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Abstract

Hsp70 is a well-conserved molecular chaperone involved in the folding, stabilization, and
eventual degradation of many “client” proteins. Hsp70 is regulated by a suite of co-chaper-
one molecules that assist in Hsp70-client interaction and stimulate the intrinsic ATPase
activity of Hsp70. While previous studies have shown the anticancer target ribonucleotide
reductase (RNR) is a client of Hsp70, the regulatory co-chaperones involved remain to be
determined. To identify co-chaperone(s) involved in RNR activity, 28 yeast co-chaperone
knockout mutants were screened for sensitivity to the RNR-perturbing agent Hydroxyurea.
Ydj1, an important cytoplasmic Hsp70 co-chaperone was identified to be required for growth
on HU. Ydj1 bound the RNR subunit Rnr2 and cells lacking Ydj1 showed a destabilized
RNR complex. Suggesting broad conservation from yeast to human, HDJ2 binds R2B and
regulates RNR stability in human cells. Perturbation of the Ssa1-Ydj1 interaction through
mutation or Hsp70-HDJ2 via the small molecule 116-9e compromised RNR function, sug-
gesting chaperone dependence of this novel role. Mammalian cells lacking HDJ2 were sig-
nificantly more sensitive to RNR inhibiting drugs such as hydroxyurea, gemcitabine and
triapine. Taken together, this work suggests a novel anticancer strategy-inhibition of RNR
by targeting Hsp70 co-chaperone function.

Author summary

Ribonucleotide reductase (RNR) is a key enzyme in the synthesis of DNA and inhibition
of RNR leads to cellular sensitivity to radiation. As such, RNR is a well-validated therapeu-
tic target for a variety of diseases including cancer. Anti-RNR drugs are effective but are
associated with a range of side effects in patients. Our previous work had identified that
the Hsp90 and Hsp70 molecular chaperone proteins regulate RNR. The specificity and
activity of Hsp70 and Hsp90 are regulated by “co-chaperone” proteins. We examined
RNR activity in cells lacking individual co-chaperones and identified the Ydj1/HD]J2 pro-
tein as a novel regulator of RNR in yeast and human cells. Importantly, we demonstrate
that inhibiting HDJ2 sensitizes cells to currently used anticancer drugs.
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Introduction

Heat Shock Protein 70 (Hsp70) is a well-conserved, highly expressed molecular chaperone
protein. While Hsp70 assists both in the folding of newly synthesized proteins and denatured
proteins (“clients”), it also targets damaged proteins for degradation by the proteasomal system
[1-3]. Many housekeeping proteins require Hsp70 for stability, making Hsp70 essential for
cell viability (2). Cancer cells require Hsp70 to maintain the function of unstable oncoproteins
and as such are “addicted” to chaperone function and Hsp70 is often found to be overex-
pressed in breast and prostate cancers [4-6]. Small molecule inhibitors of chaperones have
been developed and assessed for their ability to inhibit cancer cell proliferation in vivo and in
vitro. Despite promising data in vitro, chaperone inhibitors have met with limited success in
clinical trials due to inherent toxicity of a drug that targets an essential cellular protein [7].

The activity of Hsp70 is regulated by a suite of co-chaperone proteins comprising mainly of
Hsp40s and nucleotide exchange factors (NEFs) that assist in the stimulation of ATPase activ-
ity and the transfer of clients to Hsp70 for folding [1, 8, 9]. They are a heterogeneous group
that can be characterized by the presence of a remarkably conserved 70 amino acid J-Domain
[1, 8, 9]. In yeast the major Hsp70 isoform Ssal is activated by two related Hsp40s, Ydj1 and
Sisl [10, 11]. Although these two proteins are somewhat functionally redundant, Sisl is essen-
tial for cell viability whereas Ydj1 is not [10, 11]. The study of the behavior of chimeric Ydj1--
Sis1 constructs has revealed that the C-terminus of these proteins is the determining factor in
client binding and functional distinctiveness [12]. Interestingly, the C-terminus of Ydj1 con-
tains a CAAX farnesylation motif that targets a small population of Ydjl to the outer surface of
the Endoplasmic Reticulum [11, 13]. While both the regulation and function of this targeting
remains ill defined, it appears that it is required for interaction with Hsp90 and select client
proteins [14]. Ydj1 controls the maturation and stability of a number of Ssal client proteins,
particularly kinases [15]. Interestingly, Ydj1 also stabilizes several proteins involved in tran-
scription and thus indirectly controls the expression of proteins at the transcriptional level [16,
17].

There are 47 Hsp40s expressed in humans, distributed across the cytoplasm, nucleus, ER
and mitochondria and many of these are well conserved with their yeast counterparts [1, 8, 9].
The human homologue of Ydj1 is HDJ2 (also known as DNAJAL1), a protein implicated in reg-
ulating HIV replication as well as cancer cell growth [18]. Each Hsp40 binds to a specific set of
client proteins, thus offering the potential for selective inhibition of tumorigenic vs WT cells
[19, 20]. There are no specific Hsp40 inhibitors in clinical trials and it is only recently that
Hsp40s have been considered as possible drug targets, possibly due to the lack of characteriza-
tion of many Hsp40 isoforms. Several dihhydropyrimidines are able to inhibit Hsp40-stimula-
tion of Hsp70 including MAL3-39, MAL3-101 and 116-9e [21]. Recently a novel Hsp40
inhibitor, C86 was identified that promotes androgen receptor degradation offering a novel
way to inhibit castration-resistant prostate cancer [22].

Upon DNA damage stress, there is a large remodeling of Hsp70 and Hsp90 complexes and
tight association with the ribonucleotide reductase (RNR) complex [23, 24]. The RNR complex
catalyzes the production of deoxyribonucleotides (ANTPs) required for DNA repair and S-
phase progression. RNR is well conserved between yeast and humans and are comprised of a
large (R1) subunit and a small subunit (R2) [25-28]. R1 (R1 in vertebrates, Rnrl/Rnr3 in
yeast) forms the catalytic domain while R2 (R2B/R2 in vertebrates, Rnr2/Rnr4 in yeast) acts as
regulatory subunits. Although Rnr2 and Rnr4 share sequence homology, only Rnr2 contains
the key ligands for tyrosyl radical cofactor [27]. As a result, Rnr2 is essential for cell viability
whereas Rnr4 is not. In vitro studies have demonstrated a role for Rnr4 in assisting with Rnr2
folding [29]. The fully active RNR complex comprises of a Rnrl homodimer and Rnr2-Rnr4
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heterodimer, with each subunit tightly controlled at the level of expression and cellular locali-
zation in response to both cell cycle stage and DNA damage [25]. One of the most highly
induced genes in response to DNA damage is a low activity Rnrl isoform Rnr3. RNR3 expres-
sion is controlled in a Mec1 kinase checkpoint-dependent manner via Crt1 derepression [30,
31]. Because of its high inducibility in response to DNA damage, RNR3 expression can be used
as a measure of DNA damage response pathway activity [32].

RNR is a well-validated anticancer target. Since RNR is required for DNA repair and DNA
replication, inhibition of RNR slows cell proliferation and eventually results in S-phase arrest.
Hydroxyurea (hydroxycarbamide, HU) was the first small-molecule RNR inhibitor character-
ized and was approved for clinical use in 1967 [33, 34]. RNR inhibitors are particularly effec-
tive when used in conjunction with radiation or other DNA damaging agents [35-37]. Recent
studies have demonstrated that pretreatment of cancer cells with either Hsp70 or Hsp90 inhib-
itors causes destabilization of the RNR complex, sensitizing cells to RNR inhibitors such as
HU or gemcitabine [23, 38]. Little is known about the composition of RNR-Chaperone com-
plex, particularly the co-chaperones involved in this process. In this study, we identify Ydj1
and Hdj2 as regulators of RNR activity in yeast and humans, respectively. Moreover, we dem-
onstrate the feasibility of sensitizing cancer cells to RNR inhibitors such as HU by suppressing
HDJ2 function.

Results

A subset of Hsp70 co-chaperones mediate cellular resistance to
hydroxyurea

Hsp90 and Hsp70 mediate the cellular response to DNA damage by regulating RNR activity.
Given that co-chaperones mediate many of the client binding functions in Hsp70 and Hsp90,
we sought to uncover candidate co-chaperones that may regulate RNR function. We screened
28 yeast co-chaperone knockout strains (BY4742 background) for cellular sensitivity to
Hydroxyurea (HU). While the majority of knockouts showed no significant difference to WT,
cells lacking Ydj1, Erj5, Scjl and to a lesser degree Zuo1l showed increased sensitivity to HU
(Fig 1A; S1 Fig). Erj5, Scjl and Zuol are highly specialized co-chaperones that function in the
ER and Ribosome respectively. Given that the RNR subunits are not present in either the ER
or ribosome under standard conditions, we decided to focus our efforts of understanding the
role of Ydj1 on RNR activity.

Ydj1 regulates the DNA damage response

HU is a potent activator of the DNA damage response pathway, triggering transcription of
DNA repair enzymes. In an effort to determine whether Ydj1 controls transcriptional output
of the DNA damage response, we compared expression of B-galactosidase driven by a DNA-
damage responsive promoter (RNR3 promoter-lacZ) in HU-treated WT and ydjIA cells. Con-
sistent with the increased HU sensitivity of ydj1A, cells lacking Ydj1 were severely compro-
mised for RNR3 transcription, suggesting a role for Ydjl in activation of the DNA damage
response (Fig 1B).

The C-terminus of Ydjl is required for HU resistance

The Ydjl protein comprises of four functional domains, the N-terminus consisting of the con-
served helical J-domain responsible for binding to Hsp70 and stimulating its ATPase activity
[8, 39]. In contrast, the C-terminus of Ydj1 consists of two distinct regions, a Zinc-finger like
domain and substrate binding domain. These N and C-terminal sections of Ydj1 are tethered
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Fig 1. Loss of Ydj1 impairs the DNA damage response. (A) Yeast lacking selected Hsp70 co-chaperones are sensitive to HU. WT BY4742 or BY4742 cells
lacking Rnr4, Ydj1, Erjd5, Scj1 and Zuol were grown overnight to saturation and serial 10-fold dilutions were plated by pin plating from 96-well plates onto
YPD alone or YPD containing 200 mM HU. Plates were imaged after 3 days. (B) Cells lacking Ydj1 are compromised for DNA damage response pathway
transcription. An RNR3-LacZ reporter plasmid was transformed into the indicated yeast strains. Transformants were grown and subjected to 0, 150mM or
200mM HU for 3 hours. B-Galactosidase activity was measured in crude extracts. B-Galactosidase specific activity (in units) [-Gal Sp. Act. (U)] is shown on
the y axis. Each value represents the mean and standard deviation (error bar) from three independent transformants; **, P<0.01; ***, P<0.001 as compared
to WT cell controls.

https://doi.org/10.1371/journal.pgen.1007462.9001

together via a flexible linker region rich in glycine and phenylalanine (known as the G/F
region). To query the structural requirement for Ydj1-mediated HU resistance, we analyzed
an array of Ydj1 C-terminal truncations their ability to suppress the HU growth defect of
ydj1A yeast cells. For these experiments, we utilized JJ160, a ydjIA strain originating from the
stress-sensitive W303 background (S2 Fig. and [16]). The Ydj1 C-terminal truncations dis-
played a gradual loss of functionality with regard to mediating HU resistance (Fig 2A). While
cells expressing Ydj1 lacking the complete or part of the CTDII domain are somewhat sensitive
to HU (Ydj1 (1-206) and Ydj1 (1-363)), additional depletion of CTDI as shown for Ydj1(1-
134) completely abolished growth at 150mM HU (Fig 2A). Several Ydj1 mutants have been
characterized affecting specific facets of Ydj1 function. Two such mutants, G153R and G315D
are able to promote GR and ER activity in the absence of hormone when expressed in yeast
and are unable to properly fold client proteins such as v-SRC [16, 40]. We examined G153R
and G315D for their specific functionality with regard to HU resistance. While cells expressing
G315D were moderately sensitive to HU, G153R cells were unable to grow even at 150mM
HU (Fig 2A). Taken together, this suggests that both CTDI and CTDII domains play an
important role in Ydjl-mediated HU resistance.

The N-terminus of Sis1 can substitute for Ydj1 in the cellular response to
HU

Ydj1 has high homology to another J-protein Sis1. Both possess an N-terminal ] domain that
binds and regulates Ssal [12]. Although highly related, Sis1 and Ydj1 have overlapping yet dis-
tinct functions in the cell. Cells lacking Ydj1 are viable, whereas those lacking Sisl are not [12,
41]. Several studies have attempted to dissect the distinct roles of Ydj1 and Sisl by creating
and expressing Ydj1-Sisl chimeras [42, 43]. To complement the truncation data in Fig 2B, we
asked whether a selection of Ydj1-Sis1 fusions could provide the same function as Ydj1 in
mediating the cellular response to HU in yeast. While replacement of either the Ydj1 J-domain
or G/F domain with the equivalent Sis1 region alone had little impact, replacement of both
resulted in HU sensitivity. This suggests that while the C-terminus of Ydj1 is critical for the
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Fig 2. Ydj1 domains required for cellular resistance to HU. (A) The Ydj1 C-terminus is required for HU resistance. JJ160 ydjlA cells transformed with plasmids
encoding full-length Ydj1, truncations of Ydj1 or control plasmid pRS315 were grown to exponential phase, then 10-fold serially diluted onto media containing
indicated stressor. Plates were imaged after 3 days. (B) Sis1 and Ydj1 domains are partially interchangeable for HU resistance. JJ160 ydjIA cells transformed with
plasmids encoding full-length Ydj1 or indicated Ydj1-Sis1 fusions were grown to exponential phase, then 10-fold serially diluted onto media containing indicated
stressor. Plates were imaged after 3 days. Domains of Ydj1 are colored blue, domains of Sis1 are colored red. (C) Farnesylation impacts Ydj1-mediated HU resistance.
JJ160 ydj1A cells transformed with plasmids encoding WT Ydj1 or farnesylation-deficient mutant C406S were grown to exponential phase, then 10-fold serially diluted

onto media containing indicated stressor.

https://doi.org/10.1371/journal.pgen.1007462.g002

response to HU, the N-terminus is also required and that Sis1 and Ydj1 are functionally dis-

tinct for this role.

Farnesylation of Ydj1 is required for the cellular response to HU

While the majority of Ydjl is localized to the cytoplasm, a fraction exists bound to the cyto-
plasmic side of the endoplasmic reticulum [13, 44, 45]. This localization is achieved through
farnesylation of a “CAAX box” motif on the C-terminus on Ydj1 at C406 [44]. Disruption of
Ydjl farnesylation prevents the interaction of Ydj1 with Hsp90 and client proteins [14]. We
queried whether loss of Ydj1 farnesylation impacted cellular resistance to HU. ydjIA cells
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expressing either WT Ydj1 or C406S were plated on media containing 150mM or 200mM HU.
C406S yeast cells were partially compromised for HU resistance, being more sensitive than
WT cells but more resistant than ydjIA cells to HU (Fig 2C.

RNR subunit stability is compromised in cells lacking Ydj1

Given that RNR stability is supported by Hsp90 and Hsp70 in yeast and mammalian cells, we
wondered whether Ydj1 may be performing a similar role. We integrated GFP-epitope tags
onto RNR subunits queried the total levels of Rnr1, Rnr2 and Rnr4 protein in WT and ydjIA
cells. While Rarl levels were unchanged, Rnr2 levels were significantly compromised in cells
lacking Ydj1 under both unstressed and hydroxyurea treated cells (Fig 3A, S3 Fig). Rnr4 levels
were affected in a less dramatic manner; loss of Ydj1 decreased Rnr4 only in HU-treated cells
(Fig 3A). Protein levels in cells are balanced by both rate of transcription and protein degrada-
tion. Ydj1 has been shown to bind to transcriptional machinery and thus indirectly regulates
the transcription of an undetermined number of genes [16, 17]. To determine whether the
decreased RNR subunit expression observed in ydj1A cells was a result of altered transcription,
we quantified RNRI, RNR2 and RNR4 mRNA expression in WT and ydjIA cells using RT-
qPCR. Both RNR2 and RNR4 transcription were partially decreased in cells lacking Ydj1 (Fig
3B). This does not appear to be a global effect as the expression of RNR1 remained unchanged
in the absence of Ydj1 (Fig 3B). To determine whether the protein stability of Rnr1, Rnr2 and
Rn4 had also been compromised ydjIA cells, we examined the half-life of these proteins by
transcriptional shut-off experiments. While Rnr1 and Rnr4 stability were unchanged in ydjIA
cells, Rnr2 stability was substantially lowered (Fig 4A). To corroborate this result, we examined
rate of Rnr2 loss in WT and ydjIA cells treated with cycloheximide, a translational inhibitor.
In agreement with the previous result, Rnr2 loss was accelerated in ydjIA, suggesting increased
instability of Rnr2 protein (Fig 4A). We reasoned that if the sole reason for the HU-sensitive
phenotype of ydjIA cells was destabilization of Rnr2, then massive overexpression of Rnr2
may allow ydjI1A cells to grow on HU-containing media. We examined the effect of substan-
tially overexpressing Rnr2 in ydjIA cells using a multicopy MET25 promoter driven plasmid
(S4A Fig.). Interestingly, cells remained sensitive to HU (Fig 4C). We analyzed the levels of
Rnr2 from these cells and still observed a noticeable decrease in Rnr2 levels ydjIA cells com-
pared to WT (S4B Fig). Taken together, these results imply that the HU sensitivity seen in
ydjlA is a result of decreased Rnr2 and Rnr4 levels, controlled at both the level of transcription
and protein degradation.

Ydj1 interacts with Rnr2 in yeast and humans

Previous studies have demonstrated that Hsp90 and Hsp70 bind RNR components [23]. Given
that Ydj1 binds both Hsp70 and Hsp90 and plays a role in RNR activity, we sought to deter-
mine whether Ydj1 interacted with Rnr2 in yeast. We immunoprecipitated Rnr2 from cells
and probed for the presence of Ydj1. Ydj1 was detected as an interactor of Rnr2 in both
unstressed and HU-treated cells (Fig 5A). Ribonucleotide reductase is an important chemo-
therapeutic target in cancer. We considered the possibility that R2B, the human homologue of
Rnr2, might similarly interact with HDJ2 (human Ydj1). To examine this, we transfected
HEK?293 cells with HIS-epitope tagged R2B, purified the R2B complex and probed for associ-
ated HDJ2. Interaction of the RNR subunit with HDJ2 was observed, consistent with a con-
served role for the co-chaperone (Fig 5B). In contrast to the stress-regulated interaction
previously observed between RNR and Ssal/Hsp82 [23, 24], the interaction between Rnr2/
R2B and Ydj1/HDJ2 remained constant between untreated and HU-treated cells (Fig 5A and
5B).
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https://doi.org/10.1371/journal.pgen.1007462.9004
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https://doi.org/10.1371/journal.pgen.1007462.9005

Hsp70-co-chaperone interaction is important for RNR activity

Hsp40-related co-chaperones bind to Hsp70 via conserved J-domains. The J-domain is a
70-amino acid sequence consisting of four helices and a loop region between helices IT and III
that contains a highly conserved tripeptide of histidine, proline, and aspartic acid (the HPD
motif). This region while not required for client protein binding, is absolutely essential for
Hsp70-Hsp40 interaction, stimulation of the Hsp70 ATPase and release of substrates post-
folding [46, 47]. While several co-chaperones have chaperone-independent activities, Hsp40s
typically function through activation of Hsp70. We reasoned that Ydj1’s role in supporting
RNR function would occur through its ability to bind Ssal. We queried whether Ydj1 unable
to bind Ssal (HPD motif mutant, Ydj1-D36N) could suppress the HU sensitive phenotype of
ydjIA cells. Cells expressing Ydj1-D36N were HU-sensitive, suggesting Ssal-Ydj1 interaction
is critical for RNR activity (Fig 6A). To examine the possibility that the HU sensitivity of
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Fig 6. Disruption of the Hsp70-Hsp40 interaction impacts RNR function. (A) Mutation of the HPD motif in Ydj1 sensitizes cells to HU. ydjIA cells transformed with
either a control plasmid, WT YD]J1 plasmid or YDJ1-D36N plasmid were grown overnight to saturation and serial 10-fold dilutions were plated by pin plating from
96-well plates onto YPD alone or YPD containing 200 mM HU. Plates were imaged after 3 days. (B) Mutation of the HPD motif in Ydj1 promotes Rnr2 degradation.
ydj1A RNR2-GFP cells transformed with either a WT YDJ1 or YDJ1-D36N plasmid were grown to mid-log phase. Cell extracts were resolved by SDS-PAGE and
analyzed by immunoblotting with anti-GFP, anti- Ydjland anti-GAPDH antibodies. (C) Inhibition of the Hsp70-HD]2 interaction in cancer cells promotes R2B
degradation. HEK293 cells were grown to mid-confluence and then treated with 40 pM 116-9e for 72 hours. Cell extracts were subjected to SDS-PAGE and analyzed by
immunoblotting with anti- R2B or anti-GAPDH antibodies. (D) 116-9E disrupts both the HSP70-HDJ2 and HSP70-R2B interaction. HEK293 cells transfected with a
plasmid expressing HISs-HSP70 were treated with 116-9E as in (C). HIS-HSP70 complexes were purified from extracts made from these cells, were subjected to
SDS-PAGE and were analyzed by immunoblotting with anti-HIS, anti-R2B or anti-HD]J2 antibodies. (E) 116-9E disrupts the R2B-HSP70 interaction but leaves the
R2B-HD)]2 interaction intact. HEK293 cells transfected with a plasmid expressing HISs-R2B were treated with 116-9E as in (C). HIS-R2B complexes were purified from
extracts made from these cells, subjected to SDS-PAGE and were analyzed by immunoblotting with anti-HIS, anti-R2B or anti-HDJ2 antibodies.

https://doi.org/10.1371/journal.pgen.1007462.9006

Ydj1-D36N cells was caused by lowered Rnr2 abundance, we compared Rnr2 levels in WT
Ydj1 and Ydj1-D36N cells. As predicted, Rnr2 levels were lower in cells where the Ssal-Ydj1
interaction had been disrupted (Fig 6B).
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We carried out a parallel experiment in mammalian cells, utilizing a novel small molecule
disruptor of Hsp70-Hsp40 interactions, 116-9e [48]. Treatment of HEK293 cells with 116-9e
for 72 hours resulted in decreased R2B levels as detected by Western Blot (Fig 6C).

Hsp40s are responsible for delivering client proteins to Hsp70s for folding [8, 49]. To
understand how HDJ2-R2B and HSP70-R2B were impacted by 116-9e, we purified either R2B
or HSP70 from HEK293 cells treated with 116-9e. While 116-9e promoted the loss of
HSP70-R2B and HSP70-HDJ2 interaction, the R2B-HD]2 interaction persisted (Fig 6D and
Fig 6E). These results, taken together suggest the Ssal-Ydj1/Hsp70-HD]J2 interaction is critical
for RNR subunit stability and resistance to RNR inhibiting drugs.

Inhibition of HDJ2 sensitizes cells to RNR inhibitors

Having established that either loss of Ydj1/HDJ2 compromises RNR activity in both yeast and
mammalian cells, we considered whether this regulation might be used to sensitize cancer cells
to HU. We examined the difference in drug sensitivity of WT HAP1 cells compared to HAP1
HD]J2 knockout cells created via CRISPR disruption. HDJ2 KO cells were markedly more sen-
sitive than WT cells, with a 60% decrease in ICsy, from 180uM to 80uM (Fig 7A). These results
suggested that 116-9e (an inhibitor of HDJ2) may be synergistic with HU. We queried the dif-
ference in drug sensitivity of cells exposed to HU and DMSO compared to cells exposed to a
combination of 116-9e and HU. The combination treatment was highly synergistic, promoting
a decrease in apparent ICsg of HU from 140puM to 89uM (Fig 7B). While HU has been widely
utilized as an anticancer drug it has a short half-life in the body, relatively low affinity for RNR
and cells tend to resistance over time. Triapine is a next generation RNR inhibitor, possessing
high potency in cell and enzyme-based assays. We examined the difference in drug sensitivity
of cells exposed to triapine and DMSO compared to cells exposed to a combination of 116-9e
and triapine. The combination treatment was also synergistic, promoting a decrease in appar-
ent ICsy of HU from 27nM to 19nM (Fig 7C). To determine synergy in a more quantitative
manner, we calculated drug synergy (CI values) between 116-9e and either HU or triapine
across a broad range of concentrations. In both cases, 116-9/HU and 116-9e¢/triapine demon-
strated significant synergy (CI<1) across a range of doses (Fig 7D and 7E). These data clearly
suggest that HDJ2 inhibition is a promising strategy to sensitize cells to RNR inhibitors.

Discussion
Hsp70 co-chaperones regulate the cellular response to hydroxyurea

Hsp70 and Hsp90 bind a wide variety of client proteins, regulating many important signaling
processes. Several studies have linked chaperone function to the DNA damage response and
recently RNR activity [50-54]. Given that co-chaperones direct the activity and specificity of
Hsp70 and Hsp90 it is logical that a subset of co-chaperones are responsible for supporting
RNR activity. In this study, we identified 4 co-chaperones as being important for HU resis-
tance; Ydj1, Scjl, Erj5 and Zuol. Scjl and Erj5 are ER-localized Hsp70 co-chaperones that
bind to the ER-specific Hsp70 isoform Kar2. Kar2 and its co-chaperones are responsible for
ER-folding and degradation of proteins (ERAD). Given their spatial separation from RNR
components, these co-chaperones may support RNR activity indirectly or may have totally
separate roles in DNA damage signaling. Zuol is a ribosome-associated chaperone that acti-
vates the ATPase activity of Ssb1l and Ssb2, making it likely that Zuol influences the transcrip-
tion of RNR subunits or regulators. We hope to shed light on the role of these proteins in the
DNA damage response in future studies.
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Fig 7. Inhibition of HDJ2 is synergistic with clinically-utilized RNR inhibitors. (A) HDJ2 CRISPR KO cells are more sensitive to HU than WT cells. HAP1 WT
and HDJ2 CRISPR KO cells were treated with serial dilutions of HU for 3 days. Cell viability was determined using Celltiter-Glo assay and results shown are
average and SD from three replicates (***P<0.001 compared to WT cells, t-test). (B) 116-9e synergizes with HU treatment. HAP1 cells were treated with either
DMSO (control) or 116-9e for 24 hours in combination with serial dilutions of HU for 3 days. Data are the average and SD from three replicates (****P<0.0001
compared to HU only treated cells, t-test). (C) 116-9e synergizes with triapine treatment. HAP1 cells were treated with either DMSO (control) or 116-9e for 24
hours, then further treated with serial dilutions of triapine for 3 days. Data are the average and SD from three replicates (***P<0.0001 compared to triapine treated
cells, t-test). (D) Combination assay for 116-9¢ and HU. HAP1 cells were treated with combinations of 116-9¢ and HU for 72 h and growth inhibition was
determined using CellTiter-Glo assay. Combination Index (CI, measure of drug synergy) was determined using Chou-Talalay method via Compusyn software. CI
values of <1 indicate drug synergy. (E) Combination assay for 116-9e and triapine. HAP1 cells were treated with combinations of 116-9e and triapine for 72 h and
growth inhibition was determined using CellTiter-Glo assay. Combination Index (CI, measure of drug synergy) was determined using Chou-Talalay method via
Compusyn software. CI values of <1 indicate drug synergy.

https://doi.org/10.1371/journal.pgen.1007462.9007

Ydj1 is required for both RNR subunit expression and stability

Ydj1 is a well-characterized Hsp40 responsible for mediating a large proportion of Hsp70 and
Hsp90 effects in yeast. We show here that loss of Ydj1 results in lowered RNR expression via
both transcription and protein stability. RNR2 and RNR4 mRNA expression is decreased in
ydj1A cells, although this effect seems to be relatively specific given that RNR1I expression
remains unchanged. It will be interesting to unravel the role of Ydj1 in global transcription in
greater detail in future studies. In conjunction with decreased RNR expression, loss of Ydj1
significantly destabilizes Rnr2 (Fig 8). Again, although Ydjl assists in the maturation and sta-
bility of numerous proteins in the cell [15], the effects here were specific. While Rnr2 half-life
was lowered by loss of Ydj1, the half-lives of Rnrl and Rnr4 remained unchanged. Rnr2 and
Rnr4 hetero-dimerize in vivo and in vitro and they each support the others folding [27]. This
may explain why overexpression of Rnr2 alone in ydjI1A cells fails to suppress their HU-sensi-
tive phenotype.
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https://doi.org/10.1371/journal.pgen.1007462.9008

While the majority of co-chaperone function is mediated by interaction with chaperones
such as Hsp90 and Hsp70, it is not unknown for co-chaperones to have chaperone-indepen-
dent activities [55]. Ydj1 binds to Ssal via the conserved HPD region, and here we demon-
strate that this interaction is required for Ydjl-mediated HU resistance. This is consistent with
our previous studies identifying a role for Hsp90 and Hsp70 in regulating Rnr2 and Rnr4 [23].
These data suggest that either Ydj1 transports and transfers RNR components to Ssal or exists
in a complex with RNR and Ssal to maintain RNR activity.

Structural elements of Ydj1 required for HU resistance

Ydj1 is a well-characterized Hsp40 responsible for mediating a large proportion of Hsp70 and
Hsp90 effects in yeast. Ydj1 exists as a dimer in yeast and contains several functional elements
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such as the J-domain, G/F domain, Zinc-finger-like domains and C-terminal domain
(CTDII). It is interesting to note that the same C-terminal Ydjl truncations that result in HU-
sensitivity correspond with a previously observed loss of ability of cells to sustain high-temper-
ature growth [16]. To tease apart the role of the Ydj1 N-terminus in HU resistance, we utilized
chimeras of Ydj1 and its paralog Sis1. Although Sis1 and Ydj1 possess the ability to bind Ssal,
loss of Sis1 is lethal for yeast, whereas loss of Ydj1 is not [41]. Although individual replacement
of either the N-terminal domain or G/F domain with the equivalent Sis1 domain had minimal
impact on HU resistance, replacement of both domains simultaneously (SSY chimera)
increased the cells sensitivity to HU to a level almost equivalent to ydjIA cells. In addition,
while ydjIA cells are HU sensitive, they are not as sensitive as rnr4A cells and are viable (unlike
rnr2A cells), suggesting that loss of Ydj1 does not result in total loss of RNR function. This is in
agreement with our data that shows partial but not complete destabilization of RNR levels in
ydjIA cells. One potential explanation for this is that the related Sis1 co-chaperone is partially
functionally redundant with Ydjl and can contribute to some degree in RNR activity, particu-
larly given the data shown in Fig 2B.

It is compelling that Ydj1 farnesylation is required for HU resistance, as it is not required to
bind all client proteins and only a small proportion of Ydj1 is farnesylated at any one time [14].
Farnesylation anchors Ydj1 to the exterior face of the endoplasmic reticulum (ER) where it func-
tions to prevent the passage of aggregated proteins from mother to daughter cells during cell divi-
sion [45]. While no previous connection between ER function and RNR activity has been
identified, it is interesting to note in this study cells lacking of either of two ER specific co-chaper-
ones Erdj5 and Scj1 are also HU sensitive. Although beyond the scope of this study, the interplay
between ER co-chaperones and the DNA damage will be interesting to explore further.

HD]J2 regulates RNR in cancer cells

Suggesting broad conservation of the yeast mechanism, we demonstrate here that human Ydjl1
(HDJ2) and human RNR2 (R2B) physically interact and that this interaction is independent of
HU treatment. This is interesting given our previous findings that RNR subunit interaction
with both Hsp70 and Hsp90 increase under replicative stress [23, 24]. Our data suggest that
both the Ydj1 (yeast) and HDJ2 (human) co-chaperones may recruit and transfer Rnr2/R2B to
their respective chaperones (Ssal/Hsp70) for folding, as loss of co-chaperone function or
inability to form a productive chaperone-co-chaperone complex promotes Rnr2/R2B degrada-
tion (Fig 8).

Inhibition of HDJ2 as a viable strategy to sensitize cancer cells to RNR
inhibitors
Yeast lacking Ydj1 display a destabilized RNR complex and corresponding sensitivity to HU.
In turn, we demonstrate that we can sensitize a cancer cells to HU and the more potent RNR
inhibitor triapine by either CRISPR-mediated gene knockout of HDJ2 or by inhibiting HD]2
with 116-9e. HU was the first small-molecule RNR approved in 1967. HU and other agents,
including the nucleoside analog gemcitabine (Gemzar) and triapine, remain important agents
in cancer chemotherapy. These agents are commonly combined with radiotherapy and/or gen-
otoxic chemotherapy, which potentiate RNR inhibitors via exposing the requirement for
dNTPs in DNA repair [25, 33]. It would be highly desirable to identify agents that can enhance
the therapeutic benefit of RNR inhibitors without incurring additional toxicity.

Several studies have demonstrated the antitumor potential of small molecule inhibitors of
chaperones, particularly Hsp90 [56]. Despite promising in vitro results several potent Hsp90
inhibitors such as 17-AAG have failed clinical trials due to solubility and toxicity issues [7].
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Creating clinically-relevant Hsp70 inhibitors is also challenging, given that Hsp70 is responsi-
ble for both the stabilization and degradation of client proteins, many of which are required
for cell viability in healthy cells. The ‘holy grail’ of chaperone-based translational research is
how to modulate chaperone function in cells such that cancer cells are selectively targeted over
healthy tissue.

An alternative strategy may be the targeting of specific co-chaperones, particularly Hsp40s.
By replacing the dichlorobenzyl functionality of 115-7¢ (an Hsp70 activator) with a bulkier
diphenyl group, Wisen et al. were able to create 116-9e, an inhibitor capable of specifically
inhibiting the Hsp70-Hsp40 interaction in both yeast and mammalian cells [48]. We demon-
strate for the first time that 116-9e has the ability to sensitize cancer cells to anticancer agents
such as triapine and HU through destabilization of R2B. Interestingly, a recent study identified
a novel Hsp40-binding molecule C86 as being capable of destabilizing the androgen receptor,
a driver of metastasis in castration-resistant prostate cancer [22]. While we anticipate future
studies to examine the dosing and timing required to optimize cancer cell inhibition, the
results of both this study and that of [22] demonstrates the validity of destabilizing select client
proteins in cancer through Hsp70 co-chaperone inhibition.

Materials and methods
Yeast Strains and growth conditions

Yeast cultures were grown in either YPD (1% yeast extract, 2% glucose, 2% peptone) or grown in
SD (0.67% yeast nitrogen base without amino acids and carbohydrates, 2% glucose) supplemented
with the appropriate nutrients to select for plasmids and tagged genes. Escherichia coli DH50 was
used to propagate all plasmids. E. coli cells were cultured in Luria broth medium (1% Bacto tryp-
tone, 0.5% Bacto yeast extract, 1% NaCl) and transformed to ampicillin resistance by standard
methods. For tagging the genomic copy of RNRI, RNR2 and RNR4 with a GFP epitope at the car-
boxy-terminus, the pFA6a-GFP(S65T)-His3MX6 plasmid was used. A full table of yeast strains
and plasmids that were used can be found in S1 Table. For serial dilutions, cells were grown to
mid-log phase, 10-fold serially diluted and then plated onto appropriate media using a 48-pin rep-
lica-plating tool. Images of plates were taken after 3 days at 30°C. 200mM HU was used for serial
dilutions and to stress yeast cells, a concentration established in [57].

B-Galactosidase assays

For RNR3-lacZ fusion expression experiments, cells were grown overnight in SD-ura media at
30°C and then re-inoculated at ODgg of 0.2-0.4 and then grown for a further 4 hours. Cells
were treated with 150 mM or 200 mM HU for 3 hours and then RNR3-lacZ fusion assays were
carried out as described previously [58]. Briefly, protein was extracted through bead beating
and protein was quantitated via Bradford assay. The b-Galactosidase reaction containing 50 ug
of protein extract in 1 ml Z-Buffer (30) was initiated by addition of 200 ul ONPG (4 mg/ml)
and incubated at 28°C until the appearance of a pale-yellow color was noted. The reaction was
quenched via the addition of 500 ul Na,CO; (1M) solution. The optical density of the reaction
was measured at 420nm. B-Gal activity was calculated using ((ODy4 x 1.7)/(0.0045 x protein x
reaction time)), where protein is measured in mg, and time is in minutes. The mean and stan-
dard deviation from three independent transformants were calculated.

Gal promoter shut off experiments

BY4742 WT or ydj1A cells transformed with either pPGAL1-HA-Rnrl, 2 or 4 plasmid were
grown to mid-log phase in YP Gal medium (1% yeast extract, 2% galactose, 2% peptone).
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Transcription of pGAL1-HA-Rnrl, 2 or 4 was shut off by addition of 2% glucose to cultures.
Aliquots of cells were collected at 0, 2 and 4 hours after addition of glucose. Cell lysates from
these samples were analyzed by Western Blotting for stability of RNR subunit (HA antibody)
and loading control (GAPDH).

Cyclohexamide experiments

For cycloheximide experiments, BY4742 WT and ydj1A cells expressing endogenous promoter
GFP-tagged Rnr2 were grown to exponential phase in YPD media and then treated with

200 pg/ml cycloheximide for 6 hours to halt protein translation. Cell lysates were obtained and
analyzed via SDS-PAGE/Western Blotting for GFP-Rnr2 (GFP antibody) and a GAPDH load-
ing control (GAPDH antibody).

Western blotting

Protein extracts were made as described (Kamada et al., 1995). 20 pg of protein was separated
by 4%-12% NuPAGE SDS-PAGE (Thermo). Proteins were detected using the following anti-
bodies; anti-HIS tag (QIAGEN #34670), anti-GFP (Roche #1814460), Anti-FLAG tag (Sigma,
#F1365), anti-GAPDH (Thermo #MA5-15738), anti-Ydj1 (StressMarq #SMC-166D), anti-R2B
(SCBT, #sc-376963), anti-HDJ2 (Thermo #MA512748).

Blots were imaged on a ChemiDoc MP imaging system (Bio-Rad). After treatment with
SuperSignal West Pico Chemiluminescent Substrate (GE). Blots were stripped and re-probed
with the relevant antibodies using Restore Western Blot Stripping Buffer (Thermo).

Purification of FLAG-tagged Rnr2 from yeast

Cells transformed with control pRS313 plasmid or the pRS313 plasmid containing HIS-tagged
Rnr2 were grown overnight in SD-HIS media, and then reinoculated into a larger culture of
selectable media and grown to an ODygg, of 0.800. The cells were then either unstressed or
stressed with 200 mM HU for four hours. Cells were harvested and FLAG-tagged proteins
were isolated as follows: Protein was extracted via bead beating in 500 ul binding buffer (50
mM Na-phosphate pH 8.0, 300 mM NaCl, 0.01% Tween-20). 200 pg of protein extract was
incubated with 30 pl anti-Flag M2 magnetic beads (Sigma) at 4° C overnight. Anti-Flag M2
beads were collected by magnet then washed 5 times with 500 pl binding buffer. After the final
wash, the buffer was aspirated and beads were incubated with 65 ul Elution buffer (binding
buffer supplemented with 10 pg/ml 3X FLAG peptide (Apex Bio)) for 1 hour at 4° C, then
beads were collected via magnet. The supernatant containing purified FLAG-Rnr2 was trans-
ferred to a fresh tube, 25 ul of 5x SDS-PAGE sample buffer was added and the sample was
denatured for 5 min at 95° C. 20 ul of sample was analyzed by SDS-PAGE.

Quantitation of yeast RNR subunit transcription

Quantitation of yeast RNR transcription was carried out as in [59]. Briefly, yeast cells were
grown overnight in YPD media at 30°C, re-inoculated at ODgq, of 0.2-0.4 and then grown for
a further 4 hours. Cells were treated with 200 mM for 2 hours and total RNA was extracted
from cells using a GeneJet RNA extraction kit. Total RNA (1 ug) was treated with 10 units of
RNase-free DNase I (Thermo) for 30 min at 37°C to remove contaminating DNA. DNAse I
activity was stopped by adding 1 uL of 50 mM EDTA and incubating at 65°C for 10 minutes.
cDNA synthesis was carried out by iScript reverse transcriptase (BioRad) on aliquots of 1 ug
RNA. The single-stranded cDNA products were used in qPCR on an ABI Fast 2000 real-time
PCR detection system based on SYBR Green fluorescence. Sequences of oligo pairs (same as

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007462 November 19,2018 15/21


https://doi.org/10.1371/journal.pgen.1007462

@'PLOS | GENETICS

Co-chaperone regulation of ribonucleotide reductase

used in [59]) are listed in S1 Table. Signals of RNR1, RNR2 and RNR4 were normalized against
that of ACT1 in each strain and the resulting ratios in WT cells were defined as onefold.

Mammalian cell culture and drug treatment

HEK293T cells were cultured in Dulbecco’s modified Eagle’s minimal essential medium
(DMEM,; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS;
Invitrogen), 100 U/ml penicillin (Invitrogen) and 100 pg/ml streptomycin (Invitrogen). All
cell lines were incubated at 37 C in a 5% CO2 containing atmosphere. For 116-9e treatment,
HEK?293 cells were treated with 116-9e (#£1036, Sigma) at 40 uM concentration and kept in
incubator at 37°C and 5% CO, for 72 hours. After 72h cells were washed with 1X PBS and
total cell extracts were prepared using Mammalian Protein Extract Reagent (Thermo).

HAP1 cells and HDJ2 Knockout cells were obtained from Horizon Biosciences and were
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% fetal
bovine serum (FBS; Invitrogen), 100 U/ml penicillin (Invitrogen) and 100 pg/ml streptomycin
(Invitrogen). For ICs calculations, HAPI cells and HDJ2 Knockout were seeded in triplicate
in 96-well white bottom Nunc plates in growth media at 20% confluency 1 day prior to initia-
tion of drug treatment. On Day 1 of treatment, cells were treated with a two-fold serial dilution
of Hydroxyurea (400uM to 1.56 uM). After 72 h, cell viability was measured using Promega
CellTiter-Glo cell viability assay on a Synergy H1 plate reader. Similarly, cells were treated
with either DMSO (control) or 40 uM of 116-9e in combination with a ten-fold serial dilution
of either HU (400puM to 1.56 pM) or triapine (250uM to 0.0005 uM). After 72 h, cell viability
was measured using Promega CellTiter-Glo cell viability assay on a Synergy H1 plate reader.

Purification of HIS-tagged proteins from mammalian cells

HEK293T cells were either un-transfected or transfected with plasmids for expression of HIS-
tagged proteins using Lipofectamine 3000 (Thermo). After 48 hours, the cells were washed
with 1XPBS and total cell extract was prepared from the cells using M-PER (Thermo) contain-
ing EDTA-free protease and phosphatase inhibitor cocktail (Thermo) according to the manu-
facturer’s recommended protocol. Protein was quantitated using the Bradford Assay. His-
tagged proteins were purified as follows: 200 ug of cell lysate was incubated with 30 pl of His-
Tag Dynabeads (Invitrogen) with gentle agitation for 20 minutes at 4° C. Dynabeads were col-
lected by magnet then washed 5 times with 500 ul Binding/Wash buffer. After final wash,
buffer was aspirated and beads were incubated with 65 pul Elution buffer (300 mM imidazole,
50 mM Na-phosphate pH 8.0, 300 mM NaCl, 0.01% Tween-20) for 20 min, then beads were
collected via magnet. The supernatant containing the purified HIS-tagged protein complex
was transferred to a fresh tube, 15 pl of 5x SDS-PAGE sample buffer was added and the sample
was denatured for 5 min at 95° C. 20 pl of sample was analyzed by SDS-PAGE and Western
Blotting.

Combination index (CI) calculations

HAP1 cells were seeded in triplicate in 96-well white bottom Nunc plates in growth media at
20% confluency 1 day prior to initiation of drug treatment. On Day 1 of treatment, cells were
treated with DMSO (control) and serial dilutions of Hydroxyurea and 116-9e. After 72 h, cell
viability was measured using Promega CellTiter-Glo cell viability assay on a 96-well plate
reader. The combination index was calculated using the Chou-Talalay method using Compu-
Syn software [60].
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Supporting information

S1 Table. Yeast strains and plasmids used in this study. A table of yeast strain and plasmids
used in the study are described, along with their original source, genotypes and selectable
markers.

(PDF)

S1 Fig. A selection of yeast co-chaperone mutants are HU sensitive. WT BY4742 or BY4742
cells lacking Rnr4 or 28 co-chaperone proteins were grown overnight to saturation and serial
10-fold dilutions were plated by pin plating from 96-well plates onto YPD alone or YPD con-
taining 200 mM HU. Plates were imaged after 3 days. HU-sensitive co-chaperone mutant
strains are highlighted in red.

(TIF)

S2 Fig. Relative growth defects of BY4742 ydj1A and JJ160. BY4742 WT, BY4742 ydjIA and
JJ160 cells were grown overnight to saturation and serial 10-fold dilutions were plated by pin
plating from 96-well plates onto YPD alone or YPD containing either 150mM or 200 mM HU.
Plates were imaged after 3 days.

(TIF)

S3 Fig. Genomic tagging of RNR subunits in BY4742 ydjIA does not enhance the ydjIA
growth defect. BY4742 WT and BY4742 ydj1A cells were grown overnight to saturation and
serial 10-fold dilutions were plated by pin plating from 96-well plates onto YPD. Plates were
imaged after 3 days.

(TIF)

$4 Fig. Overexpression of Rnr2 using a multicopy, strong promoter system. (A) BY4742
WT cells expressing either endogenously tagged Rnr2-GFP or BY4742 WT transformed with
plasmid expressing Rnr2-GFP from a constitutively high MET25 promoter. Cell extracts were
obtained, resolved on SDS-PAGE gels and analyzed by immunoblotting with anti-GFP and
GAPDH antibodies. (B) Even when expressed from a constitutive promoter, Rnr2 levels are
lower in ydjIA cells. WT and ydjIA cells were transformed with a multicopy plasmid express-
ing Rnr2-GFP from the constitutive MET25 promoter. Extracts were obtained as above,
resolved on SDS-PAGE gels and analyzed by immunoblotting with anti-GFP and GAPDH
antibodies.

(TIF)
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