an HDAC func-
tions in gene activation.

FACT is best known for its role in gene activation. How,
then, is FACT involved in repression of GALI0 ncRNA?
It has been reported that noncoding transcription increases
dramatically when FACT is depleted (23,74). Interestingly,
we observed that noncoding transcription at the 3’ end of
GALIO was dramatically increased in spzl6-G132D cells
growing at a nonpermissive temperature, which led to deple-
tion of Spt16-G132D mutant proteins. The increase in non-
coding transcription likely arose from a loss of nucleosomes
at this locus. In Schizosaccharomyces pombe, FACT is im-
portant for heterochromatin silencing (75). Recently, it has
been shown that FACT acts with Swi6 to prevent histone
turnover, which in turn contributes to the maintenance and
inheritance of heterochromatin (76). Therefore, it is possible
that FACT and Set3C repress histone turnover and thereby
repress GAL10 ncRNA transcription.

FACT and Set3C together repress unrestricted transient in-
duction of GAL10 ncRNA

Under noninducing conditions (raffinose), GALI0 ncRNA
prevents transcriptional leakage of GA LI (45). We and oth-
ers observed that GAL10 ncRNA is transiently induced af-
ter Raf is switched to Gal. We speculate that this tran-
sient induction of GALI0 ncRNA may serve as a check-
point for detecting the strength of external galactose signal-
ing. GALI0 ncRNA is constitutively expressed at low lev-
els prior to galactose addition to repress the leaky expres-
sion of GALI. If yeast cells are exposed to a weak or short-
term galactose stimulus, the transient induction of GALI0
ncRNA prevents GALI gene activation. Only strong and
durable galactose induction signals can overcome repres-
sion by GALI10 ncRNA, which is important for optimal ac-
tivation of the GALI gene. We propose that the transient
induction of ncRNA ensures that yeast cells respond to con-
tinuous and possibly strong galactose stimulation but not to
brief switching of medium from raffinose to galactose. This
mechanism may be important for cells to adapt to carbon
source changes economically.

After GALI is fully activated, GAL10 ncRNA expression
is repressed, likely by FACT- and Set3C-mediated mecha-
nisms. We and others have observed that both FACT and
Set3C are enriched in the GAL10 gene body under induc-
ing conditions, and this increased association of FACT and
Set3C is likely due to increased GAL10 transcription. Once
recruited, FACT and Set3C can suppress noncoding tran-
scription, such as GALI0 ncRNA transcription. In this
model, GALI0 ncRNA suppression arises after activation
of the GALI/GALIO0 locus, which in turn prevents the in-
terference of GAL10 ncRNA transcription with GALI and
GALIO transcription. In opposition to this idea, we ob-
served that mutation of the GALI0-TATA box, while dra-
matically reducing GALI0 expression, had no apparent ef-



fects on GALI0 ncRNA production under noninducing and
inducing conditions (Supplementary Figure S5G and S5H).
In addition, it has been shown that H3K4me2 can recruit
Set3C to 5 transcribed units, which in turn repress non-
coding transcription. Therefore, it is possible that FACT
and Set3 are recruited to the 5’ end of GALI0 ncRNA by
H3K4me?2 and thereby suppress GAL10 ncRNA transcrip-
tion. Future studies are needed to test these ideas.

Roles of FACT, Set3C and GAL10 ncRNA in nucleosomal
changes at the GALI promoter regions

It has been proposed that both prior to and following in-
duction, specific DNA-binding proteins, including the acti-
vator Gal4 and the chromatin-remodeling complex (RSC),
are the predominant determinants of chromatin architec-
ture at the regulatory locus of GAL1/10 genes (77). Con-
sistent with this idea, we found that nucleosome occupancy
and H3K27Ac levels are altered similarly in cells contain-
ing mutations in the GALI-TATA box compared to WT
cells under inducing conditions, whereas GALI induction
is reduced dramatically in this mutant compared to WT
cells under the same conditions. In contrast, nucleosome oc-
cupancy and H3K27Ac levels at the gene body of GALI
are compromised in GALI-TATA box mutant cells com-
pared to WT cells, which is reflective of the reduction in
GALI transcription. Moreover, we found that the nucleo-
some occupancy at the GA LI promoter region was higher,
whereas the histone acetylation levels were lower, in set3 A
and spt/6-GI132D mutant cells than in WT cells during
galactose induction. Rebl-BSA partially rescued the nucle-
osome occupancy and histone acetylation levels of set3A
mutant cells. These results suggest that GALI0 ncRNA
transcription contributes to the changes in chromatin ar-
chitecture at the GALI promoter observed in set3A and
spt16-G132 D mutant cells. It has been reported that GAL10
ncRNA transcription can recruit the HDAC Rpd3 to al-
ter the chromatin structure at the GALI/GALIO locus in
cis to repress GALI/10 transcription under conditions of
concomitant weak induction and repression (44). More-
over, ncRNAs can also promote nucleosome assembly at
downstream gene promoter regions to repress gene tran-
scription (68). Therefore, it is possible that GAL/0 ncRNA
functions with FACT and Set3C to alter chromatin archi-
tecture at the GALI/GALIO regulatory locus, consequently
fine-tuning the induction kinetics of GAL genes. Recently,
an RNA-mediated feedback control of condensate forma-
tion model during transcriptional regulation was proposed
(78). It would be interesting to test if transcriptional regu-
lation at the GA LI gene cluster region would incorporate a
GALI10 ncRNA feedback mechanism.

In summary, we propose that FACT and Set3C coopera-
tively repress the expression of GALI0 ncRNA, facilitating
the proper activation of GALI. In the absence of Set3 or
in spt16-G132D mutants defective in Set3 binding, GALI10
ncRNA levels are dramatically increased, which contributes
to increases in nucleosome numbers and reductions in his-
tone acetylation at the GA L1 /10 regulatory regions, thereby
impairing GAL gene activation (Supplementary Figure S8).
Overall, our study reveals a synergetic mechanism of repres-
sion and activation of transcription at one gene cluster that
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involves cooperation between the histone chaperone FACT
and the Set3 HDAC complex in response to carbon source
changes. We suggest that this mechanism is important for
rapid and economical adaptation of cells to new conditions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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