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Abstract

The molecular chaperones Hsp70 and Hsp90 bind and fold a significant proportion of the
proteome. They are responsible for the activity and stability of many disease related proteins
including those in cancer. Substantial effort has been devoted to developing a range of chaperone
inhibitors for clinical use. Recent studies have identified the oncogenic ribonucleotide reductase
(RNR) complex as an interactor of chaperones. While several generations of RNR inhibitor have
been developed for use in cancer patients, many of these produce severe side effects such as
nausea, vomiting and hair loss. Development of more potent, less patient-toxic anti-RNR strategies
would be highly desirable. Inhibition of chaperones and associated co-chaperone molecules in
both cancer and model organisms such as budding yeast result in the destabilization of RNR
subunits and a corresponding sensitization to RNR inhibitors. Going forward, this may form part
of a novel strategy to target cancer cells that are resistant to standard RNR inhibitors.
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Introduction

Heat shock proteins (Hsps) are a set of well-conserved, highly expressed molecular
chaperones that are vital for cellular function (Freilich et al. 2018; Kim et al. 2013).
Originally identified as proteins induced by thermal stress, it is now understood that Hsps
play important roles in protecting cells against a range of cell stresses that include DNA
damage, oxidative stress, metabolic challenges and aging (Freilich et al. 2018; Kim et al.
2013; Rodina et al. 2016; Tai et al. 2016). Heat shock protein 70 (Hsp70) and Heat shock
protein 90 (Hsp90) are both imperative for the folding and stabilization of the majority of
the proteome (Kim et al. 2013; Li et al. 2017). Hsp70 is responsible for many housekeeping
tasks such as de novo folding, transportation across cellular compartments, folding of
denatured proteins and, if needed, protein degradation of “client” proteins (Hubscher et al.
2017; Kim et al. 2013). Hsp90 is required for the stability, function and degradation of many
proteins from a variety of cellular pathways (Gopinath and Leu 2017; McClellan et al. 2007;
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Pennisi et al. 2015; Sato and Torigoe 1998; Trepel et al. 2010). While Hsp70 and Hsp90
both contribute to protein folding in the cell, their roles differ. Hsp70 can bind unfolded
polypeptides and direct them to a partially or near-native structure. After transfer of partially
folded clients from Hsp70 to Hsp90, Hsp90 potentiates final structural re-arrangements that
allow full client activity (Wegele et al. 2004).

Hsp70 and Hsp90 in cancer

Because of their cytoprotective qualities, overexpression of Hsp70 and Hsp90 are implicated
in multiple diseases including cancer (Calderwood and Gong 2016; Calderwood and
Neckers 2016; Cesa et al. 2018; Lianos et al. 2015; Sherman and Gabai 2015). High levels
of Hsps are associated with poor prognosis and a resistance to standard cancer therapeutics.
Many of the mutations that are present in oncoproteins render them intrinsically unstable
and consequently these proteins require extra chaperone function to maintain stability and
activity. Oncoproteins that Hsp90 and Hsp70 stabilize include CDK4, p53, p21, Cyclin D,
ERKS5, SRC and the Androgen receptor (Bachman et al. 2018; Dong et al. 2018; Hallett et
al. 2017; Joshi et al. 2018; Truman et al. 2012; Truman et al. 2006).

Proteomic analyses of chaperone networks are useful for identifying novel

anticancer strategies

Chaperone inhibitors trigger loss of client activity and client degradation. This knowledge
can be combined with powerful proteomic technologies to identify new clients and
potentially new anticancer strategies. A recent study analyzed global proteome changes in
bladder cancer cells upon treatment with five established Hsp90 inhibitors AUY 922,
ganetespib, SNX2112, AT13387, and CUDC305 (Li et al. 2017). Substantial decreases in
protein abundance were observed for proteins involved in oxidative phosphorylation, DNA
synthesis and replication, cell cycle and glutathione metabolism (Li et al. 2017). While many
of these proteins have been previously established as chaperone clients, several were novel
interactors (Li et al. 2017). It will be interesting to see if future studies confirm these as bona
fide clients.

While many interactions of chaperones have been identified on a single client basis, several
studies have utilized large-scale genetic or proteomic screens to understand the Hsp70 and
Hsp90 interactome (Freilich et al. 2018; Joshi et al. 2018; Mollapour and Neckers 2011,
Taipale et al. 2012; Taldone et al. 2014; Trepel et al. 2010; Truman et al. 2012; Truman et al.
2015b). Chaperone-client interactions are dynamic, altering upon cell condition. Recent
proteomic chaperone studies have attempted to probe this, by analyzing global changes in
chaperone interaction upon chaperone phosphorylation or upon expression of various
oncoproteins (Dunn et al. 2015; Mollapour et al. 2011; Truman et al. 2012; Woodford et al.
2016).

In an effort to understand the global roles of Hsp70 and Hsp90 in genome integrity, Truman
et al., purified Hsp70 and Hsp90 complexes from yeast in untreated and MMS-treated (DNA
damaging agent) cells were analyzed by mass spectrometry. 256 chaperone interacting
proteins were identified, with 142 new interactions seen. 1.5% of Hsp70-client interactions
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and 2% of Hsp90-client interactions were increased upon DNA damage. Only one protein
(Rnr4) was observed to increase interaction with both Hsp70 and Hsp90 upon DNA damage
stress, suggesting a previously undiscovered role for chaperones in regulation of
ribonucleotide reductase (Truman et al. 2015a; Truman et al. 2015b).

RNR, an important player in DNA replication

Maintenance of genome integrity is critical for cell survival and proliferation (Mikolaskova
et al. 2018). Ribonucleotide reductase (RNR) is an important enzyme that is involved in the
production of deoxyribonucleotides (ANTPs) which are subsequently used in DNA synthesis
and repair (Cerqueira et al. 2007a; Cerqueira et al. 2005; Chabes et al. 2000; Nordlund and
Reichard 2006; Wang et al. 1997). RNR is comprised of two diverse subunits, the large
subunit R1 (R1 in vertebrates, Rnrl/Rnr3 in yeast) which contains the allosteric regulatory
sites (Maicher and Kupiec 2018) and the small subunit R2 (R2/R2B in vertebrates, Rnr2/
Rnr4 in yeast) which consists of a cell cycle regulated binuclear iron center and a tyrosyl
free radical (Cerqueira et al. 2007a; Cerqueira et al. 2005; Chabes et al. 2000; Nordlund and
Reichard 2006; Wang et al. 1997). Throughout the cell cycle, the expression levels of the
subunits will increase or decrease depending on the cellular need for dNTPs. In S phase, the
total pool of dNTPs peaks in order to permit DNA replication. Conversely, the number of
dNTPs dramatically drops 10-fold in Go/G4 phase when DNA repair and mitochondrial
DNA synthesis demands the bulk of dNTPs (Cerqueira et al. 2005; Chabes et al. 2000;
Perlstein et al. 2005; Truman et al. 2015b). Tight regulation of RNR is key to ensure correct
levels of all four dNTPs at all times. Historically, researchers focused on the allosteric
regulation of this enzyme, however, recently it has been discovered that RNR control is
extremely complex and may require other forms of regulation as well. This includes
regulation of expression of RNR genes, proteolysis of RNR subunits, control of the cellular
localization of the small RNR subunit, and regulation of RNR activity by small protein
inhibitors. RNR is critical for both original DNA synthesis as well as DNA repair, making it
a classical target for cancer therapeutics. Further understand of the regulatory mechanisms
of RNR is vital to developing novel treatments for cancer and other diseases (Mulder et al.
2005; Nordlund and Reichard 2006).

RNR inhibitors as anticancer agents

Because RNR is an attractive target in cancer, many RNR inhibitors have been developed as
cancer therapeutics (Cerqueira et al. 2007a; Mulder et al. 2005; Nordlund and Reichard
2006). One of the first RNR inhibitors developed was Hydroxyurea (HU). The anticancer
properties of HU were first observed in the 1960s and since then it has been widely used to
treat both cancer and sickle-cell anemia (Singh and Xu 2016; Yarbro 1992). HU works by
reducing the diferric-tyrosyl radical center in the small R2 subunit via one-electron transfer
from the drug complex. HU was developed for human use but works similarly in yeast for
studying mechanisms (Singh and Xu 2016; Yarbro 1992). Another potent RNR inhibitor
used as an anti-cancer drug is Gemcitabine (dFdC) (Cerqueira et al. 2007b; Plunkett et al.
1995). It has been approved for medical use since 1995, and has since been approved for
additional uses clinically. Gemcitabine is an analog of deoxycytidine and once it enters cells
is phosphorylated by deoxycytidine kinase to its active form (Cerqueira et al. 2007b;
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Plunkett et al. 1995). Gemcitabine is incorporated into DNA through DNA synthesis and
blocks further DNA polymerase processing. This results in “masked termination” and
eventually cell death (Cerqueira et al. 2007b; Plunkett et al. 1995).

RNR activity is dependent on Hsp70 and Hsp90

Interestingly, the R2 subunits in both yeast and mammalian cells are clients of both Hsp70
and Hsp90. Rnr2 and Rnr4 interact with Ssal and Hsp82 and inhibition of chaperone
activity with VER-155008 or 17-AAG promotes Rnr2/4 degradation. Likewise Hsp70 and
Hsp90 bind human R2 and treatment of MCF-7 cells with VER-155008 or 17-AAG triggers
R2 degradation (Truman et al. 2015a; Truman et al. 2015b).

Given that RNR is reliant on chaperone activity, it stands to reason that chaperone inhibition
would sensitize cells to RNR inhibitors. Several studies have confirmed this, with 17-AAG
being utilized to sensitize both breast and lung cancer cells to gemcitabine (Arlander et al.
2003; Ghadban et al. 2017; Pedersen et al. 2015; Truman et al. 2015b).

Inhibition of co-chaperones as an anti-RNR strategy

Hsp70 and Hsp90 require the assistance of helper co-chaperone molecules in order to
properly function. Co-chaperones are non-client proteins bind chaperones and assist in
protein folding/stabilization activity. Co-chaperones have multiple functions-some bind and
partially fold client proteins while others act as regulatory units to their chaperone
counterpart (Amin-Wetzel et al. 2017; Caplan 2003; Connell et al. 2001; Craig and
Marszalek 2017; Joshi et al. 2018; Kampinga and Craig 2011). Regulatory functions of co-
chaperones include accelerating Hsp70/Hsp90 nucleotide binding and hydrolysis or acting
as a linker between two chaperone molecules. It is assumed that co-chaperones are highly
specialized in the manner in which they choose a client to present to Hsp70 or Hsp90 and
facilitate binding and releasing (Caplan 2003). The most well-characterized class of Hsp70
co-chaperones are the J-domain proteins after their highly conserved chaperone binding
region. These J-domain proteins are typically associated with Hsp70 and protein folding
functions (Amin-Wetzel et al. 2017; Aron et al. 2007; Caplan 2003; Connell et al. 2001;
Craig and Marszalek 2017; Joshi et al. 2018; Kampinga and Craig 2011; Lu and Cyr 1998).

Recently there has been interest in co-chaperones as anticancer targets, especially as co-
chaperone expression in altered in a variety of cancers (Calderwood 2013; He et al. 2015;
Parrales et al. 2016; Sopha et al. 2017; Tracz-Gaszewska et al. 2017; Weeks and Miller
2008). In some cases, co-chaperones themselves have been shown to play an important role
in cell death related pathways such as apoptosis. While inhibitors of Hsp70 and Hsp90 are
effective in killing cells, the essential nature of chaperone function makes many of these
compounds highly toxic to patients (Calderwood 2013; Erlichman 2009; Weeks and Miller
2008). Targeting co-chaperones, which specifically fine-tune chaperone function may form
part of a novel anticancer strategy. Identification of a novel small molecule inhibitor of
mammalian HDJ2 (C86) that destabilizes the androgen receptor and inhibits the growth of
castration-resistant prostate cancer furthers the idea that targeting HDJ2 and related co-
chaperones may offer an alternative therapeutic avenue (Moses et al. 2018).
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A recent screen of yeast co-chaperone knockout mutants for sensitivity to HU identified
Ydjl as a master regulator of the RNR complex. Ydj1 binds Rnr2 and cells lacking Ydj1
display reduced RNR subunit expression and stability (Sluder et al. 2018). Demonstrating
broad conservation from yeast to human, Hdj2 and R2B (mammalian counterparts of Rnr2)
interact, promoting RNR complex stability and activity in human cells. Mammalian cells
that lacked Hdj2 were found to be more sensitive to RNR inhibiting drugs such as
hydroxyurea, gemcitabine and triapine (Sluder et al. 2018). Although few direct inhibitors of
co-chaperones have been identified, one that has interesting therapeutic potential is 116-9e.
116-9e is a small molecule inhibitor that blocks Hsp40 binding to Hsp70 through the J-
domain. Treatment of 116-9e causes disruption of Rnr2-Ydjl (yeast cells) or R2-Hdj2
(mammalian cells) and ultimately compromises RNR function, sensitizing cells to HU and
triapine ((Sluder et al. 2018) and summarized in Fig. 1). In contrast to the direct action of
C86, 116-9¢ holds promise as a low toxicity drug capable of decreasing cellular resistance to
a wide variety of anticancer agents (unpublished work). Several studies have demonstrated
that both Hsp90 and Hsp70 interactions with their co-chaperones can be substantially altered
by post-translational modifications (PTMs) such as phosphorylation (Bachman et al. 2018;
Mollapour et al. 2010; Muller et al. 2013; Nitika and Truman 2017; Truman et al. 2012;
Vaughan et al. 2008). Given the promising data describing the role of co-chaperones in
cancer, therapies that target the PTMs of co-chaperones may provide a future therapeutic
strategy.

Conclusion and perspectives

RNR has been a longstanding anticancer drug target because of its prominent role in DNA
synthesis and repair (Cerqueira et al. 2007a; Mulder et al. 2005; Nordlund and Reichard
2006). Likewise, because of Hsp70 and Hsp90’s cytoprotective qualities, researchers have
developed several chaperone inhibitors that show success in cancer cell studies (Assimon et
al. 2013; Calderwood 2013; Fan et al. 2003; Galluzzi et al. 2009; McClellan et al. 2007;
Weeks and Miller 2008). However, both RNR and chaperone inhibitors are highly toxic to
patients which makes dosing and treatment difficult. Combination therapies that
simultaneously target both chaperones and RNR appear to be highly synergistic, although
whether this is fully translatable to patients remains to be seen. While this combination
strategy seems promising, targeting the co-chaperones that regulate specific onco-clients
may provide additional synergy and decreased toxicity to patients going forward.
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17-AAG
VER-155088
116-9e
Destabilized RNR/
Active RNR-chaperone Chaperone Inhibition  Increased sensitivity to RNR
complex inhibitors

Figure 1. The RNR complex requires chaperonesto function.
Hsp90, Hsp70 and the co-chaperone Hdj2 bind and stabilize the RNR complex. Treatment of

cells with small molecules that target chaperone function (17-AAG or VER-155008) or co-
chaperone function (116-e) result in both decreased transcription and protein stability of
RNR subunits. In turn, this sensitizes cancer cells to a wide variety of RNR inhibitors that
include hydroxyurea, gemicitabine and triapine.
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