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Abstract
The molecular chaperone HSP90, in concert with the co-chaperone CDC37, facilitates the
maturation and modulates the activity of a variety of protein kinases. In this article, Gaude and
colleagues described the dual activities of the HSP90–CDC37 chaperone machinery in
maintaining the stability while inhibiting the activity of LKB1 kinase. LKB1 in complex with
HSP90–CDC37 has a longer half-life but is incapable of autophosphorylation, and its kinase
activity is increased upon HSP90 inhibition. Dissociation of HSP90 from LKB1 results in its
interaction with HSP/HSC70. HSP/HSC70 recruits the ubiquitin ligase CHIP, which ubiquitinates
LKB1, leading to its proteasome-mediated degradation. These data emphasize the versatile roles
of molecular chaperones associated with LKB1 and warrant future studies to characterize the
clinical relevance of these observations.
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Summary of methods & results
It was previously shown that HSP90 associates with and stabilizes LKB1 protein, and that
the HSP90-specific inhibitor geldanamycin (GA) induces proteasome-mediated LKB1
degradation [1,2]. It is also known that CDC37 interacts with LKB1, but the implication of
this interaction was not clear [1]. To explore the significance of the LKB1/CDC37
association, Gaude et al. treated HeLa cells with the CDC37 inhibitor celastrol [3,4] and
found that exogenous LKB1 protein expression was markedly decreased within 2 h. Similar
effects were observed with the endogenous LKB1 protein in human kidney epithelial BOSC
cells. This stabilizing effect of CDC37 on LKB1 was confirmed by knocking down CDC37
with siRNA. The authors also showed that HSP90 knockdown resulted in similar decreases
in LKB1 protein levels, and that the combination of CDC37 and HSP90 knockdown did not
lead to a further decrease in LKB1 protein levels compared with individual knockdowns.

It is well recognized that HSP90 maintains the stability of its client kinases by excluding the
association of the chaperone HSP/HSC70 and CHIP, a chaperone-associated E3 ubiquitin
ligase [5]. Gaude et al. confirmed this model for LKB1. Thus, HSP90 inhibition by GA
reduced LKB1 interaction with HSP90, while simultaneously increasing its association with
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HSP/HSC70 and CHIP. The association of CHIP is most likely mediated by HSP/HSC70, as
the K30A CHIP mutant, which has lost interaction with HSP/HSC70, failed to bind to
LKB1. Interestingly, the authors found that the interaction sites on LKB1 for HSP90 and
HSP/HSC70 are different. While the N-terminal region (1–88 amino acids) and a region in
the middle of the kinase domain (146–186 amino acids) are required for HSP90 association,
the C-terminal region (318–433 amino acids) of LKB1 is required for HSP/HSC70
association.

Two human LKB1 isoforms encoded by alternative splicing were reported previously [6,7].
The short isoform LKB1-S differs from the longer one (LKB1-L) in the C-terminus, with the
last 63 residues replaced by a unique 39-residue sequence. Importantly, both LKB1-S and
LKB1-L retain the Hsp70-binding domain. Gaude’s group showed that both LKB1-S and
LKB1-L interact with HSP90–CDC37 and are sensitive to celastrol-induced, as well as GA-
induced, degradation [1,2]. This is in contrast to LKB1-ΔN, a newly identified isoform
whose translation is initiated by using an alternative downstream start codon and that,
therefore, lacks the N-terminal 124 residues of LKB1-L. LKB1-ΔN loses association with
HSP90–CDC37 and is refractory to celastrol-induced degradation. When cells expressing
these three different LKB1 isoforms were treated with celastrol, LKB1-S and LKB1-L
showed a time-dependent decrease in protein expression, while the level of LKB-ΔN
expression stayed largely unchanged. Another piece of evidence supporting the notion that
interaction of HSP90–CDC37 maintains the stability of LKB1 in the cell is that the half-life
of LKB1-ΔN is less than half that of LKB1-S and LKB-L.

After characterizing the role of the HSP90–CDC37 chaperone machinery in maintaining the
stability of LKB1, Gaude’s group demonstrated how this complex regulates LKB1 kinase
activity. The intrinsic kinase activity of LKB1 is rather low. Association with the
pseudokinase STRAD dramatically enhances LKB1 kinase activity and the association is
stabilized by a third protein, MO25 [8]. Low intrinsic kinase activity probably results from
the fact that LKB1 lacks a phosphorylation site in its kinase domain activation loop, which
is generally required for inducing and stabilizing the active conformation of a kinase [9].
Interaction with STRAD allosterically modifies LKB1, enabling its activation loop to adopt
the active conformation, which is stabilized by MO25 [10]. Indeed, Gaude’s group showed
that LKB1 in complex with STRAD was capable of autophosphorylation, and this
autophosphorylation was enhanced in the presence of MO25α. By contrast, LKB1 in
complex with HSP90–CDC37 was incapable of autophosphorylation, suggesting that, while
the HSP90–CDC37 interaction may stabilize LKB1, this complex also inhibits LKB1 kinase
activity. Another line of evidence supporting an inhibitory impact of the HSP90–CDC37
chaperone machinery on LKB1 kinase activity is that LKB1 proteins immunoprecipitated
from GA-treated cells showed higher autophosphorylation than those immunoprecipitated
from untreated cells.

Discussion
The widely expressed serine/threonine kinase LKB1 is a master kinase in the cell, regulating
at least 14 downstream proteins that, in turn, modulate the cell cycle, apoptosis, autophagy,
energy metabolism, and cell migration and polarity [8]. LKB1 mutation is causally linked to
Peutz–Jeghers syndrome, a rare cancer-susceptibility disorder characterized by
mucocutaneous melanin pigmentation and early development of intestinal hamartomatous
polyposis [11]. Thus, a detailed understanding of the molecular regulation of LKB1 stability
and activity is of potential clinical significance. In this study, Gaude’s group showed that
both the protein stability and kinase activity of LKB1 are regulated by the HSP90–CDC37
chaperone complex. LKB1 stability requires normal function of both HSP90 and CDC37.
Drug-mediated functional inhibition or siRNA-mediated knockdown of either HSP90 or
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CDC37 resulted in decreased LKB1 expression. It is worth noting that knockdown of
HSP90 in addition to CDC37 did not further reduce LKB1 protein expression, suggesting
that the two chaperones function together to regulate LKB1 stability.

An inhibitory role for HSP90 has been reported previously for other kinases, including PKR,
c-SRC and ERBB2; the current data add support to the concept that HSP90 binding serves to
suppress client kinase activity, and suggest an inverse relationship between kinase activity
and protein stability [12–14]. Interestingly, Gaude’s group showed that the degree of LKB1
activation caused by GA-mediated HSP90 inhibition depends on the duration of GA
treatment. Time-course experiments indicated that LKB1 activity continuously increased
with longer GA treatment, reaching a peak at 24 h and subsequently decreasing to basal
levels thereafter. These data raise the question of whether the activating effect of GA on
LKB1 is a direct consequence of promoting its dissociation from HSP90–CDC37, or
whether it is due to as-yet unknown indirect effects on LKB1 post-translational
modifications or on interaction with/stabilization of the STRAD–MO25 complex.

It is known that nascent LKB1 protein requires the HSP90–CDC37 chaperone complex for
its stability [1], and Gaude’s group show in their paper that the mature LKB1 protein has a
similar chaperone requirement. They also demonstrate that LKB1, STRAD and HSP90 can
coexist in the same complex. How do the LKB1 interaction partners cooperate to regulate
LKB1 stability and kinase activity in a productive manner? The results of Gaude et al.’s
study and previous data suggest a scenario in which the HSP90–CDC37 chaperone complex
assists the maturation and ensures the stability (and inactivity) of LKB1. When necessary,
and perhaps as a result of environmental cues, the molecular complex recruits STRAD in
order to activate LKB1 kinase activity. Full activation of LKB1 requires HSP90
dissociation, which conveniently allows for subsequent association of the HSP/HSC70–
CHIP complex. CHIP-mediated degradation provides a mechanism to turn off LKB1
signaling after the kinase has fulfilled its function (Figure 1). Along these lines, it would be
interesting to determine the impact of LKB1 binding to STRAD–MO25 on the ability of
LKB1 to interact with HSP/HSC70–CHIP.

Conclusion
In summary, Gaude et al. have described a very interesting model that highlights the
opposing effects of the HSP90–CDC37 chaperone machinery on LKB1 stability and
activity. Their discovery furthers our understanding of how this kinase is regulated and is
also clinically relevant given the intense ongoing clinical evaluation of HSP90 inhibitors as
cancer therapeutics.

Future perspective
While Gaude et al.’s study elucidated the regulatory roles of molecular chaperones on
LKB1, their work also raises several interesting questions. Would an LKB1 mutant lacking
the HSP/HSC70-association region be resistant to GA-induced degradation? Would an
LKB1 mutant lacking either of the HSP90-association regions be inherently unstable (as
shown by the authors for LKB1-ΔN)? If so, could the instability be remedied by knockdown
of CHIP?

Furthermore, how do the various chaperone components dissociate from LKB1? Tyrosine
phosphorylation of HSP90 and CDC37 may be involved in this process. We recently
reported that both HSP90 and CDC37 undergo regulated and dynamic tyrosine
phosphorylation events that productively drive the HSP90 chaperone cycle and promote the
orderly association/dissociation of HSP90, CDC37 and client kinases [15]. The involvement
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of HSP90 and CDC37 tyrosine phosphorylation in LKB1 activation is worthy of further
investigation.
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Executive summary

▪ This study characterized the roles of molecular chaperones in regulating the
stability and activity of the LKB1 kinase in in vitro experiments.

▪ HSP90, as well as its co-chaperone CDC37, stabilize the LKB1 protein in the
cell.

▪ The chaperone inhibitors geldanamycin and celastrol induce LKB1
degradation; siRNA-mediated knockdown of HSP90 or CDC37 results in
decreased LKB1 protein expression.

▪ The half-life of LKB1-ΔN, which lacks HSP90–CDC37 association, is less
than that of LKB1 proteins that are able to associate with the chaperone
complex.

▪ The HSP90–CDC37 complex represses LKB1 kinase activity. LKB1 in
complex with HSP90–CDC37 is incapable of autophosphorylation, while
LKB1 isolated from cells treated with geldanamycin showed higher kinase
activity.

▪ LKB1 degradation is linked to a remodeling of the associated chaperone
complex that is characterized by decreased association of HSP90 and
increased association of HSP/HSC70.

▪ HSP90 and HSP/HSC70 bind to different regions of LKB1 protein; while the
former binds to LKB1 N-terminal and kinase domains, the latter binds to the
C-terminal region of LKB1.

▪ HSP/HSC70 mediates LKB1 association with CHIP, which ubiquitinates
LKB1 protein, leading to its degradation in the proteasome.
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Figure 1. Activity and protein stability of the LKB1 kinase are regulated by molecular
chaperones
The HSP90–CDC37 chaperone complex binds to nascent LKB1 protein (A) and assists its
correct folding (B). Folded LKB1 remains bound to this chaperone complex in a stable but
inactive state. Association with the STRAD–MO25 heterodimer leads to LKB1 activation
(C), but also to dissociation from the HSP90–CDC37 complex (possibly promoted by
tyrosine phosphorylation) (D). LKB1 that is not in complex with HSP90–CDC37 is
available to bind to the chaperone HSP/HSC70, which recruits the ubiquitin ligase CHIP
(E). CHIP ubiquitinates LKB1 (F), leading to its proteasome-mediated degradation. Thus,
LKB1 activation and degradation are finely balanced events regulated by dynamic
chaperone interactions.
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