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Abstract

:

Living cells exposed to stressful environmental situations can elicit cellular responses that guarantee maximal cell survival. Most of these responses are mediated by mitogen-activated protein kinase (MAPK) cascades, which are highly conserved from yeast to humans. Cell wall damage conditions in the yeast Saccharomyces cerevisiae elicit rescue mechanisms mainly associated with reprogramming specific transcriptional responses via the cell wall integrity (CWI) pathway. Regulation of gene expression by this pathway is coordinated by the MAPK Slt2/Mpk1, mainly via Rlm1 and, to a lesser extent, through SBF (Swi4/Swi6) transcription factors. In this review, we summarize the molecular mechanisms controlling gene expression upon cell wall stress and the role of chromatin structure in these processes. Some of these mechanisms are also discussed in the context of other stresses governed by different yeast MAPK pathways. Slt2 regulates both transcriptional initiation and elongation by interacting with chromatin at the promoter and coding regions of CWI-responsive genes but using different mechanisms for Rlm1- and SBF-dependent genes. Since MAPK pathways are very well conserved in eukaryotic cells and are essential for controlling cellular physiology, improving our knowledge regarding how they regulate gene expression could impact the future identification of novel targets for therapeutic intervention.
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1. Introduction


Yeast cells exposed to environmental stress and diverse molecules can elicit cellular responses that guarantee maximal cell survival. Most of these responses are mediated by signal transduction pathways formed by a mitogen-activated protein kinase (MAPK) module, which are highly conserved from yeast to humans. The MAPK module consists of a cascade of three protein kinases, namely, MAPKKK, MAPKK, and MAPK [1,2]. The final activation of MAPK leads to the phosphorylation of different substrates, including transcription factors, responsible for the rapid transcriptional induction of stress-responsive genes that enable cells to adapt and survive under stress conditions [3].



Five MAPKs mediating stimulus-dependent responses are encoded in the yeast genome (reviewed by [3,4]). Kss1 is required for pseudohyphal and invasive growth upon nutrient starvation, Fus3 regulates mating, Hog1 is necessary to respond to hyperosmotic stress, and Smk1 is involved in sporulation. Slt2/Mpk1 controls cell integrity against cell wall aggressions and other stress conditions that indirectly affect the cell wall, including heat shock, hypo-osmotic shock, hyper-osmotic shock, high and low pH, arsenate, cadmium, or plasma membrane, ER (endoplasmic reticulum), oxidative, and genotoxic stresses [5,6]. Kss1 also mediates cell integrity in response to defects in protein glycosylation. The specific response of each MAPK pathway is mainly regulated by the presence of particular receptors and osmosensors on the cell surface. These guide the stress signal towards the appropriate MAPK module and the corresponding transcription factors, triggering stimulus-dependent responses. Tight regulation of signaling circuits is also essential to guarantee an adequate gene expression and avoid an alteration in cell physiology [7,8]. An essential way of regulating these pathways is at the level of MAPK dephosphorylation by protein phosphatases [9,10]. However, other negative and positive feedback mechanisms attenuate or exacerbate these responses [3,11,12,13].



The activation of rapid and efficient transcriptional adaptive responses depends not only on MAPKs and transcription factors, but also on protein complexes that modulate chromatin structure. Transcriptional responses triggered by different stresses share certain regulatory features, but others are unique to each type of stress. In this paper, we review the main molecular mechanisms that regulate gene expression in response to cell wall stress as an example of a regulated transcriptional response mediated by a conserved MAPK pathway, considering the naturally repressive state of chromatin.




2. Chromatin and Gene Expression in Response to Stress


The regulation of gene transcription in eukaryotic cells involves a dynamic balance between the packaging of regulatory sequences into chromatin and the access of transcriptional regulators to these sequences [14,15]. Chromatin, the native compacted form of DNA, is organized into various condensation levels. The first level of compaction is the nucleosome, consisting of a 147 pair base DNA fragment wrapped around an octamer of the four core histones H2A, H2B, H3, and H4, establishing 14 contacts between the positively charged residues in the histones and the phosphate backbone of the DNA [16,17,18]. Nucleosomes are then linked together by a variable length of linker DNA associated with H1 linker histone. These structures can be compacted into higher-order structures like the 30 nm fibers that are transcriptionally inactive. This can be successively folded until reaching its maximum degree of compaction in metaphase chromosomes. Each histone has a globular domain and an amino (N)-terminal tail of between 16 to 44 residues in length. Histone tail regions are not critical for nucleosome integrity [19,20], however, they can protrude from their nucleosome and interact with other nucleosomes, playing a significant role in chromatin compaction (for review, see [21,22]).



To overcome the naturally repressive state of the chromatin structure and promote transcriptional activation, nucleosome removal at the promoters of stress-responsive genes is a critical step. Nucleosome positioning can influence the accessibility of DNA binding sites in the promoters to specific transcription factors [23,24,25] and interfere with the assembly and progression of the general transcriptional machinery, acting as an extra level of regulation [26,27,28,29,30,31]. For example, most of the transcription factors involved in the heat stress response (Hsf1, Msn2, Msn4, and Aft2) showed significant increases in their accessibility because of nucleosome repositioning upon heat shock [32,33]. In this context, post-translational modifications of individual histones by histone modifiers (reviewed in [34,35]) and disassembly and removal of nucleosomes by ATP-dependent chromatin remodeling complexes [36] work in concert to regulate this process by rendering promoters accessible to Pol II [37,38,39]. Moreover, histone modifications can stimulate the recruitment of chromatin-modifying enzymes at specific genomic sites, allowing an increase or decrease in other histone modifications that can propagate to adjacent nucleosomes by several positive and negative feedbacks [40]. Thus, chromatin is a critically important component of the cellular stress responses, mediating their speed and amplitude [41,42].



Chromatin modulation via covalent histone modification, such as methylation, acetylation, phosphorylation, SUMOylation, ADP-ribosylation, among others, represents one fundamental way to regulate DNA accessibility during gene transcription and many other cellular processes [22,43,44,45,46,47]. These modifications regulate chromatin structure and provide a signaling platform to recruit downstream effector proteins belonging to the transcriptional machinery and chromatin remodeling complexes [43,48].



Histone acetylation is regulated by the opposing action of histone acetyltransferases (HATs) and histone deacetylases (HDACs). SAGA (Spt-Ada-Gcn5-acetyltransferase) is a highly conserved co-activator complex that controls transcription by modifying histones [49]. It is a large multisubunit complex (19 subunits) organized into four functionally distinct modules: the HAT module (the catalytic subunit Gcn5, Ada2, Ada3, and Sgf29), the deubiquitination (DUB) module (the ubiquitin-specific protease Ubp8, Sgf11, Sgf73, and Sus1), the core structural module (including Taf and Spt proteins), and the transcription factor-binding module (Tra1) [50,51]. Acetylation by Gcn5 utilizes acetyl CoA as a cofactor and catalyzes the transfer of an acetyl group primarily to the K14 and K9 H3 residues [52]. This modification has long been positively correlated with an open chromatin conformation and gene expression under stress conditions [53,54]. Indeed, Gcn5 is generally recruited to the promoter of active genes [55]. Acetylation of histones neutralizes the positive charge of the histone tails. It decreases their affinity for negatively charged DNA, affecting higher-order chromatin packing that would otherwise be inhibitory for regulatory factor recruitment and transcription. This modification also creates specific binding surfaces for bromodomain-containing proteins, proving that acetyl-lysines in histones recruit or stabilize the machinery involved in DNA-mediated processes [56,57,58]. However, other SAGA subunits, such as Spt3 and Spt8, enhance pre-initiation complex assembly by delivering TBP (TATA-binding protein) to promoters, a mechanism that goes beyond HAT activity [59,60,61] and that has been related to the expression of highly regulated stress responsive-genes [62,63]. Finally, within the deubiquitination DUB module, Ubp8 catalyzes the deubiquitination of histone H2B, an important step for gene activation [64,65].



Besides histone modifiers, ATP-dependent chromatin remodeling complexes are needed to disrupt DNA-histone interactions using the energy from ATP hydrolysis [66]. The remodeler action can result in nucleosome sliding (octamer position varies across the DNA), nucleosome eviction (ejection), or localized nucleosome unwrapping (remodeled state in which DNA is more accessible but histones remain attached). Additionally, they can also alter nucleosome composition by dimer histone replacement [36].



There are four different families of chromatin remodeling complexes: SWI/SNF, INO80/SWR1, ISWI, and CHD. They share a similar ATPase subunit that belongs to the SF2 superfamily of ATPases characterized by an ATPase domain split into two parts, the DExx and HELICc regions [67], although they are specialized for particular purposes. The yeast SWI/SNF family, including SWI/SNF and RSC, are large chromatin remodeling machines that can move or eject nucleosomes, facilitating transcription and other nuclear processes [68]. S. cerevisiae SWI/SNF consists of 11 subunits, with Snf2 serving as the ATPase subunit [69,70]. Targeted recruitment of the SWI/SNF complex can be achieved via direct interaction with gene-specific activators [71,72,73,74] to locally alter nucleosome positioning at the promoter, facilitating the binding of transcription factors to DNA, and then stimulating transcriptional initiation by Pol II [72,73].



Transcription initiation is a complicated process that requires the coordinated activities of co-activators and many factors to ensure appropriate gene regulation under stressful situations [38,75]. Chromatin remodeling and histone modification have proven to be key players in transcriptional regulation. They are not mutually exclusive as their activities could be complementary to support stress-responsive gene induction. Over the past few years, the involvement of different chromatin-modifying and remodeling activities in response to osmotic stress [76,77,78,79,80], heat stress [32], diamide [41], ethanol [81], and cell wall stress [82,83] have been characterized. Particular post-translational modifications required for transcriptional stress responses have been identified. For instance, H3K4 monomethylation dictates nucleosome dynamics and chromatin remodeling of stress-responsive genes [84]. Some histone modification patterns under various stress conditions have also been defined by high-throughput phenotype analysis of histone residues upon DNA damage and heat stress [85], phosphate starvation [86], or diamide treatment [41,87]. In a recent study, a global map of the histone residues required for transcriptional reprogramming in response to heat and osmotic stress was elucidated [88]. Together, these studies suggest a personalized, rather than general, subset of histone requirements for each chromatin context.



MAPKs mainly control gene expression by phosphorylating transcription factors. This modification regulates its activity in different ways, including their protein levels, binding to DNA, translocation between nucleus and cytoplasm, and interaction with regulatory proteins [89]. However, the role of MAPKs in regulating these responses is not only restricted to the phosphorylation of the transcription factors. MAPKs may also associate with chromatin to recruit different regulatory elements and be integral components of transcriptional activation complexes on gene promoters [90]. In fact, various studies have shown that MAPKs in yeast and mammals are recruited to gene promoters and coding regions in response to stress. In yeast, active Hog1 associates with osmostress-responsive promoters by direct interaction with transcription factors to mediate the recruitment of general transcription factors, chromatin-modifying activities, and RNA Pol II during transcriptional initiation. However, it also associates with coding regions, having an important role in elongation (see [91] for review). p38, the homolog of Hog1 in mammals, is also recruited to both the promoter and open reading frames (ORFs) of target genes in response to anisomycin, an inhibitor of protein synthesis [92].



Genome-wide analyses demonstrated that, in addition to Hog1, Fus3, and Kss1, other kinases of the mating pheromone signaling pathway are physically associated with coding regions of pheromone responsive genes. Strikingly, upstream MAPK proteins can also associate with chromatin regions [92,93,94]. In yeast, Ste5, the central scaffold protein of the pheromone response pathway, occupies the same genes as Fus3 and Kss1 upon pheromone stimulation, suggesting that adaptor proteins might also be involved in protein interactions of nuclear localization [94,95]. Moreover, stress-activated MAPK Sty1 is recruited to promoters by the Atf1–Pcr1 transcription factor complex to regulate stress-induced gene expression in the fission yeast Schizosaccharomyces pombe [96,97].



Initially, genomic approaches did not find evidence for Slt2 gene occupancy under some specific conditions of Slt2 activation (cell cycle and pheromone exposure) [94]. However, later on, it was shown that, in response to cell wall stress, this MAPK interacts with chromatin at the promoter and coding regions of CWI-responsive genes regulated both by SBF (Swi4/Swi6) [98,99,100] and Rlm1 transcription factors [101]. Consequently, Slt2 participates in two well-differentiated mechanisms, discussed below, to regulate both transcriptional initiation and elongation.




3. The CWI Pathway and Regulation of Gene Expression


The yeast cell wall is an essential structure surrounding the cell, necessary for maintaining cell morphology and viability. Stressful conditions damaging this structure trigger the CWI pathway coordinated by the MAPK Slt2/Mpk1 (reviewed in [5]) (Figure 1). As its name implies, the CWI pathway of the budding yeast Saccharomyces cerevisiae has a main role in the regulation of cellular responses to cell wall damage and has been well characterized with regard to its regulation by cell wall stress [5,102,103]. Additionally, this pathway is important to regulate morphogenetic events that involve cell wall remodeling and actin cytoskeleton organization during cell cycle progression. The mechanisms by which the CWI pathway regulates the main cell-cycle transitions in response to cell-surface perturbance to delay cell-cycle progression have been recently updated in an excellent review by Quilis and co-workers [104]. Slt2 also participates in the regulation of iron homeostasis. Slt2 phosphorylates and negatively regulates Aft1 activity upon iron deprived conditions, suggesting that the MAP kinase is involved in the regulation of Aft1 activity in a feedback mechanism destined to modulate gene expression in response to iron availability [105].



3.1. Cell Wall-Stress Conditions


Under cell wall stress conditions induced by treatments with cell wall perturbing agents that interfere with the biogenesis of this structure, Mid2 and Wsc1, the primary sensors of this pathway, interact with the guanine nucleotide exchange factor Rom2, activating the small GTPase Rho1, which then interacts with and activates Pkc1. The central role of activated Pkc1 is to trigger a MAPK module comprising MAPKKK Bck1, the redundant MAPKKs Mkk1/Mkk2, and the MAPK Slt2. Phosphorylation of the MAPK Slt2 leads to activation of the transcription factors SBF (Swi4/Swi6) [106] and Rlm1 [107] (Figure 1). SBF is primarily involved in gene regulation during G1/S transition, but it also drives the gene expression of a minor group of genes in response to cell wall stress in a manner that is independent of its role in G1-specific transcription [98,100] (discussed below). Rlm1 is responsible for the induction of the primary CWI-adaptive transcriptional response, which has been extensively studied by genome-wide expression profiling (reviewed in [102]). These studies allowed the characterization of the transcriptional programs to cell wall-perturbing agents that interfere with cell wall integrity by different mechanisms, including Congo Red [108], Calcofluor White [109], or poacic Acid [110] which binds to cell wall polymers, inhibiting cell wall construction, zymolyase [111] which alters the cell wall via its β-1,3-glucanase, protease, and chitinase activities, or echinocandins which inhibit β-1,3-glucan synthase [112,113,114]. Changes in the transcriptional profiles of 100-200 genes include a CWI transcriptional fingerprint. This signature comprises the induction of genes related to cell wall biogenesis and remodeling, metabolism and energy, morphogenesis, signal transduction, and stress, required to compensate cell wall defects [102,115]. The final consequence of this response, known as “compensatory salvage response”, is to provide the cell with the mechanisms for the synthesis and crosslinking of cell wall polymers necessary for the maintenance of cellular integrity and fungal survival [5,102].



Although the CWI pathway plays a crucial role in regulating these responses, other pathways are also necessary to overcome cell wall stress situations. The transcriptional response elicited by Congo Red depends almost entirely on the MAPK Slt2 and the transcription factor Rlm1 [83,108]. Most of the adaptive transcriptional response to zymolyase also involves Rlm1, but sequential activation of the HOG and CWI pathways is required in this case [111,116]. Glycerol seems to be a key mediator of the crosstalk between CWI and HOG pathways. Activation of Slt2 in response to zymolyase treatment is a consequence of Hog1-driven glycerol accumulation [117]. Moreover, heat-shock activates Hog1 via the CWI pathway, and the main role of the CWI in this process is to stimulate glycerol loss [118]. Ssk2 is also necessary for full Slt2 activation in response to SDS, supporting the necessity of an interplay between HOG and CWI pathways to cope with this stress [6]. Crosstalk between the CWI and cAMP-PKA signaling pathways controls the TPK1 expression in response to heat stress. The CWI pathway may be activated starting from Mkk1 of the MAPK cascade, resulting in an appropriate PKA output. Wsc3 would be the sensor of this lateral input in a way that seems independent of the activation of upstream elements of the CWI route [119].



The plant natural product poacic acid specifically binds to β-1,3-glucan and triggers a transcriptional response co-regulated by parallel activation of the CWI and HOG signaling pathways [110]. Alternatively, inhibition of β-1,3-glucan synthesis by echinocandins induces the activation of a CWI transcriptional response dependent on both Slt2 and Rlm1, and a parallel response independent of both elements elicited by the inhibition of PKA signaling [120].



The MAPK Slt2 activates Rlm1 by phosphorylation, which is required for a proper CWI transcriptional response. However, SLT2 and RLM1-mediated positive feedback mechanisms are also needed for a complete transcriptional activation (Figure 1). Both genes are induced by cell wall stress in an Rlm1-dependent manner [83,108,121]. Thus, Rlm1 elicits a positive transcriptional feedback mechanism enhancing its production rate, amplifying and slowing down gene expression kinetics. Abrogation of the autoregulatory feedback mechanism exerted on RLM1 severely affects the transcriptional response elicited by CWI pathway activation. In contrast, the blockade of the positive feedback mechanism on SLT2 affects overexpression of SLT2 but not RLM1, having less impact on the CWI output response [122]. Therefore, phosphorylation of Rlm1 by Slt2 is critical but not sufficient for a complete functional CWI transcriptional response, which requires concurrent SLT2 and RLM1-mediated positive feedback mechanisms. Additionally, negative feedback events contribute to attenuate CWI responses, including the transcriptional induction of PTP2 and MSG5 by cell wall stress in an Slt2-dependent manner (Figure 1).



3.1.1. Transcriptional Activation Mechanism for SBF-Dependent Genes


SBF (Swi4/Swi6) is one of the transcription factors involved in CWI signaling. Swi4 is the sequence-specific DNA binding subunit, whereas Swi6 is the transcriptional activation subunit. However, Swi6 is necessary for the binding of Swi4 to DNA by relieving an auto-inhibitory intramolecular association of the Swi4 C-terminal domain with its own DNA binding domain [123,124]. SBF principally regulates G1-specific transcription genes [125,126]; however, it is also involved in the expression of a small subset of CWI genes under elevated growth temperature, including FKS2, CHA1, YLR042C, and YKR013W. This induction is mediated via a non-catalytic mechanism proposed by Levin and colleagues [98,99,100,127] (Figure 2). Upon heat shock, Slt2 binds to the promoter and ORF of FKS2 independently of its protein kinase activity through association with Swi4, but dependent on its activation by upstream activating kinases. This mechanism requires the phosphorylation of the MAPK Slt2 and/or its pseudokinase Mlp1 to interact with Swi4 and form a complex that associates with SBF-binding sites in the promoters of CWI-dependent genes, independently of Swi6. In this process, the catalytic activity of Slt2 and, therefore, the phosphorylation of the transcription factor Swi4 is not required. Although Slt2 relieves the autoinhibitory Swi4 interaction, Swi6 needs to be directed by this complex to the DNA for the recruitment of RNA Pol II (Figure 2). Direct regulation of Swi4 by Slt2 through this non-catalytic mechanism is independent of the role of SBF in cell cycle-regulated transcription [104].



In addition to their role in transcription initiation, Slt2 and Mlp1 also participate in elongation, traveling along the coding region associated with Pol II and Paf1C. In the model proposed, Slt2 and Mlp1 move from the transcription initiation complex to the transcription elongation complex, leaving Swi4-Swi6 behind [99]. Slt2 associates with the Paf1 complex at the FKS2 promoter. This interaction does not require the catalytic activity of the MAPK, however, it does require the presence of Swi4/Swi6 to direct this association with a restricted group of genes regulated by Slt2 and SBF. Slt2 interacts with the Paf1 complex via a docking site motif in the Paf1 subunit, but its catalytic activity is dispensable for this binding. In consequence, mutations in this domain block the transcriptional elongation of FKS2. The recruitment of Pol II (Rpb3) to the FKS2 promoter upon heat stress is not impaired in a paf1-4A mutant; however, the polymerase does not progress to the coding region, indicating a transcription elongation defect. The association between Slt2 and Paf1 blocks the recruitment of the Sen1-Nrd1-Nab3 termination complex and, therefore, avoids premature termination of the FKS2 gene [99] (Figure 2). All these results indicated that Slt2, for the first time, was part of the transcription initiation and elongation machinery bound to DNA. Interestingly, human ERK5 complements the loss of Slt2, mediating this non-catalytic transcriptional mechanism. Moreover, human Paf1 complements the Slt2-dependent function of yeast Paf1, suggesting that ERK5, and perhaps other MAPKs, possess non-catalytic tasks that require a signal from upstream kinases. Moreover, the regulatory mechanism where Slt2 overcomes transcriptional attenuation by blocking the Sen1-Nrd1-Nab3 termination complex to the elongating polymerase seems to be conserved in humans [98,99].



In contrast to a non-catalytic role for Slt2 in FKS2 transcription elongation, Yurko and co-workers demonstrated that Slt2 phosphorylates the Tyr1 residue of the C-terminal domain (CTD) of RNA Pol II, increasing Tyr1P levels in response to stress [128]. These effects are accompanied by defects in transcription termination factor recruitment. These authors showed that Nrd1 occupancy relative to Rpb1 at the FKS2 promoter is reduced following heat shock in wild-type cells, but increases when the Tyr1 residue changes to Phe, indicating that phosphorylation of Tyr1 by Slt2 is required for Sen1-Nrd1-Nab3 (NNS) complex loss upon heat shock (Figure 2). Therefore, Tyr1 phosphorylation impairs Nrd1 recruitment to chromatin, suggesting that it is the phosphorylation of Tyr1 by Slt2 associated with Paf1C which impairs termination factor recruitment to RNA Pol II [128,129].




3.1.2. Transcriptional Activation Mechanism for Rlm1-Dependent Genes


Rlm1 is the transcription factor responsible for the expression of most of the genes (~90%) induced under cell wall stress [83,108,130]. The RLM1 (Resistant to the Lethality of constitutive Mkk1) gene was first identified in a genetic screening for mutants resistant to the growth inhibition caused by a constitutive form of Mkk1 [131]. Rlm1 is a MADS (Mcm1-Arg80-Deficiens-serum response factor) box transcription factor related to a member of the mammalian MEF2 family of transcriptional regulators, sharing the same DNA-binding specificity in vitro (TAWWWWWTAGM, W as thiamine or adenine and M as adenine or cytosine; [109,132]). Rlm1 is phosphorylated in vitro by Slt2 and in vivo under heat shock in an Slt2-dependent manner [107]. Mutation of three potential phospho-acceptor sites S374, S427, and T439 inside Ser/Thr-Pro motifs of the transcriptional activation domain of Rlm1 abrogates gene expression of a CWI related gene in response to Calcofluor White [133]. Rlm1 is always located at the nucleus of yeast cells [133], so its activation by the MAPK Slt2 must take place here. A combination of gene expression analysis, chromatin immunoprecipitation (ChIP), and nucleosome scanning assays allowed us to describe a model for the sequence of events during transcriptional activation upon cell wall stress, where the packaging of regulatory sequences into chromatin plays an essential role [82,83,101] (Figure 3).



To understand the transcriptional activation mechanism regulated by the CWI pathway, it is essential to know the structure of gene promoter targets. MLP1/KDX1 is one of the genes induced under all cell wall stress conditions tested so far [102,115]. This gene is a model of CWI reporter genes because it shows low basal gene expression levels, but is highly expressed under cell wall stress, and this induction is largely dependent on Slt2 and Rlm1 [108]. The MLP1 promoter has two functional binding sites for Rlm1, BOX1 (-359/-350) and BOX2 (-510/-501). The nucleosome pattern characterized for the MLP1 gene revealed the presence of four nucleosomes positioned within the −699 and +161 region under non-stress conditions, the BOX1 site being exposed in the linker DNA between nucleosomes -3 and -2, or partially exposed at the edge of nucleosome-2, whereas the BOX2 site is completely occluded by nucleosome -3, preventing, or at least hindering, the binding of Rlm1 to this sequence [83]. Genome-wide analysis also reveals the existence of both occluded and exposed binding sites for Rlm1 in other CWI genes [134]. The structure of the MLP1 promoter corresponds to that observed in covered promoters or nucleosome-occupied promoters, identified in most stress-induced genes (reviewed in [14]).



The pattern of promoter nucleosome occupancy is correlated with the capacity of genes to alter their expression. In contrast to housekeeping genes, the promoters of genes that modify their expression levels in response to external and internal signals present nucleosomes covering the transcription start site (TSS), the regions adjacent to the TSS, and most of the binding sites for transcriptional activators, being highly regulated by different remodeling complexes and/or chromatin modifiers [26,135,136]. The PHO5 gene has a covered promoter and is one of the first models established for gene regulation via chromatin remodeling complexes [137]. The covered promoters are also characterized by presenting a TATA box, present mainly in stress-responsive genes, rather than in housekeeping genes. However, as an exception to most stress-regulated genes that carry a closed promoter, the MLP1 gene lacks a TATA box [138], although the binding of TBP to the MLP1 promoter would be jointly regulated by TFIID and SAGA complex [62].



Under cell wall stress conditions, the activated MAPK Slt2 phosphorylates Rlm1, resulting in its binding to specific sequences within target promoters (Figure 3). In fact, a yeast strain expressing a version of Rlm1 mutated at the ten potential phosphorylation sites for MAPKs or a catalytically inactive Slt2 results in a lack of Rlm1 enrichment at CWI genes and, consequently, gene induction [83,101]. Therefore, the role of Slt2 is essential in the phosphorylation of Rlm1 to trigger the transcriptional reprogramming via a catalytic mechanism different from that observed for SBF-dependent genes. Furthermore, the best-understood mechanism by which other MAPKs modulate transcription initiation is the phosphorylation of specific transcription factors. In response to osmostress, Hog1 regulates gene expression through different activators (Hot1, Smp1, Msn1, Msn2/4) and the Sko1 repressor that can act independently or in combination at specific promoters via different mechanisms [139]. Smp1 and Sko1 interact with Hog1 and are directly phosphorylated by Hog1. This phosphorylation turns Sko1 into an activator, modifying its association with the co-repressor Tup1-Ssn6 and allowing the recruitment of SAGA and SWI/SNF complexes to target genes [140,141]. On the other hand, Hog1 interacts with Msn2/4 and Hot1, allowing the attachment of the MAPK to promoters dependent on its catalytic activity, although gene expression is non-dependent on transcription factor phosphorylation [142,143], indicating that the catalytic activity of Hog1 per se is a crucial requirement for Pol II recruitment and, therefore, for transcription initiation.



The assembly of a pre-initiation complex at CWI-responsive genes must require chromatin-modifying activities to remodel or evict nucleosomes positioned along the target promoters (Figure 3). A connection between SWI/SNF, SAGA, and the cell wall stress-triggered transcriptional response was first established in a large-scale screening using the entire collection of haploid deletion strains transformed with a CWI reporter system (pMLP1-NAT1) [83]. Indeed, 76% of genes induced under cell wall stress are dependent on the SWI/SNF complex [83]. The ATP-dependent chromatin remodeling complex SWI/SNF is essential to displace nucleosomes positioned at the occluded Rlm1-binding sites and surrounding regions to permit Rlm1 entry and Pol II assembly. In the MLP1 gene, the exposed Rlm1 binding site would allow Rlm1 access to the promoter in a first step, but nucleosome displacement would be required upon stress to expose the additional occluded site in a two-step model for activation [83] (Figure 3). The physical interaction between Rlm1 and SWI/SNF and the requirement of Rlm1 for SWI/SNF recruitment indicates that the remodeler is directed to the promoters via interaction with the transcription factor Rlm1 [83]. It has been reported as the general mechanism for the recruitment of the SWI/SNF remodeling complex to target gene promoters since they cannot recognize specific DNA sequences by themselves [71,72,73]. This interaction occurs at the nucleus, and together they bind the exposed site to locally alter chromatin, ejecting the four nucleosomes positioned at the MLP1 promoter [83].



Cooperation between SAGA and SWI/SNF for an efficient transcriptional response under cell wall stress has been well established. Genome-wide expression analysis reveals a co-regulation of 65% of induced genes [82]. Indeed, the SAGA complex is recruited to the promoter of these genes in an Slt2 and Rlm1-dependent manner, probably through Rlm1 as deduced by the interaction between either Gcn5 or Ada2 (two SAGA subunits) and Slt2 in an Rlm1-dependent manner [99] (Figure 3). SAGA binding also depends on SWI/SNF but not vice versa, so it seems that SWI/SNF recruitment is necessary for the entry of SAGA. However, simultaneous entry of both complexes cannot be ruled out because no temporal differences in binding have been described [82]. In these promoters, SAGA acetylates the H3 histone, the HAT activity of Gcn5 being essential for MLP1 gene expression upon cell wall stress (Figure 3).



Although H3 acetylation by SAGA is not critical for pre-initiation complex assembly (Pol II, Snf2, and Rlm1 binding are only slightly affected in SAGA mutants), it increases the remodeling mediated by the SWI/SNF complex. Indeed, the simultaneous deletion of SNF2 and GCN5, in addition to blocking chromatin remodeling, Rlm1 binding, and gene expression, also increases hypersensitivity to cell wall stress compared with individual deletions [82]. As already mentioned, histone acetylation can also create a target for proteins containing bromodomains, including Gcn5 and Spt7 of the SAGA complex, and Snf2 of the SWI/SNF complex. Thus, besides its role in nucleosome unpacking, this mark will stabilize SAGA itself, although it is unlikely to stabilize the SWI/SNF complex because the recruitment of Snf2 is almost unaffected in the absence of Gcn5 upon cell wall stress. The SAGA complex is also recruited to osmostress genes, playing a selective role under severe osmostress conditions [79]. However, histone deacetylation mediated by the Rpd3 HDAC enzyme is required in this case, and in response to oxidative and heat stress, to induce gene expression [76,144,145]. This points to a different chromatin-regulated process in which a decrease in histone acetylation could provide unique binding motifs for the recruitment of other activators to promote gene expression.



Parallel recruitments of different co-activators have been observed in the transcriptional initiation of stress-inducible genes, probably to support the rapid and fine-tuned upregulation required during adverse conditions. For example, simultaneous recruitment of SAGA and SWI/SNF has also been observed at osmotic stress-inducible genes [140] and the glucose-repressed SUC1 gene [146], and even different ATP-dependent chromatin remodeling complexes such as SWI/SNF, RSC, and ISWI work together to regulate the expression of heat shock genes [147]. The RSC remodeling complex has also been related to cell wall stress, although its precise role in gene expression has not been elucidated [148,149,150]. Together with histone acetylation, histone methylation and protein ubiquitination have been proven important to regulate gene expression via the HOG pathway. Monomethylation of the H3K4 histone by the histone methyltransferase Set1 dictates the specificity of chromatin remodeling, acting the RSC complex in the presence of monomethylated H3K4 and the SWR-C chromatin remodeling complex in the absence of H3K4 monomethylation [84]. Moreover, Ubp3, a ubiquitin-specific protease, is recruited to the promoters and coding regions of osmostress responsive genes to mediate protein ubiquitination in a Hog1-dependent manner, indicating that the balance of ubiquitinated proteins is important for its transcriptional initiation and elongation [80].



In response to cell wall stress, Slt2 binds to promoters and to the coding regions of CWI genes [101]. The association of Slt2 with DNA relies on its interaction with Rlm1 and requires an active Slt2 MAPK and the participation of chromatin-modifying complexes. Slt2 could be attached to the chromatin to mediate the phosphorylation of Rlm1, or it could also drive additional mechanisms in transcription initiation or elongation. Unlike the other MAPKs, Slt2 and its human ortholog ERK5 present a transcriptional activation domain within the C-terminal region [151,152,153]. In ERK5, this region undergoes intramolecular autophosphorylation at multiple residues under stress conditions that enhance the transcriptional activation of ERK5-dependent genes [154]. Additionally, the C-terminus of ERK5 also contains a nuclear localization signal (NLS), suggesting that autophosphorylation of this region may link ERK5 nuclear translocation and its transactivation function [155]. In an artificial system, when Slt2 is fused to the Gal4 DBD (DNA binding domain), it can activate GAL1-LacZ transcription in response to cell wall stress [156]. When Slt2 is artificially targeted to the promoter of CWI-dependent genes by the fusion of the MAPK to the Rlm1 DNA binding domain, it can bind to promoters and coding regions to induce certain levels of MLP1 gene expression in the absence of Rlm1. Remarkably, the transcriptional induction of MLP1 upon stress depends on MAPK phosphorylation, but not on its kinase activity. Thus, Slt2, by itself, can activate the transcription of CWI responsive genes independently of Rlm1, supporting a role for Slt2 in transcriptional activation as a structural component. Nevertheless, the presence of Rlm1 is still necessary for adequate gene induction [101].



Similarly, it has been shown that the phosphorylation of Slt2 but not its catalytic activity is required for flocculation, suggesting that Slt2 probably acts as a transactivator to induce transcription of FLO genes binding to their promoters via Rlm1, independently of its catalytic activity [157]. The binding of Rlm1 reduces the occupancy of the Tup1 repressor leading to the recruitment of TBP and Pol II at the promoters of FLO genes in flocculating cells. Antagonistic binding of Rlm1 and Tup1, and the presence of overlapping binding sites at the promoters of FLO genes suggest that the Rlm1 and Tup1 interplay is involved in the regulation of FLO gene expression and yeast flocculation [157]



The ability of Slt2 to drive gene expression by itself is explained by the fact that Slt2 physically interacts with RNA Pol II upon cell wall stress. Slt2 is first recruited to promoters by Rlm1 to interact with RNA Pol II, to move from the transcription initiation complex to the transcription elongation complex at the coding region in a second step, independently of Rlm1 (Figure 3). This kinase recruitment mechanism differs from that described for Hog1, where Hog1 binding to coding regions is dependent on specific 3′ noncoding regions and, therefore, independent of promoter binding [158]. Besides, elongation of Rlm1-dependent genes is not controlled by Paf1C, although other elongation complexes such as THO and CCR4-NOT could be participating [101]. In accordance, it has also been suggested that ERK5 participates in elongation control, but the mechanism remains unclear [159]. The role of MAPK in transcriptional elongation, especially for Hog1, has been extensively studied. Hog1 is associated with the coding regions of osmostress genes and behaves as a transcriptional elongation factor by direct phosphorylation of the Spt4 elongation factor to regulate the activity of RNA Pol II [91,158,160]. Hog1 also interacts with the RSC chromatin remodeling complex to direct its association with the coding regions and modify nucleosome organization at this level [77].



Ubiquitination of H2B influences both transcriptional initiation and elongation [161,162] and involves changes in the organization and stability of chromatin to allow RNA Pol II to carry out transcription [163,164,165]. We have evidence that H2B ubiquitination by Rad6 (E2 Ubiquitin-conjugating enzyme) is necessary for H2B displacement at the coding region of CWI-responsive genes, in agreement with the participation of H2B ubiquitination in transcriptional elongation of genes regulated via the CWI pathway upon cell wall stress [166]. Moreover, Ubp8, a ubiquitin-specific protease component of the SAGA acetylation complex, is also recruited to coding regions to maintain appropriate levels of H2B ubiquitination (Figure 3). Thus, the main catalytic activities of the SAGA complex, acetylation and deubiquitination, are required for adequate expression of CWI-responsive genes.





3.2. Other CWI-Activating Conditions


In addition to cell wall damage conditions, other stimuli have also been found to trigger the activation of the CWI pathway [6]. The mechanisms of activation in these cases are much less understood. An interesting open question is how different stresses mount specific transcriptional responses by activation of the same MAPK. David Levin and co-workers have recently suggested that stress-specific MAPK outputs may be controlled, at least in part, by specific intracellular mechanisms of activation [167]. They uncovered the mechanisms by which DNA damage and arsenite stimulate the MAPKs Slt2 and Hog1, respectively. In both cases, the MAPK is activated through intracellular inputs (by the inhibition of phosphatases) that modulate their basal phosphorylation, rather than stimulating signaling through their corresponding protein kinase cascades [167,168,169]. In the case of arsenite, it inhibits Ptp2 and Ptp3, the tyrosine-specific phosphatases that maintain Hog1 in a low-activity state. Interestingly, the cellular response to arsenite fails to drive gene expression in support of glycerol production but contributes to arsenic-specific gene expression via the transcription factor Acr1 [167,170]. For genotoxic stress, the mechanism of activation of Slt2 includes induced ubiquitin-mediated proteolysis of the dual-specificity phosphatase Msg5, which maintains low levels of Slt2 activation in the absence of stress [169]. Similar to the case of arsenite, Slt2 activation by DNA damage does not drive the known cell wall integrity transcriptional program associated with cell wall stress, in agreement with the idea that specific MAPK outputs may be controlled by intracellular mechanisms. Additional observations suggest that protein kinase C (Pkc1) has a role in the DNA damage transcriptional response independent of its recognized function in the activation of Slt2 [171].



UPRER, HOG, and CWI pathways are closely related and interact with each other in helping the cell to reduce cadmium toxicity [172]. Molecular mechanisms underlying transcriptional adaptive responses to cadmium and arsenate have also recently been reported [173]. The CWI pathway protects against both stresses through the upregulation of genes involved in cell wall biosynthesis and cell cycle control. The MAPK Slt2 exerts control of gene expression through distinct sets of CWI transcriptional regulators, including Rlm1 and SBF complex [173]. Thus, Rlm1, Swi4, and Swi6 transcription factors may coordinately modulate the expression of cell wall genes in response to cadmium-induced stress, whereas in response to arsenate-induced ER stress, Swi6 may play an important role in controlling the expression of cell cycle-regulating genes.





4. Conclusions and Future Perspectives


Understanding gene regulation in response to stress requires knowledge of the transcription mechanisms mediated by MAPKs. Regulatory mechanisms provide the cells with the necessary tools to respond efficiently to environmental changes. Tight regulation is important to ensure the correct temporal modulation of gene expression in response to stress. Gene expression under stress conditions is quite complex and requires not only the participation of MAPK and specific transcription factors, but also the coordinated action of different co-activators. Recruitment of co-activators and the transcription machinery to promoter regions is a key initial step in activating transcription. Although these regulatory mechanisms are not exclusive to each MAPK, different stress situations may mediate distinct molecular mechanisms at the transcriptional level with a diverse group of co-activators as protagonists to achieve coordinated and highly regulated responses. Even under the same type of stress, transcriptional mechanisms may vary depending on the architecture of the gene target.



In this review, we focus on the transcriptional mechanisms elicited by the MAPK Slt2 to activate gene expression under cell wall stress, highlighting the role of chromatin as an extra level of gene regulation. Nucleosome remodeling is crucial for inducible gene expression as it facilitates transcription activation. Upon cell wall stress, Slt2 phosphorylates and activates the main transcription factor Rlm1 to recruit both to the promoters of CWI-responsive genes in complex with SWI/SNF [83,101]. SWI/SNF activity is necessary to evict nucleosomes positioned at this region and permit pre-initiation complex (PIC) assembly. Nucleosome reorganization is also mediated by histone acetylation by the SAGA complex [82]. The role of the MAPK Slt2 in gene expression is not restricted to transcription initiation and PIC formation but extends to transcriptional elongation. Thus, Slt2 is also recruited to the coding regions of CWI-regulated genes, facilitating the progression of RNA Pol II along the ORF during transcription elongation [101]. In addition to the primary CWI transcriptional response, which is mediated by Rlm1, SBF (Swi4/Swi6) regulates the expression of a small group of genes, via a non-catalytic mechanism. In this case, Slt2 blocks premature transcription termination of cell wall stress genes, like FKS2 regulated by SBF, via a mechanism that requires activation of Slt2 but not its catalytic activity [99].



Despite recent advances in molecular mechanisms controlling gene expression via the yeast CWI pathway, some questions remain unanswered. Studies have focused on the recruitment of transcription and chromatin regulatory complexes to chromatin. Still, little is known about how cells coordinate and discriminate activities and crosstalk between many gene regulatory factors in response to external cues. Combining genome-wide and context-specific approaches with chromosome conformation capture techniques will allow us to further understand the molecular mechanism involved in the genome organization of stress-responsive genes. Particularly, it will be interesting to see how each specific cell in a population responds to cell wall stress signals. Single-cell sequencing methods will allow monitoring the dynamics of mRNA production in single live cells and help elucidate global transcriptional responses and regulation mechanisms at the single-cell level. These mechanisms are beginning to be clarified in response to other stresses and their corresponding signaling pathways, like the HOG and UPRER signaling pathways. They suggest a particular interplay between MAPK signaling, chromatin, and transcription factors [174], and the possibility of effecting stress responses in different ways within distinct cells of an apparently homogeneous cell population [175,176]. A better understanding of cell wall stress responses at transcriptional and post-transcriptional stages will require additional stress-regulatory events, such as mRNA processing, transport of mRNAs from the nucleus to the cytoplasm, and regulation of mRNA stability, to be uncovered. Interestingly, cell wall stress induces the formation of P-bodies, and mRNAs, whose expression is regulated via the CWI pathway, localize to these structures [177].



MAPK pathways are essential for controlling cell physiology in all eukaryotes, and many of the signaling mechanisms mediated by MAPKs in yeasts are conserved in humans. A detailed characterization of the mechanisms required for regulating MAPK-mediated signaling and gene expression would allow the identification of novel targets for possible therapeutic intervention. ERK5, the human ortholog of Slt2, phosphorylates and activates several transcription factors, such as c-Myc, Sap1a, CREB, and the MEF2 family members MEF2A, C, and D, playing a critical role in cardiovascular development and vascular integrity [178,179]. Moreover, abnormal activation of this pathway has also been involved in pathological conditions leading to cancer and tumor angiogenesis [179,180,181]. Thus, the advances achieved in the characterization of the yeast MAPK Slt2 could be highly relevant, as many of its functions could be conserved.



Treatments with cell wall perturbing agents, including antifungal inhibitors of β-1,3-glucan synthesis, like echinocandins, elicit rescue mechanisms in the budding yeast, particularly compensatory chitin synthesis, to maintain cellular integrity [5,102]. These adaptive responses, which are well conserved in pathogenic fungi including Candida albicans [182], Aspergillus fumigatus [183], Candida auris [184], and Cryptococcus neoformans [185], may decrease the effectiveness of antifungal treatments targeting cell wall biogenesis. Therefore, a better understanding of the mechanisms governing cell wall adaptive responses, including effector proteins and regulatory circuits, could allow the identification of new cellular targets for potential antifungal drugs. These responses are mainly regulated through the CWI pathway and other protein kinase signaling pathways like the HOG, calcineurin, and PKA pathways [102,185,186,187]. Thus, combining echinocandins with molecules interfering with antifungal adaptation pathways can be envisioned as a good antifungal strategy [188]. Cercosporamide, which acts selectively on Pkc1 kinase [189] is additive with echinocandins. Puupehenone, a marine-sponge-derived sesquiterpene quinone, also synergizes with echinocandins by inhibiting the interaction between Hsp90 and its cochaperone Cdc37, blocking the induction of caspofungin-responding genes required for adaptation to cell wall stress through the CWI pathway [190]. An alternative strategy in the same line of action would be to block some of the enzymatic activities associated with cell wall remodeling in these adaptation responses, including those necessary for the synthesis of compensatory chitin and glucan and enzymes involved in glucan remodeling and glucan-chitin crosslinking [191,192]. These enzymes play an important role in the fungal cell wall remodeling necessary to counterbalance cell wall stress, and many of them are transcriptionally induced in cell wall stress adaptive responses [102]. Thus, inhibitors of the chitin synthase such as nikkomycins, and inhibitors of the Gas/Phr β-1,3 glucanosyl transferases or Crh transglycosylases could be potentially used for combination therapies targeting the synthesis of β-1,3-glucan and blocking adaptive/compensatory cell wall remodeling mechanisms. Given the importance of stress adaptive response in the development of echinocandin resistance, these new combination therapies will likely be more effective in combating fungal pathogens.







Funding


This work was supported by the grants BIO2016-79289-P and PID2019-105223GB-I00 (Ministerio de Ciencia e Innovación, MICINN, Spain) and S2017/ BMD3691-InGEMICS (Comunidad de Madrid, Spain) to J.A.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


All members of our research group (UCM-920640: Yeast Functional Genomics) at the Department of Microbiology and Parasitology are also acknowledged for their support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Krishna, M.; Narang, H. The complexity of mitogen-activated protein kinases (MAPKs) made simple. Cell. Mol. Life Sci. 2008, 65, 3525–3544. [Google Scholar] [CrossRef] [PubMed]

	



Elion, E.A.; Qi, M.; Chen, W. Signal transduction. Signaling specificity in yeast. Science 2005, 307, 687–688. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.E.; Thorner, J. Function and regulation in MAPK signaling pathways: Lessons learned from the yeast Saccharomyces cerevisiae. Biochim. Biophys. Acta 2007, 1773, 1311–1340. [Google Scholar] [CrossRef] [PubMed]

	



Engelberg, D.; Perlman, R.; Levitzki, A. Transmembrane signaling in Saccharomyces cerevisiae as a model for signaling in metazoans: State of the art after 25 years. Cell. Signal. 2014, 26, 2865–2878. [Google Scholar] [CrossRef] [PubMed]

	



Levin, D.E. Regulation of cell wall biogenesis in Saccharomyces cerevisiae: The cell wall integrity signaling pathway. Genetics 2011, 189, 1145–1175. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Gutierrez, E.; Alegria-Carrasco, E.; Sellers-Moya, A.; Molina, M.; Martin, H. Not just the wall: The other ways to turn the yeast CWI pathway on. Int. Microbiol. 2020, 23, 107–119. [Google Scholar] [CrossRef]

	



Berry, D.B.; Gasch, A.P. Stress-activated genomic expression changes serve a preparative role for impending stress in yeast. Mol. Biol. Cell 2008, 19, 4580–4587. [Google Scholar] [CrossRef]

	



Chen, F.; Evans, A.; Pham, J.; PLoSky, B. Cellular stress responses: A balancing act. Mol. Cell 2010, 40, 175. [Google Scholar] [CrossRef]

	



Martin, H.; Flandez, M.; Nombela, C.; Molina, M. Protein phosphatases in MAPK signalling: We keep learning from yeast. Mol. Microbiol. 2005, 58, 6–16. [Google Scholar] [CrossRef]

	



Gonzalez-Rubio, G.; Fernandez-Acero, T.; Martin, H.; Molina, M. Mitogen-Activated Protein Kinase Phosphatases (MKPs) in Fungal Signaling: Conservation, Function, and Regulation. Int. J. Mol. Sci. 2019, 20, 1709. [Google Scholar] [CrossRef]

	



Molina, M.; Cid, V.J.; Martin, H. Fine regulation of Saccharomyces cerevisiae MAPK pathways by post-translational modifications. Yeast 2010, 27, 503–511. [Google Scholar] [CrossRef] [PubMed]

	



Vazquez-Ibarra, A.; Rodriguez-Martinez, G.; Guerrero-Serrano, G.; Kawasaki, L.; Ongay-Larios, L.; Coria, R. Negative feedback-loop mechanisms regulating HOG- and pheromone-MAPK signaling in yeast. Curr. Genet. 2020, 66, 867–880. [Google Scholar] [CrossRef] [PubMed]

	



Atay, O.; Skotheim, J.M. Spatial and temporal signal processing and decision making by MAPK pathways. J. Cell Biol. 2017, 216, 317–330. [Google Scholar] [CrossRef] [PubMed]

	



Cairns, B.R. The logic of chromatin architecture and remodelling at promoters. Nature 2009, 461, 193–198. [Google Scholar] [CrossRef]

	



Singh, A.K.; Mueller-Planitz, F. Nucleosome Positioning and Spacing: From Mechanism to Function. J. Mol. Biol. 2021, 433, 166847. [Google Scholar] [CrossRef]

	



Cutter, A.R.; Hayes, J.J. A brief review of nucleosome structure. FEBS Lett. 2015, 589, 2914–2922. [Google Scholar] [CrossRef]

	



Kornberg, R.D. Chromatin structure: A repeating unit of histones and DNA. Science 1974, 184, 868–871. [Google Scholar] [CrossRef]

	



Luger, K.; Mader, A.W.; Richmond, R.K.; Sargent, D.F.; Richmond, T.J. Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature 1997, 389, 251–260. [Google Scholar] [CrossRef]

	



Whitlock, J.P., Jr.; Simpson, R.T. Localization of the sites along nucleosome DNA which interact with NH2-terminal histone regions. J. Biol. Chem. 1977, 252, 6516–6520. [Google Scholar] [CrossRef]

	



Ausio, J.; Dong, F.; van Holde, K.E. Use of selectively trypsinized nucleosome core particles to analyze the role of the histone "tails" in the stabilization of the nucleosome. J. Mol. Biol. 1989, 206, 451–463. [Google Scholar] [CrossRef]

	



Zheng, C.; Hayes, J.J. Structures and interactions of the core histone tail domains. Biopolymers 2003, 68, 539–546. [Google Scholar] [CrossRef] [PubMed]

	



Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Carey, M.; Workman, J.L. The role of chromatin during transcription. Cell 2007, 128, 707–719. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.D.; Widom, J. Sequence and position-dependence of the equilibrium accessibility of nucleosomal DNA target sites. J. Mol. Biol. 2000, 296, 979–987. [Google Scholar] [CrossRef]

	



Jansen, A.; Verstrepen, K.J. Nucleosome positioning in Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 2011, 75, 301–320. [Google Scholar] [CrossRef]

	



Field, Y.; Kaplan, N.; Fondufe-Mittendorf, Y.; Moore, I.K.; Sharon, E.; Lubling, Y.; Widom, J.; Segal, E. Distinct modes of regulation by chromatin encoded through nucleosome positioning signals. PLoS Comput. Biol. 2008, 4, e1000216. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, C.; Pugh, B.F. Nucleosome positioning and gene regulation: Advances through genomics. Nat. Rev. Genet. 2009, 10, 161–172. [Google Scholar] [CrossRef]

	



Lee, W.; Tillo, D.; Bray, N.; Morse, R.H.; Davis, R.W.; Hughes, T.R.; Nislow, C. A high-resolution atlas of nucleosome occupancy in yeast. Nat. Genet. 2007, 39, 1235–1244. [Google Scholar] [CrossRef]

	



Lorch, Y.; Kornberg, R.D. Chromatin-remodeling and the initiation of transcription. Q. Rev. Biophys. 2015, 48, 465–470. [Google Scholar] [CrossRef]

	



Bowman, G.D.; McKnight, J.N. Sequence-specific targeting of chromatin remodelers organizes precisely positioned nucleosomes throughout the genome. Bioessays 2017, 39, 1–8. [Google Scholar] [CrossRef]

	



Kornberg, R.D.; Lorch, Y. Primary Role of the Nucleosome. Mol. Cell 2020, 79, 371–375. [Google Scholar] [CrossRef] [PubMed]

	



Shivaswamy, S.; Iyer, V.R. Stress-dependent dynamics of global chromatin remodeling in yeast: Dual role for SWI/SNF in the heat shock stress response. Mol. Cell Biol. 2008, 28, 2221–2234. [Google Scholar] [CrossRef] [PubMed]

	



Shivaswamy, S.; Bhinge, A.; Zhao, Y.; Jones, S.; Hirst, M.; Iyer, V.R. Dynamic remodeling of individual nucleosomes across a eukaryotic genome in response to transcriptional perturbation. PLoS Biol. 2008, 6, e65. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wysocka, J.; Perlin, J.R.; Leonelli, L.; Allis, C.D.; Coonrod, S.A. Linking covalent histone modifications to epigenetics: The rigidity and plasticity of the marks. Cold Spring Harb. Symp. Quant. Biol. 2004, 69, 161–169. [Google Scholar] [CrossRef]

	



Zhang, T.; Cooper, S.; Brockdorff, N. The interplay of histone modifications—Writers that read. EMBO Rep. 2015, 16, 1467–1481. [Google Scholar] [CrossRef]

	



Clapier, C.R.; Cairns, B.R. The biology of chromatin remodeling complexes. Annu. Rev. Biochem. 2009, 78, 273–304. [Google Scholar] [CrossRef]

	



Narlikar, G.J.; Fan, H.Y.; Kingston, R.E. Cooperation between complexes that regulate chromatin structure and transcription. Cell 2002, 108, 475–487. [Google Scholar] [CrossRef]

	



Lin, A.; Du, Y.; Xiao, W. Yeast chromatin remodeling complexes and their roles in transcription. Curr. Genet. 2020, 66, 657–670. [Google Scholar] [CrossRef]

	



Lorch, Y.; Kornberg, R.D. Chromatin-remodeling for transcription. Q. Rev. Biophys. 2017, 50, e5. [Google Scholar] [CrossRef]

	



Villaseñor, R.; Baubec, T. Regulatory mechanisms governing chromatin organization and function. Curr. Opin. Cell Biol. 2020, 70, 10–17. [Google Scholar] [CrossRef]

	



Weiner, A.; Chen, H.V.; Liu, C.L.; Rahat, A.; Klien, A.; Soares, L.; Gudipati, M.; Pfeffner, J.; Regev, A.; Buratowski, S.; et al. Systematic dissection of roles for chromatin regulators in a yeast stress response. PLoS Biol. 2012, 10, e1001369. [Google Scholar] [CrossRef] [PubMed]

	



Smith, K.T.; Workman, J.L. Chromatin proteins: Key responders to stress. PLoS Biol. 2012, 10, e1001371. [Google Scholar] [CrossRef] [PubMed]

	



Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693–705. [Google Scholar] [CrossRef] [PubMed]

	



Al Aboud, N.M.; Tupper, C.; Jialal, I. Genetics, Epigenetic Mechanism; StatPearls: Treasure Island, FL, USA, 2021. [Google Scholar]

	



Freitag, M. Histone Methylation by SET Domain Proteins in Fungi. Annu. Rev. Microbiol. 2017, 71, 413–439. [Google Scholar] [CrossRef]

	



Separovich, R.J.; Wong, M.W.M.; Chapman, T.R.; Slavich, E.; Hamey, J.J.; Wilkins, M.R. Post-translational modification analysis of Saccharomyces cerevisiae histone methylation enzymes reveals phosphorylation sites of regulatory potential. J. Biol. Chem. 2021, 296, 100192. [Google Scholar] [CrossRef]

	



Wilson, N.R.; Hochstrasser, M. The Regulation of Chromatin by Dynamic SUMO Modifications. Methods Mol. Biol. 2016, 1475, 23–38. [Google Scholar]

	



Lawrence, M.; Daujat, S.; Schneider, R. Lateral Thinking: How Histone Modifications Regulate Gene Expression. Trends Genet. 2016, 32, 42–56. [Google Scholar] [CrossRef]

	



Lee, K.K.; Workman, J.L. Histone acetyltransferase complexes: One size doesn’t fit all. Nat. Rev. Mol. Cell Biol. 2007, 8, 284–295. [Google Scholar] [CrossRef]

	



Cheon, Y.; Kim, H.; Park, K.; Kim, M.; Lee, D. Dynamic modules of the coactivator SAGA in eukaryotic transcription. Exp. Mol. Med. 2020, 52, 991–1003. [Google Scholar] [CrossRef]

	



Nuño-Cabanes, C.; Rodriguez-Navarro, S. The promiscuity of the SAGA complex subunits: Multifunctional or moonlighting proteins? Biochim. Biophys. Acta Gene Regul. Mech. 2021, 1864, 194607. [Google Scholar] [CrossRef]

	



Kuo, Y.M.; Andrews, A.J. Quantitating the specificity and selectivity of Gcn5-mediated acetylation of histone H3. PLoS ONE 2013, 8, e54896. [Google Scholar] [CrossRef]

	



Pokholok, D.K.; Harbison, C.T.; Levine, S.; Cole, M.; Hannett, N.M.; Lee, T.I.; Bell, G.W.; Walker, K.; Rolfe, P.A.; Herbolsheimer, E.; et al. Genome-wide map of nucleosome acetylation and methylation in yeast. Cell 2005, 122, 517–527. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.L.; Kaplan, T.; Kim, M.; Buratowski, S.; Schreiber, S.L.; Friedman, N.; Rando, O.J. Single-nucleosome mapping of histone modifications in S. cerevisiae. PLoS Biol. 2005, 3, e328. [Google Scholar] [CrossRef]

	



Robert, F.; Pokholok, D.K.; Hannett, N.M.; Rinaldi, N.J.; Chandy, M.; Rolfe, A.; Workman, J.L.; Gifford, D.K.; Young, R.A. Global position and recruitment of HATs and HDACs in the yeast genome. Mol. Cell 2004, 16, 199–209. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.J. Lysine acetylation and the bromodomain: A new partnership for signaling. Bioessays 2004, 26, 1076–1087. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, L.; Zhou, M.M. Bromodomain: An acetyl-lysine binding domain. FEBS Lett. 2002, 513, 124–128. [Google Scholar] [CrossRef]

	



Winston, F.; Allis, C.D. The bromodomain: A chromatin-targeting module? Nat. Struct. Biol. 1999, 6, 601–604. [Google Scholar] [CrossRef]

	



Mohibullah, N.; Hahn, S. Site-specific cross-linking of TBP in vivo and in vitro reveals a direct functional interaction with the SAGA subunit Spt3. Genes Dev. 2008, 22, 2994–3006. [Google Scholar] [CrossRef]

	



Bhaumik, S.R.; Green, M.R. Differential requirement of SAGA components for recruitment of TATA-box-binding protein to promoters in vivo. Mol. Cell. Biol. 2002, 22, 7365–7371. [Google Scholar] [CrossRef]

	



Dudley, A.M.; Rougeulle, C.; Winston, F. The Spt components of SAGA facilitate TBP binding to a promoter at a post-activator-binding step in vivo. Genes Dev. 1999, 13, 2940–2945. [Google Scholar] [CrossRef]

	



Huisinga, K.L.; Pugh, B.F. A genome-wide housekeeping role for TFIID and a highly regulated stress-related role for SAGA in Saccharomyces cerevisiae. Mol. Cell 2004, 13, 573–585. [Google Scholar] [CrossRef]

	



Lee, T.I.; Causton, H.C.; Holstege, F.C.; Shen, W.C.; Hannett, N.; Jennings, E.G.; Winston, F.; Green, M.R.; Young, R.A. Redundant roles for the TFIID and SAGA complexes in global transcription. Nature 2000, 405, 701–704. [Google Scholar] [CrossRef] [PubMed]

	



Henry, K.W.; Wyce, A.; Lo, W.S.; Duggan, L.J.; Emre, N.C.; Kao, C.F.; Pillus, L.; Shilatifard, A.; Osley, M.A.; Berger, S.L. Transcriptional activation via sequential histone H2B ubiquitylation and deubiquitylation, mediated by SAGA-associated Ubp8. Genes Dev. 2003, 17, 2648–2663. [Google Scholar] [CrossRef] [PubMed]

	



Daniel, J.A.; Torok, M.S.; Sun, Z.W.; Schieltz, D.; Allis, C.D.; Yates, J.R., 3rd; Grant, P.A. Deubiquitination of histone H2B by a yeast acetyltransferase complex regulates transcription. J. Biol. Chem. 2004, 279, 1867–1871. [Google Scholar] [CrossRef]

	



Prajapati, H.K.; Ocampo, J.; Clark, D.J. Interplay among ATP-Dependent Chromatin Remodelers Determines Chromatin Organisation in Yeast. Biology 2020, 9, 190. [Google Scholar] [CrossRef]

	



Flaus, A.; Martin, D.M.; Barton, G.J.; Owen-Hughes, T. Identification of multiple distinct Snf2 subfamilies with conserved structural motifs. Nucleic Acids Res. 2006, 34, 2887–2905. [Google Scholar] [CrossRef]

	



Kasten, M.M.; Clapier, C.R.; Cairns, B.R. SnapShot: Chromatin remodeling: SWI/SNF. Cell 2011, 144, 310. [Google Scholar] [CrossRef]

	



Cote, J.; Quinn, J.; Workman, J.L.; Peterson, C.L. Stimulation of GAL4 derivative binding to nucleosomal DNA by the yeast SWI/SNF complex. Science 1994, 265, 53–60. [Google Scholar] [CrossRef]

	



Smith, C.L.; Horowitz-Scherer, R.; Flanagan, J.F.; Woodcock, C.L.; Peterson, C.L. Structural analysis of the yeast SWI/SNF chromatin remodeling complex. Nat. Struct. Biol. 2003, 10, 141–145. [Google Scholar] [CrossRef]

	



Cosma, M.P.; Tanaka, T.; Nasmyth, K. Ordered recruitment of transcription and chromatin remodeling factors to a cell cycle- and developmentally regulated promoter. Cell 1999, 97, 299–311. [Google Scholar] [CrossRef]

	



Neely, K.E.; Hassan, A.H.; Wallberg, A.E.; Steger, D.J.; Cairns, B.R.; Wright, A.P.; Workman, J.L. Activation domain-mediated targeting of the SWI/SNF complex to promoters stimulates transcription from nucleosome arrays. Mol. Cell 1999, 4, 649–655. [Google Scholar] [CrossRef]

	



Yudkovsky, N.; Logie, C.; Hahn, S.; Peterson, C.L. Recruitment of the SWI/SNF chromatin remodeling complex by transcriptional activators. Genes Dev. 1999, 13, 2369–2374. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, C.L.; Workman, J.L. Promoter targeting and chromatin remodeling by the SWI/SNF complex. Curr. Opin. Genet. Dev. 2000, 10, 187–192. [Google Scholar] [CrossRef]

	



Hahn, S.; Young, E.T. Transcriptional regulation in Saccharomyces cerevisiae: Transcription factor regulation and function, mechanisms of initiation, and roles of activators and coactivators. Genetics 2011, 189, 705–736. [Google Scholar] [CrossRef] [PubMed]

	



De Nadal, E.; Zapater, M.; Alepuz, P.M.; Sumoy, L.; Mas, G.; Posas, F. The MAPK Hog1 recruits Rpd3 histone deacetylase to activate osmoresponsive genes. Nature 2004, 427, 370–374. [Google Scholar] [CrossRef]

	



Mas, G.; de Nadal, E.; Dechant, R.; Rodríguez de la Concepcion, M.L.; Logie, C.; Jimeno-Gonzalez, S.; Chavez, S.; Ammerer, G.; Posas, F. Recruitment of a chromatin remodelling complex by the Hog1 MAP kinase to stress genes. EMBO J. 2009, 28, 326–336. [Google Scholar] [CrossRef]

	



Klopf, E.; Paskova, L.; Sole, C.; Mas, G.; Petryshyn, A.; Posas, F.; Wintersberger, U.; Ammerer, G.; Schuller, C. Cooperation between the INO80 complex and histone chaperones determines adaptation of stress gene transcription in the yeast Saccharomyces cerevisiae. Mol. Cell Biol. 2009, 29, 4994–5007. [Google Scholar] [CrossRef]

	



Zapater, M.; Sohrmann, M.; Peter, M.; Posas, F.; de Nadal, E. Selective requirement for SAGA in Hog1-mediated gene expression depending on the severity of the external osmostress conditions. Mol. Cell. Biol. 2007, 27, 3900–3910. [Google Scholar] [CrossRef]

	



Solé, C.; Nadal-Ribelles, M.; Kraft, C.; Peter, M.; Posas, F.; de Nadal, E. Control of Ubp3 ubiquitin protease activity by the Hog1 SAPK modulates transcription upon osmostress. EMBO J. 2011, 30, 3274–3284. [Google Scholar] [CrossRef]

	



Bradley, A.I.; Marsh, N.M.; Borror, H.R.; Mostoller, K.E.; Gama, A.I.; Gardner, R.G. Acute ethanol stress induces sumoylation of conserved chromatin structural proteins in Saccharomyces cerevisiae. Mol. Biol. Cell 2021, 32, 1121–1133. [Google Scholar] [CrossRef]

	



Sanz, A.B.; García, R.; Rodríguez-Peña, J.M.; Nombela, C.; Arroyo, J. Cooperation between SAGA and SWI/SNF complexes is required for efficient transcriptional responses regulated by the yeast MAPK Slt2. Nucleic Acids Res. 2016, 44, 7159–7172. [Google Scholar] [CrossRef] [PubMed]

	



Sanz, A.B.; García, R.; Rodríguez-Peña, J.M.; Díez-Muñiz, S.; Nombela, C.; Peterson, C.L.; Arroyo, J. Chromatin remodeling by the SWI/SNF complex is essential for transcription mediated by the yeast cell wall integrity MAPK pathway. Mol. Biol. Cell 2012, 23, 2805–2817. [Google Scholar] [CrossRef] [PubMed]

	



Nadal-Ribelles, M.; Mas, G.; Millan-Zambrano, G.; Sole, C.; Ammerer, G.; Chavez, S.; Posas, F.; de Nadal, E. H3K4 monomethylation dictates nucleosome dynamics and chromatin remodeling at stress-responsive genes. Nucleic Acids Res. 2015, 43, 4937–4949. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Liu, Y.; Xu, C.; Wang, Y.; Gong, J.; Shen, Y.; Wu, Q.; Boeke, J.D.; Dai, J. Dissecting Nucleosome Function with a Comprehensive Histone H2A and H2B Mutant Library. G3 2017, 7, 3857–3866. [Google Scholar] [CrossRef]

	



Williams, S.K.; Truong, D.; Tyler, J.K. Acetylation in the globular core of histone H3 on lysine-56 promotes chromatin disassembly during transcriptional activation. Proc. Natl. Acad. Sci. USA 2008, 105, 9000–9005. [Google Scholar] [CrossRef]

	



Weiner, A.; Hsieh, T.H.; Appleboim, A.; Chen, H.V.; Rahat, A.; Amit, I.; Rando, O.J.; Friedman, N. High-resolution chromatin dynamics during a yeast stress response. Mol. Cell 2015, 58, 371–386. [Google Scholar] [CrossRef]

	



Vieitez, C.; Martinez-Cebrian, G.; Sole, C.; Bottcher, R.; Potel, C.M.; Savitski, M.M.; Onnebo, S.; Fabregat, M.; Shilatifard, A.; Posas, F.; et al. A genetic analysis reveals novel histone residues required for transcriptional reprogramming upon stress. Nucleic Acids Res. 2020, 48, 3455–3475. [Google Scholar] [CrossRef]

	



Yang, S.H.; Sharrocks, A.D.; Whitmarsh, A.J. Transcriptional regulation by the MAP kinase signaling cascades. Gene 2003, 320, 3–21. [Google Scholar] [CrossRef]

	



Nadal-Ribelles, M.; Solé, M.; Martínez-Cebrián, G.; Posas, F.; de Nadal, E. Shaping the Transcriptional Landscape through MAPK Signaling. In Gene Expression and Control; Uchiumi, F., Ed.; IntechOpen: London, UK, 2018; pp. 1–22. [Google Scholar]

	



de Nadal, E.; Posas, F. Elongating under Stress. Genet. Res. Int. 2011, 2011, 326286. [Google Scholar] [CrossRef]

	



Ferreiro, I.; Barragan, M.; Gubern, A.; Ballestar, E.; Joaquin, M.; Posas, F. The p38 SAPK is recruited to chromatin via its interaction with transcription factors. J. Biol. Chem. 2010, 285, 31819–31828. [Google Scholar] [CrossRef]

	



Lawrence, M.C.; Shao, C.; McGlynn, K.; Naziruddin, B.; Levy, M.F.; Cobb, M.H. Multiple chromatin-bound protein kinases assemble factors that regulate insulin gene transcription. Proc. Natl. Acad. Sci. USA 2009, 106, 22181–22186. [Google Scholar] [CrossRef] [PubMed]

	



Pokholok, D.K.; Zeitlinger, J.; Hannett, N.M.; Reynolds, D.B.; Young, R.A. Activated signal transduction kinases frequently occupy target genes. Science 2006, 313, 533–536. [Google Scholar] [CrossRef] [PubMed]

	



Chow, C.W.; Davis, R.J. Proteins kinases: Chromatin-associated enzymes? Cell 2006, 127, 887–890. [Google Scholar] [CrossRef] [PubMed]

	



Reiter, W.; Watt, S.; Dawson, K.; Lawrence, C.L.; Bahler, J.; Jones, N.; Wilkinson, C.R. Fission yeast MAP kinase Sty1 is recruited to stress-induced genes. J. Biol. Chem. 2008, 283, 9945–9956. [Google Scholar] [CrossRef] [PubMed]

	



Sanso, M.; Vargas-Pérez, I.; Quintales, L.; Antequera, F.; Ayte, J.; Hidalgo, E. Gcn5 facilitates Pol II progression, rather than recruitment to nucleosome-depleted stress promoters, in Schizosaccharomyces pombe. Nucleic Acids Res. 2011, 39, 6369–6379. [Google Scholar] [CrossRef]

	



Kim, K.Y.; Truman, A.W.; Levin, D.E. Yeast Mpk1 mitogen-activated protein kinase activates transcription through Swi4/Swi6 by a noncatalytic mechanism that requires upstream signal. Mol. Cell Biol. 2008, 28, 2579–2589. [Google Scholar] [CrossRef]

	



Kim, K.Y.; Levin, D.E. Mpk1 MAPK association with the paf1 complex blocks sen1-mediated premature transcription termination. Cell 2011, 144, 745–756. [Google Scholar] [CrossRef]

	



Truman, A.W.; Kim, K.Y.; Levin, D.E. Mechanism of Mpk1 mitogen-activated protein kinase binding to the Swi4 transcription factor and its regulation by a novel caffeine-induced phosphorylation. Mol. Cell Biol. 2009, 29, 6449–6461. [Google Scholar] [CrossRef]

	



Sanz, A.B.; García, R.; Rodríguez-Peña, J.M.; Nombela, C.; Arroyo, J. Slt2 MAPK association with chromatin is required for transcriptional activation of Rlm1 dependent genes upon cell wall stress. Biochim. Biophys. Acta Gene Regul. Mech. 2018, 1861, 1029–1039. [Google Scholar] [CrossRef]

	



Sanz, A.B.; García, R.; Rodríguez-Peña, J.M.; Arroyo, J. The CWI Pathway: Regulation of the Transcriptional Adaptive Response to Cell Wall Stress in Yeast. J. Fungi 2017, 4, 1. [Google Scholar] [CrossRef]

	



Gonzalez-Rubio, G.; Sellers-Moya, A.; Martin, H.; Molina, M. A walk-through MAPK structure and functionality with the 30-year-old yeast MAPK Slt2. Int. Microbiol. 2021, 24, 531–543. [Google Scholar] [CrossRef] [PubMed]

	



Quilis, I.; Gomar-Alba, M.; Igual, J.C. The CWI Pathway: A Versatile Toolbox to Arrest Cell-Cycle Progression. J. Fungi 2021, 7, 1041. [Google Scholar] [CrossRef] [PubMed]

	



Pujol-Carrion, N.; Pavon-Verges, M.; Arroyo, J.; de la Torre-Ruiz, M.A. The MAPK Slt2/Mpk1 plays a role in iron homeostasis through direct regulation of the transcription factor Aft1. Biochim. Biophys. Acta Mol. Cell Res. 2021, 1868, 118974. [Google Scholar] [CrossRef] [PubMed]

	



Baetz, K.; Moffat, J.; Haynes, J.; Chang, M.; Andrews, B. Transcriptional coregulation by the cell integrity mitogen-activated protein kinase Slt2 and the cell cycle regulator Swi4. Mol. Cell Biol. 2001, 21, 6515–6528. [Google Scholar] [CrossRef]

	



Watanabe, Y.; Takaesu, G.; Hagiwara, M.; Irie, K.; Matsumoto, K. Characterization of a serum response factor-like protein in Saccharomyces cerevisiae, Rlm1, which has transcriptional activity regulated by the Mpk1 (Slt2) mitogen-activated protein kinase pathway. Mol. Cell Biol. 1997, 17, 2615–2623. [Google Scholar] [CrossRef]

	



García, R.; Bermejo, C.; Grau, C.; Pérez, R.; Rodríguez-Peña, J.M.; Francois, J.; Nombela, C.; Arroyo, J. The global transcriptional response to transient cell wall damage in Saccharomyces cerevisiae and its regulation by the cell integrity signaling pathway. J. Biol. Chem. 2004, 279, 15183–15195. [Google Scholar] [CrossRef]

	



Boorsma, A.; De Nobel, H.; ter Riet, B.; Bargmann, B.; Brul, S.; Hellingwerf, K.J.; Klis, F.M. Characterization of the transcriptional response to cell wall stress in Saccharomyces cerevisiae. Yeast 2004, 21, 413–427. [Google Scholar] [CrossRef]

	



García, R.; Itto-Nakama, K.; Rodríguez-Peña, J.M.; Chen, X.; Sanz, A.B.; de Lorenzo, A.; Pavon-Verges, M.; Kubo, K.; Ohnuki, S.; Nombela, C.; et al. Poacic acid, a beta-1,3-glucan-binding antifungal agent, inhibits cell-wall remodeling and activates transcriptional responses regulated by the cell-wall integrity and high-osmolarity glycerol pathways in yeast. FASEB J. 2021, 35, e21778. [Google Scholar] [CrossRef]

	



García, R.; Rodríguez-Peña, J.M.; Bermejo, C.; Nombela, C.; Arroyo, J. The high osmotic response and cell wall integrity pathways cooperate to regulate transcriptional responses to zymolyase-induced cell wall stress in Saccharomyces cerevisiae. J. Biol. Chem. 2009, 284, 10901–10911. [Google Scholar] [CrossRef]

	



Reinoso-Martin, C.; Schuller, C.; Schuetzer-Muehlbauer, M.; Kuchler, K. The yeast protein kinase C cell integrity pathway mediates tolerance to the antifungal drug caspofungin through activation of Slt2p mitogen-activated protein kinase signaling. Eukaryot. Cell 2003, 2, 1200–1210. [Google Scholar] [CrossRef]

	



Agarwal, A.K.; Rogers, P.D.; Baerson, S.R.; Jacob, M.R.; Barker, K.S.; Cleary, J.D.; Walker, L.A.; Nagle, D.G.; Clark, A.M. Genome-wide expression profiling of the response to polyene, pyrimidine, azole, and echinocandin antifungal agents in Saccharomyces cerevisiae. J. Biol. Chem. 2003, 278, 34998–35015. [Google Scholar] [CrossRef]

	



Bermejo, C.; García, R.; Straede, A.; Rodríguez-Peña, J.M.; Nombela, C.; Heinisch, J.J.; Arroyo, J. Characterization of sensor-specific stress response by transcriptional profiling of wsc1 and mid2 deletion strains and chimeric sensors in Saccharomyces cerevisiae. OMICS 2010, 14, 679–688. [Google Scholar] [CrossRef] [PubMed]

	



Arroyo, J.; Bermejo, C.; García, R.; Rodríguez-Peña, J.M. Genomics in the detection of damage in microbial systems: Cell wall stress in yeast. Clin. Microbiol. Infect. 2009, 15, 44–46. [Google Scholar] [CrossRef] [PubMed]

	



Bermejo, C.; Rodríguez, E.; García, R.; Rodríguez-Peña, J.M.; Rodríguez de la Concepcion, M.L.; Rivas, C.; Arias, P.; Nombela, C.; Posas, F.; Arroyo, J. The sequential activation of the yeast HOG and SLT2 pathways is required for cell survival to cell wall stress. Mol. Biol. Cell. 2008, 19, 1113–1124. [Google Scholar] [CrossRef] [PubMed]

	



Laz, E.V.; Lee, J.; Levin, D.E. Crosstalk between Saccharomyces cerevisiae SAPKs Hog1 and Mpk1 is mediated by glycerol accumulation. Fungal Biol. 2020, 124, 361–367. [Google Scholar] [CrossRef]

	



Dunayevich, P.; Baltanas, R.; Clemente, J.A.; Couto, A.; Sapochnik, D.; Vasen, G.; Colman-Lerner, A. Heat-stress triggers MAPK crosstalk to turn on the hyperosmotic response pathway. Sci. Rep. 2018, 8, 15168. [Google Scholar] [CrossRef]

	



Cañonero, L.; Pautasso, C.; Galello, F.; Sigaut, L.; Pietrasanta, L.; Arroyo, J.; Bermudez-Moretti, M.; Portela, P.; Rossi, S. Heat stress regulates the expression of TPK1 gene at transcriptional and post-transcriptional levels in Saccharomyces cerevisiae. Biochim. Biophys. Acta Mol. Cell Res. 2022, 1869, 119209. [Google Scholar] [CrossRef]

	



García, R.; Bravo, E.; Díez-Muñiz, S.; Nombela, C.; Rodríguez-Peña, J.M.; Arroyo, J. A novel connection between the Cell Wall Integrity and the PKA pathways regulates cell wall stress response in yeast. Sci. Rep. 2017, 7, 5703. [Google Scholar] [CrossRef]

	



Roberts, C.J.; Nelson, B.; Marton, M.J.; Stoughton, R.; Meyer, M.R.; Bennett, H.A.; He, Y.D.; Dai, H.; Walker, W.L.; Hughes, T.R.; et al. Signaling and circuitry of multiple MAPK pathways revealed by a matrix of global gene expression profiles. Science 2000, 287, 873–880. [Google Scholar] [CrossRef]

	



García, R.; Sanz, A.B.; Rodríguez-Peña, J.M.; Nombela, C.; Arroyo, J. Rlm1 mediates positive autoregulatory transcriptional feedback that is essential for Slt2-dependent gene expression. J. Cell Sci. 2016, 129, 1649–1660. [Google Scholar] [CrossRef]

	



Taylor, I.A.; McIntosh, P.B.; Pala, P.; Treiber, M.K.; Howell, S.; Lane, A.N.; Smerdon, S.J. Characterization of the DNA-binding domains from the yeast cell-cycle transcription factors Mbp1 and Swi4. Biochemistry 2000, 39, 3943–3954. [Google Scholar] [CrossRef] [PubMed]

	



Sedgwick, S.G.; Taylor, I.A.; Adam, A.C.; Spanos, A.; Howell, S.; Morgan, B.A.; Treiber, M.K.; Kanuga, N.; Banks, G.R.; Foord, R.; et al. Structural and functional architecture of the yeast cell-cycle transcription factor Swi6. J. Mol. Biol. 1998, 281, 763–775. [Google Scholar] [CrossRef]

	



Breeden, L.L. Periodic transcription: A cycle within a cycle. Curr.Biol. 2003, 13, R31–R38. [Google Scholar] [CrossRef]

	



Hendler, A.; Medina, E.M.; Buchler, N.E.; de Bruin, R.A.M.; Aharoni, A. The evolution of a G1/S transcriptional network in yeasts. Curr. Genet. 2018, 64, 81–86. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.Y.; Levin, D.E. Transcriptional reporters for genes activated by cell wall stress through a non-catalytic mechanism involving Mpk1 and SBF. Yeast 2010, 27, 541–548. [Google Scholar] [CrossRef]

	



Yurko, N.; Liu, X.; Yamazaki, T.; Hoque, M.; Tian, B.; Manley, J.L. MPK1/SLT2 Links Multiple Stress Responses with Gene Expression in Budding Yeast by Phosphorylating Tyr1 of the RNAP II CTD. Mol. Cell 2017, 68, 913–925. [Google Scholar] [CrossRef]

	



Mayer, A.; Heidemann, M.; Lidschreiber, M.; Schreieck, A.; Sun, M.; Hintermair, C.; Kremmer, E.; Eick, D.; Cramer, P. CTD tyrosine phosphorylation impairs termination factor recruitment to RNA polymerase II. Science 2012, 336, 1723–1725. [Google Scholar] [CrossRef]

	



Jung, U.S.; Levin, D.E. Genome-wide analysis of gene expression regulated by the yeast cell wall integrity signalling pathway. Mol. Microbiol. 1999, 34, 1049–1057. [Google Scholar] [CrossRef]

	



Watanabe, Y.; Irie, K.; Matsumoto, K. Yeast RLM1 encodes a serum response factor-like protein that may function downstream of the Mpk1 (Slt2) mitogen-activated protein kinase pathway. Mol. Cell Biol. 1995, 15, 5740–5749. [Google Scholar] [CrossRef]

	



Dodou, E.; Treisman, R. The Saccharomyces cerevisiae MADS-box transcription factor Rlm1 is a target for the Mpk1 mitogen-activated protein kinase pathway. Mol. Cell Biol. 1997, 17, 1848–1859. [Google Scholar] [CrossRef]

	



Jung, U.S.; Sobering, A.K.; Romeo, M.J.; Levin, D.E. Regulation of the yeast Rlm1 transcription factor by the Mpk1 cell wall integrity MAP kinase. Mol. Microbiol. 2002, 46, 781–789. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, C.; Pugh, B.F. A compiled and systematic reference map of nucleosome positions across the Saccharomyces cerevisiae genome. Genome Biol. 2009, 10, R109. [Google Scholar] [CrossRef] [PubMed]

	



Albert, I.; Mavrich, T.N.; Tomsho, L.P.; Qi, J.; Zanton, S.J.; Schuster, S.C.; Pugh, B.F. Translational and rotational settings of H2A.Z nucleosomes across the Saccharomyces cerevisiae genome. Nature 2007, 446, 572–576. [Google Scholar] [CrossRef] [PubMed]

	



Tirosh, I.; Barkai, N. Two strategies for gene regulation by promoter nucleosomes. Genome Res. 2008, 18, 1084–1091. [Google Scholar] [CrossRef]

	



Rando, O.J.; Winston, F. Chromatin and transcription in yeast. Genetics 2012, 190, 351–387. [Google Scholar] [CrossRef]

	



Basehoar, A.D.; Zanton, S.J.; Pugh, B.F. Identification and distinct regulation of yeast TATA box-containing genes. Cell 2004, 116, 699–709. [Google Scholar] [CrossRef]

	



De Nadal, E.; Posas, F. Regulation of gene expression in response to osmostress by the yeast stress-activated protein kinase Hog1. In Topics in Current Genetics; Posas, F., Nebreda, A.R., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; Volume 20, pp. 81–97. [Google Scholar]

	



Proft, M.; Struhl, K. Hog1 kinase converts the Sko1-Cyc8-Tup1 repressor complex into an activator that recruits SAGA and SWI/SNF in response to osmotic stress. Mol. Cell. 2002, 9, 1307–1317. [Google Scholar] [CrossRef]

	



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

	



Alepuz, P.M.; de Nadal, E.; Zapater, M.; Ammerer, G.; Posas, F. Osmostress-induced transcription by Hot1 depends on a Hog1-mediated recruitment of the RNA Pol II. EMBO J. 2003, 22, 2433–2442. [Google Scholar] [CrossRef]

	



Alepuz, P.M.; Jovanovic, A.; Reiser, V.; Ammerer, G. Stress-induced map kinase Hog1 is part of transcription activation complexes. Mol. Cell. 2001, 7, 767–777. [Google Scholar] [CrossRef]

	



Ruiz-Roig, C.; Vieitez, C.; Posas, F.; de Nadal, E. The Rpd3L HDAC complex is essential for the heat stress response in yeast. Mol. Microbiol. 2010, 76, 1049–1062. [Google Scholar] [CrossRef]

	



Alejandro-Osorio, A.L.; Huebert, D.J.; Porcaro, D.T.; Sonntag, M.E.; Nillasithanukroh, S.; Will, J.L.; Gasch, A.P. The histone deacetylase Rpd3p is required for transient changes in genomic expression in response to stress. Genome Biol. 2009, 10, R57. [Google Scholar] [CrossRef]

	



Geng, F.; Laurent, B.C. Roles of SWI/SNF and HATs throughout the dynamic transcription of a yeast glucose-repressible gene. EMBO J. 2004, 23, 127–137. [Google Scholar] [CrossRef] [PubMed]

	



Erkina, T.Y.; Zou, Y.; Freeling, S.; Vorobyev, V.I.; Erkine, A.M. Functional interplay between chromatin remodeling complexes RSC, SWI/SNF and ISWI in regulation of yeast heat shock genes. Nucleic Acids Res. 2010, 38, 1441–1449. [Google Scholar] [CrossRef] [PubMed]

	



Angus-Hill, M.L.; Schlichter, A.; Roberts, D.; Erdjument-Bromage, H.; Tempst, P.; Cairns, B.R. A Rsc3/Rsc30 zinc cluster dimer reveals novel roles for the chromatin remodeler RSC in gene expression and cell cycle control. Mol. Cell 2001, 7, 741–751. [Google Scholar] [CrossRef]

	



García, R.; Botet, J.; Rodríguez-Peña, J.M.; Bermejo, C.; Ribas, J.C.; Revuelta, J.L.; Nombela, C.; Arroyo, J. Genomic profiling of fungal cell wall-interfering compounds: Identification of a common gene signature. BMC Genomics 2015, 16, 683. [Google Scholar] [CrossRef]

	



Wilson, B.; Erdjument-Bromage, H.; Tempst, P.; Cairns, B.R. The RSC chromatin remodeling complex bears an essential fungal-specific protein module with broad functional roles. Genetics. 2006, 172, 795–809. [Google Scholar] [CrossRef]

	



Kasler, H.G.; Victoria, J.; Duramad, O.; Winoto, A. ERK5 is a novel type of mitogen-activated protein kinase containing a transcriptional activation domain. Mol. Cell. Biol. 2000, 20, 8382–8389. [Google Scholar] [CrossRef]

	



Soler, M.; Plovins, A.; Martin, H.; Molina, M.; Nombela, C. Characterization of domains in the yeast MAP kinase Slt2 (Mpk1) required for functional activity and in vivo interaction with protein kinases Mkk1 and Mkk2. Mol. Microbiol. 1995, 17, 833–842. [Google Scholar] [CrossRef]

	



Truman, A.W.; Millson, S.H.; Nuttall, J.M.; King, V.; Mollapour, M.; Prodromou, C.; Pearl, L.H.; Piper, P.W. Expressed in the yeast Saccharomyces cerevisiae, human ERK5 is a client of the Hsp90 chaperone that complements loss of the Slt2p (Mpk1p) cell integrity stress-activated protein kinase. Eukaryot. Cell 2006, 5, 1914–1924. [Google Scholar] [CrossRef]

	



Morimoto, H.; Kondoh, K.; Nishimoto, S.; Terasawa, K.; Nishida, E. Activation of a C-terminal transcriptional activation domain of ERK5 by autophosphorylation. J. Biol. Chem. 2007, 282, 35449–35456. [Google Scholar] [CrossRef] [PubMed]

	



Sohn, S.J.; Li, D.; Lee, L.K.; Winoto, A. Transcriptional regulation of tissue-specific genes by the ERK5 mitogen-activated protein kinase. Mol. Cell. Biol. 2005, 25, 8553–8566. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.Y.; Cosano, I.C.; Levin, D.E.; Molina, M.; Martin, H. Dissecting the transcriptional activation function of the cell wall integrity MAP kinase. Yeast 2007, 24, 335–342. [Google Scholar] [CrossRef] [PubMed]

	



Sariki, S.K.; Kumawat, R.; Singh, V.; Tomar, R.S. Flocculation of Saccharomyces cerevisiae is dependent on activation of Slt2 and Rlm1 regulated by the cell wall integrity pathway. Mol. Microbiol. 2019, 112, 1350–1369. [Google Scholar] [CrossRef]

	



Proft, M.; Mas, G.; de Nadal, E.; Vendrell, A.; Noriega, N.; Struhl, K.; Posas, F. The stress-activated Hog1 kinase is a selective transcriptional elongation factor for genes responding to osmotic stress. Mol. Cell 2006, 23, 241–250. [Google Scholar] [CrossRef]

	



Klein, A.M.; Zaganjor, E.; Cobb, M.H. Chromatin-tethered MAPKs. Curr. Opin. Cell Biol. 2013, 25, 272–277. [Google Scholar] [CrossRef]

	



Silva, A.; Cavero, S.; Begley, V.; Sole, C.; Bottcher, R.; Chavez, S.; Posas, F.; de Nadal, E. Regulation of transcription elongation in response to osmostress. PLoS Genet. 2017, 13, e1007090. [Google Scholar] [CrossRef]

	



Wright, D.E.; Wang, C.Y.; Kao, C.F. Histone ubiquitylation and chromatin dynamics. Frontiers in bioscience (Landmark edition) 2012, 17, 1051–1078. [Google Scholar] [CrossRef]

	



Workman, J.L. CHROMATIN. It takes teamwork to modify chromatin. Science 2016, 351, 667. [Google Scholar] [CrossRef]

	



Batta, K.; Zhang, Z.; Yen, K.; Goffman, D.B.; Pugh, B.F. Genome-wide function of H2B ubiquitylation in promoter and genic regions. Genes Dev. 2011, 25, 2254–2265. [Google Scholar] [CrossRef]

	



Fierz, B.; Chatterjee, C.; McGinty, R.K.; Bar-Dagan, M.; Raleigh, D.P.; Muir, T.W. Histone H2B ubiquitylation disrupts local and higher-order chromatin compaction. Nat. Chem. Biol. 2011, 7, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Chandrasekharan, M.B.; Huang, F.; Sun, Z.W. Ubiquitination of histone H2B regulates chromatin dynamics by enhancing nucleosome stability. Proc. Natl. Acad. Sci. USA 2009, 106, 16686–16691. [Google Scholar] [CrossRef] [PubMed]

	



García, R.; Mascaraque, V.; Pavón-Vergés, M.; Sanz, A.B.; Rodríguez-Peña, J.M.; Nombela, C.; Arroyo, J. Manuscript in preparation 2022.

	



Lee, J.; Liu, L.; Levin, D.E. Stressing out or stressing in: Intracellular pathways for SAPK activation. Curr. Genet. 2019, 65, 417–421. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Levin, D.E. Intracellular mechanism by which arsenite activates the yeast stress MAPK Hog1. Mol. Biol. Cell 2018, 29, 1904–1915. [Google Scholar] [CrossRef]

	



Liu, L.; Levin, D.E. Intracellular mechanism by which genotoxic stress activates yeast SAPK Mpk1. Mol. Biol. Cell 2018, 29, 2898–2909. [Google Scholar] [CrossRef]

	



Sotelo, J.; Rodriguez-Gabriel, M.A. Mitogen-activated protein kinase Hog1 is essential for the response to arsenite in Saccharomyces cerevisiae. Eukaryot. Cell 2006, 5, 1826–1830. [Google Scholar] [CrossRef]

	



Liu, L.; Veis, J.; Reiter, W.; Motari, E.; Costello, C.E.; Samuelson, J.C.; Ammerer, G.; Levin, D.E. Regulation of Pkc1 Hyper-Phosphorylation by Genotoxic Stress. J. Fungi 2021, 7, 874. [Google Scholar] [CrossRef]

	



Zhao, Y.; Li, S.; Wang, J.; Liu, Y.; Deng, Y. Roles of High Osmolarity Glycerol and Cell Wall Integrity Pathways in Cadmium Toxicity in Saccharomyces cerevisiae. Int. J. Mol. Sci. 2021, 22, 6169. [Google Scholar] [CrossRef]

	



Techo, T.; Charoenpuntaweesin, S.; Auesukaree, C. Involvement of the Cell Wall Integrity Pathway of Saccharomyces cerevisiae in Protection against Cadmium and Arsenate Stresses. Appl. Environ. Microbiol. 2020, 86, e01339-20. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Adamson, B.; Norman, T.M.; Jost, M.; Cho, M.Y.; Nunez, J.K.; Chen, Y.W.; Villalta, J.E.; Gilbert, L.A.; Horlbeck, M.A.; Hein, M.Y.; et al. A Multiplexed Single-Cell CRISPR Screening Platform Enables Systematic Dissection of the Unfolded Protein Response. Cell 2016, 167, 1867–1882. [Google Scholar] [CrossRef] [PubMed]

	



Vihervaara, A.; Duarte, F.M.; Lis, J.T. Molecular mechanisms driving transcriptional stress responses. Nat. Rev. Genet. 2018, 19, 385–397. [Google Scholar] [CrossRef] [PubMed]

	



García, R.; Pulido, V.; Orellana-Munoz, S.; Nombela, C.; Vazquez de Aldana, C.R.; Rodríguez-Peña, J.M.; Arroyo, J. Signalling through the yeast MAPK Cell Wall Integrity pathway controls P-body assembly upon cell wall stress. Sci. Rep. 2019, 9, 3186. [Google Scholar] [CrossRef]

	



Nithianandarajah-Jones, G.N.; Wilm, B.; Goldring, C.E.; Muller, J.; Cross, M.J. ERK5: Structure, regulation and function. Cell. Signal. 2012, 24, 2187–2196. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, D.M.; Rodrigues, C.M.P. Targeted Avenues for Cancer Treatment: The MEK5-ERK5 Signaling Pathway. Trends Mol. Med. 2020, 26, 394–407. [Google Scholar] [CrossRef] [PubMed]

	



Simoes, A.E.; Rodrigues, C.M.; Borralho, P.M. The MEK5/ERK5 signalling pathway in cancer: A promising novel therapeutic target. Drug Discov. Today 2016, 21, 1654–1663. [Google Scholar] [CrossRef]

	



Hoang, V.T.; Yan, T.J.; Cavanaugh, J.E.; Flaherty, P.T.; Beckman, B.S.; Burow, M.E. Oncogenic signaling of MEK5-ERK5. Cancer Lett. 2017, 392, 51–59. [Google Scholar] [CrossRef]

	



Walker, L.A.; Gow, N.A.; Munro, C.A. Fungal echinocandin resistance. Fungal Genet. Biol. 2010, 47, 117–126. [Google Scholar] [CrossRef]

	



Fortwendel, J.R.; Juvvadi, P.R.; Perfect, B.Z.; Rogg, L.E.; Perfect, J.R.; Steinbach, W.J. Transcriptional regulation of chitin synthases by calcineurin controls paradoxical growth of Aspergillus fumigatus in response to caspofungin. Antimicrob. Agents Chemother. 2010, 54, 1555–1563. [Google Scholar] [CrossRef]

	



Lara-Aguilar, V.; Rueda, C.; Garcia-Barbazan, I.; Varona, S.; Monzon, S.; Jimenez, P.; Cuesta, I.; Zaballos, A.; Zaragoza, O. Adaptation of the emerging pathogenic yeast Candida auris to high caspofungin concentrations correlates with cell wall changes. Virulence 2021, 12, 1400–1417. [Google Scholar] [CrossRef]

	



de Oliveira, H.C.; Rossi, S.A.; Garcia-Barbazan, I.; Zaragoza, O.; Trevijano-Contador, N. Cell Wall Integrity Pathway Involved in Morphogenesis, Virulence and Antifungal Susceptibility in Cryptococcus neoformans. J. Fungi 2021, 7, 831. [Google Scholar] [CrossRef] [PubMed]

	



Ibe, C.; Munro, C.A. Fungal Cell Wall Proteins and Signaling Pathways Form a Cytoprotective Network to Combat Stresses. J. Fungi 2021, 7, 739. [Google Scholar] [CrossRef] [PubMed]

	



Robbins, N.; Caplan, T.; Cowen, L.E. Molecular Evolution of Antifungal Drug Resistance. Ann. Rev. Microbiol. 2017, 71, 753–775. [Google Scholar] [CrossRef] [PubMed]

	



Mota Fernandes, C.; Dasilva, D.; Haranahalli, K.; McCarthy, J.B.; Mallamo, J.; Ojima, I.; Del Poeta, M. The Future of Antifungal Drug Therapy: Novel Compounds and Targets. Antimicrob. Agents Chemother. 2021, 65, e01719-20. [Google Scholar] [CrossRef]

	



Sussman, A.; Huss, K.; Chio, L.C.; Heidler, S.; Shaw, M.; Ma, D.; Zhu, G.; Campbell, R.M.; Park, T.S.; Kulanthaivel, P.; et al. Discovery of cercosporamide, a known antifungal natural product, as a selective Pkc1 kinase inhibitor through high-throughput screening. Eukaryot. Cell. 2004, 3, 932–943. [Google Scholar] [CrossRef] [PubMed]

	



Tripathi, S.K.; Feng, Q.; Liu, L.; Levin, D.E.; Roy, K.K.; Doerksen, R.J.; Baerson, S.R.; Shi, X.; Pan, X.; Xu, W.H.; et al. Puupehenone, a Marine-Sponge-Derived Sesquiterpene Quinone, Potentiates the Antifungal Drug Caspofungin by Disrupting Hsp90 Activity and the Cell Wall Integrity Pathway. mSphere 2020, 5, e00818-19. [Google Scholar] [CrossRef] [PubMed]

	



Arroyo, J.; Farkas, V.; Sanz, A.B.; Cabib, E. Strengthening the fungal cell wall through chitin-glucan cross-links: Effects on morphogenesis and cell integrity. Cell. Microbiol. 2016, 18, 1239–1250. [Google Scholar] [CrossRef]

	



Cabib, E.; Arroyo, J. How carbohydrates sculpt cells: Chemical control of morphogenesis in the yeast cell wall. Nat. Rev. Microbiol. 2013, 11, 648–655. [Google Scholar] [CrossRef]








[image: Ijms 23 01791 g001 550] 





Figure 1. Cell Wall Integrity (CWI) pathway. Cell wall damage is sensed at the plasma membrane via cell-surface proteins that stimulate nucleotide exchange on Rho1 and activation of Pkc1. The main role of activated Pkc1 is to trigger the MAPK module (Bck1, Mkk1/Mkk2, and Slt2). Phosphorylation of Slt2 leads to the activation of the transcription factors SBF (Swi4/Swi6) and Rlm1. SBF is mainly involved in regulating genes during G1/S transition, whereas Rlm1 is responsible for the transcriptional activation of most of those genes induced in response to cell wall stress. Rlm1 elicits transcriptional positive feedback loops on the expression of RLM1 and SLT2, which result in the amplification of gene expression levels of CWI-responsive genes. In contrast, the Rlm1-dependent transcriptional induction of the Slt2 phosphatases, Ptp2 and Msg5, attenuates the induction of the CWI pathway, negatively modulating the CWI transcriptional activation response. In addition, other Slt2 phosphatases, like Ptp3, Sdp1, and Ptc1, also contribute to this attenuation. Arrows and T symbols represent activation (positive) and inhibitory (negative) events, respectively. 
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Figure 2. Transcriptional activation mechanism for SBF-dependent genes. Under inducing conditions, Slt2 and its pseudokinase, Mlp1 (not shown), are phosphorylated by Mkk1/2. Slt2 uses a non-catalytic mechanism to activate transcription of SBF-dependent stress-induced genes by recruitment of initiation factors to target promoters. Once activated, Slt2 and Mlp1 interact with Swi4 to bind to the FKS2 promoter. Then, Swi6 is recruited to form a complex that permits the assembly of RNA Pol II and Paf1C elongation complex. This mechanism requires the activation of Slt2 but not its catalytic activity. Slt2 also serves a function in transcription elongation, moving from the initiation complex (PIC) to the elongation complex on the Paf1C scaffold. Slt2 association with Paf1 overcome transcriptional attenuation by blocking recruitment of the Sen1-Nrd1-Nab3 termination complex. Additionally, phosphorylation of the Tyr1 residue at the RNA Pol II CTD by Slt2 could also be involved in controlling Nrd1/NNS function. 
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Figure 3. Transcriptional activation mechanism for Rlm1-dependent genes. Under cell wall stress conditions, activated Slt2 phosphorylates Rlm1. Rlm1 interacts with SWI/SNF and probably the SAGA complexes to direct both to the promoters of CWI responsive genes. Upon recruitment, SAGA acetylates histone H3 and cooperates with SWI/SNF to locally alter nucleosome positioning at the MLP1 promoter, facilitating the binding of Rlm1 to its binding sites, previously occluded by positioned nucleosomes, in a two-step mechanism. Slt2, also attached to the DNA, interacts with RNA Pol II traveling along the coding region during transcriptional elongation. During elongation, ubiquitination of H2B by Rad6 at the coding region is necessary for H2B displacement in response to stress. The ubiquitin protease Ubp8 regulates deubiquitination of H2B and is recruited to the coding regions of CWI-responsive genes for maintaining appropriate levels of H2B ubiquitination. 
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