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ABSTRACT

Coordinated regulation of ribosomal RNA (rRNA)
synthesis and ribosomal protein gene (RPG) tran-
scription by eukaryotic RNA polymerases (RNAP)
is a key requirement for growth control. Although
evidence for balance between RNPI-dependent 35S
rRNA production and RNAPII-mediated RPG tran-
scription have been described, the molecular ba-
sis is still obscure. Here, we found that Rph1 mod-
ulates the transcription status of both rRNAs and
RPGs in yeast. We show that Rph1 widely asso-
ciates with RNAPI and RNAPII-transcribed genes.
Deletion of RPH1 remarkably alleviates cell slow
growth caused by TORC1 inhibition via derepres-
sion of rRNA and RPG transcription under nutri-
ent stress conditions. Mechanistically, Rim15 kinase
phosphorylates Rph1 upon rapamycin treatment.
Phosphorylation-mimetic mutant of Rph1 exhibited
more resistance to rapamycin treatment, decreased
association with ribosome-related genes, and faster
cell growth compared to the wild-type, indicating that
Rph1 dissociation from chromatin ensures cell sur-
vival upon nutrient stress. Our results uncover the
role of Rph1 in coordination of RNA polymerases-
mediated transcription to control cell growth under
nutrient stress conditions.

INTRODUCTION

Ribosomes provide the basis for cell mass accumulation
and protein production, which drives cell growth. Ribo-
some biogenesis is an intricate process that requires coor-
dinated and balanced production of processed rRNAs, ri-
bosomal proteins (RPs) and ribosome biogenesis-related
(Ribi) factors. In rapidly growing yeast cells around 60%
of total cellular RNAs including rRNAs are transcribed by

RNAPI, and nearly 50% of all RNAPII initiation events oc-
cur on ribosomal protein genes (RPGs) (1). Tightly coordi-
nation of transcription of rRNAs and RPGs is important
for regulation of ribosome biogenesis and cell growth in op-
timal growth condition as so in response to nutrient stress
conditions (2). To ensure efficient ribosome biogenesis, an
equimolar production of the different ribosomal compo-
nents is necessary. The imbalanced production of rRNAs
and RPs would lead to impairment of cell growth and G1
cell-cycle arrest in many eukaryotes (3).

The growth-promoting TORCI (target of rapamycin 1)
kinase is a central regulator of both rRNAs and RPGs at
the transcriptional level across many species. Under optimal
growth conditions, in the yeast Saccharomyces cerevisiae,
TORCI is active and simultaneously stimulates both rRNA
and RPG transcription (2). TORCI inactivation with ra-
pamycin leads to a rapid repression of transcription of both
rRNA and RPG to protect cells against proteotoxic stress
(4).

Several factors in yeast have been implicated in coordi-
nating the transcription of RPGs and rRNAs, which was
initially suggested by Warner group (5). Previous stud-
ies found that the essential protein Ifhl is recruited by
a constitutively promoter-bound partner protein Fhll to
many RPG promoters and activates their expression (6—
8). However, they noticed that Ifh1 was concomitantly lo-
calized in the nucleolus in a CURI complex formed by
CK2 and rRNA processing factors Utp22 and Rrp7, sug-
gesting its coupling role in the production of rRNAs and
RPGs (5). Recently, Utp22 was identified to control Ifhl
binding affinity to RPG promoters, thereby coordinating
transcription of RPGs and that of rRNAs (9). In addition,
Hmol, was reported to be present in both the rDNA tran-
scription unit and some RPG promoters and involved in
TORCI1-dependent coregulation of rRNA and RPG tran-
scription (2,10-11). In higher eukaryotes, a line of studies
also demonstrated coordinated transcriptional regulation
of ribosome components. For example, the drosophila tran-
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scriptional factor TIF-IA, a homolog of yeast Rrn3 that is
capable of activation of RNAPI, can stimulate rRNA syn-
thesis and feed-forward couple RPG transcription (12). In-
teresting, the circadian clock controls transcription factors
and clock-dependent rhythmic activation of signaling path-
ways to regulate transcription of RPGs and rRNAs (13).
In human cells, the DDX21 RNA helicase could coordi-
nate transcription of rRNAs and RPGs, as well as small
nucleolar RNAs (snoRNA) (14). Although many evidence
prove that co-activation of RPG and rRNA transcription
is exerted under optimal growth conditions, little is known
whether repressive factors exist and how they coregulate
transcription of those genes to protect extravagant growth.

Rphl has been characterized as a demethylase that re-
moves histone H3 Lys36 (H3K36) di- and trimethylation in
budding yeast (15-17). Rphl contains a JmjN domain in
the N-terminus, which is required for its demethylase activ-
ity and a zinc finger (ZF) domain in the C-terminus, which is
responsible for DNA binding (15). Several studies including
ours demonstrated Rphl as a negative regulator to control
expression of a subset of genes (related to DNA damage,
oxidative stress or autophagy) under optimal conditions,
whereas dissociation of Rphl from chromatin increased ex-
pression of those aforementioned genes upon DNA dam-
age stress or nitrogen starvation (18-20). Of note, we ob-
served that overexpression of Rphl retards cell growth, but
the molecular mechanism is unclear.

In this work, using unbiased genome-wide analysis we
uncovered Rphl largely occupied the transcribed regions of
rDNAs and almost all of RPGs as well as most regions for
transcription of snoRNAs. Increased amounts of Rphl led
to decreased expression of ribosomal genes, thereby inhibit-
ing cell growth. In contrast, deletion of RPHI remarkably
increased RNAPII occupancy on RPGs and Ribi genes to
facilitate cell growth under rapamycin treatment. We fur-
ther showed that a derepressive role of Rphl on gene tran-
scription depends on Rim15-mediated phosphorylation. In-
hibition of TOR by rapamycin triggers Rphl hyperphos-
phorylation and releases it from transcriptional regions of
rDNA and RPG, which ensures cell survival under such
harsh conditions. Our data discover a repressor that dynam-
ically regulate transcription of ribosomal genes to control
cell growth.

MATERIALS AND METHODS
Yeast strains and media

All yeast strains used in this study are listed in the Sup-
plementary Table S1. Gene disruption and integrated tag-
ging were performed using standard polymerase chain re-
action (PCR)-based strategy as described previously (21).
The Tet-ror2 strain was obtained from Yeast TET Promot-
ers Hughes (yTHC) kit, and TOR?2 gene was silenced by ad-
dition of doxycycline (TargetMol, Cat# T1140). The gener-
ated strains were verified by PCR and western blot anal-
ysis. Media used in this study: YPD medium (1% yeast ex-
tract, 2% peptone and 2% dextrose), or SC dropout medium
(0.67% yeast nitrogen base without amino acids, supple-
mented with amino acids and 2% glucose) with appropriate
supplements.
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Cell cultures and drug treatment

Yeast cells were grown to ODgy 0.6-0.8 at 30°C in YPD,
synthetic complete (SC) or synthetic minimal (SD) medium
with necessary additives unless otherwise indicated. Yeast
cells were treated with 100 nM rapamycin for 2 h unless
otherwise indicated. Cells were serially diluted as indicated
and then spotted onto YPD, SC or SD plates with indicated
drugs, respectively. Plates were incubated at 30°C and im-
aged at 2-5 days.

Whole yeast cell extracts preparation, western blot and anti-
bodies

NaOH-based protocols were used to lyse yeast cells for
western blots as described before (21). Briefly, 5-ml mid-
log cultures of yeast were quenched in 250 pl of 2 M
NaOH with 8% mercaptoethanol and incubated on ice for
5 min. Cell pellets were resuspended gently 250 pl of Buffer
A (40 mM HEPES-KOH, pH 7.5, 350 mM NacCl, 0.1%
Tween 20, 10% glycerol, 1 x protease inhibitors cocktails)
and pelleted. Appropriate 2 x SDS-sample buffers were
added into different samples according to the weight of cell
pellets and resuspended. After boiling, the same amount
of proteins was separated using sodium dodecyl sulphate-
polyacrylamide gelelectrophoresis (SDS-PAGE) gels. West-
ern blot analyses were performed as described previously
(21). The following antibodies were used: Primary: a-Rphl
(home made, 1:5000), a-G6PDH (Sigma A9521 1:20,000),
a-H3K36me3 (Abclonal A2366, 1:3000), a-H3 (Active Mo-
tif 39164, 1:10,000), a-Rps6 (Abclonal A6058, 1:1000), a-
phosph-Rps6 S235/236 (Abclonal AP0538 1:1000), a-Flag
(MBL PM020, 1:5000), «-GFP (Sungen KM8009, 1:3000);
Secondary: a-rabbit [gG/HRP (Jackson ImmunoResearch,
715-035-150, 1:10,000), a-mouse IgG/HRP (Jackson Im-
munoResearch 115-035-003,1:10,000).

Phos-tag western blots

The phos-tag gels were prepared followed as the prod-
uct manual (APExBIO F4002) for protein phosphorylation
analysis. Briefly, 6% (w/v) acrylamide SDS-PAGE gel con-
taining 10-20 wM of PBR-A (Phos Binding Reagent Acry-
lamide) was made. Cell extracts were prepared in 2 x SDS-
sample buffers.

RNA extraction and real-time quantitative PCR (RT-qPCR)
analysis

A total of 30 ml culture of either wild-type (WT) or rphl A
yeast cells were grown in YPD to ODgyp = 0.8 and then
treated with rapamycin (100 nM, Sangon Biotech A606203)
or dimethyl sulfoxide (DMSO) for 2 h. Yeast cells were col-
lected by spinning down with 3000 rpm for 5 min, then cell
pellets were washed with 10-ml sterile water twice. Yeast
cell samples were resuspended with 0.5 ml TRIzol (Invitro-
gen) and snap-frozen in liquid nitrogen and stored at —80°C
freezer < 1 week. Total RNAs were extracted using TRI-
zol and further purified via chloroform extraction methods.
The purity and yield of RNAs were examined by measur-
ing the Aygp/Azgo ratio using NanoDrop One Sepctrometer
(Gene Company). RNA integrity was examined by agarose
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electrophoresis. After drying, an aliquot of 1 g total RNA
from each sample was subjected to reverse transcription us-
ing the M-MLV Reverse Transcriptase (ThermoFisher Sci-
entific 28025021) according to the manufacturer’s proto-
col. NCBI Primer-BLAST online tool was used to search
a specific primer set with the amplification product length
of 100-200 bp. gPCR experiments were carried out as the
manufacturer’s protocol suggested except each reaction vol-
ume with 10 pl (Yeasen 11201ES08). The Cq values of all
amplification curves were less than 28 and the melt curves
of each primer set only contain a single peak. Three techni-
cal replicates data were analyzed using Bio-Rad CFX Man-
ager software (version 3.1) with normalized mode (AACq).
qPCR primer sequences were listed in Supplementary Table
S2.

RNA-seq analysis

RNA-seq libraries were prepared by Berry Genomics Com-
pany (Beijing) and paired end sequencing was performed
on [llumina NovaSeq 6000. FastQC was used to do quality
control on raw sequence data. Low quality reads and adap-
tor contamination were removed by Trimmomatic. The fil-
tered reads were mapped to SacCer3 using STAR v2.5.3a
and quantified using featureCounts v1.6.3. Reads count
normalization and differential gene expression analysis was
performed using DESeq2 v1.24.0. Gene ontology (GO) was
performed by DAVID v6.8. R version 3.6.0 was used for
some custom analysis. For Heatmap, we use R package
edgeR to calculate counts per million (CPM) of each gene,
then log(CPM) value was used to make heatmap by using R
package ComplexHeatmap. The ggplot2 package was used
to plot a boxplot of gene expression.

Chromatin immunoprecipitation (ChIP) and ChIP-seq anal-
yses

Yeast cells were grown in YPD to ODgyy = 0.8 and then
treated with rapamycin (100 nM) or dimethyl sulfoxide
(DMSO) for 2 h before harvest. Cells were crosslinked with
1% formaldehyde for 15 min at room temperature and then
quenched with glycine for 5 min. Cell pellets were washed
twice with sterile cold water, then snap-frozen in liquid ni-
trogen and stored at —80°C until use. Frozen pellets were
lysed in 0.3 ml ChIP lysis (140 mM NaCl) buffer (50 mM
HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1% Triton X-100, 0.1% de-
oxycholate, 1 mM PMSF and protease inhibitor cocktail
from Bimake Company, Cat# B14002). After beads beat-
ing, chromatin was sonicated for 20-25 cycles (high output,
30 s on, 30 s off) using the Bioruptor (Diagenode) to pro-
duce fragments of ~300 bp. Cell lysates was centrifuged at
16,000 x g for 15min at 4°C to pellet debris. Immuno-
precipitation was performed overnight at 4°C with 10 pl
Flag M2 resin (Sigma A2220). For RNAPII ChIP assay, Im-
munoprecipitation was performed overnight at 4°C with 10
wg RNAPII antibody (Santa Cruz, SC-56767), then 10 pl
Protein G beads were added and incubated for an additional
2 h. Beads were then washed once with ChIP lysis (140 mM
NaCl) buffer for 10 min, once with ChIP lysis (500 mM
NaCl) buffer (50 mM HEPES-KOH pH 7.5, 500 mM NacCl,

I mM EDTA, 1% Triton X-100, 0.1% deoxycholate, 1 mM
PMSF) for 20 min and once with LiCl/NP40 buffer (10
mM Tris—-HCI pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5%
Na Deoxycholate, | mM EDTA) for 10 min. Elution was
performed with two consecutive 15 min incubations with
200 pl of elution buffer (1% SDS, 0.1 M NaHCO3) at room
temperature. After reverse crosslinking and proteinase K di-
gestion, DNA was then column purified using the Univer-
sal DNA Purification Kit (TTANGEN). DNA Concentra-
tion was quantified using Equalbit dsSDNA HS Assay Kit
(Vazyme EQI111).

The ChIP assays were performed as described previously
using 10 wl IgG Sepharose beads (GE Healthcare 17-0618-
05) or 10 pl Flag M2 resin for each sample. Quantitative
PCR (Yeasen 11201ES08) was performed as above, and
primer sets are listed in the Supplementary Table S2. The
ChIP-seq libraries were prepared using VAHTS™ Universal
DNA Library Prep Kit for Illumina® V3 (Vazyme ND607).
The quality and quantity of constructed libraries were de-
termined using Fragment Analyzer (Advanced Analytical).
Paired end sequencing was performed on [llumina NovaSeq
6000.

FastQC v0.11.8 was used to do quality control on raw
sequence data. Low quality reads and adaptor contami-
nation were removed by Trimmomatic v0.38. The filtered
reads were aligned against SacCer3 genome using Bowtie2
v2.3.4.3 with default parameters. The mapped reads was
then converted to BigWig files and visualized using the IGV.

MACS2 v2.2.1 with a P-value threshold of le — 5 was
used to call ChIP peaks over ‘Input’ background. We used
bedtools v2.27.1 to get ChIP peaks related genes. GO was
performed by DAVID v6.8 online server. The line plot of
ChIP-Seq data was performed by ngsplot v2.63.

Quantification and statistical analysis

Unless otherwise stated, western blot data were quantified
using ImagelJ software to measure the relative intensity of
each band. All quantification data were presented as the
mean + SD (standard deviation) from at least three in-
dependent experiments. Statistical differences were deter-
mined by two-tailed unpaired -test, and a P-value of less
than 0.05, 0.01, 0.001 or 0.0001 was considered statistically
significant and marked as ‘¥, “¥#7 <#d ekxEE Sregpectively.
‘n.s.” indicates ‘not significant’.

RESULTS
Cells lacking Rphl are resistant to the nutrient stress

Previous studies have indicated that Rphl is involved in ni-
trogen starvation-stressed autophagy process (19). We won-
dered if Rphl might be also important for the regulation
of nutrient stress pathway. To test this, the growth rates
of various cells treated with rapamycin (a potent and spe-
cific TORCI inhibitor) or caffeine (a drug inhibits Torl,
Tor2 and MAP kinases) were monitored. Since Set2 is the
histone H3K36 methyltransferase and it has an opposite
biochemical function of the H3K36 demethylase Rphl, we
chose set2 A strain as a control (22). Consistent with pre-
vious results (23), set2A cells are sensitive to rapamycin
or caffeine compared to the WT cells (Figure 1A and B).
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Figure 1. Cells lacking Rphl are resistant to nutrient stress. (A and B) The indicated strains were spotted on YPD plates with or without indicated doses
of rapamycin or caffeine. (C) WT strain with empty vector (WT + Vec) or rphl A strain expressing endogenous promoter-driven WT RPH]I allele (rphl A
+ WT) or various mutation alleles were plated with or without rapamycin (left panel). The expression levels of the indicated strains were examined by

immunoblotting with an anti-Rph1 antibody (right panel).

In contrast, rphl A cells from two different genetic back-
grounds showed much faster growth phenotypes under var-
ious doses of drug treatment (Figure 1A and B; Supplemen-
tary Figure S1A). Of note, rphl A cells but not WT cells can
survive under a high concentration of rapamycin treatment
(1 pM), indicating a repressive role of Rphl in nutrient-
stress response pathway (Supplementary Figure S1B).

To confirm this, either WT cells expressing empty vec-
tor or rphl A cells expressing various Rphl constructs un-
der the control of an endogenous promoter were treated
with rapamycin, and their sensitivities toward rapamycin
were examined. As expected, rphl A cells expressing the
WT construct, but not a construct lacking JmjN domain
(JmjNA) of Rphl showed a decreased H3K36me3 level
(15) and a slow-growth rate even under a low concentra-
tion of rapamycin treatment (Figure 1C and Supplementary
Figure S1C). Interestingly, unlike expressing the WT Rphl
allele, rphl A cells expressing a construct lacking zinc fig-
ure domain (ZF A) exhibited a demethylase activity toward
H3K36me3 (15) but failed to retard cell growth (Figure 1C).
Surprisingly, cells overexpressing a catalytic-dead mutant of
Rphl (H235A) showed no change of H3K36me3 but a sim-
ilar slow-growth phenotype relative to that of WT cells, sug-
gesting that its role is independent of the demethylase activ-
ity (Supplementary Figure S1C). Moreover, overexpression
of Gisl, a paralog of Rphl in budding yeast, also did not
retard cell growth (Supplementary Figure S1C). Since the
effect of Rph1 on cell growth is independent of its demethy-
lase activity and irrelevant to Gisl, we will only focus on
Rphl itself in response to nutrient stress in the following
experiments.

RPH] genetically interacts with TORC1 signaling pathway

Rapamycin directly inhibits the Target of Rapamycin Com-
plex 1 (TORCI1), and Rphl was identified as an effector of
TORCI (24,25). To test whether RPHI genetically inter-
acts with the TORC1 pathway, we generated rphl A with
either a deletion of TORI or Tet-promoter driven TOR2
gene (Tet-tor2, TOR2 is essential in budding yeast), and
plated these strains on rapamycin. Expectedly, deletion of
TORI alone or inhibition of TOR2 expression by addition
of doxycycline exhibited a synthetic growth defect in the
presence of rapamycin. Conversely, double-mutant strains
bearing rphl Atorl A or rphl ATet-tor2 partially rescued the
slow-growth phenotype in the presence of the same concen-
tration of rapamycin (Figure 2A and B).

To validate Rphl is indeed involved in the TORCI reg-
ulatory pathway, we examined the protein and phospho-
rylation levels of ribosomal protein S6 (Rps6), a down-
stream target of TORCI, which is dephosphorylated with
the TORCI inhibition (26). With rapamycin inhibition of
TORCI, Rphl levels were downregulated due to inactiva-
tion of ribosome biogenesis. Notably, the levels of Rps6
gradually decreased with a similar trend in either WT, sez2 A
or rphl A cells. However, the phosphorylation level of Rps6
diminished much lower in rphl A cells compared with WT
or set2A cells (Figure 2C). More strikingly, even treated
with rapamycin for 120 min, nearly half amount of phos-
phorylated Rps6 was evident, suggesting TORCI1 activity
was still present in the rphl A cells even under nutrient stress
conditions (Figure 2D). Altogether, we conclude that Rphl
may regulate cell growth through a TORCI-mediated path-
way.
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Figure 2. RPH] is genetically involved in the TORC1 pathway. (A) The indicated strains were spotted on YPD plates with low dose of rapamycin. Pictures
were taken after grown 2 or 4 days. (B) Tet-off system derived yeast strains were spotted on plates with the indicated doses of rapamycin in the presence
of doxycycline. (C) Log-phase cells were cultured under rapamycin treatment, and were isolated at the indicated times and subjected to immunoblot with
different antibodies. G6PDH served as a loading control. Asterisk indicates a non-specific band. (D) The phosphorylated Rps6 levels relative to total Rps6
levels in panel C were plotted with the indicated time points and then normalized to the time 0 point of individual strain by densitometric analysis using
Image] software. The error bars represent mean £ SD from three independent biological repeats. 7-test, ** P < 0.01.

Rphl negatively regulates transcription of ribosomal genes
under non-optimal growth conditions

Cell growth potential is governed by ribosomal gene ex-
pression, while TORC1 controls rDNA activation and
cell growth (10). To figure out whether Rphl affects
cell growth through regulating ribosomal gene expression,
RNA-sequencing (RNA-seq) assay was performed and
global gene transcriptional levels in rphl A and WT cells un-
der both nutrient-rich and nutrient-stress conditions were
examined. We identified 537 differentially expressed genes
(DEGsS), including 357 upregulated genes and 180 down-
regulated genes in nutrient-rich medium (Supplementary
Figure S2A). Agreed with previous study, GO analyses
did show that upregulated gene clusters were enriched in
autophagy events, but not enriched in ribosome biogene-
sis events (Supplementary Figure S2B) (19). Consistently,
RNA-seq analysis did not exhibit increased RPGs tran-
scription between rphl A and WT cells in nutrient-rich con-
dition, which was validated by RT-qPCR analyses (Supple-
mentary Figure S2C and D). However, when Rphl con-
structs driven by different promoters were overexpressed
in cells that expressed different levels of Rphl protein, the
cells expressing higher levels of Rphl were associated with
slower growth (Supplementary Figure S3A and B). The
slow-growth phenotype with higher expression of Rphl

was concomitant with lower transcriptional levels of RPGs
as well as RNA co-transcribed sequences (Supplementary
Figure S3C and D). Measurement of expression of 35S
rRNA co-transcribed sequence (ETS/) or 18S rDNA co-
transcribed sequence (/7'S7) has been utilized to quantify
difference of nascent rRNA levels (27).

Next, we tested whether Rphl could regulate transcrip-
tion of ribosomal genes under non-optimal growth con-
ditions, for instance, in nutrient-limited SD medium or in
rapamycin stress conditions. Overnight cultures of WT or
rphl A cells grown in SD medium were diluted into fresh
SD medium and continued growing to middle logarithm
phase. Cells were harvested and subjected to RNA extrac-
tion. RT-qPCR analysis indicated that rphl A cells showed
a significant increase of transcription levels of RPGs and
35S rRNAs compared to WT cells (Figure 3A and B). Ac-
cordingly, spot assays showed that, under both nutrient lim-
ited and rapamycin treatment conditions, rphl A cells ex-
hibited faster growth phenotypes, whereas set2 A cells have
slower growth phenotype compared to WT cells (Figure
3C). Moreover, under a nutrient stress conditions with 2 h
rapamycin treatment, we found that DEGs in rphl A cells
were significantly changed (662 upregulated genes and 572
downregulated genes, Figure 3D). In agreement with faster
cell growth phenotype in rphl A cells upon nutrient stress,
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Figure 3. Rphl negatively regulates transcription of ribosomal genes under nutrient-limited and nutrient stress conditions. (A and B) Expression of repre-
sentative RPGs (A) or the indicated 35S rRNAs loci (B) from WT and rphl A cells cultured in SD medium was examined by RT-qPCR analyses. (C) The
indicated strains were spotted onto YPD or SD plates with or without rapamycin. (D) Volcano plots indicating the DEGs from overlapped two biological
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enriched upregulated gene clusters based on DEGs in panel D by different pathways. BP: biological processes; CC: cellular components. (F) Expression
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Ribi genes was validated by RT-qPCR. Data are represented as mean &+ SD from three biological replicates. 7-test, *P < 0.05; **P < 0.01; ***P < 0.001,

***% P < 0.0001, n.s. ‘not significant’.

GO analyses demonstrated upregulated genes were pre-
dominantly correlated with ribosome biogenesis and rRNA
processing, implicating its roles in these two regulatory
pathways (Figure 3E). Indeed, expression levels of most of
137 RP genes and 55 Rph1-occupied Ribi genes were signifi-
cantly enhanced in rapamycin treated rphl A cells compared
to WT cells, and the high-throughput data were validated
by RT-qPCR analyses (Figure 3F and G). Altogether, these
results strongly suggested that Rphl, as a transcription re-
pressor, negatively regulate expression of RPGs and rRNA
synthesis.

Rphl occupies RNAPI-transcribed rDNA regions and
RNAPII-transcribed RP and Ribi genes under nutrient-rich
conditions

To investigate the potential mechanism of Rphl regu-
lating ribosome biogenesis, we determined the chromatin
landscape of Rphl-bound genomic locations using chro-
matin immunoprecipitation sequencing (ChIP-seq). Total
689 overlapped peaks from two biological repeats showed
that majority of which (94.38%) located at both exons and
promoters (Figure 4A and Supplementary Figure S4A).
Notably, Rphl prefers to occupy the transcriptional regions
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(Figure 4B). GO analyses of Rph1-bound regions revealed a
specific and highly significant association with several regu-
latory arms of the ribosomal pathways (Figure 4C). Among
them, 135 from total 137 RPGs and 55 from ~200 Ribi
genes were occupied by Rphl (Figure 4D and E; Supple-
mentary Figure S4B). We further observed that Rphl bind-
ing was evident at the transcribed regions of genes encod-
ing components of both the 40S (for example, RPS12) and
60S (RPL3 and RPLI0) subunits, as well as Ribi genes re-
quired for both pre-rRNA processing and ribosome biogen-
esis (NOPI, NSRI and EFT2) (Figure 4F and G). Intrigu-
ingly, we noticed that Rphl binds the transcribed regions
much more abundant (2- to 5-fold increased) than the pro-
moters of any genes, which was confirmed by ChIP follow-
ing by qPCR analysis (ChIP-qPCR) (Figure 4H). In addi-
tion, it has been known that in budding yeast, the majority
of snoRNAs are involved in rRNA processing, which are re-
quired for production of ribosome and cell growth (14,28).
We found that Rphl binds more than 80% of snoRNA (62
from 77 known sonRNAs) (Figure 41). Rph1 enrichment on
the transcriptional regions of genes for RP and snoRNAs
was reproducible in dataset from previous results (GEO-
NCBI: GSE 121635) (Supplementary Figure S4C and D).
More interestingly, Genome browser tracks showed that
Rph1 also extensively bound the rDNA genomic locus, par-
ticularly enriched over the 35S rDNA transcription units,
but not on the RNAPIII-transcribed 5S rDNA units, com-
pared to the non-targeted silenced chromosome V (Figure
4]) and K). Altogether, we conclude that Rphl may con-
trol ribosome biogenesis through physically interacting with
both RPG and rDNA locus.

Deletion of Rphl increased expression of ribosomal genes
mainly via increasing RNAPII occupancy and facilitating
RNAPI transcription process under nutrient stress conditions

We attempted to investigate the correlation of ribosome ge-
nomic enrichment of Rphl with ribosomal gene expres-
sion. To test this, the divergence of genome-wide Rphl en-
richment was examined in cells treated with or without ra-
pamycin by ChIP-seq. As expected, most of Rphl proteins
detached from RPGs and snoRNA regions (Supplemen-
tary Figure S5A and B), and almost all of Rphl was re-
leased from rDNA regions after normalized to the Input
(Supplementary Figure S5C). Intriguingly, the majority of
Rphl was still associated with the Ribi genes even under ra-
pamycin treatment (Supplementary Figure S5D). These re-
sults indicated that Rphl dissociates from ribosomal genes
under rapamycin treatment condition.

Next, we want to know how Rphl regulates transcrip-
tional levels of RPGs and rRNAs under nutrient stress con-
ditions. We hypothesized that increased transcriptional lev-
els of RPGs and Ribi genes in rphl A cells resulted from
increased RNAPII tethering, To test this idea, ChIP-seq
analysis was performed under rapamycin stress conditions.
As expected, engagement of RPGs and Ribi gene loci by
RNAPII was remarkedly increased in rphl A cells compared
to WT cells (Figure 5A and B), accompanied with elevated
expression of RPGs and Ribi genes (Figure 3G), estab-
lishing the correlation of increased chromatin occupancy
of RNAPII with loss of RPHI. Since rRNA and RPG
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transcription are tightly co-regulated, we further examine
whether RNAPI-transcribed rRNAs were coordinately up-
regulated in rphl A cells. Upon rapamycin treatment, ob-
vious elevated levels of 18S and 25S rRNA, as well as in-
creased levels of ETSI and ITSI, were detected in rphl A
cells compared to WT cells, confirming its coordinated role
of Rphl in rRNA synthesis (Figure 5C). Intriguingly, we
did not observe changes in association of RNAPI with
rDNA repeats in rphl A cells regardless of rapamycin treat-
ment (Supplementary Figure S5A and Figure 5D), suggest-
ing that other mechanisms may assist regulation of rRNA
transcription.

Since the transcription factor Rrn3 is required for acti-
vation of the 35S rRNA transcription via formation of the
RNAPI-Rrn3 complex at the rDNA promoters, we won-
der if increased rRNA transcription in rphl A cells is re-
lated with Rrn3 (29). Therefore, WT and rphl A strains
bearing an integrated C-terminal 3xFlag-tagged Rrn3 were
genereated, and deletion of RPHI did not affect Rrn3 pro-
tein levels (Supplementary Figure S6B). ChIP-qPCR anal-
yses showed that, in both treated and untreated conditions,
the associated levels of Rrn3 with the promoters of 35S rD-
NAs are comparable in both WT and rphl A cells, although
the binding affinities are strikingly reduced upon rapamycin
treatment (Supplementary Figure S6C and D). These data
rule out the possibility that increased rRNA transcription
in rphl A cells results from increased Rrn3 association with
chromatin. Another possibility is that deletion of RPHI
may affect the elongation step in rRNA transcription. To
do this, the processivity assay of RNAPI transcription was
performed by comparing the association of RNAPI with
the middle gene body (the C locus) or the 3’ end (the D
locus) of the 35S rDNA loci to that at the 5’ end (the B
locus) using ChIP analysis. This method has been used to
measure its ability of RNAPI to stay engaged in a template
from initiation to termination of transcription (30). Inter-
estingly, we observed a similar transcription pattern in the
processivity of RNAPI without rapamycin treatment (Sup-
plementary Figure S6E), but an 1.5-fold increase in rphl A
cells compared to WT cells with rapamycin treatment (Fig-
ure SE), which suggests that Rphl dissociation from chro-
matin may affect RNAPI elongation process under nutri-
ent stress conditions. Overall, the data indicated that Rphl
regulates transcription of ribosomal genes through affect-
ing occupancy or capacity of RNA polymerases onto chro-
matin.

Rim15-dependent Rphl phosphorylation released its repres-
sion on ribosome genes

Next, we attempted to investigate the mechanism of upreg-
ulation of ribosomal gene expression in rphl A cells under
nutrient stress conditions. Previous study has indicated that
Rphl became hyperphosphorylated upon rapamycin treat-
ment (25). In addition, the kinase Rim15 could translo-
cate into the nucleus and mediate Rphl phosphorylation
upon nitrogen starvation, which releases repressive role
of Rphl on ATG gene expression (19). Moreover, one of
the key effectors functioning downstream of the TORCI1
pathway, Sch9, antagonizes the nuclear accumulation of
Rim15 in optimal growth conditions (31-33). The evidence
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above strongly suggest that activated Rim15 may also me-
diate Rphl phosphorylation under rapamycin stress con-
ditions. To get a higher resolution of the phosphorylation
status of Rphl, phos-tag, a molecule that binds specifically
to phosphorylated ions was used. With addition of phos-
tag, integrated Rph1-3xFlag showed a significant shift of
high molecular weight bands in WT cells, but showed a
strong block of shift in riml5 A cells upon rapamycin treat-
ment (Figure 6A and Supplementary Figure S7A). Impor-
tantly, deletion of RPHI in riml5 A cells remarkedly rescued
rapamycin-sensitive phenotype caused by RIM15 loss, in-
dicating a genetic interaction of RPHI and RIM15 (Figure
6B).

To identify potential Rim15-mediated phosphorylation
sites of Rphl, nine phosphorylation sites reported in pre-
vious studies will be further analyzed (Supplementary Fig-
ure S7B). The reason why we chose those sites as they be-
came phosphorylated only under nutrient stress conditions
(25,34). Each serine residue of phosphorylated site on Rphl
was mutated to alanine (A) or aspartic acid (D) to rep-
resent phospho-defective mutant or phospho-mimetic mu-
tant, respectively. We then examined growth phenotypes of
rphl A cells bearing individual Rph1 mutants that are under
the control of an endogenous promoter. Compared to cells
bearing a WT Rphl construct, these phospho-defective mu-

tants showed a similar sensitivity of rapamycin (Supple-
mentary Figure S7C); whereas seven of the nine phsopho-
mimetic mutants showed resistance to rapamycin except
S561D and S575D mutants (Supplementary Figure S7D). It
has been reported that S561 and S575 are two phosphoryla-
tion sites of CDC28, a cyclin-dependent kinase, which prob-
ably are not phosphorylated sites of Rim15 (35). Hence,
Flag-tagged or GFP-tagged Rphl constructs bearing S7TA
mutation (S412/425/426/429/430/434/557A) or S7D mu-
tation (S412/425/426/429/430/434/557D) were generated,
respectively. We confirmed these seven serine residues can
be phosphorylated by Rim15, as WT Rphl protein showed
a faster mobility in rimI5A cells compared to WT cells
upon rapamycin treatment (Figure 6C, lane 3 versus lane
4), whereas S7D mutant did not show an obvious shift
regardless of in the presence or absence of RIMI5 (Fig-
ure 6C, lane 6 versus lane 8). As expected, even with ra-
pamycin treatment, S7A mutant severely attenuated phos-
phorylation of Rphl despite of bearing a Flag tag or a GFP
tag, examined by either phos-tag gel or regular SDS-PAGE
gel (Figure 6D and E). In stark contrast, S7D mutant ex-
hibited dramatic phosphorylation states no matter with or
without rapamycin treatment (Figure 6D and E). Impor-
tantly, although S7D mutant expressed equally to the WT
or S7A mutant of Rphl, S7D mutant showed a rapamycin-
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resistance growth phenotype comparable to rphl A strain
(Figure 6F). In addition, overexpression of S7A mutant un-
der the control of an endogenous promoter led to a slow-
growth phenotype even in nutrient-rich condition, suggest-
ing its predominant repressive role in ribosome biogene-
sis (Supplementary Figure S7E). Conversely, we validated
that S7D mutant binds both RP genes and 35S rDNA lo-
cus much less than WT Rphl does in optimal growth con-
ditions, and decreased association with these regions upon
nutrient stress by ChIP-qPCR analysis (Figure 6G). These
results demonstrate that Rph1 phosphorylation is required
for its release from ribosome genomic locus, thereby dere-
pressing ribosomal gene expression under nutrient-stress
conditions.

DISCUSSION

In this work, we present evidence that Rphl is a cofac-
tor that represses transcription of both RPGs and 35S
rRNAs. Under optimal growth conditions, the association
of unphosphorylated Rphl with both RNAPI and RNAPII
transcribed genes may provide a simple yet highly effi-
cient mechanism to integrate transcription of RPGs and
35S rRNAs for ribosome biogenesis. In this scenario, RNA
polymerases, orchestrated with key transcriptional factors,
including Ifhl and Rrn3, maximally drive the transcrip-
tion elongation process for production of RPs and rRNAs.
Therefore, it is difficult to detect transcriptional changes
of RPGs and rRNAs in rphl A cells. In contrast, under
nutrient limited conditions, lack of Rphl coordinately en-
hances RPG transcription and 35S rRNA synthesis to pro-
mote cell growth (Figure 3). More importantly, under nutri-
ent stress conditions, phosphorylated Rphl is released from
transcribed regions of RPGs and 35S rRNAs, which allows
small amounts of ribosomal genes can be transcribed and
synthesis, thereby maintaining cell long-term survival even
lacking assistance of activators. Without Rphl, about 1.5-
fold increase of expression levels of RPGs and 35S rRNAs
was detected, which significantly accelerates cell growth
even under such nutrient stress conditions (Figure 7). Our
data make us propose a model in which chromatin engage-
ment of Rphl provide a sensing system to adjust produc-
tion of ribosomes properly in response to different nutrient
context.

Our model is supported by several lines of evidence that
correlate Rphl levels with ribosome biogenesis and cell
growth. First, Rphl binds to the majority transcriptional
regions of rRNAs and RPGs that are required for produc-
tion of ribosome assembly and biogenesis. With rapamycin
treatment, Rphl occupancy in RPG loci was decreased con-
comitantly with loss of Rph1 in rDNA regions (Supplemen-
tary Figure S5). Second, Rph1 genetically interacts with the
TORCI1 pathway, which has been extensively proven to con-
trol ribosome biogenesis and cell growth. Deletion of RPH1
in TOR 1-deficient cells significantly rescues cell sick-growth
phenotype, which strongly supports that Rphl is involved
in ribosome biogenesis (Figure 2). Third, Rphl levels are
oppositely correlated with transcription levels of TRNAs
and RPGs as well as cell growth rate under nutrient lim-
ited and nutrient stress conditions (Figures 3 and 5; Supple-

mentary Figure S3). Lastly, phosphorylation-mimetic Rphl
S7D mutant possesses less binding affinity of genomes and
faster cell growth phenotype (Figure 6). Combined these, we
conclude that chromatin-occupied Rphl levels are impor-
tant for proper ribosome biogenesis. Intriguingly, RNAPI
abundance on rTRNA regions were not affected by Rphl
level, which seems to contradict the point that Rphl ordi-
nates RNAPI and RNAPII-mediated transcription. How-
ever, we found that Rphl is associated with the major-
ity of snoRNAs, which suggests that Rphl may regulate
snoRNAs to affect RNAPI-mediated rRNA processing. In-
deed, the processivity assay indicated that Rph1 may affect
RNAPI clongation process to regulate transcription lev-
els of RNAPI-mediated rRNAs with rapamycin treatment
(Figure SE). Thus, our data support that Rphl is involved
in ribosome biogenesis and cell growth, mainly by coregu-
lation of transcription of rRNAs and RPGs.

Although our data suggested that Rphl may function to
repress transcription of RPGs and rRNAs by largely occu-
pying the transcribed regions of 35 rDNAs and almost all
of RPGs under optimal growth conditions, we surprisingly
did not observe increased transcription of those genes as
well as accelerated cell growth phenotype. Instead, we ob-
served slightly decreased transcription of RPGs and a little
slower growth phenotype in rphi A cells compared to WT
when cells were cultured in YPD liquid medium (Supple-
mentary Figure S2D), which is consistent with previous ob-
servations (15). It has been reported that aberrant ribosome
biogenesis led to excess RPs production, which reduced
the growth of yeast cells (36). Since Rphl occupied both
RPGs and rDNA loci, we speculate that deletion of RPHI
might cause abnormal production or synthetic imbalance
in RPs and rRNAs, which may be proteotoxic to the cell
and conversely retards normal cellular growth. Why such
repression is necessary under optimal growth conditions?
We considered several interpretations. First, in a rapidly
growing yeast cell, Rphl could coordinate regulation of the
rRNA genes and 137 RP genes by co-occupancy that is es-
sential for the economy of the cell. Second, Rphl main-
tains proteostasis by repressing excessive ribosomal biogen-
esis. Third, it has been suggested that moderate silencing of
rRNA transcription is critical for genome stability. Repres-
sion of transcription of ribosomal genes by Rphl may be
necessary for restrict uncontrolled cell proliferation in bud-
ding yeast. For multicellular eukaryotes, it has been exten-
sively reported that hyperactivation of ribosome synthesis
abnormally accelerates protein synthesis and induces insta-
bility of rDNA, thereby promoting cancer cell proliferation
and metastasis. For example, many tumor suppressors, such
as pRB (retinoblastoma-associated protein), p5S3, and ARF
(alternative reading frame) can repress rRINA transcription
through directly interaction with rDNA or transcription ap-
paratus (37,38). Whether and how Rph1 acts such a repres-
sive role needs to be further explored.

Several studies have indicated that Rph1 represses expres-
sion of many ATG genes as well as DNA damage genes un-
der optimal growth conditions via binding their promoters
(18-19,39). Surprisingly, our genome-wide ChIP-seq anal-
yses illustrated that Rphl vastly associates with transcribed
regions of rDNA and RPGs, instead of the promoters of
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ribosome biogenesis and cell growth.

previous reported genes, suggesting its role in transcrip-
tional elongation but not transcriptionall initiation. These
results are also consistent with the fact that localization of
H3K36me3 at gene coding region and rDNA repeats, rem-
iniscent of its demethylase character. Although by analyz-
ing public database we did observe a slight enhancement
of H3K36me3 levels at those transcriptional regions upon
Rphl deletion (data not shown), expression of the inactive
mutant of Rphl exhibited a slow growth defect with nutri-
ent stress, similar to the WT allele (Figure 1C and Supple-
mentary Figure S1C). Therefore, we believe that the impact
of Rphl on cell growth is specific through regulating tran-
scriptional elongation of ribosomal genes.

Besides RNAPI and RNAPII transcribed genes,
RNAPIII transcribed tRNA genes are also involved in
ribosome biogenesis. With nutrient stress, transcription
of this class of genes was repressed along with other
RPGs and rRNAs. In our analysis, we did not observe
any enrichment of Rphl on these tRINA genes, reinforcing
Rph!’s binding specificity. Of note, previous studies have
demonstrated Mafl as a general and direct repressor of
yeast RNAPIII transcription (40,41), which utilizes similar
inhibitory actions of Rphl. For example, both Mafl and
Rphl only associated with RNA polymerases on chromatin
in a dephosphorylated state. Engagement of chromatin
allows them to repress associated gene transcription,
respectively. Once they are in a phosphorylated state, both
protein would dissociate from chromatin. Different from
that Rphl was dissociated from chromatin, Maf1 was stim-
ulated to associate with chromatin as well as disengaged
RNAPIII with rapamycin treatment (40). Whether these

two parallel signaling pathways act together is particularly
of interest.

Understanding how distinct transcriptional machineries
involved in cell growth are tightly coordinated to sense nu-
trient alternations becomes a fundamental but challeng-
ing question. Previous studies have demonstrated that two
rRNA processing factors, including DDX2 in mammal and
Utp22 in yeast, could coordinate rRNA production and
RPGs transcription. DDX2 promotes rRNA transcription,
processing and modification. At the meantime, DDX2 also
facilitates transcription of RPGs by association with pro-
moters of RNAPII-transcribed genes encoding RPs and
snoRNAs. Utp22 may act as a negative role in this coupling
event. With long-term growth inhibition, rRNA-released
Utp22 titrates the transcription activator Ifhl from RPG
promoters thereby maintaining an inhibitory state of ribo-
some biosynthesis. Both cases revealed how rRNA synthe-
sis guides RPG transcription. In this work, we identified
Rphl, which has been found in the RNAPII elongation
complex by in vitro reconstitution assay (42), could sense
RPG transcription to guide rRNA production from an op-
posite direction. Our work may help to further decipher the
elegant but complex crosstalk machinery between RNAPI
and RNAPII and more transcriptional networks in higher
eukaryotes.
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