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Abstract 

In yeast, Hda1 histone deacetylase complex (Hda1C) plays an important role in transcriptional regulation by modulating histone acetylation. We 
here explored the changes in Hda1C binding in nutrient-rich and -starved conditions. Chromatin immunoprecipitation sequencing re v ealed that 
starvation alters RNA Pol II and Hda1C binding to coding genes in a highly correlated manner . Interestingly , w e disco v ered RNA Pol II transcription- 
independent recruitment of Hda1C to intergenic regions, particularly the upstream regulatory sequences (URS) of ribosomal protein (RP) genes, 
whic h are enric hed with R ap1 binding sites. Under nutrient starvation, R ap1 contributes to the recruitment of Hda1C to these URS regions, 
where Hda1C deacetylates histones, thereby fine-tuning basal gene expression and delaying RP gene reactivation. Furthermore, Hda1C is also 
required for RNA Pol I transcription of ribosomal RNAs (rRNAs) and RNA Pol III transcription of transfer RNA (tRNA) genes, especially in nutrient- 
limited conditions. Significantly, Hda1C mutants are sensitive to translation inhibitors and display altered ribosome profiles. Thus, Hda1C may 
coordinate transcriptional regulation within the nucleus with translation control in the cytoplasm and could be a k e y regulator of gene expression 
responses to nutrient stress. 
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ntroduction 

ost-translational modifications of histones include acetyla-
ion, methylation, phosphorylation, and ubiquitination [ 1 ].
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regulate chromatin structure, thereby directly activating RNA
Polymerase II (RNA Pol II) transcription. Histone acetyla-
tion is dynamically regulated by the antagonistic functions
of histone acetyltransferases (HATs) and histone deacetylases
(HDACs) [ 2 , 3 ]. Multiple HATs and HDACs are targeted to
specific genomic regions by gene-specific transcription factors,
by elongating RNA Pol II, or by recognizing co-transcriptional
methylations [ 4 , 5 ]. 

Hda1 histone deacetylase complex (Hda1C) is a class II
HDAC identified in yeast [ 6 ]. It consists of a homodimer of
the catalytic subunit Hda1 and a heterodimer of two non-
catalytic subunits, Hda2 and Hda3 [ 7–9 ]. Hda1 contains a
HDAC domain and an Arb2 domain at its N-terminus and C-
terminus, respectively [ 10 ]. Both Hda2 and Hda3 have poten-
tial DNA-binding domains at their N-termini and coiled-coil
domains at their C-termini [ 10 ]. The HDAC domain of Hda1
and the coiled-coil domains of both Hda2 and Hda3 are crit-
ical for the assembly and enzymatic activity of Hda1C [ 10 ].
In vitro studies show that the Arb2 domain of Hda1 directly
interacts with nucleosomes and the DNA-binding domains of
Hda2 and Hda3 can bind to single- or double-stranded DNA
[ 9–11 ]. Moreover, recent in vivo studies showed that Hda1C
preferentially binds to actively transcribed regions by inter-
acting with elongating RNA Pol II, and that the Arb2 domain
of Hda1 is crucial for this interaction [ 12 , 13 ]. While the in
vivo functions of the DNA-binding domains of both Hda2
and Hda3 remain unclear, several studies show that loss of
Hda1C leads to global increases in the acetylation of histone
H4 and H3 [ 6 , 8 ]. An early study suggested that Hda1C re-
presses transcription by deacetylating histone H3 and H2B
at inactive promoters [ 14 ]. We recently found that Hda1C
acts differently depending on transcription frequency. Specifi-
cally, while Hda1C indeed preferentially deacetylates histone
H3 at inactive genes, it instead preferentially deacetylates hi-
stone H4 at actively transcribed genes. This H4 deacetylation
at hyperactive genes likely affects RNA Pol II elongation since
loss of Hda1C partially bypasses the requirement for the pos-
itive transcription elongation factor Bur1. By contrast, the H3
deacetylation at inactive genes appears to delay the kinetics
of gene induction upon environmental changes. However, the
mechanisms that determine the substrate specificity of Hda1C
remain to be elucidated [ 12 ]. 

Transcription and translation are tightly coupled in
prokaryotes: this facilitates efficient gene expression and rapid
cellular responses to environmental changes. Although the re-
search on such coupling in eukaryotes is much less extensive,
there is some evidence of this coupling. Specifically, several
nuclear factors have been found to influence translation. This
generally involves them translocating from the nucleus to the
cytoplasm. For example, in yeast, the Rpb4 / 7 subunit of RNA
Pol II transiently moves to the cytoplasm to facilitate the ex-
port and stabilization of its target messenger RNAs (mRNAs)
[ 15 ]. The yeast kinase Ctk1 and its homolog in higher eu-
karyotes, CDK12 / 13, may also relocate to the cytoplasm to
influence translation. These kinases are involved in phospho-
rylating the C-terminal domain of Rpb1, the largest subunit
of RNA Pol II, thereby promoting transcription [ 16 ]. How-
ever, they also bind to correctly processed messenger ribonu-
cleoproteins (mRNPs) and travel with them to the cytoplasm,
where they enhance efficient and accurate mRNA translation
elongation [ 17 ]. Moreover, the well-known transcription fac-
tor p53 interacts with the cytoplasmic translation machinery,
thereby promoting mRNA translation [ 18 ]. A recent study
also showed that TAF7, a component of the TFIID complex,
not only binds to target RNAs but also facilitates their ex- 
port to the cytoplasm, thereby enhancing their translation 

[ 19 ]. Despite these findings, no evidence has yet demonstrated 

the existence of a single chromatin factor that simultaneously 
regulates transcription by RNA Pol I (for ribosomal RNAs 
[rRNAs]), RNA Pol II (for messenger RNAs [mRNAs]), and 

RNA Pol III (for transfer RNAs [tRNAs]), thereby coordinat- 
ing transcription across different RNA polymerases with the 
process of translation. 

Although it is established that Hda1C preferentially binds 
to hyperactive genes in a steady-state condition, it is not yet 
known whether this binding dynamically changes in response 
to gene induction or repression upon environmental shifts.
Furthermore, whether Hda1C can be targeted to genomic re- 
gions outside of active coding regions remains unknown. In 

this study, we show that shifting yeast from nutrient-rich (+N) 
to nutrient-starvation ( −N) conditions markedly changes the 
binding patterns of Hda1C and RNA Pol II in a highly cor- 
related manner. Interestingly, beyond the coding regions, we 
found that starvation causes Hda1C to bind to many noncod- 
ing regions where RNA Pol II is absent. These regions include 
the upstream regulatory sequences (URS) of ribosomal protein 

(RP) genes. While Hda1C binds to the coding regions of ac- 
tive RP genes, nutrient starvation causes it to relocalize to the 
URS of the RP genes in the absence of RNA Pol II transcrip- 
tion. This relocalization is likely mediated by Hda1C interac- 
tions with Rap1 protein. Hda1C is needed for basal expres- 
sion of RP genes in −N conditions and delayed activation of 
these genes upon nutrient resupply . Unexpectedly , Hda1C also 

binds to most tRNA genes and ribosomal DNA (rDNA) loci.
In addition, deleting HDA1 reduces RNA Pol III-mediated 

tRNA gene transcription and nascent pre-rRNA production 

by RNA Pol I in −N. Significantly, Hda1C is also required for 
normal growth in the presence of the translation inhibitors 
cycloheximide and hygromycin B in −N. Moreover, mutants 
for Hda1 display an abnormal pattern of ribosome profiling.
Thus, Hda1C may contribute to efficient ribosome assembly 
and translation. These findings together suggest that Hda1C 

could serve as a nuclear factor that coordinates RNA Pol I,
II, and III transcriptional activities in the nucleus and thereby 
shapes translation in the cytoplasm. 

Materials and methods 

Yeast strains and plasmids 

Yeast strains used in this study are listed in Supplementary 
Table S1 . The HDA1 -myc, RAP1 -myc, and RPC40 -myc 
strains were generated by inserting the 18myc tag into the 
C-terminus of HDA1 , RAP1 , and RPC40, respectively. The 
previously described two-step tagging procedure was used for 
N-terminal AID (auxin-inducible degron) tagging of Rap1 

with some modifications [ 20 ]. In the first step, the endoge- 
nous RAP1 promoter (-377 to -1 relative to the +1 ATG 

start codon) was replaced with TRP1 followed by the AID 

tag under the control of the GAL1 promoter. The TRP1 - 
p GAL1 cassette and AID sequence were amplified with 

pFA6a-TRP1-pGAL1-3HA (Addgene plasmid #41609) and 

pKan-AID*-9myc (Addgene plasmid #99522), respectively by 
using primers that created Sal I sites. To construct TRP1 - 
PGAL1 - AID , these two polymerase chain reaction (PCR) 
products were ligated with the corresponding site. In the sec- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
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nd step, the TRP1 and GAL1 promoter sequences were sub-
tituted with the natural RAP1 promoter. The sequences of
ligonucleotides used in this study are listed in Supplementary 
able S2 . 

east culture conditions 

ells were grown in YPD [Yeast extract Peptone Dextrose:
% Yeast extract, 2% Peptone, 2% Dextrose (Glucose)] at
0 

◦C until OD 600nm 

was 0.5–0.6, after which half were trans-
erred to 0.15X YP (0.15% Yeast extract and 0.3% Peptone)
or 4 h at 30 

◦C. For the time course experiment, wild-type
nd hda1 Δ cells were grown overnight to OD 600nm 

0.5–0.6
n 350 ml of YPD, transferred to 0.15X YP for 4 h at 30
C, and then shifted back to YPD and grown at 22 

◦C for
 h. The transcriptional dynamics were monitored at various
ime points (i.e. after overnight culture in YPD, after 4 h cul-
ure in 0.15X, and 8, 15, 30, and 60 min after the second YPD
ulture) by harvesting 50 ml of cells by centrifugation and an-
lyzing their RNA. For Fig. 4 F and Supplementary Fig. S5 B–D,
-indole-acetic acid (IAA; Sigma, I2886) was added to a final
oncentration of 0.5 mM in 0.15X YP media to induce Rap1
rotein degradation in a starved condition. IAA stock (100
M) was prepared in dimethyl sulfoxide (DMSO). The same

olume of DMSO served as a control. 

everse transcription and qPCR analysis 

NA was extracted from cells with hot phenol. Total RNAs
ere treated with DNase I (Thermo Scientific Fisher) and first-

trand complementary DNA (cDNA) synthesis was performed
ith 1 μg total RNA using ReverTra Ace ™ qPCR RT kit (TOY-
BO) and gene-specific primers. cDNA was analyzed by real-

ime quantitative PCR (qPCR) using THUNDERBIRD SYBR
PCR Mix (TOYOBO) and CFX96 cycler (Bio-Rad) [ 21 ]. 

hromatin immunoprecipitation and 

hIP-sequencing 

hromatin immunoprecipitation (ChIP) was performed as
reviously described [ 12 , 22 ] with oligonucleotides listed
n Supplementary Table S2 . The following antibodies were
ound to either Protein G or Protein A agarose beads
vernight: anti-Rpb3 (BioLegend, 665004), anti-H3 (Abcam,
b1791), anti-H4ac (Millipore, 06-598), anti-H3ac (Milli-
ore, 06-599), and anti-myc (BioLegend, 626802). Binding for
nti-Rpb3, anti-H3, and anti-myc was done in FA lysis buffer
ontaining 275 mM NaCl. For anti-H4ac and anti-H3ac, FA
ysis buffer containing 1 M NaCl was used for antibody bind-
ng. Precipitates were washed once with the same buffer; then
nce with 500 mM NaCl-containing FA lysis buffer (for anti-
pb3, anti-H3, and anti-myc) or 1.5 M NaCl-containing FA

ysis buffer (for anti-H4ac and anti-H3ac); once with TE
10 mM Tris–HCl (pH 8.0) and 1 mM EDTA] containing
.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate; and
nce with TE. The precipitated DNAs were analyzed by qPCR
sing THUNDERBIRD SYBR qPCR Mix (TOYOBO) and
FX96 cycler (Bio-Rad). Sc hizosacc haromyces pombe “spike-

n” chromatin was added at 10% relative to Saccharomyces
erevisiae chromatin for ChIP-seq samples, and normalization
as carried out except for H3 acetylation. 
ChIP-sequencing (ChIP-seq) libraries were constructed us-

ng the Accel-NGS 2S Plus DNA Library Kit (Swift Bio-
ciences, 21096) according to the manufacturer’s instructions.
riefly, purified immunoprecipitated DNA was subjected to
end-repairing and adapter ligation and amplified by 12 cycles
of PCR. The amplified DNA was size-selected and quantified
using Bioanalyzer (Agilent). The ChIP-seq libraries were se-
quenced on an HiSeq2500 platform (Illumina). 

ChIP-seq data analysis 

Sequence quality was examined by FastQC (version 0.11.5)
( https:// www.bioinformatics.babraham.ac.uk/ projects/ 
fastqc/). Illumina adapters were trimmed by cutadapt (version
1.18) [ 23 ]. All reads were aligned to the merged reference
composed of S. cerevisiae genome (R64-1-1) and S. pombe
genome (ASM294v2) by using Bowtie2 program (version
2.3.4.1) [ 24 ]. Reads that were exclusively assigned to each
genome were counted to remove ambiguity. Low-quality
reads (PCR duplicates, unmapped, or mate unmapped reads,
not primary alignment, and reads failing platform) were
excluded by SAMtools (version 1.7) [ 25 ] and Picard-tools
(version 2.22.9) ( https:// broadinstitute.github.io/ picard/ ).
MACS2 (version 2.1.1) [ 26 ] was used to call peaks for each
sample with parameters “-q 0.01”. Normalization with
the S. pombe spike-in control was conducted as previously
described [ 12 ]. Briefly, the ratio of the read numbers from
the treated samples to the read numbers from the control
samples was used with MACS2 parameter “–ratio”. Deep-
Tools (version 3.1.3) [ 27 ] was used to draw heatmaps of read
enrichment and to calculate read counts on the peak and CDS
regions. Differential Rpb3-binding analysis was performed by
using R package DESeq2 (version 1.30.1) [ 28 ]. Robust expo-
nential regression analysis of Hda1 binding on Rpb3 binding
was conducted with R package robustbase (version 0.95-0)
( http://robustbase.r -forge.r -project.org ). The bins (200 bp)
whose residual was greater than 2.576 were considered to
be outliers. Before deciding Pol II-associated / independent
Hda1-binding regions, the Hda1 peak was divided into Rpb3
peak-overlapping and non-overlapping peaks (peaks shorter
than 100 bp were excluded). GO-term enrichment analysis
was performed using YeastEnrichr [ 29 ]. TF-binding motif
enrichment and Rap1-binding motif local enrichment analysis
were conducted with AME [ 30 ] and CentriMo [ 23 ] from
MEME-suite (version 5.4.0). 

Co-immunoprecipitation analysis 

Whole cell extracts were prepared with binding buffer
[50 mM Tris–HCl (pH 7.5), 0.1% NP-40] containing 150 mM
NaCl and protease inhibitors [Pepstain A, 1 μM; Apro-
tinin, 0.3 μM; Leupeptin, 1 μM; Phenylmethylsulfonyl fluo-
ride (PMSF), 1 mM; and N -ethylmaleimide, 25 mM]. Five mil-
ligrams of total extracts were incubated with 20 μl of Protein
G or Protein A bead (Cytiva) and with or without 8 μl anti-
myc (BioLegend) at 4 

◦C overnight. The beads were washed
five times with 1 ml of binding buffer, and the precipitates were
resolved by SDS–PAGE followed by immunoblot analysis. 

Western blot analysis 

Cells were lysed with lysis buffer [50 mM Tris (pH 7.5),
150 mM NaCl, and 0.1% NP-40] containing protease in-
hibitors (Pepstain A, 1 μM; Aprotinin, 0.3 μM; Leupeptin,
1 μM; PMSF, 1 mM; and N -ethylmaleimide, 25 mM) and
glass beads. Protein concentration was quantitated by Brad-
ford assay. For SDS–PAGE and western blot analyses, 20–90
μg of whole cell extracts were used. Proteins were separated
by SDS–PAGE and transferred to a nitrocellulose-blotting

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://broadinstitute.github.io/picard/
http://robustbase.r-forge.r-project.org
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membrane (Cytiva). The membranes were incubated with pri-
mary antibody and then washed with PBST. After incubation
with HRP-conjugated secondary antibody, the membranes
were washed three times with PBST. The blots were visualized
on film (AGFA) with Super Signal West Pico PLUS Chemi-
luminescent Substrate (Thermo Fisher Scientific). Anti-Rap1
(Santa Cruz, sc-374297, sc-166556), anti-myc (BioLegend,
626802), and anti-Rpb3 (BioLegend, 665004) were used for
western blot analysis. 

Spot assay 

For spotting analysis, cells were resuspended and diluted to
OD 600 = 1.0 and subjected to 3-fold serial dilutions. Two mi-
croliters of aliquots of each dilution were spotted on YPD,
0.15X YP, or SC (Synthetic Complete) plate in the presence or
absence of transcription or translation inhibitors. 

Polysome profiling 

WT and hda1 Δ cells were grown overnight to OD 600nm 

0.5–
0.6 in 80 ml of YPD medium at 30 

◦C, after which half (40 ml
of cells) were subsequently transferred to 0.15X YP medium
for 4 h at 30 

◦C. Forty milliliters of cells were treated with 50
μg / ml cycloheximide for 15 min at 30 

◦C before harvesting by
centrifugation. Pelleted cells were washed with 2 ml of ice-cold
lysis buffer [20 mM Tris–HCl (pH 7.5), 8 mM MgCl 2 , and
100 mM KCl] with freshly added 12 mM β-mercaptoethanol,
200 μg / ml cycloheximide, and 1 mM PMSF. Cells were lysed
with 0.5 mm glass beads and 350 μl ice-cold lysis buffer with
freshly added β-mercaptoethanol, cycloheximide, and PMSF
by vortexing for 30 sec and then cooling down on ice for 1
min, for a total of eight cycles. Whole cell extracts were loaded
onto a 10%–50% sucrose gradient and subjected to ultracen-
trifugation at 36,000 rpm for 2 h (Optima XE-90 Ultracen-
trifuge, Beckman Coulter) with the following settings: rapid
acceleration followed by gradual deceleration. Each fraction
was collected using a Foxy R1 Fraction Collector (Teledyne
ISCO) according to the A 254 absorbance. 

Results 

Dynamic changes of Hda1C binding to coding 

regions upon nutrient starvation 

We showed previously that Hda1C preferentially binds to
hyperactive coding regions in steady-state conditions [ 12 ],
but it is unclear whether this preference is maintained when
cells are exposed to environmental changes that alter gene
expression. To test this, cells were grown in nutrient-rich
medium (YPD; designated +N) and then shifted to nutrient-
depleted medium (0.15X YP; designated −N) for 4 h (Fig.
1 A). We first examined the effect of starvation on the tran-
scription of coding genes, as indicated by RNA Pol II (Rpb3)
binding. Chromatin immunoprecipitation (ChIP) qPCR anal-
yses of two typical genes that are active in +N, YEF3 and
PMA1 , showed that while RNA Pol II associated strongly with
their coding regions in +N, starvation abolished this binding
( Supplementary Fig. S1 A). ChIP-sequencing (ChIP-seq) anal-
yses using S. pombe spike in controls as previously described
[ 12 ] then showed that starvation changed RNA Pol II binding
at a genome-wide level: application of 2-fold change and 0.01
false discovery rate (FDR) thresholds indicated that starvation
repressed and induced transcription of 813 and 1018 genes,
respectively (Fig. 1 B and Supplementary Fig. S1 B). These data 
also confirmed that −N abolished the strong binding of RNA 

Pol II to YEF3 that was observed in +N (Fig. 1 C). Conversely,
analysis of Y A T1 , a gene that is induced by starvation, showed 

that RNA Pol II bound poorly to it in +N, but this binding 
was greatly increased by starvation (Fig. 1 C). We next used 

the ChIP-seq data to determine the Hda1 binding patterns.
We found that they closely mirrored the Rpb3 binding pat- 
terns: the 1018 genes that were switched on by starvation (e.g.
Y A T1 ) had high Hda1 levels while the 813 genes that were 
switched off by starvation (e.g. YEF3 ) exhibited less Hda1 

binding (Fig. 1 C and D, and Supplementary Fig. S1 C). Ad- 
ditionally, a strong positive correlation between changes in 

Hda1 distribution and RNA Pol II binding was observed (Fig.
1 E). Under these conditions, Hda1 protein levels remained un- 
changed ( Supplementary Fig. S1 D). Collectively, these findings 
indicate that Hda1C-binding pattern at coding regions dy- 
namically changes depending on the transcriptional activity 
of each gene. 

Hda1C preferentially deacetylates histone H4 at active 
genes and histone H3 at inactive genes in steady-state con- 
ditions [ 12 ]. To determine whether this pattern is also ob- 
served in starvation conditions, wild type and hda1 Δ cells 
were grown in +N and −N and subjected to ChIP-seq us- 
ing antibodies that recognize tetra-acetyl H4 (H4ac) or di- 
acetyl H3 (H3ac). The acetylation levels were normalized to 

total histone content, as measured by H3 levels. We first ex- 
amined the 813 genes repressed by −N in wild type cells,
which are relatively active in +N. In this condition, loss of 
Hda1 increased H4 acetylation but not H3 acetylation at 
these genes. By contrast, in −N, which repressed these genes,
loss of Hda1 substantially increased H3 acetylation, while 
H4 acetylation remained largely unchanged, with a slight in- 
crease likely due to the incorporation of pre-existing acety- 
lated histones ( Supplementary Fig. S1 E). The converse pat- 
tern was observed for the 1018 genes that are induced by 
−N ( Supplementary Fig. S1 F and G). These findings suggest 
that Hda1C differentially deacetylates histones depending on 

the transcriptional status of each gene, preferentially target- 
ing H4 in transcriptionally active states and H3 in repressed 

states. 

Starvation induces transcription-independent 
Hda1C binding at intergenic regions 

We next examined the RNA Pol II-dependency of the binding 
of Hda1C to other areas of the genome and the effect of star- 
vation on this. For this, the genome was subdivided into 60333 

200 bp bins. We detected bins that concomitantly showed low 

RNA Pol II ChIP signals and high Hda1 ChIP signals (termed 

Pol II-independent bins) in both +N and −N (Fig. 2 A). No- 
tably, the RNA Pol II-independent bins were twice as com- 
mon in the starved condition: +N and −N associated with 

1233 and 2275 RNA Pol II-independent bins, respectively. By 
contrast, starvation did not significantly change the number 
of bins that had both RNA Pol II and Hda1 (termed Pol II- 
associated bins) ( Supplementary Fig. S2 A). We obtained simi- 
lar results when we classified the Hda1 ChIP-seq peaks in +N 

and −N on the basis of whether they did / did not overlap with 

RNA Pol II ChIP-seq peaks: there were 751 and 859 Pol II- 
associated Hda1 peaks in the +N and −N conditions, respec- 
tively, and 477 and 934 Pol II-independent Hda1 peaks in 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
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Figure 1. Binding of Hda1C to coding regions correlates with transcription frequency. ( A ) Schematic representation of the nutrient starvation conditions 
(+N → −N) used to assess the effect of nutritional changes on transcriptional reprogramming. Nutrient-rich = YPD medium = +N; 
Starvation = 0.15X YP medium = −N. ( B ) Volcano plot of differential Rpb3 (RNA Pol II) binding to mRNA genes, based on the average of two 
independent ChIP-seqs of wild type cells that were subjected to +N and −N. S. pombe chromatin was included as spike-in controls. Two-fold change 
and 0.01 FDR thresholds were considered significant. The 813 downregulated and 1 0 18 upregulated genes under -N conditions are labeled as 
"repressed" and "induced" in the plot. ( C ) ChIP-seq tracks of the Rpb3 and Hda1-m y c ChIP signals at YEF3 (a gene that is repressed by −N) and YAT1 (a 
gene that is induced by −N), based on the average of two independent ChIP-seqs of wild type cells that were subjected to +N and −N. S. pombe 
chromatin was included as spike-in controls. ( D ) Heatmaps of Hda1-myc ChIP signals at the 813 and 1 0 18 genes that are repressed and induced by −N, 
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of Rpb3 le v el in + N conditions. The y -axis indicates each gene, and the x -axis indicates relative position to TSS and transcription end site (TES). ( E ) 
Changes of Hda1 binding and Rpb3 occupancy at coding regions show a strong positive correlation. Differential Hda1-myc occupancy in −N compared 
to +N was plotted against differential Rpb3 occupancy in +N and −N. P earson ’s correlation coefficient is indicated (PCC = 0.82). 
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genomic regions. Most Pol II-associated Hda1 peaks were found at CDS in both +N and −N whereas most Pol II-independent Hda1 peaks were at 
tRNAs in +N and at Intergenic regions −N. 
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he +N and −N conditions, respectively (Fig. 2 B). In contrast,
utrient deprivation doubled both the Pol II-independent bins
from 1233 to 2275) and Hda1 peaks (from 477 to 934) while
aving little effect on the number of Pol II-associated bins and
da1 peaks (Fig. 2 B and Supplementary Fig. S2 A). These find-

ngs show that Hda1C can also bind to the genome indepen-
ently of RNA Pol II transcription, and that this pattern be-
omes 2-fold more common when the cells are starved. 

Interestingly, the Pol II-independent Hda1 peaks were
arrower than the Pol II-associated Hda1 peaks (Fig. 2 B).
ach Pol II-independent Hda1 peak included ∼3 bins
 Supplementary Fig. S2 A). Thus, Pol II-independent Hda1
eaks have distinct features compared to Pol II-associated
eaks. We therefore investigated the frequencies of Pol II-
ssociated and Pol II-independent Hda1 peaks in four func-
ional genomic units termed tRNA, Intergenic, Coding Se-
uences (CDS), and Others (Fig. 2 C). Note that we separated
he tRNA regions from the Intergenic regions because Hda1C
as been shown previously to bind at tRNA loci [ 31 ]. Our
da1 peak classification process was as follows. First, we

dentified all Hda1 peaks that included an entire tRNA gene:
hese were considered to be in the tRNA genomic unit. Sec-
nd, we identified the Hda1 peaks that covered at least 30%
f a coding region: these were allocated to the CDS genomic
nit. Third, we subdivided the 1 kb upstream region of the
ranscription start sites (TSS) into five 200 bp subregions and
dentified the Hda1 peaks that covered 90% of any of these
ve subregions. If neither tRNA nor the CDS of other genes
ere present in the upstream subregion(s), these Hda1 peaks
ere assigned to the Intergenic genomic unit. Finally, peaks

hat did not satisfy any of these criteria were categorized as
thers (Fig. 2 C). 
With regard to the Pol II-associated Hda1 peaks, most were

n the CDS genomic unit regardless of the nutrition condi-
ion. Specifically, in +N and −N, 71% (533 / 751) and 51%
438 / 859) of the Pol II-associated Hda1 peaks were in the
DS unit, respectively (Fig. 2 D). Gene ontology (GO) anal-
sis of the genes with Hda1 peaks showed that they dif-
ered depending on the nutrition conditions: in +N, they re-
ated strongly to translation, whereas in −N, they related
redominantly to respiration ( Supplementary Fig. S2 B and
). Two examples of Pol II-associated Hda1 peaks in the

ntergenic unit are shown in Supplementary Fig. S2 D: one
s the small nuclear RNA gene snR64 and the other is an
cRNA region. Both are transcribed by RNA Pol II. By con-
rast, few of the Pol II-independent Hda1 peaks were in the
DS unit: in +N and −N, only 13% (62 / 477) and 16%

150 / 934) of these peaks covered coding genes, respectively
Fig. 2 E). As Hda1C was previously known to bind at tRNA
oci [ 31 ], the Pol II-independent Hda1 peaks also overlapped
ith tRNA genes. Examples of Pol II-independent Hda1
eaks at tRNAs [ tV(AAC)O and tH(GUG)G2 ] are shown in
upplementary Fig. S3 A. Importantly, the Pol II-independent
da1 peaks were concentrated in the Intergenic unit, par-

icularly in the −N condition ( Supplementary Fig. S3 B): in
N, 48% (455 / 934) of these peaks were categorized as Inter-

enic versus 20% (97 / 477) of the peaks in +N (Fig. 2 E). This
epresents a 4.7-fold starvation-induced increase. In contrast,
ol II-associated Hda1 peaks were predominantly in CDS re-
ions regardless of nutrition status. Starvation increased par-
icularly Pol II-independent Hda1 binding at intergenic re-
ions. These data together show that starvation not only
oubles Pol II-independent Hda1C binding to the genome,
but much of this increased binding occurs at intergenic
regions. 

Starvation induces Hda1C to relocalize from the 

CDS of RP genes to their URS 

To assess the transcription-independent binding of Hda1C to
intergenic regions more closely, we identified all mRNA genes
that exhibited Pol II-independent Intergenic Hda1 peaks in
their 1 kb upstream region in −N conditions. GO analysis of
these genes showed that “cytoplasmic translation”and “trans-
lation”were the most enriched categories (Fig. 3 A). Since 86%
of the genes within these terms are ribosomal protein (RP)
genes, we examined the transcription and Hda1 binding of
the 137 RP genes in the yeast genome more closely. 

Under optimal growth conditions, RP genes are actively
transcribed and constitute ∼50% of all RNA Pol II-mediated
transcription. However, stress significantly represses RP gene
expression [ 32 , 33 ]. Our ChIP-seq analysis of the 137 RP
genes in wild type in +N and −N also showed this. Exam-
ples are shown in Fig. 3 B: the coding regions of RPL16B and
RPS19B demonstrated high RNA Pol II occupancy in +N,
and this was completely abrogated in −N. Interestingly, this
starvation-induced loss of transcription was not only matched
by ablation of the strong Hda1 binding to these coding re-
gions, but it also associated with new RNA Pol II-independent
binding of Hda1 to the upstream intergenic regions of these
genes (blue arrowheads in Fig. 3 B). This novel starvation-
induced relocalization of Hda1 from a coding region to its
upstream intergenic region was observed globally across RP
genes (Fig. 3 C, right). While the average ChIP-seq Hda1 sig-
nals at all 137 RP genes under +N conditions showed strong
enrichment in coding regions ( Supplementary Fig. S4 ), a line
plot of the average signals in −N conditions revealed that the
relocalized Pol II-independent Hda1 peaks were specifically
enriched in the region from 600 to 100 bp upstream of the
RP genes, overlapping with the upstream regulatory sequence
(URS) of RP genes (Fig. 3 D and E). Thus, starvation induces
Hda1C to relocalize from the coding region to the URS of the
same gene. These findings indicate that Hda1C may regulate
the expression of key translation-related genes upon nutrient
starvation. 

Rap1 is required for Pol II-independent Hda1 

binding to the URS of RP genes 

We next asked whether transcriptional activators or repres-
sors that bind to specific DNA sequences help recruit Hda1
to the URS of RP genes. To identify possible candidates, we
analyzed the DNA sequence motifs in the 1 kb upstream re-
gions of the 137 RP genes. The top-ranking motifs were two
consensus sequences for Repressor activator protein 1 (Rap1)
(Fig. 4 A). Both sequences were also specifically detected in the
URS regions of the RP genes that Hda1 bound in starvation
conditions (Fig. 4 B). 

Rap1 binds constitutively to the URS of RP genes regard-
less of their transcriptional status [ 34–36 ]. We confirmed this
with a ChIP assay using Rap1-myc cells. Interestingly, while
Rap1 bound to RP gene URS in both +N and −N conditions,
it was doubled by starvation mirroring the pattern of Hda1
binding (Fig. 4 C and D). These data suggest that Rap1 could
mediate starvation-induced recruitment of Hda1 to the URS
of RP genes. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
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Figure 3. RNA Pol II-independent targeting of Hda1C to the URS of RP genes. ( A ) Gene ontology (GO) analysis of enriched biological processes for 
mRNA genes where Pol II-independent “Intergenic” −N Hda1 peaks are found within 1 kb upstream region. GO terms associated with translation 
(GO:0 0 02181 and GO:0 0 06412) were enriched at these genes. ( B ) ChIP-seq tracks of the Rpb3 and Hda1-m y c ChIP signals at RPS19B and RPL16B 

in +N and −N conditions. ( C ) Starvation induces Hda1C to relocalize from the coding regions of RP genes to their URS. Heatmaps of Rpb3 and 
Hda1-m y c ChIP signals at all 137 RP genes in +N and −N. Genes are sorted in descending order of Rpb3 le v els in +N ( y -axis). The x -axis indicates the 
position relative to the 1 kb upstream region, the TSS, and the TES. ( D ) Line plot showing the average Hda1-myc ChIP-seq signals in the 1 kb region 
flanking the TSS of the 137 RP genes in −N conditions. Standard deviation (S.D.) was indicated in gray. ( E ) Heatmap showing that the RNA Pol 
II-independent Hda1 peaks in −N are particularly enriched in the −600 bp to −100 bp region of the 137 RP genes. Statistical significance was calculated 
using the Poisson test (*FDR < 0.05, and ***FDR < 0.001). 
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Figure 4. Rap1 is required for the recruitment of Hda1C to the URS of RP genes. ( A ) Two Rap1-binding motifs (A CA CCCA Y ACA YYY and 
A CA CCCRYA CAY) are enriched in the 1 kb upstream region of the 137 RP genes. ( B ) Location of the two Rap1-binding motifs in the 1 kb regions that 
flank the TSS of the 137 RP genes. RNA Pol II independent Hda1 peaks in −N identified in Fig. 3 E were indicated in gray. ( C and D ) The binding of Rap1 
and Hda1 to the URS of RP genes is increased upon starvation. Occupancy of Rap1-m y c and Hda1-m y c in +N and −N conditions was monitored by ChIP 
assay using the indicated strains. Crosslinked chromatin was precipitated with anti-myc antibody. qPCR analysis of the precipitated DNA was carried out 
on the URS of RPS19B and RPL16B . The signals for Rap1-myc and Hda1-myc were quantitated and normalized to the input signal. A nontranscribed 
region near the telomere of chromosome VI was used as an internal control for ChIP assay using HDA1 -myc. Error bars show the standard deviation 
(S.D.) calculated from three biological replicates, each with three technical replicates. *P < 0.05, **P < 0.01, and ***P < 0.001 (t wo-t ailed unpaired 
Student’s t tests). ( E ) Hda1 ph y sically interacts with Rap1 in −N. Whole cell extracts from the indicated strains were incubated with anti-myc antibody 
and protein G beads. The precipitates (IP) were analyzed by immunoblotting for myc-tagged proteins (Hda1-myc) and Rap1. ( F ) Hda1C binding to the URS 
of RP genes is reduced upon depletion of Rap1 in −N conditions. HDA1 -m y c cells expressing AID-Rap1 were grown in +N and then shifted to IAA 

containing −N medium ( −N + IAA) for 4 h to deplete Rap1. An equal volume of DMSO in −N ( −N–IAA) served as a negative control. ChIP-qPCR analysis 
of RPS19B was performed using anti-myc antibody as in Fig. 4 D. 
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To test this, we first examined the physical interac-
tion between Hda1 and Rap1 in −N conditions by co-
immunoprecipitation assay. This revealed a weak but sig-
nificant interaction between the two proteins (Fig. 4 E and
Supplementary Fig. S5 A). Next, we asked whether Rap1 is
directly needed for Hda1 targeting by depleting Rap1 us-
ing the AID system [ 37 ]. Thus, cells expressing N-terminal
AID-tagged Rap1 were grown in +N medium and then trans-
ferred to IAA (i.e. auxin)-containing −N medium for 4 h.
The auxin treatment reduced the Rap1 protein levels of the
starved cells by ∼94% but had no effect on Hda1 levels
( Supplementary Fig. S5 B and C). This depletion of Rap1 sig-
nificantly decreased Hda1 binding to the URS of RPL16B ,
RPS19B , and RPL24A but did not change Hda1 binding at
the coding region (Fig. 4 F and Supplementary Fig. S5 D). Thus,
Rap1 physically interacts with Hda1 and contributes to Hda1
targeting to the URS of RP genes in −N conditions. 

Histone deacetylation by Hda1C at the URS affects 

RP gene expression 

We showed that Hda1C differentially deacetylates histone
H3 and H4 at coding genes depending on their activity
( Supplementary Fig. S1 E and F). This suggests that Hda1C
can change its substrate preference depending on local con-
ditions. We thus assessed the substrate preference of Hda1C
when it is targeted to the URS of RP genes by nutrient starva-
tion. To this end, the histone acetylation patterns at the URS
of the RP genes were analyzed. In +N, deletion of HDA1 did
not alter H4 acetylation at the RP gene URS, although it did
slightly decrease H3 acetylation at these sites (Fig. 5 A and B).
This limited change likely reflects the fact that Hda1 generally
does not bind to the URS in +N (Fig. 3 B and C). By contrast,
in −N, loss of Hda1 strongly increased H4 acetylation at the
RP gene URS. H3 acetylation at these sites was also slightly
increased (Fig. 5 A and B). ChIP-qPCR analysis also showed
these changes at individual RP gene URS ( Supplementary Fig.
S6 A and B). Thus, Hda1C that has been relocalized to the URS
of RP genes by starvation deacetylates both H4 and H3. 

Although Hda1C associates strongly with the coding re-
gions of RP genes, loss of this complex had no effect on RP
gene expression in +N conditions [ 38 ]. However, when this
complex is targeted to the URS in −N conditions, it may play
two distinct roles. Hda1C may contribute to basal expression
or mediate strong repression of RP genes in −N conditions.
Alternatively, this complex may delay reactivation of RP genes
when cells were shifted back to +N conditions. Thus, wild type
and hda1 Δ cells were grown in +N medium, transferred to
−N medium for 4 h to repress RP gene transcription, and then
shifted back to +N medium (2nd +N) to reactivate RP gene ex-
pression. RNA samples were collected at multiple time points
(Fig. 5 C) and the expression of two RP genes, RPS19B and
RPL16B , was analyzed. In wild type cells, both genes were
highly expressed in +N conditions, strongly downregulated in
−N conditions, and rapidly reactivated when the cells were
shifted back to 2nd +N medium ( Supplementary Fig. S6 C).
HDA1 deletion did not affect transcription of the two genes
in +N conditions ( Supplementary Fig. S6 D), as expected [ 38 ].
Unexpectedly, however, in −N conditions, loss of Hda1 led
to reduced expression of the two genes rather than increasing
their expression (Fig. 5 D), suggesting that Hda1C is impor-
tant for basal expression of RP genes in −N condition. We
also found that HDA1 deletion accelerated the recovery of
RP gene expression when the cells were returned to +N (Fig.
5 E). To further explore the role of Hda1C at all 137 RP genes,
we analyzed RNA-seq data that we generated previously from 

wild type and hda1 Δ cells undergoing carbon source shifts 
leading to similar changes in RP gene expression [ 12 ] that 
we observed with +N / −N shifts. Briefly, cells were grown in 

synthetic complete medium containing raffinose, transferred 

to galactose for 2 h, and then transferred to glucose for 2 h 

(Fig. 5 F). Similar to cells grown in +N / −N, deleting HDA1 

did not affect the expression of the 137 RP genes in raffinose 
medium ( Supplementary Fig. S6 E), but it further reduced the 
basal expression of these genes when the cells were incubated 

in galactose medium (Fig. 5 G). HDA1 deletion also acceler- 
ated the reactivation kinetics of the 137 RP genes (Fig. 5 H).
Thus, Hda1C may play two different regulatory roles in RP 

gene transcription, promoting basal expression under nutrient 
starvation conditions and delaying the kinetics of reactivation 

upon return to nutrition-rich conditions. 

Hda1C is required for optimal tRNA and rRNA 

expression 

Hda1C is known to bind to RNA Pol III-dependent tRNA 

genes [ 31 ], although the function of Hda1C in tRNA tran- 
scription remains unknown. Our ChIP-seq results showed that 
Hda1C also binds to tRNA genes in a Pol II-independent man- 
ner in +N and −N (Fig. 2 E). This finding prompted us to first 
compare the binding of Hda1 to the genes that are transcribed 

by the three eukaryotic RNA polymerases in +N. Specifically,
we examined the binding of Hda1 to (i) the rDNA loci tran- 
scribed by RNA Pol I into rRNAs; (ii) the YEF3 and RPL16B 

RP genes, which are transcribed by RNA Pol II into mRNAs; 
and (iii) the tE(UUC)E3 and tV(AAC)O tRNA genes tran- 
scribed by RNA Pol III into tRNAs. We found that all re- 
gions displayed at least 1.5-fold stronger Hda1-myc signals 
compared to the untagged control ( Supplementary Fig. S7 A).
Thus, Hda1C associates with genes that are transcribed by all 
three polymerases in +N. 

Since we found that Hda1C binds to coding genes in a Pol 
II-associated manner (Fig. 1 ), we next asked whether Hda1C 

also binds to tRNA genes in a Pol III-associated manner and 

rDNA loci in a Pol I-associated manner. To test this, we exam- 
ined the binding patterns of Hda1C and Rpc40 in wild type 
cells in +N and −N. Rpc40 is a subunit found in both RNA 

Pol I and Pol III. While RNA Pol III bound strongly to tRNA 

genes in +N conditions, this signal was decreased in −N con- 
ditions (Fig. 6 A and B). Hda1 binding to tRNA genes showed 

a similar pattern (Fig. 6 A and B). The same patterns were also 

observed at RNA Pol I-transcribed rDNAs (Fig. 6 C), suggest- 
ing that RNA Pol III and Pol I transcription may respectively 
promote the binding of Hda1C to tRNA genes and rDNA loci 
in both +N and −N. 

An important question is whether transcription of tRNA 

and rRNA genes is regulated by Hda1C. To determine this,
we first examined whether Hda1C affects histone acetyla- 
tion patterns and RNA Pol III occupancy at tRNA genes. Al- 
though Hda1C bound strongly to the tRNA genes, the loss of 
Hda1 did not increase histone acetylation patterns at tRNA 

genes in +N. However, in −N, mutants for Hda1 exhibited 

a slight increased levels of histone H3 and H4 acetylation 

( Supplementary Fig. S7 B). Consistent with this, HDA1 dele- 
tion did not change RNA Pol III binding to tRNA genes in +N 

conditions ( Supplementary Fig. S7 C). Unexpectedly, however,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
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NA Pol III occupancy at tRNA genes was decreased in mu-
ants for Hda1 in −N (Fig. 6 D). Next, we analyzed the nascent
RNA levels in wild type and hda1 Δ cells in +N and −N. The
xpression of ETS1 and ITS1 , which are sequences in nascent
5s rRNA, was measured to quantify nascent rRNA levels,
s described previously [ 39 , 40 ]. In +N, HDA1 deletion had
o effect on rRNA levels but it significantly reduced nascent
RNA levels in −N (Fig. 6 E and Supplementary Fig. S7 D).
hus, Hda1C is important for optimal expression of tRNAs
nd rRNAs in starvation conditions. Further studies on the
nderlying mechanism(s) are needed. 

da1C is involved in translation 

e observed above that Hda1C promotes basal expression
f RP genes in −N (Fig. 5 ), delays recovery of these genes
hen cells are returned to +N (Fig. 5 ) and is needed for opti-
al tRNA and rRNA synthesis in −N (Fig. 6 D and E). Since
Ps, tRNAs, and rRNAs are all crucial elements of trans-

ation, these observations suggest that Hda1C could shape
ranslation. This notion led us to investigate phenotypes of
utants for Hda1C upon treatment with chemicals affect-

ng either transcription or translation. 6-Azauracil (6-AU) and
ycophenolic acid (MPA) are known to likely inhibit tran-

cription elongation by reducing NTP pools. Given Hda1C’s
ole in deacetylating histone H4 at actively transcribed genes
nd the slight suppression of growth defects in mutants for
he positive elongation factor Bur1, it suggests a potential in-
olvement in transcription elongation [ 12 ]. However, 6-AU
nd MPA did not alter the growth of mutants for Hda1C rel-
tive to the wild type cells ( Supplementary Fig. S8 A). 

By contrast, treatment of cycloheximide and hygromycin
, which inhibit translation [ 41–43 ], resulted in obvious phe-
otypes. In +N conditions, Hda1C mutants showed a slight
ensitivity to high concentrations of cycloheximide and hy-
romycin B compared to wild type cells ( Supplementary Fig.
8 B and C). Strikingly, in −N conditions, Hda1C mutants
xhibited severe growth defects with these chemicals (Fig.
 F, and Supplementary Fig. S8 B and C). As expected, delet-
ng MAF1 , which negatively regulates RNA Pol III in yeast,
reatly increased sensitivity to cycloheximide under −N con-
itions [ 44 ]. For comparison, we also examined the effect of
ycloheximide on cells that lack components of other HDACs
hat likely affect RP gene expression, Rpd3, Sir2, Hos2, and
st1. While Sir2 mutants did not show obvious phenotypes
ith cycloheximide treatment in both +N and −N condi-

ions, RPD3 deleting cells were sensitive to cycloheximide
 Supplementary Fig. S8 D). This likely reflects the inhibitory
ole of Rpd3 in RP gene transcription during nutrient starva-
ion or quiescence [ 45–49 ]. The loss of Hos2 or Hst1, which
re subunits of the Set3 HDAC, also increased sensitivity to
ycloheximide ( Supplementary Fig. S8 D). However, deletions
n Hda1C have more severe effects than mutants for other
DACs in −N conditions. 
To further determine the effect of Hda1C on translation,

e next performed polysome profiling by sucrose gradient
ltracentrifugation. In the wild type cells, starvation signifi-
antly decreased the polysome fraction and increased the sub-
olysome fraction, which indicates global inhibition of trans-
ation ( Supplementary Fig. S8 E). HDA1 deletion had no ef-
ect on the polysome / sub-polysome profile in +N conditions
 Supplementary Fig. S8 F). Interestingly, in −N conditions, the
ub-polysome fraction was reduced in hda1 Δ cells compared
o wild type cells (Fig. 6 G). These findings suggest that Hda1C
is required for efficient assembly of ribosome and translation
by controlling transcription of translation-related genes under
nutrient starvation conditions. 

Discussion 

Histone acetylation and deacetylation play crucial roles in reg-
ulating RNA Pol II transcription, with their effects varying de-
pending on their location within a gene. At promoters, these
opposing processes fine-tune transcription initiation by either
promoting or inhibiting the formation of the preinitiation
complex. In the gene body, histone acetylation facilitates nu-
cleosome eviction to promote RNA Pol II elongation, whereas
deacetylation helps restore repressive chromatin structures af-
ter the passage of RNA Pol II [ 2 , 3 ]. Histone acetylation and
deacetylation are carried out by distinct HATs and HDACs,
which are likely targeted to specific regions to perform these
functions [ 5 ]. Our results, however, demonstrate that Hda1C
exhibits dynamic localization depending on transcriptional
activity, particularly at RP genes. Under normal conditions,
Hda1C is recruited to the coding regions of active RP genes.
In contrast, upon nutrient starvation, Hda1C relocates to the
URS of inactive RP genes, likely to enhance basal expression
or to delay the reactivation of these genes (Fig. 7 ). In addition,
Hda1C also binds to RNA Pol III-transcribed tRNA genes
and RNA Pol I-dependent rDNA, contributing to the mainte-
nance of optimal expression. Hda1C is also required for nor-
mal growth in the presence of translation inhibitors, and its
loss leads to altered ribosome profile patterns. These findings
suggest that Hda1C plays a pivotal role in coordinating tran-
scription and translation in response to nutrient availability
by modulating the activity of RNA Pol I, II, and III (Fig. 7 ). 

Interestingly, Hda1C is targeted to two distinct regions of
RP genes depending on transcription levels. It strongly asso-
ciates with the coding regions of actively transcribed RP genes
in +N conditions, likely through interactions with elongating
RNA Pol II [ 12 , 13 ]. Upon nutrient starvation, leading to inac-
tivation of RP genes, Hda1C primarily localizes to the URS of
these genes (Fig. 3 B and C). This relocalization is likely medi-
ated by interaction with Rap1, as the Hda1C-binding regions
of RP genes in −N conditions show a strong enrichment of
Rap1-binding motifs (Fig. 4 A and B). Moreover, Hda1C co-
immunoprecipitates with Rap1 and depletion of Rap1 leads to
the dissociation of Hda1C from the URS of RP genes (Fig. 4 E
and F, and Supplementary Fig. S5 ). Rap1 is a sequence-specific
DNA binding protein that performs distinct regulatory func-
tions at different genomic loci. At telomeric and mating type
loci, where Rap1 acts as a repressor, it recruits the Sir com-
plex through direct interaction with Sir3 and Sir4 to facilitate
transcriptional silencing [ 50 , 51 ]. By contrast, at the URS of
actively transcribed RP genes, Rap1 contributes to the recruit-
ment of the general transcription factor TFIID (Transcription
Factor II D) and other transcription activators, including Ifh1
and Fhl1, to promote RP gene transcription [ 52–55 ]. Whether
Rap1 also functions as a repressor at mRNA genes or how it
performs this function remains unknown. Our findings show
that Rap1 remains associated with the URS of RP genes and
promotes the recruitment of Hda1C upon nutrient starvation
(Fig. 4 ). 

An important question is what triggers the interaction be-
tween Hda1C and Rap1 upon starvation and what leads
to the dissociation of these two proteins when RP genes
are reactivated. One possibility is that Hda1C competes

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf256#supplementary-data
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Figure 7. Models of Hda1C-mediated coordination of transcription and translation. Hda1C interacts with genes that are transcribed by all three RNA 

polymerases (RNA Pol I, II, and III). In nutrient-rich conditions, Hda1C primarily associates with elongating RNA Pol II and deacetylates histone H4 at the 
coding regions of RP genes. Hda1C also localizes to rDNA and tRNA loci, transcribed by RNA Pol I and Pol III, respectively. However, its precise role in 
regulating transcription of these genes under nutrient rich conditions remains to be clarified. Upon nutrient starvation, Hda1C relocates to the URS of RP 
genes by interacting with Rap1, where it deacetylates both histone H3 and H4. This deacetylation either enhances basal transcription or delays 
reactivation of RP genes when the cells are shifted back to nutrient-rich conditions. Hda1C remains associated with rDNA and tRNA loci and promotes 
their transcription by RNA Pol I and Pol III, respectively. All of these activities of Hda1C occur within the nucleus. The fact that Hda1C affects RP gene 
expression and rRNA synthesis suggests that Hda1C shapes ribosome assembly. Moreover, by facilitating tRNA transcription, Hda1C may also directly 
support translation. These observations propose that Hda1C functions as a key integrator that coordinates transcriptional regulation and ribosome 
activity, particularly during nutrient starvation, to ensure cellular adaptation to changing environmental conditions. 
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with transcriptional activators for binding to Rap1. Alter-
natively, post-translational modifications of Hda1C such as
SUMOylation, phosphorylation, and acetylation may play a
crucial role in regulating this interaction [ 56–58 ]. Among
these modifications, SUMOylation is particularly interest-
ing because it can influence protein–protein interactions by
either disrupting existing interactions or promoting new
ones through SUMO-interaction motifs (SIMs) [ 59 ]. Impor-
tantly, Hda1 contains multiple SUMOylation sites and SIMs,
while Hda2 also includes a SUMOylation site [ 60 , 61 ].
Furthermore, factors that influence the binding of Hda1C 

to the genome, including RNA Pol II subunits and Rap1,
also have SUMOylation sites [ 60–63 ]. Further investiga- 
tion will be crucial to elucidate the precise mechanisms by 
which Hda1C is relocalized in response to environmental 
cues. 
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Several chromatin factors can be targeted to both promot-
rs and coding regions of genes. Although Rpd3 also binds
o both upstream and coding regions of target genes, it is
ikely that two distinct Rpd3-containing HDACs, Rpd3 large
Rpd3L) and Rpd3 small (Rpd3S), function at different re-
ions of genes. Upon quiescence entry, Rpd3 is targeted to
romoters, ∼150 bp upstream of TSS, of many genes, includ-
ng RP genes to mediate global transcriptional shut off [ 48 ].
pd3L is mainly targeted to promoter regions via interac-

ion with gene-specific repressors and H3K4 methylation en-
iched at promoter regions [ 64 ]. In contrast, Rpd3S is prefer-
ntially targeted to coding regions via elongating RNA Pol
I and H3K36 methylation peaking at coding regions [ 65–
8 ]. These suggest that two different Rpd3-containing HDACs
lay distinct roles at promoters and coding regions. However,
ur findings indicate that Hda1C itself is targeted to two dis-
inct regions of the same gene depending on transcription fre-
uency. The RSC chromatin remodeling complex also relo-
ates from coding regions to promoters upon heat shock, al-
hough the mechanism underlying this relocalization remains
nclear [ 69 ]. Additionally, transcriptional outcomes of such
elocation events require further elucidation. 

An additional significant finding from this study is that, in
ddition to its dynamic relocalization between the coding re-
ions and the URS of RP genes, Hda1C also associates with
DNA and tRNA loci, which are linked to RNA Pol I and
NA Pol III activity , respectively . Notably , loss of Hda1C re-

ults in a modest but significant reduction in rRNA synthe-
is by RNA Pol I and a decrease in RNA Pol III binding to
RNA genes (Fig. 6 ). These findings suggest that Hda1C has a
ositive regulatory role at these loci, similar to its function at
P genes under nutrient starvation conditions. While mutants

or Hda1C exhibit increased acetylation levels at both RP and
RNA genes, the resulting transcriptional outcomes are con-
rasting. Although histone acetylation is generally associated
ith active transcription, elevated acetylation levels at regula-

ory regions, including the URS of RP genes, may also facilitate
he binding of transcriptional repressors, contributing to gene
epression. Overall, our findings highlight the broader influ-
nce of Hda1C on transcription across all three RNA poly-
erases, potentially impacting translation by regulating RP

ene expression and tRNA and rRNA synthesis. 
Although Hda1C primarily functions within the nucleus

o regulate transcription, mutants for Hda1C exhibit pro-
ounced sensitivity to translation inhibitors and show dys-
egulation of translation by ribosomes under nutrient starva-
ion conditions (Fig. 6 ). These findings imply that Hda1C may
hape translation by altering the transcription of translation
achinery components. However, we cannot exclude the pos-

ibility that Hda1C also influences translation by regulating
onhistone proteins involved in translation. It should be noted
hat while deletion mutations of other HDACs also increased
ensitivity to translation inhibitors, Hda1C deletion muta-
ions had a much stronger effect ( Supplementary Fig. S8 D).
hus, Hda1C may play a more extensive role in cellular regu-

ation than was previously understood. Notably, studies have
hown that other transcription factors, including the Rpb4 / 7
ubunit of RNA Pol II and Ctk1 in yeast and CDK9, p53, and
AF7 in higher eukaryotes, also control translation. However,
he mechanism involves the relocation of these molecules from
he nucleus to the cytoplasm. Unlike these factors, Hda1C
redominantly remains within the nucleus [ 70 ]. This raises
he possibility that Hda1C could serve as a novel link be-
tween transcription and translation without requiring phys-
ical movement to the cytoplasm. A recent study showed that
Hos2, a catalytic subunit of Set3 HDAC, modulates pro-
tein expression noise by promoting expression of RP genes
[ 71 ]. The fact that Hda1C regulates transcription mediated
by RNA Pol I, RNA Pol II, and RNA Pol III, thereby influenc-
ing ribosomal function, positions it as a unique factor that co-
ordinates translation from within the nucleus. In conclusion,
Hda1C may act as a key coordinator that balances transcrip-
tion and translation in the cell. Further research is necessary
to fully understand the mechanisms by which Hda1C exerts
this regulatory control and to explore its broader impact on
cellular processes. 
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