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ABSTRACT lIre1 is an endoplasmic reticulum (ER) transmembrane protein that senses distur-
bances in protein folding homeostasis and contributes to a multifaceted response to stress.
The nuclease activity of Ire1, in addition to splicing the mRNA encoding the transcription
factor Xbp1, mediates mRNA degradation in response to ER stress through a pathway
termed regulated Ire1-dependent decay (RIDD). We previously showed that ER targeting of
substrates is necessary for RIDD; in this paper, we show that ER localization is also sufficient
to induce decay in a normally unaffected mRNA. Using microarrays, we also measured rela-
tive mRNA degradation in the presence and absence of ER stress in Drosophila S2 cells, and
determined mRNA membrane association using detergent fractionation. The vast majority
of mRNAs that were strongly associated with the ER were degraded faster during ER stress
in an Ire1-dependent manner, suggesting that RIDD is the default pathway for ER-localized
mRNAs during stress. We also show that the mRNA encoding plexin A remains highly poly-
some associated during stress and escapes degradation by RIDD, and that its 5" untrans-
lated region can protect a strong RIDD target from degradation. These results suggest that
while translation is generally attenuated during ER stress, continued translation of certain
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messages can protect them from degradation by RIDD.

INTRODUCTION

As the entry point for the secretory pathway, the endoplasmic re-
ticulum (ER) must accommodate changes in the flux of proteins that
need to be folded and processed. Large increases in the ER protein-
folding burden or disruptions to ER function, often referred to as ER
stress, are associated with many pathologies, while both sustained
and temporary increases in folding burden occur regularly in secre-
tory cell types. The unfolded protein response (UPR) is a collection
of pathways that work to restore and enhance ER function, both
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during stress and during the development and normal functioning
of secretory cells (Walter and Ron, 2011; Moore and Hollien, 2012).
Three signaling proteins, Ire1, Atf6, and Perk, form the core of the
metazoan UPR and work to increase the folding capacity of the ER
and to decrease the burden of incoming proteins. Ire1, the most
broadly conserved of these signaling proteins, is an ER transmem-
brane protein with a cytosolic endoribonuclease activity activated
by ER stress (Cox et al., 1993; Mori et al., 1993). Ire1 cleaves the
mRNA encoding Xbp1, leading to removal of a regulatory intron
and formation of the in-frame template for this transcription factor
(Shen et al., 2001; Yoshida et al., 2001; Calfon et al., 2002). Atf6 is
proteolytically cleaved during stress, and the released cytoplasmic
domain also functions as a transcription factor (Haze et al., 1999;
Wang et al., 2000). Perk decreases the load on the ER by phospho-
rylating elF2a,, thus attenuating general translation (Shi et al., 1998;
Harding et al., 1999). This phosphorylation event also leads to in-
creased translation of Atf4, a third UPR transcription factor, which is
regulated by upstream open reading frames (UORFs) in its 5
untranslated region (UTR; Harding et al., 2000).

We previously found that in addition to cleaving and thereby
activating Xbp1, Ire1 mediates the degradation of a subset of
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mRNAs in Drosophila S2 and mammalian cells during ER stress via a
pathway termed regulated Ire1-dependent decay (RIDD; Hollien
and Weissman, 2006; Hollien et al., 2009). The targets of RIDD are
highly enriched for mRNAs encoding proteins with signal sequences
and/or transmembrane domains, and mutation or removal of the
signal sequences in reporter mRNAs prevents their decay (Hollien
and Weissman, 2006). Localization to the ER therefore appears to
be necessary for degradation by RIDD. However, additional se-
quence or structural elements important for substrate selection have
been elusive. We therefore hypothesized that localization to the ER
is also sufficient for RIDD, predicting that most ER-localized mRNAs
are RIDD targets. Although several genome-wide experiments have
previously examined the effects of ER stress (Travers et al., 2000;
Okada et al., 2002; Harding et al., 2003; Shen et al., 2005), the vast
transcriptional remodeling of the ER under stress has precluded a
complete view of the effects of mRNA turnover. In this study, we
used reporter mRNAs and microarray analysis of mRNA decay in
Drosophila S2 cells to provide support for the hypothesis that RIDD
is the default pathway for ER-localized mRNAs during stress.

RESULTS

Targeting the mRNA encoding green fluorescent protein
(GFP) to the ER membrane results in degradation by RIDD
To test whether signal sequence-mediated localization to the ER
membrane is sufficient for RIDD, we compared the decay of mRNA
reporters encoding either GFP alone or GFP with an N-terminal sig-
nal sequence in the presence and absence of ER stress. While the
two reporters were degraded with similar kinetics in the absence of
stress, addition of dithiothreitol (DTT), a reducing agent that strongly
induces ER stress, increased the decay rate of the signal sequence-
containing RNA, but not that of the cytosolic RNA (Figure 1A). This
increase in degradation was Ire1-dependent, as RNA interference
(RNAJ) of Ire1 abolished the effect (Figure 1B). Thus the mRNA
encoding signal sequence GFP is a target of RIDD.

RIDD broadly degrades membrane-bound mRNAs

The hypothesis that localization to the ER membrane is necessary
and sufficient for targeting an mRNA to the RIDD pathway predicts
that the turnover rates of essentially all membrane-localized mRNAs
should increase when Ire1 is activated during ER stress. To test this,
we measured mRNA decay in the presence and absence of ER stress
and of Ire1 using spotted DNA microarrays. We treated S2 cells with
actinomycin D to inhibit transcription; this was followed by DTT to
induce ER stress. We then used microarrays to compare RNA levels
in untreated cells with those treated with actinomycin D alone or
actinomycin D and DTT. Overall mRNA levels decreased after 4.5 h
in actinomycin D, as expected, although many RNAs were stable
over this time. To take into account the overall signal decrease in
actinomycin D samples, we used the levels of mRNAs encoding
ribosomal proteins to normalize signals for individual mRNAs in
each array (see Materials and Methods). This normalization proce-
dure resulted in the expected levels of decay for previously charac-
terized RIDD targets. In parallel, we carried out this procedure for
cells depleted of Ire1 by RNAi and for control cells to which no
double-stranded RNA (dsRNA) was added.

To distinguish between membrane-associated and cytosolic
mRNAs, we permeabilized S2 cells using digitonin to extract cytoso-
lic mRNAs, then with Triton X-100 to extract membrane-bound RNAs,
using a method developed by Nicchitta and colleagues (Stephens
et al., 2008). After measuring RNA levels by microarray, we calcu-
lated the fraction membrane association (FM = mRNA in Triton
supernatant/sum of mRNA in digitonin and Triton supernatants) for
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FIGURE 1: Targeting of GFP mRNA to the ER membrane results in
degradation by RIDD. (A) GFP and an ER-targeted GFP containing the
signal sequence of Drosophila Hsp70-3 (ss-GFP) were placed under
the control of the copper-inducible metallothionein promoter and
stably transfected into Drosophila S2 cells. We induced expression for
3 h, removed copper, and monitored mRNA levels over time in the
absence and presence of the ER stressor DTT (2 mM), by real-time
qPCR. GFP mRNA levels were normalized to that of Rpl19. Shown are
the average and SD of four independent experiments. The copper
wash-out was effective, as no additional decay was observed when we
also added a copper chelator or general transcription inhibitor (see
Figure S1). (B) We measured the relative mRNA degradation of the
ss-GFP reporter from (A) following depletion of Ire1 by RNAi. Shown
are the relative mRNA levels 5 h after removal of copper, in the
absence and presence of DTT (2 mM), for two independent
experiments (average and SD).

log, (relative ss-GFP
mRNA abundance)

-2.5

each measurable mRNA. To test the hypothesis that all membrane-
associated mRNAs are degraded by RIDD, we first examined the set
of mRNAs that had high FM values (>0.75) and were predicted to
contain signal sequence coding regions. Of these mRNAs, 99% clus-
tered together as RIDD targets, displaying ER stress—dependent and
Ire1-dependent increases in degradation (Figure 2A).

The extent of RIDD targeting appeared to depend on the de-
gree of membrane association. For each measurable mRNA, we
calculated a RIDD score, equal to the log, value of DTT-dependent
degradation in control cells (no RNAi) minus the log; value of DTT-
dependent degradation in cells depleted of Ire1 by RNAI. As seen
in Figure 2B, mRNAs with high FM values had more negative RIDD
scores, indicating that mRNAs more strongly associated with the
ER membrane displayed stronger degradation in an ER stress—
dependent and Ire1-dependent manner. The effect of RIDD became
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FIGURE 2: RIDD broadly degrades membrane-associated mRNAs.
(A) After either mock-treating or depleting Drosophila S2 cells of Ire1
using RNAI, we blocked transcription with actinomycin D (1 pg/ml)
and measured mRNA decay in the absence and presence of ER stress
(2 mM DTT, 4.5 h). RNA levels relative to untreated controls were
measured using spotted DNA microarrays and normalized to mRNAs
encoding ribosomal proteins (see Materials and Methods). In parallel,
we measured membrane association using detergent extraction and
calculated the FM for each mRNA. Shown is a cluster analysis of
mRNAs with a high experimental FM (>0.75) and containing
predicted signal sequence-coding regions. (B) RIDD score (see Results;
lower values indicate degradation via RIDD) vs. FM for mRNAs that
were stable (degraded less than threefold 4.5 h following actinomycin
D treatment) in the absence of ER stress. (C) RIDD score vs. FM as in
(B), but for mRNAs containing predicted signal sequence-coding
regions. (B and C) The red line indicates a linear fit of the entire data
set with FM > 0.54 (R? = 0.29).

statistically significant at FM ~ 0.54, as determined by paired t tests
comparing actinomycin-treated samples in the presence versus ab-
sence of DTT and comparing DT T-treated samples with versus with-
out depletion of Ire1 (Supplemental Table S1). RIDD scores were
described well by a linear fit in this region (FM > 0.54), although this
did not fully account for the range of RIDD scores, as described in
the next section and in Tables S2 and S3. In particular, RIDD scores
at very high FM tended to be lower than predicted from the linear
fit; this may be the result of membrane association that is stronger
than we are able to measure using our fractionation technique.
The correlation between RIDD targeting and membrane associa-
tion was independent of traditional ER-targeting sequences within
the RNA. Although mRNAs with signal sequences were more likely
to have high FM values, there were many with low FM values, poten-
tially because the proteins they encode are posttranslationally in-
serted into the ER; these were not RIDD targets (Figure 2C). Con-
versely, mRNAs lacking signal sequences and transmembrane
domains but displaying high FM values followed the same trend as
those containing identifiable targeting sequences (Supplemental
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Figure S2A). Thus it appears that the localization of the mRNA, and
not the encoded protein, is a major factor in RIDD targeting.

Ire1 is known to cleave Xbp1 at specific stem-loop structures,
and the seven-member loop has several conserved nucleotides. In
addition, RIDD targets in mammalian cells often display similar
stem-loops (Han et al., 2009; Hur et al., 2012). To test whether the
presence of an Xbp1-like stem-loop influences the ability of an
mRNA to be degraded by RIDD, we analyzed all transcripts associ-
ated with the mRNAs measured in our array data that were stable
(degraded less than threefold after 4.5 h) in the absence of stress
(i.e., those shown in Figure 2B). Of these 2368 mRNAs, 240 con-
tained a predicted Ire1 cleavage site, defined as a stem of at least
five base pairs, allowing for GC, AU, and GU pairs, and a loop with
the sequence CnGCnGn. The presence of an Irel site, however,
did not appear to influence RIDD targeting, as the distribution of
mRNAs containing these sites was similar to that for the data set as
a whole (Figure S2B). In contrast, using the same criteria, we identi-
fied potential cleavage sites in nine of the 11 confirmed RIDD tar-
gets in mammals (Table S4), representing a very strong enrichment.

Plexin A is protected from RIDD via its 5" UTR

Although membrane association is important for RIDD targeting,
this factor alone does not explain the full range of RIDD scores:
some RNAs displayed especially strong or especially weak RIDD.
We were particularly interested in those RNAs that displayed weaker
RIDD targeting than expected based on their membrane associa-
tion (Table S2), as these may reveal specific protection mechanisms.
We chose several of these potentially protected mRNAs and used
quantitative PCR (gPCR) to measure their decay rates in the pres-
ence and absence of ER stress. Unlike the typical membrane-associ-
ated mRNA, these mRNAs did not decay significantly faster in the
presence of ER stress, even when we inhibited transcription using
higher concentrations of actinomycin D or with 5,6-dichloro-1-B-b-
ribofuranosylbenzimidazole, which inhibits RNA polymerase Il more
specifically (Figure S3).

Two features of the protected RNAs were immediately apparent.
First, the weakest RIDD targets are more likely to lack traditional ER
signal sequence—coding regions (5/10) when compared with the
strongest targets (2/19; Tables S2 and S3), although as described in
the preceding section this effect does not appear to be a major fac-
tor when the full data set is considered (Figure S2A). Second, the
weakest RIDD targets were enriched for mRNAs encoding proteins
with neuronal functions, such as axon guidance (Table S2).

One mechanism that could underlie this protection is the poten-
tial dissociation of the non-RIDD targets from the ER during stress.
However, when we repeated our fractionation procedure with and
without DTT (2 mM, 20 min), we found that most RNAs, including
very strong RIDD targets, were more extractable with digitonin dur-
ing stress (Figure 3A). A notable exception to this shift was the
RIDD-protected mRNA encoding plexin A (plexA), a semaphorin
receptor involved in axon guidance.

We hypothesized that plexA escapes translational repression, thus
allowing this RNA to remain strongly membrane-associated during
stress and perhaps also leading to its protection from degradation. To
test this, we measured the association of plexA and other messages
with polysomes in the presence and absence of stress using sucrose
gradient fractionation (Figure 3, B—F). As expected, the overall effect
during ER stress was a shift of rRNA from polysome to monosome
fractions, and BM-40-SPARC (referred to as sparc), a strong RIDD tar-
get, and ManF, a weak RIDD target, followed this trend (Figures 3,
B and C, and S4). Atf4 and Gadd34 shifted from monosomes to poly-
somes in the presence of stress (Figure 3, D and E), as expected

Molecular Biology of the Cell



A 1.0 4
actin
)
c 038 M sparc
©
]
£ o6 - Hydr2
7]
IS B Akap200
c
0.4 -
o
et ManF
|9}
©
¢= 0.2 4 CG588
H plexA
0.0 -
untreated DTT
071" sparc untreated 079 ManF
= 06 mDTT — 06
5 054 1 £ 05
c 04 c 044
2 03 . S 03{ | ]
3 0.2 l 2 0.2
* 0.1 = 0.1
0- 0-
mono LP HP mono LP HP
0.7 0.7+
Gadd34
= 0.6+ Atf4 = 0.6
5 0.5 5 0.5
= 0.4 I = 0.4
2 03 2 0.3
g 02 8 02{
0.1 0.1
0- 0-
mono LP HP mono LP HP
F G 19 mplexA  CG5885
0.94 W plex
| plexA c
_ 08 © 0.8 -
8 074 I e
S 0.6- € 06 |
c 0.5 7]
2 04 € o4 .
g 03 § [
= 029 o ] 502 -
0.1 8
0- =
mono LP HP

“untreated 1hr  45hrs
FIGURE 3: PlexA remains ER- and polysome-associated during ER
stress. (A) Shown are the FM values for the indicated mRNAs in the
presence and absence of DTT (2 mM, 20 min), measured using
detergent extraction (see Materials and Methods). Actin is shown as a
cytosolic control, sparc and Hydr2 are RIDD targets, and the
remaining mRNAs are protected from RIDD. (B-F) We either treated
S2 cells with DTT (2 mM, 20 min, black bars) or left them untreated
(gray bars), and then compared polysome association of the
designated mRNAs using sucrose gradient fractionation. We collected
RNA samples from the monosome peak (mono), the first four
polysome peaks (low-density polysome, LP), and the denser polysome
peaks (high-density polysome, HP), and analyzed mRNA content by
qPCR. Shown is the average and SD of two to three independent
experiments. Note the different scale for the y-axis for plexA. (G) FM
values as in (A), but after longer DTT treatment.

based on their previously described translational up-regulation
(Harding et al., 2000; Lee et al., 2009). PlexA, while not displaying a
significant shift during stress, was highly enriched in dense polysome
fractions (Figure 3F). The continued ribosome and membrane asso-
ciation of the plexA mRNA may be a consequence of regulation of
translation initiation or elongation, or of the potentially long time it
would take to finish translating plexA after the initiation of ER stress.
Although plexA is a large protein (1945 amino acids; Winberg et al.,
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FIGURE 4: The 5" UTRs of PlexA and Gadd34 confer protection from
RIDD. We constructed reporter plasmids containing the
metallothionein promoter and coding sequence of sparc with various
5" UTRs: metallothionein (MT), plexA, Gadd34, ManF, or plexA with
the first putative uORF mutated. We transiently transfected these
plasmids into Drosophila S2 cells, induced expression overnight,
removed copper, and monitored mRNA levels in the absence and
presence of the DTT (2 mM, 4.5 h) by gPCR. Shown are the average
and SD of at least three independent transfections.

1998), longer DTT treatments did not affect the continued membrane
association of its mMRNA (Figure 3G).

Hypothesizing that continued translation initiation is a key factor
in protecting plexA from RIDD, we analyzed the effect of the 5 UTR
of plexA. We constructed reporters to test whether this region of
plexA is sufficient to protect a strong RIDD target from degradation
(Figure 4). We previously showed that the coding sequence of sparc
is sufficient to direct it to the RIDD pathway during ER stress (Hollien
and Weissman, 2006). When we replaced the 5" UTR of this sparc
reporter with the plexA 5" UTR, degradation during ER stress was
dramatically reduced. The 5" UTR of Gadd34 was also protective, as
predicted based on its ability to up-regulate translation initiation
during stress (Lee et al., 2009). Continued translation during stress is
often mediated by regulatory uORFs, and the 5" UTR of plexA con-
tains several putative uORFs. We therefore mutated the most up-
stream of these sequences, replacing the double start codon
ATGATG with GTAGAT in the plexA sparc reporter. This mRNA was
degraded more rapidly during stress, suggesting that the protective
effects of the plexA 5" UTR are mediated by uORFs (Figure 4).

Our data support a model in which plexA is protected from RIDD
via continued translation during stress, as mediated by uORFs in its
5" UTR. As other mRNAs that are protected from RIDD appeared to
be extractable with digitonin and translationally attenuated during
ER stress (Figure 3, A and F), we predicted that the 5" UTRs of these
mRNAs would not confer protection to sparc. Indeed, the 5" UTR of
ManF was not protective (Figure 4), suggesting that other mecha-
nisms exist for protecting certain mRNAs from degradation during
ER stress.

DISCUSSION

On the basis of the results described here, we propose that in
Drosophila cells, RIDD is the default pathway for ER-bound mRNAs
during stress, and decay occurs with minimal sequence specificity.
The increase in decay for this large class of mRNAs applies even to
mRNAs that are robustly up-regulated transcriptionally by the UPR,
as shown previously for BiP in mammalian cells (Han et al., 2009).
The advantages of initiating two seemingly opposed gene expres-
sion programs may include the ability to time the two responses. In
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S2 cells, both RIDD and Xbp1 splicing appear to be initiated imme-
diately upon treatment of cells with DTT, but the increase in mRNA
levels for Xbp1 targets is delayed by 1-1.5 h (Hollien and Weissman,
2006). This could reflect the time required for translation and activa-
tion of the Xbp1 protein, or the immediate increase in mRNA turn-
over may contribute to this lag phase. Either way, Ire1 may represent
a means to time the two general outputs, such that the initial step
relieves acute stress, whereas the second step restores homeostasis.
A second advantage may be that the increased turnover of ER
mRNAs would ensure sensitivity to changes in the transcriptional
program. Increasing decay rates on a broad scale would allow
mRNAs not actively transcribed during ER stress to be replaced with
those that are, thus enhancing the effects of the transcriptional up-
regulation of mMRNAs encoding ER chaperones and other proteins
with important ER functions.

This broad targeting of mRNAs to the RIDD pathway did not ap-
pear to be affected by the presence of a traditional Ire1 recognition
site in the substrate mRNA. This was somewhat unexpected, as the
RIDD targets identified in mammals appear to contain Xbp1-like
sites (Han et al., 2009; Hur et al., 2012). As we have not carried out
a genome-wide measurement of stress-dependent decay rates in
mammalian cells, the exact scope of mammalian substrates remains
to be determined. However, based on the available data, the RIDD
pathway in mammals may be more restricted to particular tran-
scripts, and thus may be more important in restricting expression of
particular proteins, rather than in relieving general stress or enhanc-
ing the overall sensitivity to transcriptional regulation.

Our results also indicate that a small group of mRNAs are pro-
tected from RIDD. These include a subset of mRNAs that lack tradi-
tional ER-targeting motifs, despite physical association with mem-
branes. As many of these mRNAs encode proteins that function at
the ER or the plasma membrane, it is likely that they are indeed lo-
calized to the ER, and perhaps the specifics of their interactions with
the ER and the ribosome affect their ability to be degraded. Previ-
ous reports have demonstrated that certain mRNAs encoding cyto-
solic proteins localize to the ER membrane (Pyhtila et al., 2008; Chen
et al., 2011), and p180 was recently shown to be involved in the
translation-independent localization of certain ER-associated mRNAs
(Cui et al., 2012), indicating there are multiple mechanisms by which
mRNAs can be localized to the ER. Despite this enrichment in the
mRNAs protected from RIDD, however, the mechanism of ER local-
ization does not appear to be a key factor in RIDD in general, as
transcripts with and without traditional signal sequences appear to
follow the same trends (Figure S2). Transcripts protected from RIDD
are also enriched for those encoding proteins functioning in axon
guidance. It is not clear to us why neuronal mMRNAs would be pro-
tected from RIDD, although the number of genes is small and they
may have alternate functions in nonneuronal cells, such as S2 cells.

We have shown for one mRNA, plexA, that protection from RIDD
can be mediated by uORFs in the 5 UTR. Most mRNAs are transla-
tionally repressed during ER stress, and we speculate that this re-
lease from extensive polysome association may make the typical
mRNA more accessible to nucleases such as Ire1, while highly trans-
lated mRNAs such as plexA would be insensitive. This proposed
relationship between translation and RIDD predicts that inhibition of
Perk-mediated translational attenuation (Harding et al., 1999) would
inhibit RIDD. Although we previously reported that knockdown of
Perk in S2 cells does not affect RIDD (Hollien and Weissman, 2006),
this result may be explained by minimal residual elF20. phosphoryla-
tion, or by the fact that in S2 cells, translational attenuation can still
occur when Perk is inhibited, through a largely uncharacterized
mechanism (Garrey et al., 2010). Thus the relationship between
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RIDD and Perk in Drosophila cells remains somewhat unclear. Nota-
bly, however, other mechanisms for protection from RIDD must
exist, as protection of ManF does not appear to be mediated by its
5" UTR.

Overall, we have found that RIDD reflects the interdependence
of localization, translation, and mRNA decay. We propose that these
features of RIDD allow the overburdened ER to focus on folding
proteins that are important for stress recovery, by removing mRNAs
lacking specific mechanisms for up-regulation at either the tran-
scriptional or translational level and thus allowing the ER to rapidly
reestablish homeostasis in the presence of stress.

MATERIALS AND METHODS

Plasmids

For GFP reporters, we subcloned EGFP into a Drosophila expres-
sion vector containing the metallothionein promoter, as described
previously (Hollien and Weissman, 2006). We targeted the GFP re-
porter mRNA to the ER by including the coding sequence for the
first 23 amino acids of Drosophila BiP (CG4147), using fusion PCR.
For reporters in Figure 4, we amplified the 5" UTRs of target genes
plexA (CG11081), ManF (CG7013), and Gadd34 (CG3825), using S2
cDNA as a template. The PCR products, containing Mscl and Kpnl
restriction sites, were then cloned into a reporter containing the
Drosophila metallothionein gene promoter and sparc (CG6378)
coding sequence.

Cell culture, transfections, RNAI, actinomycin D, and DTT
treatments

We cultured Drosophila S2 cells (Invitrogen, Carlsbad, CA) at
room temperature in Schneider’s media (Invitrogen) supplemented
with 10% fetal bovine serum and antibiotics. We transiently and
stably transfected S2 cells with 2 g plasmid DNA using Cellfectin
Il (Invitrogen). We generated polyclonal cell lines by cotransfect-
ing our expression plasmids with a hygromycin resistance plasmid
(pCoHygro; Invitrogen) and selecting for resistant cells. To moni-
tor decay of mRNAs expressed from reporter constructs, we
treated cells with CuSOy4 (100 pM, 3 h for GFP reporters in Figure
1; 300 uM, overnight for the sparc reporters in Figure 4) to induce
expression, washed cells to remove the CuSQOy, left cells untreated
or added DTT (2 mM), and collected RNA samples over time.

To test the Ire1 dependence of mRNA decay rates, we used
RNAI to deplete S2 cells of Ire1 (CG4583). We amplified a 643-nu-
cleotide region of the protein-coding sequence from S2 cDNA us-
ing primers that contained T7 RNA polymerase sites on the 5" ends.
We then used this product as a template for dsRNA synthesis, using
the Megascript T7 kit (Ambion, Austin, TX). We incubated S2 cells
with the dsRNA in serum-free media for 45 min, replaced the serum,
and allowed cells to recover for 3 d. This procedure was repeated
once for the array samples and twice for the analysis of GFP reporter
mRNAs. We subjected cells to ER stress 1 d following the final
dsRNA treatment.

To measure the extent of decay of endogenous mRNAs in the
absence and presence of ER stress, we either left cells untreated or
treated them with actinomycin D (1 pg/ml) with or without 2 mM
DTT for the indicated times. For all RNA analyses, we isolated total
RNA using Trizol reagent (Invitrogen), and used these samples as
templates for cDNA synthesis.

Digitonin fractionation

We used a modified version of the protocol developed by Stephens
and Nicchitta for separation of membrane and cytosolic mRNAs
(Stephens et al., 2008). We incubated S2 cells with or without DTT
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(2 mM, 20 min or 4.5 h) and then added cycloheximide (35 pM) for
10 min. After collecting cells by centrifugation, we resuspended
cells in cytosol buffer (150 mM KOAc, 20 mM HEPES, pH 7.5,
2.5 mM Mg(OAc),, 200 U/ml RNaseOUT, 35 uM cycloheximide) and
immediately permeabilized them with 1 mg/ml digitonin (15 min on
ice). We then centrifuged the cell lysates (800 x g, 5 min at 4°C) and
collected the supernatant as the cytosolic fraction. We resuspended
the pellet in cytosol buffer with 1% Triton X-100 (15 min on ice),
centrifuged as above, and collected the supernatant as the mem-
brane-bound fraction.

Real-time qPCR

To digest any contaminating plasmid DNA from transient transfec-
tions, we pretreated RNA samples with DNasel (NEB, Ipswich,
MA). We then synthesized cDNA from 2 g total RNA using Super-
script Il (Invitrogen) or M-MulV reverse transcriptase (NEB). We
measured relative mRNA abundance by real-time gPCR using the
Mastercycler ep realplex (Eppendorf, Hamburg, Germany) with
SYBR Green as the fluorescent dye. We measured each sample in
triplicate and normalized to the Rpl19 mRNA. To control for con-
taminating plasmid or genomic DNA, we also measured samples
to which no reverse transcriptase was added. The primers used for
gPCR are given in Table S5.

Microarray samples, hybridization, and analysis

We carried out labeling and hybridization of cDNA samples for mi-
croarray analysis as described previously, using the same array de-
sign and platform (Hollien and Weissman, 2006). We removed ir-
regular spots (by visual inspection), spots that had low signal intensity
(signal < twofold background), and spots with poor color consis-
tency (R? < 0.6 for linear relationship between Cy5 vs. Cy3 intensi-
ties across all pixels). We then used the ratio of medians for Cy5/Cy3
for further analysis. For samples derived from actinomycin-treated
cells, standard normalization procedures were not appropriate,
given the lack of transcription and expected decay of a large per-
centage of mRNAs. To normalize among different samples, we
therefore divided the ratio of medians for each spot on a given array
by the average of the 51 spots corresponding to mRNAs encoding
ribosomal proteins, which displayed little to no decay relative to
bulk rRNA levels in the timescale of this experiment. To ensure that
only quality data were included, we removed all spots that were
missing data for more than 3 of the 24 samples. After normalization,
we divided the ratio for each spot in the actinomycin D (—/+ DTT)
samples by the corresponding spot in the untreated sample from
that experiment. We then averaged the data between independent
experiments (five for the control experiment, three for the Ire1 RNAI
experiment).

For the digitonin fraction samples, we hybridized each sample
on two to three arrays and used the average for analysis. We re-
moved poor-quality spots as described above and used a standard
normalization by setting the average ratio of medians to 1.0 for each
array. We carried out two independent fractionations for analysis by
microarray. Taken together, our quality control measures resulted in
a final 2556 spots representing 2419 different genes that were in-
cluded in further analyses. We used the Signal P 4.0 (Petersen et al.,
2011) and TMHMM (Krogh et al., 2001) servers to predict signal se-
quences and transmembrane domains, respectively.

Sucrose gradient fractionation

We incubated S2 cells with or without DTT (2 mM, 20 min) and then
added cycloheximide (35 pM) for 10 min to lock ribosomes in place.
We lysed cells in a low-salt buffer (20 mM TrisBase, 10 mM NaCl,
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3 mM MgCl, 200 mM sucrose, 0.3% Triton X-100, pH 7.4) and added
lysate to the top of a 15-50% sucrose gradient. After centrifuging
the gradients with a SW55Ti rotor (47,000 rpm, 60 min, 4°C) we
collected samples using a gradient fractionator equipped with an
absorbance detector (ISCO, Lincoln, NE) and used Trizol to purify
the RNA. We synthesized cDNA from 1.8 pg of each sample and
used gPCR to analyze samples.
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