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A ribosome assembly stress response
regulates transcription to maintain
proteome homeostasis

Benjamin Albert’, Isabelle C Kos-Braun?, Anthony K Henras?, Christophe Dez?,
Maria Paula Rueda', Xu Zhang®, Olivier Gadal?, Martin Kos?, David Shore'*

'Department of Molecular Biology, Institute of Genetics and Genomics of Geneva
(iIGE3), Geneva, Switzerland; *Heidelberg University Biochemistry Center (BZH),
Heidelberg, Germany; *Centre de Biologie Intégrative, Université Paul Sabatier,
Toulouse, France

Abstract Ribosome biogenesis is a complex and energy-demanding process requiring tight
coordination of ribosomal RNA (rRNA) and ribosomal protein (RP) production. Given the extremely
high level of RP synthesis in rapidly growing cells, alteration of any step in the ribosome assembly
process may impact growth by leading to proteotoxic stress. Although the transcription factor Hsf1
has emerged as a central regulator of proteostasis, how its activity is coordinated with ribosome
biogenesis is unknown. Here, we show that arrest of ribosome biogenesis in the budding yeast
Saccharomyces cerevisiae triggers rapid activation of a highly specific stress pathway that
coordinately upregulates Hsf1 target genes and downregulates RP genes. Activation of Hsf1 target
genes requires neo-synthesis of RPs, which accumulate in an insoluble fraction and presumably
titrate a negative regulator of Hsf1, the Hsp70 chaperone. RP aggregation is also coincident with
that of the RP gene activator Ifh1, a transcription factor that is rapidly released from RP gene
promoters. Our data support a model in which the levels of newly synthetized RPs, imported into
the nucleus but not yet assembled into ribosomes, work to continuously balance Hsf1 and Ifh1
activity, thus guarding against proteotoxic stress during ribosome assembly.

DOI: https://doi.org/10.7554/eLite.45002.001

Introduction

Ribosome assembly is the most energy demanding process linked to cell growth and requires coor-
dinated production of processed ribosomal RNAs (rRNAs), ribosomal proteins (RPs) and ribosome
biogenesis (RiBi) factors. This massive biosynthetic program permits rapidly growing yeast cells to
produce about 2000 ribosomes per minute (Warner, 1999), which is critical for sustaining high rates
of growth (mass accumulation) and proliferation. At the same time, though, ribosome assembly
poses a constant threat to cellular protein homeostasis and continued growth, since it requires the
coordinated and large-scale assembly of four rRNAs with 79 different RPs, the latter of which are
known to be highly prone to aggregation (David et al., 2010; Pillet et al., 2017, Rand and Grant,
2006; Weids et al., 2016). Indeed, unassembled RPs in metazoans have long been known to acti-
vate p53, through titration of its negative regulator MDM2, and conserved p53-independent path-
ways that respond to perturbations in ribosome assembly are now beginning to emerge
(James et al., 2014). Given the absence of p53 in yeasts, Saccharomyces cerevisiae is a promising
model system in which to uncover ancestral processes that might monitor ribosome assembly to reg-
ulate growth and protein homeostasis in eukaryotes.

Heat shock factor 1 (Hsf1) is a central actor in Protein Quality Control (PQC) and protein homeo-
stasis (proteostasis) in eukaryotes, in both stressed and unstressed cell, and in pathological situations
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elLife digest When yeast cells are growing at top speed, they can make 2,000 new ribosomes
every minute. These enormous molecular assemblies are the protein-making machines of the cell.
Building new ribosomes is one of the most energy-demanding parts of cell growth and, if the
process goes wrong, the results can be catastrophic. The proteins that make up the ribosomes
themselves are sticky. Left unattended, they start to form toxic clumps inside the compartment that
houses most of the cell’'s DNA, the nucleus.

A protein called Heat shock factor 1, or Hsf1 for short, plays an important role in the cell’s quality
control systems. It helps to manage sticky proteins by switching on genes that break down protein
clumps and prevent new clumps from forming. Hsf1 levels start to rise whenever cells are struggling
to keep up with protein production. If it is half-finished ribosomes that are causing the problem,
cells can stop making ribosome proteins. The protein in charge of this in yeast is Ifh1. It is a
transcription factor that sits at the front of the genes for ribosome proteins, switching them on.
When yeast cells get stressed, Ith1 drops away from the genes within minutes, switching them off
again. Yet how this happens, and how it links to Hsf1, is a mystery.

To start to provide some answers, Albert et al. disrupted the production of ribosomes in yeast
cells and examined the consequences. This revealed a new rescue response, that they named the
“ribosome assembly stress response”. Both Hsf1 and Ifh1 are sensitive to the build-up of unfinished
ribosomes in the nucleus. As expected, Hsf1 activated when ribosome proteins started to build up,
and switched on the genes needed to manage the protein clumps. The effect on Isth1, however, was
unexpected. When the unassembled ribosome proteins started to build up, it was the clumps
themselves that pulled the Ifth1 proteins off the genes. The unassembled ribosomes proteins seemed
to be stopping their own production. Low levels of clumped ribosome proteins in the nuclei of
unstressed cells also helped to keep Hsf1 active and pull Ith1 off the ribosome genes. It is possible
that this provides continual protection against a toxic protein build-up.

These findings are not only important for understanding yeast cells; cancer cells also need to
produce ribosomes at a very high rate to sustain their rapid growth. They too might be prone to
stresses that interrupt their ribosome assembly. As such, understanding more about this process
could one day lead to new therapies to target cancer cells.

DOI: https://doi.org/10.7554/eLife.45002.002

(Li et al., 2017). Notably, Hsf1 is a direct modulator of tumorigenesis and becomes essential, as it is
in budding yeast (Solis et al., 2016), to support growth of malignant cells (Santagata et al., 2013).
Hsf1 prevents protein aggregation and proteome imbalance by driving the expression of a small
regulon including genes encoding essential chaperones (Hsp70/Hsp90), nuclear/cytoplasmic aggre-
gases, and proteasome components (Solis et al., 2016; Mahat et al., 2016; Pincus et al., 2018).
Interestingly, studies in budding yeast reveal that the Ribosome Quality Control complex (RQC),
conserved from yeast to human (Brandman et al., 2012), increases Hsf1 activity under conditions of
translation stress. However, many essential aspects of Hsf1 regulation remain to be elucidated, in
particular whether its transcriptional activity is linked to ribosome biogenesis itself. Recently, a con-
served PQC mechanism referred to as Excess Ribosomal Protein Quality Control (ERISQ) was
described that specifically recognizes unassembled RPs in the nucleus and targets them for protea-
some degradation (Sung et al., 2016a; Sung et al., 2016b), thus illuminating observations made 40
years ago showing that excess RPs are rapidly degraded (Gorenstein and Warner, 1977,
Warner, 1977). Sung and colleagues showed that the ubiquitin ligase Tom1 plays an important role
in ESRIQ by preventing the accumulation of detergent-insoluble RPs. The potential role of Hsf1 in
ERISQ has not yet been explored.

Given the tremendous investment of cellular resources involved in ribosome production
(Warner, 1999) and the fact that a decrease of ribosome abundance protects cells against proteo-
toxic stress (Guerra-Moreno et al., 2015; Mills and Green, 2017), it might be expected that cells
have evolved mechanisms to rapidly decrease RP gene transcription in the face of defects in ribo-
some assembly, in order to both save energy and reestablish cellular proteostasis. In S. cerevisiae,
RP gene transcription is known to be tightly regulated according to growth conditions through the
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stress-sensitive transcription factor (TF) Ith1. Thus, Ith1 is rapidly released from RP promoters only
minutes following inhibition of the conserved eukaryotic growth regulator Target Of Rapamycin
Complex 1 (TORC1) kinase (Schawalder et al., 2004). Although it has been shown that Ifh1 pro-
moter binding is coordinated with RNA polymerase | (RNAPI) activity upon prolonged TORC1 inhibi-
tion to help balance RP and rRNA production (Albert et al., 2016; Rudra et al., 2007), how Ifh1 is
removed from RP gene promoters to immediately downregulate their expression following stress
remains a mystery. Furthermore, possible links between RP gene expression, ribosomal assembly
and the protein homeostasis transcription program driven by Hsf1 remain important open questions.

In this study, we uncover a novel regulatory pathway, hereafter referred to as the Ribosomal
Assembly Stress Response (RASTR), that allows rapid and simultaneous up-regulation of protein
homeostasis genes and downregulation of RP genes following disruption of various steps in ribo-
some biogenesis (rRNA production, processing or RP assembly). We show that RASTR is highly spe-
cific to the RP and Hsf1 regulons, with little or no effect on a much larger group of genes implicated
in the Environmental Stress Response (ESR). Importantly, RASTR requires neo-synthesis of RPs fol-
lowing stress and is linked to the accumulation of RP aggregates, which we propose lead to Hsf1
activation, through chaperone competition, and to the sequestration of Ith1 in an insoluble nucleolar
fraction. Notably, we show that protein synthesis inhabitation via cycloheximide treatment leads to a
transcriptional response opposite to that of RASTR, supporting a model in which unstressed cells
constantly monitor nuclear levels of unassembled RPs and use this information to balance expression
of Hsf1 target genes with those encoding RPs. Finally, we demonstrate that RASTR is the initial tran-
scriptional response to inactivation of TORC1 kinase, supporting a key role for this regulatory path-
way in the activation of a protein homeostasis transcriptional program that allows cells to cope with
the proteotoxic consequences of disruptions to ribosome biogenesis.

Results

Topoisomerase depletion triggers a rapid repression of RP genes and
activation of proteostasis genes

In an effort to better understand the role of the two major eukaryotic DNA topoisomerases in pro-
tein-coding gene transcription, we generated yeast strains in which Top1, Top2, or both of these
enzymes are rapidly degraded by the auxin-induced degron (AID) method (Nishimura et al., 2009)
and confirmed by western blotting that significant depletion of either protein was obtained between
10 and 20 min following auxin addition to the medium, and that Top2 depletion, as expected, pre-
vents cell growth (Figure 1—figure supplement 1A,B). We then performed ChlIP-seq analysis of
RNA polymerase Il (RNAPII) in the Top1-AID, Top2-AID and Top1/2-AlD strains at 20 and 60 min fol-
lowing auxin addition (Figure 1A-C, Supplementary file 1). As expected (Brill et al., 1987,
Brill and Sternglanz, 1988), the absence of Top2 had little or no effect on RNAPII distribution
(Figure 1B). However, Top1 depletion triggered a rapid response at two specific groups of genes:
upregulation of Hsf1 target genes and downregulation of RP genes (Figure 1A,D; Figure 1—figure
supplement 1C,D). Remarkably, this response was transient, as both groups of genes returned to
normal levels (i.e. before auxin addition) by 60 min. This re-equilibration was dependent upon Top2
since it failed to occur in the Top1/2-AID strain, where prolonged auxin treatment led to significant
dysregulation of many other RNAPII-transcribed genes (Figure 1C).

Since upregulation of proteostasis-related genes and downregulation of RP genes are characteris-
tic of many different stress responses, we decided to quantify the effect of Top1 depletion on tran-
scription all gene groups that have been classified as part of the general ‘Environmental Stress
Response’ (ESR; Gasch et al., 2000), which include an additional group of stress-induced genes reg-
ulated by the Msn2/4 TFs and a large suite of genes involved in ribosome biogenesis (RiBi genes).
This analysis shows clearly that Top1 depletion, as well as depletion of both Top1 and Top2 (at the
early 20 min time point), triggers a highly specific stress response linked to RP genes and Hsf1 target
genes (Figure 1A-C). Such a targeted response is unlikely to result from a global topological effect
on RNAPII recruitment but would instead appear to be the consequence of the activation of a spe-
cific signaling pathway that is more restricted in nature than the ESR.

To explore the target(s) of this hypothetical signaling pathway at RP genes, we monitored by
gPCR ChIP the promoter association of three TFs (Rap1, Fhl1 and Ifh1) that operate at the majority
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Figure 1. Rapid degradation of Topoisomerase 1 (Top1) induces a transient induction of Heat Shock Factor 1
(Hsf1) target genes and down-regulation of ribosomal protein (RP) genes. (A, B, C) Scatter plots (top panels) and
box plots (bottom panels) comparing RNAPII binding (as measured by Rpb1 ChIP-seq) in Top1-AID (A), Top2-AID
(B) and Top1/2-AlD (C) strains at the indicated times following either auxin or vehicle addition to the media.
Indicated gene categories (RP, n = 138; ribosome biogenesis [RiBi], n = 229; Msn2 target genes, n = 45; and Hsf1
target genes, n = 19) are color-coded on the scatter plots and displayed separately on the box plots, together
with all remaining genes as a fifth class (others, n = 4610). (D) Genome browser tracks showing RNAPII (Rpb1)
ChlIP-seq read counts at the indicated positions on chromosomes X, XllIl and VIl at 0, 20, or 60 min following auxin
addition to Top1-AID (top panels) and Top1/2-AID (bottom panel) strains. Gene names and open reading frame
(ORF) positions are shown above. (E) Ith1 occupancy, measured by gPCR ChlP at the RPL30 and RPL39 promoters
20 min following auxin addition to cultures of Top1-AID and Top1/2-AID strains. Bar height indicates the average
and error bars the range of n = 4 biological replicates. (F) Schematic representation of protocol for Hsf1-FRB
nuclear depletion (anchor-away) induced by rapamycin (Rapa) followed by Top1-AID depletion. (G) Box plots
showing RNAPII (Rpb1) ChIP-seq signal following Hsf1-FRB nuclear depletion by anchor-away (-Hsf1, left panel),
Top1-AID degradation (auxin, middle panel) or both Hsf1-FRB and Top1-AID depletion (auxin / -Hsf1, right panel)
for the five functional groups described in (A).

DOI: https://doi.org/10.7554/eLife.45002.003

The following figure supplement is available for figure 1:

Figure supplement 1. Characterization of Top1-AID, Top2-AID, Top1-AID Top2-AID and Top1-AID Hsf1-FRB
strains.

DOV https://doi.org/10.7554/eLife.45002.004

(>90%) of these 138 genes (Knight et al., 2014). Interestingly, we found that the activator Ith1 is
rapidly released from RP gene promoters after topoisomerases depletion (Figure 1E), whereas Rap1
and Fhl1, which bind directly to RP promoter DNA, are not affected (Figure 1—figure supplement
1E-F). To confirm that Hsf1 is indeed required for upregulation of genes following Top1 depletion,
we used the anchor-away technique (Haruki et al., 2008) to rapidly remove Hsf1 from the nucleus
(30 min treatment with rapamycin; Solis et al., 2016) before initiating Top1-AID degradation by
auxin addition (Figure 1F). Efficient nuclear depletion of Hsf1 was confirmed by the inability of the
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Hsf1-FRB, Top1-AID strain to form colonies in the presence of rapamycin (Figure 1—figure supple-
ment 1G). Note that the strain used in this and all other anchor-away experiments contains the
TOR1-1 mutation and is thus resistant to the normal physiological consequences of rapamycin treat-
ment, which inactivates the growth-promoting TORC1 kinase (Heitman et al., 1991; Loewith and
Hall, 2011). This experiment revealed that Hsf1 nuclear depletion completely abolishes activation of
stress genes following Top1 depletion without affecting down-regulation of RP genes (Figure 1G).
Therefore, activation of stress-induced genes following Top1 depletion is completely Hsf1-depen-
dent, whereas repression of RP genes is independent of Hsf1 or the induction of its target genes.
We would also note that the stress pathway induced by Top1 depletion is unusually restricted in
comparison to many other stress responses that are often grouped together as the Environmental
Stress Response (ESR; Gasch et al., 2000), since Msn2/4 target genes are not induced and RiBi
genes are not downregulated (Figure 1A,G).

Top1 depletion arrests ribosome biogenesis and activates a ribosomal
assembly stress response

Although it may seem surprising that depletion of topoisomerases can induce a Hsf1-dependent
stress response, formation of distinct nuclear foci by the Btn2 aggregase and perinuclear accumula-
tion of the proteasome subunit Preé following Top1/2 degradation (Figure 2—figure supplement
1A,B) both point to the induction of proteotoxic stress in the nucleus (Miller et al., 2015a). Top1
was initially identified through a mutation (mak1) defective in large ribosomal subunit production
(Thrash et al., 1985) and was later shown to be required for proper rRNA synthesis (Brill et al.,
1987, El Hage et al., 2010; French et al., 2011). Consistent with these findings, we observed a
strong reduction of pre-rRNA synthesis as shown by decreased [*H]-adenine pulse-labeling of the
RNAPI-transcribed 35S pre-rRNA, and two co-transcriptionally cleaved products, 27S and 20S pre-
rRNAs, as early as 10 min after initiation of Top1 (or Top1 and Top2) depletion by addition of auxin
to the medium (Figure 2—figure supplement 1C). This decreased rRNA synthesis is accompanied
by an elongation defect, as shown by the accumulation of truncated pre-rRNAs that were initially
described by the Tollervey laboratory (EI Hage et al., 2010; Figure 2A). Further downstream, the
rapid defect in rRNA production caused by inhibition of RNAPI elongation leads to unbalanced pro-
duction of 40S and 60S ribosomal subunits, with a marked deficiency of the large (60S) subunit rela-
tive to the small (40S) subunit (Figure 2B). This would be expected to create a disequilibrium
between RP and rRNA production, and more specifically an excess of unassembled RPs. Consistent
with this, we detect accumulation of both and large and small subunit proteins (Rpl3 and Rps8,
respectively) in trailing fractions of polysome gradients (Figure 2C). These observations strongly sug-
gest that RPs fail to be incorporated normally into ribosomes immediately following topoisomerase
degradation. In addition, this sedimentation profile may also reflect the presence of disassembling
or incompletely assembled pre-60S particles. RPs are known to be prone to aggregation
(David et al., 2010; Pillet et al., 2017; Rand and Grant, 2006; Weids et al., 2016) and recent
reports show that newly synthetized, unassembled RPs accumulate in aggregates in response to
ribosome assembly stress (Sung et al., 2016a; Sung et al., 2016b). Significantly, we also observed
accumulation of RPs in an insoluble fraction following topoisomerase degradation (Figure 2D).

The observations described above led us to hypothesize that the transcriptional response to
Top1 degradation is a consequence of defective ribosome assembly, perhaps driven by the proteo-
toxic stress caused by the accumulation of unassembled RPs. To challenge this idea, we measured
the transcriptional response to three different perturbations to ribosome biogenesis: depletion of
two essential ribosome assembly factors (Utp8 and Utp13) and treatment of cells with diazaborine.
Utp8p is a member of the t-UTP subcomplex of 90S pre-ribosomes and its depletion inhibits rDNA
transcription, leading to a reduction of the primary 35S pre-rRNA transcript and subsequent process-
ing intermediates (Gallagher et al., 2004). In contrast, depletion of Utp13 (a member of the UTP-B
subcomplex) interferes with downstream processing and synthesis of 40S subunits and causes
decreased 18S rRNA levels without affecting the levels of the 25S or 5.8S rRNAs (Gallagher et al.,
2004). Diazaborine, an inhibitor of the essential Drg1 AAA-ATPase, rapidly blocks mid-late steps of
60S subunit maturation (Loibl et al., 2014). Remarkably, all these treatments triggered a similar tran-
scriptional response to that which occurs following Top1 depletion, namely a specific downregula-
tion of RP genes and upregulation of Hsf1 target genes (Figure 2E-G; Supplementary file 2), which
we refer to as the ‘Ribosome Assembly STress Response’ (RASTR).
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Figure 2. The effects of Top1 depletion on RNAPII regulation are linked to an underlying defect in ribosome
biogenesis. (A) Northern blot of 5’'ETS1-containing rRNAs prepared from cultures of wild-type, Top1-AID, Top2-
AID and Top1/2-AID cells that had been pulse-labeled for 2 min with [*H] adenine at the indicated times following
addition of auxin to the media. Total RNAs were extracted and samples were separated on agarose gels,
transferred to a nylon membrane and first directly autoradiographed to reveal pulse labeling of nascent rRNAs
(see Figure 2—figure supplement 1C). The membrane was next hybridized with a 3?P-labeled oligonucleotide
probe allowing detection of all species containing 5'ETST (ACGACAAGCCT-ACTCGAATTCGT). Truncated pre-
rRNA fragments, first identified in cells lacking Top1 (El Hage et al., 2010), are indicated (*). (B) Polysome sedi-
mentation profiles (OD,40) of WT, Top1-AID, Top2-AID, and Top1/2-AID strains 20 min following auxin treatment
(large panels, as indicated). The top of each gradient (fractions 7 to 11), corresponding to 40S and 60S subunit
peaks, is expanded below, where peak height differences (60S:40S ratio) are indicated. (C) Total cell extracts pre-
pared from the indicated fractions of sedimentation profiles of WT and Top1/2-AID strains (from B) were TCA pre-
cipitated and analyzed by Western blot following SDS-PAGE, using an antibody against Rpl3 and Rps8, as
indicated. (D) Total (left panels) and detergent-insoluble pellet (right panels) fractions isolated from lysates of
Top1/2AID cells treated (+) or not (-) with auxin were analyzed by SDS-PAGE and Coomassie blue staining (top
panels) or immunoblotting with the indicated antibodies (bottom panels). The pellet fraction is overloaded 25-fold
compared to the total extract fractions. (E, F, G) Scatter plots (top panels) comparing RNAPII (Rpb1) ChIP-Seq
read counts for individual genes in Utp8-AID (E) or Utp13-AID (F) cells after 20 min of auxin or vehicle treatment,
or WT cells after 20 min of treatment with diazaborine or vehicle (G) (y-axis: auxin or diazaborine) for 20 min versus
non-depleted cells (x-axis, Vehicle). Each dot represents a gene (5041 genes in total) and genes are color-coded
according to functional groups, as in Figure 1A. Bottom panels display the corresponding box plots for the four
indicated gene categories plus all other genes (others).

DOI: https://doi.org/10.7554/eLife.45002.005

The following figure supplement is available for figure 2:

Figure supplement 1. Protein localization and transcriptional effecs of Top1, Top2 and Top1/2 depletion.
DOI: https://doi.org/10.7554/eLife.45002.006

Hsf1 activity is stimulated by many different types of cellular stress, including stalled ribosomes. A
pioneering study reported that a set of proteins termed the RQC binds to 60S ribosomal subunits
containing stalled polypeptides and leads to their degradation. In the process, the RQC triggers a
specific stress signal that leads to Hsf1 target gene activation (Brandman et al., 2012). Thus, cells
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lacking a component of the RQC, the Tae2 protein, fail to activate Hsf1 following translational stress.
To ask if RASTR might be related to the RQC, we induced Top1/2 degradation in tae2-A cells. We
found that activation of two Hsf1 target genes (SSA1 and HSP42) and downregulation of two RP
genes (RPL30 and RPL39) was unaffected by deletion of TAE2 (Figure 2—figure supplement 1D)
and conclude that RQC does not play a role in RASTR. These results highlight that cells have devel-
oped distinct mechanisms to adapt the Hsf1 transcriptional program to defects in both ribosome
activity and ribosome assembly.

Ifh1 sequestration in an insoluble nuclear fraction during RASTR is
driven by RP accumulation

Although many studies would support the notion that Hsf1 activation during RASTR occurs through
sequestration of its inhibitory partner Hsp70 by RP aggregates (Krakowiak et al., 2018; Shi et al.,
1998; Zheng et al., 2016), it is less clear how ribosome assembly stress could trigger release of Ifh1
from RP gene promoters. We reported previously that the association of Ifh1 with RP gene pro-
moters in growing cells is rapidly disrupted (within 5 min) following inhibition of the growth-promot-
ing TORC1 kinase by addition of rapamycin to the medium (Schawalder et al., 2004). More recently
(Albert et al., 2016), we found that stable release of Ith1 from RP gene promoters (measured 20
min after rapamycin addition) requires its C-terminal domain together with a complex of proteins
containing casein kinase 2 (CK2) and two RiBi factors, Utp22 and Rrp7, with which Ifh1 interacts to
form the CURI complex (Rudra et al., 2007). Thus, in ith1-AC cells the truncated protein is rapidly
released but later returns to RP gene promoters following TORC1 inhibition. This led us to propose
two distinct mechanisms controlling the promoter release of Ith1 following stress: one operating at a
short timescale (<5 min) and the other on a long timescale (~20 min). Interestingly, ith1-AC promoter
release is stable following Top1 depletion, suggesting that an unknown mechanism regulates Ifth1
during RASTR (Figure 3A).

The fact that RP gene repression and Hsf1 target gene activation occur with identical kinetics fol-
lowing RASTR activation (Figure 3B), and that Ith1 concentrates in nuclear foci rapidly after topo-
isomerase depletion (Figure 3C), suggests that Ith1 could be sensitive to the accumulation of
unassembled RPs in the nucleus, as is presumably the case for Hsf1. Several lines of evidence are
consistent with this hypothesis. To begin with, in cells lacking Tom1, an E3 ligase required for degra-
dation of unassembled RPs (Sung et al., 2016a; Sung et al., 2016b), but not in TOM1 cells, Ifh1
accumulates in prominent nuclear foci even in the absence of stress (Figure 3D). This suggests that
Ith1 aggregates in cells that are unable to efficiently degrade excess RPs, even under optimal growth
conditions. Consistent with this, the published mass spectrometry data of insoluble fractions from
cells either treated with the proteasome inhibitor bortezomib or lacking Tom1 clearly identified Ifh1,
together with RPs, RiBi proteins and two Hsp70 proteins, Ssal and Ssa2, inhibitory partners of Hsf1
(Figure 3—figure supplement 1A). These data indicate that Ith1 could be trapped in an insoluble
cellular fraction in the absence of Tom1 and thus decrease the pool of Ith1 able to bind with RP
gene promoters. To test this possibility, we combined deletion of TOM1 with a mutant allele of IFH1
(ifh1-AA) that weakens its interaction with RP gene promoters. Remarkably, tom1-A is synthetically
lethal with ifh1-AA (Figure 3E) supporting the notion that RP aggregation could directly impact on
Ith1 promoter binding. Lastly, to exclude the possibility that the genetic interaction between TOM1
and the mutated allele of IFHT could be linked to the growth defect of this mutation, we examined
another mutated allele of IFH1 (ifh1-6) that triggers a similar growth defect (Figure 3E). Importantly,
we showed in a previous