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Abstract

The mitochondrial HSP70 chaperone mortalin (HSPA9/GRP75) is often upregulated and
mislocalized in MEK/ERK-deregulated tumors. Here, we show that mortalin depletion can
selectively induce death of immortalized normal fibroblasts IMRO0E1A when combined with K-
RasC12V expression, but not with wild type K-Ras expression, and that K-Ras®12V-driven
MEK/ERK activity is necessary for this lethality. This cell death was attenuated by knockdown or
inhibition of adenine nucleotide translocase (ANT), cyclophilin D (CypD), or mitochondrial Ca2*
uniporter (MCU), which implicates a mitochondria-originated death mechanism. Indeed, mortalin
depletion increased mitochondrial membrane permeability and induced cell death in KRAS-
mutated human pancreatic ductal adenocarcinoma (PDAC) and colon cancer lines, which were
attenuated by knockdown or inhibition of ANT, CypD, or MCU, and occurred independently of
TP53 and p21C'P1, Intriguingly, JG-98, an advanced MKT-077 derivative, phenocopied the lethal
effects of mortalin depletion in K-Ras®12V-expressing IMR90E1A and KRAS-mutated tumor cell
lines in vitro. Moreover, JG-231, a JG-98 analog with improved microsomal stability effectively
suppressed the xenograft of MIA PaCa-2, a K-Ras®12C-expressing human PDAC line, in athymic
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nude mice. These data demonstrate that oncogenic KRAS activity sensitizes cells to the effects of
mortalin depletion, suggesting that mortalin has potential as a selective therapeutic target for
KRAS-mutated tumors.
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INTRODUCTION

A mutation in KRAS is one of the most frequently detected oncogenic alterations and is a
key therapeutic target. Indeed, recent success in developing small molecule inhibitors that
directly target K-Ras®12C heralds advances in precision treatments of KRAStumors® 40, Yet
direct Ras targeting is still at an early stage, and growing evidence indicates the ability of
tumor cells to develop therapeutic resistance despite their initial responsiveness to a
precision cancer drug targeting of downstream pathways of Ras24 27: 28. 44,51 Therefore,
additional therapeutic strategies are required to effectively treat KRAS tumors and targeting
of a molecular process selectively required for the tumors is a promising strategy.

Mitochondria serve a key role for tumor cell proliferation and survival thorough their pivotal
roles in metabolism, including energy and building block generation. Paradoxically,
mitochondria can also cause tumor cell death through their central role in cell death, which
is often triggered upon permeabilization of their membrane3%: 31, For example,
permeabilized outer mitochondrial membrane can release various death factors from the
intermembrane space whereas a mitochondrial membrane-spanning permeability transition
pore (MPTP) can cause metabolic catastrophe®: 30, although the exact molecular
composition and mechanisms of MPTP requires better understanding3: 17- 22. 39, Of note, cell
death originating from mitochondria is often mediated by various mitochondrial channels
and regulators, including adenine nucleotide translocase (ANT), mitochondrial CaZ*
uniporter (MCU), and cyclophilin D (CypD), and can be caused by various metabolic
stresses, including deregulated mitochondrial redox or Ca2* flux3%: 31, Because the necessity
of metabolic reprogramming for oncogenic transformation would inevitably increase the
chance for mitochondrial stress2 31, it is conceivable that tumor cells have developed a
protective mechanism (or mechanisms) in this context and a vulnerability in this mechanism,
if identified, may be exploited for therapy.

Mortalin (HSPA9/GRP75/PBP74) is a member of heat shock protein 70 (HSP70) family
localized in mitochondriall- 32, Mortalin is often upregulated and mislocalized in tumor cells
and can facilitate tumor cell proliferation/survival, stemness, epithelial-mesenchymal
transition, and angiogenesis’: 25 37. 43,57, 64 \\fe previously demonstrated that mortalin
facilitates tumor cell proliferation and survival by modulating MEK/ERK activity23: 59. 60
and mitochondrial bioenergetics#8. Moreover, we recently reported that deregulated
MEK/ERK activity in BRAFmutated tumor cells increase mitochondrial permeability
whereas mortalin counteracts this increase by limiting the physical interaction between
ANT3 and CypD and, hence, mortalin depletion in these cells results in perturbed
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mitochondrial permeability, which causes robust tumor cell death6. Based upon these
findings, we hypothesized that mortalin is a candidate target exploitable to selectively induce
mitochondrial cell death in MEK/ERK-dependent tumors and predicted that mortalin
targeting would selectively suppress KRAS-mutated tumors because these tumors often
exhibit deregulated MEK/ERK activity.

In this study, we tested this possibility by determining (i) whether mortalin depletion induces
lethality conditional upon the presence of K-Ras®12V| but not wild type K-Ras, in
immortalized normal human diploid fibroblasts IMROOELA, (ii) whether this cell death
requires K-Ras®12V-driven MEK/ERK activity and the mitochondrial channels/regulators
ANT, CypD, and MCU; and (iii) whether mortalin depletion suppresses KRAS-mutated
tumor cells by perturbing mitochondrial permeability. Moreover, we determined whether
chemical inhibition of mortalin can phenocopy mortalin depletion in K-Ras®12V-expressing
IMR90E1A cells and effectively suppresses a KRAS-mutated pancreatic ductal
adenocarcinoma (PDAC) cell line xenograft in mice. Collectively, our data support the
potential of mortalin as a therapeutic target selective for KRAS mutant tumor cells.

Mortalin depletion induces selective lethality in IMR90E1A cells expressing K-Ras®12V, put
not wild type K-Ras:

To determine the significance of mortalin in cells expressing an oncogenic K-Ras mutant (K-
Ras™t, we examined the effects of concurrent mortalin depletion and expression of K-
RasC12V or of wild type K-Ras (K-Ras"T), in IMRI0E1A cells. As determined by Western
blotting and trypan blue exclusion assays, mortalin knockdown robustly induced lethality in
IMROOE1A cells expressing K-RasC12V, but not K-RasWT, although neither mortalin
knockdown nor K-Ras®12V expression was lethal to IMRI0E1A cells when used singly
(Fig. 1A and 1B). Consistent with this, mortalin knockdown substantially increased lamin A
cleavage, an apoptosis marker4!, specifically in cells expressing K-Ras®12V, but not K-
RasWT, although its effects on poly-(ADP-ribose)-polymerase (PARP) cleavage was very
mild (Fig. 1A). Indeed, mortalin knockdown increased apoptosis in cells expressing K-
RasC12V put not K-Ras"WT, as determined by scoring cells co-stained for annexin V/
propidium iodide (Fig. 1C; Fig. S1A) and cells arrested in sub-G0/G1 phase (Fig. 1D; Fig.
S1B). Moreover, mortalin depletion augmented K-Ras®12V-induced p21€!P1 expression in
these cells although it did not affect p16'NK42 Jevels (Fig. 1A). Under these conditions,
pretreatment with selumetinib (AZD6244, MEK1/2 inhibitor) or SCH772984 (ERK1/2
inhibitor) substantially attenuated cell death (Fig. 1E), lamin A cleavage and p21¢!P1
expression (Fig. 1F and 1G). These data demonstrate that mortalin depletion can selectively
induce lethality in K-Ras®12V-expressing IMRI0E1A cells, for which MEK/ERK activity is
necessary.

ANT3, CypD, and MCU are required for the lethality caused by concurrent K-Ras®12V
expression and mortalin depletion:

ANT can interact with CypD, the gatekeeper of MPTP?, and this interaction has been
implicated in mitochondrial membrane permeabilization, which is often triggered by
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increased Ca2* flux through MCU30: 31, We determined whether knockdown or inhibition of
these proteins can rescue IMR90E1A cells from the lethal effects of concurrent K-Ras®12
expression and mortalin depletion.

Knockdown of ANT3, using two different ShRNA constructs, substantially attenuated
mortalin depletion-induced cell death and lamin A cleavage in K-Ras®12V-expressing
IMR90E1A cells (Fig. 2A and 2B). Similarly, knockdown of CypD and MCU also rescued
these cells from mortalin knockdown (Fig. 2C to 2F). In contrast, knockdown of ANT3,
CypD, or MCU did not markedly affect mortalin depletion-induced p21©'P1 expression in
these cells (Fig. 2B and 2D), suggesting that mortalin regulates p21¢!P1 via a mechanism
independent of these mitochondrial proteins. Consistent with knockdown of ANT3, CypD,
or MCU, cyclosporin A, which inhibits the isomerase activity of CypD and displaces it from
MPTP13, and nelfinavir, which inhibits ANT>8 and mitochondrial Ca2* influx>0, rescued K-
RasC12V-expressing IMRI0E1A cells from mortalin knockdown (Fig. 2G). These data
suggest that the regulators of mitochondrial membrane permeability mediate cell death
caused by concurrent K-Ras®12V expression and mortalin depletion.

Mortalin is upregulated in PDAC and is required for survival and proliferation of K-Ras™Mut

PDAC cells:

Observing the specific relationship between mortalin and K-Ras®12V, we sought to
determine the significance of mortalin in K-Ras™!t tumors. Given the high frequency of
KRAS mutation (>95%) and its etiological significance in PDAC®, we conducted
immunohistochemistry of 51 cases of human PDAC tissues to find a strong correlation
between mortalin protein levels and tumor malignancy (Fig. 3A and 3B). Consistent with
this, the human K-Ras™Ut PDAC cell lines, AsPC-1 (K-Ras®12D), MIA PaCa-2 (K-
Ras®12C), and PANC-1 (K-Ras®12D) expressed mortalin much higher than primary normal
human fibroblasts and as highly as MCF7 breast cancer cell line (Fig. 3C). MCF7 cells were
shown to express higher levels of mortalin relative to different tumor lines derived from
human tumors of breast, prostate, colon, lung, and brain®’. In correlation with mortalin
levels, these PDAC cells exhibited upregulated levels of HSP60, a key partner of mortalin in
different biological processes, including tumor cell proliferation and survival®®. However, in
contrast, these PDAC cell lines did not exhibit notable upregulation of other HSP70 family
paralogs, HSC70, HSP72, and BiP/GRP78 (Fig. 3C). These PDAC cell lines also exhibited
markedly downregulated p21¢!P1 and p16'NK4a expression (Fig. 3C).

We next determined the effects of mortalin depletion in AsPC-1, MIA PaCa-2, and PANC-1
cells. Infection of these PDAC cells with lentiviruses expressing two different ShRNA
targeted to mortalin mRNA consistently suppressed cell viability (Fig. 3D). Along with
these effects, mortalin knockdown increased, at varied degrees, lamin A cleavage and
p21C1PL Jevels in cells, while not affecting PARP and p16!NK4A Jevels (Fig. 3E). Because
these surrogate makers were not highly consistent in these cells, we also determined
HMGB1 release, a necrosis marker also associated with MPTP-induced cell death?. Indeed,
HMGBL1 was detected in the cell culture media conditioned by these PDAC cells (Fig. 3E).
These data suggest that mortalin is required for proliferation and survival of K-Ras™t PDAC
cells.
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Mortalin depletion induces cell death by increasing mitochondrial permeability in K-Ras™Mut

tumor cells:

We determined whether altered mitochondrial permeability underlies mortalin depletion-
induced lethality in K-Ras™Ut tumor cells. Consistent with the effects observed in K-
Ras®12V-expressing IMRI0E1A cells, knockdown of ANT3 and MCU substantially
inhibited cell death and lamin A cleavage induced by mortalin depletion in MIA PaCa-2
cells (Fig. 4A and 4B). The CypD inhibitor cyclosporin A, the ANT inhibitor nelfinavir, and
the MCU inhibitors ruthenium red* and KB-R79434° also rescued MIA PaCa-2 cells from
mortalin knockdown, as determined by trypan blue exclusion assay (Fig. 4C) and annexin
V/PI staining (Fig. 4D; Fig. S2). We next determined the effects of mortalin depletion on
mitochondrial permeability by conducting the calcein-acetyoxymethyl release assay®2, also
known as “calcein labelling”. Indeed, mortalin depletion abolished mitochondrial calcein
retention in MIA PaCa-2 cells, while knockdown of ANT3 or MCU effectively attenuated
these effects of mortalin depletion (Fig. 4E; Fig. S3A). Moreover, cells pretreated with
cyclosporin A, nelfinavir, ruthenium red, and KB-R7943 exhibited enhanced ability to retain
mitochondrial calcein in the face of mortalin depletion (Fig. 4F; Fig. S3B). These data
suggest that the lethality induced by mortalin depletion in K-Ras™Ut tumor cells is attributed
to perturbed mitochondrial permeability.

TP53 and p21€'P1 are not necessary for mortalin depletion to induce cell death via altered
mitochondrial permeability in K-Ras™Ut tumor cells:

It has been previously shown that TP53 can facilitate mitochondrial permeabilization
through its interaction with CypD®2. Because all the PDAC cell lines tested in our study
harbor a mutation in 7P53 (AsPC-1, TP53C135(s*35: MIA PaCa-2, TP53R248W: and PANC-1,
TP53R273H) \ve determined whether TP53 is dispensable for the lethality caused by
mortalin depletion in K-Ras™!t tumor cells using an isogenic somatic knockout series of
HCT116 (K-RasC13D, TP53Wt n21Wh colorectal carcinoma line. Using this knockout series,
we also determined the significance of p21C!P1 because it is a key TP53 effector and because
mortalin knockdown induced p21C'P1 in K-Ras™Ul-expressing cells.

Mortalin knockdown induced cell death in HCT116 cells as well as in their progenies
deficient of TP53 (TP537/") or p21C!P1 (p217/) although the parental cells exhibited slightly
higher death rates than TP53~/~ cells but slightly lower rates than p21~/~ cells did, as
determined by trypan blue exclusion assays (Fig. 5A to 5C) and Western blotting of lamin A
cleavage (Fig. 5D). In all these cells, the ANT inhibitor bongkrekic acid®, cyclosporin A,
and nelfinavir attenuated mortalin depletion-induced death in a dose-dependent manner (Fig.
5A to 5C). These data demonstrate that TP53 and p21€!P are not necessary for mortalin
depletion to trigger mitochondrial death in K-Ras™! tumor cells.

Advanced MKT-077 derivatives phenocopy mortalin depletion and effectively suppress K-
Ras™MUt tumor cells:

MKT-077, a water soluble benzothiazole-rhodacyanine?, binds to a well conserved
negatively charged pocket close to the nucleotide binding site of human HSP70 paralogs*2.
Being a mitochondrial membrane potential (Ay,)-sensitive delocalized lipophilic cation,
MKT-077 mainly partitions into mitochondria3®, and its interaction with mortalin in vivo
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was demonstrated by affinity purification, although it also interacted with HSC70 (HSPAS8)
and F-actin34 55, Given these characteristics of MKT-077, we sought to use MKT-077 and

its advanced derivatives for a “proof-of-concept demonstration” of mortalin targeting in K-
Ras™Ut tumors.

Indeed, MKT-077 exhibited much lower 1Csq values than its Ay p-insensitive neutral
derivative, YM-083%, in MIA-PaCa-2, AsPC-1, and PANC-1 cells (Fig. 6A). Observing these
effects, we determined the sensitivity of these cells to JG-98, an MKT-077 derivative with
improved affinity and selectivity for the HSP70 binding pocket#6. Our ICsq analysis revealed
that JG-98 has higher potency than MKT-077 and JG-258, a functional moiety-lacking
control compound for JG-9846 in MIA PaCa-2, AsPC-1, and HCT116 cells (Fig. 6B).
Remarkably, very similar to the effects of mortalin depletion, JG-98 selectively induced
lethality in IMRI0E1A cells upon expression of K-Ras®12V| but not K-RasWT (Fig. 6C).
However, MKT-077 or JG-258 did not exhibit similar potency, as determined at the same or
much higher dose ranges (Fig. 6C).

We next evaluated /n vivo efficacy of JG-231, an analog of JG-98 with improved
pharmacokinetics and bioavailability6, in MIA PaCa-2 xenografts in athymic nude mice.
When administered intraperitoneally, JG-231 effectively suppressed growth of the tumor
xenografts (Fig. 7A to C) without causing significant loss of animal body weight (Fig. 7D).
JG-231 treatment also increased lamin A cleavage and p21€!P1 expression in the tumors
harvested at the end of the treatment (Fig. 7E). Along with these effects, JG-231-treated
tumors exhibited substantially decreased cytochrome ¢ oxidase levels with the exception of
one tumor (Fig. 7E), suggesting that JG-231 incurred mitochondria damages. Moreover,
JG-231 treatment increased MEK1/2 phosphorylation in tumors (Fig. 7E), which is
consistent with its effects in BRA~mutant tumor xenografts in mice81. These data strongly
support the feasibility of exploiting mortalin to selectively suppress K-Ras™{t tumors.

DISCUSSION

Our data demonstrate that, when combined with K-Ras™MUt expression, mortalin depletion
can trigger robust cell death associated with altered mitochondrial membrane permeability.
Our data suggest that this conditional lethality is driven by K-Ras™U-induced MEK/ERK
activity and is mediated by ANT and CypD. These findings are consistent with our recent
observation that B-RafV%00F tumor cells undergo ANT/CypD-mediated cell death in the
absence of mortalin in a MEK/ERK-dependent manner81. Therefore, mortalin appears to
have potential as a therapeutic target selective to not only B-Raf™Ut- but also K-Ras™ut—
driven tumors, wherein deregulated MEK/ERK activity is the common denominator. These
findings strongly support our hypothesis that mortalin is a guardian of MEK/ERK-
deregulated tumor cells against the lethal risk associated with mitochondrial permeability
regulation, and we predict that this risk is inherent and exploitable in any MEK/ERK- and
mortalin-dependent tumors. Exploitation of mitochondrial death machinery has been
considered as a promising strategy for cancer therapy3%: 31, and it may also be relevant for
the treatment of KRAS tumors, especially PDAC, given multiple evidences supporting
mitochondria dependency of these tumor types?l: 38.63_Qur current and previous studies
consistently suggest mortalin as a candidate target for implementing this strategy.
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Molecular chaperones can facilitate tumorigenesis by altering the stability or activity of
client proteins involved in diverse cellular processes25. We recently identified ANT3 as a
novel client for mortalin and demonstrated that a highly coordinated regulation of ANT3 by
mortalin and MEK/ERK is critical for the survival of BRAF mutant tumors81, The present
study extends this finding to KRAStumor cells and provides consistent evidence that
mortalin has pivotal role in suppressing the lethal potential of ANT3 in MEK/ERK-
dependent tumors. ANT proteins play essential roles in cellular bioenergetics by mediating
ATP/ADP exchange across the mitochondrial inner membrane8. If these processes are
impaired, ANT can promote cell death by complexing with CypD#: 15, although molecular
mechanisms underlying this death machinery is yet unclear and a subject of intensive
investigation. Because successful reprogramming of bioenergetics is critical for KRASand
BRAFtumorigenesist® 53 the sensitivity of KRASand BRAF tumor cells to mortalin
depletion may be attributed to a failure of ANT function in the context of MEK/ERK-driven
bioenergetic reprogramming. Nevertheless, additional mechanistic scenarios may also be
available. For example, a recent study suggested that ANT can induce mitochondrial cell
death via a mechanism independent of its ability to exchange ATP/ADP20, This possibility
remains to be tested in our future study.

Our finding of mortalin upregulation in PDAC tissues is consistent with recent reports of
mortalin upregulation in PDAC as well as in other tumors exhibiting aberrant MEK/ERK
activity, i.e., non-small cell lung carcinoma and ovarian carcinomal®: 4962 Importantly,
mortalin in these tumors has been proposed as a prognostic marker for poor patient
survivall0. 49.62 and the data in the present study may provide insights into the molecular
mechanisms by which mortalin facilitates the development of these tumors. Intriguingly,
while TP53 mutations are detected in more than 50% of PDAC cases!, mortalin depletion
effectively suppressed all three TP53-mutated PDAC cell lines in our study. Moreover, the
data from TP53-deficient (TP53/) HCT116 progeny cells confirm the dispensability of
TP53 for mortalin depletion-induced lethality in KRAS tumor cells. As such, we conclude
that mortalin depletion triggers mitochondrial death independent of TP53. This is intriguing
because tumor suppressive effects of mortalin depletion/inhibition have been partly
attributed to its ability to sequester TP5333: 54, and because TP53 is known to trigger
mitochondrial permeabilization and subsequent cell death by directly interacting with
CypD?®2, Of note, we showed that mortalin directly interacts with ANT but not with CypD
while it inhibits the interaction between ANT3 and CypD6!. Taken together, it is conceivable
that mortalin and TP53 may comprise two independent regulators of mitochondrial
permeabilization, which work in an opposing context.

In summary, our findings suggest that mortalin facilitates survival and proliferation of
KRAS tumor cell by preventing MEK/ERK-driven mitochondrial permeabilization and that
mortalin has potential as a therapeutic target for KRAS tumors irrespective of TP53 status.
Importantly, although most KRAS tumors are MEK/ERK-dependent, therapeutic effects of
MEK/ERK inhibition are not satisfactory due to the ability of tumor cells to develop therapy
resistance?’: 44, Development of diverse therapeutic strategies is therefore necessary and
mortalin dependency of KRAStumor cells demonstrated in this study may provide an idea
for the development of strategy.
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MATERIALS AND METHODS

Cell lines and reagents

IMROO0E1A, a gift from Dr. Yuri Lazebnik (CSHL), were maintained in Dulbecco’s minimal
essential medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS), 1% sodium pyruvate, and 1% nonessential amino acids. MiaPaCa-2
(ATCC) and PANC-1 (ATCC) were cultured in Dulbecco’s minimal essential medium
(Invitrogen) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100
pg/ml of streptomycin. AsPC-1 (ATCC) was maintained in RPMI 1640 medium (Invitrogen)
supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 ug/ml of
streptomycin. HCT116 and its TP53~~ and p21~/~ progenies were obtained from Dr. Bert
Vogelstein (Johns Hopkins Univ.) and were grown in McCoy’s 5A medium (Invitrogen)
supplemented with 10% FBS. Cell lines within 10 passages after acquisition were used for
experiments in this study. All cell lines were authenticated prior to use by short tandem
repeat DNA profiling and were negative for mycoplasma contamination.

Cyclosporine A, nelfinavir mesylate hydrate, and MKT-007 were purchased from Sigma-
Aldrich (St. Louis, MO). AZD6244, SCH772984, and KB-R7943 were purchased from
Selleck Chemicals (Houston, TX), ChemieTek (Indianapolis, IN), and Abcam (Cambridge,
MA), respectively. Bongkrekic acid and ruthenium red were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). JG-98, JG-258 and JG-231 were synthesized as previously
reported4.

Plasmids, RNA interference, and recombinant viruses

The lentiviral K-Ras®12V expression system, pHAGE-K-Ras®12V, was generated by ligating
a human K-Ras®12V—_encoding gene (a gift from Dr. Bob Deschenes, Univ. South Florida)
into Notl/Xhol sites of pHAGE-GFP. pHAGE-K-RasWT was generated by site-directed
mutagenesis of pHAGE-K-Ras®12V using
TGTGGTAGTTGGAGCTGGTGGCGTAGGCAAGAGTG and
CACTCTTGCCTACGCCACCAGCTCCAACTACCACA. Construction of the lentiviral
small hairpin RNA expression systems targeting human mortalin, pLL3.7-shMort#1 and
pLL3.7-shMort#2, were previously described®®. pLKO.1-shANT3 (TRCN0000045014 and
TRCNO0000045015), pLKO.1-shCypD (TRCN0000232681 and TRCN0000232682), and
pLKO.1-shMCU (TRCN0000133861 and TRCN0000416434) constructs were purchased
from Sigma-Aldrich. Lentivirus was generated and used as previously described8,

Immunoblotting

For immunoblotting, equal amount of proteins in cell lysates in 62.5 mM Tris (pH 6.8)/2%
SDS containing the protease and phosphatase inhibitor cocktails were resolved by SDS-
PAGE, transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA),
and blocked with 5% nonfat dry milk or BSA in 0.1 M Tris (pH 7.5)/0.9% NaCl/0.05%
Tween 20 prior to blotting. Antibodies and their dilutions are as follows: Ras (#3339), 1 :
2500; phospho-MEK1/2 (Ser217/221 for MEK1 and Ser222/226 for MEK?2, #9121), 1 :
2500; MEK1/2 (#9122), 1 : 2500; ERK1/2 (#9102), 1 : 2500; cleaved lamin A (#2035), 1 :
2500; PARP (#9542), 1 : 2500; BiP (#3183), 1 : 5000, MCU (#14977), 1 : 2500; CoxIV
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(#4850), 1 : 2500 (Cell Signaling Technology, Boston, MA, USA); phospho-ERK1/2
(Thr202/Tyr204, sc-16982), 1 : 2500 ; mortalin (sc-133137), 1 : 5000; p21C!P1 (sc-56335),
1:2500; TP53 (sc-126), 1 : 2500; CypD (sc-376061), 1 : 2500 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); B-actin (A2228), 1 : 10000 (Sigma-Aldrich); p16'NK4 (#554079), 1 :
2500 (BD Bioscience, San Jose, CA); ANT3 (AP12188), 1 : 2500 (Abgent, San Diego, CA);
HSC70 (SPC-102), 1 : 5000 (StressMarq, Victoria, BC, Canada), HSP72 (ADI-SPA-812-D),
1:5000 (Enzo Life Sciences, Farmingdale, NY); HSP60 (MS-120), 1 : 5000 (Thermo
Fisher Scientific, Waltham, MA); HMGB1 (PCRP-HMGB1-6E1), 1 : 1000 (Developmental
Studies Hybridoma Bank, lowa City, 1A). Chemiluminescence signals of immunoblots were
visualized by SuperSignal West Pico and Femto chemiluminescence kits (Thermo Fisher
Scientific), captured by ChemiDoc XRS+ (Bio-Rad, , Hercules, CA), and analyzed by Image
Lab software (Bio-Rad) for densitometry.

Cell viability, cycle, and death analyses

Cell viability was determined by trypan blue exclusion assay (Invitrogen) or by flow
cytometry of cells stained with the fluorescent DNA intercalator TO-PRO 3 (Invitrogen).
The colorimetric 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich) assay was performed as previously described®. For cell cycle and death
analyses, flow cytometry of cells stained with annexin V and propidium iodide (Invitrogen)
was performed using the Guava EasyCyte flowcytometry system (MilliporeSigma, Billerica,
MA, USA), as previously described*”. Data were analyzed by FCS EXPRESS software (De
Novo Software, Los Angeles, CA, USA).

Calcein retention assay

Mitochondrial membrane permeability was analyzed using MitoProbe Transition Pore Assay
kit (Thermo Fisher Scientific), according to the manufacturer’s instruction. Calcein
fluorescence retaining in cells after cobalt quenching was determined by the Guava
EasyCyte flowcytometry system (MilliporeSigma) and FCS EXPRESS software (De Novo
Software).

Immunohistochemistry

Formalin-fixed, paraffin-embedded 5 um sections of non-overlapping PDAC tissue
microarrays (PA207), containing 51 PDAC cases and 17 normal pancreatic duct samples,
were purchased from US Biomax (Rockville, MD). All tissue samples consisted of uniform
cores, 1 mm in diameter. The specimens were analyzed using monoclonal anti-mortalin
antibody, D-9 (Santa Cruz Biotechnology, sc-133137), as previously described®®. The
specificity of this staining was validated with normal 1gG type 2.

Xenograft experiments

Two million cells in 200 uL Hank’s balanced salt solution were subcutaneously inoculated
into the rear flanks of 5-week-old female athymic nude (nu/nu) mice (The Jackson
laboratory, Bar Harbour, ME, USA). Once palpable, tumors were measured using Vernier
calipers every other day. Tumor volumes were calculated using the formula:
lengthxwidthxheightx0.5236. When tumor volumes reached about 50 mms3, mice bearing
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each cell line were sorted into three groups to achieve equal distribution of tumor size in all
the treatment groups. Group 1 intraperitoneally received 12 doses of the vehicle
(1:1.8:0.4:6.8 mixture of DMSO, Kolliphor RH40, dextrose, and HEPES) while groups 2
and 3 received 12 doses of JG-231 (2 and 4 mg/kg body weight/dose, respectively). At the
end of the experiment, animals were euthanized by CO, asphyxiation. Investigators were not
blinded. All animal studies were performed according to the protocols approved by the
Institutional Animal Care and Use Committee at Medical College of Wisconsin, Milwaukee,
WI, USA.

Quantification and statistical analysis

All graphs represent the mean + the standard error of the mean (SEM) of technical replicates
(n) in a representative experiments. All experiments, excluding immunohistochemistry and
animal work, were repeated at least three times to confirm data consistency. Sample size of
the animal experiment was determined by the power analysis that considered 10% of
accidental death and a significance level 5% and was based upon in vitro data. Statistical
significance was determined by one-way ANOVA with Dunnett post-tests or two-way
ANOVA with Bonferroni post-tests using Prism (GraphPad Software, La Jolla, CA, USA).
ICsq, Confidence Intervals, coefficient of variation (%CV) and data normality (normal
distribution) were determined by Prism. The significance of immunohistochemistry data of
human PDAC tissues was determined by Kruskal-Wallis test (nonparametric ANOVA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

We thank Drs. Yuri Lazebnik (CSHL), Richard Mulligan (Harvard Univ.), Bert Vogelstein (Johns Hopkins Univ.),
and Bob Deschenes (Univ. South Florida) for IMRIOELA, pHAGE, HCT116 cell lines, and the K-RasG12V—
encoding gene, respectively. We also thank former Park lab members for technical supports.

Funding

This work was supported by NIH/National Cancer Institute grant (RO1CA138441) to J.P. Development of HSP70
modulators was funded by NIH ROINS059690 to J.G.

Abbreviations:

ANT adenine nucleotide translocase
c-lamin A cleaved lamin A

CypD cyclophilin D

ERK extracellular signal-regulated kinase
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MCU mitochondrial Ca2* uniporter

MEK mitogen-activated protein kinase kinase
MPTP mitochondrial permeability transition pore
PARP Poly (ADP-ribose) polymerase

PDAC pancreatic ductal adenocarcinoma
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Figure 1. Mortalin depletion selectively suppresses K-RafGlZV-exprng IMR90E1A cells.
(A) Western blotting of total lysates of IMRIOE1A cells co-infected with pLL3.7 virus

expressing shRNA targeting mortalin (shMort) and pHAGE expressing wild type K-Ras or
K-Ras®12V (G12V) for 3 days. pMEK1/2, phosphorylated MEK1/2; pERK1/2,
phosphorylated ERK1/2; c-lamin A, cleaved lamin A. B-actin was the control for equal
protein loading. (B) Proliferation and death rates of cells described in (A), monitored by
trypan blue exclusion assays (/7= 3). (C) Apoptosis rates of cells described in (A) at post-
infection day 2, monitored by annexin V/propidium iodide staining and flow cytometry (n=
5). See Figure S1A for FACS histograms. (D) Cell cycle analysis of cells described in (A) at
post-infection day 3 (1= 3). See Figure S1B for FACS histograms. (E) TO-PRO-3 assays of
cells co-infected with pLL3.7-shMort and pHAGE-K-Ras®12V| and then treated with
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indicated inhibitors for 2 days (7= 5). (F and G) Western blotting of total lysates of cells
described in (E). All quantitative data are mean + SEM from a representative experiment. *p
<0.05, **p<0.01, ***p<0.001 (two-way ANOVA with Bonferroni post-tests)
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Figure 2. ANT, CypD and MCU arerequired for mortalin depletion to induce lethality in K-

RasGle-exprng IMR90E1A cdlls.

(A) Proliferation and death rates of IMRI0E1A cells expressing K-Ras or K-Ras®12V and
infected for 4 days with pLL3.7-shMort and pLKO.1-shANT3 viruses (ShANT3#2 and
shANT3#3 targeting different ANT3 mRNA regions), monitored by TO-PRO-3 assays (/7=
5). (B) Western blotting of total lysates of cells treated as described in (A). c-lamin A,
cleaved lamin A. (C) TO-PRO-3 assays of IMRI0E1A cells expressing K-Ras or K-Ras®12V
and infected for 4 days with pLL3.7-shMort and pLKO.1-shCypD viruses (shCypD#1 and
shCypD#2 targeting different CypD mRNA regions) (/7= 5). (D) Western blotting of total
lysates of K-Ras®12V_expressing cells treated as described in (C). (E) TO-PRO-3 assays of
IMROOE1A cells expressing K-Ras or K-Ras®12V and infected for 4 days with pLL3.7-
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shMort and pLKO.1-shMCU viruses (ShMCU#1 and shMCU#5 targeting different MCU
mRNA regions) (7= 5). (F) Western blotting of total lysates of K-Ras®12V—expressing cells
treated as described in (E). (G) TO-PRO-3 assays of IMR90E1A cells expressing K-Ras or
K-Ras®12V and depleted of mortalin for 4 days with or without 3-day treatment of 5 uM
cyclosporine A (CsA) or 5 uM Nelfinavir (NFV) (n=15). DMSO, vehicle control. All
quantitative data are mean + SEM from a representative experiment. ***p < 0.001 (two-way
ANOVA with Bonferroni post-tests).
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Figure 3. Mortalin isupregulated in PDAC and its depletion suppresses PDAC cellsin vitro.
(A) Representative immunohistochemical analysis images of mortalin protein in normal

pancreatic duct (7= 17) and PDAC (n= 51). (B) Scores of mortalin expression in patient
tissue biopsy specimens. p < 0.0001, Kruskal-Wallis test (nonparametric ANOVA). (C)
Western blotting of total cell lysates of the human PDAC cell lines. The primary normal
fibroblasts and MCF-7 breast cancer line were used as the negative and positive controls for
mortalin expression, respectively. p-actin was the control for equal protein loading. (D)
Proliferation and death rates of PDAC cell lines infected with pLL3.7-shMort (shMort#1 and
shMort#2 targeting different mortalin mRNA regions), monitored by trypan blue exclusion
assays (n= 3). Data are mean + SEM from a representative experiment. *p < 0.05, **p <
0.01, ***p< 0.001 (two-way ANOVA with Bonferroni post-tests) (E) Western blotting of
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total lysates or culture medium of cells harvested at day 5 (PANC-1) or day 6 (MIA PaCa-2
and AsPC-1) in (D). c-lamin A, cleaved lamin A. Stain-free gel image indicates equal
protein loading for HMGB1.
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Figure 4. Increased mitochondrial permeability isassociated with mitochondrial cell death

induced by mortalin depletion in MIA PaCa-2 cells.

(A) Proliferation and death rates of MIA PaCa-2 cells depleted of mortalin with or without
4-day infection with pLKO.1-shANT3 or pLKO.1-shMCU viruses, monitored by TO-PRO-3
assays (n7=15). (B) Western blotting of total lysate of cells treated as described in (A). c-
lamin A, cleaved lamin A. (C) TO-PRO-3 assays of MIA PaCa-2 cells depleted of mortalin
with or without 3-day treatment of 5 pM cyclosporine A (CsA), 5 UM Nelfinavir (NFV), 4
UM ruthenium red (RuR), or 4 uyM KB-R7943 (KB) (n7=15). DMSO, vehicle control. (D)
Apoptosis rates of cells treated as described in (C), monitored by annexin V/propidium
iodide staining and flow cytometry (7= 15). See Figure S2 for FACS histograms. (E-F)
Calcein retention assays of cells described in (A and C) (n=15). See Figures S3, A and B for
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FACS histograms. Data are mean + SEM from a representative experiment. *p < 0.05, **p <
0.01, ***p < 0.001 (two-way ANOVA with Bonferroni post-tests)
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Figure5. TP53 and p21 are not necessary for mortalin depletion to induce mitochondrial cell
death.

(A) Proliferation and death rates of HCT116 parental cells depleted of mortalin with or
without 3-day treatment of bongkrekic acid (BKA), cyclosporine A (CsA), Nelfinavir (NFV)
at indicated concentration, monitored by TO-PRO-3 assays (7= 5). (B) Proliferation and
death rates of HCT116 TP53 knockout (TP53~/7) cells treated as described in (A) (7= 5).
(C) Proliferation and death rates of HCT116 p21 knockout (p21~/") cells treated as
described in (A) (n=15). (D) Western blotting of total lysate of cells treated as described in
(A-C). c-lamin A, cleaved lamin A. Data are mean + SEM from a representative experiment.
*p<0.05, **p<0.01, ***p < 0.001 (two-way ANOVA with Bonferroni post-tests).
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Figure 6. MK T-077 derivatives suppress K -Ras™!"!-expressing M R0E 1A and tumor cells
(A) I1C5q analysis in KRAS mutant tumor cells treated with MKT-077 and YM-08, a Ay -

insensitive neutral derivative of MKT-077, for 48 hours, determined by MTT assay (7= 5).
95% Confidence Intervals for MKT-077 vs YM-08 were 0.27 to 0.34 vs 11.21 t013.29 (MIA
PaCa-2), 0.55 t0 0.73 vs 7.55 to 8.22 (AsPC-1), and 0.33 to 0.40 vs 3.53 to 3.93 (PANC-1).
(B) ICgq analysis in KRAS mutant tumor cells treated with JG-98, MKT-077, and JG-258, a
functional moiety-lacking control for JG-98, for 48 hours, determined by MTT assay (/7= 5).
95% Confidence Intervals for JG-98 vs MKT-077 were 0.25 to 0.65 vs 1.10 to 1.38 (MIA
PaCa-2), 0.60 to 0.86 vs 1.47 to 1.78 (AsPC-1), 0.50 to 0.74 vs 1.27 to 2.23 (HCT116). (C)
Proliferation and death rates of IMRI0E1A cells expressing K-Ras or K-Ras®12V treated
with MKT-077 derivatives for 24 and 48 hours prior to trypan blue exclusion assays (7= 5).
Data are mean + SEM from a representative experiment. *p < 0.05, **p < 0.01, ***p<
0.001 (two-way ANOVA with Bonferroni post-tests)
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Figure 7. JG-231 suppresses MI A PaCa-2 xenograftsin mice
(A) Changes in tumor sizes. Athymic mice bearing tumor xenografts were treated with

JG-231 at two different doses. Drugs dissolved in 200 pl vehicle were administered
intraperitoneally every other day during indicated treatment periods. The control group was
treated with the vehicle only (details in the methods section). %CV, vehicle: 73.11; 2 mg/kg
JG-231: 36.67; 4 mg/kg JG-231: 46.27. (B and C) Weights and images of tumors collected
at the end of the treatment in (A). Horizontal dotted line indicates mean. Each dot represents
one sample. %CV, vehicle: 76.67; 2 mg/kg JG-231: 76.22; 4 mg/kg JG-231: 49.35. (D) Body
weight changes of animals during the treatment in (A). %CV, vehicle: 2.87; 2 mg/kg

JG-231: 1.95; 4 mg/kg JG-231: 2.59. (E) Western blotting of the homogenates of tumors in
(C). c-lamin A, cleaved lamin A; CoxIV, cytochrome ¢ oxidase. Data are mean + SEM from
a single cohort (6 mice for vehicle, 7 mice for each JG-231 group). Each mouse developed

(Day)
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one tumor. *p < 0.05, **p < 0.01, ***p< 0.001 (A and D, two-way ANOVA with
Bonferroni post-tests; B, one-way ANOVA with Dunnett post-tests)
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