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Abstract

Cells coordinate intracellular activities in response to changes in the extracellular environment to maximize their probability of
survival and proliferation. Eukaryotic cells need to adapt to constant changes in the osmolarity of their environment. In yeast, the high-
osmolarity glycerol (HOG) pathway is responsible for the response to high osmolarity. Activation of the Hog1 stress-activated protein
kinase (SAPK) induces a complex program required for cellular adaptation that includes temporary arrest of cell cycle progression,
adjustment of transcription and translation patterns, and the regulation of metabolism, including the synthesis and retention of
the compatible osmolyte glycerol. Hog1 is a member of the family of p38 SAPKs, which are present across eukaryotes. Many of the
properties of the HOG pathway and downstream-regulated proteins are conserved from yeast to mammals. This review addresses
the global view of this signaling pathway in yeast, as well as the contribution of Dr Hohmann’s group to its understanding.
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Introduction
Yeast cells have to adapt to constant shifts in their environment.
This adaptation requires major coordinated changes in cell phys-
iology to ensure cell adaptation and survival. Mitogen-activated
protein kinase (MAPK) signaling cascades are highly conserved
across eukaryotes. These pathways, which sense a wide variety of
stimuli and respond to extracellular cues through sequential ac-
tivation of protein kinases, are involved in a myriad of fundamen-
tal cellular processes and determine cell fate. The misregulation
of these signaling cascades, therefore, has major consequences in
numerous diseases, including cancer, diabetes, and inflammatory
and immune response diseases. The Hog1/p38 family of MAPKs
includes stress-activated protein kinases (SAPKs) activated in re-
sponse to several stresses in a variety of organisms. The response
to variations in extracellular osmolarity has been evolutionarily
conserved, and it involves the activation of the p38/Hog1 family of
signaling cascades. In Saccharomyces cerevisiae, osmostress induces
the high-osmolarity glycerol (HOG) pathway, which includes Hog1.
Upon activation in response to osmostress by upstream sensors
and effectors, Hog1 induces a cytoplasmic response that acts on
glycerol and ion transporters, metabolism and translation. Addi-
tionally, Hog1 rapidly translocates into the nucleus, where it mod-
ulates transcription to regulate gene expression and alters cell cy-
cle progression.

Osmostress-adaptive responses
In response to changes in the extracellular environment, cells co-
ordinate several intracellular activities to maximize their proba-

bility of survival and proliferation. Many of the stress responses
required for adaptation, which range from the regulation of
metabolism, transcription and translation to cell cycle progres-
sion, are modulated by the HOG pathway (Fig. 1).

Exposure to increased osmolarity is known to result in loss
of water, cell shrinkage and a temporary arrest of growth until
adaptation occurs. A major survival strategy under high osmo-
larity is to produce and accumulate compatible osmolytes, such
as amino acids, ions, trehalose and, more importantly, glycerol,
to maintain the water balance and re-establish cell volume and
turgor (Blomberg and Adler 1989, Hohmann et al. 2007, West-
fall et al. 2008, de Nadal et al. 2011). The initial function of the
HOG pathway in stress adaptation was rapidly associated with
the regulation of metabolism and the production of osmolytes
to counteract the loss of water upon osmostress. Mutants in the
HOG pathway yielded cells unable to grow under high osmolarity
and this was rapidly associated with the lack of proper adapta-
tion (Saito and Posas 2012). Dr Hohmann’s group, who was study-
ing how metabolic changes and certain metabolites, such as tre-
halose and glycerol, counteracted high osmolarity, rapidly realized
that the HOG pathway regulated the transcription of key enzymes
required for glycerol production and stress adaption (Hounsa et
al. 1998, Rep et al. 1999a). Later on, evidence emerged of direct
and allosteric regulation of metabolic enzymes (Dihazi et al. 2004,
Hohmann et al. 2007). In this regard, the carbon source deter-
mines adaptation to osmostress (Babazadeh et al. 2017). Glycerol
is rapidly accumulated in response to osmostress, starting within
the first minute and with significant accumulation after 30 min
(Klipp et al. 2005, Stojanovski et al. 2017). Therefore, an increase
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Figure 1. Upon osmostress, activated Hog1 orchestrates several cellular functions to coordinate the adaptive response and maximize cell survival.
Once activated, Hog1 controls mRNA biogenesis in both the nucleus and the cytoplasm. In the nucleus, Hog1 associates with stress-responsive loci to
modulate transcription initiation and elongation. The cyclin-dependent kinase Cdc28 associates with phase-specific cyclins (shown around the central
circle) to regulate passage through the cell cycle. Upon stress, Hog1 modulates progression at all phases of the cell cycle by acting on the indicated core
elements of the cell cycle machinery. Hog1 also induces a cytoplasmic response that acts on glycerol and ion transporters, metabolism and translation.

in glycerol production is not the only mechanism by which cells
accumulate this metabolite as they also regulate glycerol export
and import (Hohmann 2002, Klipp et al. 2005, Saito and Posas
2012). Stl1, a sugar transporter-like protein whose expression is
strongly induced by Hog1 upon stress, might contribute to glycerol
accumulation by importing it from the environment in response
to stress. However, the fastest mechanism to alter glycerol con-
centration is via Fps1-mediated export of this metabolite (Tamás
et al. 1999). Fps1 is a member of the aquaporin family of trans-
membrane channels—a family of proteins critical for stress re-
sponses that has been extensively studied by Dr Hohmann’s group
(e.g. Karlgren et al. 2005; review in this issue). Cells that express
Fps1 mutant proteins that are constitutively open do not accu-
mulate glycerol and grow poorly in the presence of high osmo-
larity (Hohmann et al. 2007). The stress-induced phosphorylation
of Rgc2, a novel regulator of Fps1 channel activity, is also partially
controlled by Hog1 to regulate glycerol efflux (Mollapour and Piper
2007, Beese et al. 2009, Lee et al. 2013). The role of the SAPK path-
way in osmoadaptation, including its impact on metabolism, was
reviewed early on by Hohmann (2002).

The regulation of gene expression is a key hallmark of adap-
tive responses to stress (de Nadal et al. 2011, de Nadal and Posas
2015). Initially and as mentioned earlier, it was clear that the ex-
pression of several genes involved in the regulation of metabolism,

including trehalose, glycogen and glycerol synthesis, is upregu-
lated upon stress, in parallel with sugar transporters. This obser-
vation prompted interest in the role of the HOG pathway and its
downstream transcription factors in this regulation. Stress causes
a general downregulation of gene expression, combined with the
induction of a specific set of stress-responsive genes (environmen-
tal stress response (ESR) response), resulting in a change in the
gene expression landscape of the cell. Expression profiling stud-
ies have shown that ∼300–600 genes are regulated upon stress
(Rep et al. 1999b, 2000, Gasch et al. 2000, Posas et al. 2000, Caus-
ton et al. 2001, O’Rourke and Herskowitz 2004, Tomas-Cobos et al.
2004, Capaldi et al. 2008, Molin et al. 2009, Ni et al. 2009, Romero-
Santacreu et al. 2009, Miller et al. 2011, Nadal-Ribelles et al. 2012)
and have revealed a broader role of Hog1 as a master regulator
of the massive transcriptional reprogramming that occurs upon
stress (de Nadal and Posas 2015). Of note, the induction of stress-
responsive genes is strongly linked to volume regulation (Geijer
et al. 2013) and it depends on the state of chromatin (Pelet et al.
2011, Wosika and Pelet 2020). Hog1 is a master protein for repro-
gramming gene expression in response to osmostress through var-
ious transcription factors (Rep et al. 2000, Capaldi et al. 2008, Ni et
al. 2009, Nadal-Ribelles et al. 2012). Hog1 is recruited to osmore-
sponsive genes by these specific factors (Alepuz et al. 2001, 2003,
Proft et al. 2001, 2006, Proft and Struhl 2002, de Nadal et al. 2003,
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Pascual-Ahuir et al. 2006, Pokholok et al. 2006, Ruiz-Roig et al. 2012).
Once bound to chromatin, Hog1 serves as a platform to recruit
RNA polymerase II (Alepuz et al. 2003, Nadal-Ribelles et al. 2012)
and associated factors such as SAGA, Mediator and the histone
deacetylase Rpd3 (Proft and Struhl 2002, de Nadal et al. 2004, Za-
pater et al. 2007, Sole et al. 2011). Hog1 is also present at the cod-
ing regions of stress-responsive genes (Pascual-Ahuir et al. 2006,
Pokholok et al. 2006, Proft et al. 2006, Nadal-Ribelles et al. 2012), as
well as at lncRNAs (Nadal-Ribelles et al. 2014), where its kinase
activity is essential for increased association of RNA polymerase
II and efficient messenger RNA (mRNA) production in response to
osmostress (Proft et al. 2006, de Nadal and Posas 2011, Cook and
O’Shea 2012, Nadal-Ribelles et al. 2012). Moreover, nucleosome po-
sitioning of specific stress-responsive loci is altered dramatically
in a Hog1-dependent manner (Nadal-Ribelles et al. 2012) and the
modification of chromatin is regulated mostly by the interplay of
the INO80 and the RSC chromatin remodeling complexes (Klopf
et al. 2009, Mas et al. 2009, Nadal-Ribelles et al. 2015). Chromatin
dynamics set a threshold for gene induction upon Hog1 activation
(Pelet et al. 2011). In addition to its impact on gene induction, Hog1
governs mRNA stability (Molin et al. 2009, Romero-Santacreu et al.
2009, Miller et al. 2011), mRNA export by targeting specific nucle-
oporins in the nuclear pore complex (Regot et al. 2013) and mRNA
translation (Teige et al. 2001, Warringer et al. 2010). Thus, this SAPK
plays a key role in the regulation of mRNA biogenesis by control-
ling several steps in the transcriptional process (Hohmann 2002,
de Nadal and Posas 2010, Martinez-Montanes et al. 2010, de Nadal
et al. 2011).

Another critical function required for stress adaptation is
cell cycle regulation. The HOG pathway was initially deciphered
through genetics, thanks to the observation that mutations that
resulted in the sustained activation of this pathway were delete-
rious for cellular growth (Maeda et al. 1993, 1994). Later on, it was
shown that sustained activation of HOG led to cell cycle arrest,
which, if maintained, resulted in cell entry into apoptosis (Ven-
drell et al. 2011). In contrast, the natural transient activation of the
HOG pathway in response to osmostress causes a transient cell cy-
cle delay that is essential for cell survival upon stress. Thus, cells
activate checkpoint surveillance mechanisms to permit adapta-
tion to environmental conditions. Hog1 regulates multiple stages
of the cell cycle by acting on core components of the cell cycle ma-
chinery. For instance, Hog1 controls G1/S transition by downregu-
lating cyclin expression and stabilizing the Sic1 cyclin-dependent
kinase inhibitor (Escote et al. 2004, Adrover et al. 2011, Gonzalez-
Novo et al. 2015). Hog1 also regulates other phases of the cell cycle,
such as S phase (Yaakov et al. 2009, Duch et al. 2013, 2018), G2/M
phase (Alexander et al. 2001, Clotet et al. 2006) and mitosis in re-
sponse to stress (Jiménez et al. 2020, Tognetti et al. 2020). These
observations thus suggest that, in the presence of stress, a delay
in the cell cycle is required to allow cells to generate adaptive re-
sponses before progressing into the next phase of the cycle.

The hog pathway and its activation
dynamics upon stress
The HOG pathway is activated in response to osmostress as a re-
sult of signaling elicited from two upstream-independent mech-
anisms (Sln1/Sho1) (Fig. 2). The Sln1 sensor is the primary os-
mosensor and it is a complex variation of the well-known bac-
terial two-component system. Upon osmostress, inactivation of
the transmembrane histidine kinase Sln1 leads to the derepres-
sion and activation of MAP3Ks (Ssk2/22) via Ypd1/Ssk1 (Maeda et
al. 1995, Posas et al. 1996, Posas and Saito 1998). The osmosen-

sors of the Sho1 branch are the mucin-like proteins Msb2 and
Hkr1, which are transmembrane proteins with a highly glycosy-
lated extracellular domain (Tatebayashi et al. 2007). Through com-
plex interactions with different proteins (Saito and Posas 2012),
these two osmosensors, along with Sho1, are responsible, in col-
laboration with the integral membrane protein Opy2, for the ac-
tivation of the small rho-like GTPase Cdc42 and subsequent ac-
tivation of the kinases Ste20 and Cla4, which in turn lead to ac-
tivation of the Ste11 MAP3K (Drogen et al. 2000, Raitt et al. 2000,
Lamson et al. 2002). The Sln1 and Sho1 branches converge at the
Pbs2 MAP2K (Brewster et al. 1993, Maeda et al. 1995, Posas and
Saito 1997), which is activated by phosphorylation albeit with dif-
ferent modes of activation (Tatebayashi et al. 2020). Once Pbs2 is
active, it can phosphorylate Hog1 and this phosphorylation is ac-
companied by an immediate translocation of Hog1 to the nucleus
(Ferrigno et al. 1998), where it performs many of the adaptive re-
sponses of yeast cells to osmostress. The activation dynamics of
Hog1 and crosstalk among different pathways are critical to un-
derstand stress adaptation and to the contribution of distinct reg-
ulatory elements to stress-adaptive responses. The activation of
Hog1 is mediated by phosphorylation and it occurs within sec-
onds of exposure to stress. The amplitude and duration of this
activation depend on the strength of the stress and it is governed
by not only the upstream sensing mechanisms but also the neg-
ative regulators of the pathway (e.g. protein phosphatases) and
internal feedback loops that counteract activating signals and in-
tegrate, for instance, membrane turgor and glycerol levels. The
relevance of quantitatively assessing the signaling of the path-
way and the contribution of the individual regulatory elements
by mathematical modeling was clearly exemplified by a seminal
paper by the groups led by Drs Hohmann and Klipp demonstrating
the role of osmolyte accumulation and feedback control in HOG
dynamics (Klipp et al. 2005, Petelenz-Kurdziel et al. 2013). Popula-
tion and single-cell studies using modeling and systematic quan-
tification of signaling under different types of perturbation (envi-
ronmental and genetic) have permitted the research community
to determine weaknesses in the pathway topology and the role of
scaffolding in signaling properties (Krantz et al. 2009). These ap-
proaches have also served to reveal that the HOG pathway is not
an ON and OFF signaling system that is activated only when stress
occurs but rather a system that is constantly ON and counter-
acted by internal negative feedback. Upon osmostress, an increase
in signaling results in faster induction of Hog1, which would be
achieved by activation from a non-active state (Macia et al. 2009,
Muzzey et al. 2009, Petelenz-Kurdziel et al. 2011, Babazadeh et al.
2013). Thus, the control of the HOG pathway dynamics is gov-
erned by not only phosphatases, highlighting the significance of
constantly counteract pathway activation and osmolyte produc-
tion to adjust the dynamic range and the activation threshold of
the response rather than the deactivation of the pathway during
adaptation (Klipp et al. 2005, Hohmann 2009, Schaber et al. 2010,
Johnson et al. 2021), but also several negative feedback regulatory
loops (Hao et al. 2007, 2008, Mettetal et al. 2008, Macia et al. 2009,
Muzzey et al. 2009, Sharifian et al. 2015). Thus, it is not surpris-
ing that the knowledge gathered about this signaling pathway, in
terms of components, response dynamics and regulatory loops,
has been exploited in synthetic biology applications. A clear ex-
ample of this is the use of the HOG pathway to rewire signal-
ing in biological computation applications (Regot et al. 2011). The
HOG pathway has also been used to control cell fate regulation
in response to a fungicide-responsive heterologous histidine ki-
nase (Meena et al. 2010, Furukawa and Hohmann 2015) or in the
creation of a bistable toggle switch (Mishra et al. 2021).
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Figure 2. Schematic diagram of the HOG pathway. In response to osmostress, two independent upstream osmosensing mechanisms, the Sln1 and Sho1
branches, lead to the activation of specific MAP3Ks (Ssk2/22 and Ste11) that converge on the common Pbs2 MAP2K. Activated Pbs2 phosphorylates the
Hog1 MAPK, which induces a set of adaptive responses.

Conclusions
The HOG pathway plays a pivotal role in osmostress signal trans-
duction and has been extensively studied. Since its discovery in
the mid-1990s, it has served as a paradigm of a signal transduc-
tion pathway conserved across eukaryotes and has also been used
to decipher a number of stress responses required for stress adap-
tation, which is also highly conserved across eukaryotes. The ini-
tial knowledge gathered about the elements of the pathway and
their regulation was defined mostly by genetic and biochemical
approaches. However, the use of cell biology technologies, mi-
crofluidics, single-cell analyses, quantitative biology and mathe-
matical modeling has served to not only deeply characterize stress
responses and signal transduction but also use this pathway in
synthetic biology applications and pioneer technologies that have
been used in many other signal transduction pathways in yeast
and other organisms. Dr Hohmann’s studies have been a clear ex-
ample of this evolution in the study of a pathway, from the ini-
tial link of the signal transduction to metabolic regulation, to the
quantification and modeling of signal transduction and its impact
on cell biology, to its manipulation for synthetic biology applica-
tions.

Acknowledgments
Owing to space constraints and the special focus of the review,
we apologize to colleagues in the field for not citing all relevant
papers. This review is a tribute to Dr S. Hohmann to highlight his

research and its impact on the yeast community. We thank him
for a number of fruitful collaborations we undertook together.

Funding
The laboratories of FP and EdN are supported by grants from
the Ministry of Science, Innovation and Universities (PGC2018-
094136-B-I00 to FP; BFU2017-85152-P and FEDER to EdN) and
the Government of Catalonia (2017 SGR 799). We gratefully ac-
knowledge institutional funding from the Ministry of Science,
Innovation and Universities through the Centres of Excellence
Severo Ochoa Award, and from the CERCA Programme of the
Government of Catalonia and the Unidad de Excelencia María
de Maeztu, funded by the AEI (CEX2018-000792-M). FP and
EdN are recipients of ICREA Acadèmia awards (Government of
Catalonia).

Conflict of interest statement. None declared.

References
Adrover MA, Zi Z, Duch A et al. Time-dependent quantitative

multicomponent control of the G1–S network by the stress-
activated protein kinase Hog1 upon osmostress. Sci Signal 2011;4:
ra63.

Alepuz PM, de Nadal E, Zapater M et al. Osmostress-induced tran-
scription by Hot1 depends on a Hog1-mediated recruitment of
the RNA Pol II. EMBO J 2003;22:2433–42.



de Nadal and Posas | 5

Alepuz PM, Jovanovic A, Reiser V et al. Stress-induced map ki-
nase Hog1 is part of transcription activation complexes. Mol Cell
2001;7:767–77.

Alexander MR, Tyers M, Perret M et al. Regulation of cell cycle progres-
sion by Swe1p and Hog1p following hypertonic stress. Mol Biol Cell
2001;12:53–62.

Babazadeh R, Adiels CB, Smedh M et al. Osmostress-induced cell
volume loss delays yeast Hog1 signaling by limiting diffu-
sion processes and by Hog1-specific effects. PLoS One 2013;8:
e80901.

Babazadeh R, Lahtvee PJ, Adiels CB et al. The yeast osmostress re-
sponse is carbon source dependent. Sci Rep 2017;7:1–11.

Beese SE, Negishi T, Levin DE. Identification of positive regulators of
the yeast Fps1 glycerol channel. PLoS Genet 2009;5:e1000738.

Blomberg A, Adler L. Roles of glycerol and glycerol-3-phosphate de-
hydrogenase (NAD+) in acquired osmotolerance of Saccharomyces
cerevisiae. J Bacteriol 1989;171:1087–92.

Brewster JL, de Valoir T, Dwyer ND et al. An osmosensing signal trans-
duction pathway in yeast. Science 1993;259:1760–3.

Capaldi AP, Kaplan T, Liu Y et al. Structure and function of a
transcriptional network activated by the MAPK Hog1. Nat Genet
2008;40:1300–6.

Causton HC, Ren B, Koh SS et al. Remodeling of yeast genome ex-
pression in response to environmental changes. Mol Biol Cell
2001;12:323–7.

Clotet J, Escote X, Adrover MA et al. Phosphorylation of Hsl1 by Hog1
leads to a G2 arrest essential for cell survival at high osmolarity.
EMBO J 2006;25:2338–46.

Cook KE, O’Shea EK. Hog1 controls global reallocation of RNA Pol
II upon osmotic shock in Saccharomyces cerevisiae. G3 (Bethesda)
2012;2:1129–36.

de Nadal E, Ammerer G, Posas F. Controlling gene expression in re-
sponse to stress. Nat Rev Genet 2011;12:833–45.

de Nadal E, Casadome L, Posas F. Targeting the MEF2-like transcrip-
tion factor Smp1 by the stress-activated Hog1 mitogen-activated
protein kinase. Mol Cell Biol 2003;23:229–37.

de Nadal E, Posas F. Elongating under stress. Genet Res Int
2011;2011:326286.

de Nadal E, Posas F. Multilayered control of gene expression by
stress-activated protein kinases. EMBO J 2010;29:4–13.

de Nadal E, Posas F. Osmostress-induced gene expression: a model
to understand how stress-activated protein kinases (SAPKs) reg-
ulate transcription. FEBS J 2015;282:3275–85.

de Nadal E, Zapater M, Alepuz PM et al. The MAPK Hog1 recruits
Rpd3 histone deacetylase to activate osmoresponsive genes. Na-
ture 2004;427:370–4.

Dihazi H, Kessler R, Eschrich K. High osmolarity glycerol (HOG)
pathway-induced phosphorylation and activation of 6-
phosphofructo-2-kinase are essential for glycerol accumulation
and yeast cell proliferation under hyperosmotic stress. J Biol
Chem 2004;279:23961–8.

Drogen F, O’Rourke SM, Stucke VM et al. Phosphorylation of the MEKK
Ste11p by the PAK-like kinase Ste20p is required for MAP kinase
signaling in vivo. Curr Biol 2000;10:630–9.

Duch A, Canal B, Barroso SI et al. Multiple signaling kinases target
Mrc1 to prevent genomic instability triggered by transcription–
replication conflicts. Nat Commun 2018;9:379.

Duch A, Felipe-Abrio I, Barroso S et al. Coordinated control of repli-
cation and transcription by a SAPK protects genomic integrity.
Nature 2013;493:116–9.

Escote X, Zapater M, Clotet J et al. Hog1 mediates cell-cycle arrest
in G1 phase by the dual targeting of Sic1. Nat Cell Biol 2004;6:
997–1002.

Ferrigno P, Posas F, Koepp D et al. Regulated nucleo/cytoplasmic
exchange of HOG1 MAPK requires the importin beta homologs
NMD5 and XPO1. EMBO J 1998;17:5606–14.

Furukawa K, Hohmann S. A fungicide-responsive kinase as a tool for
synthetic cell fate regulation. Nucleic Acids Res 2015;43:7162–70.

Gasch AP, Spellman PT, Kao CM et al. Genomic expression programs
in the response of yeast cells to environmental changes. Mol Biol
Cell 2000;11:4241–57.

Geijer C, Medrala-Klein D, Petelenz-Kurdziel E et al. Initiation of the
transcriptional response to hyperosmotic shock correlates with
the potential for volume recovery. FEBS J 2013;280:3854–67.

Gonzalez-Novo A, Jimenez J, Clotet J et al. Hog1 targets Whi5 and
Msa1 transcription factors to down-regulate cyclin expression
upon stress. Mol Cell Biol 2015;35:1606–18.

Hao N, Behar M, Parnell SC et al. A systems-biology analysis of feed-
back inhibition in the Sho1 osmotic-stress-response pathway.
Curr Biol 2007;17:659–67.

Hao N, Zeng Y, Elston TC et al. Control of MAPK specificity by feed-
back phosphorylation of shared adaptor protein Ste50. J Biol Chem
2008;283:33798–802.

Hohmann S, Krantz M, Nordlander B. Yeast osmoregulation. Methods
Enzymol 2007;428:29–45.

Hohmann S. Control of high osmolarity signalling in the yeast Sac-
charomyces cerevisiae. FEBS Lett 2009;583:4025–9.

Hohmann S. Osmotic stress signaling and osmoadaptation in yeasts.
Microbiol Mol Biol Rev 2002;66:300–72.

Hounsa CG, Brandt EV, Thevelein J et al. Role of trehalose in sur-
vival of Saccharomyces cerevisiae under osmotic stress. Microbiology
1998;144:671–80.

Jiménez J, Queralt E, Posas F et al. The regulation of Net1/Cdc14 by
the Hog1 MAPK upon osmostress unravels a new mechanism reg-
ulating mitosis. Cell Cycle 2020;19:2105–18.

Johnson AN, Li G, Jashnsaz H et al. A rate threshold mechanism reg-
ulates MAPK stress signaling and survival. Proc Natl Acad Sci USA
2021;118:e2004998118.

Karlgren S, Pettersson N, Nordlander B et al. Conditional osmotic
stress in yeast: a system to study transport through aquaglycero-
porins and osmostress signaling. J Biol Chem 2005;280:7186–93.

Klipp E, Nordlander B, Kruger R et al. Integrative model of the re-
sponse of yeast to osmotic shock. Nat Biotechnol 2005;23:975–82.

Klopf E, Paskova L, Sole C et al. Cooperation between the INO80 com-
plex and histone chaperones determines adaptation of stress
gene transcription in the yeast Saccharomyces cerevisiae. Mol Cell
Biol 2009;29:4994–5007.

Krantz M, Ahmadpour D, Ottosson LG et al. Robustness and fragility
in the yeast high osmolarity glycerol (HOG) signal-transduction
pathway. Mol Syst Biol 2009;5:281.

Lamson RE, Winters MJ, Pryciak PM. Cdc42 regulation of kinase ac-
tivity and signaling by the yeast p21-activated kinase Ste20. Mol
Cell Biol 2002;22:2939–51.

Lee J, Reiter W, Dohnal I et al. MAPK Hog1 closes the S. cerevisiae glyc-
erol channel Fps1 by phosphorylating and displacing its positive
regulators. Genes Dev 2013;27:2590–601.

Macia J, Regot S, Peeters T et al. Dynamic signaling in the Hog1
MAPK pathway relies on high basal signal transduction. Sci Sig-
nal 2009;2:ra13.

Maeda T, Takekawa M, Saito H. Activation of yeast PBS2 MAPKK by
MAPKKKs or by binding of an SH3-containing osmosensor. Science
1995;269:554–8.

Maeda T, Tsai AY, Saito H. Mutations in a protein tyrosine phos-
phatase gene (PTP2) and a protein serine/threonine phosphatase
gene (PTC1) cause a synthetic growth defect in Saccharomyces cere-
visiae. Mol Cell Biol 1993;13:5408–17.



6 | FEMS Yeast Research, 2022, Vol. 22, No. 1

Maeda T, Wurgler-Murphy SM, Saito H. A two-component system
that regulates an osmosensing MAP kinase cascade in yeast. Na-
ture 1994;369:242–5.

Martinez-Montanes F, Pascual-Ahuir A, Proft M. Toward a genomic
view of the gene expression program regulated by osmostress in
yeast. OMICS 2010;14:619–27.

Mas G, de Nadal E, Dechant R et al. Recruitment of a chromatin re-
modelling complex by the Hog1 MAP kinase to stress genes. EMBO
J 2009;28:326–36.

Meena N, Kaur H, Mondal AK. Interactions among HAMP do-
main repeats act as an osmosensing molecular switch in group
III hybrid histidine kinases from fungi. J Biol Chem 2010;285:
12121–32.

Mettetal JT, Muzzey D, Gomez-Uribe C et al. The frequency de-
pendence of osmo-adaptation in Saccharomyces cerevisiae. Science
2008;319:482–4.

Miller C, Schwalb B, Maier K et al. Dynamic transcriptome analysis
measures rates of mRNA synthesis and decay in yeast. Mol Syst
Biol 2011;7:458.

Mishra D, Bepler T, Teague B et al. An engineered protein-
phosphorylation toggle network with implications for endoge-
nous network discovery. Science 2021;373:eaav0780.

Molin C, Jauhiainen A, Warringer J et al. mRNA stability changes pre-
cede changes in steady-state mRNA amounts during hyperos-
motic stress. RNA 2009;15:600–14.

Mollapour M, Piper PW. Hog1 mitogen-activated protein kinase phos-
phorylation targets the yeast Fps1 aquaglyceroporin for endocy-
tosis, thereby rendering cells resistant to acetic acid. Mol Cell Biol
2007;27:6446–56.

Muzzey D, Gomez-Uribe CA, Mettetal JT et al. A systems-level
analysis of perfect adaptation in yeast osmoregulation. Cell
2009;138:160–71.

Nadal-Ribelles M, Conde N, Flores O et al. Hog1 bypasses stress-
mediated down-regulation of transcription by RNA poly-
merase II redistribution and chromatin remodeling. Genome Biol
2012;13:R106.

Nadal-Ribelles M, Mas G, Millan-Zambrano G et al. H3K4
monomethylation dictates nucleosome dynamics and chro-
matin remodeling at stress-responsive genes. Nucleic Acids Res
2015;43:4937–49.

Nadal-Ribelles M, Sole C, Xu Z et al. Control of Cdc28 CDK1 by a
stress-induced lncRNA. Mol Cell 2014;53:549–61.

Ni L, Bruce C, Hart C et al. Dynamic and complex transcription
factor binding during an inducible response in yeast. Genes Dev
2009;23:1351–63.

O’Rourke SM, Herskowitz I. Unique and redundant roles for HOG
MAPK pathway components as revealed by whole-genome ex-
pression analysis. Mol Biol Cell 2004;15:532–42.

Pascual-Ahuir A, Struhl K, Proft M. Genome-wide location analy-
sis of the stress-activated MAP kinase Hog1 in yeast. Methods
2006;40:272–8.

Pelet S, Rudolf F, Nadal-Ribelles M et al. Transient activation of the
HOG MAPK pathway regulates bimodal gene expression. Science
2011;332:732–5.

Petelenz-Kurdziel E, Eriksson E, Smedh M et al. Quantification of cell
volume changes upon hyperosmotic stress in Saccharomyces cere-
visiae. Integr Biol 2011;3:1120–6.

Petelenz-Kurdziel E, Kuehn C, Nordlander B et al. Quantitative anal-
ysis of glycerol accumulation, glycolysis and growth under hyper
osmotic stress. PLoS Comput Biol 2013;9:e1003084.

Pokholok DK, Zeitlinger J, Hannett NM et al. Activated signal
transduction kinases frequently occupy target genes. Science
2006;313:533–6.

Posas F, Chambers JR, Heyman JA et al. The transcriptional response
of yeast to saline stress. J Biol Chem 2000;275:17249–55.

Posas F, Saito H. Activation of the yeast SSK2 MAP kinase kinase
kinase by the SSK1 two-component response regulator. EMBO J
1998;17:1385–94.

Posas F, Saito H. Osmotic activation of the HOG MAPK path-
way via Ste11p MAPKKK: scaffold role of Pbs2p MAPKK. Science
1997;276:1702–5.

Posas F, Wurgler-Murphy SM, Maeda T et al. Yeast HOG1 MAP ki-
nase cascade is regulated by a multistep phosphorelay mecha-
nism in the SLN1-YPD1-SSK1 “two-component” osmosensor. Cell
1996;86:865–75.

Proft M, Mas G, de Nadal E et al. The stress-activated hog1 kinase is a
selective transcriptional elongation factor for genes responding
to osmotic stress. Mol Cell 2006;23:241–50.

Proft M, Pascual-Ahuir A, de Nadal E et al. Regulation of the Sko1
transcriptional repressor by the Hog1 MAP kinase in response to
osmotic stress. EMBO J 2001;20:1123–33.

Proft M, Struhl K. Hog1 kinase converts the Sko1–Cyc8–Tup1 repres-
sor complex into an activator that recruits SAGA and SWI/SNF in
response to osmotic stress. Mol Cell 2002;9:1307–17.

Raitt DC, Posas F, Saito H. Yeast Cdc42 GTPase and Ste20 PAK-like ki-
nase regulate Sho1-dependent activation of the Hog1 MAPK path-
way. EMBO J 2000;19:4623–31.

Regot S, de Nadal E, Rodriguez-Navarro S et al. The Hog1 stress-
activated protein kinase targets nucleoporins to control mRNA
export upon stress. J Biol Chem 2013;288:17384–98.

Regot S, Macia J, Conde N et al. Distributed biological computation
with multicellular engineered networks. Nature 2011;469:207–11.

Rep M, Albertyn J, Thevelein JM et al. Different signalling pathways
contribute to the control of GPD1 gene expression by osmotic
stress in Saccharomyces cerevisiae. Microbiology 1999a;145:715–27.

Rep M, Krantz M, Thevelein JM et al. The transcriptional re-
sponse of Saccharomyces cerevisiae to osmotic shock. Hot1p and
Msn2p/Msn4p are required for the induction of subsets of
high osmolarity glycerol pathway-dependent genes. J Biol Chem
2000;275:8290–300.

Rep M, Reiser V, Gartner U et al. Osmotic stress-induced gene ex-
pression in Saccharomyces cerevisiae requires Msn1p and the novel
nuclear factor Hot1p. Mol Cell Biol 1999b;19:5474–85.

Romero-Santacreu L, Moreno J, Perez-Ortin JE et al. Specific and
global regulation of mRNA stability during osmotic stress in Sac-
charomyces cerevisiae. RNA 2009;15:1110–20.

Ruiz-Roig C, Noriega N, Duch A et al. The Hog1 SAPK controls the
Rtg1/Rtg3 transcriptional complex activity by multiple regulatory
mechanisms. Mol Biol Cell 2012;23:4286–96.

Saito H, Posas F. Response to hyperosmotic stress. Genetics
2012;192:289–318.

Schaber J, Adrover MA, Eriksson E et al. Biophysical properties of Sac-
charomyces cerevisiae and their relationship with HOG pathway ac-
tivation. Eur Biophys J 2010;39:1547–56.

Sharifian H, Lampert F, Stojanovski K et al. Parallel feedback loops
control the basal activity of the HOG MAPK signaling cascade.
Integr Biol 2015;7:412–22.

Sole C, Nadal-Ribelles M, Kraft C et al. Control of Ubp3 ubiquitin pro-
tease activity by the Hog1 SAPK modulates transcription upon
osmostress. EMBO J 2011;30:3274–84.

Stojanovski K, Ferrar T, Benisty H et al. Interaction dynamics
determine signaling and output pathway responses. Cell Rep
2017;19:136–49.

Tamás MJ, Luyten K, Sutherland FC et al. Fps1p controls the accu-
mulation and release of the compatible solute glycerol in yeast
osmoregulation. Mol Microbiol 1999;31:1087–104.



de Nadal and Posas | 7

Tatebayashi K, Tanaka K, Yang HY et al. Transmembrane mucins
Hkr1 and Msb2 are putative osmosensors in the SHO1 branch of
yeast HOG pathway. EMBO J 2007;26:3521–33.

Tatebayashi K, Yamamoto K, Tomida T et al. Osmostress en-
hances activating phosphorylation of Hog1 MAP kinase by mono-
phosphorylated Pbs2 MAP2K. EMBO J 2020;39:e103444.

Teige M, Scheikl E, Reiser V et al. Rck2, a member of the calmodulin-
protein kinase family, links protein synthesis to high osmolarity
MAP kinase signaling in budding yeast. Proc Natl Acad Sci USA
2001;98:5625–30.

Tognetti S, Jimenez J, Vigano M et al. Hog1 activation delays mi-
totic exit via phosphorylation of Net1. Proc Natl Acad Sci USA
2020;117:8924–33.

Tomas-Cobos L, Casadome L, Mas G et al. Expression of the HXT1
low affinity glucose transporter requires the coordinated activ-
ities of the HOG and glucose signalling pathways. J Biol Chem
2004;279:22010–9.

Vendrell A, Martinez-Pastor M, Gonzalez-Novo A et al. Sir2 histone
deacetylase prevents programmed cell death caused by sus-

tained activation of the Hog1 stress-activated protein kinase.
EMBO Rep 2011;12:1062–8.

Warringer J, Hult M, Regot S et al. The HOG pathway dictates the
short-term translational response after hyperosmotic shock. Mol
Biol Cell 2010;21:3080–92.

Westfall PJ, Patterson JC, Chen RE et al. Stress resistance and signal
fidelity independent of nuclear MAPK function. Proc Natl Acad Sci
USA 2008;105:12212–7.

Wosika V, Pelet S. Single-particle imaging of stress-promoters
induction reveals the interplay between MAPK signaling,
chromatin and transcription factors. Nat Commun 2020;11:
3171.

Yaakov G, Duch A, Garcia-Rubio M et al. The stress-activated protein
kinase Hog1 mediates s phase delay in response to osmostress.
Mol Biol Cell 2009;20:3572–82.

Zapater M, Sohrmann M, Peter M et al. Selective requirement
for SAGA in Hog1-mediated gene expression depending on the
severity of the external osmostress conditions. Mol Cell Biol
2007;27:3900–10.


