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Selective aggregation of the splicing factor Hsh155
suppresses splicing upon genotoxic stress
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Upon genotoxic stress, dynamic relocalization events control DNA repair as well as alterations of the transcriptome and
proteome, enabling stress recovery. How these events may influence one another is only partly known. Beginning with
a cytological screen of genome stability proteins, we find that the splicing factor Hsh155 disassembles from its partners
and localizes to both intranuclear and cytoplasmic protein quality control (PQC) aggregates under alkylation stress.
Aggregate sequestration of Hsh155 occurs at nuclear and then cytoplasmic sites in a manner that is regulated by mo-
lecular chaperones and requires TORC1 activity signaling through the Sfp1 transcription factor. This dynamic behavior
is associated with intron retention in ribosomal protein gene transcripts, a decrease in splicing efficiency, and more rapid
recovery from stress. Collectively, our analyses suggest a model in which some proteins evicted from chromatin and
undergoing transcriptional remodeling during stress are targeted to PQC sites to influence gene expression changes and

facilitate stress recovery.

Introduction

To survive chemical or environmental challenges, organisms
have evolved a robust network of stress responses that remodel
the transcriptome and proteome to enable recovery and, in some
cases, future tolerance (Guan et al., 2012). Damaged proteins
and RNAs can be turned over in the context of global changes to
the transcriptome and translatome, which help to arrest the cell
cycle and promote survival (Gasch et al., 2001; Begley et al.,
2007; Tkach et al., 2012). In Saccharomyces cerevisiae (bud-
ding yeast), one of the hallmarks of transcriptome remodeling
under stress is the suppression of ribosome production, which
occurs under various conditions and is regulated by target of
rapamycin (TOR)-dependent modulation of transcription fac-
tors such as Sfpl (Gasch et al., 2000; Jorgensen et al., 2004;
Marion et al., 2004). The ways in which transcriptome alter-
ations impact proteome dynamics under any given stress condi-
tion are only partly understood.

Recent genome-wide cytological screens of yeast strains
expressing GFP fusions to most proteins have revealed that
genotoxin-induced protein relocalization events affect hundreds
of proteins, many of which are not directly involved in DNA
repair (Tkach et al., 2012; Mazumder et al., 2013; Chong et al.,
2015). For instance, in addition to canonical DNA repair foci,
treatment of yeast cells with methyl methanesulfonate (MMS)
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induced novel perinuclear foci containing the proteins Cmrl,
Hos2, Apjl, and Pph21 (Tkach et al., 2012). These foci were
subsequently recognized to be sites of molecular chaperone—
regulated protein quality control (PQC) and renamed intranu-
clear quality control (INQ) sites (Gallina et al., 2015; Miller
et al., 2015). Dozens of proteins have now been localized to
the INQ, and some of which, such as Mrcl, play a role in re-
covery from genotoxic stress. The localization and composition
of PQC sites in yeast depend upon many factors, including
the specific type of stress, growth phase, cellular age, and the
substrate analyzed (Saarikangas and Barral, 2016). Studies of
both endogenous proteins and aggregation-prone model sub-
strates in actively growing cells have identified at least three
classes of yeast PQC compartments: INQ/juxtanuclear quality
control (JUNQ), cytoplasmic quality control (CytoQ), and the
insoluble protein deposit (IPOD). The key players mediating
creation and dissolution of these structures are molecular chap-
erones, in particular small heat shock proteins such as Hsp42,
which promote aggregation, and the disaggregation machin-
ery including Hspl04 and Hsp70 family members (Saari-
kangas and Barral, 2016).

Beginning with a focused screen of >600 yeast chromo-
some instability (CIN) proteins, we uncover in this study INQ
localization of a core-splicing factor, Hsh155, upon MMS treat-
ment. We establish the dynamics of Hsh155 sequestration and

© 2017 Mathew et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under
a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0 International
license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

JCB

4027


http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201612018&domain=pdf
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:

4028

define a regulatory network of proteins controlling its relocal-
ization. Furthermore, we link Hsh155 aggregation to transcrip-
tional repression of ribosomal protein (RP) genes (RPGs) in
MMS conditions, which dramatically alter the need for splicing
in yeast. These observations suggest unappreciated influence of
transcriptome changes on the composition of PQC sites under
stress. We propose a model wherein repression of RPGs and
the concomitant drop in the need for splicing liberates Hsh155
from its spliceosome complex and other factors for sequestra-
tion at PQC sites in a TORC1-dependent manner. Collectively,
our data provide new links between transcriptome regulators
and PQC site composition under stress, where a stress-activated
TORC1-regulated transcriptional program is controlling the
composition of PQC sites.

To explore dynamic responses of proteins to genotoxic stresses,
we screened a biased miniarray of GFP fusion proteins
comprised of proteins whose mutation is linked to an increase
in genome instability (Stirling et al., 2011, 2014). The 622
GFP-tagged genome maintenance proteins were imaged at
high resolution after no treatment or exposure to the alkylating
agent MMS, UV irradiation, or H,O,. Candidate relocalization
behaviors from the primary screen were validated in triplicate,
leading to a final list of 41 relocalization events after genotoxic
stress (Table S1). Most relocalization events occurred in
all three stresses, and a large majority occurred in at least
two conditions, with only eight appearing under a single
stress condition (Fig. 1 A). Comparison of our data to three
previously published genome-wide MMS- and H,0,-induced
relocalization screens show a degree of overlap, although our
screen identified new movements in each case (Fig. 1 B; Tkach
et al., 2012; Breker et al., 2013; Mazumder et al., 2013). Most
movements occurred into or out of the nucleus or into nuclear
or cytoplasmic foci (Figs. 1 C and S1), which, based on their
annotation (www.yeastgenome.org), we can ascribe to the
formation of aggregates, P-bodies, or DNA repair centers. One
unexpected observation was the relocalization of Hsh155-GFP
into nuclear and cytoplasmic foci in response to MMS or H,0,
(Fig. 1, D and E). Hsh155 is part of the SF3B subcomplex in
the U2 small nuclear ribonucleoprotein of the spliceosome. To
assess the specificity of Hsh155 relocalization, we tested the
relocalization behavior of Hsh155 binding partners within the
spliceosome, Cusl and Hsh49, after MMS treatment, but we
did not observe any change in their localization (Fig. 1 F). In
addition, we precipitated a tandem affinity purification (TAP)-
tagged Hsh49 allele to isolate Hsh155-GFP with and without
MMS treatment (Fig. 1 G). Although MMS treatment did not
affect the levels of either protein, it dramatically reduced the
association of Hsh155 with Hsh49 by coimmunoprecipitation.
Nuclear Hsh155 foci did not colocalize with canonical DNA
damage repair proteins, making a direct role in DNA repair
unlikely (Fig. S2 A). Our data thus define a previously
unrecognized and selective dissociation and relocalization of
Hsh155 to foci after alkylating and oxidative genotoxic stress.

Hsh155 foci resembled the recently described INQ compart-
ment, which contains Cmrl, Hos2, and many other proteins
(Tkach et al., 2012; Gallina et al., 2015; Miller et al., 2015). To
examine this possibility, we observed Hsh155-GFP and Hos2-
mCherry colocalization at both cytoplasmic and nuclear foci
after MMS (Fig. 2 A). To confirm that these were indeed sites of
protein aggregation, we also colocalized Hsh155-GFP with Von
Hippel-Lindau (VHL) tumor suppressor—-mCherry, a protein
that cannot fold in yeast and is targeted to aggregates under var-
ious stresses (McClellan et al., 2005). Hsh155 and VHL were
significantly colocalized in MMS (Fig. 2 B), although Hsh155-
GFP did not join VHL foci under heat shock (Fig. S2 B). The
aggregates of both Hos2 and VHL have been shown clearly to
localize in both the nucleus and cytoplasm (Miller et al., 2015).
To confirm the compartmental sequestration of Hsh155, we fur-
ther used Hta2 (histone H2A) and Nic96 (nuclear pore protein)
as markers of nuclear area (Fig. S2 C). Consistent with localiz-
ing in an aggregated state, FRAP analysis of nuclear Hsh155-
GFP or Hos2-GFP foci confirmed a large immobile fraction
for each protein (~50%) similar to known aggregates of PQC
(Saarikangas and Barral, 2015) as well as a recovery time (t;,
~25 s) much slower than freely diffusing proteins (Fig. 2 C).
These results thus identify the core-splicing factor Hsh155 as
a new constituent of the INQ protein aggregate compartment
after genotoxic stress.

To examine the effects of new protein synthesis or deg-
radation on the Hsh155 foci formation, we treated cells with
the proteasome inhibitor MG132 or the translation inhibitor
cycloheximide (CHX) alone or in combination with MMS.
Similar to earlier research on other INQ components (Gallina
et al., 2015), MG132 treatment induced Hsh155 sequestra-
tion to INQ sites, and this was enhanced significantly in cells
treated with MG132 and MMS, suggesting that protein deg-
radation opposes aggregate formation or retention (Fig. 2 D).
CHX had no effect on Hsh155 localization but abolished
Hsh155 foci in MMS + CHX-treated cells (Fig. 2 E). New
protein synthesis is essential for heat-stress aggregates (Zhou
et al., 2014), and it is possible that the same is true for INQ.
In addition, the stability of Hsh155 in cells did not appear to
change significantly after MMS treatment, suggesting that
the influence of MG132 on foci formation may be a result of
other factors rather than Hsh155 itself being a target of degra-
dation (Figs. 2 F and S2 D).

Localization of Hsh155 to protein aggregates was unexpected,
and we elected to probe the dynamics of this behavior in
greater detail. To explore the nature of Hsh155 localization to
PQC sites, we first followed Hsh155 foci formation over time.
Hsh155 rapidly accumulated at nuclear foci, followed by grad-
ual increases in the frequency of cytoplasmic foci (Fig. 3 A),
whereas washout of MMS led to a gradual decrease of foci
and recovery of normal Hsh155 nuclear localization (Fig. 3 B).
Cytoplasmic Hsh155-GFP foci were initially dimmer, but their
fluorescence intensity gradually increased over time, match-
ing INQ intensities by 3 h (Figs. 3 C and S2 E). These results
indicate that the clearance of INQ structures proceeds rapidly
after stress removal and that, during prolonged stress, the triage
pathway shifts from immediate nuclear deposition to a delayed
cytoplasmic aggregate deposition.
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Figure 1. DNA damage relocalization screen
of the CIN proteome identifies Hsh155. (A)
Overall screen results. Overlap of protein relo-
calization upon MMS, H,O,, or UV treatment.
List of proteins relocalized in each treatment
detailed in Table S1. (B) Comparison of
screen results with published whole-proteome
relocalization screens. The stress is indicated
. above the diagrams, and the references are
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Cc B below. (C) Yeast cell schematic summarizing
\\ relocalizations by destination under stress (see
\ also Fig. S1 and Table S1). (D) MMS-induced
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In (5)Out (4) 405 | relocalization of Hsh155 into nuclear (white
A / arrowhead) and cytoplasmic foci (yellow ar-
U1 g / rowhead). A schematic (left) summarizes the
Nuclear Foci . movements. (E) H,O,-induced relocalization of
(L) Mazumder et al. 2013 Hsh155. DIC, differential interference contrast.
(F) Spliceosome complex partners of Hsh155,
Cus1, and Hsh49 do not form foci after MMS
treatment. Bars, 5 pm. (G) Coprecipitation and
Western blot of the Hsh155-Hsh49 complex
D Hsh155-GFP DIC H,0, (2mM) with or without MMS treatment. Control (Ctrl)
BT lanes are mock immunoprecipitations (IPs)
2 from cells expressing Hsh155-GFP only. No
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To assess how Hsh155 protein pools in nuclear or cyto-
plasmic foci are related, we used a fluorescent reporter tan-
dem fusion approach in which both a fast-folding GFP and a
slowly maturing mCherry are fused in tandem, and the fluo-
rescence ratio of each fluorophore is an indicator of protein
turnover rate (Khmelinskii et al., 2012; Gallina et al., 2015).
C-terminally tagged Hsh155-GFP/mCherry protein fluores-
cence ratios in the nuclear or cytoplasmic aggregates were
measured after 2 h in MMS. This experiment revealed that a
significantly older pool of Hsh155 (i.e., lower GFP/mCherry
ratio) appeared in INQ compared with cytoplasmic aggregates
(Fig. 3 D), confirming the sequestration of Hsh155 to INQ first
and then to cytoplasmic aggregates. The protein turnover rates
of the untreated nucleoplasmic signal remained comparable
to those after MMS treatment (Fig. S2 F). Collectively, these
data suggest that Hsh155 is first sequestered at INQ sites for
refolding and reactivation until stress recovery, and only later
is it triaged to cytoplasmic aggregates, possibly more so for
nascent Hsh155 because a “younger” pool of protein appears
to populate cytoplasmic aggregates.

b1}
Disassembly

It is possible that known INQ-associated proteins regulate
Hsh155 localization. Previous work identified the poorly char-
acterized INQ marker proteins Cmrl, Hos2, Pph21, and Apjl
(Tkach et al., 2012). Cmrl has been implicated in the recovery
from DNA damage stress and has been recently linked, together
with Hos2, in global transcriptional regulation (Gallina et al.,
2015; Jones et al., 2016). Pph21 is one of two protein phospha-
tase 2A (PP2A) catalytic subunits with pleiotropic functions in
the cell, including opposing TOR functions in nutrient signaling
(Jiang and Broach, 1999; Diivel et al., 2003). Apjl is a poorly
characterized Hsp40 molecular chaperone family member. To
shed light into their effects on Hsh155, we measured the ef-
fects of deleting their encoding genes on Hsh155 foci forma-
tion. Deletion of any of these genes significantly increased the
number of cells with MMS-induced Hsh155 foci and shifted the
distribution to create more cytoplasmic foci (Fig. 4, A and B).
How each of these INQ markers regulate Hsh155 sequestration
may differ based on their functions in cells (see Discussion).

Splicing factor Hsh155 aggregates under stress
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Figure 2. Hsh155 relocalizes to nuclear (INQ) and cytoplasmic PQC sites. (A) Colocalization (white arrowheads in merge) of Hsh155-GFP with Hos2-
mCherry (mChe) in MMS. The percentage of cells with foci is indicated in the corner of the bottom panels. (B) Colocalization of Hsh155-GFP with VHL-
mCherry at both 30°C and 37°C with MMS. Dashed outlines indicate position of the cell body. (C) Quantitative FRAP analysis of GFPtagged Hsh155 or
Hos2 in nuclear foci. The top graph shows the best line of fit curve of relative fluorescence intensities over time for both Hsh155 (blue) and Hos2 (red); the
bottom table shows the percentage of Hsh155 and Hos2 in the immobile fraction and diffusion time {t, ). Error bars are means + SD of Hsh155 (eight cells)
and Hos?2 (five cells) analyzed over three independent experiments. (D) Effect of proteasome inhibition by MG 132 on Hsh155 aggregation. Representative
images (top) and quantification (bottom) are shown. Means + SEM; n = 3 with >100 cells each. ***, P < 0.001; Fisher's test. (E) CHX blocks Hsh155 foci
formation. Representative image of Hsh155-GFP-tagged cells treated with CHX (200 pg/ml) and MMS (0.05%). Bars, 5 pm. (F) Hsh155 protein levels in
MMS by anti-GFP Western blotting relative to Pgk1 levels. Shown is the representative blot from four independent experiments.

Reciprocally, an HSHI155-DAmP (Breslow et al., 2008) allele
increased the frequency of Hos2-GFP and Apjl-GFP foci in
both INQ and cytoplasmic sites after MMS treatment (Fig. 4 C).
Given the core role of Hsh155 in splicing as well as the fact that
a DAmP allele would simply reduce the amount of WT protein,
this suggests that defective splicing may influence the forma-
tion of protein aggregates upon MMS treatment.

Because MMS induces DNA damage, we wondered whether
Hsh155 was required to resist chronic genotoxin exposure or
whether DNA damage signaling by ATM/Tell or ATR/Mecl
was required for Hsh155 relocalization (Gasch et al., 2001;
Tkach et al., 2012). However, hshl55—-temperature-sensitive

(ts) mutants (hshi55-ts) did not show any additional growth
defect in MMS after chronic exposure, making a direct role
in DNA repair unlikely (Fig. S3 A). Consistent with a recent
study (Chong et al., 2015), we saw an increase in Hsh155 sig-
nal after hydroxyurea, which induces replication stress with-
out the chemical DNA lesions induced by MMS, but we did
not observe any foci, suggesting that stalling DNA replication
alone is insufficient for Hsh155 foci formation (Fig. S3 B). To
interrogate the function of DNA damage signaling in Hsh155
relocalization, we measured foci formation in a strain lack-
ing both yeast ATM (tellA) and ATR (meclA). Hsh155 foci
formed normally in the meclAtell A mutant compared with
control cells, suggesting that DNA damage signaling is not re-
quired for aggregation (Fig. S3, C and D). Interestingly, a sig-
nificant number of Hos2-GFP aggregates occurred in untreated
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meclAtell A cells, and this was further enhanced in MMS (Fig.
S3, E and F). Thus, Hos2 foci formation does not require DNA
damage signaling but suggests that stress in the meclAtell A
mutant is sufficient to promote Hos2 but not Hsh155 aggrega-
tion. These data support the idea that although INQ components
like Hos2 and Hsh155 can have codependent relationships at
PQC sites, they can be governed by independent upstream
signals driving sequestration to PQC sites. Collectively, these
data show that neither MMS-induced DNA replication stress
nor canonical DNA damage signaling is necessary for Hsh155
sequestration at PQC sites.

Because Hsh155 localizes to protein aggregates after MMS
treatment, it may be regulated by molecular chaperones.
Indeed, Apjl is a molecular chaperone, which our data
suggest opposes Hsh155 localization to both nuclear and
cytoplasmic foci (Fig. 4 A). Previous work has implicated
compartment-specific aggregases Hsp42 and Btn2 in driving
substrates to cytoplasmic and nuclear PQC sites, respectively
(Miller et al., 2015). Surprisingly, deletion of either HSP42

or BTN2 almost completely abrogated Hsh155 localization to
both INQ and cytoplasmic PQC sites (Fig. 5, A and C). Al-
though the distribution of foci between INQ and cytoplasm in
btn2 A was similar to WT, a slight increase in cytoplasmic foci
was seen (Fig. S3 G). Although this conflicts with research
of compartment-specific functions of Hsp42 and Btn2 when
analyzing a model aggregating substrate proteins (Miller et
al., 2015), it is consistent with redundant effects of Hsp42
and Btn2 on Cmrl-YFP foci (Gallina et al., 2015). There-
fore, at least for some endogenous protein substrates of INQ,
both Hsp42 and Btn2 promote aggregate localization in the
nucleus and cytoplasm. Our MMS washout results (Fig. 3 B)
suggest reactivation of Hsh155 after stress removal, indicat-
ing participation of disaggregases such as Hsp104 and Ssel
in the process (O’Driscoll et al., 2015). Deletion of HSP104
and SSEI dramatically increased the frequency of PQC sites
marked by Hsh155 in MMS, increasing the number of cells
with predominantly more cytoplasmic aggregates (Figs. 5 B
and S3 H). Deletion of SSE! led to formation of Hsh155 foci
even without MMS (Fig. 5 B) and shifted the foci to more
cytoplasmic aggregates (Fig. S3 H), indicating that Ssel may
be involved in de novo folding of Hsh155 or that sselA yeast

Splicing factor Hsh155 aggregates under stress
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ing as aggregases (Hsp42/Btn2) or disaggregases (Hspl104/

Ssel) regulates Hsh155 localization to INQ and cytoplasmic Having established the nature and chaperone-regulation of
PQC sites after stress (Fig. 5 C). Hsh155 aggregation at INQ, we hypothesized that this must
80 - Kk
A WT hsp42A btn2A B sse1A hsp104a  C i Utreclisd

m0.05% MMS b

D
o
N
*
*

% of cells with Hsh155-GFP foci

%) 1) i
% § 40 "
*%
20
+
y 04
; 33332 3333
Hsh155-GFP Hsh155-GFP T SO0 T+ SO0
%*_5 - 0 Q"_s - 0
Q 0 [%2) Q
< 7] < [%2]
L == <
Hsp4a2\
Btn2
<«
Hsp104 Aggregate
Hsh155 Sset
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confer an advantage to cells during cellular stress responses,
possibly influencing efficient recovery. To test this, we con-
ducted cell cycle reentry analysis by scoring the budding index
of cells after MMS washout. These data show that bn2A cells
are significantly delayed in rebudding after MMS removal com-
pared with WT or Aspl04A cells (Figs. 6 A and S4 A). Because
hspl04A cells showed comparable budding index to WT in
MMS recovery (Fig. S4 A), the subsequent growth curve analy-
sis was performed on btn2A mutants. Growth curve analysis
of BTN2 mutants also revealed a significant delay in recovery
after MMS treatment compared with WT (Fig. 6 B). Similar
delay in recovery can be seen in mutants of HSH155, showing
that splicing itself might facilitate efficient recovery (Fig. 6 C).
Indeed, previous high-throughput studies have suggested a role
for splicing factors in MMS recovery (Svensson et al., 2011;
van Pel et al., 2013). Overall, these are strongly supportive of
a model linking protein sequestration at INQ sites to splicing
suppression and stress recovery.

If INQ formation promotes stress recovery, we wondered
whether the role of Hsh155 relocalization could be linked to
the stress-induced remodeling of the transcriptome known to
occur in MMS (Gasch et al., 2001). We first analyzed splic-
ing efficiency using a LacZ reporter construct (Palancade et al.,
2005) and found that, whereas MMS treatment reduced LacZ
production from both an intronless and intron-containing con-
struct, the intron-containing construct was further repressed
(Fig. 7 A). hsh155-ts showed a dramatic splicing defect as ex-
pected (Fig. S4 B). Interestingly, the MMS-induced splicing
defect was evident by 30 min, well before most cells showed
detectable INQ foci (Fig. S4 C), consistent with the idea that
spliceosomes disassemble (Fig. 1) in response to MMS treat-
ment and before Hsh155 aggregation.

Splicing flux in yeast is dominated by the production of
RPs, the majority of which encode an intron and whose tran-
scripts account for ~90% of splicing reactions (Parenteau et al.,
2011). It has long been known that RPGs are specifically re-
pressed upon stress as part of a transcriptional program dubbed
the environmental stress response (Gasch et al., 2000). Recent
studies indicate that RPG expression can also be regulated post-
transcriptionally by selective splicing under stresses including
MMS (Parenteau et al., 2011; Gabunilas and Chanfreau, 2016).
Whole-proteome analysis showed that 418 proteins were re-
pressed, whereas only 75 were more abundant after MMS
treatment (Table S2). Gene Ontology analysis of the cellular
functions impacted highlights strong repression of transcrip-
tional and translational processes (Table S3). Comparing pre-
vious transcriptome data (Gasch et al., 2001) gathered under
essentially the same conditions with our proteomics data high-
lights a significant drop in spliced gene expression and protein
production after MMS treatment (Fig. 7, B and C). RPGs are
the drivers of this drop in spliced genes as they clustered in
the negative quadrant of both datasets (Fig. 7 C and Table S2).
Additionally, we conducted intron retention measurements by
both qualitative (Figs. 7 D and S4 D) and quantitative (Figs. 7 E
and S4 E) RT-PCR for two RP pre-mRNAs in WT, bm2A, and
hspl04A cells. As expected, MMS treatment caused a splicing
defect, leading to intron retention in WT cells. Importantly, loss
of BTN2 prevented this MMS-induced spike in intron retention,
suggesting that the organization of nuclear protein aggregates
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*** P <0.001; Fisher's test. (B and C) Growth curve analysis of btn2A (B)
and hsh155-s (C) alleles compared with WT strains + MMS and 2 h after
MMS washout at 30°C. The dotted line represents the range wherein all
data points significantly differ from WT under the same conditions. n = 3
with triplicates in each. Means + SEM; two-way ANOVA with Tukey's post
hoc test; p-values range from <0.05-<0.0001.

may be a key step in shutting down splicing in MMS. Cells
lacking HSP104 showed the WT spike in intron retention con-
sistent with aggregation competence. These data correlate with
the functional data showing that btn2A does not recover from
MMS-induced stress as quickly as WT and hspl04A cells
(Fig. 6). Importantly, MMS treatment led to RPL33B gene re-
pression as expected in all the strains (Fig. 7 F). This indicates
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that although transcriptional repression of RPGs in MMS is nor-
mal in btn2A, the posttranscriptional effects on splicing are lost.

RPG transcriptional regulation and TORC1
influences Hsh155 sequestration

Because MMS is known to arrest cells in S phase (Shirahige
et al., 1998), we synchronized cells either in G1 or G2/M be-
fore MMS treatment to determine whether passage into S phase
was required for foci formation. Although a-factor—arrested G1
cells formed Hsh155 foci readily upon MMS treatment, noco-
dazole-arrested G2/M cells formed very few foci (Figs. 8 A and
S5 A). The presence of aggregates in G1 but not G2/M cells
is consistent with a model linked to RPG expression because
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ribosome production is required to progress through G1 (Bern-
stein and Baserga, 2004), whereas ribosomal RNA production at
least is transiently decreased during mitosis (Clemente-Blanco
et al., 2009). TOR signaling regulates ribosome biogenesis nor-
mally and coordinates its repression under stress (Martin et al.,
2004). Remarkably, co-treatment of cells with the TORCI in-
hibitor rapamycin strongly suppressed MMS-induced Hsh155-
GFP foci formation, whereas rapamycin treatment alone had
no effect on Hsh155 localization (Fig. 8 B). Genetic pertur-
bation of the TORC1 pathway through mutation of a Torl/2-
stabilizing chaperone ASA/ (Stirling et al., 2011) or the TORC1
subunits KOGI and TORI (Loewith et al., 2002) also signifi-
cantly reduced the frequency of Hsh155-GFP foci (Fig. 8, C
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and D). Reciprocally, deletion of the TORCI inhibitor 77P41
significantly increased the number of cells with MMS-induced
Hsh155 foci (Fig. 8 E), consistent with data in pph21A cells, as
Tip41 regulates Pph21 in opposing TORC1 signaling (Jiang and
Broach, 1999; Diivel et al., 2003). Overall, this suggests that
RPG repression mediated by TORCI signaling (Fig. 8 I) could
be influencing the dynamic behavior of Hsh155 in MMS.

The effects of TORC1 on RPG expression are mediated through
downstream effects on transcriptional activators including

Hmol, Ithl, and Sfpl (Schawalder et al., 2004; Xiao et al.,
2011; Reja et al., 2015). Mutation of constitutive TORCI-
regulated RPG-transcriptional activators such as Hmol or Ithl
had no significant effect on the frequency of Hsh155-GFP foci
(Fig. S5 B). Hmol and Ifhl directly regulate RPG expression
but do not have an established role in the environmental stress re-
sponse. On the contrary, Sfpl is an RPG transcription factor that
interacts with and is regulated by TORC1 signaling specifically
under stress (Lempidinen et al., 2009). Normally, Sfpl is dis-
placed from RPG promoters under stress and is localized to the
cytosol to effect rapid adaptation of RPGs to stress (Jorgensen et
al., 2004; Marion et al., 2004). In the absence of the Sfpl, RPGs
are still transcribed but are not repressed under stress (Marion et
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al., 2004). Remarkably, although INQ protein aggregates marked
by Apj1-GFP still formed normally in MMS-treated sfplA cells,
Hsh155-GFP foci were completely abrogated, and Hos2-GFP
and Cmr1-GFP foci were significantly reduced (Fig. 8, F and G).
Thus, loss of Sfp1 does not preclude the formation of aggregates;
rather, it controls the specific endogenous proteins that are re-
cruited to the aggregates under stress.

Interestingly, like the spliceosome, Cmrl and Hos2 have
been linked to RPG expression and bind to RPG promoters
(Jones et al., 2016). Together with our data, this suggests that a
precipitous drop in RPG expression might be involved in evict-
ing Hsh155, Hos2, and Cmrl from the chromatin and enabling
their sequestration at PQC sites. To assess this possibility, we
compared published microarray data on sfp/A cells (Marion et
al., 2004) with Cmr1 occupancy data in WT cells by chroma-
tin immunoprecipitation (ChIP; Jones et al., 2016). This analysis
showed that Cmrl-occupied genes are significantly down-regu-
lated in sfpI A cells, supporting the idea that the two factors have
common targets (Fig. 8 H and Table S4). Interestingly, analysis of
the Cmr1 ChIP occupancy data also indicates that there is signifi-
cantly more Cmr1 occupancy at spliced genes (mean Cmr1 occu-
pancy for 274 spliced genes = 0.13, and mean occupancy for all
genes = 0.046) in WT cells (Fig. S5 C and Table S4). Thus, genes
regulated by Cmrl and Sfp1 overlap and are enriched for spliced
genes where Hsh155 will act. Together, these data support a model
where stress-induced TORC1-mediated transcriptional changes
at RPGs and a precipitous drop in RPG expression regulated by
Sfpl liberate spliceosomes and transcriptional regulators such as
Hos2 and Cmr1 (Fig. 8 I). These factors can then be captured in
protein aggregates in the nucleus, and eventually the cytoplasm,
and then sequestered until stress passes (see Discussion; Fig. 9).

The INQ is a relatively poorly characterized PQC site for nu-
clear proteins. Our data establish several new principles govern-
ing INQ formation and substrate protein recruitment. We show

_______
-
e,

RP gene expression drops \

Figure 9. Model illustrating stress-induced tran-
scriptional changes at RPGs liberating transcrip-
tional regulators such as Sfp1 regulated by TORC1
signaling, Cmr1, and spliceosomes, leading to
spliceosome disassembly and splicing defects. Sub-
sequently, Hsh155 is sequestered in INQ and even-
tually cytoplasmic aggregates, which are regulated
by chaperones until stress recovery.

Nucleus

that INQ substrates fall into at least two categories, those like
Cmrl that are wholly restricted to nuclear aggregates (Gallina et
al., 2015), and those like Hsh155, Hos2, or Apj1 that also accu-
mulate in cytoplasmic foci. This could suggest that the capacity
of INQ is limited and that excess proteins are shunted to cyto-
plasmic aggregates, sequentially making the latter an overflow
compartment, or that both the nuclear and cytoplasmic pool of
proteins aggregate independently with different kinetics. Our
tandem fluorescent fusion data suggest that a younger pool of
Hsh155 accumulates in cytoplasmic aggregates compared with
INQ, and therefore, we favor a model in which Hsh155 is not
actively transported from INQ to cytoplasmic aggregates. In
addition, because we show that INQ residents like Apjl local-
ize to aggregates under conditions where Hsh155 does not (i.e.,
in MMS-treated sfp/A cells), there must be separate upstream
signals for the formation of aggregates and the recruitment of
specific endogenous proteins. Thus, the formation of the ag-
gregate itself is insufficient to recruit a labile protein; rather,
signals which perturb Hsh155 interactions must occur before
its recruitment. The observed dissociation of Hsh155 from its
binding partner Hsh49 after MMS treatment is consistent with
complex disassembly before aggregate recruitment, but the sig-
nals controlling this process are unknown.

We also found that INQ markers Cmrl, Hos2, Apjl, and
Pph21 affect the frequency of Hsh155 foci. However, based
on the annotated functions of these proteins, we propose that
there may be different mechanisms by which this occurs. Apjl
is homologous to Hsp40, a molecular chaperone, and we pre-
dict that it plays a role in stabilizing soluble Hsh155 in the nu-
cleus and cytoplasm. Cmrl and Hos2 are now known to affect
transcription and RPG expression (Jones et al., 2016), and thus
deletions would disrupt the levels of spliced transcripts, po-
tentially sensitizing cells to sequester Hsh155 in PQCs under
stress. Finally, Pph21, like Tip41, opposes TORC1-dependent
phosphorylation of Tap42 (Jiang and Broach, 1999), which
would be partly alleviated in pph21A cells and associated with
a stronger TORCI signal. This potentially explains why rapa-
mycin treatment blocked Hsh155 foci formation with MMS,
whereas pph21A cells were sensitized to accumulate Hsh155



foci. Thus, although each of these INQ proteins fits into a
model of stress signaling—induced transcriptional changes lead-
ing to protein aggregation, there are many remaining questions
about how and why this subset of proteins are sequestered at
the INQ and whether they are inactive aggregated substrates
or are exerting their enzymatic activities (i.e., lysine deacetyl-
ation by Hos2 or S/T dephosphorylation by Pph21) within the
INQ. The role of molecular chaperones at protein aggregates is
clearer, and we identify well-known disaggregases and aggre-
gases affecting Hsh155 deposition at aggregates. Interestingly,
as with Cmrl, Hsh155 localization is regulated by both Btn2
and Hsp42, supporting a common function in aggregation pro-
cesses as noted in certain contexts previously (Malinovska et
al., 2012; Miller et al., 2015).

Coordinating changes in the transcriptome and proteome help
to reestablish cellular homeostasis after stress recovery. Tempo-
rary protein sequestration or turnover in aggregate structures is
one way that such homeostasis is achieved (Wallace et al., 2015;
Saarikangas and Barral, 2016). We propose that the transcrip-
tional response to MMS mediated through the TORC1 pathway
is the ultimate initiator of Hsh155 aggregation. Spliced tran-
scripts are dramatically affected by MMS treatment because
RP production is shut down and RPGs encode the majority of
spliced transcripts in yeast. Thus, Hsh155 is no longer engaged
in bulk splicing at RPGs under stress. Our data suggest that
an additional, posttranscriptional step in RPG repression may
occur because we saw a spike in intron retention along with the
RPG expression drop consistent with less efficient splicing after
MMS treatment. Importantly, loss of BTN2 prevented MMS-
induced intron retention, suggesting that Btn2 may play a role
in spliceosome inactivation under stress. These data differ from
previous work examining RPG repression in meiosis or under
rapamycin treatment where splicing of non-RPGs was not in-
hibited (Munding et al., 2013). However, a direct comparison
of our findings to this study is difficult because of the different
environmental stimuli used. Indeed, we found that rapamycin
treatment reduced MMS-induced foci, suggesting a different
overall stress response.

The model in which Hsh155 is evicted from spliced genes
after repression could also apply to Cmr1 and Hos2, which bind
to RPGs during transcription (Jones et al., 2016). These dynamic
changes at RPGs are initiated by TORCI1-dependant relocal-
ization of Sfpl (Jorgensen et al., 2004; Marion et al., 2004),
and we show that either TORC1 inhibition or SFPI deletion
strongly represses Hsh155 aggregation in MMS. Additionally,
although Hos2 or Cmrl aggregation in MMS was also blocked
by SFPI deletion, Apjl foci formation was unaffected. Thus,
changing the transcriptional dynamics of the stress response
impacts only some INQ-resident proteins. This is important
because it may suggest that Hsh155 and Hos2 are not simply
aggregation prone in MMS but instead move to INQ or not,
based on the transcriptional needs of the cell. Functionally, our
data suggest that, although neither defects in splicing nor pro-
tein sequestration by Btn2 seem to confer dramatic sensitivity
to chronic MMS exposure by spot dilution assays (Gallina et
al., 2015), both Btn2 and Hsh155 might aid in normal recovery
after MMS removal. Although there was only a correlation be-
tween stress recovery and splicing regulation, we hypothesize

that any competitive advantage is related to the retention of a
pool of near-native proteins for rapid reactivation after stress that
would otherwise be lost.

Previous groups have recognized that INQ structures lo-
calize adjacent to the nucleolus (Tkach et al., 2012; Miller et al.,
2015). Our data link INQ constituents to ribosome production,
but the significance of INQ’s nucleolar proximity remains un-
known. Another question is why Hsh155 localizes to aggregates
when its partners in the spliceosome do not. Hsh155 does not
contain known aggregation-prone Q-rich or Q/N domains, sug-
gesting a regulated process that is currently obscure. Our study
highlights INQ as an immediate repository for factors perturbed
by RPG repression and, by linking dynamic transcriptional
changes to PQC, raises important questions about how cells co-
ordinate the assembly and disassembly of chromatin-associated
protein complexes during stress and recovery.

Yeast growth, manipulation, and analysis

Yeast strains were grown in standard rich media YPD or synthetic com-
plete (SC) medium unless otherwise indicated. Serial dilution assays
were performed as described previously (Stirling et al., 2011). In brief,
an identical OD of cells was serially diluted tenfold and spotted on
the indicated plate with a 48-pin replica pinning manifold and incu-
bated at indicated temperatures for 72 h. Yeast growth curves in YPD
media at 30°C were performed as previously described by Stirling et
al. (2012), and logarithmic phase cultures treated with or without MMS
for 2 h were washed twice and then grown for another 2 h after wash-
out. These were diluted to an OD of 0.05 in a 96-well plate in triplicate
and grown for 48 h in an M200 plate reader (TECAN) at 30°C. Fig. 6 B
shows the growth curves from six biological replicates for each strain.
Standard MMS treatments (unless indicated) were at a concentration of
0.05% for 2 h (~99%; Sigma-Aldrich). All other chemical treatments
were MG132 (80 ul), CHX (200 pg/ml), and rapamycin (200 nM) for
2 h. Table S5 contains a list of yeast strains, including database IDs,
genotypes, primers, and plasmids used.

Live-cell imaging and CIN-GFP screen

Genes with reported genome instability (Stirling et al., 2011, 2014)
were obtained as GFP fusions (Huh et al., 2003). Actively growing cells
in SC medium were exposed to H,0O, (2 mM) or MMS (0.05%) for 2 h
in batches of 12 strains in well plates before mounting on concanavalin
A (ConA)-treated (Stirling et al., 2012) Teflon-masked 12-well slides.
For UV exposure, untreated cells were mounted in 12-well slides, and
the droplets were irradiated (500 J/m?) in a stratalinker. Irradiated slides
were stored in a humid chamber until imaging. The imaging screen was
conducted on an Axioscope (ZEISS) at 100x magnification, and can-
didate relocalizations were retested in triplicate. Imaging of the treated
strains in SC medium after the screen was performed live on a DMi8
microscope (Leica Microsystems) at 100x magnification using ConA-
treated slides. VHL-mCherry aggregate induction was done as de-
scribed previously (Miller et al., 2015). In brief, cells were grown 24 h
in SC-Ura with 2% raffinose, diluted into SC-Ura with 2% galactose,
and grown for 16 h at 30°C to log phase. Before MMS (0.05% for 2 h) or
heat-shock treatment (37°C for 20 min), the media were changed to SC
with 2% glucose to repress new VHL expression followed by imaging.

Cell cycle and budding index analysis
Budding index. Logarithmic cultures of GFP-tagged Hsh155 cells were
grown at 30°C and treated with a-factor (1 mg/ml for 1 h) followed by
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MMS (0.05%) plus a-factor for a further 2 h. Arrested and/or MMS-
treated cells were then washed twice to release the cells from G1/S and
to remove MMS. These cells were then imaged over the next 2 h to
score rebudding upon stress recovery. Budding was scored using the
differential interference contrast channel of the microscope and con-
trolled with Hta2-mCherry signals (nuclear marker).

Cell cycle analysis. Logarithmic cultures of GFP-tagged Hsh155
cells were grown at 30°C and treated with a-factor (1 mg/ml for 1 h)
for G1/S arrest and with nocodazole (15 pg/ml for 1 h) for G2/M ar-
rest before MMS treatment (0.05%; 2 h). Arrested and MMS-treated
cells were then imaged as described in Live-cell imaging and CIN-GFP
screen.

Image acquisition, analysis, and statistical methods

The images were acquired using an Objective HCX Plan Apochromat
1.40 NA oil immersion 100x objective on an inverted DMi8 micro-
scope (Leica Microsystems) equipped with a motorized differential in-
terference contrast turret (for differential interference contrast imaging)
and a filter cube set for FITC/TRITC (for GFP and mCherry fluores-
cence imaging). The images were captured at room temperature using
a scientific complementary metal oxide semiconductor camera (ORCA
Flash 4.0 V2; Hamamatsu Photonics) and collected using MetaMorph
Premier acquisition software (Molecular Devices) and postprocessed
(including gamma adjustments, counting of cells with/without foci,
budding index quantifications, and foci intensity measurements) using
ImageJ (National Institutes of Health). For all microscopy experi-
ments, the significance of the differences was determined using Prism5
(GraphPad Software) or R. For intensity measurements, samples were
compared with ¢ tests or ANOVA, and GraphPad performed F tests for
variance as part of this analysis. For comparisons of proportions, Fish-
er’s tests were used, and p-values were Holm-Bonferroni—corrected in
the event of multiple comparisons. Sample sizes were determined post
hoc and are listed in the figure legends.

FRAP analysis
FRAP experiments were done using an FV1000 confocal imager
(Olympus) exactly as described previously (Chao et al., 2014). Hsh155-
and Hos2-GFP-tagged cells were grown to log phase and treated with
MMS (0.05%) for 2 h. Cells with foci in the nucleus were selected for
imaging. FRAP images were collected on an FV1000 microscope with
Fluoview (version 3.0; Olympus). Hsh155 and Hos2-GFP INQ foci were
bleached, and the recovery of fluorescence in the bleached region of
interest (ROI) was monitored every 5 s. The bleaching experiment was
performed using a 488-nm laser using 40% bleach laser power and one-
frame bleach time. All fluorescence normalization was automated using
R and R Studio3. Background fluorescence was monitored in three ROIs,
averaged, and removed from the bleached ROI. Three control ROIs in the
nuclei of neighboring cells were monitored, averaged, and normalized
to the prebleach ROI (T,), and the fluorescence loss over time was cal-
culated and added back to the bleached ROI. Normalized bleached ROI
fluorescence data were transformed by setting the prebleached ROI to
100% and the postbleached ROI to 0% to allow for all FRAP curves to
be combined. Data were fit using Prism6 (GraphPad Software) by one-
phase association nonlinear regression. Mobile fraction and t;,, values
were calculated and obtained from the values output by Prismo6.

The R pipeline for the FRAP analysis is available as source code
text in Text S1 and on GitHub with the following link: https://github
.com/ahofmann4/Open_FRAP_Analysis.

Western blotting and coimmunoprecipitation
Coimmunoprecipitations were performed using yeast strains containing
TAP-tagged Hsh49 and/or GFP-tagged Hsh155 treated with or without

MMS. TAP-tagged Hsh49 was captured using IgG Sepharose fast-flow
beads (Sigma-Aldrich) and proceeded as described previously (Leung et
al., 2016). Immunoblotting was performed with mouse anti-GFP (Thermo
Fisher Scientific) and rabbit anti-TAP (Thermo Fisher Scientific).

For Western blots, whole-cell extracts were prepared by trichlo-
roacetic acid extraction and blotted with mouse anti-GFP (Thermo
Fisher Scientific) or rabbit anti-PGK1 (Abcam) essentially as described
previously (Gallina et al., 2015).

Splicing efficiency assay

Splicing assay protocol was adapted and performed as previously de-
scribed (Galy et al., 2004). All measurements were taken with indi-
vidual transformants in triplicate. Cells were struck as a patch on SC
medium without leucine and then replica plated to glycerol-lactate—
containing SC medium without leucine (GGL-leu). Cells from each
patch were inoculated in liquid GGL-leu media for 2 h at 30°C and
then were induced with final 2% galactose for 1.5 h before treatment
with final 0.05% MMS. Time points were taken at 30, 60, and 120 min
post-MMS treatment. Cells carrying reporters were lysed and assayed
for p-galactosidase assay using a Gal-Screen [3-galactosidase reporter
gene assay system for yeast or mammalian cells (Applied Biosystems)
as per the manufacturer’s instructions and read with a SpectraMax i3
(Molecular Devices). Relative light units were normalized to cell con-
centration as estimated by measuring OD,.

Whole-proteome analysis by mass spectrometry

Logarithmic cultures of BY4741 WT strain grown at 30°C with or
without MMS (0.05% for 2 h) treatment were pelleted and frozen. Fro-
zen pellets were lysed, reduced, alkylated, trypsin digested, and puri-
fied using the SP3 method (Hughes et al., 2014) with modifications
(Hughes et al., 2016). Samples were analyzed as detailed by Hughes et
al. (2016); in brief, prepared peptide samples were labeled with indi-
vidual tandem mass tags (Thermo Fisher Scientific), combined in sets
of 10, and subjected to offline high-pH fractionation/concatenation, and
then fractions (12) were analyzed by reverse-phase nanoelectrospray
liquid chromatography on an Orbitrap Fusion Tribrid mass spectrome-
try platform (Thermo Fisher Scientific) using MS3 scanning.

Mass spectrometry data analysis. Data from the Orbitrap fu-
sion were processed using Proteome Discoverer Software (2.1.0.62;
Thermo Fisher Scientific). MS2 spectra were searched using Sequest
HT against the UniProt S. cerevisiae proteome database appended to
a list of common contaminants (6,752 total sequences). Data were fil-
tered at the peptide spectral match level to control for false discoveries
using a g-value cutoff of 0.05 as determined by Percolator (MASCOT;
Matrix Science). This less-stringent filter was applied to maximize
sensitivity, relying on the statistical analyses during peptide quantifica-
tion to further control for the potential generation of false conclusions
within the final dataset. As a result, the final quantitative set of hits that
displays significant variance between sample types is enriched in mul-
tipeptide-identified high-confidence proteins. A total of 4,357 proteins
were reproducibly quantified, and proteins with significant depletion or
enrichment are listed in Table S2.

Bioinformatic and statistical analyses. Datasets generated in Pro-
teome Discoverer were exported and analyzed with a combination of
scripts built in R designed in-house. Contaminant and decoy proteins
were removed from all datasets before analysis. Unless stated other-
wise, quantification was performed at the peptide level as discussed
previously (Suomi et al., 2015).

Data availability. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (Vizcaino et al., 2014, 2016) with the dataset iden-
tifier PXD004459.


https://github.com/ahofmann4/Open_FRAP_Analysis
https://github.com/ahofmann4/Open_FRAP_Analysis

RNA isolation, cDNA preparation, and reverse transcription—
quantitative PCR analysis

Total RNA was isolated from log phase—grown cells treated with or
without MMS and 2 h after MMS washout using the yeast RiboPure
RNA Purification kit (Ambion). 1 pug of cDNA was reverse transcribed
using anchored-oligo(dT),s primer and Transcriptor Reverse transcrip-
tion (Roche). Reverse transcription—quantitative PCRs were performed
and analyzed using SYBR green PCR Master Mix and a StepOnePlus
Real-Time PCR system (Applied Biosystems). cDNA PCR products
and reverse transcription—quantitative PCR transcripts were amplified
using the primers in Table S5.

Online supplemental material

Supplemental data of this article include five additional figures and
five tables showing the results of the CIN miniarray screen (Fig. S1
and Table S1); further characterization of Hsh155 relocalization (Fig.
S2); impact of replication stress on Hsh155 foci formation (Fig. S3,
A-F); foci distribution in chaperones (Fig. S3, G-H); budding index
in hsplO4A cells (Fig. S4 A); temporal correlation of the drop in
splicing and foci formation (Fig. S4, B and C); influence of Hsh155
aggregate formation on RPL27A transcript levels (Fig. S4, D-E); ef-
fects of cell cycle arrests and TORC1 signaling on PQC formation
(Fig. S5, A and B); additional Cmr1 ChIP occupancy data (Fig. S5 C);
whole-proteome abundance data and gene ontology enrichment after
MMS treatment (Tables S2 and S3); comparison of the Cmrl ChIP
occupancy data in WT cells and microarray expression data in sfp/A
strain (Table S4); and yeast strains, primers, and plasmids used in this
study (Table S5). Text S1 contains the source code text for the R pipe-
line used in the FRAP analysis.
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