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Abstract

Mortalin [also known as heat shock protein family A (Hsp70) member 9 (HSPA9) or glucose-

regulated protein 75 (GRP75)] is a mitochondrial molecular chaperone that is often upregulated 

and mislocalized in tumors with abnormal activation of the kinases MEK and ERK. Here, we 

found that mortalin depletion was lethal selectively to tumor and immortalized normal cells 

expressing the mutant kinase B-RafV600E or the chimeric protein ΔRaf-1:ER, and that MEK-

ERK–sensitive regulation of the peptide-binding domain in mortalin was critical to life/death 

decisions in these cells. Proteomics screening identified adenine nucleotide translocase 3 (ANT3) 

as a previously unknown mortalin client and life/death effector. Mechanistically, increased MEK-

ERK signaling activity and mortalin function converge in opposition on the regulation of 

mitochondrial permeability. Specifically, whereas MEK-ERK activity increased mitochondrial 

permeability by promoting the interaction between ANT3 and the peptidyl-prolyl isomerase 
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cyclophilin D (CypD), mortalin decreased mitochondrial permeability by inhibiting this 

interaction. As such, mortalin depletion increased mitochondrial permeability in MEK-ERK–

deregulated cells, to the level triggering cell death. Moreover, chemical inhibitors of mortalin 

effectively suppressed the proliferation of B-RafV600E tumor cells in vitro and in vivo, including 

their B-Raf inhibitor-resistant progenies. This specific relationship between mortalin and 

deregulated MEK-ERK pathway activity suggest that mortalin has potential as a selective 

therapeutic target.

INTRODUCTION

Deregulated activity of the mitogen-activated protein kinase (MAPK) kinase–extracellular 

signal-regulated protein kinase (MEK/ERK) pathway, mainly caused by mutations in BRAF, 

is one of the most frequently detected oncogenic alterations and is a key therapeutic target. 

Indeed, development of Food and Drug Administration (FDA)-approved inhibitors targeting 

this pathway has advanced the therapy of BRAF-mutant (B-RafV600E/K/D) tumors (1–3). 

Nevertheless, most tumors that are initially responsive to these inhibitors develop resistance, 

leading to tumor relapse and patient death. Moreover, these drugs have shown limited 

efficacy against certain BRAF-mutant tumors due to intrinsic resistance (1, 3, 4). Therefore, 

additional therapeutic strategies are required to effectively treat BRAF-mutant tumors.

Mitochondria possess a powerful cell death machinery that is activated upon 

permeabilization of outer or inner mitochondrial membranes (5, 6). For example, whereas 

permeabilization of the outer membrane leads to the release of proapoptotic factors from the 

intermembrane space, formation of the mitochondrial membrane-spanning permeability 

transition pore (MPTP) can lead to metabolic catastrophe (6, 7), although molecular 

composition and mechanisms underlying the pore are not yet clearly understood (8–11). 

Mitochondria-originated cell death is mediated via various mitochondrial channels and 

regulators, including adenine nucleotide translocase (ANT), voltage-dependent anion 

channel (VDAC), mitochondrial Ca2+ uniporter (MCU), and cyclophilin D (CypD), and is 

often driven by metabolic stresses, such as deregulated mitochondrial redox or Ca2+ flux (5, 

6). There is a growing interest in exploiting these processes for tumor therapy, because 

oncogenic transformation requires metabolic reprogramming, which inevitably increases the 

chance for various mitochondrial stresses in tumor cells (5, 12). It is conceivable, therefore, 

that malignant tumor cells have developed a protective mechanism (or mechanisms) in this 

context, the identification of which may lead to novel therapeutic strategies.

Mortalin [also known as heat shock protein family A (Hsp70) member 9 (HSPA9), glucose-

regulated protein 75 (GRP75), or 74-kDa peptide-binding protein (PBP74)] is a 

mitochondrial chaperone that is often increased in expression and mislocalized in tumor 

cells (13–15). Mortalin regulates multiple aspects of tumorigenesis, including tumor cell 

proliferation and survival, stemness, epithelial-mesenchymal transition, and angiogenesis 

(16–20). We have previously demonstrated that mortalin facilitates tumor cell proliferation 

and survival by modulating MEK/ERK activity (21–23) and mitochondrial bioenergetics 

(24). In this study, we evaluated the potential of mortalin as a therapeutic target in MEK/

ERK-deregulated tumors and investigated the underlying molecular mechanisms thereof.
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RESULTS

Mortalin depletion selectively induces cell death in B-RafV600E-expressing cells

Mortalin levels are upregulated in melanoma 20, and its upregulation is correlated with poor 

patient survival, as suggested by our meta-analysis of different RNAseq datasets (fig. S1). 

Because RNA interference of mortalin expression can effectively suppress the proliferation 

of B-RafV600E tumor cells (21, 22), we sought to determine whether there is a specific 

relation between mortalin and B-RafV600E dictating these effects by examining the 

combinatory effects of B-RafV600E expression and mortalin depletion in IMR90E1A 

(immortalized normal human diploid fibroblasts) and MEL-ST (immortalized human 

melanocytes).

As determined by trypan blue exclusion assays, mortalin knockdown robustly suppressed the 

viability of IMR90E1A and MEL-ST cells expressing B-RafV600E, but not the viability of 

wild type B-Raf (B-RafWT)-expressing cells (Fig. 1, A and B). In these cells, concurrent B-

RafV600E expression, but not B-RafWT expression, and mortalin knockdown substantially 

increased the cleavage of caspase 9, lamin A, and poly-(ADP-ribose)-polymerase (PARP), 

key surrogate markers for caspase-dependent apoptosis (25), along with p21CIP1 or p16INK4a 

expression (Fig. 1A; fig. S2A), although HMGB1 release, a necrosis marker, was not 

detected (fig. S2B). Mortalin knockdown with B-RafV600E expression substantially 

increased annexin V/propidium iodide co-staining and sub-G0/G1 phase population in 

IMR90E1A cells (Fig. 1C, D; fig. S3, A to C), indicating the onset of cell death and growth 

arrest. Indeed, the pan-caspase inhibitor Z-VAD(Ome)-FMK substantially rescued B-

RafV600E expressing IMR90E1A and MEL-ST cells (fig. S4A), and the human B-RafV600E 

melanoma lines A375 and SK-MEL-28 cells from mortalin depletion-induced death (fig. S4, 

B and C). Of note, pretreatment of IMR90E1A cells with vemurafenib (PLX4032, B-

RafV600E inhibitor), selumetinib (AZD6244, MEK1/2 inhibitor), or SCH772984 (ERK1/2 

inhibitor) substantially attenuated cell viability loss (Fig. 1E) and lamin A cleavage induced 

by mortalin knockdown with B-RafV600E expression (Fig. 1, F to H), suggesting that 

MEK/ERK activity is necessary for the induction of cell death. Intriguingly, constitutively 

active AKTE40K did not elicit similar lethal effects when combined with mortalin 

knockdown, supporting the specificity of these effects (fig. S5, A to C).

Dysregulated mortalin-client interaction causes lethality in MEK/ERK-deregulated cells

Mortalin interacts with different clients and these interactions are regulated by its N-terminal 

ATPase and regulatory subdomains (26). Although mortalin has a mitochondrial targeting 

signal at its N-terminal end, it is also detected in different subcellular locations (27). To 

understand the molecular mechanism(s) by which mortalin regulates B-RafV600E tumor cell 

survival, we conducted a rescue experiment using different mortalin constructs (illustrated in 

Fig. 2A) in A375 engineered for doxycycline-inducible mortalin knockdown (A375-dox-

shMort). We found that, whereas C-terminal HA-tagged mortalin expression effectively 

rescued A375-dox-shMort cells from doxycycline treatment, N-terminal HA-tagged 

mortalin did not but rather exacerbated doxycycline-induced cleavage of lamin A and PARP 

(Fig. 2, B and C, and fig. S6). Because the N-terminal, but not C-terminal, HA tag hindered 

mortalin localization to mitochondria (fig. S7), we suspected that abnormal enrichment of 
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non-mitochondrial mortalin can be harmful to cells although mitochondrial mortalin is 

critical for cell survival. In subsequent truncation analyses, overexpression of the C-terminal 

peptide/client-binding domain (PBD), but not the ATPase domain (AD) or the subdomain 2 

(SD2), also exacerbated mortalin depletion-induced effects in A375 cells (Fig. 2, B and C, 

and fig. S6). Notably, similar to mortalin depletion, PBD overexpression was sufficient to 

induce death in B-RafV600E melanoma cells, but not in immortalized non-tumor cells such as 

MEL-ST and HEK293T (Fig. 2D). However, PBD expression induced robust cell death 

upon B-RafV600E co-expression in IMR90E1A cells (Fig. 2, E and F) or upon ΔRaf-1:ER 

activation in LNCaP cells, a BRAF wild-type human prostate tumor line (fig. S8, A and B), 

highlighting its conditional lethal effects.

HSP70-client interaction requires the central hydrophobic pocket in the client-binding cavity 

of PBD and the tail region that acts as “lid” for the pocket (illustrated in Fig. 2G). We and 

others previously reported that exchange of the conserved Val482 to Phe in this pocket 

(V482F, illustrated in red in Fig. 2G) impairs mortalin interaction with TP53, MEK1/2, and 

protein phosphatase1α (21, 28). For the bacterial HSP70 homologue, DnaK, this exchange 

substantially lowers client affinity without causing global structural changes or client 

specificity (29). We found that V482F exchange or deletion of the tail region abrogated the 

ability of PBD expression to induce cell death in B-RafV600E tumor cells (Fig. 2H). Of note, 

no similar effects were observed with corresponding domains of heat shock cognate 70 

(Hsc70) (fig. S9, A to C), supporting the specificity of mortalin functions in B-RafV600E 

tumor cells. These data suggest that a dysregulated mortalin-client interaction can cause 

selective lethality in MEK/ERK-deregulated cells.

Proteomic analysis reveals mortalin interaction with ANT and VDAC

We then sought to identify the mortalin client(s) involved in its life/death regulation in 

MEK/ERK-deregulated cells by comparing the interactomes of full-length mortalin and the 

PBD in cell lines exhibiting different MEK/ERK activity, namely LNCaP-ΔRaf-1:ER and 

SK-MEL-28. As suggested by the greater number and intensity of bands visualized by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), PBD interacted 

more tightly and/or with more proteins than full-length mortalin or other domain mutants 

(Fig. 3A and fig. S10A). In contrast, AD and SD2 exhibited fewer protein interactions than 

did full-length mortalin or PBD in these cells. Proteins from the full-length mortalin and 

PBD fractions were identified by high mass accuracy mass spectrometry (data file S1 and 

table S1). High confidence proteins (<1% false-discovery rate) were then cataloged based on 

the overlap between those found with full-length mortalin and PBD, between cells with 

ΔRaf-1:ER activation and those without (Fig. 3A and data file S2), and between cell lines 

(fig. S10B). This screening identified multiple proteins whose interaction with mortalin was 

previously unknown. Subsequent analyses using Ingenuity Pathway Analysis (IPA) and 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) revealed that many 

proteins in the mortalin interactomes are involved in functions related to protein synthesis, 

DNA damage repair, post-transcriptional regulation, and cell death and survival, with the 

latter being the majority (Fig. 3, B to D; fig. S10, C to F; and data file S3). Notably, the 

interaction of full-length mortalin with proteins in the cell death and survival category 

increased in response to ΔRaf-1:ER activation, whereas that of the PBD was constitutive 
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(Fig. 3, B and C). In this functional category, our STRING analyses consistently visualized a 

cluster indicating mitochondria-originated cell death based upon the presence of ANT2, 

ANT3, and VDAC (Fig. 3D and fig. S10, D and E).

Mortalin directly interacts with ANT through a canonical chaperone-client interaction 
mechanism

Humans have three highly homologous ANT isoforms (ANT1/2/3) and, less homologous 

ANT4 (7). ANT can form a high affinity complex with VDAC at the mitochondrial 

intermembrane junction, which then can interact with different metabolic enzymes or the 

gatekeeper of MPTP, CypD (30) (illustrated in Fig. 4A). Consistent with our proteomics 

data, our co-immunoprecipitation (co-IP) analysis indicated that mortalin interacts with 

ANT1, ANT2, ANT3, and VDAC, but not with CypD (Fig. 4B and fig. S11A). This co-IP 

fraction also contained anti-apoptotic proteins BCL-xL and MCL-1, but not BCL-2 (Fig. 

4B), which are suppressers of MPTP-mediated cell death (6). These proteins interacted more 

strongly with the PBD than with full-length mortalin (Fig. 4B), while their interactions with 

PBD were impaired by V482F exchange in the hydrophobic pocket of PBD (Fig. 4C and fig. 

S11B). Moreover, a short synthetic peptide (≤12 amino acids) designed from the β-strand 

containing Val482 (APT3, illustrated in Fig. 2G), inhibited the interaction of PBD with these 

proteins, whereas V482F exchange in APT3 (designated APT4) abrogated the decoying 

effect of this peptide (Fig. 4C).

N-terminal ATPase-mediated ATP hydrolysis drives client release from the PBD of HSP70 

chaperones (26). Because the mortalin-ANT interaction was previously unknown, we 

determined whether mortalin directly interacts with ANT. Indeed, recombinant mortalin and 

ANT3 interacted in our in vitro binding assays, and the addition of ATP, but not ADP, 

substantially decreased this interaction (Fig. 4D). The PBD-ANT3 interaction in vitro was 

also consistently impaired by V482F exchange (Fig. 4E) and was inhibited in a dose-

dependent manner by APT3 but not by APT4 (Fig. 4F). These data are consistent with the 

canonical regulation, suggesting that ANT is a mortalin client. Notably, ANT3 interacted 

with VDAC more strongly than with ANT1 and ANT2 in our co-IP analyses of endogenous 

proteins in A375 and SK-MEL-28 cells (Fig. 4G and fig. S12A), and mortalin knockdown 

increased the interaction of ANT3, but not of ANT1 and ANT2, with CypD and VDAC in 

these cells (Fig. 4H and fig. S12B). Conversely, overexpression of the C-terminal HA-tagged 

mortalin decreased the interaction of ANT3 with CypD in the mitochondria (fig S13). 

Therefore, we investigated ANT3 in subsequent functional analyses.

ANT3, CypD, and MCU mediates the lethality caused by concurrent B-RafV600E expression 
and mortalin depletion

ANT3 knockdown, using two short-hairpin RNA (shRNA) constructs, markedly attenuated 

cell death and the cleavage of lamin A induced by B-RafV600E expression and mortalin 

depletion in IMR90E1A cells (Fig. 5A) and by mortalin depletion in SK-MEL-28 and A375 

cells (Fig. 5B and fig. S14A). Conversely, ANT3 overexpression exacerbated cell death and 

the cleavage of lamin A and PARP induced by mortalin depletion in ΔRaf-1:ER-activated 

HEK293 cells (Fig. 5C). Of note, ANT3 overexpression increased ANT3 levels mainly in 

mitochondria (fig. S15A) and was, by itself, sufficient to suppress SK-MEL-28 and SK-
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MEL-1 cell survival (fig. S15, B and C). CypD knockdown also substantially attenuated cell 

death and the cleavage of lamin A induced by mortalin depletion in SK-MEL-28 and A375 

cells (Fig. 5D and fig. S14B). MPTP opening can be caused by Ca2+ overflow from the 

endoplasmic reticulum (ER) to the mitochondria through the VDAC/MCU complex (6). 

Similar to ANT3 and CypD knockdown, MCU knockdown substantially attenuated mortalin 

depletion-induced lethality in these B-RafV600E melanoma cells (Fig. 5E and fig. S14C) and 

in B-RafV600E-expressing IMR90E1A cells (fig. S16, A and B). Of note, MCU did not 

interact with mortalin in our IP analysis (Fig. 4B), suggesting that mortalin does not directly 

regulate MCU.

Consistent with these “loss- or gain-of-function” analyses, the ANT inhibitor, bongkrekic 

acid (31); cyclosporin A, which inhibits the isomerase activity of CypD and displaces it 

from MPTP (32); the MCU inhibitors KB-R7943 (33) and ruthenium red (34); and 

nelfinavir, which inhibits ANT (35) and mitochondrial Ca2+ influx (36), each rescued B-

RafV600E-expressing IMR90E1A and melanoma cells from mortalin knockdown in a dose-

dependent manner (fig. S17, A to C). These data demonstrate the involvement of ANT3, 

CypD, and MCU in the lethality induced upon concurrent MEK/ERK deregulation and 

mortalin depletion.

Mortalin signaling and deregulated MEK/ERK activity converge on the ANT3-CypD 
interaction and mitochondrial permeability transition in an opposing manner

We sought to understand the mechanism by which ANT3 mediates B-RafV600E cell death 

upon mortalin depletion. Our co-IP experiments revealed that ANT3 interaction with CypD 

was very sensitive to mortalin and MEK/ERK activity although its interaction with VDAC 

was much less sensitive to these signals. In A375 cells, selumetinib treatment or ERK2 

knockdown abolished basal as well as mortalin knockdown-induced ANT3-CypD 

interactions without affecting the ANT3-VDAC interaction as substantially (Fig. 6A and fig. 

S18A). Conversely, in HEK293 cells, ΔRaf-1:ER activation increased basal as well as 

mortalin knockdown-induced ANT-CypD interaction, with the effects of concurrent 

ΔRaf-1:ER activation and mortalin depletion being most prominent (Fig. 6B and fig. S18B). 

These data suggest that deregulated MEK/ERK activity upregulates ANT-CypD interaction, 

whereas mortalin counteracts this upregulation.

Because the ANT3-CypD interaction has been implicated in mitochondrial permeability 

transition (9, 37, 38), we determined whether mortalin and MEK/ERK activity affect 

mitochondrial permeability in an opposite manner by conducting the calcein-

acetyoxymethyl release assay (39), also known as “calcein labelling”, and mitochondrial 

membrane potential (Δψm) measurement. Consistent with their effects on ANT-CypD 

interaction, mortalin depletion substantially decreased mitochondrial calcein retention and 

Δψm in A375 and SK-MEL-28 cells, whereas selumetinib and ERK2 knockdown 

substantially abrogated mortalin depletion-induced decreases in calcein retention (Fig. 6C 

and fig. S19A, B) and Δψm (fig. S20, A and B) in these cells. Moreover, our time-course 

analysis in HEK293 cells revealed that mitochondrial calcein retention rapidly decreased 

upon ΔRaf-1:ER activation (~1 hour) but gradually returned to the basal level when 

ΔRaf-1:ER activation was prolonged (~72 hours), for which mortalin was necessary (Fig. 6D 
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and fig. S19C). These data are consistent with the effects of mortalin and MEK/ERK activity 

on ANT-CypD interaction, suggesting that mitochondrial permeability can be deregulated by 

aberrant MEK/ERK activity in the absence of mortalin.

We confirmed the involvement of ANT3, CypD, and MCU in this mitochondrial 

permeability regulation using RNA interference and chemical inhibitors. Similar to the 

effects of selumetinib or ERK2 knockdown above, knockdown of ANT3, CypD, or MCU 

abolished mortalin knockdown-induced decreases in mitochondrial calcein retention (Fig. 6, 

E to G; and fig. S19, D to F) and Δψm (fig. S20, C to E) in A375 and SK-MEL-28 cells. 

Cyclosporin A, nelfinavir, ruthenium red, and KB-R7943 also consistently inhibited 

mortalin knockdown-induced decreases in mitochondrial calcein retention (Fig. 6H; fig. 

S19G) and Δψm (fig. S20F) in these cells. Moreover, these inhibitors inhibited mortalin 

depletion-induced release of death signals, cytochrome C and apoptosis-inducing factor (40), 

from mitochondria in the B-RafV600E melanoma lines, A375, SK-MEL-28, and SK-MEL-1 

(fig. S21). These data suggest that perturbed mitochondrial permeability transition is a 

mechanism underlying the lethality induced by concurrent MEK/ERK deregulation and 

mortalin depletion.

Advanced MKT-077 derivatives phenocopy mortalin depletion and effectively suppress B-
RafV600E melanoma cells, including their B-Raf inhibitor-resistant progenies

Observing the selective toxicity of mortalin knockdown in B-RafV600E-expressing cells, we 

sought for a “proof-of-principle demonstration” of mortalin targeting in B-RafV600E tumors. 

MKT-077, a water soluble benzothiazole-rhodacyanine (41), binds to a negatively charged 

pocket close to the nucleotide binding site of HSP70 in the ADP state, which is well 

conserved in human HSP70 paralogs (42). Being a Δψm-sensitive delocalized lipophilic 

cation, MKT-077 mainly partitions into mitochondria (43), and its interaction with mortalin 

in cells was demonstrated by affinity purification, although it also interacted with HSC70 

(HSPA8) and F-actin (44, 45). Recently, a series of MKT-077 derivatives, such as JG-98 and 

JG-231, have been developed with improved affinity and selectivity for the HSP70 binding 

pocket (46). Although these inhibitors may display pan-activity for multiple HSP70 family 

members, (i) their lipophilic cationic property, (ii) different subcellular distribution of 

HSP70 chaperones, and (iii) mortalin dependency of BRAF tumor cell provided a rationale 

for evaluating them in this proof-of-concept study.

Similar to mortalin depletion or PBD overexpression, treatment with JG-98 induced robust 

cell death along with augmented p21CIP1 expression in IMR90E1A cells expressing B-

RafV600E but not B-RafWT (Fig. 7A; fig. S22A). JG-98 also showed greater potency than 

previous MKT-077 derivatives in SK-MEL-28 cells (fig. S22B). Of note, mortalin 

overexpression conferred SK-MEL-28 and A375 cells partially resistant to JG-98 and 

JG-231, a JG-98 analog with improved pharmacokinetics and bioavailability (46), whereas 

mortalin knockdown sensitized these cells to these inhibitors (fig. S23, A and B). Moreover, 

selumetinib substantially rescued A375 cells from JG-98- or JG-231-induced death (fig. 

S24, A and B). These data suggest that the cellular activity of JG-98 and JG-231 occurs 

through mortalin in this system and that the cytotoxicity of these molecules, consistent with 

mortalin depletion, is also MEK/ERK-dependent. Notably, because mortalin depletion 
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effectively suppressed cell viability of vemurafenib-resistant B-RafV600E melanoma lines 

A375PLX/R and Colo-829PLX/R (fig. S25, A to C), we evaluated JG-98 and its advanced 

analogs in these cells to find that all these compounds effectively suppressed viability in 

drug-resistant cells at IC50 values similar to those determined in parental cells (Fig. 7B; fig. 

S25D). We then evaluated JG-231 for in vivo efficacy. Indeed, when administered 

intraperitoneally, JG-231 effectively suppressed the growth of A375, A375-PLX/R, and 

Colo829 xenografts in athymic nude mice (Fig. 7, C and D) without causing significant body 

weight loss (Fig. 7E). Consistent with mortalin depletion effects, JG231-treated tumors 

exhibited increased lamin A cleavage and p21CIP1 expression (Fig. 7F and fig. S26). 

Moreover, JG231-treated tumors also exhibited increased MEK1/2 phosphorylation (Fig. 7F 

and fig. S26); this effect is consistent with the effects of JG-98 and JG-231 inducing ERK1/2 

phosphorylation in vitro (fig. S24B) and the ability of mortalin to modulate MEK/ERK 

activity by regulating cellular levels of phosphorylated MEK1/2 via protein phosphatase 1α 
(21), without directly interacting with ERK1/2 (fig. S27). These data suggest the feasibility 

of exploiting mortalin to selectively suppress B-RafV600E tumors, including those that 

acquired B-Raf inhibitor resistance.

DISCUSSION

Our data demonstrate that MEK/ERK deregulation puts cells at risk of cell death associated 

with altered mitochondrial permeability, but that mortalin counteracts this risk. 

Mechanistically, the effects of MEK/ERK and mortalin converge on ANT-CypD interaction 

in an opposing manner, whereby ANT-CypD interaction can be sustained upon MEK/ERK 

deregulation without the balancing mortalin effects. A failure in this regulation can trigger 

death signals and, as such, mortalin is a guardian of MEK/ERK-deregulated tumor cells 

against this risk (illustrated in Fig. 8). Of note, it appears that this risk is inherent in B-

RafV600E tumor cells (not only vemurafenib-naïve but also vemurafenib-resistant) and can 

be exploited by targeting mortalin. Exploiting cytolethal risks associated with mitochondrial 

channels during metabolic reprogramming has been proposed as a promising cancer 

therapeutic strategy (5, 6). Given this, we propose mortalin as a candidate target for 

implementing this strategy in MEK/ERK-dependent tumors.

Increasing evidence suggests that molecular chaperones can facilitate tumorigenesis by 

altering the stability or activity of different molecular switches and effectors in diverse 

cellular processes (47). The composition of a chaperone interactome is sensitive to stress and 

is quite heterogeneous in cancer cells (48). While different chaperone interaction networks 

have been described (49), mortalin interaction networks have not been described previously 

for mammalian cells. Our data show that the composition of mortalin interactome is diverse, 

sensitive to Raf/MEK/ERK activity, and important for BRAF tumor cell survival. Our data 

suggest that ANT3 is a novel client for mortalin and critical for BRAF tumor cell survival. 

ANT plays essential roles in cellular bioenergetics by mediating ATP/ADP exchange across 

the mitochondrial inner membrane (7). For example, ANT usually exports ATP generated by 

respiration from mitochondrial matrix to cytosol to drive cellular processes whereas certain 

ANT isoforms, such as ANT2 in aerobic glycolytic tumor cells, imports ATP generated by 

glycolysis into mitochondrial matrix to sustain mitochondrial membrane potential (Δψm) 

and homeostasis (7). If these processes are impaired, ANT can promote cell death by 
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complexing with VDAC and CypD (31, 50). Of note, mitochondrial bioenergetics is 

reprogramed to facilitate BRAF melanoma cell maintenance and B-Raf inhibitor resistance 

(51–53). Given these premises and our observed BRAF tumor cell sensitivity to mortalin-

mediated ANT regulation, we speculate that (i) deregulated MEK/ERK activity upregulates 

bioenergetics at the risk of cell death associated with ANT dysregulation and (ii) mortalin 

upregulation is critical for protecting tumor cells from this risk.

Our data suggest that mortalin inhibits ANT-CypD interaction without directly interacting 

with CypD. Although CypD is generally accepted as the gatekeeper of MPTP, exact 

molecular composition of this channel is not clearly understood and there is no single model 

that universally addresses this phenomenon. For example, it has been proposed that 

mitochondrial permeability transition can occur by (at least) two CypD-dependent 

mechanisms, one involving ATP synthase and the other involving ANT (9, 10), while a 

recent report suggested that CypD is not necessary for calcium-induced MPTP activity (11). 

As such, although our data consistently implicate the ANT-CypD complex in the lethality 

caused by mortalin depletion in MEK/ERK-deregulated cells, the exact mechanism by 

which this complex mediates mitochondrial permeability transition in these cells remains to 

be elucidated.

Our data suggest that mortalin regulates the physical interactions between ANT, VDAC, and 

CypD via a coordinated process between its N-terminal regulatory domain and PBD, which 

is sensitive to MEK/ERK activity. We speculate that mortalin senses MEK/ERK activity 

through its N-terminal regulatory domain and, in turn, regulates PBD-client interaction; 

because mortalin neither directly interacts with ERK1/2 nor contains their substrate 

signature, this regulation would be indirect. Without the N-terminal domain, PBD-ANT3 

interaction was sustained, which might have inhibited normal ANT3 function, eventually 

causing cell death. Of note, the HSP70 chaperone-client interaction is regulated via the 

communication between the subdomain 2 and different co-chaperones (26). As such, it is 

conceivable that a MEK/ERK-sensitive mortalin co-chaperone exists and regulates mortalin 

interaction with ANT3.

Our meta-analysis of different RNAseq datasets suggests that mortalin upregulation in 

melanoma is correlated with poor patient survival. Recent literature also suggests mortalin 

upregulation as a prognostic marker for poor patient survival in different tumors exhibiting 

aberrant MEK/ERK activity (54–56). Our data may therefore account for the significance of 

mortalin upregulation in these tumors. Intriguingly, the mortalin-MEK/ERK relationship 

appears quite specific because mortalin depletion did not induce any lethal effects when 

combined with constitutively active AKTE40K in immortalized normal fibroblasts. In support 

of this specificity, we detected MEK1/2, but not AKT, in mortalin interactomes while we 

previously detected mortalin in MEK1/2 interactomes (22). One should note that mortalin 

can modulate MEK1/2 activity by regulating the access of protein phosphatase 1α to 

MEK1/2 (21). This ability of mortalin has significance for oncogenic MEK/ERK signaling 

because sustained high MEK/ERK activity can induce cell death and growth arrest (57–59). 

Taken together, our findings propose that mortalin facilitates BRAF tumor cell survival and 

proliferation by modulating the degree of MEK/ERK activity and by preventing the risk of 

MEK/ERK-associated mitochondrial permeability dysregulation. Importantly, most tumors 
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acquire resistance to anti-B-Raf/MEK/ERK therapy via a mechanism that reactivates the 

pathway (1, 3, 4). This MEK/ERK dependency of therapy-resistant tumors and the 

intriguing mortalin dependency of MEK/ERK-deregulated cells demonstrated in this study 

suggest a rationale for considering mortalin as a target to overcome B-Raf inhibitor 

resistance. In conclusion, our findings strongly demonstrate the significance of mortalin in 

MEK/ERK-deregulated cells and provide in-depth mechanistic insights into its potential as a 

therapeutic target for BRAF-mutant tumors.

MATERIALS AND METHODS

Cell lines

IMR90E1A, a gift from Yuri Lazebnik (Cold Spring Harbor Laboratory), were maintained in 

Dulbecco’s minimal essential medium (DMEM; Invitrogen) supplemented with 10% fetal 

bovine serum (FBS), 1% sodium pyruvate, and 1% nonessential amino acids. IMR90E1A-

dox-HA-PBD and IMR90E1A-pTRIPZ were generated by stably infecting IMR90E1A with 

lentiviral pTRIPZ doxycycline-inducible HA-PBD and empty virus, respectively. The 

immortalized human melanocyte MEL-ST cells, a gift from Robert Weinberg (60), were 

maintained in DMEM supplemented with 5% bovine growth serum (HyClone). LNCaP-

ΔRaf-1:ER and HEK293-ΔRaf-1:ER were maintained in 10% FBS-supplemented phenol 

red-free RPMI1640 (Invitrogen) or minimal essential medium (MEM, Invitrogen), 

respectively. Generation of LNCaP-ΔRaf-1:ER and HEK293-ΔRaf-1:ER were previously 

described (57, 59). ΔRaf-1:ER is the CR3 catalytic domain of Raf-1 fused to the hormone 

binding domain of the estrogen receptor (61) and was activated with 1 μM 4-

hydroxytamoxifen (Sigma-Aldrich). SK-MEL-1 (ATCC), and SK-MEL-28 (ATCC) were 

maintained in MEM supplemented with 10% FBS, 1% sodium pyruvate, and 1% 

nonessential amino acids. A375 (ATCC), were cultured in DMEM supplemented with 10% 

FBS. A375-dox-shMort and SK-MEL-28-dox-shMort were generated by stably infecting 

A375 and SK-MEL-28 with lentiviral pTRIPZ doxycycline-inducible microRNA-adapted 

shRNA targeting human mortalin (Open Biosystems, V3THS_362249). Colo-829 was 

maintained in RPMI1640 supplemented with 10% FBS, 1% sodium pyruvate, and 1% 

nonessential amino acids. PLX4032-resistant (PLX/R) A375 and Colo-829 progenies and 

their parental cells were gifts from Richard Marais (62).

Xenograft experiments

Two million cells in 200 μL 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). Once palpable, tumors were measured using Vernier calipers every other day. 

Tumor volumes were calculated using the formula: length×width×height×0.5236. When 

tumor volumes reached about 50 mm3, mice bearing each cell line were sorted into three 

groups to achieve equal distribution of tumor size in all the treatment groups. Group 1 

intraperitoneally received the vehicle (1:1.8:0.4:6.8 mixture of DMSO, Kolliphor RH40, 

dextrose, and HEPES) while groups 2 and 3 received JG231 (2 and 4 mg/kg body weight/

dose, respectively). A375, A375-PLX/R, and Colo-829 received 9, 7, and 12 doses, 

respectively. At the end of the experiment, animals were euthanized by CO2 asphyxiation. 
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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.

Plasmids, RNA interference, and recombinant viruses

Primers used for cloning and mutagenesis are listed in table S2. Generation of pHAGE-

BRAFV600E was previously reported (63). pHAGE-BRAFWT was generated by mutagenesis 

of pHAGE-BRAFV600E. Construction of pHAGE expression systems for N-terminally HA-

tagged mortalin, ATPase domain, subdomain 2, peptide-binding domain, PBD-Δtail, and 

PBD-V482F was previously described (21, 22). C-terminally HA-tagged mortalin-encoding 

gene was generated by PCR and ligated into the NotI/XhoI sites of pHAGE. To construct 

pTRIPZ-dox-PBD, HA-tagged PBD-encoding gene were generated by PCR and obtained 

PCR product was used to replace the turboRFP in the AgeI/ClaI sites of pTRIPZ-dox. 

Generation of pHAGE-HA-HSC70 was previously described (22). HSC70 domain mutants 

in pHAGE were generated by PCR amplification of genes encoding ATPase domain (a.a. 1–

391) and peptide-binding domain (a.a. 392–679), and by replacing HSPA8 in the NheI/

BamHI sites of pHAGE-HA-HSC70 with obtained PCR products. Generation of pGEX-6-

PBD and pGEX-6-PBD-V482F was previously described (21). pHAGE-HA-ANT3 was 

generated by PCR amplifying human ANT3 and by replacing HSPA9 in the NheI/BamHI 

sites of pHAGE-HA-Mort with obtained PCR product. pHAGE-AKT1-WT, pHAGE-AKT1-

E40K, pLL3.7-shERK2, and pLL3.7-shMort constructs were previously described (22, 57, 

64). pLKO.1-shANT3 (TRCN0000045014 and TRCN0000045015), pLKO.1-shCypD 

(TRCN0000232681, TRCN0000232682 and TRCN0000232684), and pLKO.1-shMCU 

(TRCN0000133861 and TRCN0000416434) constructs were purchased from Sigma-

Aldrich. Lentivirus was generated and used as previously described (57).

Immunoprecipitation, immunoblotting, and In Vitro binding assays

For immunoprecipitation, cell lysates in 50 mM Tris (pH 7.5)/150 mM NaCl/1% NP-40 

containing protease inhibitor (4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin A, E-64, 

bestatin, leupeptin, and aprotinin) and phosphatase inhibitor (cantharidin, calyculin A, and 

(–)-p-bromolevamisole oxalate) cocktails (Sigma-Aldrich) were immunoprecipitated using 

specific antibodies and Protein A/G Plus-agarose beads (Santa Cruz Biotechnology). 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), 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 listed in table S3. For In vitro binding assay, 0.5 μM 

recombinant proteins were incubated at room temperature in 50 mM Tris (pH 7.4)/100 mM 

KCl/100 mM NaCl/5 mM MgCl2/5% glycerol/10 mM β-mercaptoethanol for 30 min and 

were subject to pulldown by 50 μL Glutathione-Sepharose 4B (GE Healthcare) for 1 hour at 

4°C with gentle agitation. GST (Sigma-Aldrich) was used as the control. 

Chemiluminescence signals of immunoblots were visualized by SuperSignal West Pico and 

Femto chemiluminescence kits (Thermo Fisher Scientific), captured by ChemiDoc XRS+ 

(Bio-Rad), and analyzed by Image Lab software (Bio-Rad) for densitometry.
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Chemicals

Chemicals, peptides, and other reagents are listed in table S4.

Recombinant proteins

BL21(DE3) transformed with pGEX-6P expressing GST-tagged mortalin-PBD, or PBD-

V482F was grown in Luria-Bertani medium at 37°C for 16 hours. Protein expression was 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside for 16 hours at 16°C. Cell pellets 

were collected by centrifugation, lysed in 50 mM Tris (pH 7.5)/150 mM NaCl/0.5% Triton 

X-100/1 mM EDTA/1 mM dithiothreitol/1 mM phenylmethylsulfonyl fluoride, and 

sonicated. Supernatants were loaded onto 5 mL GSTrap column (GE Healthcare), washed 

with 50 mM Tris (pH 7.5)/500 mM NaCl/0.5% Triton X-100/1 mM EDTA, and eluted by 0–

100% gradients of 50 mM Tris (pH 7.5)/50 mM NaCl/0.5% Triton X-100/1 mM EDTA/10 

mM DTT/50 mM reduced glutathione/10 % glycerol using AKTA FPLC (GE Healthcare). 

Elutes were dialyzed (8 kDa cutoff) in 20 mM Tris (pH 7.5)/100 mM NaCl/0.05% Triton 

X-100/5 mM β-mercaptoethanol at 4°C for 16 hours prior to PreScission protease (GE 

Healthcare) treatment. Proteolysis fractions were separated by glutathione-agarose column 

(Gold Biotechnology, St. Louis, MO) and the flow-through was concentrated by 30 kDa 

cutoff centricon (EMD Millipore). Purity of recombinant proteins was determined by SDS-

PAGE using Stain-free fluorescent gel (Bio-Rad). Full length recombinant mortalin (65) was 

obtained from Abdussalam Azem (Tel Aviv Univ).

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) 

assay was performed as previously described (59). 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), as previously described 

(66). Data were analyzed by FCS EXPRESS software (De Novo Software).

Calcein retention assay and mitochondrial membrane potential measurement

MPTP opening and mitochondrial membrane potential were analyzed using MitoProbe 

Transition Pore Assay kit (Thermo Fisher Scientific) and tetramethylrhodamine, methyl 

ester (TMRM, Thermo Fisher Scientific), respectively, according to the manufacturer’s 

instruction. Calcein fluorescence retaining in cells after cobalt quenching and the 

fluorescence in TMRM-stained cells were determined by the Guava EasyCyte 

flowcytometry system (MilliporeSigma) and FCS EXPRESS software (De Novo Software).

Isolation of mortalin interactome and mass spectrometry

Lysates of cells infected with pHAGE virus expressing HA-tagged mortalin constructs were 

subject to immunoprecipitation using agarose beads conjugated with anti-HA antibody 

(Thermo Fisher Scientific) and, subsequently, to SDS-PAGE, as we previously described 

(22).
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Silver-stained gel bands were excised, destained, reduced, and tryptic-digested. Peptides 

were extracted from these gel pieces using trifluoroacetic acid and acetonitrile, dried under 

vacuum prior to MS analyses using an Eksigent nanoLC in line with an LTQ Orbitrap Velos 

(Thermo Fisher Scientific). Two technical replicate injections of 2 μL in succession were 

performed using instrument settings outlined in table S1. MS-grade solvents and reagents 

were used. MS data were analyzed using Proteome Discoverer 2.2 (Thermo Fisher 

Scientific) according to details in table S1. All files for separate bands from a single lane 

(meaning the same sample) were searched together to produce a single output for each lane.

Analysis of proteomics data

Ingenuity Pathway Analysis software (https://www.qiagenbioinformatics.com/products/

ingenuity-pathway-analysis/) was used to catalog proteins in different functional categories. 

Statistical significance (p value) was determined with 5% False Discovery Rate cutoff, as 

instructed by the supplier (http://qiagen.force.com/KnowledgeBase/KnowledgeIPAPage#). 

Molecular and cellular functions for each category are defined at http://qiagen.force.com/

KnowledgeBase/KnowledgeIPAPage?id=kA1D0000000PIokKAG. Proteins in each category 

were then analyzed for their functional/physical interactions with the cutoff of confidence 

score 0.700 using STRING v11.0 software (67). Identified interaction clusters were 

visualized using the Markov Cluster (MCL) algorithm, inflation parameter = 3.0 (68). The 

overlap between interactomes was determined by jvenn (69).

Quantification and statistical analysis

All graphs represent the mean ± the standard error of the mean (SEM) of biological 

replicates. Statistical significance was determined by one-way ANOVA with Dunnett post-

tests or two-way ANOVA with Bonferroni post-tests using Prism (GraphPad Software). IC50 

and Confidence Intervals were determined by Prism. Gene expression and patient survival 

datasets from Jönsson study (70), Bhardwaj study (71), and TCGA-SKCM study (72) were 

analyzed by R2 Genomics Analysis and Visualization Platform (http://r2.amc.nl). p values of 

the Kaplan-Meier curves were determined by the log-rank test at R2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mortalin depletion selectively suppresses B-RafV600E-expressing cells.
(A) Western blotting of total cell lysates from IMR90E1A and MEL-ST cells co-infected 

with pLL3.7 virus expressing shRNA targeting mortalin (shMort) and pHAGE expressing 

wild-type B-Raf or B-RafV600E (V600E), lysed at 3 days after infection. pMEK1/2, 

phosphorylated MEK1/2; pERK1/2, phosphorylated ERK1/2; c-lamin A, cleaved lamin A. 

β-actin was the control for equal protein loading. Densitometry of lamin A and caspase 9 

cleavage is presented in fig. S2A. (B) Cell proliferation (top) and cell death (bottom) in 

cultures described in (A), monitored by trypan blue exclusion assays. (C) Apoptosis of 

IMR90E1A cells described in (A), assessed 2 days after infection by Annexin V/propidium 

iodide staining and flow cytometry. (D) Cell cycle analysis of IMR90E1A cells described in 

(A), assessed 3 days after infection. Infection efficiency and FACS histograms are presented 

in fig. S3. (E) IMR90E1A cells co-infected with pLL3.7-shMort and pHAGE-B-RafV600E 

were treated with indicated inhibitors for 2 days prior to TO-PRO-3 assays. p-values are 
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relative to DMSO/V600E control. (F to H) Western blotting of total cell lysates harvested 

from the treated cells described in (E). Blots (A, F to H) are representative of two 

independent experiments; quantitative data (B to E) are mean ± SEM of three biological 

replicates. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-

tests.
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Figure 2. Dysregulated mortalin-PBD causes lethality in B-RafV600E-expressing cell.
(A) Schematics of mortalin mutants used in this study. AD, ATPase domain; SD2, 

subdomain 2; PBD, peptide binding domain; V482F, Val482Phe; Δtail, tail deletion. (B and 
C) A375-dox-shMort cells infected with pHAGE expressing full-length mortalin (FL) or 

domain mutants were treated with 0.5 μg/ml doxycycline (dox) for 4 days prior to Western 

blotting of total cell lysates (B) and MTT assay (C). Exogenous and endogenous mortalin 

proteins are indicated. Densitometry of lamin A and PARP cleavage is presented in fig. S6. 

(D) MTT assay of cells expressing the indicated mortalin constructs. (E) Western blotting of 

total cell lysates from IMR90E1A -dox-PBD cells infected with pHAGE-B-RafV600E and 

treated with 0.5 μg/ml doxycycline for 3 days. pTRIPZ is the empty viral vector control for 

dox-HA-PBD. (F) Proliferation and death rates of cells in (E) were determined by trypan 

blue exclusion assays. (G) 3-D structure of mortalin-PBD (PDB:3N8E). Val482 in the 
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substrate-binding cavity is highlighted in red in the structure and in synthetic decoy peptide 

aptamers (APT) used in this study. (H) Trypan blue exclusion assays of SK-MEL-28 cells 

expressing PBD mutants. Western blotting of total cell lysates (right panel) shows the 

expression levels of these constructs. Blots (B, E, and H) are representative of two 

independent experiments; quantitative data (C, D, F, and H) are mean ± SEM of three 

biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with 

Bonferroni post-tests.
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Figure 3. Proteomic analysis identifies MPTP components in mortalin interactome.
(A) Schematic of the proteomic analysis. Immunoprecipitates of the HA-tagged mortalin 

domain mutants from LNCaP-Raf:ER cells, after or without 4-hydroxytamoxifen (4-HT; 1 

μM) treatment for 48 hours, were separated and visualized by SDS-PAGE and silver 

staining. Protein bands were excised, digested, and analyzed by LC-MS/MS using the 

instrument settings and search parameters in table S1. Identified proteins are cataloged in 

data file S1. Proteins in each sector of the Venn diagram are listed in data file S2. The 

screening in SK-MEL-28 is presented in fig. S10, A and B. Silver-stained SDS-PAGE image 

is representative of two independent samples. (B and C) Functional classification by IPA of 

the proteins identified from the interactomes of full-length mortalin (B) and PBD (C) reveal 

proteins in cell death and survival networks as a major constituent in the interactomes. # 
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molecules indicate the number of different proteins in each functional category. IPA 

summary is shown in Comparison with SK-MEL-28 data is presented in fig. S10C. (D) 
STRING analysis of the cell death and survival protein networks of full-length mortalin 

interactome in Raf:ER-activated LNCaP cells. Edge intensity indicates the confidence of 

association between nodes. Nodes were clustered using MCL algorithm. Inter-cluster edges 

are represented by dashed-lines. Noted is the presence of ANT and VDAC in the “cell death 

of tumor cell lines” cluster in this network. Additional analysis is shown in fig. S10, D to F.
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Figure 4. Mortalin directly interacts with ANT via a canonical chaperone-client interaction 
mechanism.
(A) Illustration of mitochondrial channels and regulators pertinent to this study. OMM, outer 

mitochondrial membrane; IMM, inner mitochondrial membrane. (B) Immunoprecipitation 

(IP) and Western analysis of the pulldown fractions of HA-tagged mortalin domain mutants 

from SK-MEL-28 total cell lysates. Inputs shown in fig. S11A. (C) IP-Western analysis of 

the pulldown fractions of HA-tagged PBD from total lysates of SK-MEL-28 cells incubated 

with 4 μM decoy peptides for 4 hours. Dimethylformamide (DMF) is the vehicle control. 

Inputs shown in fig. S11B. (D) In vitro binding assay to assess the effects of adenosine 
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nucleotides on mortalin-ANT3 interaction. 0.5 μM recombinant GST-ANT3 was incubated 

for 60 min with 0.5 μM untagged recombinant mortalin in the presence of ATP or ADP 

before GST pulldown using Glutathione-Sepharose 4B and Western blotting. Recombinant 

GST was used as the control. (E) In vitro binding assay evaluating PBD-ANT3 interaction 

and the significance of Val482 in the client binding pocket. 0.5 μM GST-ANT3 was 

incubated for 60 min with 0.5 μM untagged recombinant PBD or PBD-V482F before GST 

pulldown using Glutathione-Sepharose 4B and Western blotting. (F) In vitro binding assay 

to assess the effects of APT3 and APT4 (left panel) on PBD-ANT3 interaction. PBD 

pulldown efficiency was determined by normalizing densitometry signals of PBD for GST 

signals (right panel) from two independent experiments. PBD was detected by the mortalin 

C-terminal–specific antibody. (G) IP-Western analysis of total lysates of A375 cells. Rabbit 

normal IgG was used as the control. Co-IP efficiency was determined by densitometry of 

signals from two independent experiments (fig. S12A). (H) IP-Western analysis of total 

lysates of A375-dox-shMort cells treated with 0.5 μg/ml doxycycline (dox) for 4 days. Co-IP 

efficiency was determined by densitometry of signals from two independent experiments 

(fig. S12B). Blots are representative of two (B, C, E-H) or three (D) independent 

experiments.
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Figure 5. ANT3, CypD, and MCU mediate cell death caused by concurrent B-RafV600E 

expression and mortalin depletion.
(A) IMR90E1A cells expressing B-Raf or B-RafV600E were co-infected for 4 days with 

pLL3.7-shMort and pLKO.1-shANT3 viruses (shANT3#2 and shANT3#3 targeting different 

ANT3 mRNA regions) prior to Western blotting of total cell lysates (top) and TO-PRO-3 

assays (bottom). (B) SK-MEL-28 and A375 cells were co-infected for 4 days with pLL3.7-

shMort and pLKO.1-shANT3 viruses prior to Western blotting of total cell lysates (top) and 

TO-PRO-3 assays (bottom). Densitometry of lamin A cleavage is presented in fig. S14A. 

(C) HEK293Δ-Raf-1:ER cells co-infected with pHAGE-ANT3 and pLL3.7-shMort viruses 

were treated with 1 μM 4-HT for 2 days prior to Western blotting of total cell lysates (top) 

and trypan blue exclusion assays (bottom). (D) SK-MEL-28 and A375 cells were co-

infected for 4 days with pLL3.7-shMort and pLKO.1-shCypD viruses prior to Western 

Wu et al. Page 26

Sci Signal. Author manuscript; available in PMC 2020 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



blotting of total cell lysates (top) and TO-PRO-3 assays (bottom). Densitometry of lamin A 

cleavage is presented in fig. S14B. (E) SK-MEL-28 and A375 cells were co-infected for 4 

days with pLL3.7-shMort and pLKO.1-shMCU viruses prior to Western blotting of total cell 

lysates (left) and TO-PRO-3 assays (right). Densitometry of lamin A cleavage is presented in 

fig. S14C. Blots (A to E) are representative of two independent experiments; quantitative 

data in each panel are mean ± SEM of three biological replicates. *p < 0.05, **p < 0.01, 

***p < 0.001 by two-way ANOVA with Bonferroni post-tests.
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Figure 6. Mortalin and Raf-MEK-ERK signaling regulate the ANT3-CypD interaction and 
mitochondrial permeability transition in an opposing manner.
(A) A375-dox-shMort cells infected with pLL3.7-shERK2 viruses (shERK2#1 and 

shERK2#2 targeting different ERK2 mRNA regions) were treated with 0.5 μg/ml 

doxycycline for 4 days prior to IP-Western analysis of total lysates. Densitometry 

determining co-IP efficiency and similar effects of selumetinib are shown in fig. S18A. (B) 
HEK293Δ-Raf-1:ER cells depleted of mortalin were treated with 1 μM 4-HT for 2 days 

prior to IP-Western analysis of total lysates. Densitometry determining co-IP efficiency and 

selumetinib effects are shown in fig. S18B. (C) A375 (left) and SK-MEL-28 (right) cells 

were infected with pLL3.7-shMort (4 days) and treated with selumetinib (2 days) prior to 

Calcein labelling. Similar effects of ERK2 knockdown are shown in fig. S19A. FACS 

histograms are shown in fig. S19B. (D) Calcein retention assay of HEK293Δ-Raf-1:ER cells 

depleted of mortalin and treated with 1 μM 4-HT for the indicated time. FACS histograms 
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are shown in fig. S19C. (E to H) Calcein retention assays of A375 and SK-MEL-28 cells 

depleted of mortalin (for 4 days) in combination with 4 days’ ANT3 knockdown (E), 4 days’ 

CypD knockdown (F), 4 days’ MCU knockdown (G), or 3 days’ treatment with MPTP 

inhibitor (H). CsA, 5 μM cyclosporine A; NFV, 5 μM Nelfinavir; RuR, 4 μM ruthenium red; 

KB, 4 μM KB-R7943; DMSO, vehicle control. FACS histograms are shown in fig. S19, D to 

G. Blots (A and B) are representative of two independent experiments; quantitative data (C 

to H) are mean ± SEM of three biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 by 

two-way ANOVA with Bonferroni post-tests.
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Figure 7. The effects of mortalin inhibitors in B-RafV600E-expressing IMR90E1A and 
vemurafenib -naïve and -resistant B-RafV600E tumor cells.
(A) Cell proliferation (top) and cell death (bottom) in IMR90E1A cells infected with 

pHAGE virus expressing wild-type B-Raf or B-RafV600E (V600E) and treated with 

MKT-077 or JG-98 for 2 days, monitored by trypan blue exclusion assays. Effects on day 1 

and those of other MKT-077 derivatives are shown in fig. S22A. (B) IC50 analysis in 

vemurafenib/PLX4032-naïve and -resistant B-RafV600E tumor cells treated with JG-98 for 2 

days. Cell viability was determined by MTT assay. 95% Confidence Intervals for P/JG98 vs. 

R/JG98 were 1.683 to 1.949 vs. 1.629 to 2.215 (A375) and 0.782 to 0.992 vs. 1.273 to 1.688 
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(Colo829), respectively. Results for other JG-98 analogs are shown in fig. S25D. (C to F) 
The effects of JG-231 on vemurafenib-naïve and -resistant B-RafV600E tumor xenografts in 

mice. Athymic mice bearing tumor xenografts were treated with one of two doses of JG-231. 

Drugs dissolved in 200 μl vehicle were administered intraperitoneally every other day for the 

indicated treatment period. The control group was treated with the vehicle only. Changes in 

tumor sizes (C), tumor weights (D), mouse body weight (E), and tumor protein abundances 

(by Western blotting; F) were assessed. Horizontal dotted line in (D) indicates mean. 

Densitometry of lamin A cleavage, MEK1/2 phosphorylation, and p21CIP in (F) is 

presented in fig. S26. Data in (A and B) are mean ± SEM of three biological replicates. Data 

in (C to E) are mean ± SEM from a single cohort of 5 to 7 mice per treatment group (A375, 

5 mice for vehicle, 7 mice for each JG231 group; A375 PLX/R, 6 mice for vehicle, 7 mice 

for each JG231 group; Colo-829, 6 mice for vehicle, 6 mice for 2 mg/kg JG231, 7 mice for 4 

mg/kg JG231). Each mouse developed one tumor. *p < 0.05, **p < 0.01, ***p < 0.001 in A, 

C, and E by two-way ANOVA with Bonferroni post-tests, and in D by one-way ANOVA 

with Dunnett post-tests.
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Figure 8. Graphic illustration summarizing the study’s findings.
ANT is a mitochondrial channel that maintains cellular bioenergetics in collaboration with 

VDAC. However, ANT can also interact with CypD, the gatekeeper of MPTP, and cause cell 

death by perturbing mitochondrial membrane permeability. Deregulated MEK/ERK activity 

in BRAF-mutant tumor cells increases this lethal risk, but mortalin counteracts it by 

inhibiting ANT-CypD interaction and by modulating MEK1/2 activity. These processes may 

be exploited to selectively suppress BRAF-mutant tumor cells.
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