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Abstract

Canalization, or phenotypic robustness in the face of environmental and genetic perturbation, is an
emergent property of living systems. Although this phenomenon has long been recognized, its
molecular underpinnings have remained enigmatic until recently. Here, we review the
contributions of the molecular chaperone Hsp90, a protein that facilitates the folding of many key
regulators of growth and development, to canalization of phenotype — and de-canalization in times
of stress — drawing on studies in eukaryotes as diverse as baker’s yeast, mouse ear cress, and blind
Mexican cavefish. Hsp90 is a hub of hubs that interacts with many so-called “client proteins’ that
affect virtually every aspect of cell signaling and physiology. As Hsp90 facilitates client folding
and stability, it can epistatically suppress or enable the expression of genetic variants in its clients
and other proteins that acquire client status through mutation. Hsp90’s vast interaction network
explains the breadth of its phenotypic reach, including Hsp90-dependent de novo mutations and
epigenetic effects on gene regulation. Intrinsic links between environmental stress and Hsp90
function thus endow living systems with phenotypic plasticity in fluctuating environments. As
environmental perturbations alter Hsp90 function, they also alter Hsp90’s interaction with its
client proteins, thereby re-wiring networks that determine the genotype-to-phenotype map.
Ensuing de-canalization of phenotype creates phenotypic diversity that is not simply stochastic,
but often has an underlying genetic basis. Thus, extreme phenotypes can be selected, and
assimilated so that they no longer require environmental stress to manifest. In addition to acting on
standing genetic variation, Hsp90 perturbation has also been linked to increased frequency of de
novo variation and several epigenetic phenomena, all with the potential to generate heritable
phenotypic change. Here, we aim to clarify and discuss the multiple means by which Hsp90 can
affect phenotype and possibly evolutionary change, and identify their underlying common feature:
at its core, Hsp90 interacts epistatically through its chaperone function with many other genes and

“Corresponding authors: queitsch@u.washington.edu and jarosz@stanford.edu.

Competing interest statement
The authors declare no competing financial interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zabinsky et al. Page 2

their gene products. Its influence on phenotypic diversification is thus not magic but rather a
fundamental property of genetics.
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1 Introduction

1.1 The concept of canalization from theory to experiment

From bacteria to humankind, a multitude of mechanisms ensure the fidelity of information
transfer and its phenotypic manifestation. Indeed, when faced with ever changing
environments, organisms must be robust to survive. Yet evolutionary success also requires
adaptability, whether through phenotypic plasticity or the generation and selection of
heritable biological novelty. Although genotype inarguably influences the development and
expression of phenotype, selective forces ultimately operate on phenotypes. Mechanisms
that influence the capacity of genetic variants to alter traits can thus have a fundamental
impact on the adaptive landscape.

Some traits are more stable across environments and genetic backgrounds than others. A
canalized trait is one that is stable in the face of genetic or environmental perturbation
(Figure 1A). For example, many aspects of gross morphology (e.g. body plan and organ
systems in animals) are reproducible across a wide variety of environments and genetic
backgrounds. Other traits are less canalized. In Caenorhabditis elegans, for example, genetic
and environmental perturbation readily gives rise to differences in gender distribution,
fecundity, and fat storage, but has less impact on cell number and lineage or movement and
development of the pharynx, vulva, and other organs [1]. In contrast to animals, plant body
plans and morphologies are far more responsive to environmental change due to continuous
development; nevertheless, organ identity is largely preserved even in the face of severe
stress [2].

As outlined in several previous reviews, the remarkable phenotypic robustness of wild-type
organisms is commonly attributed to features of the underlying genetic networks, such as
genetic redundancy, network connectivity, feedback loops, modularity, and the presence of
microRNASs [1, 3-27]. In model organisms, perturbation of any of these mechanisms, or
environmental change, can decrease phenotypic robustness and release cryptic genetic
variation [3, 10-12, 20, 28-33].

Canalization can be advantageous in constant environments, or even in the presence of
modest fluctuations, maintaining a mean distribution of phenotypes that hews closely to
what has been adaptive to an ancestral population [34]. Yet extreme canalization can create a
phenotypic ‘lock-in’ that could be disadvantageous if the environment shifts such that the
prior distribution of phenotypes is maladaptive [35]. In this review, we focus on the stress-
regulated molecular chaperone Hsp90 as a mechanism for canalization that offers some
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resolutions to this paradox, linking the degree of trait canalization to the severity of
environmental change.

1.2 Hsp90 provides a mechanism for de-canalization mediated by stress

Seminal studies investigating the concept of canalization were carried out more than half a
century ago by the ‘father of epigenetics,” Conrad Hal Waddington. While conducting heat
shock experiments with Drosophila pupae, Waddington noted that a small fraction of the
resulting adult flies developed crossveinless wings [36]. Selection enriched this phenotype to
near fixation in the population, suggesting a stable epigenetic or genetic basis. Remarkably,
after a few generations of selection, the crossveinless phenotype was evident even in the
absence of stress [36] (Figure 1B); that is, this once rare and environmentally contingent
phenotype was readily assimilated into the population as a stable trait. This observation laid
the groundwork for many future studies of canalization (and de-canalization) and its possible
contribution to evolutionary change. In the intervening decades, these concepts have been
applied to many other systems, ranging from heritability of tadpole body size mediated by
dietary changes [37] to caterpillar body color driven by temperature shifts [38].

Working half a century after Waddington, Rutherford and Lindquist observed a strikingly
similar set of phenomena linked to the activity of the molecular chaperone Hsp90 when
investigating Drosophila melanogaster harboring heterozygous mutants of the HSP83 gene
(for simplicity we will hereafter use “HSPI0”’when referring to the gene and “Hsp90” when
referring to the protein in all organisms). They noticed that mutant flies occasionally
developed crossveinless wings, among other morphological abnormalities [39]. The specific
kind of Hsp90-dependent phenotype observed strongly depended on the genetic background
examined, consistent with an underlying genetic basis. Thermal stress produced the same
phenotypes in the same backgrounds. Just as in Waddington’s studies, selection over several
generations enriched these phenotypes in the population, consistent with a stable epigenetic
or genetic basis. Selection on an eye and a wing trait also rendered these phenotypes
independent of perturbation by either direct interference with Hsp90 function or
environmental stress. The data conform to one view of the definition of assimilation, as
originally articulated by Waddington, and implicated Hsp90 as a possible molecular
mechanism contributing to Waddington’s seminal observations.

Subsequent studies, highlighted in later sections, have extended the hypothesis that Hsp90
broadly influences the phenotypic manifestation of genetic diversity beyond D. melanogaster
[18, 40, 41]. Hsp90 influences the phenotypic outcomes of diverse genetic variants in plants
(Arabidopsis thaliand) [42], zebrafish [43], fungi [44, 45], worms [46], Mexican cavefish
[47], and even humans [48-50] (Figure 2A-D). The broad conservation of Hsp90’s role in
shaping phenotype highlights the importance of canalization in understanding the trajectory
from genotype to phenotype, in particular with regard to understanding complex human
diseases.

Hsp90 is conserved in many but not all bacteria and only a few Archaea, suggesting it may
have been gained and lost several times outside of eukarya [51]. Although the bacterial
Hsp90 homolog HtpG does not seem to exhibit the same buffering functions of eukaryotic
Hsp90, other chaperones such as GroEL and DnaK have been shown to buffer deleterious
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effects of genetic variation and exert similar effects on the evolution of their client proteins
[52-55].

1.3 Hsp90 — a special chaperone

Hsp90 is one of the most abundant proteins in eukaryotes [56]. Hsp90 was first discovered
and named for its thermal induction as a heat shock protein response. Expression of Hsp90
and other heat shock proteins increases dramatically upon exposure to heat through a
combination of transcriptional and translational mechanisms [57]. Along with other heat
shock proteins (e.g. the chaperones Hsp70 and Hsp40) Hsp90 acts to help unfolded proteins
achieve their proper conformation in the crowded intracellular milieu [58]. Several features
distinguish Hsp90 from other chaperones. It is normally expressed at relatively high levels —
beyond what is required for growth in organisms where this has been tested [59] — and it is
induced by myriad environmental stresses. In some instances, however, even this increased
expression of Hsp90 cannot contend with the increasing number of unfolded proteins under
stress, resulting in a reduction of net chaperone activity [60, 61]. It has been hypothesized
that the basal reservoir of Hsp90 activity in unstressed conditions allows cells to rapidly
respond to modest levels of environmental fluctuations.

Over one thousand proteins have been identified in physical interaction screens using Hsp90
as bait [62—64]; however, Hsp90 clients are not a random sampling of all proteins, but a
select cohort enriched in kinases and transcription factors [63] that are known to be
conformationally dynamic. These clients reside in nearly every developmental and signaling
pathway in eukaryotes [58, 65—67], providing a plausible explanation for Hsp90’s broad
influence on the relationship between genotype and phenotype. In contrast, generalist
chaperones such as Hsp70 have many more clients that are a more random sampling of the
proteome. They are also thought to act earlier in folding pathways than Hsp90 [58].

Hsp90’s N-terminus contains a conserved ATPase domain that powers conformational
dynamics essential for client folding [68]; its C-terminus is critical for dimerization (Figure
3A). The basis of client recognition is complex. Structural studies with a range of client
proteins suggest that interactions with the middle region are important for protein-protein
interactions [69-71], but the interfaces identified also include some portions of the N- and
C-termini [72—74]. Regardless of the precise protein binding domain location, it is clear that
protein interactions and ATP hydrolysis are required for client folding. Combinatorial
recognition with co-chaperones also plays an important role in this process (see below).
Subdomain-FRET-analyses and crystal structures have illuminated the dynamic cycles that
fuel the ‘molecular clamp’ mechanism of Hsp90 binding and release driven by ATP
hydrolysis (Figure 3B) [75, 76]. Figure 3B illustrates the chaperone cycle that has been well
defined for the progesterone receptor, a model client of Hsp90 [77]. However, our
mechanistic knowledge is incomplete; e.g. we are unable to predict whether a particular
protein is an Hsp90 client or whether a mutation will confer or revoke client status. Clients
are often directed to Hsp90 via other (co)chaperones, dozens of which are known. For
instance, Hsp90’s capacity to catalyze the folding of many of its kinase client proteins is
dependent on the Cdc37 co-chaperone [73, 78-83]. Like other Hsp90 clients, these kinases
are thought to be initially metastable, but they are stabilized through interaction with Hsp90
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and become functional. Other client proteins rely on other co-chaperones, such as SQUINT
in A. thaliana [84]. We point the reader to recent reviews detailing the extended family of
Hsp90 proteins, diverse co-chaperones, post-translational control, and mechanisms of action
of all chaperone proteins [58, 78, 83, 85-95]. Our knowledge of the multitude of Hsp90
client proteins continues to expand with the utilization of new techniques [63]. Collectively,
these studies demonstrate that Hsp90 is a hub-of-hubs, linked to nearly every process within
the cell (Figure 3C).

1.4 Missing heritability, canalization, and the evolving genotype-to-phenotype map

Decoding how genetic variation gives rise to phenotypic diversity is the central challenge of
genetics and genomics. Modern genomic technologies have enabled unprecedented strides
toward cataloging genetic variation across many individuals and mapping functional
genomic regions; nevertheless, the complexity of most biological traits, including many
diseases, poses enormous challenges for predicting phenotype from sequence. For example,
genome wide association studies have been employed in large cohorts of individuals to
identify genetic variants that contribute to complex human diseases. These studies have
successfully associated thousands of genetic variants with various quantitative phenotypes.
However, most of these variants contribute little to disease risk and explain only a small
proportion of the observed heritability in families. This “missing heritability” has been
attributed to several factors including unidentified sequence variation (e.g. copy humber
variation in repetitive DNA, large genomic rearrangements) [96], rare alleles of large effect
[97, 98], inflated heritability values in families [97], the failure to account for epistasis (/.e.
genetic interactions) [97, 98], epigenetic variation [97, 98], variable levels of robustness [99,
100], and cryptic genetic variants. Hsp90 and hubs like it [30, 99] are likely to play a major
role in shaping complex traits through their role as strong genetic modifiers.

2 Principles and theory

2.1 Epistasis with environmental contingency

Traditionally, epistasis refers to a non-reciprocal interaction between two alleles in which the
phenotypic effect of one allele is dependent upon the presence of the other. The extent of
epistasis in genetic networks is vast. For example, systematic studies in yeast have tested all
pairs of viable gene deletion alleles, and identified genetic interactions between them [101].
Even in this compact genome, and examining only a single growth condition, these >23
million double mutants revealed nearly one million instances of epistasis. Notably,
systematic studies like this one reveal that not all genes exhibit the same degree of epistasis,
allowing us to understand and build genetic networks [102]. Genes at the hub of such
networks — Hsp90 key among them — show epistatic interactions with a large number of
other genes [63]. For example, studies of ~65,000 pairs of genes in C. elegans identified 350
genetic interactions; over a quarter of these involved six hub genes, all encoding chromatin
regulators [30]. In other words, network hubs like Hsp90 and chromatin regulators represent
a special case of epistasis in which one gene interacts epistatically with many others.

The direct link between Hsp90 activity and environmental conditions make this relationship
even more remarkable, and important for linking phenotypic diversification to environmental
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change. Indeed, because Hsp90 activity itself serves as a ‘stress sensor’ [103, 104], this
system ensures that phenotypic diversity can increase in the face of environmental change
across entire populations, in contrast to mutations that affect only a few individuals.
Although other hubs have been shown to act as strong genetic modifiers [30], there is less
evidence that their canalizing or ‘buffering’ function is environmentally responsive. Without
plausible paths for de-canalization across many individuals in a population, genetic variation
will remain cryptic, and unable to contribute to phenotype or be acted upon by selection.
Nevertheless, one can imagine mutations that disrupt such hub genes in certain individuals, a
scenario that has been invoked as contributing to complex human diseases [30, 99]. With
regard to Hsp90, common environmental stresses and changes in cell physiology during
malignant transformation can modulate its activity and hence its interactions with many
other genes. The classic example of Hsp90s’ effect on malignant transformation is the well-
studied interaction between Hsp90 and v-Src kinase, without which the kinase is not
functional (Figure 4A-C) [105, 106]. Thus, changes in the intra-and extracellular
environment can readily lead to the release (and masking) of genetic variation, de-
canalization of phenotype, and ultimately the assimilation of such traits via selection.

Although environmental stress provides a common trigger for changes in Hsp90 activity,
genetic and even epigenetic mechanisms may also affect its function. Hsp90 and associated
co-chaperones are highly conserved in eukarya, but variation has been observed in some
organisms. For example, some Drosophila populations harbor H#SP90 variants that can affect
phenotypic robustness [107, 108]. In C. elegans, the penetrance of several mutant alleles in
developmental pathways can be predicted by endogenous Hsp90 levels in juvenile animals
[109]. Hsp90 polymorphisms are also surprisingly common in humans, an exciting topic for
future study.

2.2 Genetic assimilation of environmentally sensitive traits

One of the most striking — and thus far least experimentally dissected — aspects of Hsp90-
dependent capacitance is the apparent genetic assimilation of previously environmentally
and Hsp90-dependent traits (see also accompanying perspectives by L. Loison and G.
Geiler-Samerotte in this issue). Empirically, such genetic assimilation has been observed in
the laboratory. In Waddington’s original experiments, fixation of the crossveinless wing trait
in D. melanogasterwas rapid. After several generations of selective breeding the trait was
stabilized in the population even in the absence of heat stress, a process that Waddington
defined as genetic assimilation [36] (Figure 1B). Likewise, Rutherford and Lindquist
observed rapid assimilation of analogous, Hsp90-dependent traits in D. melanogaster [32]
(Figure 2A). Laboratory studies with different organisms and employing other
environmental triggers have also concluded that the environment can exert a large influence
on heritability, presumably by altering the impact of cryptic genetic variation. For example,
changes in the broad-sense heritability of tadpole body size, developmental stage, and gut
length after shifting to a rich shrimp diet or exposure to a hormone induced by such dietary
changes [37].

Although Hsp90 activity can be affected by all environmental stimuli that compromise
protein folding, it has long been debated whether Hsp90-dependent variation and its release
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upon stress can contribute to evolutionary trajectories in nature. Rohner et al. investigated
this question in the context of the Mexican cavefish Astyanax mexicanus [47]. Recent
geological events have repeatedly isolated sub-populations of this river fish in different cave
environments. These isolated populations have experienced a series of highly reproducible
changes, specifically loss of pigmentation and eyes. Multiple lines of evidence suggest that
these phenotypes are adaptive in the cave environment [47]. Rohner et al. exposed
developing river fish with normal eyes to low concentrations of Hsp90 inhibitor, noticing a
significant de-canalization of orbit size. Selective breeding of fish with small orbit size led to
rapid assimilation of the trait. That is, progeny from such crosses showed small orbits even
without any Hsp90 inhibition (Figure 2C). Most remarkably, exposure to cave water
conditions, an ecologically relevant stress, also decanalized orbit size in river fish, analogous
to the treatment with the Hsp90 inhibitor. Although determining whether Hsp90-dependent
de-canalization has contributed to the cave-specific phenotypes in nature stands as a goalpost
for future work, this study establishes the expression of Hsp90-dependent, formerly cryptic
variation as a plausible explanation for this rapid and recurring adaptation.

3 Evidence for the evolutionary importance of Hsp90-dependent variation

Although it is challenging to devise experiments to conclusively prove that Hsp90-dependent
variation contributed to eye loss or other traits, the existence and relative importance of
Hsp90-dependent evolution can be detected in genomes, in particular by comparing the
evolutionary rates of client and non-client proteins. The capacitor hypothesis posits that
clients should be allowed to acquire more and potentially more harmful mutations than non-
clients. Evolutionary rate is influenced by many factors, including protein stability, protein
interactions, and gene expression. These factors will confound any effect that interaction
with Hsp90 may have, making it imperative to conduct analyses of evolutionary rate among
genes encoding comparable client and non-client proteins. One solution has been to compare
pairs of recent gene duplicates that differ little in sequence and expression. In A. thaliana,
the Hsp90-client BES1, a transcription factor in the brassinosteroid pathway, shows relaxed
selection compared to its closest paralog the non-client BZR1[110]. BESI bears hallmarks
of neo- and subfunctionalization, and shows dynamic Hsp90 client status across independent
evolutionary paths. In yeast, Hsp90 clients also evolve faster than their non-client paralogs
[110].

The availability of large-scale data on Hsp90 clients, in particular on human kinases [63],
has finally enabled the systematic exploration of Hsp90’s role in protein evolution across the
mammalian lineage. Kinases are monophyletic, akin to the prior studies of gene duplicates.
Kinases identified as clients in humans show significantly higher evolutionary rates than
non-client kinases across the mammalian lineage; this effect is independent of gene
expression and protein interaction, the two major factors influencing evolutionary rate, and
comparable in effect size [111]. Across several thousand sequenced humans, genes encoding
client kinases showed greater nucleotide diversity than those encoding non-clients.
Moreover, the genetic variants in client kinases were predicted to be more damaging to
protein function than those in non-clients, consistent with Hsp90’s hypothesized capacitance
function. If so, one would predict that once a kinase acquires Hsp90 client status, it would be
unlikely to lose it again. Indeed, this is the case. Kinases are of outsized importance in
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shaping development, physiology, and evolutionary trajectories; they also play a major role
in many human diseases, including various cancers. In this context, Hsp90’s role in
promoting their divergence and in maintaining their function in the face of accumulating
genetic variation is particularly noteworthy.

In contrast to eukarya, Hsp90 is not essential in bacteria (where it is known as HtpG), and a
broad characterization of its molecular function and possible role in capacitance is lacking in
this domain of life. A recent study used genome-scale phylogenetic analysis to identify
genes that co-evolve with bacterial Hsp90 [51]. Genes whose gains and losses are
coordinated with Hsp90 throughout bacterial evolution tended to function in large protein
complexes associated with motility and secretion, suggesting that Hsp90 may aid the
assembly of protein complexes. Indeed, experimental validation identified Hsp90 clients
such as the flagellar protein FIiN and the chemotaxis kinase CheA; Escherichia coli HSP90
mutants showed impaired motility and chemotaxis. The presence of bacterial HSP90 across
all sequenced species is associated with a preference for multiple habitats. Taken together,
bacterial Hsp90 appears to aid the assembly of membrane protein complexes and facilitates
adaptation to novel environments, both functions that seem to preface its much larger and
essential role in protein folding and evolution in eukarya.

To summarize, these studies confirm one of the two predictions of the capacitor hypothesis:
genetic variation indeed accumulates at higher rates in genes encoding client proteins. The
other prediction of the capacitor hypothesis posits that intermittent stress leads to expression
of this accumulated variation followed by selection. This prediction has also been addressed
in recent studies, as we will discuss in more detail below (see 5.3).

4 Protein folding as a general mechanism

4.1 Open questions

Studies from yeast to human have established Hsp90’s conserved capacity to buffer genetic
variation. Although several Hsp90-dependent loci have been mapped in natural populations
[44, 112, 113] it has largely remained unresolved how precisely Hsp90 perturbation enables
cryptic genetic variation to contribute to phenotype. Does this variation occur in client
proteins, or can it occur in non-clients, or even regulatory regions? Could any variant in a
client protein be Hsp90-responsive? In short, what variation can the chaperone buffer?
Below we synthesize results from experiments seeking to answer these questions.

4.2 Hsp90 reveals cryptic genetic variants responsible for many traits

Our understanding of how Hsp90 affects cryptic genetic variation comes from a series of
genetic studies across model organisms. In flies, plants, yeast, fish, and other model systems,
Hsp90 perturbation generates background-specific traits [39, 42, 47, 48] (Figure 2), allowing
Hsp90-dependent loci to be mapped in some systems [44, 112, 113]. Thus far, however, few
Hsp90-dependent variants have been identified at the gene level [44, 114]. As a result, our
mechanistic understanding of Hsp90-mediated capacitance is limited, while biochemical
studies of Hsp90 function have flourished [67]. In the absence of systematic studies of
Hsp90-dependent variation in a wide array of client and non-client proteins, it has been
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impossible to rigorously determine features that render a given variant Hsp90-responsive.
The handful of known examples suggest that Hsp90-dependent variants can occur in clients,
non-clients that interact with client proteins, and even in regulatory regions that are bound
by clients. We discuss specific examples in section 5. Recent studies suggest that disease-
associated variants in various proteins often show Hsp90-dependence [48]; early work found
this to be true for mutations in oncogenic proteins [106, 115].

5 Specific examples across eukarya

5.1 Alleles that are buffered

A capacitor stores electrical energy for later rapid release. Hsp90 has been proposed to
function analogously for genetic variants, allowing them to accumulate (or be ‘stored’) as
phenotypically silent mutations, only to be expressed after a shift in environment. That is,
ensuing reduction of Hsp90 function may unmask the phenotypic consequences of genetic
variants that were previously cryptic. As discussed above our understanding of specific
variants that are influenced by this mechanism is incomplete, although there is convincing
evidence that they are common in natural populations [29, 112, 113].

Greater detail on buffered variants is emerging from saturating mutagenesis studies of
individual genes. For example, “deep mutational scanning” has identified Hsp90-buffered
variants of the Ste12 transcription factor in Saccharomyces cerevisiae [114] (Figure 4D).
The wild-type Stel2 protein is not a client of Hsp90. At standard growth conditions, the
Hsp90-dependent Stel2 variants were competent for both mating and invasion. Ste12 drives
the expression program for both traits, which are mutually exclusive, yet share many
signaling components, including Ste12. Upon Hsp90 inhibition or thermal stress, cells
harboring the Hsp90-dependent variants lose the capacity to mate, but become dominantly
hyperinvasive even in the absence of the known invasion cofactor. Indeed, temperature-
regulated invasiveness is a common phenotype of fungal pathogens [116-119]. The Stel2
example is striking because loss of Hsp90 does not simply lead to degradation of the
respective protein and loss of function; rather, loss of Hsp90 shifts the trait preference of
Stel2 towards invasion by altering its binding to DNA. Although Hsp90-dependent Stel12
variants are rare, they are accessible through a single amino acid change, suggesting that the
chaperone could facilitate a mutational path toward a pathogenic fungal lifestyle by
minimizing mating costs at normal temperature and enhancing invasion at the higher host
temperature.

In yeast, fine mapping studies have identified several natural genetic variants that are
affected by chaperone activity [44]. Two arise in Hsp90 clients: Mec1l, the sentinel DNA
damage kinase, and Nfs1, an essential sulfur donor in FeS cluster biogenesis and tRNA
thiolation. Under normal growth conditions, natural genetic variation in these genes is
phenotypically silent. But upon pharmacological or environmental inhibition of Hsp90
activity, vineyard alleles of these genes give rise to new phenotypes. The vineyard allele of
Mec1 produces resistance to DNA damage induced by UV-irradiation (Figure 4E), and the
vineyard allele of Nfs1 produces resistance to rapamycin. Each of these phenotypes is
explained by the known function of the polymorphic genes and their well-characterized
interaction with the chaperone. Hsp90 also buffers resistance to the oxidative stressor 1-
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chloro-2,4-nitrobenzene (CDNB) derived from vineyard alleles of the Ndil gene.
Remarkably, this trait arises from mutations in the 3’ -untranslated sequence of the gene.
Upon Hsp90 inhibition, levels of ND/Z mRNA increase by nearly 100-fold in strains
harboring the vineyard allele. Forced overexpression of Ndil also produces CDNB
resistance. Although the ND/Z mRNA transcript itself is of course not a client of Hsp90,
several Hsp90 clients are known to bind to its 3" untranslated region, providing a plausable
rationale for this Hsp90-responsive phenotype.

Genotypes and phenotypes have been measured extensively across many dozens of yeast
isolates from diverse ecological niches. This approach has made it feasible to assess the
global relationship among Hsp90, genotype and phenotype in this organism. Across >100
growth conditions and without Hsp90 perturbation, the correlation between genotype and
phenotype is statistically significant, but surprisingly weak. This correlation increases
considerably in response to Hsp90 inhibition, suggesting that a considerable fraction of the
‘silent’ genetic variation in this organism has phenotypic consequences in the presence of
Hsp90 inhibition [44].

Another striking example comes from mice, where Hsp90 buffers the regulatory influence of
certain endogenous retroviruses on neighboring developmental genes [120]. This effect on
cisregulatory variation arises because Hsp90 chaperone activity is required for TRIM28/
KAP1-mediated epigenetic silencing of endogenous retroviral elements. This example
provides yet another mechanism by which Hsp90 can buffer natural genetic variation, and
raises the question of whether the capacitor function of Hsp90 may have facilitated
exaptation of endogenous retroviruses as modifiers of gene expression.

As discussed earlier, as the number of sequenced human genomes expands, so does our
ability to detect the broad effects of Hsp90 and protein folding in general on human
phenotypes. Across >1,500 disease alleles, a recent study found that their relative
association with Hsp90 was highly predictive of disease severity, especially when compared
to association with Hsp70, another chaperone (Figure 2D) [48]. This finding, which is
remarkable given the diversity of genetic causes of disease, illustrates how even specific
aspects of chaperone function are fundamentally integrated into the trajectory between
genotype and phenotype. A more detailed examination of mutations associated with the
cancer-prone syndrome Fanconi Anemia (FA) revealed that Hsp90 perturbation amplified
FA-related sensitivities to chemotherapeutics [48]. It is important to reiterate that not all
variants are buffered by Hsp90. Many are potentiated, and most are unaffected [121, 122].
This has also been borne out at the phenotypic level. For example in Drosophila some
phenotypes are strongly affected by Hsp90 inhibition whereas others are not [39]. Although
an integrated understanding of how chaperone activity influences specific disease alleles will
require many more both detailed and systematic studies, it is clear that these effects are
likely highly significant and widespread.

5.2 Alleles that are potentiated

Hsp90 can also potentiate mutations. That is, when Hsp90 activity is reduced, the capacity
of these variants to produce new traits is eliminated. Although we use a different term for
this effect (potentiation), it is driven by the same phenomenon that promotes buffering:
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Hsp90’s function as a chaperone of its client proteins. Like buffering, potentiation reflects
Hsp90’s widespread epistasis with regulatory genes. Indeed, the first studies of buffering in
A. thaliana also observed instances of potentiation [42], and subsequent studies in S.
cereviasiae further defined specific examples of such an effect [44]. However, one of the first
oncogenes discovered, v-Src, provided a particularly striking example nearly 30 years ago.
v-Src arose from mutations in the c-Src progenitor kinase that lead to its constitutive
activation. However, these same mutations render v-Src thermodynamically unstable,
making its folding and function dependent on Hsp90 [106, 123] (Figure 4A-C). Many other
oncogenes have since been shown to require Hsp90 for the potentiation of their function.
Another fascinating example is the BCR-ABL gene fusion that encodes a constitutively
active tyrosine kinase. The BCR-ABL inhibitor Imatinib, known commercially as Gleevec,
was one of the earliest and most successful targeted therapies for chronic myelogenous
leukemia. However, the emergence of resistance has been a common failure mode of this
and most other oncogene-directed therapies. A majority of patients treated with Imatinib at
an advanced stage will relapse due to a point mutation in BCR-ABL that drives resistance
[124]. Treatment with an Hsp90 inhibitor leads to degradation of the Hsp90-client BCR-
ABL and loss of imatinib resistance (Figure 4F) [49, 50], highlighting the need to
understand the role of Hsp90 and other factors in enabling the accumulation of mutations
favorable to cancer cells.

Like buffering, potentiation can also occur indirectly. A striking example is resistance to
fluconazole, a main line antifungal drug, in the fungal pathogen Candida albicans. Mutations
in ERG3enable resistance to fluconazole [45], but also result in the production of a toxic
sterol. Such variants depend upon Hsp90, which mediates the function of its client
Calcineurin and other proteins integral to stress response circuitry. Activation of this stress
response alleviates toxicity that would otherwise be induced by the alternate sterol [125]. By
chaperoning Calcineurin, Hsp90 therefore allows the ERG3 variants to persist in the
population and contribute to the evolution of drug resistance. Mutations in several other
genes also potentiated fluconazole resistance dependent on Hsp90 including erg64, oshiA,
scs24, and ckaZA (Figure 4G). Genetic assimilation of initially Hsp90-dependent antifungal
drug resistance has been observed in multiple clinical isolates evolving in human hosts,
suggesting that this process may have a strong influence on human health. Remarkably,
dependence on Hsp90 was abrogated by high temperatures, pointing to a potential clinical
benefit of fever.

Because the effects of both buffering and potentiation are examples of epistasis, Hsp90 has
been referred to as a “global modifier” of genetic variation. Phenotypes arising from
buffered and potentiated variants can be influenced by selection, which might in principle
affect the distribution of buffered vs. potentiated variants over time and across changing
environments. A recent effort attempted to quantify the frequency of buffered and
potentiated mutations in yeast cells. Genetic backgrounds that have been subject to minimal
selective pressure showed more frequent potentiation, whereas backgrounds that have been
subject to more significant selection showed more frequent buffering [126].
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5.3 Buffering and potentiation arise naturally from Hsp90’s chaperone function

Although Hsp90’s relationship with phenotype is remarkable, it is decidedly not magic.
Hsp90 does not have the capacity to buffer or potentiate every mutation in every gene;
rather, its effects on phenotype are a consequence of its biochemical function. Hsp90’s client
proteins — largely kinases and transcription factors — occupy key nodes in signaling cascades
that govern a multitude of cellular and developmental pathways [58, 63]. Relative to other
chaperones, Hsp90 catalyzes folding steps that occur late in the maturation of its client
proteins [58]. A case in point are steroid hormone receptors, a class of closely related
transcription factors that were among the earliest Hsp90 clients identified and studied. These
proteins bind to Hsp90 in an immature but mostly folded state [127]. In the presence of
hormone, the protein acquires a fully folded and functional conformation, leading to
concomitant release from the chaperone. Other clients have different trajectories; they
require phosphorylation or other modifications to reach their stable state or reach their final
cellular destination. Loss of Hsp90 activity severely disrupts client protein function, often
through degradation or failure to signal or productively interact in protein complexes [18].

As discussed, Hsp90’s biochemical activity and regulation is tightly coupled to fluctuations
in the environment. Together with Hsp70, Hsp90 interacts and suppresses Hsf1 activity, the
major regulator of the conserved heat shock response that ensues upon proteotoxic stress. It
has been appreciated for decades that upon stress Hsfl trimerizes, releasing Hsp90 and
Hsp70 to act on unfolding proteins; as soon as protein folding has recovered, Hsp90 and
Hsp70 are once more available to suppress Hsfl [128, 129]. Active, trimeric Hsfl activates
expression of many chaperones, including Hsp90. There are also many post-transcriptional
and post-translational mechanisms that regulate Hsp90 activity — and these too are linked to
environmental inputs — including phosphorylation, acetylation, and nitrosylation [58, 130].
Hsp90 also changes its interaction with co-chaperones in different environments, lineages,
and disease states which affects its substrate specificity. Together, these regulatory inputs
generally up-or down-regulate Hsp90 activity, or direct its activity toward particular cohorts
of clients.

As a result of its complex regulation, Hsp90’s epistatic relationship with genetic variants is
not static, but highly dependent on specific environmental circumstances, developmental
stages, and even diurnal cycles (Figure 5). Thus, organisms have likely experienced
environmentally-driven changes in these epistatic relationships during their evolutionary
histories. This predictability of Hsp90 activity changes may expose Hsp90-dependent
genetic variation to significant selection, purging deleterious alleles. Indeed, the distribution
of fitness effects revealed upon Hsp90 inhibition in wild isolates of S. cerevisiae is heavily
skewed toward adaptive phenotypes (~50%) relative to the distribution of fitness effects that
would be expected for spontaneous mutations (where adaptive effects are rare) [131, 132],
arguing for intermittent release of and selection on Hsp90-dependent variation. In A.
thaliana plants, deep mutagenesis revealed significantly greater penetrance of EMS
mutations upon Hsp90 inhibition; however, many of the Hsp90-dependent phenotypes (but
not all) are also observed in wildtype plants treated with Hsp90 inhibitors (Figure 6). These
observations in yeast and plants are consistent with two key points we wish to make: first,
not all loci are Hsp90-responsive, and second, Hsp90-dependent variants in these loci in
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natural populations likely experience intermittent release and selection, purging those that
are deleterious [133]. Deeper investigation of these observations stands as a goalpost for
future studies.

6 Links between Hsp90 and de novo variation

6.1 Hsp90 impacts genome stability

Genome instability encompasses an increased genome-wide frequency of point mutations,
insertions/deletions, microsatellite slippage events, somatic homologous recombination, and
transposon activity. In human cells, Hsp90 perturbation increases mutation rates of
microsatellites [134], and decreases resistance to ionizing radiation [135]. In yeast, strong
Hsp90 inhibition can increase rates of aneuploidy [136] and overexpression of HSP90
results in reduced efficiency of DNA repair [137]. In metazoans, Hsp90 inhibition increases
transposon transcription and mobility through the disruption of PIWI-protein function (D.
melanogaster, C. elegans, mice, and human cells) [95, 138-144]. In the plant A. thaliana,
perturbation of H/SP90 increases somatic homologous recombination [99] and susceptibility
to ionizing radiation [145]. HSP90 perturbation is therefore correlated with, and in several
instances causative of, genome instability in eukaryotes (Figure 5). Hsp90’s wide-reaching
effects on genome stability is readily explained by its role in chaperoning many proteins
functioning in the various DNA maintenance and repair pathways. In addition to the above
discussed PIWI-proteins, these include the previously mentioned Mecl in yeast, telomerase,
FANCA in the Fanconi anemia pathway [119], DNA Polymerase subunits, BRCA proteins,
and Rad proteins to name a few examples (See reference [132] for database of Hsp90
interactors).

However, given the breadth of standing genetic variation that is responsive to Hsp90
perturbation [29, 39, 42, 48, 60, 120, 146], mutations that newly arise in response to Hsp90
inhibition likely play only a minor role in most Hsp90-dependent phenotypes. Most previous
studies validate their genotype-specific Hsp90-dependent phenotypes through treatment of
embryos with highly specific Hsp90 inhibitors and moderate temperature stress. Drug and
temperature treatments produce the same genotype-specific phenotypes, which is
inconsistent with major contributions of de novo mutations. De novo mutations due to these
treatments would be somatic mutations, and these most certainly occur at an increased rate
in response to Hsp90 inhibition as we and others have shown [99]. However, somatic
mutations occurring in individual embryos are extremely unlikely to affect many embryos of
a given genotype in the same way; they are also extremely unlikely to be transmitted to the
next generation. As the issue of Hsp90-dependent de novo mutations has caused some
controversy in the past, we would like to state clearly that although Hsp90 perturbation
increases genome instability, the majority of Hsp90-dependent phenotypes described to date
are highly unlikely a consequence of de novo mutations, particularly in cases where the high
frequency and independent reproducibility of these phenotypes have been validated through
drug or environmental treatments of embryos.

The observation that perturbation of a hub like Hsp90 is associated with genomic instability
may have broader implications. Increased genome instability via Hsp90 or via perturbation
of other hubs may be a general hallmark of de-canalization, which in turn may affect
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penetrance of genetic variation. In support of this hypothesis, yeast studies identified hub
genes in which deletion decreased phenotypic robustness; one-fourth of ~300 identified hubs
were genes with critical roles in genome stability [10]. Similarly, environmental stress is
known to decrease phenotypic robustness; in many cases, it is also associated with increased
genome instability [147, 148]. As genome instability and canalization levels appear to be
associated, it has been previously proposed that levels of genome instability could be used as
a marker for canalization levels in humans and non-model organisms (and hence as markers
for penetrance levels of genetic variation) [99].

6.2 Chromatin-based epigenetic variation

Hsp90 binds to several chromatin regulators, including Trithorax proteins, the INO80
complex, and histone modifying enzymes [149, 150]. These interactions make it likely that
Hsp90 can facilitate the generation and phenotypic consequences of epigenetic variation. We
discuss two studies from D. melanogaster here. Examining a sensitized Krijppel mutant,
Sollars et al. found that Hsp90 inhibition produces heritable phenotypic variation [151].
Krijppel encodes a zinc-finger transcription factor required for abdominal segment
patterning; the mutation causes the protein to be ectopically expressed in the eye, altering
the pattern of its facets. A genetic enhancer screen for ectopic eye outgrowth yielded loci
encoding trithorax group members and five alleles of Hsp90. Strikingly, treating a highly
inbred Krijppel line with a specific inhibitor of Hsp90 also produced the ectopic outgrowth
near the eye. Despite the line’s nearly isogenic background, selection increased the
penetrance of this trait and rendered it independent of Hsp90. One of us has previously
argued that the near fixation of this trait may be due to spreading heterochromatin,
consistent with the finding that mutations in Trithorax proteins also produce the ectopic
outgrowth phenotype in the Kriopel background [152]. This study demonstrated that Hsp90
can affect phenotypes due to epigenetic variation in addition to those due to genetic
variation. Although this study expanded the capacitor concept to include epigenetic
phenomena, we note that this is still a clear consequence of Hsp90 acting as a strong
epistatic modifier. The chaperone acts upon multiple chromatin regulators, hence affecting
chromatin states.

Using high-resolution ChlP-seq in D. melanogaster, Sawarkar and colleagues demonstrated
that Hsp90 localizes near promoters of many coding and non-coding genes including
microRNAS [153]. Hsp90’s interaction with chromatin is indirect, and arises because Hsp90
maintains and optimizes RNA polymerase Il pausing by stabilizing the negative elongation
factor complex (NELF). Consistent with this model, Hsp90 inhibition leads to upregulation
of these genes near its binding sites, and the chaperone is required for maximal activation of
paused genes in D. melanogaster and mammalian cells in response to stimuli. Taken
together, Hsp90’s effects on chromatin and gene expression are likely complex and locus-
specific due to the complex functions of its client proteins. For example, Trithorax proteins
are typically associated with euchromatic, transcriptionally active genomic regions; these
regions should experience downregulation of expression in response to Hsp90 perturbation
[150]. Conversely, paused genes are upregulated in response to Hsp90 inhibition.
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6.3 Protein-based epigenetic variation

Originally seen as a rare biological oddity, emerging evidence suggests that self-templating
protein conformations — prions — can also commonly serve as epigenetic elements of
inheritance [154-156]. Because their propagation is highly dependent on protein
conformation, the traits that prions encode are very sensitive to perturbation of molecular
chaperones. Most data to date come from a series of studies of amyloid prions in yeast,
which have established a critical dependence on the Hsp70 chaperone and the Hsp104
disaggregase for propagation and maintenance [157].

The influence of Hsp90 on prion propagation and maintenance has been more recently
examined. For example, propagation of the [URE3] prion requires Hsp90’s interaction with
the Cpr7 co-chaperone [158]. However, Hsp90 has no impact on another well-characterized
yeast prion, [ PS/*], suggesting that this machinery has selective effects on protein-based
epigenetic elements [158]. The influence of Hsp90 co-chaperones on spatial quality control
of prion-like proteins has also been the subject to recent investigations [159]. Sequestration
of amyloid proteins, e.g. the expanded polyglutamine repeats of Huntingtin (Htt103Q), can
be protective for the cell. Loss of the Hsp90 co-chaperone Stil exacerbates Htt toxicity and
blocks the formation of large aggregated protein assemblies. Increased expression of Stil
has the opposite effect. Thus, this co-chaperone has the capacity to ‘buffer’ the phenotypic
impact of protein-based epigenetic variants.

Hsp90 chaperone activity itself appears to matter for the propagation of some protein-based
epigenetic elements that do not arise from amyloid fibers. Chakrabortee et al. examined the
breadth of protein-based inheritance across the yeast proteome [156]. Transient
overexpression of nearly 50 proteins (of 5,300 examined) created traits that remained
heritable long after their expression returned to normal. These traits had prion-like patterns
of inheritance, were common in wild yeasts, and could be transmitted to naive cells with
protein alone. Most inducing proteins were not known prions and did not form amyloid
fibers. Instead, they were highly enriched in nucleic-acid-binding proteins with large
intrinsically disordered domains that have been widely conserved across evolution. Several
required the chaperone activity of Hsp90 to propagate from one generation to the next.
Although mechanistic knowledge of these protein-based epigenetic elements is nascent,
these observations suggest that Hsp90 can exert a strong impact on the propagation of
protein-based epigenetic elements.

Finally, the activity of Hsp90 has recently been linked to the propagation of a protein-based
epigenetic trait in mammals [160, 161]. In response to viral infection, RIG-1-like RNA
helicases activate the mitochondrial protein MAVS to induce a protective response. It has
recently become clear that the mechanism of MAVS activation involves the ubiquitin-
mediated formation of large aggregates. These assemblies propagate in a prion-like manner
that depends on the Hsp90 chaperone to convert endogenous native MAVS protein into an
infectious active form. In the light of new discoveries such as functionally important
membrane-free protein assemblies and nuclear foci associated with transcriptional activation
or silencing, we speculate that Hsp90’s role in shaping phenotype will only grow in the near
future.
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7 Conclusions and future directions

It has been nearly two decades since Rutherford and Lindquist proposed that Hsp90 might
impact the relationship between genotype and phenotype, and suggested that this might
provide a link between environmental change and evolutionary processes [32]. Their work
attracted a great deal of interest; yet, it was also highly controversial. And, it must be said,
for good reasons. As exciting as the initial findings in D. melanogasterwere, the adaptive
value of the traits exposed upon Hsp90 inhibition, and the nature of their underlying
genetics, was unclear.

Since then, many studies have moved the capacitance model from a compelling hypothesis
to a plausible mechanism that has contributed to the evolution of genomes. Work in plants,
fungi, and human cancers have identified many genetic variants and loci that are affected by
Hsp90 activity. Indeed, the pervasive influence of Hsp90 on mutations linked to cancer has
sparked great interest in the therapeutic value of chaperone inhibitors [115, 162-164]. In a
wide variety of fungal pathogens, Hsp90 fuels the rapid acquisition of mutations that confer
resistance to environmental stressors, including antifungal drugs [165-169], further
contributing to the interest in Hsp90 as a therapeutic target.

Perhaps the strongest evidence for Hsp90’s influence on evolution comes from systematic
studies of genotype-to-phenotype relationships. In S. cerevisiae strains from diverse
ecotypes, inhibiting Hsp90 leads to a far more adaptive distribution of fitness effects than
would be expected from random mutations, suggesting that selection has previously acted on
the genetic variation responsible for these traits. Indeed, modest reduction in Hsp90 function
(elicited either phamacologically or by a moderate environmental stress) improved the
correlation between genotype and phenotype across more than 100,000 polymorphisms in
sequenced yeast strains [44]. Even more compelling evidence has come with systematic
annotation of human kinase clients of Hsp90 function. A key tenet of the original capacitor
hypothesis is that Hsp90 client proteins should be able to accumulate mutations at a higher
rate than non-clients. Indeed, across the human protein kinase superfamily — and mammals
more generally — Hsp90 client status promotes increased evolutionary rate [111].
Collectively, these studies provide strong evidence that Hsp90 has been playing an important
role in shaping the evolution of current genomes.

Although Hsp90 exerts a large influence on the phenotypic manifestation of genetic and
epigenetic variation, it is not magic and clearly does not universally act on any type of
variation. In fact, the most universal mechanism for buffering the effects of genetic variation
is being diploid, which prevents most mutations from having a phenotypic impact (because
they are recessive). Yet even diploidy fails at buffering dominant mutations, which are
estimated to constitute ca. 10-20% of variants from studies in D. melanogasterand S.
cerevisiae [170, 171]. Likewise, many human diseases, including various cancers, arise from
haploinsufficiency or other dominant mutations [172]. Experiments in plants and yeast
suggest that Hsp90 activity can influence many natural genetic variants [29, 31], and the
polymorphisms that have been fine-mapped to date are plausibly linked to Hsp90 chaperone
function [29]. This is a natural consequence of Hsp90’s interaction with large swaths of
cellular circuitry integral to growth and development. Theory holds that in any sexually
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reproducing organism the costs of maintaining a system for increasing variation will
eventually be separated from beneficial variants via meiotic recombination [173]. Yet
because Hsp90’s chaperone activity is required for nearly all aspects of eukaryotic biology,
such separation is likely impossible. Furthermore, the large number of Hsp90 clients and
their distribution throughout the genome makes it likely that combinatorial gain (and loss) of
chaperone-dependent variants can occur at each generation.

Hsp90’s influence on evolutionary processes is now indisputable — we can detect the
chaperone’s impact in genomes. Yet a better understanding of the genotype-to-phenotype
map across multiple environments will improve our understanding of how this chaperone
alters adaptive landscapes (Figure 7). Fortunately, we have new tools in hand to achieve this
goal. Using deep mutational scanning, it is now possible to systemically interrogate how
Hsp90 affects variants at every position within a protein. Likewise, new crossing strategies
in model organisms [174] and advances in human functional genomics [48] will enable
identification of Hsp90-dependent genetic variants at single nucleotide resolution and on an
unprecedented scale. These powerful new approaches promise to transform our mechanistic
understanding of how the Hsp90 chaperone acts as a global regulator of the evolving
genotype-to-phenotype map.
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Figure 1. Canalization minimizes phenotypic variation
A. Quantitative traits exhibit some degree of variation, represented here by a distribution. A

canalized trait shows tight distributions (blue) regardless of genetic or environmental
perturbation. Some traits can be de-canalized by environmental or genetic perturbations
which increases the degree of phenotypic variation (green). B. A possible mechanism of
assimilation of a new phenotype occurs via de-canalization. Over several generations of
selection for a crossveinless wing phenotype in Drosophila, the rare phenotype was
assimilated to a large fraction of the population.
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Figure 2. Phenotypic variability revealed by inhibition of Hsp90
A. Inhibition of Hsp90 in Drosophila reveals phenotypes including black facets in one eye,

notched wings, and extraneous tissue (reprint from Rutherford and Lindquist, 1998). B.
Inhibition of Hsp90 by geldanamycin in A. thaliana reveals phenotypes including disruption
of typical symmetry and oval shaped, flat leaves (reprint from Queitsch et al., 2002). C.
Inhibition of Hsp90 in Mexican cavefish, A. mexicanus, results in variable eye size of larval
fish (reprint from Rohner et al., 2013). D. Human cells expressing the FANCA mutant allele
R880Q exhibit increased sensitivity to Hsp90 inhibitor ganetespib but a wild-type allele or
non-buffered alleles do not. In this case, the detrimental growth phenotype revealed upon
Hsp90 inhibition is only observed in a specific FANCA mutant background (reprint from
Karras et al., 2017).
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Figure 3. Hsp90 structure and function
A. The N-terminus of Hsp90 contains a conserved ATP binding domain (lime green), a

middle domain that may bind client proteins and co-chaperones (green), and a C-terminal
domain responsible for dimerization (blue). B. The Hsp90 chaperone cycle begins with the
binding of co-chaperones and clients. Here co-chaperones are colored blue. All other co-
chaperones and ATP are drawn in gray. The progesterone receptor is one of the best
understood clients. It binds one co-chaperone, then recruits another. After ATP binding, the
Hsp90 dimer clamps together. This final hydrolysis step includes binding of another co-
chaperone as well as ATP. Upon ATP hydrolysis, the clamp opens, releasing a mature client
protein. C. Protein interaction studies have defined the vast network of Hsp90 interactors.
Hsp90 interacts with hundreds of proteins of diverse functions including protein folding,
signaling, cell cycle, translation and metabolism.
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Figure 4. Mechanistic examples of buffering and potentiating
A. Activity of v-Src but not c-Src is dependent on Hsp90 (reprint from Xu and Lindquist,

1993). B. Likewise, malignant transformation with v-Src is also dependent on Hsp90. Upon
treatment with the Hsp90 inhibitor geldanamycin, the normal contact inhibition of growth is
restored (reprint from Whitesell et al., 1994). C. Graphic illustration of Hsp90 potentiating
oncogenic v-Src constitutively active kinase activity. The original observed phenotype is
graphed on a phenotypic scale in black. The phenotype dependent on Hsp90 is graphed in
purple with a vector designating the phenotypic difference of buffered alleles. D. Ste12
contributes to both mating and invasion. A wild-type STE1Z2allele results in normal mating
efficiency and invasion. A mutant ste12 K150/ allele results in decreased mating efficiency
only at high temperature or upon inhibition of Hsp90. The same allele results in increased
invasion only at high temperature. E. In the RM background, the MECI allele is not
dependent on Hsp90. In the BY background, the MECI allele is dependent on Hsp90; HU-
resistance and UV-resistance decreases when Hsp90 in inhibited. F. Hsp90 potentiates BCR-
ABL imatinib resistance. G. Hsp90 potentiates fluconazole resistance in several erg3alleles
and other gene deletions.
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Figure 5. Environmental perturbations regulate Hsp90, a central node that integrates stress

sensing with the manifestation and generation of de novo variants

Many environmental perturbations including heat, salinity, and drought have the potential to

alter Hsp90 activity. This altered activity affects cryptic genetic variation, buffered and
potentiated variants, de novo mutations, self-templating protein conformations, and

epigenetic variation. All of these will in turn alter the relationship between genotype and

phenotype.
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Figure 6. Hsp90-responsive phenotypes in deeply mutagenized Col-0 seedlings often resemble
those commonly arising in the wild-type Col-0 background but their frequency in the population
and severity is significantly increased

This observation is consistent with mutations affecting genes encoding clients that are
already susceptible to Hsp90 perturbation in the wild-type through standing variation. Novel
Hsp90-dependent phenotypes are also observed; genetic variation in the genes underlying
these phenotypes has likely been purged in the wild-type Col-0 population. A. Phenotype
examples of EMS mutagenized seedlings in the Col-0 background. B. Response to Hsp90
perturbation (geldanamycin: GdA) in Col-0 and mutagenized lines (M3 generation). Dark
red color denotes 10% increase in frequency of phenotypes under Hsp90-reduced conditions.
Dark blue color denotes 10% decrease in frequency of phenotypes under Hsp90-reduced
conditions. Black lines represent phenotypic frequency in the Col-0 background. An asterisk
(*) denotes a significant p-value for Fisher’s Exact test (p-adj < 0.05). C. Odds ratios of
seedling phenotypes in Mg lines derived from EMS mutagenized Col-0. Seedlings were
assayed for 16 early-seedling phenotypes under geldanamycin (GdA) and mock (DMSO)
treatment. Increasing red intensity reflects higher Odds Ratios, with grey color reflecting an
infinite Odds Ratio for that comparison. An asterisk (*) denotes a significant p-value for
Fisher’s Exact test (p-adj < 0.05).
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Figure 7. Phenotypic neighborhoods are rewired by changes in environment
In this cartoon example, two phenotypes are graphed in two dimensional phenotypic spaces

(axes). Each point represents a different genotype. The same genotype is graphed twice
when it presents a different phenotype in a different environmental condition (colored
points). Phenotypes dependent on the three different environmental perturbations are
graphed (purple, orange, red) at the end of vectors representing the difference due to
buffering or potentiation. Research illuminating examples such as these will greatly advance
our understanding of how Hsp90 and environmental perturbations alter phenotypic
landscapes.

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 April 01.



	Abstract
	1 Introduction
	1.1 The concept of canalization from theory to experiment
	1.2 Hsp90 provides a mechanism for de-canalization mediated by stress
	1.3 Hsp90 – a special chaperone
	1.4 Missing heritability, canalization, and the evolving genotype-to-phenotype map

	2 Principles and theory
	2.1 Epistasis with environmental contingency
	2.2 Genetic assimilation of environmentally sensitive traits

	3 Evidence for the evolutionary importance of Hsp90-dependent variation
	4 Protein folding as a general mechanism
	4.1 Open questions
	4.2 Hsp90 reveals cryptic genetic variants responsible for many traits

	5 Specific examples across eukarya
	5.1 Alleles that are buffered
	5.2 Alleles that are potentiated
	5.3 Buffering and potentiation arise naturally from Hsp90’s chaperone function

	6 Links between Hsp90 and de novo variation
	6.1 Hsp90 impacts genome stability
	6.2 Chromatin-based epigenetic variation
	6.3 Protein-based epigenetic variation

	7 Conclusions and future directions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

