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ABSTRACT

Unfolded protein response (UPR) is triggered by the
accumulation of unfolded proteins in the endoplas-
mic reticulum (ER), which is accomplished by a dra-
matic induction of genes encoding ER chaperones.
Activation of these genes involves their rapid tran-
scription by Hac1p, encoded by the HAC1 precur-
sor transcript harboring an intron and a bipartite
element (3'-BE) in the 3'-UTR. ER stress facilitates
intracellular targeting and recruitment of HAC1 pre-
mRNA to Ire1p foci (requiring 3'-BE), leading to its
non-spliceosomal splicing mediated by Ire1p/Rlg1p.
A critical concentration of the pre-HAC1 harboring
a functional 3'-BE element is governed by its 3'—>5’
decay by the nuclear exosome/DRN. In the absence
of stress, pre-HAC1 mRNA undergoes a rapid and ki-
netic 3'—>5" decay leading to a precursor pool, the
majority of which lack the BE element. Stress, in
contrast, causes a diminished decay, thus resulting
in the production of a population with an increased
abundance of pre-HAC17 mRNA carrying an intact
BE, which facilitates its more efficient recruitment to
Ire1p foci. This mechanism plays a crucial role in the
timely activation of UPR and its prompt attenuation
following the accomplishment of homeostasis. Thus,
a kinetic mRNA decay provides a novel paradigm for
mRNA targeting and regulation of gene expression.

INTRODUCTION

The nuclear exosome selectively degrades a diverse spec-
trum of aberrant messages in the nucleus of Saccha-
romyces cerevisiae and thereby safeguards the cells from
their detrimental effects (1-6). These aberrant transcripts
include transcription elongation assembly-defective tran-
scripts (7-12), intron-containing splice-defective messages
(13-17), transcription termination-defective 3'-extended
read-through transcripts (18,19), and export-defective

global and individual mRNAs (20,21). The exosome is a
large multi-protein complex consisting of eleven 3'— 5 ex-
oribonucleases and a few associated nuclear and cytoplas-
mic cofactors (4,5,22-24). Of these eleven subunits, nine
core subunits are arranged in a barrel (known as EXO09),
which consists of two stacked-ring structures—a ‘trimeric’
cap (composed of Rrp4p, Rrp40p and Csldp) placed on the
top of a ‘hexameric’ ring (consisting of Rrp41p, Rrp42p,
Rrp43p, Rrp45p, Rrp46p and Mtr3p) with a central chan-
nel. Accordingly, EXO9 contacts two catalytically active
subunits, a processive tenth subunit (Dis3p/Rrp44p, pos-
sessing both endo- and 3'—5" exoribonuclease activity)
and a distributive eleventh subunit (Rrp6p, 3’— 5" exori-
bonuclease) from opposite sides to form EXO11Pis3p+Rrpép
(24-26). Notably, EXO11Pis3P*R6p requires ancillary co-
factors to target and degrade a specific class of substrate
RNA since it lacks the catalytic specificity. Consequently,
a set of ancillary cofactors, referred to as the exosome-
cofactors, collectively modulates and enhances exosomal
function to target the appropriate substrate RNA class
among the plethora of RNA substrates in a highly selec-
tive manner (27). The TRAMP complex in S. cerevisiae
provides the best-characterized example of such exosome-
cofactor, which consists of a noncanonical poly(A) poly-
merase, Trf4p (Pap2p)/Trf5p, a DExH box RNA helicase,
Mtrdp (6,28,29); and the Zn-knuckle RNA binding pro-
teins, Airlp/2p (6,29). Moreover, DRN (Decay of RNA
in the nucleus) defines another nuclear mRNA decay ap-
paratus, which consists of the nuclear mRNA cap-binding
protein Cbclp/2p (18,30), Rrp6p (20) and two nucleocyto-
plasmic shuttling proteins, Upf3p and Tif4631p (30). Pre-
vious genetic data and a body of recent findings indicate
that DRN also acts as an additional exosomal cofactor by
modulating the nuclear exosome function and by assisting
the exosome to selectively target and degrade a few distinct
classes of aberrant nuclear mRNA substrates (31).

A global transcriptomic analysis revealed an enhance-
ment in the stability and the steady-state levels of nearly
two hundred normal messages including HACI/ mRNA in
both c¢bcl-A and rrp6-A yeast strains, both of which are
deficient in the nuclear exosome/DRN function (32). No-
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tably, HACI encodes the key transcription factor (Haclp)
implicated in the activation of the unfolded protein response
(UPR) pathway in Saccharomyces cerevisiae, which is trig-
gered in response to endoplasmic reticulum (ER) stress (33—
35). Thus, the enhancement of HACI mRNA in ¢bcl-A and
rrp6-A strains suggests that the nuclear exosome in asso-
ciation with DRN targets this transcript, thus leading to
a provocative proposal that the nuclear exosome machin-
ery may control the activity of the UPR via the regulation
of the normal/physiological ‘repertoire’ of HACI mRNA.
Notably, the induction of the UPR in Saccharomyces is
principally accomplished by non-spliceosomal splicing of a
HACI precursor transcript that contains an intron. In the
absence of stress, the precursor HACI mRNA harboring
the intron remains translationally inactive via the forma-
tion of a secondary structural bridge formed between the
intron and 5-UTR of the transcript body (36). ER stress
eliminates the intron via a non-spliceosomal splicing reac-
tion mediated by the ER-resident kinase-endoribonuclease
Irelp and the tRNA ligase Rlglp, thereby reinstating
the translation of mature HAC! mRNA to produce an
enormous amount of Haclp (36-39). A crucial cis-acting
bipartite element (3’-BE) in the 3-UTR of HACI pre-
mRNA/mRNA plays an instrumental role in recruiting and
targeting the precursor HACI mRNA to the specific intra-
cellular foci consisting of active Irelp, which rapidly clus-
ter in response to stress (40). Furthermore, activation of
the UPR is also accompanied by (i) a massive reduction of
global protein synthesis, (i1) augmentation of ER protein-
folding capacity, and (iii) stimulation of the degradation of
misfolded proteins (33)—all of which eventually restore ER
homeostasis. Strikingly, the accomplishment of homeosta-
sis in a timely fashion is extremely crucial, since failure to
achieve it leads to the triggering of the programmed cell
death (33,41,42). It is therefore vital to avert an inappro-
priate activation of the UPR following a basal-level stimu-
lus. Moreover, attenuation of the UPR after the activation
of ER homeostasis is equally crucial to avoid eliciting pro-
grammed cell death. Findings from recent research impli-
cate two important mechanisms that efficiently disable the
UPR once protein folding homeostasis is restored in the
ER: (i) the binding of the ER chaperone BiP to the ER
luminal domain of Irelp following favorable folding con-
ditions, which promotes its desensitization and subsequent
deactivation of the UPR (43), and (ii) the Irel-catalyzed
phosphoryl-transfer reaction, which promptly disassembles
Irel signaling complexes (44) and attenuates its RNase ac-
tivity (45).

Activation of the UPR in Saccharomyces cerevisiae in
the laboratory is typically mimicked by the addition of sev-
eral drugs and reducing agents, of which tunicamycin is the
most specific and potent (46). Notably, this drug inhibits the
N-linked glycosylation of the nascent polypeptide chains
(47), thereby stimulating protein unfolding within the ER
lumen. In a narrow window of drug concentration (1 pg/ml
- 2.5 pg/ml), the wild-type cells having functional UPR ma-
chinery grow normally, while the strains with compromised
UPR activity (such as the hacl-A and irel-A strains) are
unable to grow (48). Consequently, the growth ability of a
given yeast strain in the presence of tunicamycin is a precise
indicator of the level of UPR function. Reduced growth of

a strain in the presence of the drug reflects a compromised
UPR, whereas robust growth in such medium indicates an
enhancement in the signaling process.

Enhanced abundance and half-life of HAC! mRNA in
the exosome/DRN-deficient yeast cells, as observed in the
previous microarray data, prompted us to address whether
(1) this message undergoes a selective nuclear decay by the
exosome/DRN and (ii) the decay mechanism plays any reg-
ulatory role in the function of the UPR pathway. In this
report, we establish that the exosome and DRN regulate
the function of the UPR in S. cerevisiae, which is accom-
plished by a preferential and kinetic 3'— 5" decay of HACI
pre-mRNA. Our findings imply that decay of the HACI
pre-mRNA by the nuclear exosome/DRN is subject to tight
regulation under different circumstances. In the absence of
stress, this tight control leads to an accelerated and rapid
decay of the pre-mRNA in a 3’— 5 direction, thus result-
ing in the production of a population of precursor mes-
sage with a heterogeneous 3'-termini, most of which lack
a functional 3’-BE. Consequently, this pool of pre-HACI
transcript fails to be targeted and recruited efficiently to the
Irelp fociin the absence of ER stress. Under ER stress, how-
ever, an optimum repertoire of precursor HACI message is
produced, which still carries a spectrum of heterogeneous
3’-termini, but the most of this pool harbors a functional
and intact BE due to a diminished 3'— 5’ decay of the tran-
script body. Subsequently, this critical concentration of pre-
HACI mRNA with an intact and functional BE promotes
a more efficient targeting and recruitment of this precursor
message to the Irelp clusters. The nuclear exosome/DRN
thus exerts a fine control on the functioning of UPR ele-
ments, which is vital for its timely activation in the pres-
ence of an appropriate stress signal and termination upon
removal of the ER stress.

MATERIALS AND METHODS
Yeast strains, plasmids and oligonucleotides

All strains and plasmids and oligonucleotides are listed in
Supplementary Tables S1, S2 and S3, respectively.

Cell viability assay

Cell Viability Assay was performed according to the pro-
tocol of Back er al. (48). Briefly, each strain was grown
overnight, and the culture was then subsequently diluted to
1 x 107 cells/ml. This stock was further diluted 10 fold se-
rially to achieve 1 x 10%, 1 x 10° and 1 x 10? cells/ml re-
spectively. Three microliters of each stock was then spotted
onto the surface of YPD plate (Yeast Extract 1%, Peptone
2%, Dextrose 2%, Agar 2%) without and with 1 pg/ml tu-
nicamycin. Plates were then incubated for 48-72 h at 30°C.
For liquid growth assay, specific strains of S. cerevisiae were
grown in triplicate until the O.D.g reached 0.6 when ei-
ther DMSO (mock treated, -Tm/-DTT) or 1 pwg/ml tuni-
camycin (+Tm) or 5 mM DTT (+DTT) was added to one
of them. Aliquots of each culture were collected at differ-
ent times (unless otherwise mentioned) after addition of
DMSO/tunicamycin/DTT, appropriately diluted and sub-
sequently spread onto YPD plates. Plates were then incu-
bated for 48-72 h at 30°C.



RINA analyses and determination of steady-state and decay
rate of mRNAs

Total RNA was isolated as described earlier (30) by har-
vesting appropriate yeast strains followed by extracting the
cell suspension in the presence of phenol-chloroform-TAA
(25:24:1) and glass bead. Following the extraction, the RNA
was recovered by precipitation with RNAase-free ethanol.
Northern blot analyses of the total RNA was done as de-
scribed previously using 10-20 pg of total RNA (30). The
RNA samples following electrophoresis were transferred
onto a positively charged nylon membrane (Brightstar-
Plus, Ambion Inc.). The blot was subsequently hybridized
with either HACI or SCRI probe, which was prepared by
psoralen-biotin labeling method using ULTRAhyb® (Am-
bion Inc.) at 42°C overnight as recommended by the man-
ufacturer. The hybridized blot was developed using the
Brightstar@®)Biodetect™ Kit (Ambion Inc.).

For the preparation of cDNA, total RNA samples were
first treated with 1 wg RNAase free DNase I (Fermentas
Inc.) at 37°C for 30 min followed by first strand cDNA syn-
thesis using Superscript Reverse Transcriptase (Invitrogen)
using Random Primer (Bioline Inc.) by incubating the reac-
tion mixture at 50°C for 30 min. Real Time qPCR analyses
with 2-3 ng of cDNA samples were used to determine the
steady-state levels of HACI, RLGI, IREI and SCRI, etc.
were performed as described previously (30).

Stabilities of a specific mRNA was determined by the in-
hibition of global transcription with transcription inhibitor
1,10-phenanthroline (Sigma-Aldrich) at 30°C, as described
previously (30,49). Briefly, the specific strain was grown at
30°C till mid-logarithmic phase, when either an appropri-
ate amount of DMSO (unstressed) or 1 mg/ml tunicam-
cycin (ER Stress) was added to the culture and continued to
grow for another 3 h. 1,10-Phenanthroline was then added
to the growing culture at 20 wg/ml final concentration fol-
lowed by withdrawal of a 25 ml of aliquots of culture at var-
ious times after transcription shut off. Messenger RNA lev-
els were quantified from cDNA by real-time PCR analysis
and the signals associated with the specific messages were
normalized against SCRI signals. The decay rates and half-
lives of specific mRNAs were estimated with the regression
analysis program (Origin 8) using a single exponential de-
cay formula (assuming mRNA decay follows a first order
kinetics), y = 100e " was used.

Protein analyses by western blot

Total protein was isolated from specific yeast strains grown
overnight at 30°C in YPD broth. Following centrifugation
at 5000 rpm for 7 min the cell pellets were quickly frozen
in liquid nitrogen and stored at —70°C. Frozen pellets were
thawed on ice and resuspended in 1 ml of Buffer A (50 mM
Tris—Cl pH 7.5, 150 mM NaCl, 5 mM EDTA, | mM DTT,
1 mM PMSF) supplemented with protease inhibitor (Invit-
rogen Inc. Carlsbad, CA, USA) and the cells were lysed by
vortexing 10-15 times with glass beads followed by clari-
fication of the particulate fraction by centrifugation. Su-
pernatants were collected by centrifugation at 10 000 rpm
for 20 min and saved as the total soluble protein fraction
for further analysis. Protein concentration was determined
by Bradford reagent assay kit (Bio-Rad Inc., Valencia, CA,
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USA). For Western Analysis, 30-50 wg of total protein
was used, which was resolved either in 8% or 10% SDS-
polyacrylamide gel. The separated proteins were transferred
to PVDF membrane at 100 mA for 16 h for immunoblot-
ing. Blots were blocked with 5% milk in Tris-buffered saline
(10 mM Tris, 150 mM Nacl, 0.1% Tween 20) and incubated
with primary antibodies for specific proteins for 1 h at room
temperature in following dilutions: rabbit polyclonal anti-
Hacl (1:2000), rabbit polyclonal anti-Kar2 (1:2000), rab-
bit polyclonal anti-Cbcl (1:1000), and mouse monoclonal
anti-Tubulin (1:3000). Blots were further washed in TBS
with 0.1% Tween 20 and incubated in HRP-conjugated sec-
ondary anti-rabbit or anti-mouse antibody diluted at 1:5000
in wash buffer for 1 h at room temperature. Immunoreactive
bands were developed and detected by chemiluminescence
(ECL imager kit, Abcam) and the images were captured ei-
ther by X-ray film or myECL Chemidoc Imager (Thermo
Scientific, USA).

Chromatin Immunoprecipitation (ChIP)

Chromatin Immunoprecipitation assay was performed us-
ing ChIP assay kit (Upstate Biotechnology, Lake Placid,
NY, USA) according to the recommendation of the manu-
facturer. Appropriate strains were grown in YPD followed
by treatment with 1 wg/ml tunicamycin for 2 h at 30°C.
Crosslinking, sonication and antibody incubations were
done according to manufacturer’s protocol. Anti-RNA
Polymerase II antibody was included in the kit, and Anti-
Histone3 antibody was purchased from Abcam® (USA).

Galactose induction of CBCI gene

The native promoter of CBCI gene in wild type strain
is replaced by pGALI/GALI0 promoter by homologous
recombination and confirmed using genomic PCR. This
strain, harboring pGALI/GALI10::CBCI was grown in
non-inducible non-repressible 2% raffinose sucrose medium
till 0.6 O.D. Galactose was then added to the culture at 2%
final concentration followed by harvesting of cells at dif-
ferent times post-induction. Total RNA or protein samples
were isolated from cells harvested at different time points as
described above for further downstream analysis.

Confocal microscopy and image processing

The co-localization imaging of HACI mRNA with Irel
proteins in the live cell was done by using three plasmids
(50). The reporter plasmid carries an engineered version of
HACI mRNA in which a 22-nucleotide RNA module, iden-
tical to the nucleolin recognition element (NRE) was in-
serted at the 3-UTR (HACIVRE). The second plasmid ex-
pressed a chimeric protein consisting of an NRE-binding
nucleolin domain (ND) which is fused to the monomeric
form of the green fluorescent protein 2 (GFP2). In the third
plasmid, Irelp is conjugated with red fluorescent protein
(RFP) (51). All these plasmids were co-transformed into ap-
propriate yeast strain and the transformed cells were grown
till 0.6 O.D. 1 pg/ml of tunicamycin was then added to
the cultures, which were then incubated for another 1 hour
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at 30°C. An aliquot of the cell was used for in vivo imag-
ing studies. Images were captured using OLYMPUS FV10-
ASW confocal microscope equipped with HCX PL APO
63x /1.2 NA water immersion objective lens. The GFP and
YFP were excited at 458 and 514 nm respectively, and emis-
sions were recorded at 466526 nm and 530-650 nm respec-
tively. Image processing was done using OLYMPUS FLU-
OVIEW Ver.2.0b Viewer software. Co-localization Index
is measured by Imagel software (NIH, USA). The inten-
sities of GFP and RFP signals were determined indepen-
dently using the software and ratio of GFP to RFP were es-
timated in various strains. Pearson’s correlation coefficient
(52) (PCC) was determined from the relationship given be-
low for a typical image consisting of red and green channels.

(R — R X(Gi - G)

\/{(R,— — R X(G, - 6]

where R; and G; refer to the fluorescence pixel intensity of
the red and green channels of sample 7, R & G mean flu-
orescence intensities of the red and green channels, respec-
tively. PCC values range from +1 to —1 for two images. +1
value indicates fluorescence intensities are linearly related
to each other and perfect image registration. Whereas —1
indicates total lack of overlap between pixels from the im-
ages and fluorescence intensities are perfectly, but inversely,
related to one another

PCC =

Flow cytometry-based FRET

Flow Cytometry-based Fluorescence Resonance Energy
Transfer (FRET) measurement was done by using the
protocol as described earlier (53). The amount of signal
quenched in the presence of acceptor from a donor is con-
sidered as the indicator of quantitative FRET and donor-
acceptor pair should have significant overlap of excitation
spectra. In our case, GFP2 as part of the bound HACINRE-
GFP-nucleolin module and RFP as part of the Irel-RFP
fluorophores served as the donor and acceptor respectively.
The appropriate strain harboring either all three plasmids
i.e. HACINRE  GFP2-Nucleolin, and Irel-RFP or only
GFP2-Nucleolin were grown till 0.6 OD in the selective
medium along with unlabelled cell. 1 pg/ml of Tunicamycin
was added to each culture and aliquots of cells were har-
vested at indicated times. Fluorescence intensities of each
sample were determined by single laser GFP filter (FL1)
of BD Accuri™ C6 Flow Cytometer. Mean fluorescence in-
tensity was calculated by BD Accuri™ C6 software by tak-
ing 50,000 cells/sample. Average FRET efficiency (E) of the
measured population according to the following equation:

_ Upa—1h)
(Ip — b)
Ipa is fluorescence intensity of donor-acceptor sample, Ip

is fluorescence intensity of donor only sample and I is flu-
orescence intensity of unlabeled sample.

E=1

Statistical analyses

All the quantitative experiments reported in this paper
(mRNA steady-state levels, decay rates, chromatin im-

munoprecipitation experiments, quantitative growth exper-
iments in liquid media) were done from at least three inde-
pendent sample size (biological replicates) (n = 3). How-
ever, in some instances, the sample sizes are four or five.
For each biological replicate, a given yeast strain was grown
and treated under the same conditions independently be-
fore a given experiment was conducted. Technical replicate,
in contrast, involved repetition/analyses of the same bio-
logical replicate sample for many times. A technical repli-
cate was used to establish the variability (experimental er-
ror) involved the analysis, thus allowing one to set the con-
fidence limits for what is significant data. The values, which
varied too much from the rest of the values in the partic-
ular group were excluded keeping in mind that the varia-
tion could be the result of handling and instrumental er-
rors. All the statistical parameters such as mean, standard
deviations, P-values, standard error of the mean were esti-
mated using OriginPro 8 SRO, version 8.0724 (OriginLab
Corporation, Northampton, MA, USA). P-values were de-
termined using Student’s two-tailed 7-test (unpaired).

RESULTS

The nuclear exosome and DRN influence the UPR pathway
in Saccharomyces cerevisiae

To validate the previous transcriptomic data, we first de-
termined whether the steady-state level of HACI mRNA
is altered by any of the mutations in the exosome and
DRN components. The abundance of this mRNA in wild-
type and exosome- and DRN-defective rrp6-A and cbcl-A
strains was consequently determined in the absence of tu-
nicamycin by northern blot and qRT-PCR analyses. The
steady-state level of the HACI precursor message was en-
hanced significantly in both rrp6-A and chcl-A yeast strains
as shown in Figure 1A (northern blot) and B (QRT-PCR).
This observation preliminarily validates the microarray
data and indicates that perhaps the precursor-HACI mes-
sage undergoes an enhancement in these exosome/DRN-
defective yeast strains (since the experiment was conducted
in absence of ER stress). We attributed the augmenta-
tion in the level of HACI pre-mRNA to the diminished
Rrp6p/Cbclp-dependent mRNA degradation since none
of the rrp6-A and cbcl-A alleles have any conceivable in-
fluence in the transcriptional induction (18). To further test
whether the Haclp protein level is affected by any of these
alleles, we determined the level of Haclp in rrp6-A and
chel-A yeast strains by western blot analysis using an anti-
Haclp antibody (a gift from Prof. P. Walter, the University
of California at San Francisco, USA). The Haclp protein
was barely detectable in the wild-type strain, as well as in
the strains depleted of Cbclp and Rrp6p proteins (data not
shown) in the unstressed condition. However, the level of
Haclp was found to be enhanced in the wild-type strain
in the presence of tunicamycin compared to the unstressed
condition (data not shown). Interestingly, both strains de-
pleted of Rrp6p and Cbclp showed a striking increase in
the abundance of Haclp protein (Figure 1C). This find-
ing, together with that from the previous experiment, pre-
dicts that the exosome/DRN-deficient strains accumulate
higher levels of HACI pre-mRNA and Haclp protein when
ER stress is imposed. Observations from these experiments
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Figure 1. Inactivation of DRN causes alteration of the UPR activity in a reciprocal manner. Northern blot (A) and histogram obtained from the qPCR
analysis (B) revealing the levels of HACI pre-mRNA in a wild type (yBD-117), chcl-A (yBD-131), rrp6-A (yBD-129) strains in the absence of ER stress.
The northern blot was hybridized with a DNA fragment encompassing both the intronic and exonic sequences of the H4CI gene. For qRT-PCR analysis,
the amplicon used to quantify the HACI species encompasses the intronic sequence of HACI. SCRI RNA in these strains was used as internal loading
control. Three independent cDNA preparations (biological replicates, n = 3) were used to determine the levels of HACI mRNA. Normalized value of
HACI mRNA from normal samples was set to 1. (C) Relative steady state level of Haclp protein in wild type (yBD-117), chcl-A (yBD-131), rrp6-A
(yBD-129) strains in presence of 1 pwg/ml tunicamycin. a-tubulin (lower panel) was used as the loading control. Cells of indicated strains were grown in
absence and in the presence of tunicamycin, harvested and total protein extract were prepared as described in Materials and Methods. 50 pg of total cellular
protein was loaded in each lane, resolved in 12% SDS-PAGE and probed with anti-Haclp and anti-tubulin antibodies to detect these proteins as described
in Materials and Methods. (D) Relative growth of wild type (yBD-117), chcl-A (yBD-131), rrp6-A (yBD-129) strains in YPD solid growth media in the
absence (—Tm) and presence of 1 pg/ml tunicamycin (+Tm). (E) Relative growth of Wild type (yYBD-117) (Black Bar), chcI-A (yBD-131) (Red Bar), rrp6-A
(yBD-129) (Blue Bar) strains in YPD liquid growth media in the absence (-Tm) and the presence of 1 pg/ml tunicamycin (+Tm). The histogram represents
the mean colony numbers obtained from three independent experiments (rz = 3) (biological replicates), and the standard error of means was plotted as error
bars. (F) Relative fitness of sustenance of Wild type (yBD-117) (Black), chbcl-A (yBD-131) (red), rrp6-A (yBD-129) (blue) strains in presence tunicamycin.
Relative index values were estimated from the experiment described in panel E, which is defined as the ratio of no. colonies of a given strain in the presence
of tunicamycin to the number of colonies in the absence of tunicamycin. (G) Histogram showing the relative growth efficiency of wild type (yBD-117),
chel-A (yBD-131), rrp6-A (yBD-129) strains in liquid YPD medium in absence and presence of 5 mM DTT. Cells of indicated strains were grown in YPD
liquid medium till the Agpo of the cultures reach 0.6 as mentioned in the Materials and Methods. Either water (-DTT) or 5 mM DTT (+DTT) was then
added to them, and they were continued to grow for another 240 min. The relative viability count was determined as described in the Materials and Method
section.

therefore prompted us to ask whether the yeast strains de-
pleted of the nuclear exosome/DRN function (rrp6-A and
chbcl-A strains) would sustain ER stress more efficiently. We
answered the above question by evaluating the growth of
isogenic wild-type, r7p6-A and cbcl-A yeast strains in the
presence and absence of two different kinds of ER stress
inducers—tunicamycin in both solid and liquid medium

and DTT in liquid medium. As shown in Figure 1D and
Supplementary Figure S1A, both rrp6-A and cbcel-A yeast
strains grew much better compared to the wild-type strain
in the solid YPD medium containing various concentra-
tions of tunicamycin. The results of the growth experiment
carried out in liquid medium in the absence and presence
of tunicamycin (Figure 1E) revealed that the viability of
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all three strains decreased in the presence of tunicamycin.
Following the induction of ER stress, the mortality rate
of the wild-type strain was found to be much higher com-
pared to those of the rrp6-A and cbcel-A strains (Figure 1E,
bottom histogram). A similar estimate of their relative fit-
ness revealed that DRN-deficient rrp6-A and cbcl-A strains
possess a better fitness in the presence of strong ER stress
as depicted in Figure 1F. The T values (time required to
reach 50% of initial cell population) for the chcl-A and
rrp6-A strains were found to be nearly twice as much as
that of the wild-type strain in the presence of 1 wg/ml tu-
nicamycin. Data from the growth experiment in the pres-
ence and absence of DTT revealed that the DRN-deficient
yeast strains sustained much better growth in the presence
of 5mM DTT, thus revealing that exosome/DRN-defective
yeast strains are probably more resistant to ER stress (Fig-
ure 1G). We then addressed whether the enhanced growth
ability of the exosome/DRN-deficient yeast strains in tu-
nicamycin is associated with the diminution of HACI pre-
mRNA decay. To evaluate this issue, we tested the growth
pattern of an rrp6-A strain transformed with an empty
plasmid and plasmids carrying either a wild-type RRP6 or
rrp6-3 allele (a gift from Prof. J. Scott Butler, the Univer-
sity of Rochester, USA). The rrp6-3 allele harbors a cat-
alytically inactive point mutation in the exonuclease I do-
main (D238A) of the Rrp6p protein (54). As shown in Sup-
plementary Figure S1B, the rrp6-3 was unable to comple-
ment the growth defect phenotype of the rrp6-A strain,
and the strain grew like an rrp6-A strain in the presence
of ER stress-inducer tunicamycin. This result strongly sug-
gests that the enhanced growth of the yeast strains in the
presence of tunicamycin in strains deficient in functional nu-
clear exosome is attributable to the exonucleolytic activity
of the nuclear exosome component, Rrp6. Thus, the find-
ings from our preliminary experiment strongly argue in fa-
vor of the view that the nuclear exosome/DRN may poten-
tially influence the activity of the UPR in budding yeast.

To bolster this notion, we then addressed whether the al-
teration of the nuclear exosome and DRN functions leads
to an oscillation in the output of the UPR pathway. We
tested this possibility by measuring the messenger RNA and
protein levels of ER stress markers in rrp6-A and cbcl-A
yeast strains under ER stress. Examination of the steady-
state levels of two ER chaperone messages, BiP/KAR2 and
PDI, revealed a consistent 2- to 2.5-fold upregulation in
the presence of tunicamycin in the exosome/DRN-deficient
rrp6-A and cbel-A strains (Figure 2A). Furthermore, the
level of Kar2p protein displayed a robust enhancement in
the rrp6-A and cbel-A yeast strains compared to the wild-
type strain grown in the presence of tunicamycin (Figure
2B). These collective findings led us to conclude that the nu-
clear exosome in association with DRN may exert a func-
tional control on the activity of UPR in Saccharomyces cere-
visiae.

The nuclear exosome and DRN target precursor HACI
mRNA

UPR activation is accomplished via the regulated expres-
sion of the HACI gene and the concerted actions of
Irelp and Rlglp in a sequential manner, which culminate
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Figure 2. DRN deficient strains display elevated Levels of UPR marker
transcripts and protein: (A) Histogram showing the abundance of tran-
scripts encoding ER chaperones BiP and PDI in a Wild type (yBD-117),
cbel-A (yBD-131), rrp6-A (yBD-129) strains in presence tunicamycin at
30°C. Three independent cDNA preparations (biological replicates, n = 3)
were used to determine the levels of these mRNAs. Normalized value of
individual mRNA from normal samples was set to 1. The statistical signif-
icance of difference as reflected in the ranges of P-values estimated from
Student’s two-tailed z-tests for a given pair of test strains for each message
are presented with following symbols, #P < 0.05, xxP < 0.005 and s#*xP <
0.001, NS, not significant. (B) Relative steady state level of Bip/KAR?2 pro-
tein in wild type (yBD-117), cbcl-A (yBD-131), rrp6-A (yBD-129) strains
in the presence of 1 pg/ml tunicamycin (+Tm) at 30°C. a-Tubulin (lower
panel) was used as the loading control. Cells of indicated strains were
grown in the absence and in the presence of tunicamycin, harvested and
total protein extract were prepared as described in Materials and Meth-
ods. 50 ng of total cellular protein was loaded in each lane, resolved in
12% SDS-PAGE and probed with anti-Bip and anti-tubulin antibodies to
detect these proteins as described in Materials and Methods.

in a massive production of Haclp and ER chaperones.
Thus, it is conceivable that the enhancement in the level
of HACI mRNA /pre-mRNA during ER stress is an in-
direct consequence, which might have resulted from the
degradation of mRNA(s) encoding any other component(s)



of the UPR. Therefore, we address which particular pre-
mRNA(s)/ mRNA(s) encoding UPR machinery is/are tar-
geted and degraded by the nuclear exosome/DRN. Conse-
quently, the steady-state levels of each of the precursor and
mature HACI, IREI, and RLGI messages were evaluated
in wild-type, rrp6-A and cbcl-A strains in the absence and
presence of ER stress. As shown in Figure 3A, the abun-
dance of the precursor HACI mRNA displayed a steady-
state increase of approximately =4- and =2.5-fold in the
rrp6-A and cbel-A strains in the absence and presence of
ER stress, respectively. The levels of the HACI mature mes-
sage, whose copy number is extremely low in the absence of
stress, exhibited only a modest increase of 1.5-fold (Figure
3B). In the presence of stress, however, the mature HACI
mRNA showed a 2.5-fold enhancement in both the rrp6-A
and cbcl-A strains (Figure 3B). On the other hand, the lev-
els of IREI and RLGI mRNAs did not alter appreciably in
either of these strains (Figure 3C). Importantly, the extent
of enhancement of both precursor and mature HACI mR-
NAs is the same in the presence of ER stress (approximately
2.5-fold). These results support the argument that the actual
target of the nuclear exosome/DRN is the precursor HAC!
mRNA. This finding was further corroborated by the ob-
servation that in an ire/-A strain background (splicing of
pre-HACI is abolished in this strain with the concomitant
accumulation of pre-HACI), the level of pre-HACI mRNA
displayed a more substantial increase (by ~6- to 7-fold)
upon inactivation of exosome/DRN function (Supplemen-
tary Figure S1C). Thus, these observations unequivocally
identified the precursor HACI mRNA as the principal tar-
get of the nuclear exosome and DRN. Interestingly, the ex-
tent of enhancement of the precursor HACI message upon
inactivation of the exosome and DRN displayed a differen-
tial effect in the presence and absence of ER stress. In the
absence of the stress, the extent of enhancement of the above
message in rrp6-A and chcl-A strains was almost twice
as much as that obtained in the presence of stress (Figure
3A&B). A relatively lower enhancement of this transcript in
the presence of ER stress possibly implicates a diminution
of decay activity by the nuclear exosome/DRN. We favor a
view that this diminished decay of pre-HACI mRNA may
reflect a regulation of exosome/DRN-dependent decay dur-
ing stress to maintain a better supply line of this precursor
message downstream to the Irelp/Rlglp-mediated splicing
apparatus (see next section and Discussion).

Next, we addressed whether the observed increase in the
level of HACI pre-mRNA in rrp6-A and cbcl-A strains
is due to diminution of its degradation or to stimulation
of its transcription or to both. Consequently, we evalu-
ated the transcriptional activity around the HACI locus in
wild-type, rrp6-A and cbcl-A strains in the presence and
absence of tunicamycin by measuring the genomic occu-
pancies of RNA polymerase I (RNAPII) and histone H3
by chromatin-immunoprecipitation (ChIP) technique (55).
Accordingly, their occupancies were determined in various
regions of the HACI locus that included the promoter, exon
1, exonl-intron junction, intron, intron-exon 2 junction and
the intergenic region between HACI and the AGXI gene
(located next to HACI on chromosome VI) (Figure 3D).
As shown in Figure 3E, none of the RNAPII or H3 oc-
cupancies displayed any dramatic alterations in the wild-
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type or cbcl-A strains, either in the absence or the pres-
ence of ER stress. This result thus indicated that the al-
teration of the transcription rate is not associated with
the observed increase in the level of HACI pre-mRNA in
the exosome/DRN-deficient strains. Notably, our observa-
tion contradicts earlier findings, where the induction of the
HACI message was shown to involve transcriptional stim-
ulation (56,57). We believe that this inconsistency is associ-
ated with the difference in the methods used to determine
transcriptional activity in two experimental setups. While
the previous studies utilized an indirect method to deter-
mine HACI promoter activity using a reporter gene (55),
we employed a much more direct and precise technique to
estimate it. To gain further support in favor of our view, we
determined the decay rates of precursor HAC! mRNA in
wild-type, cbcl-A, and rrp6-A strains in the presence and
absence of stress after shutting off their transcription with
1,10-phenanthroline (49). As shown in Figure 3F, while the
decay rate of HACI pre-mRNA is very rapid in the absence
of ER stress (the half-life of HACI pre-mRNA was 4.8 min,
upper graph, black line, Table 1), it is substantially slower
in the presence of ER stress (half-life of HACI pre-mRNA
was 9.8 min, lower graph, black line, Table 1). Most signifi-
cantly, the decay rate and stability of this message were dra-
matically enhanced in both the c¢bcl-A (blue line) and rrp6-
A (red line) strains in the absence as well as in the presence
of tunicamycin. The half-life values were found to be 25.25
and 20.05 min in cbcl-A and rrp6-A strains, respectively,
in the absence of tunicamycin and 28.63 and 22.75 min in
¢bel-A and rrp6-A strains, respectively, in the presence of
the drug (Table 1). Interestingly, the half-life values of this
precursor RNA were found to be twice as much as that ob-
tained in the presence of ER stress (half-life values 4.8 and
9.8 min in the absence and presence of stress, respectively)
(see Figure 3F, Table 1). These values are in good agreement
with the decreased stabilization of this precursor transcript
in exosome/DRN deficient strains in the presence of stress
(because a smaller fraction of the precursor message un-
dergoes decay) (see Figure 3A). Therefore, the extent of its
steady-state enhancement could be directly correlated to the
increase in its half-life under the same conditions, thus sus-
taining the view that the steady-state alteration of this tran-
script in rrp6-A and cbcl-A strains involve a change in the
nuclear exosome and DRN-dependent mRNA decay rate.
Thus, the evidence described in this section strongly im-
plies that the enhancement of HACI pre-mRNA in DRN-
deficient rrp6-A and cbcl-A strains is due to the rapid and
selective decay of the precursor-HAC! transcript by the nu-
clear exosome and DRN. This decay probably becomes di-
minished in response to stress to accomplish an increased
rate of supply of this precursor (see next section for addi-
tional experimental support).

The nuclear exosome and DRN exert a negative regulatory
influence on the UPR pathway

Involvement of the nuclear exosome and DRN in the pref-
erential degradation of HACI precursor mRNA prompted
us to ask whether this degradation employs a regulatory im-
pact on the UPR output. Consequently, we reasoned that
a regulatory influence of the exosome/DRN should lead
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Table 1. Half Life values of HAC! pre-mRNA in different strains in pres-
ence and absence of ER stress

Pertinent genotype Half-lives (in minutes)

Without ER stress With ER stress
WT 4.8 9.8
chel-A 25.25 28.63
rrp6-A 20.05 22.75

The half-lives were determined from three independent mRNA Decay Ex-
periment (biological replicates) in which relevant yeast strains were grown
till mid-log phase followed by the induction of ER Stress, shutting off the
transcription with 1,10-phenanthroline, measuring the specific mRNA lev-
els by Real-time quantitative PCR analyses and plotting the data as per-
cent mRNA remaining as a function of time as described in Materials and
Methods.

to a reciprocal relationship between steady-state levels of
precursor-HACI and CBCI mRNAs. Accordingly, we veri-
fied this prediction by determining the steady-state levels of
precursor-HACI (induced by tunicamycin) and CBCI mes-
sages (differentially expressed from a pGALI-GALIO pro-
moter following induction with 2% galactose) in a wild-
type strain. In support of our prediction, the precursor-
HACI mRNA level was found to decline sharply during
post-induction growth (Figure 4A, second graph from the
top) when the steady-state level of CBCI mRNA increased
following the galactose induction (Figure 4A, top graph).
As a control, we also determined the abundance of CYCI
mRNA under similar conditions, which remained unaltered
at different times post-induction (Figure 4A, bottom-most
graph). To further support our view, we determined the lev-
els of Haclp and Cbclp proteins by immunoblotting using
anti-Haclp and anti-Cbclp antibodies, respectively, under
identical conditions of induction by tunicamycin and 2%
galactose (as mentioned above). Most significantly, the rel-
ative profile of the steady-state levels of these proteins (Fig-
ure 4B) indeed reflected an identical reciprocal pattern as re-
vealed by the levels of these mRNAs under the same condi-
tions (Figure 4A). Thus, an inverse relationship between the
exosome/DRN and UPR component is indeed sustained in
a wild-type yeast cell at the RNA and protein levels (Figure
4A and B). Collective findings thus substantiate the view
that the nuclear exosome and DRN inversely regulate the
function of the UPR in baker’s yeast by maintaining an op-
timum supply line of precursor HACI mRNA under both
the unstressed and ER-stressed conditions, which is medi-
ated by a selective decay of pre-HACI mRNA.

Although we demonstrated a reciprocal relationship be-
tween the cellular levels of HACI pre-mRNA and Haclp
protein and those of the CBC/ mRNA and Cbclp pro-
tein, the physiological relevance of this putative control
remains an open question. To resolve this issue, we fur-
ther investigated whether the inverse relationship between
the exosome/DRN and UPR components is also main-
tained under normal physiological conditions. Interest-
ingly, the genome-wide expression profile database (www.
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yeastgenome.org) revealed that the abundance of the tran-
script levels of the UPR components, HACI, BiP/KAR2
and PDI, increased dramatically following the activation of
the UPR by DTT (58) (Figure 4C). In contrast, transcript
abundance of exosome/DRN components, RRP6, CBCI,
UPF3, displayed a gradual decline under identical condi-
tions (Figure 4C). Moreover, levels of the mRNAs encoding
the exosome/DRN components also appear to maintain
a reciprocal relationship with HACI pre-mRNA/mRNA
in both the wild-type and the ire-A yeast strains during
ER stress induced by either DTT or tunicamycin (Supple-
mentary Figure S2A) (58). This reciprocal relationship be-
tween the levels of messages encoding the exosome/DRN
and the UPR components, however, is not exhibited dur-
ing other kinds of stress, such as those induced by H,O,
or nitrogen depletion (Supplementary Figure S2B) (59).
Thus, the transcriptomic data imparts a physiological rele-
vance to our findings and supports the idea that the nuclear
exosome/DRN exerts a regulatory influence on the func-
tion of the UPR. To further strengthen our model, we tested
whether the steady-state levels of Cbclp and Rrp6p proteins
alter in response to ER stress created by 5 mM DTT. As
shown in Figure 4D, both the nuclear exosome/DRN play-
ers displayed a significant reduction in their levels when ER
stress was imposed with 5 mM DTT. Together, these find-
ings are in good agreement with the view that the nuclear
exosome and DRN impose a negative regulatory influence
on the activity of the UPR in S. cerevisiae, which operates at
the post-transcriptional level via preferential mRNA degra-
dation.

The nuclear exosome and DRIN generate an optimum pool
of precursor-HACI transcripts harboring an intact and func-
tional 3’-BE and thereby govern its recruitment to functional
Irelp foci

The nuclear exosome and DRN degrade the transcript body
from the 3’ to 5 direction, which appears to be the ma-
jor mechanism of mRNA decay in the nucleus (1-3,5,6,20),
and accordingly, the precursor HACI mRNA is expected to
undergo a decay from the 3'—5’ direction. Consequently,
a transcript segment located closer to the 3’-terminus of
the message is expected to display stronger stabilization in
the nuclear exosome/DRN-deficient strain than the one lo-
cated more towards the 5-end. To verify this prediction,
we evaluated the relative abundance of two different seg-
ments of the pre-HAC! transcript body in wild-type, rrp6-
A and chcl-A strains in the absence of stress. The first seg-
ment corresponds to the exon 1 sequence (determined us-
ing Primer set EXONI, location shown in Figure 3D), and
the second one encompasses a specific cis-acting element in
the 3’-UTR of the message, termed 3’-BE (determined us-
ing Primer set BE, location shown in Figure 3D) (40). As
predicted, these two fragments displayed different extents
of stabilization in strains deficient in the nuclear exosome
and DRN. The RNA segment corresponding to exon 1 (5'-

incubation in the presence of 1,10-phenanthroline. The statistical significance of difference as reflected in the ranges of p-values estimated from Student’s
two-tailed z-tests for a given pair of test strains for each message are presented with following symbols, *P < 0.05, P < 0.005 and #*xP < 0.001, NS, not

significant.
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Relative steady state levels of Cbclp and Rrp6p proteins in wild type (yBD-117) strains in the absence () and in the presence of SmM DTT (+). a-Tubulin
was used as the loading control. Cells were grown in the absence and in the presence of DTT, harvested and total protein extract were prepared as described
in Materials and Methods. 50 pg of total cellular protein was loaded in each lane, resolved in 12% SDS-PAGE and probed with anti-Cbclp, anti-Rrp6p,
and anti-tubulin antibodies as described in Materials and Methods.
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segment) showed a 4- to 5-fold increase in its steady-state
level in both rrp6-A and c¢bcl-A strains (Figure 5A, gray
histogram). The 3’-end segment encompassing the BE ele-
ment, in contrast, exhibited a much higher enhancement in
its steady-state level (~9- to 10-fold) in these strains (Fig-
ure 5A, green histogram). The relative steady-state levels of
these transcript segments as determined by northern blot
analysis in the wild type, rrp6-A and cbcl-A strains, also
revealed a very similar profile—the relative level of enhance-
ment of the 3’-BE RNA segment was more dramatic com-
pared to that of the Exon 1 segment (Figure 5B). These
findings imply that the 3'-terminus of the HACI precursor
transcript undergoes more accelerated and active degrada-
tion by the nuclear exosome and the DRN. Furthermore,
the decline of the signal of a transcript segment correspond-
ing to the 3’-BE is much sharper compared to that encom-
passing the HACI Exon 1 segment following the induc-
tion of a pGALI-GALI0::CBC]I allele by tunicamycin and
2% galactose (Figure 5C). Together, these findings are con-
sistent with the idea that the nuclear exosome and DRN-
dependent degradation of the precursor HACI message ini-
tiates from the 3’-terminus and proceeds towards the 5'-end.
Consequently, we hypothesized that this preferential 3’ to
5" decay generates a mixed pool of precursor HACI mes-
sages with heterogeneous 3’-termini at any given time, some
of which would harbor the 3’-BE, while others would lack
it. Thus, it is conceivable that an accelerated decay can re-
sult in the formation of a precursor HACI mRNA pool,
most of which lack the BE in unstressed cells, whereas a di-
minished decay of this transcript during ER stress can lead
to the generation of another pool, the majority of which
carry the BE element. Notably, the 3’-BE is implicated in
the targeting and recruitment of precursor HACI message
to Irelp foci and its subsequent splicing in response to ER
stress (40). Hence, this mechanism, in principle, may result
in the formation of a decisive concentration of the precur-
sor HACI transcript population with or without an intact
3’-BE element, which in turn governs its intracellular target-
ing to Irelp foci (see Figure 7). We addressed this issue and
evaluated this possibility by determining the relative intra-
cellular distribution of H4CI messages and Irelp proteins
in the absence and in presence of ER stress using confocal
imaging techniques (see below).

First, we tested whether the presence of the 3'-BE is cru-
cial for the observed 3'—5" decay of HACI pre-mRNA by
nuclear exosome/DRN. To test this hypothesis, we eval-
uated the steady-state level of the HACI allele that lacks
the 3’-BE element (HACI-ABE) in wild-type, cbcl-A, and
rrp6-A strains in the absence of ER stress. As shown in
Supplementary Figure S3A, the stability profiles of native
HACI harboring an intact 3’-BE element and one lack-
ing it (HACI-ABE) were found to be very similar and
comparable. The steady-state levels of both of these tran-
scripts were found to be enhanced similarly in the DRN-
deficient chcl-A yeast strains, thus indicating that the nu-
clear exosome/DRN does not specifically target the BE ele-
ment present in the HAC/ transcript. Moreover, this HACI-
ABE allele fails to complement the /acl-A defect (Fig-
ure 5D), thus verifying the functional authenticity of the
construct used in the stability experiment described above.
These collective findings thus completely ruled out the pos-
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sibility that the 3’-BE element plays any role in direct-
ing the decay of the HAC! precursor RNA dependent on
the exosome/DRN. Next, we asked whether the nuclear
exosome/DRN contributes to a regulatory decay mecha-
nism that may dictate the efficiency of targeting and re-
cruitment of precursor HAC! mRNA to the Irelp sites
in response to appropriate cues. Accordingly, our model
predicts more efficient recruitment of pre-HACI to cellu-
lar Irelp sites in a chcl-A strain owing to a higher abun-
dance of precursor message carrying an intact and func-
tional 3’-BE. We verified this speculation by determining
the intracellular distribution of HAC! mRNA and Irelp
protein sites in wild-type and cbcl-A strains, both of which
co-express HACIVRE chimeric mRNA, a Nucleolin-GFP
fusion protein (50) and Irelp-RFP (Irelp protein tagged
with RFP) (51) using confocal imaging technique (Figure
6A). The in situ distribution of HACIMRERNA and Irelp-
RFP in wild-type cells (Figure 6A, top panel) shows that
GFP (representing the HACI message) and RFP (repre-
senting Irelp) signals appear to be considerably dispersed.
Although an overlap between these signals was detected,
the extent of their overlap/colocalization (represented by
the yellow spots in the merged panel) was small (CI =
0.43+08) (Figure 6A&B, co-localization data provided in
Supplementary Table S4). A careful examination of their
distribution in the cbcl-A strain (Figure 6A, bottom panel)
revealed a more intense, frequent colocalization of the GFP
signal with the RFP clusters (CI = 0.85 £ 0.15) (Figure
6A&B, colocalization data provided in Supplementary Ta-
ble S4). This observation indicates a higher and more ef-
ficient targeting and recruitment of the precursor-HACI
mRNA to the intracellular Irelp sites as predicted by our
hypothesis. To reinforce this observation, we verified the
functionality of the HACIVRE and Irelp-RFP constructs.
In the first experiment, we tested the ability of the HACIVRE
construct to complement the hacl-A defect. As shown in
Figure 5D, this construct could complement the sacl-A de-
fect as assessed by the ability of the hacl-A strain trans-
formed with HACIVRE constructs to grow in the presence
of tunicamycin. Furthermore, we measured the stability of
the HACIMRE mRNA produced from the construct in wild-
type and cbcl-A strains in the absence of ER stress, which
revealed that the HACIMRE pre-mRNA displayed a sim-
ilar enhancement in a c¢bhcl-A strain as shown by native
HACI pre-mRNA (Supplementary Figure S3A). Moreover,
we also tested the specificity of the HACIVRE construct by
carrying out a control experiment in which the relative dis-
tribution of a version of HACI mRNA lacking the NRE
module was tested with that of the Irelp-RFP. As shown in
Supplementary Figure S3B, the data revealed that there is
hardly any colocalization between the GFP and RFP sig-
nals, indicating that the GFP signal, which is not tethered
to the HACI message (owing to the absence of the NRE
module), does not co-localize with RFP. The authenticity
of the Irelp-RFP construct was also evaluated in multiple
ways. First, the ability of the Irelp-RFP construct to com-
plement the irel-A defect was verified by the ability of the
irel-A strain transformed with an Irelp-RFP construct to
grow in the presence of tunicamycin (Supplementary Fig-
ure S4A). In addition, multiple Irelp foci could be detected
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in both wild-type (supplementary Figure S4B) and cbcl-
A (data not shown) strains transformed with the Irel-RFP
when strong ER stress was imposed with 5 mM DTT for 30
min (Supplementary Figure S4B), which was not detectable
in these strains in the unstressed condition.

To further corroborate this finding and bolster our
model, we evaluated the relative proximity of the HACIVRE-
Nucleolin-GFP module and Irelp-RFP moiety by deter-
mining the fluorescence resonance energy transfer (FRET)
from HACIVRE-Nucleolin-GFP (donor) to Irelp-RFP flu-
orophore (acceptor). Fluorescence quenching of the donor
HACIVRE_Nucleolin-GFP was determined as an indica-
tor of FRET in wild-type and chcl-A strains at different
times after addition of tunicamycin (Supplementary Fig-
ure S5 and Supplementary Table S5). As shown in Fig-
ure 6C and D, a 2-fold higher donor HACIVRE-Nucleolin-
GFP quenching due to a higher FRET from HACIVRE.
Nucleolin-GFP to Irelp-RFP was detected in the cbcl-A
strain compared to the wild-type strain at 10 min after ER
stress was imposed (Figure 6D). This finding strongly sug-
gests a closer physical proximity between the HACIVRE-

Nucleolin-GFP and Irelp-RFP in an exosome/DRN defi-
cient c¢bcl-A strain, which in turn implies that HACI pre-
cursor mRNA is more efficiently recruited onto the active
Irelp clusters in a ¢bel-A strain. Together, these data sup-
port the conclusion that the abundance of the precursor-
HACI mRNA harboring an intact 3'-BE element is dictated
by a preferential and regulatory decay mechanism by the
nuclear exosome/DRN. This selective decay is crucial for its
proper translocation, recruitment to Irelp foci and its sub-
sequent splicing. Exosome/DRN thus regulates the UPR
by imparting a preferential and kinetic decay of precursor
HACI-mRNA in a 3'— 5 direction, which controls its re-
cruitment to Irelp foci and thereby governs the rate of sup-
ply of HACI precursor mRNA to Irelp/Rlglp mediated
splicing (See discussion below and Figure 7).

DISCUSSION

In this study, we present evidence of the existence of an ad-
ditional layer of regulation in the function of the UPR path-
way in Saccharomyces cerevisiae. This regulation is accom-
plished by a preferential 3’—5" decay of precursor HACI
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Figure 6. Precursor HACI mRNA is recruited more efficiently to Irelp foci in DRN deficient chcl-A strains due to the diminished decay of its 3'-BE.
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localization index for HACIVRE_-GFP-nucleolin recruitment into Irel foci was expressed in arbitrary units. Means and standard error of the mean were
determined from n = 17. Co-localization index (Pearson correlation coefficient, PCC) were determined as described in the method section. (C) Relative
fluorescence resonance energy transfer (FRET) between HACI-GFP-nucleolin and Irelp-RFP in a wild type and cbcl-A strain. The bottom panel shows
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control of this experiment showing no donor (HACI-GFP-nucleolin) quenching in the absence of Irelp-RFP in these strains. (D) Histogram depicting
the Relative FRET value (in arbitrary units) from donor HACI"RE.GFP-nucleolin mRNA into Irelp-RFP foci at 10 minutes after ER stress by 1 wg/ml
tunicamycin in a normal and chcl-A strain. Donor (HACIVRE.GFP-nucleolin mRNA) quenching as an indicator of relative FRET value was measured
for HACIVRE_.GFP-nucleolin recruitment into Irelp foci. Means and standard error of the mean were determined from n = 5 (biological replicates). Donor
quenching was determined by Flow Cytometry from 50 000 cells of each strain were determined as described in the method section using BD Accuri™ C6
software. The statistical significance of difference as reflected in the ranges of P-values estimated from Student’s two-tailed #-tests for a given pair of test
strains for each message are presented with following symbols, xP < 0.05, P < 0.005 and sxxP < 0.001, NS, not significant.

mRNA, which, in turn, generates an ‘optimum’ physiolog-
ical ‘repertoire’ of the pre-HACI message carrying hetero-
geneous 3'-termini. At any given instance, a fraction of this
repertoire harbors an intact BE at the 3’-end of the mes-
sage, whereas the other fraction lacks it. The status of ER
stress dictates the relative abundance of each of these pools
by controlling the rate of pre-HACI mRNA decay. A higher
fraction of the pre-HACI message lacking an intact BE is
predominantly present in the unstressed cell, which results
from an accelerated decay by nuclear exosome/DRN. ER

stress, in contrast, prompts a diminution of the decay ac-
tivity, thus leading to the production of a higher fraction
of the pre-HACI message carrying an intact BE (Figure
7). This regulatory decay mechanism of precursor HACI
mRNA thus controls its targeting/recruitment to the active
Irelp foci at an optimum level and thereby governs the sub-
sequent rate of its downstream splicing reaction. The nu-
clear exosome/DRN therefore finely tunes the output of the
UPR in S. cerevisiae.
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We began our investigation with the validation of our
previous microarray data to establish that both the precur-
sor HACI mRNA and Haclp protein levels increased dra-
matically in the yeast strains defective in the components
of the nuclear exosome and DRN (Figure 1A-C, Figure
3A and B). Consistent with this finding, these strains sus-
tained ER stress more efficiently when challenged either
with 1 pg/ml tunicamycin or 5 mM DTT (Figure 1D-G,
Supplementary Figure S1A and B). Moreover, ER chaper-
one markers were also enhanced dramatically in the pres-
ence of ER stress in exosome/DRN-deficient strains, thus
further supporting our model (Figure 2). We then demon-
strated that augmentation of HACI/ mRNA in the rrp6-A
and cbcl-A strains was directly correlated to the stabiliza-
tion of HAC! precursor mRNA (Figure 3F, Table 1) and

was not associated with a transcriptional induction of the
HACI promoter (Figure 3E). Notably, the stability of the
HACI precursor message in both the rrp6-A and cbcl-A
strains did not change in the presence or absence of ER
stress, because the exosome/DRN decay apparatus is im-
paired in such strains. An altered stability of precursor-
HACI mRNA in the wild-type strain in the absence and
presence of ER stress (Table 1) strongly implied a regula-
tion in the HACI pre-mRNA decay rate during ER stress.
Consequently, we corroborated the regulation in the de-
cay rate by correlating the diminution of decay with the re-
duced levels of the DRN components, Cbclp, and Rrp6p,
during ER stress (Figure 4D). Notably, two previous stud-
ies reported apparently contradictory findings concerning
this issue. One study revealed no difference in the stabil-



ity of the HACI mRNA decay rate in the presence of ER
stress induced by DTT (57), which contrasts with our data.
We argue that this discrepancy reflects the difference in the
mode of determination of half-life values in two different
experimental systems. While these researchers determined
the HACI signal using an exon 1-specific probe, we used
an intron-specific probe to determine the decay/abundance
of precursor-HACI mRNA more precisely during half-life
measurement in our study. Interestingly, a more recent study
reported that the stability of HACI pre-mRNA is altered
in the presence of ER stress (60). While the decay rate of
HACI pre-mRNA is faster in the absence of ER stress, it
displayed a diminished decay when ER stress was imposed.
These researchers showed the alteration of stability of the
HACI precursor message is probably caused by a physical
association of the RNA with the Rab-GTPase Ytplp. How-
ever, the mechanistic insight of the alteration of the stabil-
ity of the HACI message during ER stress was unclear (60).
This finding thus poses an interesting question about the
connection between the association of the pre-HACI mes-
sage with Ytplp (and a few other proteins) and its regulated
degradation by the nuclear exosome/DRN, which will be
the focus our future work. Consistent with the idea of a dy-
namic regulation of mRNA decay during ER stress, the cel-
lular levels of CBCI mRNA and Cbclp protein level were
found to bear a reciprocal relationship with the levels of
HACI pre-mRNA and Haclp protein (Figure 4A and B).
Our data mining analyses of whole genome expression pro-
files also revealed an inverse relationship between the cellu-
lar levels of mRNAs encoding the components of the nu-
clear exosome/DRN and the UPR during ER stress (Fig-
ure 4C and Supplementary Figure S2A). Collectively, these
findings strongly argue that the nuclear exosome/DRN ex-
ert a fine control on the activity of the UPR.

Finally, we presented data that are consistent with the
view that the nuclear exosome/DRN-dependent degrada-
tion of HACI precursor mRNA is possibly exerted in the
3'— 5 direction. This preferential decay plays an instru-
mental role in the generation of two kinds of pre-HACI
mRNA populations—one that possesses the 3’-BE and the
other that lacks it (Figure SA-C). Each of these two popu-
lations themselves is heterogeneous at their 3’-termini. Pre-
sumably, the population that lacks the BE element (pre-
dominant species in the absence of ER stress) is targeted to
Irelp foci less efficiently than the one that harbors the BE
(predominant during ER stress). This conclusion received
further support from the observation that HACI precur-
sor mRNA is indeed targeted and recruited to Irelp foci
more efficiently in a strain lacking a functional DRN (Fig-
ure 6). Thus, our model is consistent with the view that the
precursor HACI mRNA undergoes an accelerated degra-
dation in the absence of stress leading to an increased elim-
ination of 3’-BE from the HACI pre-mRNA population.
Loss of the BE element, in turn, results in the reduced tar-
geting and recruitment of the resulting precursor message
to Irelp foci (supported by the data presented in Figure
3A, B and F and Figure 4A-D), thus generating a lower
supply of HACI precursor RNA for downstream splicing
reactions. ER stress, in contrast, prompts a diminution in
the exosome-dependent decay, which permits an increased
retention of the 3’-BE element in the resulting pre-HACI
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transcript population (supported by the data presented in
Figure 3A, B and F and Figure 4A-D). Consequently, an
increased abundance of precursor HACI mRNA popula-
tion harboring an intact BE led to improved targeting to
the Irelp foci under ER stress, thus causing its enhanced
splicing (supported by the data presented in Figure 6A-
D for cbcl-A strain). We thus favor a view that the nu-
clear exosome and DRN-dependent decay can be altered in
a context-dependent manner to generate an optimum de-
livery of HACI precursor mRNA to the splicing pipeline.
To our understanding, exosome/DRN-dependent circuitry
certainly qualifies as a suitable candidate for a rate-limiting
regulatory step to optimally control the output of the UPR
in S. cerevisiae.

In this context, we would like to note that the nu-
clear exosome/DRN is highly processive and does not se-
lectively clip off the 3’-Bipartite Elements present in the
HACI pre-mRNA. In contrast, our model predicts that the
exosome/DRN does not halt after clipping off the tran-
script segment encompassing the BE element. Instead, the
decay mechanism will continue to degrade the rest of the
transcript body from the 3’-termini in a progressive man-
ner. Consistent with this view, the stability of the native
HACI pre-mRNA (carries the BE) and the one that lacks it
(HACI-ABE) were found to be very similar in wild-type,
¢bel-A/Jrrp6-A yeast strains (Figure SD and Supplemen-
tary Figure S3A). Notably, the unwinding of the strong
stem-loop structure of BE must precede the degradation of
the rest of the transcript body of HACI pre-mRNA. Typ-
ically, RNA secondary structures consisting of stems and
loops (such as a polyGyg track) confer a partial block to
both 5¥—3" and 3'—5' exoribonucleases (61-64) and thus
pose a challenge to the cellular decay machinery. However,
both the cytoplasmic and nuclear exosome is equipped with
powerful ATP-dependent RNA helicases such as Ski2p and
Mtrdp (components of cytoplasmic and nuclear exosome,
respectively) (65,66). In addition, the nuclear exosome-
associated trimeric NNS complex (Nrd1p/Nab3p/Senlp)
was found to participate in the decay of the nuclear mRNA
surveillance by the nuclear exosome/DRN and displays an
epistatic relationship with Rrp6p and Cbclp (P. Singh and
B. Das, unpublished data). The Senlp component encodes
an ATP-dependent RNA/DNA helicase that participates in
various events during transcription termination and RNA
processing (67,68). Ski2p/Mtrdp are essential for the degra-
dation of various RNA substrates and intermediates of pre-
ribosomal RNA-processing events containing potentially
strong secondary structures with multiple stems and loops
(such as ITS2) (69,70). Although we did not specifically ad-
dress this issue here, it would not be unreasonable to assume
that either of the nuclear Doblp/Mtr4 or Senlp in principle
may play a crucial role in unwinding the secondary structure
of 3’-BE and subsequent recruitment of the RNA transcript
to the nuclear exosome/DRN machinery.

We did not specifically address the
feature(s)/determinant(s) present in the HACI pre-
mRNA, which qualify it as a privileged substrate for
the nuclear exosome/DRN. Interestingly, however, our
previous work suggests that the HACI belongs to a group
of cellular messages referred to as the ‘special’ mRNAs,
all of which display a high susceptibility to the nuclear
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exosome/DRN (See Introduction) (32). Some of these
messages were shown to have an intrinsically slow nuclear
export and a long intranuclear dwelling time, unlike the
bulk-normal typical messages (32). It was proposed that the
selectivity and susceptibility of the ‘special’ messages (in-
cluding HACI pre-mRNA) to the nuclear exosome/DRN
principally depend on their prolonged nuclear retention—a
distinctive property of the ‘special’ mRNAs (32). Thus, it is
reasonable to assume that the selectivity and susceptibility
of HACI pre-mRNA/mRNA may result from its relatively
longer nuclear dwelling time. However, further research is
required to establish whether HACI pre-mRNA poses an
intrinsically slow export and longer nuclear dwelling time.
Interestingly, employing a post-transcriptional mechanism
such as mRNA decay to regulate a stress response pathway
such as UPR is undoubtedly more beneficial than using
a transcriptional mode. A sharp and stepwise output
can be generated more efficiently from the regulatory
circuit that is controlled post-transcriptionally by the
nuclear exosome/DRN using a decay mechanism, and
this stepwise output enables the cells to respond more
promptly to ER stress. Moreover, this means of control
is crucial to avert an undesired stimulation of UPR in
response to innocuous stimuli as well as to attenuate it
once ER homeostasis is accomplished. Although the exact
mechanism of the alteration of the decay rate of pre-HACI
is not known at the molecular level, data from genome-wide
expression profile analysis (58) (Figure 4C) and western
blot analysis (Figure 4D) strongly suggest a change in
the level of Cbclp and Rrp6p as the underlying principle.
Our data support a view that a possible mechanism of the
attenuation of the decay rate of HACI pre-mRNA during
ER stress may involve a decline in the levels of the proteins
encoding exosome and DRN components. In this context,
we would like to mention that insight into the association
of HACI pre-mRNA with the Rab-GTPase Ytplp should
be explored to reveal further novel mechanistic insight into
this regulatory decay mechanism.

Notably, cellular Haclp levels are also regulated at
translation-initiation and via protein degradation in addi-
tion to the Irelp/Rlglp-dependent splicing pathway, both
of which are dependent on the HAC! intron (71), thereby
implying the significance of the multifaceted regulatory cir-
cuitry in defining the final output of a crucial cellular effec-
tor. In the light of this central paradigm, our findings added
another regulatory layer upstream of the Irelp-dependent
splicing mechanism. We favor the view that the preferen-
tial decay of HACI pre-mRNA exerts a fine tuning of the
UPR gain in Saccharomyces cerevisiae. It did not escape
our notice that the exosome/DRN may also potentially
degrade other mRNA targets encoding export, transla-
tion, and protein degradation factors (such as a component
which preferentially degrades Haclp protein). This large-
scale degradation may exert indirect means of regulation
of the HACI mRNA/Haclp protein levels via additional
mechanisms. Consistent with this view, the decay of Irela
mRNA was recently shown to shape the UPR in mam-
malian cells, thus implicating a relevance and significance
of post-transcriptional control in the regulation of the stress
response (72). Furthermore, the nuclear exosome has been
demonstrated to control a number of cellular responses and

processes. These include the cellular iron response and sen-
sitivity to oxidative stress (73), silencing of heterochromatic
(74) and meiotic (75) genes, as well as regulation of cellu-
lar levels of mRNASs carrying decay-promoting introns (76).
To our knowledge, the evidence presented here possibly
provides the first example of selective and kinetic mRNA
degradation as a central paradigm, which controls intracel-
lular mRNA targeting and thereby regulates the activity of
a signaling pathway. Future research will focus on (i) the
delineation of the molecular determinant(s) present in the
HACI transcript, which permits its recognition as a priv-
ileged DRN substrate, and (ii) the mechanistic aspect of
the fine-tuning of the degradative activity, which kinetically
speeds up or slows down the selective decay of this precur-
sor mRNA.
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Supplementary Data are available at NAR Online.
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