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When unfolded proteins accumulate in the endoplasmic
reticulum (ER) causing ER stress, the unfolded protein response
(UPR) responds rapidly to induce a transcriptional program that
functions to alleviate the stress. However, under extreme condi-
tions, when UPR activation is not sufficient to alleviate ER
stress, the stress may persist long term. Very little is known
about how the cell responds to persistent ER stress that is not
resolved by the immediate activation of the UPR. We show that
Hogl MAP kinase becomes phosphorylated during the late
stage of ER stress and helps the ER regain homeostasis. Al-
though Hogl is well known to function in osmotic stress and
cell wall integrity pathways, we show that the activation
mechanism for Hogl during ER stress is distinct from both of
these pathways. During late stage ER stress, upon phosphor-
ylation, Hogl translocates into the nucleus and regulates gene
expression. Subsequently, Hogl returns to the cytoplasm, where its
phosphorylation levels remain high. From its cytoplasmic location,
Hogl contributes to the activation of autophagy by enhancing the
stability of Atg8, a critical autophagy protein. Thus, Hogl coordi-
nates a multifaceted response to persistent ER stress.

In eukaryotic cells, plasma membrane proteins, proteins
that are secreted, and proteins that reside within the secre-
tory pathway all begin their maturation within the endoplas-
mic reticulum (ER).?> The ER contains chaperones, glycosy-
lation enzymes, and other protein-folding enzymes, and
therefore provides an ideal environment for the folding of
nascent proteins. Secretory proteins leave the ER for their
targeted locations only after they have achieved their appro-
priate conformation, making the ER a gateway to the secre-
tory pathway. In response to environmental or developmen-
tal changes, the demand for protein folding can increase
dramatically, and overwhelm the protein-folding machinery
of the ER, thus leading to an accumulation of unfolded pro-
teins within the ER. This condition, known as ER stress, is
deleterious to cells and has been implicated in many human
pathologies, including Alzheimer, Parkinson, and Hunting-
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ton diseases (1). Therefore, when ER stress is detected, cells
react in multiple coordinated manners to alleviate the stress.

At the center of this stress response is the unfolded protein
response (UPR), a conserved pathway that activates a transcrip-
tional program, which helps expand the protein-folding capac-
ity of the ER (2-5). In budding yeast the UPR is initiated when
Irel, an ER transmembrane protein, detects stress within the
ER lumen and activates its own cytoplasmic ribonuclease
domain (6). The ribonuclease removes a UPR-specific intron
from HACI mRNA, thus initiating its splicing (7). HACI
encodes a transcription factor that activates UPR target genes
(8), but only the spliced form of HAC1 can be translated (9, 10).
Thus, IRE1-dependent HACI mRNA splicing is a key regula-
tory step for the UPR pathway. Previous work has focused on
characterizing the 381 Hacl target genes that are transcribed
rapidly, within 15 min of induction of ER stress. Many of these
transcripts encode ER chaperones and other proteins that aug-
ment the functional capacity of the ER. However, if this initial
wave of transcription is insufficient to alleviate the stress, and
ER stress therefore persists after UPR activation, more drastic
cellular events may be necessary. Precisely how the cell copes
with persistent ER stress is not yet well understood.

One event that has recently been shown to be induced during
late phase ER stress is autophagy (11, 12). Autophagy is a mech-
anism of enclosing intracellular components in a double mem-
brane vesicle called an autophagosome, and then delivering
these components to the vacuole for degradation. Autophagy is
induced during starvation in both yeast and higher eukaryotes
as a way of breaking down macromolecules to recycle their
components (13, 14). In mammalian cells, autophagy addition-
ally functions in regulating the cytoplasmic rearrangements
that are necessary for many cell differentiation programs (15),
in breaking down pathogens in the innate immune response
(16), and in activating cell death pathways (15, 17, 18).

During ER stress, autophagy has several proposed functions.
In mammalian cells, there is evidence that autophagy allows
removal of toxic misfolded proteins to allow survival of the
stress (19-21) but there is also evidence that autophagy is
invoked as a means of killing cells when ER stress is too severe
(22,23). Inyeast, it has been proposed that autophagy functions
to remove the excess lipids that are generated by UPR-depen-
dent activation of lipid biosynthetic genes (11).

The mechanism for inducing autophagy during ER stress is
still unclear both in yeast and mammalian systems. One poten-
tial mediator of ER stress-induced autophagy that has not yet
been examined is the MAP kinase p38/Hog1. p38, the mamma-
lian homologue of Hogl is involved in the induction of auto-
phagy during the innate immune response in macrophages,
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TABLE 1
Strains used in this study

Strain number Relevant genotype Source
MNY1004 MATa, leu2-3,112, trpl-1, canl-100, ura3-1, ade2-1, his3—11,15:UPRE-lacZ:HIS3 Ref. 2
MNY1100 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, hogl A::KanMX This study
MNY1101 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, his3—11,15::UPRE-lacZ:HIS3, HOGI-GFP:KanMX This study
MNY1102 MATa, leu2-3,112, trpl-1, canl-100, ura3-1, ade2-1, his3—11,15:UPRE-lacZ:HIS3, pbs2A::KanMX This study
MNY1106 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, sski1A:KanMX This study
MNY1108 MATa, leu2-3,112, trp1-1, can1-100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, sholA:KanMX This study
MNY1111 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, ade2-1, his3—11,15:UPRE-lacZ:HIS3, irel A:KanMX This study
MNY1112 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, ade2-1, his3—11,15:UPRE-lacZ:HIS3, haclA:KanMX This study
MNY1116 MATa, leu2-3,112, trpl-1, canl-100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, irelA::KanMX, ssk1A:NatMX This study
MNY1117 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, ade2-1, his3—11,15:UPRE-lacZ:HIS3, pRS316 GFP-AUT7 This study
MNY1118 MATa, leu2-3,112, trpl-1, canl—100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, hogl A::KanMX, pRS316 GFP-AUT7 This study
MNY1119 MATa, leu2-3,112, trpl-1, canl-100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, pbs2A::KanMX, pRS316 GFP-AUT7 This study
MNY1121 MATa, leu2-3,112, trpl, ura3-52, pho8::;pho8A60, phol3::URA3 Ref. 54
MNY1122 MATa, leu2-3,112, trpl, ura3-52, pho8::pho8A60, phol3:URA3, hogl A:KanMX This study
MNY1123 MATa, leu2-3,112, trpl, ura3-52, pho8::.pho8A60, phol3::URA3, atg8A:KanMX This study
MNY1124 MATa, leu2-3,112, trpl-1, canl-100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, sholA:KanMX, irelA:URA3 This study
MNY1125 MATa, leu2-3,112, trpl-1, canl-100, ura3-1, ade2-1, his3—11,15::UPRE-lacZ:HIS3, hsp12A:KanMX This study
MNY1126 MATa, FUSI:lacZ::LEU2, hogl A:URA3 Ref. 66
MNY1127 MATa, FUSI:lacZ:LEU?2, hogl::URA3:HOGI1-GFP-CCAAX Ref. 66
MNY1128 MATa, FUSI:lacZ::LEU2, HOG1-GFP:kanMX Ref. 66
MNY1129 MATa, FUSI:lacZ::LEU2, hoglA:URA3, pRS314 GFP-AUT7 This study
MNY1130 MATa, FUSI::lacZ:LEU2, hogl::URA3::HOGI-GFP-CCAAX, pRS314 GFP-AUT7 This study
MNY1131 MATa, FUSI::lacZ::LEU2, HOG1-GFP:kanMX, pRS314 GFP-AUT7 This study

and in human cancer cells following chemotherapeutic
treatment (24 —27). In yeast, when cells are simultaneously sub-
jected to osmotic stress and nutrient deprivation, Hogl, appears to
play a role in inducing autophagy, although it does not perform
this function when each stress is encountered separately (28).

Although Hogl has no previously known role in the ER stress
response pathway, it does play an important role in other stress
responses. Specifically, Hogl is an important mediator of both
the osmotic stress response pathway (29) and the cell wall
integrity pathway (30, 31). Both of these pathways activate
Hogl by activating its mitogen-activated protein kinase/extra-
cellular signal-regulated kinase kinase (MEK), Pbs2 (29). Dur-
ing osmotic stress, two pathways converge to activate Pbs2: one
that is mediated by the plasma membrane protein Shol, and
one that is mediated by the cytoplasmic regulator Ssk1 (32-36).
Upon activation, Hogl is imported into the nucleus (37) where
it regulates a transcriptional program that helps cells adapt to
the stress (38 —45). Following adaptation, Hogl is dephosphor-
ylated and returns to the cytoplasm where it is presumed to be
inactive (46 —49). By contrast, cell wall stress promotes Pbs2/
Hogl activation solely through the Shol-mediated pathway.
Hogl is not imported into the nucleus during cell wall stress but
does regulate the expression of genes that help enhance the
integrity of the cell wall (30, 31, 50).

In this study, we have identified a new role for Hogl. We
show that Hogl becomes phosphorylated specifically during
the later stages of ER stress, and facilitates recovery within the
ER lumen. The mechanism of Hogl phosphorylation during ER
stress is distinct from the Hogl phosphorylation mechanisms
of osmotic stress or cell wall stress. During ER stress, phosphor-
ylation requires SSK1, but not SHOI, and additionally requires
both IREI and HACI. Following its phosphorylation, Hogl
translocates into the nucleus and regulates the expression of
genes that are specifically activated during late stage ER stress.
In addition, Hogl plays a critical role in the induction of key
autophagy components during late stage ER stress. Thus, Hogl
regulates multiple aspects of the cellular response to long term
ER stress.
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EXPERIMENTAL PROCEDURES

Strains, Media, and Growth Conditions—Strains are listed in
Table 1. Deletion strains were generated using a one-step
recombination-mediated technique (51). To monitor Atg8 lev-
els, the plasmid pRS316 GFP-AUT7 (52), which encodes N-ter-
minal GFP-tagged Atg8 from its native promoter, was used.
Cells were grown in YPD medium at 30 °C, except for strains
bearing the GFP-Atg8 reporter, which were grown in selective
medium. During dithiothreitol (DTT) treatments, YPD was
pH 5.4. To induce nitrogen starvation, cells were collected by
centrifugation, washed twice, and resuspended in starvation
medium (1X YNB without amino acids and ammonium sulfate
(Difco), 2% dextrose, 0.5 mg/ml inositol). To induce osmotic
stress, NaCl was added at a final concentration of 0.4 M. Cell
wall stress was induced by treatment with 0.8 units/ml of
zymolyase. To induce ER stress, tunicamycin (Tm, Calbio-
chem) was added at a final concentration of 1 ug/ml, or DTT
(Fisher) was added at final concentrations of 2, 3, or 4 mM as
indicated. Tm was stored as a 10 mg/ml stock in dimethyl sulf-
oxide, and DTT was stored as 1 M stock in H,O. Cycloheximide
(CHX) was stored as a 50 mg/ml stock in dimethyl sulfoxide and
added to a final concentration of 50 ug/ml.

Cell Extracts, Northern Blotting, and Immunoblotting—For
Northern blotting, total RNA was isolated from cells as
described previously (8). 10 (HACI Northern) or 25 ug
(HSP12, YMR103C, and YPLO88W) of RNA were loaded on a
1.5% agarose gel with 6.7% formaldehyde, and transferred to
Zeta probe membrane (Bio-Rad) in 10X SSC by capillary
action overnight. Following UV cross-linking, membranes
were probed with a DNA probe generated by random primed
DNA labeling.

For immunoblot analysis, protein was extracted as described
previously (53). 20 ug of protein were separated on a 10% SDS-
PAGE gel and transferred to nitrocellulose. Membranes were
probed with primary antibodies against dually phosphorylated p38
(Cell Signaling) 1:1,000 overnight in 5% bovine serum albumin,
total Hogl (Santa Cruz Biotechnology) 1:2,000 in 5% milk for
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nyl phosphate (Sigma) as a substrate
to extracts, and measuring its
conversion to para-nitrophenol by
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FIGURE 1. During ER stress Hog1 is phosphorylated and promotes stress recovery. A, phospho-Hog1
immunoblots of wild type cells treated with 2 mmDTT or 1 wg/ml of Tm. B, Northern analysis with HACT-specific
probe shows conversion of unspliced HACT (HAC1(U)) to spliced HACT (HAC1(S)) within 15 min of 2 mm DTT
treatment, or 45 min of 1 pwg/ml of Tm treatment. C and D, HACT Northern analysis during sustained 2 mm DTT
treatment (C) or 45 min of 1 wg/ml of Tm treatment followed by removal of the drug from the medium (D) in
wild type (WT) and hog1A cells. Graphs depict HACT(S)/[HAC1(U) + HACI1(S)]. Error bars represent S.D. of three
repeats. E, 5-fold serial dilutions of wild type and hog 1A cells grown on medium alone, or medium containing

0.1 ng/ml of Tm or 8 mm DTT.

1 h, PGK (Molecular Probes) 1:10,000 in 5% milk for 1 h, or GFP
(Clontech) 1:10,000 in 5% milk for 1 h. Membranes were then
exposed to horseradish peroxidase-conjugated secondary
mouse (Bio-Rad) or rabbit (GE Healthcare) antibodies at a
1:10,000 dilution for 1 h, and developed with ECL Plus Western
blotting detection reagent (GE Healthcare). Northern blots and
immunoblots were scanned on a typhoon phosphorimager (GE
Healthcare), and quantified using ImageQuant software (GE
Healthcare).

Microscopy—To visualize Hogl localization, a C-terminal
GFP tag was integrated at the HOGI genomic locus. This tag
has been reported previously not to affect Hogl function (37).
Live GFP-expressing cells were stained with 0.2 ug/ml of 4',6-
diamidino-2-phenylindole for 5 min and imaged using an Axio-
vert 200M microscope (Carl Zeiss Microlmaging, Inc.) with a
100 X 1.3 NA objective. Images were captured using a mono-
chrome digital camera (Axiocam; Carl Zeiss Microlmaging,
Inc.) and analyzed using Axiovision software (Carl Zeiss Micro-
Imaging, Inc.). To quantify GFP-Atg8 fluorescence, images
were captured on a DeltaVision microscope and fluorescence
intensity of 300 separate puncta for each cell type was quanti-
fied using Softworks software.

Alkaline Phosphatase Activity Assay—Strains bearing the
pho8A60 mutation and deleted for PHO13, the other known

AV DN
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glycosylation in the ER, thus both
treatments lead to an accumula-
tion of unfolded proteins in the ER,
but by different mechanisms. Both
treatments resulted in increased
levels of phosphorylated Hogl pro-
tein (Fig. 1A). Compared with the
kinetics of UPR activation, the
kinetics of Hogl phosphorylation
were significantly delayed. As mea-
sured by HACI mRNA splicing, UPR
activation occurred after a 15-min
DTT treatment or 45-min Tm treat-
ment (Fig. 1B), whereas Hog1 phos-
phorylation was not induced until 2 h of treatment with either
drug (Fig. 14), suggesting that Hog1 might play a specific role in
responding to long term ER stress.

To investigate a potential role for HOGI in alleviating ER
stress, we measured HACI mRNA splicing in wild type and
hoglIA cells following induction of ER stress. Because the UPR
pathway is activated at a level commensurate with the amount
of stress in the ER, HACI mRNA splicing can be used to assay
the extent of ER stress. When DTT was added to wild type and
hogIA cells, HACI mRNA became 75% spliced within the first
hour of treatment for both cell types (Fig. 1C). However, hoglA
cells retained a high level of splicing longer than wild type cells,
suggesting that /10gIA cells are impaired in regaining ER homeo-
stasis. To confirm that &ogIA cells are impaired in ER stress
recovery, we also performed UPR recovery experiments during
Tm treatment. In wild type cells, the continued presence of Tm
induces prolonged HACI mRNA splicing, whereas removal of
Tm from the medium allows recovery of the ER (data not shown
and Fig. 1D, top panel). Therefore, UPR recovery experiments
were performed by removing Tm from the medium of both wild
type and hogIA cells following 45 min of treatment. Again,
hoglA cells were significantly delayed in their recovery from ER
stress (Fig. 1D).

+DTT

JOURNAL OF BIOLOGICAL CHEMISTRY 17547

TTOZ ‘2T YdJe\ uo ‘ason ‘Areiqii reaipawolg ye 610°oq-mmm woly papeojumoq


http://www.jbc.org/

Hog1 MAPK in Late Phase ER Stress Response

A. +DTT B. +DTT + NaCl +Zym
3 3 3 3
g < 3 [ P | g [ B 1 g [ B |
b= ~ %] = - 6] A = — Ao = — A
5 =z 18 S =2 & & S5 =z & 5 =z 2
®-Hog - ®-Hog - U - R —
Hogl e wms ey Hog1—_—_ T e amp S w— —
1 2 3 4 5 6 7 8 9 10
c +DTT +DTT + Zymolyase
(ER Stress) (ER Stress) (Cell Wall Stress)
< <
° o T B o
9] = Q @
% < < ‘5 g ﬁ 8 < <
e T 5 £ 2 2 2 £ _ % 0%
5 &5 %3 § 5 2 &g & 5 =z 8%
®-Hog1 -— e e - — - —
HOg1 —— — — — — — o — . e—ae e
1 2 3 4 5 6 7 8 9 10 11 12
E. -
ER  Osmotic Cell Wall
Stress ~ Stress  Stress
Irf1 Sski Sho1
< 1/
Pbs2
-Tm +Tm Hog1

FIGURE 2. ER stress activates Hog1 through a unique mechanism mediated by SSK7 and the UPR. A-C,
phospho-Hog1 immunoblots of cells treated with 4 mm DTT for 3 h, 0.4 m NaCl for 5 min, or 0.8 units/ml of
zymolyase for 1 h. D, 5-fold serial dilutions of cells grown with or without 0.1 pg/ml of Tm. E, schematic
depicting the overlapping but non-identical pathways of Hog1 activation during ER stress (shaded gray),

Because Hogl is also known to be
activated by osmotic stress and cell
wall stress (29, 30), and because ER
stress is known to cause alterations
in the cell wall composition (57), the
possibility exists that ER stress actu-
ally activates Hogl indirectly, by
causing either osmotic stress or cell
wall stress. In this case, ER stress
should induce Hogl activation
through the same mechanism as
either osmotic stress or cell wall
stress. However, the mechanisms
were not the same, as the UPR did
not promote Hogl phosphorylation
during either osmotic stress or cell
wall stress. During osmotic stress,
Hogl phosphorylation was unaf-
fected by the deletion of IRE1 (Fig.
2B, lanes 6 and 7). During cell wall
stress, Hogl phosphorylation was
enhanced by the deletion of IREI
(Fig. 2B, lanes 9 and 10), which is
consistent with previous reports
showing that cell wall stress is exac-
erbated by the absence of the UPR
(57). This contrasted sharply with
ER stress, during which Hogl phos-
phorylation was diminished in the
absence of IRE1 (Fig. 2B). Thus, ER
stress utilizes a unique mechanism
to induce Hog1 phosphorylation.

In irelA and hacIA cells, Hogl

osmotic stress, and cell wall stress. WT, wild type.

In addition to promoting recovery of the ER during pro-
longed ER stress, HOGI also promoted survival of the stress.
Compared with wild type cells, #ogIA cells were hypersensitive
to growth on both DTT and Tm plates (Fig. 1E). This result
validated the heretofore unconfirmed findings of a genome-
wide genetic screen, which identified HOG1 among the many
genes that confer DTT resistance (56).

ER Stress Activates Hogl through a Unique Mechanism Medi-
ated by SSK1 and the UPR—Pbs2 is the MEK that is known to
phosphorylate Hogl (29). Therefore, we examined the possibil-
ity that Pbs2 phosphorylates Hogl during ER stress. In cells
lacking PBS2, no Hogl phosphorylation was observed during
DTT treatment (Fig. 2A4). In addition, pbs2A cells exhibited the
same sensitivity to growth on Tm medium as did hogIA cells
(Fig. 2D), indicating that Pbs2 phosphorylates Hogl during ER
stress.

Because Pbs2 is a cytosolic protein and cannot directly detect
ER stress, we tested the possibility that the canonical UPR
signaling pathway acts upstream of Pbs2 to activate Hogl phos-
phorylation. In the absence of IREI and HACI, Hogl phosphor-
ylation was significantly reduced (Fig. 2B, lanes 2—4), indicating
that the canonical UPR components contribute to Hog]1 activa-
tion during ER stress.

17548 JOURNAL OF BIOLOGICAL CHEMISTRY

phosphorylation was reduced, but

not eliminated, suggesting that a
parallel non-redundant pathway exists to phosphorylate Hogl
during ER stress. To identify mediators of this parallel pathway,
we examined DTT-induced Hogl phosphorylation upon dele-
tion of SSK1 or SHOI, mediators of two known upstream acti-
vation pathways for Hogl (32—36). Whereas deletion of SHO1
had no impact on Hogl phosphorylation, deletion of SSK1 sig-
nificantly reduced phosphorylation (Fig. 2C, lanes 2—4). Fur-
thermore, sskIA cells were hypersensitive to growth on
medium containing Tm (Fig. 2D). The SSK1-dependent Hogl
activation pathway was found to be parallel to the JRE1-depen-
dent activation pathway. Deletion of each gene separately only
reduced phosphorylation levels (Fig. 2, B, lane 4, and C, lane 3),
whereas deletion of both IRE1 and SSK1 completely eliminated
Hogl phosphorylation (Fig. 2C, lane 7). In contrast to ER stress,
phosphorylation of Hogl by cell wall stress was dependent
upon SHOI, rather than SSKI (Fig. 2C, lanes 10-12) as
reported previously (30, 31). Taken together, these data show
that during ER stress, Hogl becomes phosphorylated through
an [REI- and SSKI-dependent mechanism, which is unique
from the Hogl phosphorylation mechanism of both osmotic
stress and cell wall stress (Fig. 2E), and is therefore not the result
of indirect activation of osmotic stress or cell wall stress
pathways.
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import Hogl into the nucleus, sug-
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cytoplasmic retention or nuclear
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data suggest that Hogl may have
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FIGURE 3. Hog1 localization is regulated uniquely during ER stress. A-D, cells expressing HOG1-GFP were
treated with 0.4 m NaCl, 0.8 units/ml of zymolyase, 2 mm DTT, or 1 ug/ml of Tm, then collected for microscopy
and phospho-Hog1immunoblot analysis. £, cells expressing HOG1-GFP were treated with 0.4 m NaCl alone (/eft
panel) or following 3 h of preincubation with 2 mm DTT (middle panel) or 1 ug/ml of Tm (right panel). DAPI,

4',6-diamidino-2-phenylindole.

Hogl Localization Is Regulated Uniquely during ER Stress—
Hogl localization is regulated differently during different
types of stress, and plays an important role in Hogl function.
During osmotic stress, Hogl phosphorylation results in its
immediate import into the nucleus, where it interacts with var-
ious transcription factors to mediate a transcriptional response.
Subsequently, Hogl is exported from the nucleus with kinetics
that correlate with its dephosphorylation (Fig. 34 and Ref. 37).
During cell wall stress, although Hogl is phosphorylated, it is
not imported into the nucleus (Fig. 3B and Ref. 30). During ER
stress, Hogl localization was regulated differently from both
osmotic stress and cell wall stress. After 2 h of DTT or Tm
treatments, when phosphorylation was initially detected,
Hogl-GFP was imported into the nucleus (Fig. 3, C and D).
Subsequently, after 3 h of treatment, Hogl remained phosphor-
ylated, but returned to the cytoplasm, hinting that Hogl might
have a cytoplasmic function during ER stress. To investigate the
mechanism of this cytoplasmic localization, ER-stressed cells
with cytoplasmically localized Hogl (3 h DTT or Tm treat-
ments) were subjected to osmotic stress (0.4 M NaCl, 5 min). In
the absence of prior ER stress treatment, osmotic stress caused
Hogl to be imported into the nucleus (Fig. 3E). In contrast, cells
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ER stress. Previously, a microarray
-3 study was conducted to define the
IRE1/HACI-dependent transcrip-
tional response during ER stress
(58). This study focused on the
changes in gene expression that
occur within the first hour of ER
stress, but included gene expression
data from wild type cells treated
with DTT for 2 h. To identify poten-
tial Hogl-regulated genes, we
searched for transcripts within the
data set whose induction correlated
with the kinetics of Hogl phosphor-
ylation. Candidate targets would
remain uninduced during the first
hour of ER stress, and become
induced after 2 h of stress. Based on
these criteria, HSP12 was identified
as a candidate Hogl target. HSP12 seemed an especially likely
target because it is known to be induced by Hogl during other
types of stress (31, 39).

Northern analysis confirmed that during both Tm and DTT
treatments, HSP12 is induced during late phase ER stress, but
not during the earlier phase of the stress response. Further-
more, HSP12 induction was dependent upon HOGI (Fig. 4A).
Eight other candidate targets of Hogl-mediated gene regula-
tion were also examined after 2 h of DTT treatment. Of the
eight genes examined, YMR103C and YPLO88W were induced
in a HOGI-dependent manner during ER stress (Fig. 4B and
quantified in Fig. 4C). Thus, regulation of gene expression is
one function of Hogl during the later stages of ER stress.

Induction of Atg8 Protein during ER Stress Requires HOGI—
During persistent ER stress, autophagy is induced with kinetics
that correlate with the kinetics of Hogl phosphorylation
(11, 12). Therefore, we examined the possibility that Hog1 reg-
ulates autophagy during ER stress. The induction of autophagy
requires the convergence of two parallel pathways (Fig. 54).
One pathway induces the formation of pre-autophagosomal
structures (PASs, also called phagophore assembly sites), which
are necessary for nucleation of the autophagosome (52). The
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FIGURE 4.Hog1 regulates mRNA expression during ER stress. A, HSP12 Northern blots of WT and hog 1A cells
treated with 2 mm DTT or T ug/ml of Tm. Band G, following 2 h of DTT treatment, the levels of HSP12, YMR103C,
and YPLO88W in wild type (WT) and hogTA cells were measured by Northern blot, normalized to actin, and
presented as fold-increase compared with untreated cells. Error bars represent S.D. of three repeats.

second pathway induces an increased abundance of the small
ubiquitin-like protein Atg8 (59, 60). This increase is necessary
for the formation of appropriately sized autophagosomes (61).
Both PAS formation and Atg8 accumulation have been shown
to occur during persistent ER stress (11, 12) although the mech-
anism for inducing these events is not known.

Because Atg8 is targeted to PASs once they form, a GEFP-
ATG8 fusion gene expressed from the ATG8 promoter is widely
used to monitor both PAS formation fluorescence and Atg8
protein accumulation by GFP immunoblot (52, 62, 63). Using
this reporter, we found that both DTT and Tm treatments
induced the formation of PASs, which are observed as discrete
puncta throughout the cell (Fig. 5B), as well as an increase in
GFP-Atg8 protein levels (Fig. 5, D—G). The formation of PASs
and induction of Atg8p suggests that autophagy was induced
during ER stress, confirming previous reports (11, 12). Further-
more, when autophagy is induced, some GFP-Atg8 becomes
trapped in the autophagosome and delivered to the vacuole (60)
where the Atg8 portion of the chimera is degraded and the GFP
portion is resistant to degradation and remains intact (62).
Thus, the presence of a free GFP band after DTT or Tm treat-
ment (Fig. 5, D, E, and G, top panel, bottom band) also indicates
that autophagy was induced.

During DTT and Tm treatment in hogIA cells, GFP-Atg8
became localized at discrete puncta, indicating that HOGI is
not necessary for PAS formation (Fig. 5B). However, the fluo-
rescence intensity of the puncta was much lower in 0gIA cells
than in wild type cells (Fig. 5, B and quantified in C), suggesting
that Hogl is involved in a parallel pathway of increasing the
production of GFP-Atg8. To confirm this, GFP-Atg8 levels
were examined by GFP immunoblot during both Tm and DTT
treatments. For both treatments, Atg8 protein accumulation
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HOG 1-dependent gene expression after DTT treatment

inhibited by the absence of HOG1
(Fig. 5, D and G, and quantified in F
and H). Therefore, Hogl acts specif-
ically to induce Atg8 protein accu-
mulation during ER stress. This role
of Hogl in regulating Atg8 accumu-
lation was dependent on the ability
of Hog1 to become phosphorylated,
as pbs2A cells, which cannot phos-
phorylate Hogl (Fig. 24), were also
defective in Tm-induced accumula-
tion of GFP-Atg8 (Fig. 5, E and
quantified in F).

Hogl Acts from the Cytoplasm
and Regulates Atg8 Protein Stability
during ER Stress—To determine the
specificity of Hogl in regulating
Atg8 during ER stress, GFP-Atg8
induction in wild type and hogIA
cells was examined during starva-
tion. Autophagy is strongly induced
by starvation, during which cyto-
plasmic degradation allows cells to
recycle essential nutrients (64, 65).
Upon removal of nitrogen from the medium, GFP-Atg8 was
induced, as expected. However, this induction did not depend
upon HOGI (Fig. 6A). Thus, Hogl induces Atg8 accumulation
through a mechanism that is unique to ER stress.

During ER stress, in the absence of HOG1 or PBS2, GFP-Atg8
accumulation was reduced, but not eliminated (Fig. 5, D—H).
This suggests that two separate signals collaborate to induce
Atg8 expression during ER stress, and that only one of these
signals is HOGI-dependent. To distinguish these two signals,
ATGS transcription and protein stability were examined during
Tm treatment in both wild type and /ogIA cells. As expected,
Tm treatment resulted in increased levels of the ATGS tran-
script. However, transcript induction did not depend upon
HOG] (Fig. 6B), suggesting that the HOGI-independent signal
for Atg8 induction occurs at the transcriptional level. By con-
trast, the stability of the GFP-Atg8 protein during ER stress was
found to be HOGI-dependent. Following 6 h of Tm treatment,
CHX was added to wild type and hogIA cells to allow an exam-
ination of GFP-Atg8 degradation rates in the absence of new
protein synthesis. In wild type cells, GFP-Atg8 was degraded
slowly, with a half-life of 11 h, whereas in #ogI A cells, GFP-Atg8
was degraded with a half-life of 6 h. This indicates that during
ER stress, Hogl facilitates the accumulation of Atg8 by stabiliz-
ing the protein (Fig. 6, C and D).

Because Hogl is localized to the cytoplasm after 3 h of ER
stress (Fig. 3, C and D) and controls the stability of GFP-Atg8
protein rather than its transcription, we examined the possibil-
ity that cytoplasmic localization of Hogl is important for its
role in autophagy. We took advantage of a strain designed by
Westfall et al. (66) in which the HOGI gene is replaced by
HOGI-GFP-CCAAX fusion. The fusion protein contains the
nine C-terminal residues of Ras2, and is thereby constitutively
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The wild type protein is delivered
to the vacuole constitutively, but

the pho8A60 mutant form cannot
be delivered to the vacuole unless
autophagy is induced. Therefore,
in strains expressing pho8A60 as
their only alkaline phosphatase,
alkaline phosphatase activity has
been widely used as a way to
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directly measure autophagy (54).
As measured by pho8A60 activ-

FIGURE 5. Induction of Atg8 protein during ER stress requires HOG1. A, the schematic shows parallel path-
ways that converge to induce autophagy. PAS formation and increases in Atg8 protein levels are both neces-
sary for appropriate levels of autophagy. Hog1 specifically regulates the increase in Atg8 protein levels and
induction of autophagy downstream. B, cells expressing the GFP-ATG8 reporter were subjected to 4 h of 2 mm
DTT or 1 pwg/ml of Tm treatment before microscopic visualization to assess PAS formation. C, following 6 h of 1
rg/ml of Tm treatment, fluorescence intensity of Atg8-GFP puncta was quantified (n = 300). D, E, and G, GFP
immunoblots of cells bearing the GFP-ATG8 reporter, treated with 1 wg/ml of Tm or 3 mm DTT. The top GFP
band represents the GFP-Atg8 fusion protein, and the bottom GFP band represents free GFP. F and H, quanti-
tation of GFP immunoblots. GFP-Atg8 + free GFP signal was normalized to Pgk1 (loading control). Error bars

represent S.E. of at least three replicates.

tethered to the plasma membrane. As expected, Hogl was not
imported into the nucleus during ER stress in this strain (Fig.
6E). We therefore examined GFP-Atg8 induction in this strain
to determine whether cytoplasmically localized Hogl could
confer GFP-Atg8 regulation.

The plasma membrane-tethered Hogl-GFP protein was
expressed at lower levels than the wild type Hogl-GFP (Fig. 6F,
top band). Despite this reduced expression (quantified as 26%
of wild type), cells with Hog] tethered to the plasma membrane

JUNE 4, 2010-VOLUME 285+NUMBER 23

ity, a 6-h Tm treatment caused a
1.5-fold increase in autophagy (Fig.
7A), whereas atg8A cells showed no
induction. In the absence of HOG1,
autophagy was only marginally
increased (1.1-fold) compared with
untreated cells. Thus, Hogl-medi-
ated increases in Atg8levels are nec-
essary for the induction of autoph-
agy during the later stages of ER stress.

To gain insight into the function of autophagy during ER
stress, the growth of azg8A cells on medium containing Tm was
examined. In the absence of ATGS, cells were more resistant
than wild type cells to ER stress (Fig. 7B), suggesting that one
function of autophagy may be to promote cell death when ER
stress is particularly persistent or severe. Thus, during ER
stress, Hogl plays roles in both cell survival (Fig. 1E) and cell
death (i.e. induction of Atg8 and autophagy).
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FIGURE 6. Hog1 acts from the cytoplasm and regulates Atg8 protein stability during ER stress. A, GFP
immunoblots of cells bearing the GFP-ATG8 reporter following nitrogen deprivation. B, ATG8 Northern
blots of wild type and hogTA cells treated with 1 ug/ml of Tm. C and D, following 6 h of 1T ug/ml of Tm
treatment, 50 ug/ml of CHX was added to cells for 12 h. The GFP-Atg8 band was quantified and normalized
to Asc1 levels. The protein level at each time point was divided by the level at the time of CHX addition to
determine the % protein remaining. E, strains expressing Hog1-GFP or Hog1-GFP-CCAAX (PM-anchored)
were visualized following 2 h of 2 mm DTT treatment or 1 wg/ml of Tm treatment. F, GFP immunoblots of
a hogTA strain, a strain expressing Hog1-GFP (WT), and a strain expressing Hog1-GFP-CCAAX (PM-an-
chored) following treatment with 1 wg/ml of Tm. Each strain expressed the GFP-Atg8 marker. Note that in
this strain background, GFP-Atg8 cleavage occurs less efficiently than in the strain background used for
Fig.5,and that additional GFP degradation products are observed (¥). G, quantitation of F. GFP-Atg8 + free
GFP bands were normalized to Pgk1. Error bars represent S.E. of three replicates.

DISCUSSION

A Late Phase ER Stress Response
Pathway in Yeast—Recent studies
in mammalian cells indicate that
during ER stress, activation of apo-
ptotic pathways only occurs during
the later stages of stress, whereas
pro-survival pathways dominate the
early stress response (67). This
highlights the cellular need to dis-
tinguish between early and persis-
tent stress, and tailor its response
accordingly. Our data shed light on
the specific nature of the late phase
ER stress response in yeast, as we
have discovered that two pro-
cesses, transcriptional regulation
and induction of autophagy, are reg-
ulated in a coordinated manner by
MAPK during persistent stress.

In this study, we have shown that
Hogl is activated during the late
phase of the ER stress response and
plays a role in helping the ER regain
homeostasis, as hogIA cells recover
more slowly than wild type cells
during ER stress and exhibit
increased sensitivity to the stress.
Part of the function of Hogl is to
regulate late phase gene expression.
We have identified three genes
that are regulated by Hogl during
ER stress: HSP12, YMR103C, and
YPLO88W. Each of these genes is
activated with similar kinetics,
remaining uninduced during the
early stages of ER stress, but specif-
ically becoming activated during
late stage ER stress (Fig. 44 and Ref.
58). Therefore, two distinct waves of
gene transcription seem to occur:
one that is activated rapidly by
Hacl, and one that is activated
much later by Hogl. In the future,
genomewide studies will determine
what other transcripts are regulated
by Hogl during this second wave of
gene expression.

The functional roles of HSP12, YMR103C, and YPLOSSW

In a previous study (11), autophagy-deficient strains were
shown to be sensitive to growth on medium containing Tm,
rather than resistant. The reasons for this inconsistency are
currently unclear, but they might result from differences in
growth conditions, the level of stress imposed, or the duration
of the stress. Thus, under the specific conditions tested here, we
have identified a novel role of Atg8 and the autophagy pathway
in promoting cell death during ER stress.

17552 JOURNAL OF BIOLOGICAL CHEMISTRY

during ER stress are not yet clear. HSP12 is known to be acti-
vated during various types of stress (31, 68 -70), but its bio-
chemical function is not known, and YMR103C, and YPLOS8W
are uncharacterized. However, in other cases where a single
stimulus activates sequential waves of gene expression, it has
been noted that genes with similar biological function tend to
cluster within specific expression groups. For example, when B
cells are activated to secrete antibody, five waves of gene
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FIGURE 7. Cellular effects of the role of Hog1 in Atg8 induction. A, alkaline
phosphatase activity of cells bearing the pho8A60 mutation following a 6-h
Tm treatment (compared with untreated cells). Error bars represent S.D. of
threereplicates. B, 5-fold serial dilutions of wild type and atg8A cells grown on
medium alone, or medium containing 0.4 pg/ml of Tm.

expression are sequentially induced and each wave is com-
prised of genes with a common biological function that is dis-
tinct from the other waves (71). Regulation of gene expression
during ER stress may occur similarly, in which case genes that
are specifically regulated during late phase ER stress might
comprise one or more functional groups that are uniquely
suited to help cells withstand persistent ER stress.

We have also shown that Hogl functions in the regulation of
autophagy during late stage ER stress. The function of autoph-
agy during ER stress is not known, but several interesting propo-
sitions have been put forth. In one report, although Atg8 was
clearly induced, it did not appear to be degraded in the vacuole
(11), leading to the proposition that autophagosomes function
not to degrade stressed ER, but to sequester it and prevent tox-
icity while the ER recovers. In the current study, we observed
conversion of GFP-Atg8 into free GFP during both DTT and
Tm treatments, as well as activation of Pho8A60 phosphatase,
suggesting that some cellular components were delivered to the
vacuole for degradation. Therefore, degradation is part of auto-
phagy function during the late phase ER stress response. How-
ever, it is possible that ER sequestering is an additional impor-
tant function of autophagy.

It has also been proposed that autophagy-induced ER degra-
dation serves to reverse the UPR-stimulated expansion of the
ER, thus helping cells return to a resting state after UPR induc-
tion (11). This model implies that proliferated ER is no longer
necessary by the time autophagy is induced because the stress
has been alleviated. However, the induction of a second wave of
stress-responsive gene expression suggests that the stress has
not been alleviated. Therefore, we believe that rather than help-
ing to wind down the ER stress response, autophagy may help
extend or intensify the response.

In mammalian cells, autophagy has been shown to assist in
the degradation of misfolded ER proteins (19-21), a function
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that could help cells cope with ER stress. Autophagy has also
been shown to promote non-apoptotic cell death during ER
stress in mammalian cells (22, 23). During long term ER stress
in yeast, both functions of autophagy may be important. Ini-
tially, autophagy may protect cells from the toxicity of ER stress
by promoting degradation of misfolded proteins. However,
after several days of growth under conditions of ER stress, auto-
phagy-deficient cells survived better than wild type cells, sug-
gesting that if activated long enough, autophagy may induce cell
death during ER stress.

Specificity of Hogl-mediated Cellular Changes during Late
Phase ER Stress—Although osmotic stress, cell wall stress, and
ER stress each activate the phosphorylation of Hogl, the down-
stream effects of Hogl activation are different among these
different types of stress. First, during each condition, Hogl
stimulates unique changes in gene expression, with overlapping
but non-identical targets among the different types of stress
(Fig. 4, A and C, and Refs. 31 and 44). Second, persistent ER
stress induces autophagy, whereas osmotic stress and cell wall
stress do not. These differences highlight the capacity of Hogl
to customize its downstream response to its specific activation
conditions.

This type of customization is a common feature of MAPKs,
but how it is achieved remains an open question. In the case of
Hogl, the specificity of the downstream response might be
conferred by differences in the upstream activation mecha-
nism, and/or by differences in the localization pattern of Hogl
during the different types of stress. During osmotic stress two
upstream activation modules, mediated by SHO!I and SSK1,
stimulate Hog1 phosphorylation (32, 35); during cell wall stress
only the SHOI activation module activates Hogl (30, 31); and
during ER stress the SSK1 activation module collaborates with
the canonical UPR pathway to activate Hogl. Furthermore,
osmotic stress induces nuclear localization that is tightly corre-
lated with phosphorylation; cell wall stress does not induce
changes in Hogl localization; and ER stress induces both
nuclear and cytoplasmic localizations that correlate with high
levels of Hogl phosphorylation. It is not yet clear whether the
differences in the activation mechanism are responsible for the
different localization patterns, and what role the activation
mechanism and localization patterns play in specifying the
downstream response of Hogl activation.

Because the UPR pathway regulates transcription, and
MAPKs are primarily regulated at the level of phosphorylation,
the involvement of the UPR in Hog1 activation was surprising.
Possible mechanisms for IREI-dependent activation of Hogl
include down-regulation of transcripts encoding phosphatases
that normally function to keep Hogl phosphorylation levels
low (72, 73), or a transcriptional up-regulation of proteins that
lead to Hogl phosphorylation. Future genomewide studies of
the late phase ER stress response pathway will shed light on this
mechanism.

HOGI1-dependent Atg8 Regulation—Little is known about
how Atg8 levels are regulated during autophagy, but most mod-
els presume that transcriptional activation of ATG8 accounts
entirely for the increase in protein. Here, we show that during
ER stress Atg8 is regulated at the level of protein stability. The
regulation of Atg8 correlates with cytoplasmic localization of
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Hogl, and does not require nuclear translocation, suggesting
that it might be conferred through one of the known cytoplas-
mic targets of Hogl: Rckl, Rck2, Hsll, Sicl, or through a yet
undiscovered novel or ER stress-specific cytoplasmic Hogl
target.

In this study, we have identified a late phase ER stress
response in which Hogl regulates downstream events in
response to long term ER stress. Gene activation and autophagy
induction are clearly part of this response. However, Hogl
might also regulate other physiological processes during persis-
tent ER stress. Because past studies have focused primarily on
the initial response of the cell to ER stress, aspects of cell phys-
iology that are affected by persistent ER stress have gone previ-
ously unnoticed. Therefore, future studies will aim to identify
additional downstream events that are regulated during persis-
tent ER stress.
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