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Abstract
Changes in cell homeostasis, or cell ‘stress’, are thought to tax the ability of the Hsp90 chaperone
to facilitate an array of processes critical for genome maintenance. Here, we review the current
understanding of how Hsp90 chaperone machinery ensures the function of proteins important for
DNA repair, recombination and chromosome segregation. We discuss the idea that cell ‘stress’
can overload Hsp90, resulting in genomic instability that may have important implications for
stress adaptation and selection. The importance of Hsp90 in genome maintenance and its limited
capacity to buffer the proteome may underlie the initiation or progression of diseases such as
cancer.
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Chaperones and the cellular response to stress
Adaptation to stress is not only the driving force for species evolution but also a daily
challenge that cells and organisms struggle against during their individual existence. An
important mechanism for coping with stresses is the induction of molecular chaperones 1.
Chaperone proteins, such as the Hsp70, Hsp90 and Hsp100 family members, assist in
protein folding and complex assembly and act on mis-folded proteins induced by conditions
such as heat or the presence of reactive oxygen species. Chaperone induction is a mode of
adaption that does not involve genetic changes but rather reflects an evolved capacity to
maintain protein homeostasis.

A second adaptive mechanism, which relies on genetic variation, was proposed for the
Hsp90 family of molecular chaperones 2, 3. This theory evolved from the observation of
phenotypic variation associated with Drosophila melanogaster bearing mutations in the
Hsp90 gene hsp83 4. It proposes that the adaptive potential of a population resides in its pre-
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existing genetic variation and posits that Hsp90, as a result of its broad role in proteome
fidelity and plasticity, allows the persistence of genetic variants in the population by
buffering their potential deleterious effects. Thus, Hsp90 restrains genetic variation much as
a capacitor restrains electrical charge; when the load (e.g., number of Hsp90 clients) exceeds
Hsp90 capacity then the phenotypic effects of pre-existing genetic variation may be released
(Figure 1A and 1B), providing the substrates from which the adaptive variants can be
selected. This model assumes that the degree of genetic variation is not necessarily
influenced by stress and that the chaperones do not directly contribute to adaption but
instead gate the phenotypic expression of the potentially adaptive variants.

In prokaryotes, it has been proposed that the rate of genetic variation is dramatically
elevated in a stressed population to fuel evolutionary adaptation 5. Genetic variants are
generated de novo as a result of activation of error-prone DNA synthesis and repair or
increased frequency of transposon mobilization. Such stress-induced mutagenesis differs
from the Hsp90-capacitor model in that the deleterious effect -- expected of most forms of
mutations -- need not be buffered to maintain population fitness under conditions of low
stress, and thus could potentially allow phenotypic leaps conferred by large-effect mutations
under strong selective conditions (Figure 1C). Interestingly, recent studies have shown that
stress conditions, especially those correlating with reduced Hsp90 function, also can induce
diverse forms of mutations in eukaryotes, providing a new source of phenotypic diversity
that potentially speeds up stress adaptation 6–9. Below we review the role of Hsp90 in
genome stability and the diverse types of mutations that may be induced by Hsp90 stress.
We speculate on the possible significance of these findings in cellular adaptation and disease
and discuss outstanding questions for future research.

Hsp90 chaperone machinery in protein homeostasis
One emerging role for Hsp90 and its associated family of co-chaperone proteins (the Hsp90
chaperone machinery) is in orchestrating the spatial and temporal order of protein
interactions 10. In the crowded, protein-rich environment of the cell, newly synthesized
proteins must properly fold and successfully interact with their binding partners, and
recycled proteins must appropriately disassociate from one partner and interact with another.
To buffer mistakes and ensure the quality of protein assemblies, the Hsp90 chaperone
machinery performs three main functions under normal cellular conditions.

First, it specifically interacts with a vast array of cellular substrates, termed clients. This is
accomplished in part through adapter co-chaperones that bridge the interaction between
Hsp90 and a particular subset of clients. Cdc37 and Sgt1 are examples of adapter co-
chaperones that link Hsp90 to cellular kinases or to large multi-protein machines such as the
kinetochore, respectively 11–14. Second, the Hsp90 chaperone machine stabilizes specific
folding intermediates that allow the client to interact with binding partners, such as a
receptor ligand or a protein subunit within a multi-protein complex. The mechanism of
Hsp90 client folding is not fully understood but it is clear that many of the more than 20 co-
chaperones modulate client interactions as well as the ATPase activity of Hsp90 15. Third,
the chaperone machinery and clients are linked to ubiquitin-mediated proteasome
degradation, which explains why many clients are turned over when mis-folded or mis-
assembled in the absence of Hsp90 function. The ability of the Hsp90 chaperone machine to
link protein assembly to degradation represents a quality control mechanism but in some
cases may also provide plasticity for dynamic protein complexes - the ability of proteins to
change functions from one complex to another.

Clients of Hsp90 are required for many crucial cellular functions. Of relevance to this
review, studies to date have revealed many protein complexes involved in genome
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transmission and repair to be dependent on Hsp90 for function or stability, making Hsp90 an
important player in the maintenance of genome stability.

Hsp90 and the coordination of DNA repair pathways
Recent evidence points to a critical role for Hsp90 chaperone machinery in DNA repair
complexes required to cope with damage arising from normal replication stress or from
mutagenic conditions. Below we will focus on cases where there is clear biochemical
evidence for the role of Hsp90 and an obvious impact on DNA integrity when Hsp90 is
inhibited.

Genomic DNA is constantly exposed to both exogenous (e.g., UV light) and endogenous
(e.g., oxidative stress) insults that frequently give rise to lesions that cannot be repaired by
high fidelity DNA polymerases. Translesion synthesis (TLS) is an essential process
conserved from bacteria to eukaryotes that bypasses such blocks and prevent large DNA
lesions (insertions and deletions) by switching between a family of specialized low fidelity
polymerases (i.e., Y-polymerases or Y-pols) that can bypass the lesion and high-fidelity
polymerases required for accurate DNA synthesis16,17. Careful regulation by Hsp90 and
protein degradation may be important to ensure that Y-pols do not mis-target and induce
global error-prone DNA synthesis18–20. The finding that Hsp90 co-purifies with one of the
Y-pols, Polη, led to a series of experiments that showed that Hsp90 is required for Polη
folding and its interaction with mono-ubiquitin-PCNA (ub-PCNA), as well as for targeting
TLS to sites of UV-induced damage. Inhibition of Hsp90 decreased cell survival and
increased Polη-dependent, UV-induced mutagenesis21. Another Y-pol, Rev1, has also been
shown to require Hsp90 activity 22. Rev1 has a more specialized polymerase activity,
limited to dCMP incorporation 23; however, Rev1 has been implicated in recruiting other
TLS polymerases to UV-induced lesions 24–26. The dynamic interaction between several
specialized DNA polymerases suggest that the mechanisms underlying TLS are complex
and there remains much to be understood about how Hsp90 inhibition contributes to Y-pol-
mediated mutagenesis.

The ability of PCNA, Polη and Rev1 to prevent large DNA lesions depends on the Fanconi
anemia (FA) complex 27,28, which is also regulated by Hsp90. There are approximately 15
proteins associated with the FA complex and cells from patients with mutations in FA genes
are susceptible to DNA damage from cross-linking reagents 29. The FA complex also plays
a major role in resolving DNA cross-links that arise during normal replication. Indeed,
normal human cells exhibit physically linked sister chromatids in anaphase that are sensitive
to replication stress and are associated with FA protein complexes 30. The main role of the
FA complex is mediated through its ubiquitin ligase activity, required to mono-ubiquitinate
FANCD2, and PCNA as discussed above. Ub-FANCD2 in turn recruits BRCA2/FANCD1
to coordinate homologous recombination with TLS in the repair of double-strand breaks
(DSBs) that arise from various forms of DNA cross-links (Figure 2C). Consistent with the
general characteristics of Hsp90 clients, the FA complex is transiently activated during
replication stress or DNA damage, its protein levels are tightly regulated through expression
and ubiquitin-mediated proteasome degradation, and nuclear import/export is precisely
controlled. For example, Hsp90 associates with FANCA (Figure 2B), a key component of
the FA complex, and stabilizes the protein in the nucleus 31. Inhibition of Hsp90 results in
the degradation of FANCA, a reduction in Ub-FANCD2 following DNA cross-linking and
increased cytotoxicity following replication stress 31. Given the role of Hsp90 in both Pol n
action and in FA-mediated recombination, it is tempting to speculate that high fidelity DNA
repair requires the chaperone machinery to coordinate these activities (Figure 2).
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The integrated nature of DNA repair pathways means that inhibition of Hsp90 can not only
lead to an array of primary effects on clients but also to secondary effects on the associated
protein network. For example, it is likely that the defects in FA following Hsp90 inhibition
prevents Brca2 from accumulating at sites of damage, which in turn alters the ability of
Rad51 to participate effectively in homologous recombination (Figure 2C) 32, 33. This may
explain the observation that Hsp90 inhibition causes contraction of human CAG repeats in
vivo 7. In addition, Hsp90 directly interacts with upstream signaling molecules, such as the
Chk1 kinase, and balances its transient activation during DNA damage with its turnover via
Cul1/Cul4 ubiquitin ligases (Figure 2D) 34–36. Chk1 is recruited to sites of DNA damage
and serves to delay cell cycle progression, prevent origin firing, stabilize stalled replication
forks and activate FA for DNA repair 37. Thus, it is almost certain that changes in Hsp90
activity, either through chemical inhibition or increased Hsp90 load due to stress, will
impact how cells respond to genotoxic stress and the ability to accurately repair damaged
DNA. We also note that, in considering the role of Hsp90 in genome maintenance, even
chemical inhibition of Hsp90 only partially inhibits client function and thus modulation of
Hsp90 activity in response to cell stress is unlikely to fully inactivate DNA repair
complexes. Moreover, the variety of pathways affected by Hsp90 prevents simple
predictions for how DNA integrity might be affected under stress conditions.

Hsp90 and transposon-mediated mutagenesis in the germline
Transposons and other mobile genetic elements have been widely recognized to accelerate
evolutionary adaptation in both pro- and eukaryotic organisms 38. Transposon excision and
insertion events can lead to gain or loss of gene function depending on the sites of
transposition. A recent study in Drosophila uncovered a role for Hsp90 in preventing
transposon-mediated mutagenesis and phenotypic variation 6. Mutations in hsp83 or Hsp90
inhibition with geldanamycin was found to cause elevated synthesis of a transcript encoded
by the Stellate repeat elements in primary spermatocytes. The change in transcript levels
was accompanied by increased mobility of several transposable elements in the F1 progeny
of male parents homozygous for hsp83 mutations. About 1% of the Hsp90 defective flies
exhibit phenotypic deviation from the wild-type and one of the phenotypic variants was
shown to contain a disruption of the noc gene by the I transposable element, resulting in the
noc-dependent Scutoid phenotype.

The expression of Stellate and other transposable elements are normally silenced by piRNA,
a type of small non-coding RNAs expressed in germline cells named after the ability to
interact with Piwi protein 39. Indeed, the transposon mobilization following Hsp90
inhibition and the subsequent phenotypic variation can be recapitulated with a mutation
known to affect piRNA biogenesis 6. Morphological variation caused by Hsp90 inhibition
had previously been reported in several studies and attributed to uncovering of cryptic
genetic variation or alteration in epigenetic traits 4, 40. Transposon mobilization after
inhibition of Hsp90 adds another possible mechanism for Hsp90 stress-induced phenotypic
variation. A more recent study found that the Hsp90 co-chaperone Hop may link Hsp90 and
Piwi together in a tripartite complex 41. Inhibition of Hsp90 by mutation or by geldanamycin
does not affect Piwi protein stability but instead prevents Piwi phosphorylation, although the
precise mechanism and consequence of Piwi phosphorylation remain to be elucidated.
Interestingly, this study also examined morphological variation using an eye outgrowth
assay and the data suggest that the observed variation in this particular trait in Hsp90 or piwi
mutant background is likely to be due to cryptic mutations that alter the epigenetic
regulation of developmental genes rather than to transposon-mediated mutagenesis. These
studies highlight the complexity in the potential mechanisms by which Hsp90 stress brings
out phenotypic variation even through a single downstream target (Piwi).
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Hsp90 and the chromosome segregation machinery
Studies in both yeast and mammalian cells have shown that the Hsp90 chaperone machine is
critical for chromosome transmission fidelity through its role in kinetochore assembly
(though new evidence suggests that it may also be important for chromatin structure 42).
Similar to DNA repair complexes, kinetochores are dynamic multi-protein complexes that
must be properly assembled during the cell cycle and specifically targeted to form uniquely
at centromeric (CEN) DNA. These qualities may speak to the more general requirement for
quality control in multi-protein complex assembly.

Budding yeast cells assemble kinetochores on a small CEN DNA template (125bps) that
contains one or two specialized nucleosomes (i.e., CenpA nucleosomes). In contrast, higher
eukaryotes’ centromeres contain kilobases to megabases of heterochromatin with a large
number of CenpA nucleosomes. Also unique to budding yeast is a multi-protein, sequence-
specific CEN-DNA binding complex, CBF3 43, which acts as a bridge between inner CEN-
chromatin and outer kinetochore complexes that attach to microtubules and move
chromosomes 44. The assembly of CBF3 is balanced with its turnover through the
coordinated action of Hsp90 and an SCF ubiquitin ligase complex that contains Skp1 45–47.
An F-box motif in the core CBF3 subunit, Ctf13, interacts with Skp1 and in turn Skp1
interacts with the Hsp90 co-chaperone, Sgt1 48, 49. Although the precise assembly steps are
not completely understood, the pre-assembly complex (Ctf13-Skp1-Sgt1-Hsp90) favors a
Ctf13 conformation that allows it to interact with the other two CBF3 subunits, Cep3 and
Ndc10 46. The final assembly step is accompanied by nuclear import and only the fully
assembled complex can bind CEN-DNA. Mutations that block formation of the pre-
assembly complex favor turnover of Ctf13 in an SCF ubiquitin ligase-dependent
manner 45, 46. SCF ub-ligases contain both the Skp1 and Sgt1 subunits and their targeting
subunits also contain F-box motifs 50, 51, raising the possibility that the activities of SCF and
CBF3 are coordinated somehow by Hsp90. Although mutations that block CBF3 assembly
eventually deplete CEN-bound CBF3 and compromise kinetochore function, the short-term
effect is to compromise a non-centromere-associated pool of CBF3 complex 52 that interacts
with chromosome passenger proteins and functions on the anaphase spindle and in
cytokinesis 53, 54. These findings suggest that Hsp90 not only aids in assembly of multi-
protein complexes but also contributes to the plasticity of proteins that function in more than
one biochemical setting.

The same principle applies to human cells, where Hsp90-Sgt1 is involved in the assembly
and turnover of the Mis12 complex. Even though the Mis12 complex has no obvious
sequence homology with CBF3 and does not interact directly with CEN-DNA, it
nonetheless serves to bridge inner kinetochore complexes to outer microtubule-interacting
complexes (Figure 3) 55, 56. The Mis12 complex consists of four subunits that assemble on
kinetochores in mitosis and Hsp90 inhibition reduces the levels of one subunit, Dsn1 57.
Knockdown of Sgt1 causes a dramatic decrease in Dsn1 as well as the other subunits in the
complex (Mis12, Nsl1 and Nnf1; Figure 3), arguing that Sgt1 protects Mis12 from the
degradation pathway during Hsp90-mediated assembly. Co-inhibition of Sgt1 and SCF
ubiquitin ligases by knockdown of Skp1 or Cul1 restores Mis12 levels, revealing that like
CBF3, Mis12 assembly is balanced with SCF-mediated degradation. Sgt1 in mammalian
cells also acts as an adapter linking Hsp90 to the Mis12 complex. The conservation of the
biochemical pathway but not the kinetochore complex per se highlights the importance of
quality control in assembling multi-protein complexes that bridge inner and outer
kinetochore elements (Figure 3A). Indeed, balanced assembly and turnover of Mis12 is
important for the efficiency and fidelity of kinetochore assembly. In the absence of Sgt1,
Mis12 complex assembly is delayed so that kinetochore-microtubule attachments form
slowly and cells arrest via the mitotic checkpoint. Skp1 co-depletion rescues Mis12 levels
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and restores the timely assembly of kinetochores but at a price: kinetochores assembled in
the absence of both Sgt1 and Skp1 contain fewer microtubule-binding sites, which may
result in chromosome segregation errors.

Hsp90-mediated assembly of kinetochores implies a potential linkage between cell stress
and chromosome instability. In both yeast and mammals, it is unlikely that increased Hsp90
load would radically impair kinetochore function and lead to lethality. Rather, a shift in the
balance between Hsp90 capacity and load more likely delays assembly of kinetochores or
create kinetochores with non-optimal microtubule binding sites. One can imagine at least
two ways these conditions could contribute to a rise in chromosome instability. First, delays
in kinetochore assembly will engage the mitotic checkpoint and extended checkpoint
activation is associated with mitotic slippage and gross chromosome mis-segregation 58.
Second is the possibility that cell stress can lead to fewer kinetochore-microtubule binding
sites, which may contribute to premature detachment of segregating sister chromosomes, an
event that may escape normal checkpoint surveillance.

Hsp90 stress-induced chromosome instability and stress adaption
A direct outcome of erroneous mitosis as a result of faulty kinetochore function is the
generation of aneuploid progeny, although recent studies found that mis-segregation could
also lead to chromosome breaks and pulverization 59, 60. For multicellular organisms,
germline aneuploidy is detrimental probably due to disruption of normal developmental
programs or cellular differentiation. Indeed, aneuploidy is commonly known to be
associated with birth defects and cancer 61, 62. On the cellular level, recent studies in
unicellular organisms demonstrate that aneuploidy is a form of large-effect mutation capable
of drastically altering cellular fitness under diverse growth conditions 63. The phenotypic
effect of aneuploidy can be attributed to the altered stoichiometry of gene expression caused
by gene copy number changes in aneuploids compared to parental euploids 61. The presence
of a single aneuploid chromosome (gain or loss) affects the expression of tens to hundreds of
genes located on that chromosome at a level directly proportional to the relative dosage of
the chromosome 64–70. This primary effect can also lead to more dramatic changes in the
expression of their downstream genes throughout the genome 71. As a result, a
karyotypically heterogeneous aneuploid cell population can exhibit dramatic phenotypic
variation 689, providing the substrate for evolutionary selection under stress.

In a recent study in budding yeast, chemical or mutational inhibition of Hsp90, or stress due
to heat shock, potently induced aneuploidy probably through erroneous mitosis. The loss
rate for an artificial chromosome was measured at hundreds of times above the control, even
with an Hsp90 inhibitor (radicicol) concentration that only moderately retards growth 9. The
adaptive value of the Hsp90 stress-induced aneuploidy was readily observed from the
emergence of radicicol-resistant colonies when a diploid stain was put under the selection of
nearly lethal drug concentration (higher than the levels needed to induce aneuploidy). All
radicicol-resistant colonies examined were aneuploid, with different karyotypes but sharing
a common feature: 1 or 2 extra copies of Chr XV, which carries the genes encoding Sti1, the
yeast homolog of the Hsp90 co-chaperone Hop, Pdr5 (a pleiotropic efflux pump), and Sgt1.
The extra copies of STI1 and PDR5 genes were necessary and partially sufficient for the
observed radicicol resistance. Furthermore, cell populations with highly divergent
karyotypes as a result of prior growth in a moderate concentration of radicicol were much
more adaptive to other unrelated drugs, such as fluconazole, benomyl and tunicamycin, than
a diploid population, and colonies resistant to the same drug exhibit common karyotypic
patterns. For example, most of the fluconazole-resistant colonies gained Chr VIII, carrying
ERG11, encoding an enzyme required for ergosterol biosynthesis and the target of the
clinical antifungal drug fluconazole. Gain of the chromosome carrying ERG11 is in fact a
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frequent genetic change observed in fluconazole-resistant isolates of human pathogenic
fungi Candida albicans and Crytoccocus Neoformans 72–75. A recent study in C. albicans
reported that elevated temperature, mimicking fever in the host body, causes increased loss
of heterozygosity due to chromosome mis-segregation 8. Heat also induced karyotype
mosaicism in near tetraploid embryonic carcinoma cells, which may be subsequently
selected to adapt to culture conditions 76. Thus, aneuploidy-mediated phenotypic variation
may be a common consequence of Hsp90 stress in diverse eukaryotic organisms.

Concluding remarks
Above we have discussed several examples where the Hsp90 chaperone machinery acts as
the key facilitator in cellular complexes that maintain genome stability. These findings
predict that genome instability arises when the demand for Hsp90 exceeds its functional
capacity, leading to genetic variation in the population that includes point mutations,
transposon mobilization, contraction/expansion of repeat elements, chromosome
rearrangements, and aneuploidy (Figure 4). It remains to be determined, however, whether
the genetic variation observed following inhibition of Hsp90 could fuel stress adaption in a
wide range of organisms. For example, the fitness gain or loss associated with aneuploidy in
unicellular versus multi-cellular organisms may be quite different and thus simple
generalization about the evolutionary advantage of such a mechanism is likely to be
difficult.

A second question that remains is how Hsp90 function may become limited under
physiological or pathological conditions. Cell stress - defined as a condition(s) that moves
cells away from homeostasis established under laboratory or physiological conditions - has
been suggested to increase the ‘load’ for Hsp90 and its co-chaperones. This notion assumes
that Hsp90 has a limited capacity to interact with all or certain clients. Consistently, it has
long been appreciated that a variety of stress conditions (e.g., heat, starvation, etc.) increase
chaperone expression, and cancer cells, presumed to be under higher stress than normal
cells, have more active Hsp90 chaperone complexes 77. In addition, studies suggest that
Hsp90 and many co-chaperones undergo post-translational modifications upon cell
stress78–80, and this may lead to biased assembly of Hsp90 chaperone complexes targeted to
a subset of Hsp90 clients. The preferential chaperoning of some proteins over others could
allow the Hsp90 machinery to restore homeostasis in a way tailored to a particular stress. A
change in specificity also implies that certain clients may no longer be chaperoned, thus
uncovering the phenotypic effect of cryptic genetic variation81 or causing genome
instability.

Understanding Hsp90’s role in stress adaptation and genome stability has important
implications for human disease. Although the susceptibility to disease may be genetically
determined, a reasonable precept is that the actual transition to the disease state at the
cellular level occurs when the assembly and plasticity of the encoded protein networks are
compromised due to certain stress or age-related deterioration. In this view, the primary
function of the Hsp90 chaperone machinery may be to buffer against such transitions and
thus disease. The very assumptions that underlie the idea of chaperone load and limited
capacity form the rationale for a broad array of clinical trials aimed at inhibiting Hsp90 in
cancers 82. In light of the mechanisms reviewed here, it is reasonable to raise concerns about
a therapeutic approach based solely on Hsp90 inhibition. For example, inhibition of Hsp90
impairs kinetochore assembly without a dramatic increase in cell death, which would lead to
the emergence of drug resistance through aneuploidy. If so, inhibiting Hsp90 may initially
slow tumor growth but ultimately favor adaptation to chemotherapy or even metastasis. A
more sound approach may lie in the simultaneous inhibition of Hsp90 and proteasome-
dependent protein degradation 83, which may push pathways to complete loss-of-function
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and fast cell death, or simultaneously inhibiting Hsp90 and mitosis to prevent the emergence
of chromosomally abnormal cell progeny. However, such drastic treatments are likely to
increase unintended side effects on patients. With a better understanding of Hsp90 client
specificity and regulation under stress, more targeted approaches may become feasible to
prevent cancer cell proliferation as well as the potential for adaptive mutations.
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Figure 1.
A model for ‘stress’-induced hyper-mutation and adaptation. (A) Under normal growth
conditions wild type cells (green ovals) and cells with Hsp90-buffered, cryptic mutations
(orange ovals) are equally fit to pass through the fitness barrier. In contrast, pre-existing,
unbuffered mutations (red shapes) in the population are unfit and cannot pass through the
fitness barrier. (B) The imposition of moderate ‘stress’ changes the selection properties of
the fitness barrier (note change in shape of grating), reducing the number of wild type cells
that pass the barrier. The moderate stress increases Hsp90 ‘load’ and allows some cryptic
mutations to express phenotypes (denoted by the conversion of orange ovals to cyclinders)
that provide growth advantage. In rare cases, pre-existing unbuffered mutations may also
have an advantage under selection. (C) High ‘stress’ imposes an even more selective fitness
barrier and increases the frequency of de novo mutants (purple shapes) in the population.
Under the increased stringency of selection wild type cells are not fit but a fraction of
cryptic variants and de novo mutants that express advantageous phenotypes pass the fitness
barrier.
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Figure 2.
Hsp90 coordinates DNA repair pathways. (A) Hsp90 interacts with the Y-polymerases, Polη
and Rev1, that are critical for accurate translesion synthesis (TLS) repair. (B) Hsp90
interacts with FANCA to stabilize it in the nucleus and mediate its assembly with other
Fanconi anemia (FA) proteins. The FA complex acts as a ubiquitin ligase and targets both
PCNA and FANCD1/BRCA2 for mono-ubiquitination. (C) Hsp90 is required to stabilize
FANCD1/BRCA2, which in turn recruits Rad51 to single-stranded DNA for homologous
recombination-mediated repair of double-strand breaks (DSB). (D) Hsp90 is required for the
activity of the Chk1 kinase, which is involved in regulating the stability of stalled replication
forks, homologous recombination and cell cycle arrest. Hsp90 also coordinates the activity
of Chk1 with its SCF-mediated turnover to allow recovery of cells after DNA damage.
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Figure 3.
Hsp90-Sgt1 balances kinetocore assembly and turnover. (A) Hsp90-Sgt1 is required for the
assembly of the Mis12 kinetochore complex. Mis12 assembly precedes its integration into
the kinetochore machine (consisting of multiple distinct protein complexes). (B) The Mis12
complex bridges inner and outer kinetochore complexes to ensure the efficient assembly of
microtubule binding sites (green) that captures spindle microtubules (red) and allows
chromosomes (blue) to properly align/segregate. (C) Inhibition of Hsp90, Sgt1 or increased
Hsp90 ‘load’ prevents efficient Mis12 assembly, favoring SCF-Cul1-mediated turnover of
Mis12 and other kinetochore proteins. (D) The resulting decrease in kinetochore assembly
dramatically reduces microtubule binding and chromosomes are inefficiently aligned and
segregated [staining as in (B)]. Images in (B) and (D) provided by A. Davies and K. Kaplan.
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Figure 4.
Elevated Hsp90 ‘load’ can lead to genomic instability through diverse mechanisms. Under
high cell stress, the ability of Hsp90 to chaperone its entire range of clients is compromised.
This may inhibit pathways involved in trans-lesion synthesis (TLS), double-strand break
repair, transposable element regulation and kinetochore assembly. Defects in these processes
can contribute to increases in DNA replication errors, unrepaired chromosome breaks as
well as the expansion/contraction of repetitive sequence elements, transposon mobilization,
and aneuploidy.
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