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Abstract

Upon stresses, cellular compartments initiate adaptive programs meant to restore homeostasis. Dedicated to the resolution of transient pertur-
bations, these pathways are typically maintained at a basal level, activated upon stress, and critically downregulated upon reestablishment of
cellular homeostasis. As such, prolonged activation of the unfolded protein response (UPR), a conserved adaptive transcriptional response to
defective endoplasmic reticulum (ER) proteostasis, leads to cell death. Here, we elucidate an unanticipated role for the nuclear RNA exosome,
an evolutionarily conserved ribonuclease complex that processes multiple classes of RNAs, in the control of UPR duration. Remarkably, the
inactivation of Rrp6, an exclusively nuclear catalytic subunit of the RNA exosome, curtails UPR signaling, which is sufficient to promote the
cell's resistance to ER stress. Mechanistically, accumulation of unprocessed RNA species diverts the processing machinery that maturates the
messenger RNA encoding the master UPR regulator Hac1, thus restricting the UPR. Significantly, Rrp6 expression is naturally dampened upon
ER stress, thereby participating in homeostatic UPR deactivation.
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Introduction

Multiple perturbations of the intracellular or extracellular
microenvironment can disturb cellular homeostasis. To cope
with these various stresses, cells activate specific molecular
mechanisms and adaptive responses. In this way, endoplas-
mic reticulum (ER) stress—defined as the intra-luminal accu-
mulation of unfolded proteins set off by a disruption of ER
homeostasis—triggers an adaptive signaling pathway named
the unfolded protein response (UPR). Hence, the UPR is a
transcriptional signaling pathway conserved from yeast to hu-
mans, which drives an expression program designed to survive

stress [1].

In Saccharomyces cerevisiae, the UPR is set in motion
by a unique ER-associated kinase and ribonuclease inositol-
requiring protein 1, Irel (IRE1laf in metazoans). Upon ER
stress, Irel oligomerization and trans-autophosphorylation al-
low self-activation and severing of a 252-nucleotides transla-
tion inhibitory intron in the constitutively expressed messen-
ger RNA (mRNA) of a basic leucine zipper transcription fac-
tor, Hacl (XBP1 in metazoans). A stem-loop located in the 3'-
untranslated region (3’'UTR) of the HAC1 mRNA and named
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3'-BE (3’ Bipartite Element), targets HACT mRNA to Irel foci
in the ER membrane to ensure rapid Irel-mediated cleavage
following ER stress [2]. This conserved unconventional cy-
toplasmic splicing event is completed by the transfer RNA
(tRNA) ligase Trl1/Rlgl [3] (RTCB complex in mammals),
which joins HAC1 exons, thus resuming the block in transla-
tion initiation imposed by a secondary structure in the 3’ UTR
of HAC1 mRNA [4-6]. In turn, Hac1l expression culminates
in the transcriptional activation of effectors that attenuate ER
stress and restore the biosynthetic ability of the ER [7].

Importantly, kinetics analysis, using chemical inducers of
ER stress in mammalian and yeast cells, revealed the tran-
sience of Irel-mediated UPR signaling, despite the persistence
of the inducer [8, 9]. As such, although the UPR homeo-
statically matches the ER protein-folding capacity to cellular
needs, it triggers apoptosis in mammals under high or chronic
ER stress [10]. Similarly, failure to dampen the UPR compro-
mises yeast cell viability despite normal initial UPR transcrip-
tional activation [8, 11, 12], likely due to massive overloading
of the ER translocation machinery [11-13]. While the causal
relationship between prolonged UPR and loss of cell viabil-
ity is counterintuitive due to the protective nature of UPR, it
is, nonetheless, reminiscent of the yeast heat shock response,
whose deactivation is tightly regulated to maximize cellular
fitness [14, 15] and of the mitochondrial UPR whose consti-
tutive activation decreases the lifespan of Caenorbabditis el-
egans [16]. The significance of UPR abatement for the fate
of cells experiencing ER stress is further emphasized by the
diversity of reported mechanisms for UPR deactivation [11,
17-22]. In this regard, we recently revealed a novel mecha-
nism, driven by the nuclear retention of the HAC1 transcript
via a direct interaction between its 3’UTR and the chromatin
remodeler [23] and mRNA quality control factor [24, 25],
Isw1. In addition, Isw1 being itself ER stress-induced, we pro-
posed that the restriction it imposes on HACI mRNA nuclear
export allows the timely deactivation of the UPR, thus ensur-
ing homeostatic adaptation to ER stress [12].

Since Isw1 exerts its nuclear mRNA quality control activ-
ity in cooperation with the exclusively nuclear catalytic sub-
unit of the RNA exosome Rrp6 (EXOSC10) [25], we were
prompted to explore whether Rrpé6 activity would also con-
tribute to UPR regulation. The RNA exosome is a multi-
subunit complex that cooperates with dedicated co-factors to
monitor virtually every class of transcripts [26, 27], includ-
ing pre-ribosomal RNA (rRNA) processing and tRNA mat-
uration [28, 29]. The inactivation of RRP6 was previously
reported to increase cells’ resistance to ER stress [30, 31],
in striking contrast with the inactivation of ISW1, which in-
creases cells’ sensitivity to ER stress [12]. This resistance to
ER stress was associated with a stabilization of the mRNA
encoding the UPR transcription factor Hac1 as well as an ER
stress-mediated reduction of Rrp6 expression. In this context,
a model was suggested, in which the timely degradation of
the unspliced form of HAC1 would allow accurate UPR acti-
vation and deactivation, both essential to ER stress survival.
This model posits that under basal conditions, the exonucle-
olytic activity of Rrp6 would allow the formation of a pool of
‘nonspliceable’ forms of HACT mRNA that lack the 3'BE ele-
ment, thus favoring post-transcriptional silencing. As such, the
increased resistance of 77p6 A cells would stem from enhanced
UPR signaling resulting from the splicing of an increased pool
of 3'BE-containing HAC1 mRNA molecules [31].

Unexpectedly, we report here that rrp6 A cells’ resistance to
ER stress goes along with faster UPR shutdown and demon-

strate that the mere shortening of UPR signaling duration is
sufficient to confer ER stress resistance. Mechanistically, the
inactivation of RRP6 impedes HACI mRNA splicing through
the accumulation of unprocessed RNA species, which titrate
HACT splicing machinery, thereby limiting UPR activation.
Remarkably, the physiological ER stress-induced downregu-
lation of RRP6 expression restrains HAC1 mRNA splicing,
allowing timely attenuation of UPR signaling and homeostatic
adaptation to the stress.

Materials and methods

Yeast strains, growth conditions

The S. cerevisiae strains used in this study are described in Ta-
ble 1. Cells were grown in YPD medium (1% yeast extract,
2% bactopeptone, and 2% glucose) or dropout base supple-
mented with the appropriate CSM-aminoacid (MP Biomedi-
cals, LCC) media, at 30°C unless otherwise noted. To induce
ER stress in liquid cultures, yeast cells were treated with 2
mM of dithiothreitol (DTT; VWR) or 1 pug/ml of tunicamycin
(Tm; Sigma). Gene deletions and tagging were created by one-
step polymerase chain reaction (PCR) mediated strategy, as
described in [32]. The IRE1-AID strain was built by insertion
of plasmids pRS305-IRE1-AID-HA into leu2-3 112 after lin-
earization by AflIl and pOs-TIR1 into ura3-1 after Stul lin-
earization. The RRP6-AID strain was constructed by homol-
ogous recombination as in [32], by transformation of W303
wild type strain with the PCR products obtained by amplifi-
cation of plasmid pMK43 with primers DL4474 and DL3567
and plasmid Addgene 102 883 [33] with primers DL3568 and
DL4475. Strains used in this study are listed in Table 1.

Plasmids

All plasmids were built using standard PCR-based molecular
cloning techniques and are listed in Table 2.

For plasmid pRS305-IRE1-AID-HA, an AID-3HA module
was inserted after the transmembrane domain of Irel by as-
sembling PCR products amplified from genomic DNA with
primers AB584/AB585 and AB588/AB589 and from plasmid
pHyg-AID*-6HA with primers AB586/587 into Apal/Sacl-
digested pRS305 plasmid. Plasmid pRS314-spy/RE1 was ob-
tained by replacing IRE1 endogenous promoter with the
ADH promoter in Xhol linearized plasmid pCS110 [34], by
amplifying the ADH promotor on plasmid p414-ADH with
primers AB519/AB520. Plasmid pppr40-RRP6 resulted from
the assembly of the following PCR products amplified with
AB680/AB681 and AB682/AB701 on genomic DNA and
pAC1981, respectively, into EcoRI/BamHI digested pRS316
plasmid. All primers used in this study are described in Table
3. All plasmids were verified by Sanger sequencing.

Plate-based growth assays

Growth assays were performed by spotting serial dilutions of
exponentially growing cells on solid medium with a Replica
plater and incubating the plates at the indicated temperatures
for 2-3 days. When indicated, Tm was added to the growth
medium at concentrations ranging from 0.2 to 0.8 pg/ml.
Control plates (—ER stress) contained 4 ul of dimethylsul-
foxyde (DMSO, drug carrier). Each growth assay is a repre-
sentative example of at least three biological replicates. DTT
sensitivity plate assay was performed upon incubation of the
plates in an anaerobic chamber, using Anaerocult® A (Merck)
for the production of an anaerobic milieu.



Table 1. Yeast strains used in this study
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Name Genotype Origin

W303 Mat « leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 Lab collection
rrp6A Mat aleu2-3 112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15, rrp6 ::KanMx Lab collection
irel A Mata leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, irel::HPH Lab collection
RRP6-AID Mat aleu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, RRP6::AID::KanMx::OsTIR1 This study
Irp1A Mata leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, lrp1:: KanMx This study
trf4A Mate leu2-3 112 trp1-1 canl1-100 ura3-1 ade2-1 his3-11,15, trf4:: KanMx Lab collection
DIS3 Mat aleu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, DIS3 ::KanMx [pBS3269-DIS3-TEV-ProtA,LEU2] D. Libri [29]
dis3 endo- Mat aleu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, DIS3 ::KanMx [pBS3269-dis3D171N-TEV-ProtA,LEU2] D. Libri [29]
DIS3 Mat aleu2-3 112 trp1A canl-100 ura3-1 ade2-1 his3-11,15, KanMx:TetOFF-DIS3 [pBS3269-DIS3-TEV-ProtA,LEU2] D. Libri [43]
dis3 exo- Mat aleu2-3 112 trp1A canl-100 ura3-1 ade2-1 his3-11,15, KanMx:TetOFF-DIS3 [pBS3269-dis3D551N-TEV-ProtA,LEU2] D. Libri [43]
dis3 endo-exo- Mat aleu2-3 112 trp1 A canl-100 ura3-1 ade2-1 his3-11,15, KanMx:TetOFF-DIS3 D. Libri [43]

[pBS3269-dis3DSSIN-D171N-TEV-ProtA,LEU2]

xrnlA Mata leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, xrnl:: KanMx Lab collection
upfl1A Mata leu2-3 112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15, upf1:: KanMx Lab collection
degl A Mata leu2-3 112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15, degl:: KanMx This study
los1A Mata leu2-3 112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15, los1:: KanMx This study
nmd2 A Mata leu2-3 112 trp1-1 canl1-100 ura3-1 ade2-1 his3-11,15, nmd2:: KanMx This study
IRE1-AID Mata leu2-3 112:: pRS305-IRE1-AID-HA, trp1-1 can1-100 ura3-1:: pNHKS53-Os TIR1, ade2-1 his3-11,15, irel::HPH This study
SEN2 Mata leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 A. Hopper(35)
sen2-42 Mata leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 sen2 ::leu2 A :HPH/ptySC262 (sen2-42 <TRP>) A. Hopper(35)
iswlA Mata leu2-3 112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,13, isw1:KanMx Lab collection
rrp6Aiswl A Mata leu2-3 112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15, rrp6 ::KanMx, iswl::HPH This study
hacl A Mata leu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, hacl::HPH Lab collection
maflA Mat aleu2-3 112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, maf1 ::KanMx This study

Table 2. Plasmids used in this study

Plasmid name Origin

Lab collection (ATCC 87372™)
Lab collection [34]

Lab Collection

Lab Collection

This study

p414-ADH

pCS110
pRS316-RRP6
pRS316-r7p6D238A
pRS314-ap1IRE1

pMK43 Lab collection [33]

papu OsTIR1 Addgene 102 883

pOsTIR1 Lab collection (pNHKS53 [74]
pHyg-AID*-6HA Lab collection [74]
pRS305-IRE1-AID-HA This study

pcup-RLG1-FL T. Yoshihisa (pTYSC463)
pRS316-HACI M. Dey

pRS316-hacAi M. Dey
pRS415apu-ISW1-2FL Lab collection

PPM[40-RRP6 This Study

Viability assays

For viability assays, cells were stained with 5 pug/ml propid-
ium iodide (PI; Sigma, 1 mg/ml in water) for 20 min in the
dark at room temperature. PI fluorescence was examined from
at least 400 cells in three biological replicates under a flu-
orescence microscope and red fluorescent cells (dead) were
counted.

RNA extraction

Total RNAs were purified from 10 optical density 600 nm
(ODgpg) of snap frozen cells using the Nucleospin RNAII
kit (Macherey Nagel) according to the manufacturer’s in-
structions. RNA integrity was verified by gel electrophore-
sis. Samples were aliquoted and snap frozen at —80°C or
directly further processed. For reverse transcription quan-
titative polymerase chain reaction (RT-qPCR), 300 ng of
NanoDrop™ One-quantified RNA were reverse-transcribed
using random hexamers [P(dN)6, Roche] and Superscript
II reverse transcriptase (Thermo Fisher Scientific) accord-
ing to the manufacturer’s recommendations in a 20 ul final
volume.

Complementary DNA samples analysis

Complementary DNA (cDNA) was quantified by qPCR in
accordance with MIQE guidelines using the Master Mix
PCR Power SYBR™ Green (Thermo Fisher). Ten microliter
reactions containing a 1/40 dilution of 300 ng reversed-
transcribed RNA were prepared according to the manu-
facturer’s instructions, dispensed into a 96-well plate with
an epMotion® 5070 (Eppendorf), and analyzed with a
QuantStudio5™ apparatus (Applied Biosystems™).The fol-
lowing qPCR cycles were performed: following an initial
denaturation at 95°C for 5 min, amplification occurred
during 45 cycles of denaturation (95°C for 15 s) and
annealing/extension (60°C for 50 min) with fluorescence mea-
surements taken each cycle. The resulting Cq values were
analyzed via the Standard Curve module of the Applied
Biosystems™ Analysis Software, which measures amplifica-
tion of the target in samples and in a standard dilution se-
ries. Extraneous nucleic acid contamination and DNA con-
tamination were controlled via the systematic inclusion of
no template and no reverse transcriptase controls. Reactions
specificities were controlled by melting curves analysis (slow
ramp to 95°C, 0.05°C/s). qPCR primers were designed with
Primer3web version 4.1.0 (Tm 60°C, amplicon ~ 150 bp) and
are listed in Table 3 as qABxx. Primers were purchased de-
salted from Eurofins Genomics. Samples were run in tripli-
cate. qPCR validation parameters are presented in Table 4.
The number of biological replicates is indicated in the figure
legends. Analysis of HACI mRNA splicing was performed
as previously described [12] with primers specific for the un-
spliced (QAB88/qAB91), spliced (qAB91/qAB135), and total
(qAB124/qAB125) forms of HACI.

Deep sequencing

mRNA sequencing libraries were prepared and sequenced
with Illumina technology by Novogene (Novogene Co., Ltd)
from polyA + RNAs purified from 1 pg of total RNA us-
ing NEBNext® UltraTM RNA Library Prep Kit for Illumina®
(NEB, USA) following the manufacturer’s recommendations
and index codes were added to attribute sequences to each
sample. Brieflyy, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. Fragmentation was
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Table 3. Primers used in this study

Primer Target Primer sequence

AB519 ADH promoter F, ATTAACCCTCACTAAAGGGAACAAAAGCTGGGTACCGGGCCCCCCCTCGAATCCTTTTGTTGTTTCCGGGTG

DL4474 AID GAGGAGGCCTGCCGCCAAAGGTAAGAATCTGTCATTTAAAAGGCGTACGCTGCAGGTCGAC

DL3567 AID ATCCTGGTATCGGTCTGCG

DL3568 TIR1 AATGTCGGGCTAATCAGG

DL4475 TIR1 ATGAAAATTACCATAATTTATAAATAAAAAAATACGCTTGTTTTACATAAGGAAACAGCTATGACCATG

AB520 ADH promoter R, ACACAAACGAGCAGTGTCAATACTAACATGTTTCTTCGAAGTAGACGCATAGTTGATTGTATGCTTGGTATAGCTT

ABS584 IRE1 F, TATCCCTATGACGTCCCGGACTATGCAGGATCCTATCCATATGACGTTCCAGATTACGCTGGATTTATGCCTGAAAAGGAAATCCC
ABS585 IRE1 R, ACCATGATTACGCCAAGCTCGGAATTAACCCTCACTAAAGGGAACAAAAGCTGGGTACCGAGCTTTCCACCAAAAAAGTCAGTG
ABS586 AID F, GTGCAATACTACAAAGATTCAAAATTTTGCCGCCACTATATGTATTATTATCCAAAATTGCCTAAAGATCCAGCCAAACCTCC
AB587 AID R, AAGAGGGACAATTTAGCGATTTCGACTCAACTATGGGGATTTCCTTTTCAGGCATAAATCGCGTAATCTGGAACGTCATATGGATA
AB588 IRE1 F, ACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGAGCTTGGGCTTTTAGGGACAGTTCTATTCTTC
ABS89 IRE1 R, CTCACCGGTGGCCATCCCACAACTTGTGCCTTGGCCGGAGGTTTGGCTGGATCTTTAGGAATTTTGGATAATAATACATATAGTGGCGGC
AB680 PMI40 promoter F, CGGCCGCTCTAGAACTAGTGCCACAACTTTATCAGTGG

AB681 PMI40 promoter R, CAGAAGTCATGTTTTAAAATTTTCTGGTCTGATG

AB682 RRP6 F, ATTTTAAAACATGACTTCTGAAAATCCG

AB701 RRP6 R,TATCGATAAGCTTGATATCGTCACCTTTTAAATGACAGATTC

qABS88 HACIu R, CATCGTAATCACGGCTGGA

qAB91 HAC1u/s F, CCTGCCGTAGACAACAACAA

qAB135 HACIs R, TCAAACCTGACTGCGCTTCT

qAB124 HACI Tot FE, TACGTTCACACCTTCACCTCTG

qAB125 HACT Tot R, TCCGTCTTAAACATCTGCAGCT

qAB114 IRE1 E, ATTTCGGGAGCCAGAGTGTG

qAB115 IRE1 R, TGAAGCGCTAGGGGAACATC

qAB140 RLG1 F, TGGCAAAACAACAACTTCCCAG

qAB141 RLG1 R, CGCGGAATTGGTGATTGTTTCT

qAB98 SCR1 F, GTTCTGAAGTGTCCCGGCTATAA

qAB99 SCR1 R, CACCAGACAGAGAGACGGATTC

qAB8 188 E, ATCTTGTGAAACTCCGTCGTG

qAB9 188 R, CAAATTCTCCGCTCTGAGATG

qAB140 RLG1 F, TGGCAAAACAACAACTTCCCAG

qAB148 tLEU(CAA) E, GGTTGTTTGGCCGAGCGGTCTAAG

qAB150 tLEU(CAA) R, TATTCCCACAGTTAACTGCGGTC

qAB116 RRP6 F, CGCCACGATTTGTTATGCCA

qAB117 RRP6 R, TCTGGCGGACATGTTCAGTT

AB350 HAC1 R, AGCGTGGCTCTTTGAGGT

AB357 HAC1 F, AAGAAGAAGAGGCTTTTCAAGAATGC

qAB246 snR37 FE, GTGAGTGATGAGGAGCTTGC

qAB247 snR37 R, GAAACCGGAAACGAAATGAAAATTGTTAC

qAB248 snR37-ETs E TTTGTATACTTTCTCATTCCCATAATTTGTAGTGC

qAB249 snR37-ETs R, ATCTCGATATACGCACCGTACACG

Table 4. gPCR validation parameters

Slope of standard

Efficiency (%) curve y-intercept R-squared Cq +RT Cq noRT CqNTC
HAC1u qAB88/91 86.00-93.15 —3.7to —3.49 24.67-27.81 0.97-0.98 17.51-19.13 29.13-29.96 30.32-30.48
HAC1s gAB91/135 89.64-94.21 —3.46 to —3.59 24.53-24.70 0.96-0.98 17.23-18.78 30.79-30.60 31.25-31.49
HAC1Tot 97.83-97.94 —3.3748 to —3.37 24.00-27.81 0.99-0.99 16.71-20.59 27.88-30.17 30.40-31.64
qAB124/125
IRE1 qAB114/115 99.16-101.71 —2.9595 to —2.52 22.15-23.11 0.98-0.99 21.95-23.36 29.97-30.07 30.60-30.86
RLG1 95.17-97.87 —3.69 to —3.60 25.01-25.76 0.98-0.99 23.46-26.71 32.28-32.92 33.64-35.96
qAB140/141
SCR1 qAB98/99 94.30-96.65 —3.68 to —3.76 15.24-15.81 0.98-0.99 13.26-15.10 31.42-32.29 32.66-34.68
KAR2 83.42-96.94 —3.86 to —3.39 16.33-17.85 0.98-0.99 14.70-18.15 30.53-31.37 35.51-35.13
qAB104/105
PDI1 qAB 91.22-102.61 —3.55t0 —3.23 17.42-19.48 0.98-0.99 19.21-21.41 33.25-33.55 35.98-37.44
108/109
18S qAB8/9 97.18-103.97 —3.23 to —3.161 9.24-10.98 0.98-0.99 9.82-12.006 31.25-32.21 32.22-33.22
RRP6 qAB116/117 95.88-97.66 —3.42 to —3.37 21.95-22.11 0.98-0.99 20.89-23.72 32.36-32.41 32.54-32.65
SNR37 99.65-102.25 —3.45 to —3.431 28.21-28.99 0.98-0.99 21.15-23.54 36.54-37.69 37.87-38.10
qAB246/247
SNR37ETS 94.25-98.25 —3.08 to —3.06 40.25-40.2 0.98-0.99 25.31-34.60 36.33-37.20 37.35-37.40
qAB248/249
3'UTR HAC1 97.70-98.37 —3.47 to —3.43 32.38-33.24 0.95-0.97 25.10-26.72 31.34-31.85 31.44-31.54
AB357/350

carried out using divalent cations under elevated tempera-
ture in NEBNext First Strand Synthesis Reaction Buffer (5 x).
First strand ¢cDNA was synthesized using random hexamer
primer and M-MuLV Reverse Transcriptase (RNase H-). Sec-
ond strand cDNA synthesis was subsequently performed us-
ing DNA Polymerase I and RNase H. Remaining overhangs
were converted into blunt ends via exonuclease/polymerase
activities. After adenylation of 3’ ends of DNA fragments,
NEBNext Adaptor with hairpin loop structure were ligated
to prepare for hybridization. In order to select cDNA frag-
ments of preferentially 150~200 bp in length, the library frag-

ments were purified with AMPure XP system (Beckman Coul-
ter, Beverly, USA). Then 3 ul USER Enzyme (NEB, USA) was
used with size-selected, adaptor ligated cDNA at 37°C for 15
min followed by 5 min at 95°C before PCR. Then PCR was
performed with Phusion High-Fidelity DNA polymerase, Uni-
versal PCR primers and Index (X) Primer. At last, PCR prod-
ucts were purified (AMPure XP system) and library quality
was assessed on the Agilent Bioanalyzer 2100 system. A 150
bp read sequencing was Illumina sequenced with multiplex-
ing. A mean of 17.7 + 2.4 million passing Illumina quality
filter reads was obtained for each of the samples.The clus-



Table 5. Antibodies used in this study

Antibody Reference Dilution
Peroxidase AffiniPure Goat  Jackson ImmunoResearch - 1:10 000
Anti-Mouse IgG (H + L) 115-035-003

Peroxidase AffiniPure Goat Jackson ImmunoResearch — 1:10 000
Anti-Rabbit IgG (H + L) 115-035-144

Peroxidase AffiniPure Goat Jackson ImmunoResearch — 1:10 000
Anti-Rat IgG (H + L) 115-035-143

Anti-Pdil Invitrogen — MAI-10 032 1:2000
Anti-Pab1 Abcam - ab 189 635 1:10 000
Anti-Tub1 Santa Cruz —sc 53 030 1:2000
Anti-Hacl Peter Walter (5) 1:8000
Anti-Rrp6 T.H Jensen 1:2000

tering of the index-coded samples was performed on a cBot
Cluster Generation System using PE Cluster Kit cBot-HS (Illu-
mina) according to the manufacturer’s instructions. After clus-
ter generation, the library preparations were sequenced on an
[llumina platform and paired-end reads were generated.

Next-generation sequence analysis

For RNA-seq analysis, raw data were processed through in-
house scripts. Paired-end clean reads were mapped to the ref-
erence genome using HISAT?2 software. Reads were aligned to
the S. cerevisiae reference genome (SaCer3). HTSeq software
was used to analyze the gene expression levels in this experi-
ment, using the union mode. Differential expression analysis
between two conditions (three biological replicates per condi-
tion) was performed using DESeq2, R package. The resulting
P-values were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with
an adjusted P-value < .05 found by DESeq2 were assigned as
differentially expressed.

Protein analyses

Cells grown to ODgpp = 0.4 were treated or not with ER
stress-inducing agents for the indicated time. For each time
point, 10 OD of cells were collected and precipitated with
20% trichloroacetic acid (TCA; Sigma). Cells were pelleted
and washed in 20% TCA at 4°C, and snap frozen in liquid
nitrogen. After resuspension in 200 pl of TCA 20% cells dis-
ruption was performed by bead beating at 4°C in the presence
of 100 pul of acid washed glass beads (Sigma). After beads re-
moval, samples were clarified by centrifugation at 11 000 x g
for 10 min and pellets were resuspended in Laemmli buffer,
heated for 5 min at 95°C. Protein samples were separated
by sodium dodecyl sulphate—polyacrylamide gel electrophore-
sis and transferred onto a nitrocellulose membrane that was
probed with the relevant antibody. Proteins were detected by
chemiluminescence (SuperSignal™ West Pico/Femto Chemi-
luminescent Substrate, Thermo Fisher) and images were cap-
tured with the FUSION FX imaging system (Vilber) or a
ChemiDoc MP Imaging System (Bio-Rad). Antibodies used in
this study are described in Table 5.

Statistics and reproducibility

Every depicted blot represents one of at least three inde-
pendent experiments. Plots and statistical analysis were per-
formed using Excel (Microsoft) for qRT-PCR analysis or
Prism (Graphpad) for RNA-seq analysis. Statistic tests and P-
values are described in the figure legends. Significance of the
observed differences (*P-value = .01-.05; **P-value = .001-
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.01; ***P-value < .001). For each experiment, the value of
every data point as well as P-values are provided in the source
data file and the figure legend.

Results

Cells inactivated for the exonuclease activities of
the RNA exosome show increased resistance to ER
stress

To investigate how Rrp6 influences the UPR, we first analyzed
the physiological consequences of RRP6 inactivation. Under
basal conditions, rrp6A cells presented a growth defect that
was rescued upon expression of wild-type RRP6 but not the
catalytically inactive allele r7rp6D238A as previously reported
[35,36]. Examination of cells’ growth and viability in the pres-
ence of Tm, a well-established inhibitor of N-linked glycosyla-
tion that induces the accumulation of unfolded proteins in the
ER, confirmed that cells inactivated for RRP6 display better
growth (Fig. 1A) and viability (Fig. 1B) than wild-type (WT)
cells and revealed that this resistance depends on Rrp6 cat-
alytic activity [35] (Fig. 1A). Resistance to Tm was also ob-
served when Rrp6 was depleted through an Rrpé auxin de-
gron [33] (Fig. 1C and Supplementary Fig. S1A and B) or
when its ribonucleolytic activity was inhibited by growth in
the presence of the pyrimidine analog 5-fluorouracil (5FU)
[37, 38] (Fig. 1D and Supplementary Fig. S1C). In cells in-
activated for LRP1/RRP47, which encodes a Rrp6 co-factor
whose direct interaction with Rrpé6 stabilizes it [39, 40] or for
TRF4, a polyA-polymerase component of the TRAMP com-
plex that stimulates the exonuclease activity of the RNA exo-
some [41, 42], resistance to Tm was also observed, although
to a lesser extent than for rrp6 A cells (Fig. 1E). Noteworthy, in
these cells, the steady-state level of Rrp6 was decreased com-
pared to that of WT cells (Supplementary Fig. S1D). These
results collectively suggest that the Tm resistance phenotype
observed upon RRP6 inactivation does not result from a sec-
ondary mutation but from the absence of its catalytic activity.
We next addressed whether the inactivation of Dis3, the other
catalytic subunit of the RNA exosome that displays both endo
and exonuclease activities (see positions of the catalytic sites’
mutations on Fig. 1F, upper panel), similarly conferred resis-
tance to ER stress. Because the combined inactivation of both
Dis3 catalytic domains is lethal [43], we first compared the
Tm sensitivity of strains constitutively expressing either the
D171N mutation in the endonucleolytic domain (endo-) or
the wild-type allele (DIS3) [44] (Fig. 1F, middle panel). We
then used strains expressing the D551 mutation in the exonu-
cleolytic domain (dis3 exo-), the D551 and D171N mutations
(dis3 endo-exo-) or wild-type DIS3, in a background allow-
ing the repression of wild-type DIS3 through a doxycycline
repressible promoter (Fig. 1F lower panel, S1E) [43]. While
dis3 endo- cells showed similar Tm sensitivity to wild-type,
dis3 exo- cells were more resistant, albeit to a lesser extent
than 77p6A cells. This difference in ER stress resistance ob-
served among RNA exosome mutants is consistent with the
fact that the two catalytic subunits of the complex have both
overlapping and specific roles in degrading distinct classes of
substrates [29]. Cells inactivated for both the endo and ex-
onucleolytic domains presented a growth defect that was in-
dependent of the presence of Tm in the growth medium.
Finally, to probe for the specificity of this phenotype, we an-
alyzed the Tm sensitivity of a sample of RNA metabolism mu-
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Figure 1. Cells inactivated for the exonuclease activities of the RNA exosome show increased resistance to ER stress. (A) ER stress sensitivity assay:
five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on selective media containing (+ER stress) or not (—ER stress) 0.6 pug/ml Tm.
(B) Viability assay. Exponentially growing cells were treated or not with 1 pg/ml Tm for 24 H and stained with PI. The percentage of Pl negative cells is
plotted. A minimum of 300 cells per condition were counted. n = 4 independent experiments, mean =+ standard deviation (SD). Unpaired one-tail t-test.
(P-values for Tm relative to Untreated: 3.01E-07 1.23E-03, and 1.49E-07 for WT, rmp6A, and ire1A respectively. P-values for mutants relative to WT upon
Tm treatment: 1.68E-03 and 8.15E-06 for rrp6A, and ire1A). (C) Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on YPD media
containing 0.6 pg/ml Tm or 0.6 ng/ml Tm plus 500 uM indole-3-acetic acid (IAA). (D) Five-fold serial dilutions of the indicated strains grown for 3 days at
30°C on YPD media containing 0.6 pg/ml Tm or 0.6 nug/ml Tm plus 6 uM 5FU. Note that 5FU does not affect the growth of these strains on YPD
(Supplementary Fig. S1C) nor that of rmp6A cells on YPD +Tm as expected. (E) Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C
on YPD media containing or not 0.6 pg/ml Tm. (F) Up: Scheme showing the positions of the mutations inactivating the endonucleolytic and
exonucleolytic activities of Dis3. Middle: Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on SC-LEU media with or without 0.6

ug/ml Tm. Down: Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on SC-LEU media containing 10 pug/ml doxycycline with or
without 0.6 pg/ml Tm.
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tants previously reported as ‘resistant’ in genome-wide anal-
ysis [30]. We observed resistance to Tm neither for cells de-
prived of the tRNA:pseudouridine synthase Degl [45], nor of
the tRNA exportin Los1 [46], nor of the nonsense-mediated
mRNA decay factor Nmd2 [47], nor the §'-3’ exonuclease
Xrn1 [48] (Supplementary Fig. S1F). Because they target dis-
tinct RNA substrates, these different enzymes are unlikely to
impact the HAC1 splicing machinery similarly. Collectively,
these results suggest that resistance to ER stress does not result
from global RNA metabolism alterations but is rather specific
to compromised exonucleolytic activity of the RNA exosome.

The ER stress resistance of cells lacking RRP6 is
UPR dependent and does not result from an
increased pool of spliceable HAC1 transcripts

Although consistent with previous reports [30, 31], the phe-
notype of r7p6A cells was intriguing because it is opposite
to that observed for isw1A cells [12]. Given the central role
of Rrp6 in pre-rRNA processing [49, 50] and the reported
protective effect of cycloheximide-induced inhibition of pro-
tein synthesis or ribosome deficiency toward ER stress [51],
we asked whether the resistance of r7p6A cells could result
from defective ribosomal RNA maturation, independently of
the UPR. Contrary to cells inactivated for ribosomal protein
genes, which show resistance to ER stress even upon UPR in-
activation [51], we observed that IRE1 inactivation sensitized
rrp6A cells to ER stress (Fig. 2A), indicating that their ER
stress resistance is UPR dependent, and suggesting that it does
not simply result from defective rRNA biogenesis.

The resistance of r7p6A cells to ER stress was proposed
to arise from HACI mRNA stabilization, resulting in an in-
crease in the pool of full-length transcripts harboring a 3'BE
sequence and thus competent for Irel-mediated splicing [31]
(Fig. 2B). Using phenanthroline to inhibit transcription, we
compared the stability of the unspliced (HAC1u for unspliced)
and spliced (HACIs for spliced) forms of the HACT transcript
by monitoring their expression level by RT-qPCR using previ-
ously described specific primers [12] (Fig. 2C). In the absence
of ER stress, we observed a stabilization of HACTu in rrp6A
cells compared to WT, as previously described [31]. How-
ever, DTT—a reducing agent and potent ER stress-inducer that
blocks disulfide bonds’ formation—stabilized HACTu such
that its stability was indistinguishable between WT and r7p6 A
cells. Similarly, no difference in the stability of HACIs was
detected in the presence of DTT between WT and rrp6A
cells (Fig. 2D and Supplementary Fig. S2A). We also exam-
ined the stability of PMA1 and CYC1, two UPR-unrelated
transcripts previously reported as Rrpé6-sensitive and insen-
sitive, respectively [52]. PMA1, like HAC1, was stabilized
upon RRP6 inactivation and ER stress, while their effects on
CYC1 stability were modest. In addition, CYC1 transcript
presented similar decay rates under control and ER stress con-
ditions, indicating that phenantroline treatment equally af-
fected transcription under these different experimental set-
tings (Supplementary Fig. S2B). Finally, we sought to identify
an increased pool of full-length 3'BE-containing HAC1 tran-
script in 7rp6 A compared to WT cells using RT-qPCR (see Fig.
2E lower panel for primers positions). However, no difference
in the abundance of the 3'BE-containing 3'UTR relative to the
5" end of the HACT transcript could be detected under basal
conditions by RT-qPCR in WT or r7p6A cells. In contrast, in
the same samples, the accumulation of previously reported ex-
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tended snR37 transcripts [53] was readily detected in 77p6A
cells compared to WT (Fig. 2E).

Together, while confirming that in the absence of ER stress,
HACT mRNA stability is influenced by Rrpé, these results in-
dicate that RRP6 inactivation increases cells’ resistance to ER
stress in a UPR-dependent manner and that stabilization of
the HACI transcript may not be solely responsible for this
resistance.

RRP6 inactivation fosters restoration of ER
homeostasis and UPR termination

Having previously reported that the kinetics of ER homeosta-
sis recovery was delayed in cells with increased sensitivity to
ER stress, we next asked whether conversely, cells with in-
creased resistance to ER stress would show faster ER home-
ostasis recovery. To this aim, we used an established assay
monitoring the glycosylation state of protein disulfide iso-
merase 1 (Pdil) as a read-out for the ER folding status during
a UPR time-course [12]. In this previously set up UPR time-
course, ER stress was induced by a 2-hour Tm treatment that
does not affect cell viability (Supplementary Fig. S3A), fol-
lowed by a wash of the drug from the medium, thereby allow-
ing analysis of the activation and termination phases of the
UPR (Fig. 3A). Pdil is an ER luminal molecular chaperone
that catalyzes disulfide bonds’ formation and contains five ac-
ceptor sites for N-glycans. As previously observed [12], Tm
treatment inhibited Pdil glycosylation, detected after 2H as
two bands corresponding to the fully glycosylated and ungly-
cosylated forms of the protein in both WT and rrp6A cells.
Upon removal of the drug, Pdil progressively recovered its
initial glycosylation status in both cell types. Strikingly, the
recovery was faster in rrp6A cells than in WT (Fig. 3B and
C), suggesting that in these cells, the re-establishment of the
oxidative protein folding capacity of the ER was accelerated
compared to WT cells, in line with their enhanced resistance
to Tm.

To elucidate the grounds for the resistance of r7p6A cells
to ER stress, we set out to analyze their transcriptional UPR
output, using the above described Tm time-course that allows
to observe complete UPR activation and deactivation within
6H by RT-qPCR [12] (Fig. 3A). In WT cells, as expected, Tm
induced the production of the spliced form of HAC1, HACls,
which reached a maximum after 2H and was followed by a
gradual decline upon wash of the drug (Supplementary Fig.
S3B). In the absence of ER stress, the basal level of HACIs
was increased in r7p6 A cells compared to WT, which likely re-
sults from the stabilization of the transcript and its subsequent
splicing by Irel basal activity [54] (Supplementary Fig. S3B).
In contrast, during the adaptation phase of the UPR, the level
of HACIs was significantly reduced in rrp6A compared to
WT cells (Supplementary Fig. S3B). In addition, the fold in-
duction of HACIs was significantly lower in 77p6 A cells than
in WT cells (Fig. 3D). As such, the percentage of spliced HAC1
(% HACIs) was significantly decreased in rrp6A cells com-
pared to WT (Fig. 3E) and, accordingly, the expression of the
Hac1 protein (Fig. 3F) and of KAR2 and PDI1, two bona
fide Hacl transcriptional targets (Fig. 3G), decreased faster
in r7p6A compared to WT cells in the course of the experi-
ment. It is worth noting that the increased basal HACTs level
observed in 7rp6 A cells was insufficient to allow for the detec-
tion of the Hac1 protein in the absence of stress (Fig. 3F lane
2). To further corroborate these results, genome-wide expres-
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Figure 2. The ER stress resistance of cells lacking RRP6 is UPR dependent and does not result from an increased pool of spliceable HACT transcripts.
(A) The Tm resistant phenotype of rrp6A cells is Ire1 dependent: five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on YPD media
containing or not 0.6 ug/ml Tm. (B) Schematic illustration of a proposed model [31] according to which the exonucelase activity of Rrp6 generates a
pool of nonspliceable HACT transcipts devoid of the 3'BE element, that allows targeting to Ire1 for optimal splicing. (C) Scheme depicting the principle of
transcripts stability analysis: rrp6A and WT cells were treated (+ER stress) or not (—ER stress) with DTT for 1H and transcription was inhibited by
addition of 0.2 mg/ml phenanthroline (t = 0). Samples were collected for analysis at t = 0’, 15/, and 30’. RT-qPCR analyses were performed using
primers specific for the unspliced (HACT7u, blue) and spliced (HACTs, green) forms of HACT mRNA. (D) RT-gPCR analysis of HACTs and HACTu mRNA
levels in WT and rrp6A cells, in n = 6-9 independent experiments, mean + SD. Unpaired one-tailed t-tests (No ER stress HACTu P-values rrp6A relative
to WT. 5.81E-04, 1.04E-02; ER stress HACTu P-values rrp6A relative to WT. 1.5.E-01, 6.1.E-02; ER stress HACTs P-values rrp6A relative to WT: 3.27.E-01,
3.77E-01). Unnormalized values are presented in Supplementary Fig. S2A. (E) RT-gPCR analysis of the expression of 3’ versus 5" ends of HACT and
snR37 transcripts in n = 7 independent experiments, mean + SD. Unpaired one-tailed t-tests (WT P-values 3’ relative to 5": 4,10E-01 and 6,70E-04 for
HAC1 and snR37 respectively; rrp6A P-values 3’ relative to 5": 3,87E-01 and 1,04E-04 for HACT and snR37).
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Figure 3. RRP6 inactivation fosters restoration of ER homeostasis and UPR attenuation. (A) Tm UPR time course experimental setting: exponentially
growing cells were treated with 1 pg/ml Tm for 2H, washed, and resuspended in Tm free medium. Samples were collected at t = —2H (Untreated),
t=0(Tm 2H), t = 1H (Wash 1H), t = 2H (Wash 2H), t = 3H (Wash 3H), and t = 4H (Wash 4H) for analysis of Pdi1 glycosylation status by western blot or
for analysis of HACT mRNA splicing and expression of UPR target genes by RT-gPCR using the depicted primers. (B) Pdi1 reglycosylation during Tm
UPR time course. Total protein extracts from WT and rrp6A cells collected during Tm UPR time courses were analyzed by western blot with anti-Pdi1
antibodies. (C) The level of fully deglycosylated Pdi1 was quantified across five independent Tm UPR time course. n =5, mean + SD. Unpaired one-tail
t-test (P-values relative to WT. 3.42E-01, 2.94E-03, and 2.93E-02 for Tm 2H, Wash 2H, Wash 4H, respectively). (D) Fold induction of HACTs in rrp6A and
WT cells. n =7 independent experiments, mean + SD. Unpaired one-tail t-test (P-values relative to WT: 4.19E-03, 4.29E-03, 762E-04, 3.61E-03 and
1,20E-02 for Tm 2H, Wash 1H, Wash 2H, Wash 3H, Wash 4H, respectively). Unnormalized values are presented in Supplementary Fig. S3B. (E) The
percentage of spliced HACT was calculated from the values obtained in Supplementary Fig. S3B. n = 5 independent experiments, mean + SD. Unpaired
one-tail ttest (P-values relative to WT: 4.16E-01, 8.09E-02, 6.83E-03, and 5.60E-02 for Untreated, Tm 2H, Wash 1H, Wash 2H, Wash 3H, Wash 4H,
respectively). (F) Total protein extracts from WT and rrp6A cells treated or not with 1 ug/ml Tm for 2 H were analyzed by western blot with anti-Hac1
and Pab1 (loading) antibodies. The level of Hac1 and Pab1 was quantified. n = 4 independent experiments, mean + SD. Unpaired one-tail t-test (P-values
relative to WT: 3.33E-01, 1.92E-03, 3.39E-02, 3.68E-04 at Tm 2H, Wash 2H, Wash 3H, respectively). (G) RT-qPCR analysis of the expression levels of
KARZ and PDI1 normalized by SCR1 relative to WT, in WT and rrp6A cells during the Tm UPR time course depicted in panel (A). n = 5 independent
experiments, mean 4+ SD. Unpaired one-tail t-test (P-values relative to WT. 2.95E-01, 1.70E-03, 3.22E-02, 3.37E-06, 5.25E-09, and 5.73E-06 for KARZ2 and
6.14E-02, 2.07E-01, 2.28E-02, 9.04E-06, 1.66E-04, and 9.57E-03 for PDI17). () Whisker plots of expression fold change (log, FC) for all UPR (defined in [7])
and non-UPR target genes at Tm 2H and Wash 3H relative to untreated in WT and rmp6A cells. Boxes extend from the 25th to 75th percentiles. The line
in the middle of the box is plotted at the median. Median values are provided below each box. Whiskers are plotted down to the minimum and up to the
maximum value, and each individual value is plotted as a point superimposed on the graph. n = 3 independent biological replicates. Unpaired two-tailed

Mann-Whitney test (P-values for UPR targets: 0.38 and < 1.00E-04 for Tm 2H and Wash 3H, respectively; P-values for non-UPR targets: 0.0201 and
0.9346 for Tm 2H and Wash 3H, respectively).
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sion profiling of WT and rrp6A cells was performed across
similar (Untreated, Tm 2H, Wash 3H) UPR time courses (Fig.
3H). This revealed that the expression fold-change of UPR tar-
get genes relative to untreated conditions was similar in WT
and rrp6 A cells after a 2-hour Tm treatment, confirming that
UPR is similarly induced in both cell types. Strikingly, during
the deactivation phase of the UPR (Wash 3H), the expression
fold-change of UPR target genes relative to untreated condi-
tions was significantly lower in 77p6A compared to WT cells,
indicating that RRP6 inactivation coincides with faster UPR
deactivation. Of note, no significant difference was observed
in the expression fold-change of non-UPR target genes relative
to untreated conditions, neither after a 2-hour Tm treatment
nor 3H after wash and removal of Tm from the medium, be-
tween WT and 77p6 A cells. Hence, this underlies the specificity
of RRP6 inactivation on the kinetics of UPR genes’ expression
attenuation. Finally, triggering the UPR with DTT recapitu-
lated the effect of Tm (Supplementary Fig. S3D-G), indicat-
ing that the phenotype of r7p6 A cells is not specific to Tm but
rather to ER stress. Thus, RRP6-inactivated cells activate the
UPR to a similar extent as WT cells but terminate it faster and
are more resistant to ER stress.

Shorter UPR signaling rather than hormesis allows
rrp6A cells resistance to ER stress

Conditions that induce mild ER stress can engage adaptative
signaling events, thereby conferring cells’ resistance to higher
doses of ER stress, a phenomenon referred to as ER hormesis
[55-57]. The higher basal expression of HACIs observed in
cells inactivated for RRP6 compared to WT (Supplementary
Fig. S3B right, compare HAC1s mRNA Untreated for WT and
rrp6A) suggested that RRP6 inactivation may confer protec-
tion against ER stress through hormesis. To address this possi-
bility, we sought to analyze the resistance to ER stress of rrp6.A
cells displaying the same basal level of spliced HACT as WT
cells. Guided by our transcriptional analysis that indicated a
similar level of HACIs between both strains after a 2-hour
Tm induction followed by a wash of the drug and subsequent
growth in a Tm-free medium for 4H (Supplementary Fig. S3B
right, compare HAC1s mRNA Wash 4H for WT and r7p6A),
we preconditioned WT or 7rp6 A cells using this protocol (Fig.
4A) and subsequently analyzed their sensitivity to Tm. Un-
der this regimen, r7p6 A cells still showed increased resistance
to ER stress compared to WT (Fig. 4B), indicating that basal
UPR induction is not the main driver of r7p6A cells’ resis-
tance to ER stress. Interestingly, the absence of a direct causal
relationship between basal UPR activity and resistance to ER
stress is also supported by our former results showing that de-
spite increased basal HACIs expression, iswlA cells display
increased ER stress sensitivity [12].

We next asked whether the Tm resistance phenotype of
rrp6A cells could alternatively result from their faster UPR
deactivation. To this aim, we created an Irel version that
contained an auxin-inducible degron (AID) module that can
be depleted on-demand by auxin addition. The AID tag
was inserted into the cytosolic portion of Irel adjacent
to its transmembrane region to preserve the protein func-
tion (Supplementary Fig. S4A). Cells expressing this AID-
tagged version of Irel showed WT resistance to ER stress
(Supplementary Fig. S4B), indicating an unaltered ability to
activate UPR. When the Tir1 F-box protein from Oryza sativa
(OsTirl) was expressed in these cells, Ire1-AID was rapidly

depleted upon auxin addition (Fig. 4C). As expected, when
plated onto Tm-containing plates in the presence of TAA
(auxin), they showed marked sensitivity to Tm, comparable
to that of irel A cells (Fig. 4D, +Tm +IAA). Using this sys-
tem to force UPR termination artificially, we analyzed cell vi-
ability after 24H Tm treatment upon continuous UPR signal-
ing or when UPR was interrupted 2H after Tm addition (Fig.
4E) via auxin-mediated Irel degradation. Strikingly, the via-
bility of cells for which UPR was prematurely interrupted by
auxin addition (Fig. 4F, left panel)—and therefore following
Ire1 degradation (Supplementary Fig. S4C)—was significantly
increased compared to those with natural UPR termination.
Importantly, auxin did neither affect the viability of unstressed
IRE1-AID cells nor that of stressed or unstressed irel A cells
(Fig. 4F, right panel).

Altogether, these data indicate that premature UPR termi-
nation benefits cell survival upon ER stress and suggest that
premature UPR termination in 77p6A cells significantly con-
tributes to their increased resistance to ER stress.

Reduced HACT splicing in rrp6A cells stems from
an out titration of its splicing machinery

Next, we investigated the molecular mechanisms underlying
the reduced splicing of HAC1 mRNA observed in r7p6 A cells
compared to WT during Tm-induced UPR time courses (Fig.
3D). We reasoned that it could, in principle, result from either
a reduced expression of HACI mRNA splicing machinery
(Irel, Trl1/Rlg1) or from a decrease in its activity. However,
RT-qPCR analysis of TRL1/RLGI1 and IRE1 expression
levels in the same Tm time courses that unveiled a signifi-
cantly decreased expression of UPR target genes revealed no
significant differences between WT and r7p6A cells (Fig. SA),
suggesting that the decreased HACI mRNA splicing observed
in 77p6A cells is likely driven by defective splicing activity.
Given that reduced accumulation of HAC1s mRNA cannot
directly reflect the loss of Rrp6 activity and in light of recent
studies demonstrating how the unscheduled persistence of un-
processed RNAs caused by RRP6 inactivation can sidetrack
cellular RNA-binding proteins from their normal func-
tion [58-61], we hypothesized that such RNA species
could similarly divert the HACI mRNA splicing
machinery.

First, since tRNAs are processed by Rrp6 and given that
both tRNAs and HACT1 mRNA are Trl1/RIg1 substrates, we
considered the possibility that Trl1/Rlg1 activity was limiting.
We reasoned that if Trl1/RlIg1 activity is limiting in 77p6 A cells
due to an excess of pre-tRNA, it should be possible to reca-
pitulate the effect of RRP6 inactivation by artificially increas-
ing the level of intron-containing pre-tRNA. To this aim, we
took advantage of cells expressing a mutant version of SEN2,
which encodes a catalytic subunit of tRNA splicing endonu-
clease [46] and was reported to accumulate large amounts of
cytoplasmic pre-tRNA [62, 63] at the restrictive temperature
(37°C). Monitoring pre-tRNA accumulation in sen2-42 cells
by RT-qPCR using primers specific for the unspliced forms
of the tRNA LEU(CAA) not only confirmed this phenotype
at restrictive temperature (Supplementary Fig. S5A) but also
unexpectedly revealed significant accumulation of pre-tRNA
LEU at 23°C in sen2-42 cells compared to WT (Fig. 5B).
Strikingly, sen2-42 cells presented a marked resistance to Tm
at both 23°C (Fig. 5C) and 37°C (Supplementary Fig. S5B),
which correlated with a reduction of HAC1 mRNA splicing
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Figure 4. Limiting the duration of UPR signaling improves cells resistance to Tm. (A) Experimental setting: Exponentially growing cells are diluted to
0ODB600 = 0.5, treated or not with 1 pg/ml Tm for 2H, washed and resuspended in Tm free media. After 4H, a time at which rrp6A cells express similar
HAC s level than WT cells (Fig. 3E), cells are collected and their sensitivity to Tm is analyzed. (B) The Tm resistance of rrp6A cells does not result from
their increased basal expression of HACTs compared to WT cells. Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on media
containing (+ER stress) or not (—ER stress) 0.6 pg/ml Tm. (C) Total protein extracts from /RET-AID cells expressing OsTir1 collected under untreated
conditions and 20, 40, and 60 min after IAA treatment (500 uM) were analyzed by western blot with anti-HA (Ire1), and anti-Tub1 (loading) antibodies. (D)
Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on YPD media containing (+ER stress) or not (—ER stress) 0.6 pug/ml Tm in the
absence(—IAA) or presence of 500 uM IAA (+IAA). (E) Experimental setting: Exponentially growing cells are treated (+Tm) or not (—ER stress) with 1
png/ml Tm. After 2H, 500 uM IAA were added to the cultures to trigger Ire1-AlD degradation (+IAA) and thus interrupt UPR signaling or not (—IAA). Cells
were collected at 24H for viability analysis. (F) Cells collected after the experimental treatment depicted in panel (E). were stained with PI. The
percentage of viable cells (Pl negative) is plotted. A minimum of 300 cells per condition were counted. n = 4 independent experiments, mean + SD.
Unpaired one-tail t-test (P-values +IAA relative to —IAA Ire1-AID: 4.61E-01, 1.64E-04 for Untreated and overnight Tm conditions, respectively; P-values
+IAA relative to —IAA ireTA: 4.80E-01 and 4.08E-01 for Untreated and overnight Tm conditions, respectively).
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Figure 5. The ER stress resistance of rmp6A cells stems from an out titration of HACT mRNA splicing machinery. (A) The expression level of /RET and
RLGT relative to 18S during Tm UPR time-course was measured by RT-gPCR in the indicated strains. n = 5 independent experiments, mean + SD.
Unpaired one-tailed t-tests (P-values for /IRET: 2.28E-01, 6.69E-02, 2.21E-01 for Untreated, Tm 2H, Wash 3H, respectively; P-values for RLGT: 4.38E-01,
1.65E-01, 4.89E-01 for Untreated, Tm 2H, Wash 3H, respectively). (B) RT-gPCR analysis of pre-tRNA LEU (CAA) in WT and sen2-42 cells grown at 23°C
using the depicted primers in untreated conditions or after a 4H Tm treatment. n = 5 independent experiments, mean + SD. Unpaired one-tail t-test
(P-values relative to WT: 3.12E-03 and 3.65E-02 in untreated and Tm 4H conditions, respectively when normalized to WT and 3.12E-02 and 1.09E-01
without normalization (relative to SCRT)). (C) Five-fold serial dilutions of the indicated strains grown for 3 days at 23°C on YPD media containing (+Tm) or
not (—Tm) 0.6-0.8 pug/ml Tm. (D) HACT mRNA splicing evaluated by RT-gPCR in WT and sen2-42 cells grown at 23°C as in Fig. 3E. n =5 independent
experiments, mean + SD. Unpaired one-tail t-test (P-values relative to WT: 6.62E-10 and 1.81E-03 in untreated and Tm 4H conditions, respectively when
normalized to WT and 1.15E-03 and 8.02E-02 without normalization). (E) Overexpression (OE) of /RET and RLG1 sensitizes rrp6A cells to Tm. Five-fold
serial dilutions of the indicated strains grown for 3 days at 30°C on media containing (+ER stress) or not (—ER stress) 0.6 pug/ml Tm. (F) HACT mRNA
splicing was analyzed as previously described in WT and rrp6A cells overexpressing (OE /RET, RLGT +) or not (OE IRE1, RLGT) IRET and RLG1 upon
untreated conditions or upon 4H 1 pug/ml Tm treatment (+ER stress). n = 5 independent experiments, mean + SD. Unpaired one-tail t-test (P-values
relative to No OE: 1.70E-02, 7.55E-04 for WT and rrp6A cells, respectively, in untreated conditions; 2.40E-01 and 2.84E-02 for WT and rrp6A cells,
respectively, upon 4H Tm treatment). (G) Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on media containing (+Tm) or not
(=Tm) 0.6 pug/ml Tm.



(Fig. 5D, 23°C, and Supplementary Fig. S5C, 37°C) at both
temperatures.

In the same line, ER stress was previously reported to induce
Maf1-dependant repression of tRNA synthesis [64]. Accord-
ingly, a significant reduction of pre-tRNA Leu was observed
upon 4H Tm treatment in wild-type cells [Supplementary Fig.
S5D, pre-tRNA(Leu) relative to untreated], while under the
same treatment, cells inactivated for the RNA Polymerase
III repressor Maf1 or Rrp6 showed significant accumulation
of pre-tRNA-LEU (Supplementary Fig. S5D). Notably, this
Maf1-dependant repression of tRNA synthesis may explain
the reduced pre-tRNA-LEU accumulation observed in sen2-
42 cells upon Tm treatment compared to untreated conditions
(Figs. 5B and Supplementary Fig. S5A). Again, this accumula-
tion of pre-tRNA was accompanied by increased resistance to
Tm—that was less pronounced for maf1 A cells than for rrp6 A
cells (Supplementary Fig. SSE)—and a significant reduction
of the percentage of spliced HACT in rrp6A and maf1A cells
compared to WT cells (Supplementary Fig. SSF), reinforcing
the possibility of causal relationship between pre-tRNA accu-
mulation and reduced HAC1 mRNA splicing.

As such, Trl1/RIgl OE (Supplementary Fig. S5G)
slightly but consistently re-sensitized rrp6A cells to Tm
(Supplementary Fig. S5H). However, the Tm sensitiv-
ity of TRL1/RLG1 overexpressing rrp6A cells did not
reach that of WT cells (Supplementary Fig. SS5H, com-
pare r7p6A+pcupTRLT to WT). This prompted us to test
whether the activity of Irel was similarly impeded in rrp6A
cells by the accumulation of unprocessed RNA species.
Indeed, when Trl1/Rlgl and Irel were co-overexpressed
(Supplementary Fig. S51I), the sensitization of 77p6A to ER
stress was now more pronounced (Fig. 5E), reaching that of
WT cells co-overexpressing Trl1/Rlgl and Irel. Together,
this indicates that the activity of Irel, like Trl1/RlIg1, is hin-
dered in 77p6A cells. In addition, analysis of HAC1 mRNA
splicing (Fig. SF) revealed that co-overexpression of Irel
and Trl1/Rlgl increased HAC1 splicing in both wild-type
and r7p6A cells in the absence of ER stress. However, upon
4H Tm treatment, increased HACT mRNA splicing was only
observed in r7p6A cells, likely because splicing had already
reached a maximum in wild-type cells and supporting that
HAC1T mRNA splicing is limited in rrp6 A cells.

Finally, expressing an intron-less form of HACI (haclAi)
as the sole form of HACT in WT and rrp6A cells resulted
in opposite phenotypes: it increased the Tm resistance of
WT cells while sensitizing rrp6A cells to ER stress (Fig. 5G).
This indicates that when they express the same level of Hacl
(Supplementary Fig. S5]), rrp6 A cells no longer have a growth
advantage in the presence of ER stress and it further empha-
sizes the key influence of splicing lessening on 77p6 A cells’ ER
stress resistance phenotype.

Collectively, these results support that limitation of UPR
signaling, via a reduction of HACT splicing mediated by an
out-titration of its splicing machinery, is a central mechanism
that allows rrp6 A cells to better cope with ER stress than wild-
type cells.

Rrp6 cooperates with Isw1 for accurate UPR
deactivation

Previously, we demonstrated cooperation between the ribonu-

cleolytic activity of Rrp6 and the mRNA nuclear retention
activity of Isw1 for optimal quality control of mRNA bio-
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genesis [65]. To investigate how their respective activities in-
tegrate to control the UPR duration, we analyzed the pheno-
type of iswlA rrp6A cells. Upon RRP6 inactivation, iswlA
cells, which are more sensitive to ER stress than WT (Fig. 6A
and [12] became resistant to ER stress (Fig. 6A) and their ki-
netics of UPR termination was similar to that of r7p6A cells
(Fig. 6B and Supplementary Fig. S6A). This epistatic relation
indicates that the physiological consequences of excess cyto-
plasmic HAC1 mRNA resulting from ISW1 inactivation are
overcome in the absence of RRP6 through splicing inhibition.
Conversely, limiting the nuclear export of the constitutively
spliced form of HAC1 mRNA (haclAi) by overexpressing
ISW1 [12] fostered the resistance of rrp6A haclAi cells to
ER stress (Fig. 6C). Hence, the genetic alteration of the ex-
pression level of one of these two partners is sufficient to in-
fluence the UPR phenotype of cells inactivated for the other
partner.

To investigate whether and how these factors shape the
UPR in a wild-type context, we sought to analyze how ER
stress influences their expression. We already reported that
Isw1 is induced during the UPR, which provides a negative
feedback loop, critical for accurate UPR abatement [12]. Con-
versely, the expression of RRP6 was significantly decreased
both at the mRNA and protein levels upon Tm treatment
compared to untreated conditions (Supplementary Fig. S6B
and C), as previously reported [31]. This decrease is consis-
tent with the specific stabilization of Rrp6-sensitive transcripts
upon ER stress (Supplementary Fig. S2B) and designates phys-
iological downregulation of RRP6 expression as part of the
shutdown mechanism of UPR signaling. To assess the signifi-
cance of this downregulation, we analyzed the stress sensitiv-
ity of cells expressing RRP6 under the control of the promo-
tor of a UPR gene with similar transcription under basal con-
ditions [66], PMI40, to prevent its ER stress-induced down-
regulation. Expectedly, under basal conditions, the steady-
state level of Rrp6 was comparable in cells expressing the
chimeric construct and wild-type cells. In contrast, Tm treat-
ment respectively induced a decrease and an increase in Rrp6
level in WT and mutant cells (Fig. 6D). Strikingly, impair-
ment of the natural decline of Rrp6 expression upon ER stress
led to a decreased resistance to Tm, even more pronounced
than in WT cells (Fig. 6E, compare 77p6A+ppmisoRRP6 to
17p6 A+pRRP6).

Altogether, our results bring to the fore RNA metabolism,
namely RNA export, and degradation, as significant instruc-
tors of UPR duration (Fig. 6F). Limitation of HACT mRNA
cytoplasmic splicing is achieved through ER stress-mediated
induction of Isw1, which restricts HACI mRNA nuclear ex-
port, as well as through the inhibition of HAC1 mRNA splic-
ing machinery resulting from ER stress-induced Rrp6 down-
regulation.

Discussion

While the UPR serves a protective function toward defective
ER proteostasis, the toxicity of prolonged or inappropriate
UPR signaling is increasingly recognized, even in the absence
of apoptotic induction [67]. Through meticulous analysis of
the transcriptional UPR output in yeast cells inactivated for
Rrp6 and Iswl, two actors of nuclear RNA quality control,
our work reveals how seemingly modest variations in the level
and duration of UPR activation can dramatically tip the bal-
ance between cell survival (this study) and cell death [12].
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Figure 6. UPR termination is under control of the cooperative activity of Rrp6 and Isw1. (A) Five-fold serial dilutions of the indicated strains grown for 3
days at 30°C on YPD media containing (+Tm) or not (—Tm) 0.6 pg/ml Tm. (B) HACT mRNA splicing was analyzed by RT-gPCR in WT, isw1A, rrp6A and
iswWTA rrp6A during the Tm UPR time-course depicted in Fig. 3A. n = 5 independent experiments, mean 4 SD. Unpaired one-tail t-test (P-values isw1A
rmp6A relative to isw1A: 1.61E-01, 6.73E-02, 5.87E-03, 8.21E-05, 2.45E-03 and 6.19E-02 for Untreated, Tm 2H, Wash 1H, Wash 2H, Wash 3H, Wash 4H,
respectively). (C) OE of ISWT partially rescues the Tm sensitivity of rmp6A expressing the constitutively spliced form of HACT (hac1Ai) as the only form
of HAC1. Five-fold serial dilutions of the indicated strains grown for 3 days at 30°C on media containing (+Tm) or not (—=Tm) 0,6 pg/ml Tm. (D) Rrp6
expression level upon promotor change. Total protein extracts from exponentially growing cells of the indicated genotype were analyzed by western blot
with anti-Rrp6 and anti-Pab1 (loading) antibodies. (E) Preventing ER stress-mediated RRP6 downregulation sensitizes stress to Tm. Five-fold serial
dilutions of the indicated strains grown for 3 days at 30°C on media containing 0.6 pg/ml or 0.8 pug/ml Tm (+Tm) or not (—=Tm). (F) Model: RNA
metabolism instructs UPR duration. In the absence of ER stress Isw1 regulates the nuclear export of the HACT mRNA whose steady state level is
controlled by the exonuclease activity of Rrp6. ER stress turns on the UPR, which results in an induction of Isw1 expression that fosters HACT mRNA
nuclear retention [12]. In addition, this study reveals that ER stress-mediated down regulation of RRP6 expression leads to the accumulation of
unprocessed RNAs, which divert the activity of the HACT mRNA splicing machinery. Together, these mRNA metabolism events significantly contribute
to accurate UPR abatement, which is critical for cells’ survival to ER stress.



Interestingly, although both isw1A and rrp6A cells show
increased basal levels of the spliced form of HACI compared
to wild-type cells, they display opposite resistance to ER stress,
indicating that basal active HAC1 mRNA level is not the main
driver of this phenotype. Our transcriptional analysis of the
UPR kinetics unexpectedly revealed prolonged and shortened
expression of HAC1s mRNA and Hac1 transcriptional targets
for isw1A and rrp6 A cells, respectively. While stabilization of
HAC1 mRNA in the absence of RRP6 was previously pro-
posed to boost up UPR activation and thus enhance rrp6A
cells’ resistance to ER stress [31], our results suggested that
the mechanistic underpinning of this resistance remained in-
completely understood and opened up the intriguing possi-
bility that ER stress resistance could stem from the lower-
ing of UPR signaling. Accordingly, artificial interruption of
UPR signaling was sufficient to significantly increase cell vi-
ability upon ER stress (Fig. 4), and sen2-42 cells, in which
HACImRNA splicing is lessened, presented a marked resis-
tance to ER stress (Fig. 5). Of note, while the level of HACIs
mRNA was reduced in both 77p6A and sen2-42 cells upon ER
stress, it varied in opposite directions relative to WT under
basal conditions, indicating again that although significant,
the variations of basal HACTs levels in these mutants do not
significantly contribute to cell fitness upon ER stress, which in-
stead depends on the intensity and duration of UPR signaling
[1].

Although the origin of yeast cell lethality upon ER stress
is still uncertain, sustained UPR activation was proposed to
overload the translocation machinery [11, 13], leading to the
mislocalization of ER-resident proteins with crucial functions
in ER homeostasis. Thus, time-course analysis of the glyco-
sylation profile of Pdil after Tm treatment stands as a dedi-
cated tool to analyze ER congestion. Pdil possesses five gly-
cosylation sites and is translocated post-translationally into
the ER lumen. Upon Tm wash, protein glycosylation can thus
be monitored by western blot, on which discrete bands corre-
sponding to the mono to penta-glycosylated forms of the pro-
tein are detected. Strikingly, while mutants impaired for UPR
deactivation show delayed Pdil glycosylation profiles [12], the
kinetics of Pdil glycosylation was enhanced in r7p6A cells
compared to WT, indicating a faster recovery of ER home-
ostasis. This result is consistent with the reduced expression
of UPR targets, among which genes encoding ER resident pro-
teins are largely represented. Hence, a seemingly modest mod-
eration of UPR signaling benefits cell fitness upon ER stress.
Although a priori counterintuitive, this result is consistent
with the transience of stress responses.

Mechanistically, we propose that inactivation of RRP6 in-
directly shapes the UPR through the titration of HACI mRNA
splicing machinery by unprocessed RNA species which, al-
though not precisely characterized, are distinct from those
generated upon Xrnl, Los1, or Nmd2 inactivation. Since Rrp6
is a nuclear exonuclease, the unprocessed RNA species result-
ing from its inactivation must primarily accumulate within the
nucleus. This titration thus implies the export of these species
to the cytoplasm, which is corroborated by previous studies
reporting pre-mRNA cytoplasmic leakage upon RRP6 inacti-
vation [68, 69]. While Rrp6 and Trl1/RlIg1 share pre-tRNA
as a common substrate, the nature of the RNA species that
titrate Irel activity remains unclear given that HAC1 mRNA
is the only known Irel substrate in yeast [70] and therefore
suggests a nonspecific titration. In line with this hypothesis,
a set of RNAs—including mRNAs, rRNAs, and tRNAs—
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that directly interact with Irel and for which no evidence
of Irel-mediated cleavage could be detected, were identified
in mammalian cells through photoactivable-ribonucleoside-
crosslinking and immuno-precipitation approaches [71]. Fi-
nally, while the underlying mechanism responsible for ER
stress-mediated RRP6 down-regulation is currently unknown,
similar expression dampening of LRP1, TRF4, and DIS3 —
genes whose inactivation confers resistance to ER stress (Fig.
1E and F) — has been reported [7, 72], evoking the possibil-
ity of a global ER stress-driven rewiring of these RNA decay
factors.

Given that the cytoplasmic splicing of HACT mRNA consti-
tutes a molecular switch that triggers the UPR, the central con-
tribution of RNA metabolism to UPR regulation comes with
no surprise. Our data add another unsuspected layer of com-
plexity to these regulations, whereby the ER stress-induced
regulation of Rrp6 expression indirectly influences the critical
deactivation phase of the UPR signaling. In light of the large
number of genes labeled with the gene ontology term ‘RNA
catabolism’ and whose deletion was associated with increased
resistance to ER stress in genome-wide screens, a deeper inves-
tigation of their contribution to cells’ adaptation to ER stress
is worth considering. In particular, after individual validation
of their ER stress resistance phenotype, it would be critical to
investigate whether, like r7p6 A, these mutants indirectly shape
the UPR through perturbation of global RNA metabolism or
whether they specifically target the metabolism of HACI or
other UPR targets transcripts. In a context where sustained
UPR activation in malignant and immune cells of the tumor
microenvironment was reported to facilitate malignant pro-
gression [73], therapeutic targeting of these conserved RNA
metabolism pathways may thus constitute an attractive alter-
native or complement customary UPR modulators.
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