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Vps34 and TOR Kinases Coordinate HACT mRNA Translation in
the Presence or Absence of Ire1-Dependent Splicing
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ABSTRACT In the budding yeast Saccharomyces cerevisiae, an mRNA, called HACIT,
exists in a translationally repressed form in the cytoplasm. Under conditions of cellu-
lar stress, such as when unfolded proteins accumulate inside the endoplasmic reticu-
lum (ER), an RNase Ire1 removes an intervening sequence (intron) from the HACT
mRNA by nonconventional cytosolic splicing. Removal of the intron results in transla-
tional derepression of HACT mRNA and production of a transcription factor that acti-
vates expression of many enzymes and chaperones to increase the protein-folding
capacity of the cell. Here, we show that Irel-mediated RNA cleavage requires
Watson-Crick base pairs in two RNA hairpins, which are located at the HACT mRNA
exon-intron junctions. Then, we show that the translational derepression of HACT
mMRNA can occur independent of cytosolic splicing. These results are obtained from
HACT variants that translated an active Hac1 protein from the unspliced mRNA.
Additionally, we show that the phosphatidylinositol-3-kinase Vps34 and the nutrient-
sensing kinases TOR and GCN2 are key regulators of HACT mRNA translation and
consequently the ER stress responses. Collectively, our data suggest that the cyto-
solic splicing and the translational derepression of HACT mRNA are coordinated by
unique and parallel networks of signaling pathways.
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n mRNA is translated into protein or stored for later translation in the cytoplasm.

A large number of studies show that translationally repressed mRNAs are transi-
ently stored into the RNA processing bodies (P-bodies) in many species (1, 2). Under
favorable conditions, the translationally repressed mRNAs mobilize to access the trans-
lational machineries for fast and efficient protein synthesis (3), although it remains
largely unknown how P-bodies store mRNAs and how mRNAs are translationally dere-
pressed. In the budding yeast Saccharomyces cerevisiae, a number of untranslated
MRNAs are reported to be associated with the P-body (4). For example, it has been
shown that untranslated HACT mRNA is associated with the P-body protein Lsm1

under glucose depletion condition, and under condition of cellular stress, HACT mRNA Citation Uppala JK, Bhattacharjee S, Dey M. 2021.
migrates toward the endoplasmic reticulum (ER) (5). It has also been shown that HAC7 Vps34.and TOR kinases coordinate HACT mRNA
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mRNA contains an unusual intron in between two exons (Fig. 1) (6, 7). This intron is un- dependent splicing. Mol Cell Biol 41:200662-20.
usual because it is not spliced in the nucleus by the spliceosome but instead is retained https//doiorg/10.1128/MCB.00662-20.
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tides G661 and G913 of HACT mRNA (11-13). The cleaved mRNAs are then joined by
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FIG 1 Translational fate of HACT mRNA. The m’G cap, 5’-UTR (68 nucleotides, [nts]) and 3'-UTR (416
nucleotides), two exons (black boxes, 661 and 56 nucleotides), intron, and polyadenylated tail (A,) of
HACT mRNA are shown. The intron interacts with the 5’-UTR to form an RNA duplex (RD). Under ER
stress conditions, Ire1 cleaves two phosphodiester bonds at the nucleotide positions G661 and G913
(shown by scissors). Both positions are present in the two RNA hairpins, referred to here as 5’-hairpin
(5’-HP) and 3'-hairpin (3'-HP). The nucleotide compositions of the RD, 5’-HP, and 3’-HP are shown.
The unspliced HACT mRNA can translate an Hac1" protein (230 amino acids) by leaky scanning (16),
which contains a bZIP domain, a transcription activation domain (TAD), and a short tail of 10 amino
acids (green box). The spliced HACT mRNA vyields Hac1' protein (238 amino acids), containing a bZIP
domain, a TAD, and an altered C-terminal tail of 18 amino acids (purple).

tRNA ligase Trl1 (14), resulting in a new codon in the open reading frame (ORF) at nu-
cleotide G661 and a stop codon UAG at nucleotide 963. This spliced mRNA then trans-
lates a protein of 238 amino acids (referred to as Hac1; “i” indicates protein translated
from the spliced mRNA) (Fig. 1). Hac1' is a transcription factor containing a basic leu-
cine-zipper (bZIP) domain (residues 40 to 102) followed by a transcription activation
domain that binds to the unfolded protein response element (UPRE) in the promoter
of target genes and activates transcription of several chaperones and protein modifiers
that enhance the protein folding capacity of cells (10).

In rare cases, ribosomes may bypass the 5’-UTR-intron RNA duplex in HACT mRNA,
resulting in leaky translation of a protein of 230 amino acids from the open reading
frame (ORF) starting at the AUG codon of exon1 until the stop codon UGA at nucleo-
tide 690 of the adjacent intron (15, 16). This translational product of HACT mRNA is
known as Hac1Y protein (Fig. 1) (“u” indicates protein translated from the unspliced
mRNA). Like Hac1, Hac1 is a transcription factor with a basic leucine zipper (bZIP) do-
main followed by a transcription activation domain (15). Both Hac1? and Hac1Y isoforms
share the same amino acid sequences until the position 220 (Fig. 1) but diverge
beyond this position, with Hac1" having an additional 10 amino acids and Hac1! with
an additional 18 amino acids. These 10 residues in the Hac1" isoform make it less stable
(16); however, it can efficiently activate the UPR (15).

As described above, several studies suggest that translation of HACT mRNA is repressed
in the cytoplasm and derepressed after splicing; however, it is not clear how the splicing
processes influence the translational derepression. To address these questions, we used
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two HACT variants that genetically separated the two primary biological processes
involved in translational derepression and cytosolic splicing. Our studies suggest that the
translational derepressionin HACT mRNA is enhanced during ER stress with or without cy-
tosolic splicing. Additionally, we show that the phosphatidylinositol 3-kinase (PI3-kinase)
Vps34 and the nutrient-sensing kinases TOR (target of rapamycin) and Gcn2 (general con-
trol nonderepressible 2) were key translational regulators of HACT mRNA. Collectively, our
data suggest that the cytosolic splicing and the translational derepression of HACT mRNA
are coevolved and coordinated by unique and parallel networks of signaling pathways.

RESULTS

Genetic evidence of two RNA hairpins required for HACT mRNA splicing in vivo.
Under conditions of ER stress, Ire1 cleaves two phosphodiester bonds at nucleotides
G661 and G913 in HACT mRNA (11-13). In silico prediction and modeling of HACT
MRNA show that nucleotides G661 and G913 are located at two separate stem-loop
RNA hairpins (referred here to 5’-HP and 3’-HP). Each of these RNA hairpins contains a
loop of 7 nucleotides (5'-CAGCCGU-3’ or 5'-CCGAAGC-3’) and a stem of at least 5 bp
(Fig. 1) (13, 17). The 5’-HP contains a canonical G-C base pair at the stem apex (i.e.,
between nucleotides C658 and G666), whereas the 3'-HP contains a noncanonical G-U
base pair (i.e., between nucleotides U910 and G918). Thus far, no structural or genetic
study has been done to provide evidence for the existence of these G-C and G-U base
pairs. To provide the genetic evidence, here, we mutated these base pairing nucleo-
tides and studied the sensitivity to Ire1-mediated splicing. The assumption behind the
mutant design was that mutation will destroy the RNA hairpin structure, resulting in
reduction or elimination of mRNA splicing. Thus, we created four single mutants (i.e.,
HACT-C658G, HACT-G666C, HACT-U910G, and HAC1-G918U) and two double mutants
(i.e., HACT-C658G,G666C and HACT-U910G,G918C). The single mutants were expected to
destroy the base pair interaction in the RNA hairpin structure, and the double mutants
were expected to restore the base pair interactions in opposite direction. These single
and double mutants were introduced in the hacTA yeast strain. The resulting strains
were then tested for their ability to grow on the tunicamycin medium and to splice
HACT mRNA under the condition of ER stress stimulated by dithiothreitol (DTT).

The wild type (WT), its isogenic hacTA and hacTA irelA strains grew normally on
the synthetic complete (SC) medium (Fig. 2A and C), showing that both HACT and IRET
are nonessential genes. In contrast, both hacTA and ire1A strains, unlike the WT strain,
grew on a medium containing an ER stressor tunicamycin only when complemented
with a plasmid-borne HACT and IRET gene, respectively (Fig. 2A), suggesting a role of
both Ire1 and Hac1 proteins in the tunicamycin-induced ER stress response. The
reverse transcriptase PCR (RT-PCR) analysis showed a single population of HACT mRNA
in ireTA cells. In contrast, two distinct populations of HACT mRNA were observed in WT
cells grown in the presence of tunicamycin (Fig. 2B). These data are consistent with
several reports that, under normal conditions, HACT mRNA exists in a translationally
repressed unspliced form (HAC1Y), whereas under ER stress condition, Ire1 cleaves
HACT mRNA to produce a spliced form (HAC1%) (7, 8).

The hac1A strain containing a vector plasmid did not grow on the tunicamycin me-
dium, nor did the same vector bearing the HAC7-C658G, HACT-C666G, HAC1-U910G, or
HAC1-G918U mutant (Fig. 2C and D, top) that was predicted to disrupt the RNA hairpin.
The RT-PCR analysis showed only the unspliced form of HACT mRNA (Hac1Y) in those sin-
gle-mutant strains (Fig. 2C and D, bottom). These data suggested that each of those
mutations eliminated HACT mRNA splicing. In contrast, the hac7A strain containing an
HAC1-C658G,G666C or HACT-U910G,G918C double mutant was able to grow on the tuni-
camycin medium (Fig. 2C and D, top). Consistent with the tunicamycin-resistant pheno-
type, both unspliced (HAC1Y) and spliced (HAC1%) forms of HACT mRNA were observed
(Fig. 2C and 2D, bottom). These data suggested that the base pair interaction at the
stem apex was restored in the double mutant, thus facilitating mRNA splicing. We also
mutated the nucleotide U910 to cytosine (C), generating a HAC7-U910C mutant, which
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FIG 2 Ire1-mediated HACT mRNA cleavage requires Watson-Crick base pairs in the cleavage RNA
hairpins. (A) Growth of yeast cells on tunicamycin medium requires Ire1 and Hacl. WT and its
isogenic haclA or ireTA yeast strains containing a URA3 plasmid (vector) or the same plasmid bearing
an HACT or IRET gene were grown overnight, serially diluted, and spotted on the synthetic complete
(SC) medium without uracil and the same medium containing tunicamycin. (B) ER stress activates
HACT mRNA splicing. Total RNA was extracted from the indicated yeast strains grown for 2h in a
liquid YEPD medium containing tunicamycin. RT-PCR was used to analyze the unspliced (HAC1") and
spliced (HAC1®) forms of HACT mRNA. (C) Reciprocal exchange of nucleotides C658 and G666 restores
HACT mRNA splicing. (Top) An haclA strain containing a URA3 plasmid (vector) or the same plasmid
bearing the indicated HACT mutant was tested for growth on the SC and tunicamycin media.
(Bottom) RT-PCR was used to analyze the unspliced (HAC1Y) and spliced (HAC1®) isoforms of HAC1
MRNA in the above strains grown in the presence of tunicamycin. (D) Reciprocal exchange of
nucleotides U910 and G918 restores HACT mRNA splicing. An haclA strain containing a URA3
plasmid (vector) or the same plasmid bearing the indicated HACT mutant was tested for growth on
the SC and tunicamycin media (top). RT-PCR was used to analyze the unspliced (HAC1Y) and spliced
(HAC1®) forms of HACT mRNA in the above strains grown in the presence of tunicamycin (bottom).

was expected to form a canonical base pair interaction with G918 (Fig. 1). As expected,
the hacTA strain containing the HAC7-U910C mutant was able to grow on the tunicamy-
cin medium (Fig. 2D), and in those cells, efficient splicing of HACT mRNA was observed
(Fig. 2D, lane 6). Collectively, these data suggest that Ire1-catalyzed RNA cleavage
requires Watson-Crick base pairs in two RNA hairpins, which are located at the HACT
mRNA exon-intron junctions.

Enhanced translation of HAC1-G771A,G661C mRNA under ER stress condition.
Previously, Peter Walter’s laboratory showed that a long-range base pair interaction
between the 5’-UTR and intronic sequences inhibits translation of HACT mRNA (8). We
report that a single mutation of the nucleotide C(—27) at the 5’-UTR (relative to ade-
nine [+1] of the AUG start codon) or its base-pairing partner nucleotide G771 at the
intron is sufficient to derepress translational control of HACT mRNA (Fig. 1) without the
Ire1-mediated mRNA splicing (9). This splicing-independent translation of HACT mRNA
was evident from the observable traits that the hac7A strain containing a splice-defec-
tive HACT-G661C mutant was sensitive to tunicamycin (Fig. 3A, row 2) but the same
strain containing a HAC1-G661C,G771A mutant was resistant to tunicamycin (Fig. 3A,
row 3). Consistent with the tunicamycin-resistant phenotype, the Hacl protein was
produced in cells containing the HACT-G661C,G771A mutant under normal growth
conditions (Fig. 3B, lane 3). The RT-PCR analysis showed that hacTA cells containing a
WT HACT allele expressed both unspliced and spliced forms of HACT mRNA when
grown in the presence of ER stressor DTT (Fig. 3C, lane 2). The same hacTA cells con-
taining the HACT1-G661C,G771A or HAC1-G661C mutant expressed only the unspliced
HACT mRNA species (Fig. 3C, lanes 3 and 4), suggesting that the HACT-G661C,G771A
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FIG 3 Translational derepression of HACI-G771A and HACI-G661C,G771A mRNA. (A) The HACI-
G661C,G771A mutant grows on the tunicamycin medium. The hac7A or ireTA haclA strain containing
the indicated HACT mutants in a URA3 plasmid was tested for growth on the SC medium without
uracil and the same medium containing tunicamycin. (B) Hac1" expression from the HAC1-G661C,
G771A mutant is enhanced under ER stress conditions. (Top) the haclA strain containing the
indicated HACT mutants (WT, G661A, or G661A,G771A) were grown in the SC-uracil medium until
ODy,, reached ~0.6 to 0.8; 5mM DTT was then added to cells. After indicated times (0, 30, and 60
min), cells were harvested, whole-cell extracts (WCEs) were prepared and subjected to Western blot
analysis using anti-Hac1 and Pgk1 antibodies. The intensities of Hac1 and Pgk1 protein bands were
measured by ImagelJ software (bottom). The ratios of the Hac1 and Pgk1 protein band intensities are
shown. Experiments were repeated twice. A representative result is shown. (C) The HAC1-G661C,
G771A mutant is deficient in splicing. Total RNA was prepared from the hacTA strain containing the
indicated HACT mutants in a URA3 plasmid. RT-PCR was used to analyze the unspliced (HAC1") and
spliced (HAC1®) forms of HACT mRNA. (D) In vitro reconstitution of the 5’-UTR and intron interaction.
As indicated, three RNA oligonucleotides corresponding to the 5’-UTR (R1), the intron (R2), and the
intron with a G771A mutation (R3) were synthesized from Sigma (USA). Mixtures of RNA
oligonucleotides R1 and R2 and R1 and R3 were heated to 95°C for 5 min and then annealed at
room temperature slowly. The RNA mixture was diluted, and SYBR green was added to the diluted
samples. Samples were then read in a spectrophotometer. The relative fluorescence units were
averaged and then plotted against the RNA concentrations. The calculated K, values were
0.692 = 0.18 for R1+R2 and 1.755*0.02 for R1+R3. (E) Hac1" expression from the HAC1-G771A
mutant is enhanced during ER stress. WCEs were prepared from the ire1A haclA strain containing the
HAC1-G771A mutant and subjected to Western blot analysis using Hac1 and Pgkl antibodies. The
ratios of the Hacl and Pgkl protein band intensities are shown (top). The irelA haclA strain
containing a HAC71-G771A allele in a URA3 vector and an UPRE-driven LacZ reporter plasmid in a LEU2
vector was grown as described in Fig. 3B. WCEs were prepared and subjected to B-galactosidase
assay. The average values of three experiments are shown with standard errors (bottom). (F) ER stress
does not induce the transcript levels of WT or HAC7-G771A mutant carried in plasmid. Total RNA was
isolated from the ireTA haclA strain containing WT HAC1 or HACT-G771A mutant in a URA3 plasmid
(bottom). Total RNA was reverse transcribed into cDNA. The synthesized cDNA was amplified by PCR
using the exon1-specific primers of the HACT gene (top). The RNA sample obtained from the WT cells
was used as a PCR template without the reverse transcriptase reaction (no RT).
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mutant produced the Hac1Y protein likely by an alternate cap-dependent translation
initiation mechanism, such as leaky scanning (18) or ribosome jumping (19).
Regardless of the underlying mechanism, our data suggest that unspliced HACT mRNA
can translate an active transcription factor and is capable of inducing the ER stress
response.

To assess the impact of the G771A mutation on the 5'-UTR-intron RNA duplex, we per-
formed an in vitro RNA duplex formation assay. Three RNA oligonucleotides (20 bases
long) corresponding to the 5’-UTR and intronic sequences were synthesized as follows
(Fig. 1): () RNA oligonucleotide 1 (R1), representing the 5'-UTR (5’-UAACCUCCUC
CUCCCCCACC-3"); (ii) RNA oligonucleotide 2 (R2), representing the intron (5'-GAUGG
GGGAGGAGCCGGUUG-3'); and (iii) RNA oligonucleotide 3 (R3), representing the intron-
G771A mutation (5'-GAUGGGGAAGGAGCCGGUUG-3’; underlining indicates guanine was
mutated to adenine) (Fig. 1 and 3D). The mixture of RNA oligonucleotides R1 and R2 or R1
and R3 was heated to 95°C for 5 min and then annealed at room temperature. The RNA
mixture was diluted to obtain final concentrations ranging from 0.01 to 10 M. An equal
amount of SYBR green was added to each sample. The florescent intensity of each sample
was then monitored. As shown in Fig. 3D, the fluorescence was detected in the mixture of
R1 and R2 oligonucleotides at the concentration below 1uM followed by a gradual
increase in fluorescent intensities with the increase of RNA concentrations (the equilib-
rium-binding affinity, K,=0.692 uM), suggesting that double-stranded RNA (dsRNA) was
able to form complexes with SYBR green. The fluorescence was also detected in the
mixture of R1 and R3 oligonucleotides, albeit at a slightly higher concentration of RNA
(K;=1.755uM). The ~25-fold increase in the equilibrium-binding affinity from a
fluorescence-based assay suggested that the single G771A mutation might cause a
change in the local conformation but not the global conformation of the 5'-UTR-intron
RNA duplex in vitro.

Next, we utilized both HAC1-G661C,G771A and HACT-G771A mutants to assess the
patterns of cooccurrence and mutual exclusivity between the cytosolic splicing and
the translational derepression of HACT mRNA under normal and ER stress conditions.
The haclA strain harboring an HAC1-G661C,G771A mutant was grown in synthetic
complete (SC) medium in the presence of DTT (5 mM). Cells were harvested after 30
and 60 min. Whole-cell extracts were prepared and subjected to Western blot analysis.
The Western blot showed that the Hac1 expression was induced at least 5-fold after 30
and 60 min of DTT treatment (Fig. 3B, compare lane 3 with lanes 4 and 5). These data
suggest that ER stress induced the Hac1 expression from the unspliced HAC7-G661C,
G771A mRNA (i.e., Hac1v isoform of 230 amino acids) and translational derepression
can occur without splicing. Consistent with the earlier report (15), we also observed
that the migration of Hac1" protein produced from the HACT-G661C,G771A mutant
was slightly slower than the Hac1 protein produced from the WT HACT mRNA after
splicing (i.e., Hac1' isoform of 238 amino acids) (Fig. 3B, compare lanes 1 and 3). A rea-
sonable explanation is that the Hac1Y isoform likely undergoes altered posttransla-
tional modifications, including phosphorylation. Nonetheless, these results provide evi-
dence that translational derepression can occur without mRNA splicing.

To further confirm the above results, we investigated the effect of ER stress on
Hac1v expression from the HACT-G771A and HACT-C(—27)G mutants (Fig. 1) in the
ireTA haclA strain. As we reported earlier (9), the ireTA hac1A strain harboring the
HACT-G771A or HACT-C(—27)G mutant was able to grow on the tunicamycin medium
(Fig. 3A, rows 6 and 7). The growth was correlated with Hac1" expression from the
HACT1-G771A (Fig. 3E, lane 1) or HACT-C(—27)G mutants (data not shown). Additionally,
we observed a time-dependent increase in Hac1" expression from the HACT-G771A
mutant when cells were grown in the presence of DTT (Fig. 3E). Consistently, we
observed an increased expression of UPRE-driven LacZ reporter gene (Fig. 3E, bottom).
From these results and the published report that the HACT transcript level was
increased ~2.5-fold during the ER stress (20), we interpreted that the enhanced Hac1v
expression from the HACT-G771A mutant may be due to an activation of mRNA
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FIG 4 ER stress provokes Hac1" expression from the HAC1-G771A mutant. The irelA strain containing
the HACT-G771A mutant was grown in the SC-uracil medium in the presence of DTT (5mM), 3-AT
(30mM), or H,0, (0.5mM) for 1 h. WCEs were prepared and subjected to Western blot analysis using
anti-Hac1 and Pgkl antibodies (top). The relative intensity of Hacl protein band was measured by
ImagelJ software. The ratios of the Hac1 and Pgk1 protein band intensities are shown (bottom).

transcription leading to activation of translation and/or (2) specific activation of mRNA
translation.

To test the above possibilities, we monitored the levels of WT and HAC1-G771A
MRNAs during the ER stress. The irelA haclA strain containing a plasmid-borne WT
HAC1 or HACT-G771A mutant was grown in the presence of DTT for 1 h, and total RNA
was isolated (Fig. 3F, bottom). Total RNA was reverse transcribed into cDNA. The synthe-
sized cDNA was then amplified by PCR using the exon 1-specific primers of the HACT
gene (Fig. 3F, top). No significant difference in HACT ¢cDNA amplifications was observed
when cells were grown in the presence of DTT (Fig. 3F). Also, no amplification of DNA
was observed in the RNA sample directly taken as a template for PCR (Fig. 3F, No RT,
lane 5), suggesting that DNA amplification was not from the contaminated genomic
DNA. These results suggest that the enhanced Hac1Y expression from the HAC1-G771A
mutant was due to an ER stress-induced activation of translational derepression.
Together, we interpret that a single G771A mutation within the 5’-UTR-intron RNA
duplex weakens the base pair interaction, thus facilitating helicases to melt the second-
ary structure or allowing ribosomes to bypass the secondary structure and decoding
mRNA efficiently under conditions of ER stress.

Protein folding stress activates translation of the unspliced HAC7-G771A mRNA.
To combat adverse cellular conditions, including high temperatures, hypoxia, and radi-
ation, cells activate a rapid and transient gene expression program to adjust both RNA
and protein synthesis. Thus, we investigated the Hac1" expression from the HACI-
G771A mRNA in response to other cellular stresses, such as high temperature stress,
H,O,-induced oxidative stress, and under condition of nutrient limitation. Compared to
ER stress (DTT induction), a basal level of Hac1" protein expression was observed when
cells were grown at 42°C (Fig. 4, lane 3) or in the presence of H,0, (Fig. 4, lane 5) and
3-AT (a nutrient stressor that inhibits histidine biosynthesis [21]) (Fig. 4, lane 4]. These
data suggest that the oxidative and nutrient stresses have a minor effect on the pro-
duction of Hac1v protein production from the HAC7-G771A mRNA. We also observed
that neither an oxidative nor nutrient stressor induced the HACT mRNA splicing in
wild-type cells (Fig. 4, bottom). Together, it appears that only the protein folding stress
can activate translation from the unspliced HAC7-G771A mRNA.

Reduced Hac1 expression from spliced mRNA in the Vps34 protein-null strain.
Given that the ER stressor DTT or tunicamycin induces the Hac1' expression, we hypothe-
sized that any yeast deletion strain showing the tunicamycin-sensitive phenotype might
produce a low level of Hac1' protein. Therefore, we tested several kinase-deletion strains
for their sensitivity to tunicamycin and their ability to produce Hac1' protein. From those
studies, we identified that the yeast strain lacking the PI3-kinase Vps34 (vacuolar protein
sorting 34) was severely sensitive to tunicamycin (Fig. 5A, lane 4) and produced a
reduced (~6-fold) amount of Hac1' protein compared to its isogenic WT cells (Fig. 4B,
compare lanes 2 and 4). An obligate partner of Vps34 is a pseudokinase, Vps15 (22). The
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FIG 5 The PI3-kinase Vps34 contributes to Hacl' expression. (A) The vps34A strain grows slowly on the
tunicamycin medium. The indicated WT and its isogenic hacTA, vps15A, or vps34A yeast strains were tested for
their growth on rich YEPD medium and the same medium containing tunicamycin. (B) Expression of Hac’
protein is reduced in the vps34A strain. WCEs were prepared from the indicated yeast strain in the presence and
absence of DTT and subjected to Western blot analysis using anti-Hac1 and Pgkl antibodies. The intensities of
Hac1 and Pgk1 protein bands were measured by ImageJ software, and the ratios of the Hac1 and Pgkl bands
are shown. (C) Reduced expression of UPRE-driven LacZ in both vps34A and vps15A strains. WCEs were prepared
from the indicated yeast strains grown in the presence and absence of DTT and subjected to S-galactosidase
assay. The average values of three experiments are shown with standard errors. (D) Deletion of Vps34 protein
had no effect on HACT mRNA splicing. Total RNA was prepared from the indicated WT, vps34A, and vps15A
strains grown in a liquid YEPD medium containing tunicamycin. RT-PCR was used to analyze the unspliced
(HAC1Y) and spliced (HAC1%) forms of HACT mRNA. (E) Reduced growth of the vps34A strain expressing an
intronless HACT variant. The indicated ireTA and vps34A strains containing a vector plasmid or the same vector
plasmid harboring the intronless HACT variant (HAC1) were tested for their growth on rich YEPD medium and
the same medium containing tunicamycin. (F) Reduced expression of Hacl1¢ in the vps34A strain. WCEs were
prepared from the indicated ireTA or vps34A strains expressing an Hac1¢ derivative and subjected to Western
blot analysis using Hac1 and Pgk1 antibodies. The intensities of Hac1 and Pgk1 protein bands were measured by
ImageJ software, and the ratios of the Hac1¢ and Pgk1 band intensities are shown. (G) The ireTA vps15A strain
expressing HAC1-G771A allele grows slowly on the tunicamycin medium. The indicated ire1A strain and its
isogenic ireTA vps15A strain expressing HACT1-G771A allele were tested for their growth on the medium
containing tunicamycin. (H) Reduced expression of Hac1" in the ireTA vps15A strain. WCEs were prepared from
the strains shown in Fig. 4G and subjected to Western blot analysis using Hac1, Pgk1, and elF2« antibodies.

vps15A strain exhibited a moderate tunicamycin-sensitive phenotype (Fig. 5A, lane 3)
and produced a reduced (~4-fold) amount of Hac1' protein compared to its isogenic WT
cells (Fig. 5B, compare lanes 6 and 8). Consistently, the UPRE-driven LacZ reporter expres-
sions were reduced ~10-fold in vps34A and ~3-fold in vps15A strains (Fig. 5C). However,
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the spliced products (HAC1%) of HACT mRNA in vps34A and vps15A cells were very similar
to its isogenic WT cells (Fig. 5D). These results suggest that kinases Vps34 and Vps15 reg-
ulate translational derepression of HACT mRNA or are largely link to translational effi-
ciency of the matured mRNA.

To further test if and how Vps34 contributed to translational efficiency of the
matured HACT mRNA, we introduced an intronless variant (Hac1¢) in the vps34A strain
and monitored Hac1i expression under normal growth condition. As expected, the
ire1A strain constitutively expressed Hac1' protein from the Hac1¢ variant under a nor-
mal growth condition (Fig. 5E, lane 2). The Hac1' expression from the Hac1¢ variant was
significantly reduced (~6-fold) in the vps34A strain compared to its isogenic ireTA
strain (Fig. 5E, compare lanes 2 and 4), confirming that Vps34 plays an important role
in translational control of HACT mRNA.

To further confirm the role of Vps34 and Vps15 in ER stress response, we disrupted
the IRET gene in the vps15A and vps34A strains as described in Materials and Methods.
Because the ireTA vps34A strain grew slowly, we used the ireTA vps15A strain for our
studies. The ireTA vps15A strain containing the HACT-G771A allele grew slowly com-
pared to the irelA strain containing the same HAC1-G771A allele (Fig. 5G, compare
rows 4 with 2). The reduced growth was correlated with a reduced Hac1" expression
from the HAC1-G771A mRNA (Fig. 5H). Together, these findings confirm that Vps34
and Vps15 have a distinct stimulatory function in HACT mRNA translation. Vps34 is the
sole PI3-kinase in the budding yeast S. cerevisiae (22, 23), which is known to play critical
roles in protein sorting (23) and autophagy (24). Our results discovered a new role for
Vps34 in the ER stress response. Further research is needed to understand how Vps34
promotes Hacl expression in response to ER stress. Indeed, these data suggest that
the splicing and the translational derepression in HACT mRNA occur together but are
controlled by independent cellular processes.

Protein kinase Gcn2 activates HACT mRNA translation. Two major signaling path-
ways, ISR (integrated stress response) (25) and TOR (target of rapamycin) (26), are known
to control the rate of translation in many mRNAs. In mammalian cells, the ISR pathway is
coordinated by a family of four kinases GCN2, PKR, PERK, and HRI. In yeast cells, only ki-
nase Gen2 signals the ISR. Each of these kinases are regulated by their unique regulatory
domains, but phosphorylate a common substrate, initiation factor 2« (elF2« (27). The
phosphorylated elF2« inhibits the function of guanine nucleotide exchange elF2B, lead-
ing to translational activation of specific mRNAs, including Gen4 in yeast cells (21) and
ATF4 in mammalian cells (28). Gen4 or ATF4 acts as the master transcription regulator
for many enzymes that restructure metabolisms during starvation and stress responses.
In S. cerevisiae, Patil and coworkers have shown that the transcription factor Gen4 and its
activator Gen2 upregulate many UPR target genes (29).

To understand whether, and if so how, the ISR pathway regulates the HACT transla-
tion, we examined the expression of the Hac1' protein from HAC1-G771A or HACI-
G661C,G771A mutant in the gcn2A strain. Initially, we disrupted the chromosomal copy
of the IRET or HACT gene from the gcn2A strain by a KanMX4 cassette, creating the ireTA
gcn2A and haclA gen2A strains, respectively. Then, we expressed the HACT-G771A mu-
tant in the ireTA gcn2A strain and the HAC7-G661C,G771A mutant in the hacTA gcn2A
strain. The ireTA gcn2A strain containing the HAC1-G771A mutant (Fig. 6A, row 4) and
the hac1A gcn2A strain containing the HACT-G661C,G771A mutant (Fig. 6A, row 6) were
able to grow on the tunicamycin medium. Interestingly, we observed that the Hac1v
expression from the HAC1-G661C,G771A mutant in hacT1A gcn2A cells was ~50% lower
than hac1A cells (Fig. 6B, Western blot, compare lanes 2 and 4). These results suggest
that, under conditions of ER stress, the Gen2 pathway is also activated, which contributes
to translational derepression of HACT mRNA by an unknown mechanism.

To further confirm the activation of the Gecn2 pathway under the condition of ER
stress, we examined the phosphorylation status of its substrate elF2a. A significant
increase (~4-fold) in elF2a phosphorylation was observed in cells when grown in the
presence of the ER stressor DTT (Fig. 6C, compare lanes 1 and 4). The elF2a
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FIG 6 Translational activation of HAC7-G771A mRNA requires Gcn2 activation. (A) Analysis of yeast growth
under ER stress condition. The ireTA, ireTA gcn2A, and hacl1A gcn2A strains containing indicated WT HACT and
HAC1-G771A or HAC1-G661C,G771A mutant were tested for growth on SC and tunicamycin media. (B) Reduced
expression of Hac1" from HACI-G771A mutant in the gcn2A strain. The haclA or haclA gcn2A strain
containing the HACT-G661C,G771A mutant was grown in the presence and absence of DTT. WCEs were
prepared and subjected to Western blot analysis using Hac1 and Pgk1 antibodies. The ratios of the Hac1" and
Pgk1 band intensities are shown. (C) Increased phosphorylation of elF2« upon DTT treatment. WT yeast cells
were grown in the presence of 3-AT (30 mM), rapamycin (0.5 mM), or DTT (5mM) for 1h. WCEs were prepared
and subjected to Western blot analysis using Ser-51 phospho-specific antibody against elF2a (top). The
membrane was stripped and reprobed with total elF2« antibody (bottom). The ratios of the elF2a-P and elF2«
band intensities are shown. (D) Modest reduction of Hacl' expression in the gcn2A strain. WT and gcn2A
strains were grown in the presence (+) and absence (—) of DTT. WCEs were prepared and subjected to
Western blot analysis using Hac1, Pgk1, and elF2a antibodies. The ratios of the Hac1 and Pgkl protein band
intensities are shown.

phosphorylation was also increased in cells grown in the presence of the histidine bio-
synthesis inhibitor 3-aminotriazol and the Tor kinase inhibitor rapamycin (30) (Fig. 6C,
lanes 2 and 3). Together, these results are consistent with the earlier observation that
the Gen2 kinase function is important to upregulate many UPR target genes in the
yeast S. cerevisiae (29). Consistently, we observed that Hacl' expression from the
spliced mRNA was reduced ~50% in cells lacking the Gecn2 kinase when treated with
DTT for 30 or 60 min (Fig. 6D, Western blot, Hac1, compare lanes 3, 4, 7, and 8).
However, both gcn4A and gcn2A strains grew on the tunicamycin medium (Fig. 6E)
and produced Hac1 protein like WT cells when grown in the presence of an ER stressor
DTT (Fig. 6F, compare lanes 2, 4, and 6). Therefore, it is not yet clear how Gcn4
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combines with Hac1 and activates transcription of UPR target genes. Nonetheless, our
observations suggest that not only Gen2 but also other signaling pathways are likely
to be involved in promoting the translational derepression of HACT mRNA.

Tor1 and Tor2 kinases contribute to Hac1 protein expression. The TOR pathway
is coordinated by two distinct signaling complexes, TOR complex 1 (TORC1) and TOR
complex 2 (TORC2) (26). The sole TOR kinase in mammalian cells (mTOR) forms both
TORC1 and TORC2, whereas two distinct TOR kinases (Tor1 and Tor2) in the budding
and fission yeasts form two respective TOR complexes. The best-characterized down-
stream targets of TOR complexes are S6 kinases (S6Ks) (31) and elF4E-binding proteins
(4E-BPs) in mammalian cells (32), whereas Sch9 kinase (33) and Eap1 in yeast cells (34).
S6Ks regulate the functions of the helicase elF4A, which unwinds the mRNA secondary
structure during translation (35). The 4E-BPs, conversely, regulate the binding of elF4E
to the mRNA cap (36).

To determine if the TOR pathway regulates the HACT translation, we examined the
Hac1 expression in a torTA strain harboring a temperature-sensitive allele of tor2 (i.e.,
tor1A tor2® strain, gift from N. Hall). As reported earlier (37), the tor7A tor2* strain was
able to grow at 37°C only when complemented by a plasmid-borne WT Tor2 but not
by an inactive Tor2-D2298E mutant (Fig. 7A). We disrupted the chromosomal copy of
the IRET gene in the torTA tor2™ strain and its isogenic WT strain (JK9-3da) by a
KanMX4 cassette, creating the ireTA and ireTA torTA tor2% strains, respectively. As
expected, the ireTA strain (isogenic of JK9-3da) expressing the HACT-G771A mutant
grew on the tunicamycin medium at both 25°C and 37°C (Fig. 7B, rows 2 and 4), and
the ire1A tor1A tor2" strains expressing the HAC1-G771A mutant grew on the tunica-
mycin medium only at 25°C (Fig. 7B, row 4). Interestingly, we observed that the Hac1
expression from the HAC7-G771A mutant was reduced ~50% in the ireTA torT1A tor2
cells compared to its isogenic ireTA cells when grown at 37°C in the presence of DTT
for 2 or 4 h (Fig. 7C, compare lane 2 with 4 and lane 6 with 8). These data suggest that
Tor kinases play a significant role in translational derepression of HACT mRNA.

To confirm our results, we examined the expression of Hac1' protein from the
spliced mRNA in the tor7A tor2® strain grown in the presence of DTT at a nonpermis-
sive temperature (37°C). Interestingly, we observed that Hac1' expression under an ER
stress condition was reduced almost 50% in the tor7A tor2® strain compared to its iso-
genic WT strain (Fig. 7D, Hac1, compare lanes 3 and 5). Additionally, we observed that
UPRE-driven LacZ expression was reduced (~2-fold) in the torTA tor2® strain when
grown at 37°C (Fig. 7E). These data confirm that the TOR pathway along with the Gcn2
pathway synergistically upregulates the HACT mRNA translational derepression.
Together, these data suggest that both ISR and TOR pathways coordinate the HACT
mMRNA translation during the ER stress response.

DISCUSSION

In this report, we provide molecular genetic evidence that Ire1-mediated RNA cleavage
requires Watson-Crick base pairs in two RNA hairpins (Fig. 2). Then, we provide evidence
that the regulation of translational derepression of HACT mRNA is independent of its cyto-
plasmic splicing, utilizing a HACT-G771A mRNA variant that can translate Hac1" protein from
the unspliced mRNA under normal conditions. The same HAC7-G771A mRNA can also trans-
late Hac1' protein from the spliced mRNA during ER stress. Here, we show that the Hac1Y
protein expression from the unspliced HAC7-G771A mRNA is enhanced during ER stress
(Fig. 3 and 4). In parallel, we show that the PI3 kinase Vps34 does not play a major role in
the cytosolic splicing of HACT mRNA but significantly contributes to translation from the
spliced HACT mRNA (Fig. 5). These findings further highlight the fact that the cytoplasmic
splicing and the translation of HACT mRNA are regulated independently. Additionally, we
show that the Gen2 and TOR kinase functions are important to upregulate the translational
derepression of HACT mRNA in response to cellular stress (Fig. 6 and 7).

Under conditions of ER stress, HACT (5) mRNA in yeast cells or its counterpart XBP1
(38) mRNA in human cells colocalizes with the RNase Irel that is concomitantly
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FIG 7 Translational activations of HACT mRNA requires TOR kinase function. (A) The torTA tor2® strain
does not grow at 37°C. The torTA tor2® strains expressing WT Tor2 and Tor2-D2298E mutant were
tested for growth at 25°C and 37°C. (B) The ireTA torTA tor2® strain containing the HACI-G771A
mutant grows under the ER stress condition. The indicated ireTA or irelA tor1A tor2® strain
containing WT HACT or HAC1-G771A mutant was tested for growth on SC and tunicamycin media at
25°C and 37°C. (C) Reduced expression of Hac1" from the HACI-G771A mutant in the ireTA tor1A
tor2" strain. The indicated yeast strains were grown in the presence of DTT at 37°C for 2 or 4 h. WCEs
were prepared and subjected to Western blot analysis using Hac1Y, Pgk1, and elF2« antibodies. The
ratios of the Hac1" and Pgk1 protein band intensities are shown. (D) Reduced expression of Hac1' in
the torTA tor2" strain. The indicated yeast strains were grown in the presence (+) and absence (—) of
DTT. WCEs were prepared and subjected to Western blot analysis using Hacl and Pgk1 antibodies.
The ratios of the Hac1' and Pgk1 protein band intensities are shown. (E) Reduced expression of UPRE-
driven LacZ in the torTA tor2® strain. WCEs were prepared from the indicated yeast strains grown at
37°C for 4h in the presence (+) and absence (=) of 5mM DTT and subjected to B-galactosidase
assay. The average values of three experiments are shown with standard errors.

activated by dimerization, oligomerization, and autophosphorylation (39, 40). Active
Ire1 then cleaves two RNA hairpins in HACT (Fig. 1) or XBPT mRNA, thus removing the
intron. Removal of a part of the mRNA sequence, in either case, results in a shift in the
open reading frame and the production of an active transcription factor. Here, we pro-
vide the molecular genetic evidence that Ire1 cleavage at sites G661 and G913 require
the Watson-Crick base pair interaction in two RNA hairpins (Fig. 2), and a single
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mutation in either site of the splicing hairpin (e.g., C658 at the 5'-HP or U910 at the 3'-
HP) (Fig. 1) can reduce the overall splicing events. Recently, Cherry et al. have shown
by Northern blotting analysis that HACT mRNA is predominantly and promiscuously
spliced under normal condition in yeast cells lacking the 3’ —5" exonuclease Xrn1 (41).
However, we observed that the xrnTA strain produced Hac1 protein only under condi-
tions of ER stress (data not shown). Thus, the proposed HACT mRNA intermediates
observed by Cherry et al. may not be the precise translationally active splicing prod-
ucts, and the question remains as to what extent Xrn1 contributes to the UPR.

Yeast tRNA ligase Trl1 (14) has been reported to ligate two cleaved HACT exons to
produce a matured mRNA that yields Hac1' protein. Crystal structures of Ire1 (39, 40)
and Trl1 (42) and the relevant functional studies suggest that the Ire1-Trl1-mediated
HACT mRNA splicing occurs in stepwise processes. First, multiple Ire1 molecules cluster
across the ER membrane to form an oligomer of dimers, with each dimer containing
twin RNase catalytic centers (40). Second, only one RNA hairpin is oriented in each di-
meric RNase catalytic center; that means 5'-HP and 3’-HP are oriented in two separate
RNase catalytic centers. Finally, the exon-exon ligation takes place by conformational
changes and zipping of two RNA hairpins (43). While it is still unclear how 5’-HP and
3'-HP juxtapose within the RNase catalytic center, the exact mechanism of Ire1-Trl1-
mediated HACT mRNA splicing awaits a cocrystal structure of Ire1 or Trl1 bound to 5'-
HP or 3'-HP. Previously, Mori et al. reported that a Trl1 or RIg1 ortholog from
Arabidopsis thaliana could ligate HACT exons, but the spliced mRNA was unable to acti-
vate the UPR (44). They suggested that splicing was not sufficient to restore the UPR.
Similarly, we observed that the spliced HACT mRNA was unable to fully restore UPR in
the vps34A strain (Fig. 5). Thus, it appears that while both splicing and translational
derepression of HACT mRNA can occur independently during ER stress, an optimum
UPR activation requires coordination of both processes.

Cells have evolved multiple strategies to regulate protein synthesis in response to
changing environments, such as nutrient deprivation, genotoxic stress, and viral infec-
tion. Translational regulation may be globally mediated by general translation factors or
transcript specifically mediated by its own 5’-leader and/or 3’-trailer sequences. These
UTRs vary in their lengths, ranging from a few nucleotides to several thousand nucleo-
tides (45). The average length of 5'-UTRs is ~100 bases in yeast (46) and ~800 bases in
human (47). They may fold into a specific structure, ranging from a simple hairpin to a
more complex three-dimensional structure. These structures include ribozyme, iron-re-
sponsive elements, internal ribosomal entry sites (IRES), and riboswitches. UTRs may con-
tain cis regulatory motifs, including upstream AUG, microRNA recognition motif (48, 49),
and Kozak sequence (50). These cis motifs may control translational output, residing
inside/outside of the secondary structure with or without their cognate trans-acting fac-
tors (51, 52). Several self-folded structures within HACT mRNA control its splicing and
translation (Fig. 1). These structures include a cap-proximal RNA duplex (RD) formed by
5’-UTR and intron (8, 9), two splicing RNA hairpins (13), and a 3'-bipartite element pres-
ent within its 3'-UTR (5) (Fig. 1). We have shown previously that the 5'-UTR-intron RNA
duplex inhibits initiation of translation; however, it remains poorly understood how
HACT splicing exerts an effect on the translational derepression.

Our results show that the Hac1Y protein is expressed from the HAC7-G771A mRNA
under normal conditions, likely providing an example of alternate noncanonical cap-de-
pendent translation initiation mechanism. Several cap-dependent alternate mechanisms
of translation initiation have been reported in mammalian cells. These include elF3d-de-
pendent (53) and RNA-helicase DDX3-dependent initiation mechanisms (54). Additionally,
Guan et al. reported that the elF3 complex has a specialized role in reprograming transla-
tion initiation during chronic stress (55). At this point, it is not clear how HACT-G771A
mMRNA uses a cap-dependent mechanism because a proximal secondary structure (Fig. 1)
likely impedes ribosome or helicase recruitment. A typical 40S ribosomal subunit is known
to occupy at least 20 nucleotides (nt) upstream and 11 nt downstream of the AUG start
codon (56). It has also been shown that ~30 nt of 5-UTR is needed for efficient
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FIG 8 Proposed model for translational derepression of HACT mRNA. The color scheme of HAC1
mRNA is the same as in Fig. 1. The intron interacts with the 5’-UTR to form an RNA duplex (RD), thus
inhibiting ribosome or helicase recruitment. The diagram shows the core components of the (m’G)
cap complex (elF4E, elF4G, and elF4A) with its RD bound to a suppressor protein (blue box). The
diagram also shows the proposed assembly of elF4G, elF4E, and elF4A on the (m’G) cap and their
regulation by kinases Vps34, TOR, and Gcn2 as well as the proposed role of Kin kinases (65) in
splicing of HACT mRNA.

recognition of the AUG (57) codon with a purine at the position —3 and a guanine at the
position +4 (58). Consistently, the recent translation complex profiling sequencing (TCP-
seq) data reveal that the 40S ribosome-protected fragments at the 5’-UTR ranges from 19
nt to 75 nt (59). Thus, it appears that m’G-cap along with its adjacent 30 nt are likely
required for efficient recruitment of 43S-PIC. Based on this information, we posit that HACT
MRNA remains transnationally silent likely because 43S-PIC is unable to assemble on
5'-UTR (Fig. 3A). Thus, it is reasonable to think that a translational suppressor protein
(Fig. 8) is likely bound to 5’-UTR-intron RNA duplex and keeps the HACT mRNA transla-
tionally repressed. The G771A mutation weakens the binding of the suppressor protein to
the RNA duplex, resulting in partial release of translation. Indeed, further studies are
needed to understand the molecular details of how the ER stress activates translation from
HACT mRNA.

In an effort to understand how an ER stress stimulates other signaling pathways, we
monitored the Hac1 expression in yeast strains lacking the kinase Gen2, TOR, or Vps34
(Fig. 5 to 7). In the gcn2A strain, we found a modest reduction of Hacl protein.
Additionally, we observed that elF2«a phosphorylation was elevated when yeast cells
were grown under a condition of ER stress (Fig. 6). This result is in line with the previ-
ous studies in mammalian cells that elF2a phosphorylation was increased in
PERK—'~ but not in tunicamycin-treated PERK~/~ GCN2~/~ fibroblasts (60). Together, it
appears that the ER stress response is associated with the activation of GCN2 kinase.
Like gcn2A cells, the tor1A tor2 cells produced a low level of Hac1 protein (Fig. 7), sug-
gesting that Tor1 and Tor2 kinases play an important role in the ER stress response.
The Tor kinase function in yeast cells seems to be channeled through two major sub-
strates: the kinase Sch9 (an ortholog of human S6K) (33) and the PP2A phosphatase
subunit Tap42 (ortholog of human a4) (61, 62). However, we did not find any signifi-
cant difference in Hacl expression in a yeast strain lacking the kinase Sch9 (data not
shown). Therefore, it is possible that, during the ER stress, TOR kinases evoke a unique
signaling route, which is mediated by unknown intermediaries. Similar to gcn2A and
tor1A tor2® strains, both vps715A and vps34A strains expressed a low level of Hac1 pro-
tein under condition of ER stress (Fig. 5). Collectively, these results uncover a new role
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TABLE 1 List of yeast strains used in this study

Yeast strain Genotype Reference or study

WT (By4771) MATa his3-A1 leu2-A0 met5-A0 ura3-A0 Deletion collection

ire1A strain MATa his3-AT1 leu2-A0 met5-A0 ura3-A0 ire1:kanMX Deletion collection
ire1A-hphMX strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 ire1:hphMX This study

hacTlA strain MATa his3-AT leu2-A0 met5-A0 ura3-A0 hacl:kanMX Deletion collection
hac1A-hphMX strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 hacl:hphMX This study

ire1A hac1A strain MATa his3-AT1 leu2-A0 met5-A0 ura3-A0 hacl:kanMX ire1:NatMX Lee et al. (39)

vps15A strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 vps15:kanMX Deletion collection

vps34A strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 Vps34:kanMX Deletion collection

ire1A vps15A strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 vps15:kanMX ire1::hphMX This study

gcn2A strain MATa his3-A1 leu2-A0 met5-A0 ura3-A0 gen2:kanMX Deletion collection

gcn2A haclA strain MATa his3-AT1 leu2-A0 met5-A0 ura3-A0 gen2:kanMX hac1:hphMX This study

WT (JK9-3da) JK9-3da ade2 his3 HIS4 Gift from Michael N. Hall (66)
torT1A tor2" strain JK9-3da ade2 his3 HIS4 tor1::HIS3 tor2::ADE2-3/YCplac111:tor2-21% Gift from Michael N. Hall (66)
ire1A tor1A tor2® strain JK9-3da ade2 his3 HIS4 tor1::HIS3 tor2::ADE2-3/YCplac111:tor2-21% ire1:hphMX This study

of Vps34 in the ER stress response, apart from its known functions in autophagic, phag-
ocytotic, and nutrient-sensing pathways (22-24).

In summary, results from this study provide clear evidence that splicing and transla-
tional derepression can occur simultaneously and independently. Here, we propose a
model for translational derepression of HACT mRNA. The cap-proximal 5’-UTR-intron RNA
duplex (30 nucleotide away from the cap) (Fig. 1) in HACT mRNA likely combine with the
cap complex and a putative suppressor to form an inhibitory complex that precludes
weaker recruitment of ribosomes or helicase elF4A (Fig. 8). The weaker recruitment of ribo-
some or helicase results in less unwinding of the secondary structure, thus keeping HACT
mMRNA translationally repressed. Kinases Gecn2, Vps34, and TOR act together to synergisti-
cally promote the ribosome or helicase recruitment on the 5'-mRNA cap. Studies are
under way to understand the molecular mechanisms by which the Gen2, TOR, and Vps34
pathways and their downstream targets contribute to HACT mRNA translational derepres-
sion and promote ER stress response either directly or indirectly.

MATERIALS AND METHODS

Yeast strains, growth, gene disruption, and plasmids. Standard S. cerevisiae medium was used to
grow and analyze the yeast strains. The genomic DNA of the hacl:hphMX strain was used as a template
to amplify the hphMX cassette using primers annealing ~200 bases upstream and downstream of the
HACT open reading frame. The amplified PCR product was used to disrupt the HACT gene of the gcn2:
kanMX strain. Similarly, the genomic DNA of the ire7:hphMX strain was used as a template to amplify the
hphMX cassette using primers annealing ~200 bases upstream and downstream of the IRET open read-
ing frame. The amplified PCR product was used to disrupt the IRET gene in the torTA tor2® strain and the
vps15:kanMX strain. The list of yeast strains used in this study is shown in Table 1.

Plasmids were generated using the standard gene manipulation techniques. Mutation was gener-
ated by fusion PCR using standard protocols. The desired mutation in each plasmid was confirmed by
Sanger sequencing. The list of plasmids used in this study are shown in Table 2.

Whole-cell extract preparation and Western blot analysis. Yeast cells were grown in yeast
extract-peptone-dextrose (YEPD) or synthetic complete (SC) medium without appropriate nutrients until
the optical density at 600 nm (ODy,,) value reached ~0.6. Then, DTT (5 mM) or tunicamycin (0.5 wg/ml)
was added to the medium to induce ER stress, and cells were harvested after 1 h (unless otherwise indi-
cated). Whole-cell extracts (WCEs) were prepared by trichloroacetic acid (TCA) method as described pre-
viously (63). Proteins were fractioned by SDS-PAGE and subjected to Western blot analysis using rabbit
anti-Hac1 (generated in our lab), mouse anti-PGK1 (catalog number 459250; Invitrogen), and rabbit anti-
elF2a (catalog number 9722; Cell Signaling, USA) antibodies. Each experiment was repeated at least
twice, and a representative result is shown.

RNA analysis and RT-PCR. Yeast cells were grown in YEPD or SC medium without appropriate
nutrients at 30°C to the ODy,, value of ~0.5 to 0.6. DTT (5mM) or tunicamycin (0.5 xg/ml) was added to
the medium to induce the ER stress, and cells were grown further for another 1h (unless otherwise indi-
cated). Cells were harvested, and total RNA was isolated using the RNeasy minikit (Qiagen). Purified RNA
was quantified using a Nanodrop spectrophotometer (ND-1000; Thermo Scientific) and treated with
DNase | to remove genomic DNA contamination. One microgram of purified RNA was used to synthesize
the first strand cDNA by a SuperScript lll reverse transcriptase (Invitrogen; 18080-093) and a reverse primer
(5'-CCCACCAACAGCGATAATAACGAG-3’) that corresponded to nucleotides +1002 to 1025. To assay HACT
mRNA expression, the synthetic cDNA was amplified by two exon 1-specific primers of HACT mRNA
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TABLE 2 List of plasmids used in this study

Plasmid name Plasmid description Reference or study
D3 pRS315, low-copy-no. LEU2 vector Lab collection
D4 pRS316, low-copy-no. URA3 vector Lab collection
D50 UPRE-LacZ in pRS425 This study
D72 IRET in D3 39

D2091 IRE1 in Yes2 vector This study
D63 HAC1 in D4 9

D426 HAC1-C658G in D4 This study
D429 HAC1-G666C in D4 This study
D430 HAC1-C658G,G666C in D4 This study
D435 HAC1-U910G in D4 This study
D444 HAC1-G918U in D4 This study
D446 HAC1-U910G,G918U in D4 This study
D436 HAC1-U910C in D4 This study
D1694 HAC1-G771Ain D4 9

D803 HAC1-G661C,G771A 9

D1025 HAC1-C-32Ain D4 This study
D69 HAC1< (intronless) in D4 This study
D2309 Tor2 67

D2310 Tor2-D2298E 67

(forward primer 5'-TCGCAATCGAACTTGGCTATCCCTACC-3') and reverse primer 5'-CCAATTGTCAA
GATCAATTGAATTGTC-3'). To assay HACT mRNA splicing, the synthetic cDNA was then PCR amplified using
a forward primer (5'-CGCAATCGAACTTGGCTATCCCTACC-3') that corresponds to nucleotides +35 to 60
and a reverse primer (5'-CCCACCAACAGCGATAATAACGAG-3') that corresponds to nucleotides +1002 to
1025. The PCR-amplified products were then run on a 1.5% agarose gel to separate spliced (HAC1%) and
unspliced (HAC1") forms of HACT mRNA. Quantities of HAC1® and HAC1" were measured by ImageJ soft-
ware. Percent splicing was calculated as Hac1°/(HAC1® + HAC1Y) - 100%. Each experiment was repeated at
least two times.

In vitro reconstitution of the 5'-UTR and intron interaction. Three target RNA oligonucleotides
(20 nucleotides long) of 5’-UTR and intron were synthesized from Sigma (USA) as follows: (i) R1, repre-
senting the 5’-UTR (5’-UAACCUCCUCCUCCCCCACC-3"); (ii) R2, intron (5'-GAUGGGGGAGGAGCCGGUUG-
3’); and (iii) R3, intron-G771A mutation (5'-GAUGGGGAAGGAGCCGGUUG-3’; underlining indicates that
guanine was mutated to adenine). The RNA oligonucleotides R1 and R2 and R1 and R3 were mixed sepa-
rately and heated to 95°C for 5 min and then annealed at room temperature slowly for an hour. The RNA
mixture was diluted in 25 mM Tris-HCl, pH 8.0, to obtain final concentrations ranging from 50 nM to
1,000 nM. The SYBR green (100 uM; Life Technologies, USA) was diluted to 0.25uM and added to each
sample. The fluorescence intensity of 50 ul of each sample (three replicates) was then read in a BMG
POLARStar plate reader using a Greiner black half-area 96-well plate (Ex, 497 nm; Em, 520 nm). The fluo-
rescence intensities were plotted and analyzed by GraphPad Prism to estimate the equilibrium-binding
affinity (K,) values.

UPRE-driven LacZ reporter assay. Yeast cell was transformed with a URA3 (D49) or LEU2 (D50) plas-
mid containing a LacZ reporter gene under the control of a UPR element (UPRE) of the yeast KAR2 gene
(64). Yeast cells containing the UPRE-driven LacZ gene were grown overnight, diluted to a OD,, of ~0.2
in a synthetic complete (SC) medium without uracil and allowed to grow until the ODy,, value reached
~0.6 to 0.8. The culture was then split into two flasks as follows: half of the culture was grown in the
presence of 5mM DTT, and the remainder was grown without DTT. Cells were harvested after 4 h, and
protein extracts were prepared. The B-galactosidase assay was performed as described previously (65).
The experiment was repeated at least thrice, and the LacZ units were plotted and represented in a histo-
gram with standard errors.
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