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ABSTRACT

The impact of fungal pathogens on human health is devastating. For fungi and other pathogens, a key determinant of
virulence is the capacity to thrive at host temperatures, with elevated temperature in the form of fever as a ubiquitous host
response to defend against infection. A prominent feature of cells experiencing heat stress is the increased expression of
heat shock proteins (Hsps) that play pivotal roles in the refolding of misfolded proteins in order to restore cellular
homeostasis. Transcriptional activation of this heat shock response is orchestrated by the essential heat shock
transcription factor, Hsf1. Although the influence of Hsf1 on cellular stress responses has been studied for decades, many
aspects of its regulation and function remain largely enigmatic. In this review, we highlight our current understanding of
how Hsf1 is regulated and activated in the model yeast Saccharomyces cerevisiae, and highlight exciting recent discoveries
related to its diverse functions under both basal and stress conditions. Given that thermal adaption is a fundamental
requirement for growth and virulence in fungal pathogens, we also compare and contrast Hsf1 activation and function in
other fungal species with an emphasis on its role as a critical regulator of virulence traits.
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INTRODUCTION

The ability to sense and respond to environmental stress is
critical for the survival of all organisms. This includes ther-
mal insults that are experienced by animals and plants inhab-
iting environments with fluctuating temperatures, as well as
thermal stress experienced by microbial pathogens in a mam-
malian host with febrile episodes. The heat shock response is
a highly conserved process across archaeal, bacterial and eu-
karyotic domains, which enables adaptation to these thermal
stresses (Ritossa 1962; Lindquist and Craig 1988). In eukary-
otes, this involves a rapid response from heat shock transcrip-

tion factors (HSFs) that regulate the expression of heat shock
proteins (Hsps), molecular chaperones involved in the folding,
stabilization, trafficking and degradation of proteins (Wu 1995).
The transcriptional response to heat shock was first character-
ized in Drosophila, where a puffing pattern in polytene chromo-
somes that formed upon exposure to elevated temperature was
correlated with the production of Hsps (Ritossa 1962; Lindquist
1986; Wu et al. 1987). We now understand that HSFs are broadly
conserved across eukaryotes from invertebrates like the ne-
matode Caenorhabditis elegans, which has one HSF gene (hsf-
1), to humans which have six HSF genes (HSF1, HSF2, HSF4,
HSF5, HSFX and HSFY) (Pirkkala, Nykänen and Sistonen 2001;
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Gomez-Pastor, Burchfiel and Thiele 2017), and plants such as
Arabidopsis thalianawhose genome encodes 21 HSF genes (Nover
et al. 2001). Although all HSFs maintain the basic functions
of coordinating the transcriptional response to temperature,
these regulators exhibit remarkable complexity in their struc-
ture, DNA-binding selectivity, post-translational modifications
(PTMs), interacting partners and regulation in response to a
myriad of environmental stresses (Anckar and Sistonen 2011;
Gomez-Pastor, Burchfiel and Thiele 2017).

Given the critical roles of HSFs in governing protein home-
ostasis in response to cellular stress, it is not surprising that
compromised HSF activity has been linked to several human
protein folding diseases, including Huntington disease and
Parkinson disease (Anckar and Sistonen 2011; Gomez-Pastor,
Burchfiel and Thiele 2017). In contrast, greater levels of activated
HSFs are associated with various cancers, likely due its capac-
ity to promote survival despite enhanced proliferation and pro-
teotoxic stress (Whitesell and Lindquist 2009; Dai and Sampson
2016). Although studies with themodel yeast Saccharomyces cere-
visiae have been instrumental in exploring the molecular mech-
anisms that enable these transcription factors to orchestrate di-
verse human diseases, there is a growing appreciation that HSFs
also play pivotal roles in the biology and virulence of fungal
pathogens. In this review, we focus on our understanding of the
sole HSF in fungi, the essential transcription factor Hsf1. We de-
scribe our current understanding of how Hsf1 is regulated and
activated in S. cerevisiae, and highlight its diverse functions un-
der both basal and stress conditions. Given that thermal adap-
tion is not only a fundamental requirement for growth but also
for virulence in fungal pathogens (Klein and Tebbets 2007; Leach
and Cowen 2014b), we also highlight the distinct facets of Hsf1
activation and function in fungal pathogens with an empha-
sis on its role as a critical virulence regulator in diverse fungal
species.

Saccharomyces cerevisiae Hsf1 Structure

Given the genetic tractability and availability of diverse molec-
ular tools in S. cerevisiae, the foundational characterization of
fungal HSFs has been performed in the model yeast (Sorger and
Pelham 1987). Unlikemammalian HSF1, which exists as an inac-
tive monomer until it is induced to trimerize and accumulate in
the nucleus upon stress (Whitesell and Lindquist 2009; Åkerfelt,
Morimoto and Sistonen 2010; Anckar and Sistonen 2011), yeast
Hsf1 is constitutively nuclear and bound to DNA (Sorger and
Pelham 1987; Jakobsen and Pelham 1988). In response to ther-
mal stress, induction of Hsf1 causes an increase in binding to
its basal targets (Erkine et al. 1999), as well as in binding to ad-
ditional targets (Hahn et al. 2004), leading to a rapid and dra-
matic global transcriptional remodeling required for survival
and adaptation to stress (Sorger and Pelham 1988) (Fig. 1). As
in other organisms, yeast Hsf1 binds to DNA as a homotrimer
within the promoter region of its targets, with each individ-
ual monomer binding to the major groove of cis-acting heat
shock elements (HSEs) with the binding motif nGAAn, where n
is any nucleotide, in alternating orientations (Sorger and Pelham
1987; Amin, Ananthan and Voellmy 1988; Trinklein et al. 2004;
Yamamoto, Mizukami and Sakurai 2005). As a consequence
of co-operative binding, Hsf1 tolerates many variations of this
HSE motif, including non-alternating orientations of nTTCn or
nGAAn or insertions of five base pairs between the repeating
units, especially under stress conditions (Xiao, Perisic and Lis
1991; Erkine et al. 1999; Hahn et al. 2004; Yamamoto, Mizukami
and Sakurai 2005). Due to the low complexity and flexibility of

this binding motif, ∼30% of promoters in the yeast genome con-
tain this sequence (Hahn et al. 2004), highlighting the potential
of Hsf1 to govern genome-wide transcriptional changes.

The conservation in the binding motif of Hsf1 across eu-
karyotes is likely due to the high degree of conservation of the
central regulatory domains. This includes a conserved winged-
helix-turn-helix DNA-binding domain (DBD) (Harrison, Bohm
and Nelson 1994), and a hydrophobic repeat coiled-coil domain
responsible for Hsf1 oligomerization (Sorger and Nelson 1989;
Hashikawa, Yamamoto and Sakurai 2007) (Fig. 2). Yeast Hsf1
also contains N-terminal and C-terminal transcriptional activa-
tion domains (AR1 and AR2), which are repressed by the cen-
tral regulatory domains and are not necessary for growth under
basal conditions. However, the N-terminal AR1 domain is im-
portant for responses to transient temperature shifts, and the
C-terminal AR2 domain enables responses to sustained changes
in temperature (Nieto-Sotelo et al. 1990; Sorger 1990; Bulman,
Hubl and Nelson 2001). It has been proposed that these acti-
vation domains become exposed upon increased temperature
due to a stress-induced conformational change in Hsf1 (Bon-
ner, Heyward and Fackenthal 1992; Lee et al. 2000). However, no
full-length Hsf1 crystal structure has been reported to date, and
uncertainties remain with this model based on results from in
vitro DNA-binding assays and genetic reporter assays (Bonner,
Heyward and Fackenthal 1992; Lee et al. 2000). Finally, yeast Hsf1
contains a unique regulatory domain called conserved element
2 (CE2) that represses Hsf1 activity (Jakobsen and Pelham 1991),
and a C-terminal modulator (CTM), which is necessary for bind-
ing to atypical HSEs and for regulation of CE2 (Sakurai and Fuka-
sawa 2001; Hashikawa and Sakurai 2004) (Fig. 2). The CE2 and
CTMdomains are subject to regulation by hyperphosphorylation
(Hoj and Jakobsen 1994; Hashikawa and Sakurai 2004), the role
of which will be discussed in subsequent sections.

Saccharomyces cerevisiae Hsf1 function under basal and
stress conditions

Unlike other stress-responsive transcription factors in yeast
that tend to be dispensable for viability under basal conditions
(Estruch and Carlson 1993), Hsf1 is essential for growth even in
the absence of stress, highlighting its critical role in regulating
protein homeostasis independent of thermal stress (Jakobsen
and Pelham 1988; Sorger and Pelham 1988; Wiederrecht, Seto
and Parker 1988). This is in contrast to mammalian HSF1, which
is dispensable for growth under basal conditions (Sarge, Murphy
and Morimoto 1993). Despite these differences, the biological
function of Hsf1 remains conserved between yeast and mam-
mals, so far as a constitutively trimerized and active form of
human HSF1 is sufficient to rescue the essential functions of S.
cerevisiaeHsf1 (Liu et al. 1997), supporting Hsf1 as an evolutionar-
ily conserved regulator of proteostasis. Hsf1 direct targets were
initially identified via chromatin immunoprecipitation coupled
to microarray (ChIP-chip) in combination with expression pro-
filing, with binding identified upstream of nearly 3% of yeast
genes (165 genes), many of which are bound in a heat-inducible
manner 5 to 15 minutes post heat shock (Hahn et al. 2004).
These targets are involved in diverse processes integral for stress
responses, including functions in chaperoning proteins, ubiq-
uitination and proteolysis, vesicular transport, carbohydrate
metabolism and maintenance of the cell wall (Hahn et al. 2004).

Recently, elegant work using a yeast strain where export
of Hsf1 from the nucleus was induced using an ‘anchor-away’
approach (Haruki, Nishikawa and Laemmli 2008) revealed that



Veri et al. 3

Figure 1.Model for Hsf1-dependent transcriptional regulation under basal and heat shock conditions in Saccharomyces cerevisiae. (a) Under basal conditions, S. cerevisiae
Hsf1 is phosphorylated and binds as a trimer at heat shock elements (HSEs) within the promoter regions of its basal target genes. Hsf1 is bound and repressed by
interactions with Hsp70. (b) Under temperature stress, an accumulation of unfolded proteins titrates Hsp70 away from Hsf1. This allows free Hsf1 to bind to additional
heat shock targets at their HSEs and increase target gene expression in order to adapt to the thermal insults. Many of these promoter regions can also be bound by the

general stress response transcription factors Msn2 and Msn4. Hsf1 is hyperphosphorylated in response to the elevated temperature, which serves to tune the levels of
Hsf1 activity by recruiting Mediator to the promoters of Hsf1 target genes. This mediates interactions with RNA polymerase II. After the heat shock, the temperature
response is attenuated through the dissociation of Mediator from Hsf1-dependent promoters and the binding of Hsp70 to Hsf1 to restore Hsf1 repression.

Hsf1 actually drives a highly compact transcriptional program in
basal conditions (Solis et al. 2016). Using a combination of ChIP
coupled with sequencing (ChIP-seq), native elongating tran-
script sequencing (NET-seq) and RNA sequencing, only 18 genes
were identified as exquisitely Hsf1-dependent under basal con-
ditions (Solis et al. 2016). These included previously known tar-
gets of Hsf1, such as both the constitutive and inducible forms
of Hsp90 (HSC82 and HSP82), the Hsp70 chaperone genes (SSA1
and SSA2), HSP104, as well as many other genes with GO terms
associated with protein folding and refolding, response to heat
and response to stress (Solis et al. 2016). Specifically, the essen-
tiality of Hsf1 under basal conditions was attributed to its role
in regulating the basal expression of just two genes, the molec-
ular chaperones Hsp70 (SSA2) and Hsp90 (HSC82), which are es-
sential for proteostasis (Solis et al. 2016). Depletion of HSF1 re-
duced Hsp70 and Hsp90 protein levels, leading to proteotoxic
stress that ultimately resulted in cell death (Solis et al. 2016).
Thus, Hsf1 and its associated Hsps not only have pivotal roles
as stress response factors, but they are also core housekeeping
genes required to maintain eukaryotic proteostasis under basal
conditions.

Although Hsf1 has been implicated in regulating transcrip-
tional changes in response to many conditions, including os-
motic stress, oxidative stress, glucose starvation and proteotoxic
stress (Tamai et al. 1994; Amoros and Estruch 2001; Hahn and
Thiele 2004; Brandman et al. 2012), the transcriptional response
of Hsf1 to heat shock has been the most deeply character-
ized (Hahn et al. 2004; Yamamoto, Mizukami and Sakurai 2005;
Eastmond and Nelson 2006; Solis et al. 2016). Although heat
shock induces a dramatic and sustained induction of genes nec-
essary for protein folding and transport that is specific and char-
acteristic of the Hsf1-mediated heat shock response (Causton
et al. 2001), the overall transcriptional changes that S. cerevisiae
undergoes in response to elevated temperature largely mirrors
the response to other environmental stresses, such as changes
in pH, osmolarity, nutrient depletion or the presence of oxidiz-
ing agents (Gasch et al. 2000; Causton et al. 2001). Approximately
10% of the yeast genome is misregulated in this common en-
vironmental stress response, which includes many heat shock
genes, factors necessary for protein degradation and transcripts
responsible for carbohydrate metabolism (Causton et al. 2001).
Many of these common stress response genes contain stress
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Figure 2. Domain structure of Hsf1 in humans and Saccharomyces cerevisiae. (a) Schematic of the domain structure of human HSF1, adapted from Gomez-Pastor et al.
(2017). HSF1 contains awinged helix-turn-helix DNA-binding domain (DBD). The leucine zipper oligomerization domain (LZ1–3) contains two heptad repeats composed
of hydrophobic and charged residues that are predicted to form intermolecular leucine zippers when aligned upon oligomerization. Deletion of this domain produces
a constitutively monomeric HSF1. The intrinsically disordered regulatory domain (RD) is post-translationally modified and regulates HSF1 activity and stability. In

the LZ4 domain is another heptad repeat that interacts with LZ1–3 to repress oligomerization. HSF1 also contains an activation domain (AD). (b) Schematic of the
domain structure of S. cerevisiae Hsf1, adapted from Nicholls et al. (2011) and Hashikawa et al. (2007). Unlike the human ortholog, S. cerevisiae Hsf1 contains two
activation domains, AR1 and AR2, located at the N- and C-terminal ends of the protein. S. cerevisiae Hsf1 contains a DBD, as well as a coiled-coil region required for
oligomerization. Hsf1 also contains a short conserved element close to the activator (CE2) that is proposed to hold Hsf1 in an inactive configuration. Finally, S. cerevisiae

Hsf1 contains a C-terminal modulator (CTM) domain rich in basic amino acids at the extreme C-terminus which is required for the efficient induction of heat shock
genes.

response elements in their promoters, which are known to be
bound and regulated by the non-essential general response reg-
ulators Msn2 and Msn4 (Gasch et al. 2000; Causton et al. 2001).
To separate the functions of Hsf1 and Msn2/Msn4 in regulating
the heat shock response, numerous groups have characterized
the transcriptional changes in strains harboring temperature-
sensitive Hsf1 alleles or upon deletion of Msn2 and Msn4. These
studies identified that while Hsf1 and Msn2/Msn4 share some
overlapping targets, each complex has distinct roles in the heat
shock response, with Hsf1 specifically promoting the expres-
sion of chaperone and heat shock genes (Treger et al. 1998; Boy-
Marcotte et al. 1999; Eastmond and Nelson 2006). In fact, it has
been estimated as many as 3%–7% of genes in the S. cerevisiae
genome are induced upon heat shock in an Hsf1-dependent
manner (Hahn et al. 2004; Eastmond and Nelson 2006), reinforc-
ing the paradigm that Hsf1 is a master regulator of the heat
shock response.

With technological advancements in genome-wide sequenc-
ing methodologies coupled with novel and innovative ways to
inactivate Hsf1 in yeast, recent work has suggested that the
role of Hsf1 as a master regulator of the heat shock response
may be greatly overestimated. Using a chemical genetics ap-
proach that allowed for rapid Hsf1 inactivation, anchoring away
of Hsf1 from the nucleus did not significantly alter the heat
shock response (Solis et al. 2016). Although a small suite of Hsf1-

dependent genes were repressed upon compromise of Hsf1 ac-
tivity, the remaining genes, many of which were targets of Msn2
and Msn4, were still induced upon exposure to elevated tem-
perature (Solis et al. 2016). This finding is consistent with recent
work in mammalian cells showing that mammalian HSF1 plays
a limited but specialized role in coordinating the heat shock re-
sponse (Mahat et al. 2016; Solis et al. 2016). Notably, these conclu-
sions do not preclude the possibility that Hsf1 may engage with
many other targets under both basal conditions and heat shock
than those described by Solis et al., akin to what has tradition-
ally been described (Hahn et al. 2004). It merely points to the fact
that other transcription factors or compensatory mechanisms
could be involved in the co-regulation of targets important for
survival upon exposure to elevated temperature. Overall, these
latest findings suggest a model in which Hsf1’s role in response
to heat shock is not to dramatically expand its target gene reper-
toire to control global transcriptional changes, but rather to up-
regulate a critical but small subset of genes dedicated to protein
folding as an essential adaptive mechanism. Future studies will
be necessary to determine whether this paradigm holds true for
the other stresses under which Hsf1 transcriptional activity is
stimulated.

Consistent with work inmammalian cells, there is an emerg-
ing body of evidence to suggest there are novel and dis-
tinct roles of Hsf1 that are independent of regulating protein
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homeostasis. Studies have suggested that Hsf1 may regulate
the cell cycle (Zarzov, Boucherie and Mann 1997), as strains
with defective Hsf1 undergo reversible cell cycle arrest at the
G2/M phase at elevated temperatures, which is suppressed by
the heat-inducible Hsp90, HSP82 (Morano et al. 1999). Studies
have also shown that Hsf1 has a role in translational control,
where Hsf1 is activated by the ribosome quality control com-
plex when polypeptides are stalled during translation (Brand-
man et al. 2012). Hsf1 may also be involved in regulating viru-
lence of the normally benign S. cerevisiae, as the ability to grow at
supraoptimal temperatures is associated with, but not entirely
responsible for, virulence of clinical isolates in mice (Clemons
et al. 1994; McCusker et al. 1994). As a key regulator of growth at
elevated temperatures, Hsf1 likely contributes to the prolifera-
tion of clinical isolates in the host.

Regulation of Hsf1 activity

Despite the conservation of Hsf1 across eukaryotic organisms,
many questions remain regarding how Hsf1 is regulated dur-
ing periods of cellular stress. Some aspects of Hsf1 regulation
are species-specific, such as trimerization, which is a regulated
event in mammalian cells but constitutive in yeast (Sorger and
Pelham 1987; Sorger and Nelson 1989). However, two common
features are thought to contribute to Hsf1 regulation in all or-
ganisms: interactions with other cellular proteins and PTM via
phosphorylation (Anckar and Sistonen 2011). The transcrip-
tional activity of Hsf1 in response to temperature is depen-
dent on recruitment of the Mediator complex to Hsf1 target
genes (Fan, Chou and Struhl 2006). Upon heat shock, Mediator
is rapidly and selectively recruited to the promoters of Hsf1 tar-
get genes, mediating interactions with RNA polymerase II (Kim
and Gross 2013). This binding is co-operative and dependent on
physical interactions with Hsf1, as truncation of either its N-
or C-terminal activation domain significantly reduces Mediator
occupancy and removal of both activation domains completely
abolishes it (Kim and Gross 2013). After heat shock, Mediator
dissociates and the RNA polymerase II recruitment diminishes,
turning off the transcription of Hsf1-dependent genes (Kim and
Gross 2013).

Further, Hsf1 activity is regulated through interactions with
molecular chaperones in a feedback loop commonly referred to
as the chaperone titrationmodel (Voellmy and Boellmann 2007).
Specifically, under stress conditions an accumulation of mis-
folded proteins titrate chaperones away from Hsf1, enabling its
transcriptional activity. However, once proteostasis is restored,
client-free chaperones again bind to Hsf1 in order to deactivate
it. There is biochemical, pharmacological and genetic evidence
to support roles for the Hsp70 and Hsp90 chaperones, as well as
their co-chaperones, in regulating HSF1 in mammalian systems
and Hsf1 in yeast (Duina, Kalton and Gaber 1998; Zou et al. 1998;
Guo et al. 2001; Gomez-Pastor, Burchfiel and Thiele 2017). A re-
cent study in S. cerevisiae provided additional support for this
model in which Hsp70 (SSA1) was shown to act as a dynamic
switch that binds and inhibits Hsf1 in the absence of stress, dis-
sociates immediately following heat shock to promote Hsf1 ac-
tivity, and then re-associates and inhibits Hsf1 at a later point
to turn off the temperature response (Zheng et al. 2016). The in-
teraction between Hsp70 and Hsf1 was abrogated by the pres-
ence of an aggregation prone peptide, demonstrating that un-
folded proteins can titrate Hsp70 away from Hsf1 (Zheng et al.
2016). Finally, although hyperactivation of the Hsf1 transcrip-
tional program by overexpression of Hsf1 leads to impaired
growth, this was alleviated by increasing expression of Hsp70
or Hsp40 (YDJ1), which assists Hsp70 in repressing Hsf1 activ-

ity (Zheng et al. 2016). A subsequent study identified that Hsp70
binds directly to the CE2 domain of Hsf1 with a weak associa-
tion that allows for the disruption of the complex upon stress
(Krakowiak et al. 2018). Binding of Hsp70 to the CE2 domain of
Hsf1 represses Hsf1 transactivation by causing the C-terminal
activation domain to be closed, preventing the recruitment of
the transcriptional machinery (Krakowiak et al. 2018). Surpris-
ingly, these studies did not find any evidence of Hsp90 inhibit-
ing Hsf1 function directly (Zheng et al. 2016). This is in contrast
to previous genetic studies that have suggested that Hsp90 re-
presses Hsf1 activity such that Hsp90 inhibition activates Hsf1
(Duina, Kalton and Gaber 1998; Brandman et al. 2012). Thus, it re-
mains unclear whether the effects of compromising Hsp90 func-
tion on Hsf1 activation are direct, or potentially through an in-
crease in unfolded proteins that require Hsp70 function for their
stabilization.

In addition to Hsf1 regulation by protein interactions, Hsf1
activity is also controlled by PTMs. AlthoughmammalianHSF1 is
regulated by multiple modifications including phosphorylation,
sumolyation and acetylation (Vihervaara and Sistonen 2014),
most of the literature describing Hsf1 regulation in yeast has
focused on the role of phosphorylation, which has recently be-
come a topic of much debate. Hsf1 is phosphorylated under
basal conditions and hyperphosphorylated upon exposure to
stresses such as heat shock (Sorger and Pelham 1988). Tradi-
tionally, this increase in phosphorylation was thought to be re-
quired for the activation of the transcription factor. However, a
recent report provided evidence suggesting that Hsf1 phospho-
rylation does not act as a switch to turn on its transcriptional
response, but rather that it tunes or adjusts the level of Hsf1
activity (Zheng et al. 2016). This was demonstrated by generat-
ing a phosphorylation-deficient strain in which all but one of
the serine and threonine residues of Hsf1 were mutated to ala-
nine, with the remaining residue being required for DNA bind-
ing. With this allele as the sole source of Hsf1 in the cell, Hsf1
maintained its activity under basal conditions, but displayed a
dampened transcriptional response upon exposure to elevated
temperature (Zheng et al. 2016). This is consistent with observa-
tions in mammalian cells that mutating 15 HSF1 phosphoryla-
tion sites to alanine residues did not abolish the transcriptional
activity of HSF1 upon heat shock (Budzyński et al. 2015). In ad-
dition, mutations that mimicked hyperphosphorylation caused
increased Hsf1 transcriptional activity (Zheng et al. 2016). While
hyper-phosphorylation did not affect the interactions between
Hsf1 and Hsp70, it did increase the recruitment of the Medi-
ator complex to Hsf1-dependent genes (Zheng et al. 2016). To-
gether, this suggests that Hsp70 acts as switch to turn Hsf1 ac-
tivity off and on, while the phosphorylation status of Hsf1 acts
as amechanism to tune the level of activation.While it is known
that Hsf1 is phosphorylated by Yak1 (Lee et al. 2008), Rim15 (Lee
et al. 2013) and Snf1 in response to glucose depletion (Hahn and
Thiele 2004), the kinase that regulates Hsf1 under basal condi-
tions or upon heat shock remains elusive. Further work will be
necessary to identify the specific kinases and phosphatases that
regulate Hsf1 phosphorylation in response to the different con-
ditions, in order to better understand the dynamic and environ-
mentally contingent regulation of Hsf1 activity.

Hsf1 in the fungal pathogen Candida albicans

So far, we have outlined our understanding of how Hsf1 is reg-
ulated and functions in the model yeast S. cerevisiae. Yet Hsf1
also plays an integral role in temperature-dependent responses
of one of the leading human fungal pathogens, Candida albicans,
which has been separated from S. cerevisiae by ∼200–800 million
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years of evolution (Heckman et al. 2001). C. albicans is a leading
causal agent of mycotic death worldwide (Pfaller and Diekema
2007, 2010). Further, the CDC has classified Candida species as
a serious threat to human health due to the dramatic rise in
antimicrobial resistance (CDC 2013). The pathogenic prowess
of C. albicans is due to numerous factors, including the ability
to survive at physiological temperatures within a mammalian
host, and the ability to transition between distinct morpholog-
ical states that play a key role in the virulence of the organism
(Whiteway and Oberholzer 2004; Kumamoto and Vinces 2005).
There is significant conservation of Hsf1 between the two organ-
isms with the DBDs of C. albicans and S. cerevisiae Hsf1 sharing
71.9% identity (Nicholls et al. 2009). Like in S. cerevisiae, C. albi-
cans Hsf1 binds to its basal and heat shock specific targets at
HSEs containing inverted repeats of nGAAn with variable spac-
ing between (Leach et al. 2016). Intriguingly, over two thirds of
the genes in the C. albicans genome contain HSEs within their
promoter region but no appreciable Hsf1 binding is observed at
many of these genes under basal or heat shock conditions, indi-
cating that the presence of a HSE alone cannot predict Hsf1 bind-
ing (Leach et al. 2016). Hsf1 binding is strongly influenced by nu-
cleosome positioning at Hsf1 motifs, where Hsf1-bound regions
have significantly lower nucleosome occupancy than unbound
regions in the genome (Leach et al. 2016). This demonstrates a
large capacity for Hsf1 binding under different conditions, which
is limited by nucleosome positioning.

Consistent with S. cerevisiae Hsf1, C. albicans Hsf1 is essen-
tial for growth in basal conditions and is necessary for the tran-
scriptional response to heat shock (Nicholls et al. 2009; Leach
et al. 2016). Under basal conditions, Hsf1 binds within the pro-
moter region of a core set of target genes that are necessary for
protein homeostasis, including the chaperones HSP104, HSP70,
and HSP90, as well as Hsp90 co-chaperones such as CPR6 and
CDC37 (Leach et al. 2016). C. albicans Hsf1 also participates in an
autoregulatory circuit by binding to its own promoter and regu-
lating its own expression to enable thermal adaptation (Leach
et al. 2016). Although C. albicans is an opportunistic pathogen
which primarily grows within a thermally buffered human host,
C. albicans Hsf1 maintains its role in regulating the heat shock
response and enables responses to slow thermal transitions in-
volved in febrile episodes associated with infection (Leach et al.
2012b). Hsf1 senses temperature changes by responding to al-
terations in membrane fluidity, which are regulated by the un-
saturated fatty acid desaturase Ole1, the fatty acid synthase Fas2
and the E3 ubiquitin ligase Rps5 (Leach andCowen 2014a) (Fig. 3).
In response to temperature fluctuations, Hsf1 is phosphorylated
(Nicholls et al. 2009), its basal targets are transcriptionally in-
duced (Nicholls et al. 2009), and it binds and induces additional
targets involved in diverse processes, including protein folding,
protein transport and adhesion (Leach et al. 2016) (Fig. 3). This
activation of Hsf1 is transient, as once the cells have adapted to
the heat shock, Hsf1 phosphorylation is lost (Leach et al. 2012a,b).
Whether Hsf1 acts as a global regulator of the heat shock re-
sponse or whether it has a more specialized role in regulation
of a small set of core genes required for proteostasis, as has re-
cently been revealed in S. cerevisiae (Solis et al. 2016), will be fas-
cinating to uncover in other fungal pathogens.

Unlike S. cerevisiae, C. albicans Hsf1 specifically responds to
changes in temperature and not to other environmental stresses
such as heavy metal, weak acid or pH stress, although there
is a slight induction of activity in response to SDS treatment
(Nicholls et al. 2009). This is consistent with findings that the
roles of the general stress response regulators Msn2 and Msn4
have diverged in C. albicans (Nicholls et al. 2004; Ramsdale
et al. 2008), and that C. albicans lacks a general stress response

(Enjalbert, Nantel and Whiteway 2003). Together, this demon-
strates that although Hsf1 maintains its role as an integral regu-
lator of thermal stress responses in C. albicans, substantial tran-
scriptional rewiring has led to distinct contributions of Hsf1 to
C. albicans stress adaptation.

Many questions remain regarding how C. albicans Hsf1 is reg-
ulated upon exposure to different environmental insults, includ-
ing what cellular proteins orchestrate Hsf1 phosphorylation and
how PTMs modulate Hsf1 activity. Akin to what is described
in many eukaryotes, C. albicans Hsf1 activity is regulated via
titration of chaperones by misfolded proteins, although the key
chaperone that modulates Hsf1 function in this context may be
distinct from what is described in S. cerevisiae. A feedback loop
exists between Hsf1 and Hsp90, in which Hsf1 positively regu-
lates the expression of HSP90 (Nicholls et al. 2009; Leach et al.
2016), and Hsp90 physically interacts with Hsf1 to repress its
function (Leach et al. 2012a) (Fig. 3). In S. cerevisiae, Hsp70 has
been implicated as the central chaperone that represses Hsf1 ac-
tivation under basal conditions (Zheng et al. 2016); however, this
remains to be explored in C. albicans. Genetic depletion or phar-
macological inhibition of Hsp90 alleviates repression of Hsf1,
leading to phosphorylation of Hsf1 and an induction of its
targets (Leach et al. 2012a). Upon exposure to thermal stress,
global protein misfolding compromises the functional capacity
of Hsp90, which is thought to release Hsf1 from Hsp90’s repres-
sive effects and allow for increased expression of HSP90 and
other genes necessary for protein folding and refolding (Leach
et al. 2012b). Upon heat shock, the interaction between Hsf1 and
Hsp90 is increased, likely because of increased protein levels of
Hsf1 and Hsp90 (Fig. 3). This leads to an accumulation of Hsp90
in the nucleus and after prolonged periods of heat shock, Hsp70
is recruited to the Hsf1/Hsp90 complex (Leach et al. 2012a). This
is consistent with a model in which Hsp90 dampens the heat
shock response once adaptation to the increased temperature
has been achieved. Hsp90 also influences the activity of Hsf1
upon heat shock by modifying nucleosome architecture, affect-
ing nucleosome occupancy and binding at Hsf1 targets (Leach
et al. 2016). Thus, complex interactions between Hsf1 and cellu-
lar chaperones in C. albicans are required to enable thermotoler-
ance.

Temperature sensing is critical for C. albicans to survive in
the host and cause infection, as temperature affects many key
C. albicans virulence traits, including the morphogenetic switch
between the white and mating-competent opaque growth state
(Noble, Gianetti and Witchley 2017), and the transition from
yeast to filamentous growth (Shapiro and Cowen 2010; Sudbery
2011). As a critical temperature sensor, Hsf1 is essential for vir-
ulence in C. albicans, as Hsf1 activity is induced in response
to murine systemic infection and loss of this induction results
in attenuated virulence (Nicholls et al. 2011). The induction of
Hsf1 target genes during infection could provide a mechanism
for C. albicans to exploit thermal insults in the host to upregu-
late its virulence program and cause host damage. This is con-
sistent with findings that Hsf1 regulates many virulence genes
specifically under heat shock conditions, including genes in-
volved in filamentation, biofilm formation and adhesion (Leach
et al. 2016). In further support of this model, C. albicans cells that
have experienced a heat shock show greater adherence to hu-
man cell lines, cause more host cell damage, and are associated
with a higher mortality of zebrafish and the greater wax moth
Galleria mellonella in infection models (Leach et al. 2016). Recent
work has also shown that homeostasis of Hsf1 levels is required
tomaintain yeast form growth in C. albicans, as both overexpres-
sion and depletion of Hsf1 induce filamentation, albeit through
distinct mechanisms (Veri et al. 2018). Hsf1 depletion leads to
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Figure 3. Model for Hsf1-dependent transcriptional regulation under basal and heat shock conditions in Candida albicans. (a) Under basal conditions, C. albicans Hsf1
binds at the HSEs within the promoter regions of its basal targets and regulates their expression. Hsf1 is bound by Hsp90, which represses Hsf1 function. (b) (i) Upon
temperature upshifts, the expression of the unsaturated fatty acid desaturase Ole1 decreases, causing an increased expression of the fatty acid synthase, Fas2. This

leads to an alteration in the ratio of saturated to unsaturated fats, which alters membrane fluidity. (ii) Upon elevated temperature there is also an increase in unfolded
and misfolded proteins that require chaperoning, leading to a titration of Hsp90 away from repressing Hsf1. While it is possible that other chaperones like Hsp70 are
also involved in this regulation, this has yet to be explored. (iii) Hsf1 is activated by the de-repression of Hsp90 and changes in membrane fluidity, and is phospho-

rylated. Hsf1 induces the expression of its basal targets, including upregulating its own expression. Upon heat shock, Hsf1 also binds and induces the expression of
additional heat shock-specific targets involved in adherence, host cell damage and filamentation; this ultimately leads to increased cellular adherence and host cell
damage.

compromised function of Hsp90, which is a key regulator ofmor-
phogenesis (Shapiro et al. 2009; O’Meara and Cowen 2014), while
Hsf1 overexpression induces filamentous growth by influencing
the filamentation transcriptional program directly through an
expanded set of targets (Veri et al. 2018). HSF1 levels in a wild-
type strain were observed to change dramatically in response
to different environmental conditions, including being induced
in response to heat shock and during growth in biofilm condi-
tions (Veri et al. 2018). Together, this work provides the premiere

example of a protein that acts both as a positive and negative
regulator of filamentation, and highlights that homeostasis in
the levels of an environmentally responsive cellular regulator is
required to maintain yeast form growth in C. albicans. Hsf1 has
also been shown to be necessary for filamentation in response
to solid inducing cues (Nair et al. 2017). Finally, reports have sug-
gested that Hsf1 modulates the susceptibility of C. albicans to
diverse antifungal drugs (Dhamgaye et al. 2014), and influences
iron homeostasis (Nair et al. 2017). The next frontier is to define
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the scope of impact of Hsf1 on diverse virulence traits, and ex-
plore the potential of targeting Hsf1 in the development of novel
strategies to treat fungal infections.

Hsf1 in other fungal pathogens

For environmental fungi that infect humans including Cryptococ-
cus neoformans, Aspergillus fumigatus and Histoplasma capsulatum,
the capacity to respond to temperature fluctuations is required
for their pathogenic lifecycle, as they adapt to the thermal shift
during the transition from ambient temperature in the environ-
ment to physiological temperatures in their mammalian host.
C. neoformans is an environmentally ubiquitous pathogen that
infects humans when infectious cells or spores are inhaled, al-
lowing for colonization of the lungs, dissemination through the
bloodstream and, in severe cases, infection of the brain mani-
festing as meningoencephalitis (May et al. 2016). Studies of the
signaling pathways important for thermal adaptation in C. ne-
oformans revealed that mutations that cause thermosensitiv-
ity also attenuate virulence (Odom et al. 1997; Alspaugh et al.
2000; Kraus et al. 2003), demonstrating the potential for thermo-
tolerance regulators to serve as novel antifungal targets. Tran-
scriptional analyses established that at 37◦C, C. neoformans in-
duces the expression of heat shock genes, genes for transla-
tion machinery components, mitochondrial genes and stress
genes including superoxide dismutase (Steen et al. 2002). Al-
though the specific role of C. neoformans Hsf1 in thermotoler-
ance is largely elusive, Hsf1 is phosphorylated in response to
elevated temperature, although surprisingly it becomes down-
regulated, while the levels of HSP90 and heat shock genes are
induced (Yang et al. 2017). C. neoformans Hsf1 is essential un-
der basal conditions, while its overexpression promotes growth
at higher temperatures by regulating temperature-responsive
genes such as HSP104 and SSA1 (Yang et al. 2017). Finally, C.
neoformans Hsf1 does not regulate its own expression (Yang et al.
2017), as is observed in C. albicans (Leach et al. 2016). Thus, al-
though Hsf1 is a conserved and essential determinant of ther-
mal adaptation in C. neoformans, there is considerable rewiring
in the regulatory circuitry governing its activation. Exploring
the transcriptional targets of C. neoformans Hsf1 and the impact
of this transcriptional regulator on C. neoformans virulence is
poised to reveal fascinating insights.

Even less is known about Hsf1 in other pathogenic fungi,
such as A. fumigatus or H. capsulatum. A. fumigatus is found
ubiquitously in soil or compost, and causes devastating dis-
ease when spores are inhaled by humans. As with all fungal
pathogens of mammals, thermotolerance is essential for A. fu-
migatus pathogenicity; given that this mold grows in composts
with temperatures up to 70◦C, making this species well adapted
for growth at high temperatures (Bhabhra et al. 2004; Bhabhra
and Askew 2005; Nierman et al. 2005). Transcriptional analyses
have established that heat shock genes are upregulated upon
elevated temperatures (Nierman et al. 2005; Dinamarco et al.
2012), including HSF1 (Dinamarco et al. 2012). In addition, pro-
teomic analyses have highlighted that increased temperature
induces a heat shock response that upregulates factors involved
in protein folding, organization of the cytoskeletion and tran-
scription, many of which have HSEs in their promoters and
could be targets of Hsf1 (Albrecht et al. 2010). H. capsulatum is
a thermally dimorphic fungus that grows in the soil as filamen-
tous mold, and converts to the virulent yeast morphology when
spores are inhaled by a mammalian host. The yeast cells prolif-
erate within macrophages and cause respiratory and systemic
histoplasmosis, which affect both healthy and immunocompro-

mised individuals (Klein and Tebbets 2007). This morphologi-
cal transition is a thermally regulated virulence trait (Shearer
et al. 1987), with correlation between the level of thermosensitiv-
ity and pathogenesis in mice (Medoff et al. 1986). The tempera-
ture change associatedwithmorphogenesis induces the expres-
sion of heat shock proteins (Lambowitz et al. 1983; Caruso et al.
1987; Shearer et al. 1987), and deletion of the Hsp90 familymem-
ber HSP82 impairs thermotolerance and virulence (Edwards,
Zemska and Rappleye 2011). Although some of the transcrip-
tional network that regulatesH. capsulatum responses to thermal
shifts has been defined (Beyhan et al. 2013; Gilmore et al. 2015),
Hsf1 has yet to be implicated. As a core hub of regulatory cir-
cuitry, Hsf1 is poised to play a central role in governing thermal
adaptation across the fungal kingdom.

CONCLUSION/OUTLOOK

Over the last 30 years, we have developed a deep but ever
expanding appreciation of Hsf1 function, which has high-
lighted that Hsf1 is a complex transcriptional regulator essential
for diverse protective responses to stress. The HSF-dependent
transcriptional response to thermal stress is one of the most
conserved and ancient stress responses in nature, central to sur-
vival in yeast, plants, fruit flies, worms and humans. Although
much work remains to be done in order to understand the com-
plexities of Hsf1 function, it is clear that Hsf1 plays a critical role
in governing temperature-dependent virulence traits across the
fungal kingdom, and that targeting Hsf1 and the associated reg-
ulatory circuitry could provide an exciting avenue for antifungal
drug development. Given that HSFs regulate such core cellular
functions, it is not surprising that they are emerging as targets
for many human diseases, including cancer and neurodegener-
ative disorders (Anckar and Sistonen 2011; Vihervaara and Sis-
tonen 2014; Dai and Sampson 2016; Li, Labbadia and Morimoto
2017). Although a crystal structure for the full-length Hsf1 re-
mains elusive, there is a crystal structure for the DBD of Hsf1
(Harrison, Bohm and Nelson 1994), as well as a full-length struc-
ture for one of the mammalian orthologs, HSF2 (Jaeger et al.
2016). Advances with crystallography of fungal Hsf1 will be in-
strumental for structure-guided drug design. Intervention could
be achieved at the level of impairing trimerization, nuclear local-
ization or DNA binding. Exploiting the differences between HSFs
in mammals and in fungi will be critical for the development
of fungal-selective Hsf1 inhibitors to eradicate many devastat-
ing fungal diseases. It is exquisitely clear that exploration of the
broader context of the protein homeostasis network governing
cellular stress responses provides rich opportunities to gain fun-
damental insights into biology, development and disease.
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