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Fine tuning of the protein folding environment in subcellular organelles, such as mitochondria, is important 
for adaptive homeostasis and may participate in human diseases, but the regulators of this process are still 
largely elusive. Here, we have shown that selective targeting of heat shock protein-90 (Hsp90) chaperones in 
mitochondria of human tumor cells triggered compensatory autophagy and an organelle unfolded protein 
response (UPR) centered on upregulation of CCAAT enhancer binding protein (C/EBP) transcription factors. 
In turn, this transcriptional UPR repressed NF-κB–dependent gene expression, enhanced tumor cell apoptosis 
initiated by death receptor ligation, and inhibited intracranial glioblastoma growth in mice without detect-
able toxicity. These data reveal what we believe to be a novel role of Hsp90 chaperones in the regulation of the 
protein-folding environment in mitochondria of tumor cells. Disabling this general adaptive pathway could 
potentially be used in treatment of genetically heterogeneous human tumors.

Introduction
Cells use sensor pathways compartmentalized in subcellular organ-
elles to recognize stress conditions (1), including aberrant protein 
folding (2), and in response activate gene expression programs 
aimed at maintaining cell survival and restoring homeostasis. 
These compensatory responses are important in cancer (3), con-
ferring adaptation to unfavorable milieus (4), and new malignant 
traits in vivo (5), raising the prospect that interfering with organ-
elle unfolded protein response (UPR) may be beneficial for cancer 
therapy (6). Much of our knowledge regarding organelle UPR sig-
naling comes from studies of the ER stress response machinery (7). 
In contrast, a potential role of mitochondria in UPR pathway(s), 
especially in cancer, is far less defined (8), and physiologic regula-
tors of this pathway have not been clearly defined (9, 10).

Potential modulators of a mitochondria-selective UPR may 
include molecular chaperones of the heat shock protein-90 
(Hsp90) family (11). Consistent with their broad distribution 
to various subcellular compartments (12), Hsp90 molecules, 
including Hsp90 and its related ATPase-directed chaperone, 
TNF receptor–associated protein-1 (TRAP-1), have been shown 
to localize to mitochondria, especially of tumor cells (13), where 
they antagonize cyclophilin D–dependent (CypD-dependent) 
organelle permeability transition (14). This cytoprotective path-
way is universally exploited in cancer in vivo (13) and may predict 
aggressive disease, but whether mitochondrial Hsp90s function 
in broader signaling networks of organelle homeostasis, specifi-
cally in tumor cells, has not been examined.

In this study, we investigated a role of mitochondrial Hsp90s 
in the regulation of organelle-compartmentalized protein fold-

ing and how this adaptive pathway could be exploited for anti-
cancer strategies in humans.

Results
Bimodal control of mitochondrial quality control by Hsp90s. To test a 
potential role of mitochondrial Hsp90s in global organelle protein 
folding, we used GamitrinibTPP (GA mitochondrial matrix inhibitor, 
G-TPP) (15), a small molecule that combines the Hsp90 ATPase 
inhibitory module of 17-allylamino geldanamycin (17-AAG)  
(16) with the mitochondrial-targeting moiety of triphenylphos-
phonium (17). G-TPP is selectively delivered to mitochondria and 
does not affect Hsp90 homeostasis outside the organelle (15), i.e., 
chaperone client protein stability in the cytosol (11). As a model 
for these experiments, we selected glioblastoma, which exemplifies 
a highly malignant primary brain tumor in urgent need of fresh 
therapeutic approaches (18).

Within a 16-hour exposure, concentrations of G-TPP of 15–20 μM 
indistinguishably killed patient-derived and cultured glioblastoma 
cell lines (Figure 1A). Consistent with previous observations (15), this 
cell death response had the hallmarks of mitochondrial apoptosis, 
with loss of organelle inner membrane potential (Figure 1B), release 
of cytochrome c in the cytosol (Figure 1C), activation of initiator cas-
pase-9 and effector caspase-3 and -7 (Figure 1D), and cellular reactiv-
ity for annexin V (Figure 1E). Because Hsp90s are selectively present 
in mitochondria of tumor cells, but not normal tissues (13), G-TPP 
did not kill normal fetal human astrocytes (FHAS) (Figure 1A).  
Under comparable conditions, nonsubcellularly targeted 17-AAG 
had no effect on normal or tumor cells (Figure 1).

Mechanistically, the “mitochondriotoxic” activity of G-TPP did not 
involve changes in expression of pro- or antiapoptotic Bcl-2 family pro-
teins (Figure 2A) or recruitment of Bax to mitochondria (Figure 2B).  
Similarly, siRNA knockdown of mitochondrial “gatekeeper” pro-
teins Bax and Bak did not affect cytochrome c release (Figure 2C) or 
tumor cell death (Figure 2D) induced by Gamitrinib.
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As opposed to this direct mitochondriotoxic phenotype, glio-
blastoma cells exposed to suboptimal concentrations of Gami-
trinib of 5–10 μM became completely filled with cytoplasmic 
vacuoles (Figure 3A). These structures contained subcellular 
material (Figure 3B) that comprised mitochondria, as deter-
mined by ImmunoGold labeling and electron microscopy (EM) 
with an antibody to COX-IV (Figure 3C). Instead, tumor cells 
treated with vehicle (Supplemental Figure 1, A and B; supple-
mental material available online with this article; doi:10.1172/
JCI44855DS1) or 17-AAG (Supplemental Figure 1, C and D) 
were unremarkable, with fine chromatin structure and normal 
organelles, and a nonbinding IgG was unreactive (Supplemental 
Figure 1E). Over time, G-TPP–treated cells also accumulated a 
lipidated form of the ubiquitin-like protein, dynein light chain 3 
(LC3) (Figure 3D), and exhibited a punctate fluorescence pattern 
when transfected with an LC3 plasmid fused to GFP (Figure 3E).  
Collectively, these are all hallmarks of autophagy (19), a com-
pensatory cellular response that attempts to preserve cell via-
bility during stress by self-digesting damaged organelles (20). 
Accordingly, pharmacologic inhibitors of phagosome forma-
tion, bafilomycin A or 3-methyladenine (Figure 3F), or siRNA 
knockdown of the essential autophagy gene atg5 (Figure 3G), 
enhanced glioblastoma cell death induced by suboptimal con-
centrations of G-TPP (Figure 3H).

Hsp90-directed mitochondrial UPR signaling. Next, we asked 
whether autophagy induced by suboptimal concentrations of 
Gamitrinib was due to loss of mitochondrial quality control, 
potentially from defects in organelle protein folding. Consistent 
with this model, mitochondria isolated from glioblastoma cells 
treated with noncytotoxic concentrations of G-TPP accumulated 
insoluble, i.e., unfolded proteins compared with control cultures 
(Figure 4A), suggestive of defective protein folding (9). This was 
associated with loss of mitochondrial superoxide dismutase 

(Figure 4B), a stress sensor protein that becomes deregulated in 
response to mitochondrial damage (20, 21), whereas CypD was 
not affected (not shown).

There is prior evidence that mitochondria can undergo a UPR 
induced by organelle stress, including depletion of mitochondrial 
DNA (8), expression of unfolded matrix protein(s) (10), or dele-
tion of organelle protease(s) (9), resulting in de novo activation 
of gene expression. Consistent with this model, G-TPP–treated 
cells exhibited extensive transcriptional changes by microarray 
analysis (Supplemental Table 1), with upregulation of multiple 
chaperones, a hallmark of mitochondrial UPR (10). As part of this 
gene signature, G-TPP induced the expression of stress response 
transcription factors (2, 7), CCAAT enhancer binding protein  
(C/EBP) homology protein (CHOP) (Figure 4C), and its dimeriza-
tion partner C/EBPβ as early as 6 hours after treatment (Figure 4D 
and ref. 10). Instead, untargeted 17-AAG, which does not accumu-
late in mitochondria (15), had no effect on the level of organelle 
superoxide dismutase (Figure 4B), or expression of stress response 
transcription factors (Figure 4E).

As an independent approach to pharmacologic targeting with 
Gamitrinib, we next silenced potential effectors of this pathway. 
First, siRNA knockdown of mitochondrial Hsp90-like TRAP-1, 
one of the targets of Gamitrinib (15), also increased the expression 
of CHOP and C/EBPβ in glioblastoma cells (Figure 4F). Second, 
we produced clones of tumor cells with stable shRNA silencing of 
CypD, a component of the mitochondrial permeability transition 
pore (14), and substrate of organelle Hsp90s (13). Cultures sta-
bly transduced with control virus contained low levels of CHOP, 
whereas shRNA silencing of CypD significantly upregulated 
CHOP expression in glioblastoma cultures (Figure 4G).

Next, we examined the specificity of this response and looked at 
the effect of high, i.e., mitochondriotoxic concentrations of Gami-
trinib on markers of cell survival and organelle UPR. Differently 

Figure 1
“Mitochondriotoxic” activity of G-TPP. (A) Cultured glioblastoma cell lines (U87, purple; LN229, blue; U251, black), patient-derived glioblastoma 
cells (GS620, yellow; GS48, green; AS515, red), or naive (gray), or SV40-transformed (light blue) normal FHAS were incubated with GamitrinibTPP 
(G-TPP, top) or 17-AAG (bottom) and analyzed for cell viability by MTT. Mean ± SD of replicates. (B) U87 cells were treated with G-TPP or 17-AAG 
and analyzed for mitochondrial membrane potential by JC-1 staining and flow cytometry. FL1, green fluorescence channel; FL2, red fluorescence 
channel. (C and D) U87 cells were incubated with 0–20 μM G-TPP (C) or 20 μM G-TPP or 17-AAG (D) and analyzed by immunoblotting. Cyto c, 
cytochrome c; Casp., caspase; Cl., cleaved. COX-IV was used as a mitochondrial marker. (E) U251 cells were treated as indicated and analyzed 
for annexin V/PI staining by flow cytometry. None, untreated. For B and E, the percentage of cells in each quadrant is indicated.
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from the results above, concentrations of G-TPP that directly induce 
collapse of mitochondrial integrity and cell death (10–20 μM;  
Figure 1) did not upregulate CHOP or C/EBPβ levels in glio-
blastoma cells (Figure 4H). Instead, this response was associated 
with decreased levels of various survival factors, including Akt/
phosphorylated Akt, survivin, XIAP, and Bcl-2 (Figure 4I), poten-
tially due to loss of cell viability under these conditions (Figure 1).

Modulation of NF-κB–dependent gene expression by mitochondrial 
UPR. We next asked whether this transcriptional UPR affected 
tumor cell survival. G-TPP treatment of glioblastoma cells result-
ed in complete ablation of NF-κB–mediated gene expression (22), 
either constitutively (Figure 5A) or after stimulation with TNF-α  
(Figure 5B). This was associated with rapid downregulation of 
multiple NF-κB target genes, including FLIP promoter activity 
(Figure 5C) and protein expression (Figure 5D) as well as RelB and 
Bcl-3 mRNA (Figure 5E). In contrast, Hsp70 levels were increased 
at low concentrations of G-TPP (Figure 5D), thus consistent with 
the induction of chaperones observed in microarray analysis (Sup-
plemental Table 1). Gamitrinib did not exert a generic suppressive 
effect on gene expression, as etoposide-mediated induction of p53 
luciferase promoter activity was unaffected by G-TPP (Figure 5F). 
As control, untargeted 17-AAG had no effect on NF-κB or FLIP 
promoter activity (Figure 5G).

We next asked whether the transcriptional effectors of mito-
chondrial UPR, CHOP, and/or C/EBPβ mediated the inhibition 
of NF-κB activity under these conditions. siRNA silencing of 
CHOP (Figure 6A) produced constitutively higher NF-κB activ-
ity in glioblastoma cells, as compared with control transfectants  
(Figure 6B), and partially restored NF-κB–dependent transcription 
in the presence of G-TPP (Figure 6B). Reciprocally, glioblastoma 
cells transfected with CHOP or C/EBPβ (Figure 6C) exhibited 
reduced NF-κB activity in response to TNF-α, whereas a control 
plasmid had no effect (Figure 6D). To determine whether CHOP 
DNA binding was required for inhibition of NF-κB, we next trans-
fected glioblastoma cells with a CHOP mutant that lacks the leu-

cine zipper domain (Δ-Leu) (23). 
Expression of this CHOP mutant, 
but not control pcDNA, sup-
pressed NF-κB activity in response 
to TNF-α indistinguishably from 
WT CHOP (Figure 6E).

We next compared mitochon-
drial UPR modulation of NF-κB 
with other pathways of organelle 
regulation of gene expression, 
including ER stress response (7) 
or mitochondrial retrograde sig-
naling (1). In these experiments, 
mitochondrial depolarization 
induced by the uncoupler, car-
boxy cyanide 3-chlorophenyl 
hydrazone (CCCP) resulted 
in increased NF -κB activ-
ity in tumor cells (Supplemental  
Figure 2A), whereas induction of 
mitochondrial apoptosis by the 
cell death stimulus staurosporine 
(STS) had no effect on NF-κB  
promoter activity (Supplemental 
Figure 2B).

Exploitation of mitochondrial UPR for cancer therapy. NF-κB exe-
cutes a broad survival program in tumor cells (22), blunting cell 
death stimuli that activate the extrinsic, i.e., death receptor path-
way of apoptosis (24). Therefore, we asked whether loss of NF-κB 
activity by Gamitrinib sensitized tumor cells to TNF-α–related 
apoptosis-inducing ligand (TRAIL), a death receptor agonist 
currently evaluated in the clinic as an anticancer regimen (24). 
Treatment of cultured or patient-derived primary glioblastoma 
cells (Figure 7A) as well as breast or prostate adenocarcinoma 
cells (Figure 7B) with TRAIL did not result in significant loss 
of cell viability, consistent with the known resistance to TRAIL 
of various tumor types (24). In contrast, the combination of 
TRAIL plus noncytotoxic concentrations of G-TPP that activate 
mitochondrial UPR efficiently killed all tumor cell types tested 
(Figure 7, A and B). Consistent with a tumor selectivity of this 
response, normal FHAS were not affected (Figure 7B).

Mechanistically, the TRAIL plus Gamitrinib combination syn-
ergistically stimulated mitochondrial damage, with more accel-
erated loss of inner membrane potential (Figure 7C), enhanced 
release of cytochrome c from mitochondria (Figure 7D), cellular 
reactivity for annexin V (Figure 7E), and faster activation of initia-
tor caspase-8 and -9, as well as effector caspase-3 and -7, as early as 
2 hours after treatment (Figure 7F). In addition to mitochondrial 
dysfunction, this response also required death receptor signaling 
(24), as transfection of the caspase-8 inhibitor CrmA (Figure 8A), 
siRNA silencing of caspase-8 (Figure 8B), or reintroduction of 
FLIP (Figure 8C) all partially reversed cell killing induced by the 
TRAIL plus G-TPP combination (Figure 8, A–C), and attenuated 
caspase-3 processing (Figure 8B and not shown).

To verify that the synergy between TRAIL and G-TPP was due to 
removal of NF-κB–mediated cell survival, we next stably silenced the 
IKK kinase and NF-κB activator, TGF-β–activated kinase 1 (TAK1) 
in tumor cells and selected clones with intermediate (no. 41),  
or complete (no. 61) loss of TAK1 (Figure 8D). In these experi-
ments, TRAIL plus G-TPP indistinguishably killed control pLKO 

Figure 2
G-TPP–mediated mitochondrial dysfunction is independent of Bcl-2 proteins. (A) U87 cells were incu-
bated with 0–10 μM G-TPP for 16 hours and analyzed by immunoblotting. (B) LN229 cells were treat-
ed with or without G-TPP and cytosol (Cyto) or mitochondrial extracts (MTE) and were analyzed after  
6 hours by immunoblotting. (C) LN229 cells were transfected with control (Ctrl) or Bax- and Bak-directed 
siRNA, treated with G-TPP, and analyzed after 16 hours by immunoblotting. (D) The experimental condi-
tions are as in C, except that control or Bax/Bak knockdown cells were analyzed for cell viability by MTT. 
Mean ± SD of replicates.
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or no. 41 transfectants, whereas ablation of TAK1 (clone no. 61) 
significantly reversed cytotoxicity induced by the 2 agents com-
bined (Figure 8E). As an independent approach, we next transfect-
ed glioblastoma cells with a mutant form of IκBα that functions 
as a dominant negative antagonist of NF-κB activation. Expres-
sion of this IκBα “super-repressor” mutant significantly reversed 
cell killing induced by Gamitrinib plus TRAIL, whereas a control 
plasmid had no effect (Figure 8F). Finally, we looked at a poten-
tial requirement of proapoptotic Bcl-2 family member Bax on this 
cell death response. WT HCT116 cells were efficiently killed by 
the TRAIL-G–TPP combination, whereas each agent alone had 
intermediate effect (Figure 8G). In contrast, and at variance with 
the direct mitochondriotoxic activity of G-TPP alone (Figure 2), 
homozygous deletion of Bax in HCT116 cells partially rescued 
apoptosis induced by G-TPP plus TRAIL (Figure 8G).

Antiglioma activity of targeting a mitochondrial UPR in vivo. Next, we 
asked whether the combination of TRAIL plus Gamitrinib had 
activity against glioblastoma in vivo (18). Luciferase-expressing 
U87 glioblastoma cells implanted in the right cerebral striatum of 
immunocompromised mice gave rise to rapidly growing tumors 
by bioluminescence imaging, and treatment of these mice with 
vehicle, stereotactic delivery of TRAIL, or systemic administra-

tion of suboptimal concentrations of G-TPP did not affect tumor 
growth in vivo (Figure 9A). Similarly, systemic monotherapy with 
G-TPP at concentrations (20 mg/kg as daily i.p. injections) that 
inhibit subcutaneous xenograft tumor growth in mice (15) had 
no effect on orthotopic glioblastoma growth (Figure 9B). In 
contrast, 2 cycles of intracranial TRAIL combined with systemic  
G-TPP suppressed the growth of established glioblastomas  
(Figure 9A), with no significant animal weight loss throughout 
treatment (Figure 9C). Analysis of brain sections from these 
mice, but not single agent–treated animals (Supplemental Fig-
ure 3), showed loss of tumor cell proliferation, internucleoso-
mal DNA fragmentation, and caspase-3 activity, consistent with 
extensive activation of apoptosis in vivo (Figure 9D). Also, these 
tumors, but not areas of normal brain, including hippocampus 
or cortex, showed nuclear reactivity for CHOP (Figure 10A), 
suggesting that a mitochondrial UPR was activated in vivo. To 
determine whether a similar pathway occurred in cancer patients, 
we next examined WHO grade IV glioblastoma specimens by 
immunohistochemistry. A strong expression of nuclear CHOP 
was observed in primary glioblastomas, but not normal brain, 
and this reactivity was especially prominent in tumor cells bor-
dering areas of necrosis in vivo (Figure 10B).

Figure 3
Mitochondrial Hsp90 regulates autophagy. (A–C) LN229 cells were treated with G-TPP and analyzed by EM (A and B) or immunoelectron 
microscopy with an antibody to COX-IV (C). Arrowheads, COX-IV–reactive material. Scale bars: 2 μm (A); 1 μm (B); 200 nm (C). (D) U87 cells 
were treated with G-TPP, harvested at the indicated time intervals, and analyzed by immunoblotting. The position of the unmodified (I) or lipi-
dated (II) form of LC3 is indicated. (E) U251 cells were transfected with LC3-GFP, treated with vehicle or G-TPP, and analyzed after 16 hours by 
fluorescence microscopy (left). The percentage of cells with punctate GFP fluorescence was quantified (right). Mean ± SD of 4–6 independent 
microscopy fields. (F) U87 cells were incubated with inhibitors of phagosome formation, bafilomycin A (BF), or 3-methyladenine (3-MA) for  
1 hour, treated with G-TPP, and analyzed after 16 hours by MTT. Mean ± SD of replicates. (G) L229 cells were transfected with control or atg5-
directed siRNA and analyzed by immunoblotting. (H) siRNA-transfected LN229 cells as in G were analyzed for cell viability after 16 hours by 
MTT. Mean ± SD of replicates.
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Discussion
In this study, we have shown that mitochondrial Hsp90 chaperones 
(13) function as arbiters of organelle-compartmentalized protein 
folding, especially in cells with high demands for mitochondrial 
biogenesis and energy production, i.e., tumor cells. Targeting of 
this pathway with small molecule Hsp90 inhibitors selectively deliv-
ered to mitochondria, i.e., GamitrinibTPP (15), produces a bimodal 
response, with high concentrations of Gamitrinib triggering cata-
strophic organelle collapse, independently of Bcl-2, and immediate 
tumor cell death, whereas suboptimal inhibition of mitochondrial 
Hsp90 stimulates a compensatory organelle UPR aimed at restor-
ing homeostasis (10, 25) via autophagy (19) and a stress response 
gene expression signature (2, 4, 7). One of the consequences of this 
transcriptional UPR is a complete suppression of NF-κB–depen-
dent gene expression. In turn, this shuts off multiple prosurvival 
mediators, confers sensitivity of resistant tumor types to a death 
receptor agonist, i.e., TRAIL, and suppresses intracranial glioblasto-
ma growth in mice without detectable organ or systemic toxicity.

The recent identification of an abundant pool of Hsp90 chaper-
ones comprising Hsp90 and its related molecule, TRAP-1, in mito-
chondria of tumor cells (13) has expanded the subcellular localiza-
tion of these chaperones and pointed to their potential pivotal role 
in organelle-compartmentalized protein folding (26), potentially 
exploited in malignancy. In this context, Hsp90-like chaperones 
oversee protein folding quality control in the ER (27), contributing 
to dynamic adaptation during changing metabolic environments, 
and aberrations of this pathway sensed by ER lumenal transmem-
brane proteins trigger an evolutionary conserved (2), tripartite 
compensatory UPR (7). Conversely, the regulatory networks that 
control the protein folding environment in mitochondria have 
remained largely elusive, complicated by the complex architecture 

of the organelle, its production of protein-altering reactive oxygen 
species (28), and the dual role of matrix proteases and chaperones 
in both preprotein import and (re)folding (29).

Here, pharmacologic inhibition of mitochondrial Hsp90s by 
Gamitrinib, or their genetic silencing by siRNA triggered classi-
cal hallmarks of a mitochondrial UPR, including accumulation of 
unfolded proteins, deregulated expression of organelle stress sen-
sor protein(s), upregulation of stress-response transcription factors 
CHOP and C/EBPβ, and downstream induction of a compensatory 
gene expression signature, comprising several chaperones, such as 
Hsp70 (30). This is in line with the mitochondrial stress response 
induced by less physiologic stimuli, including depletion of organelle 
DNA (8), forced expression of unfolded matrix protein(s) (10), or 
deletion of quality control protease(s) (9). How the mitochondrial 
UPR induced under these conditions (8–10) or by targeting organ-
elle Hsp90 (this study) couples to nuclear activation of gene expres-
sion remains to be fully elucidated. In the model of Caenorhabditis 
elegans, this pathway may involve the generation of diffusible pep-
tides generated via the ATP-dependent matrix protease ClpXP that 
in turn affect nuclear gene transcription (31). Alternatively, mito-
chondrial dysfunction induced by Gamitrinib potentially coupled 
with changes in organelle bioenergetics (32) may activate the stress-
sensing machinery at the mitochondria-ER interface (33), activating 
a secondary ER stress response that in turn influences gene expres-
sion. In support of this interorganelle communication model (34), 
tumor cells treated with Gamitrinib exhibited upregulation of the 
ER chaperone Grp78 and phosphorylation of the PERK substrate 
eIF2α (our unpublished observations), 2 markers of ER stress (7).

A distinctive feature of the mitochondrial UPR described here 
is the activation of autophagy. In agreement with a prevailing 
consensus (35), this response provided a compensatory attempt 

Figure 4
Targeting mitochondrial Hsp90 induces organelle UPR. (A) Detergent-insoluble mitochondrial proteins from control (none) or G-TPP–treated 
LN229 cells were visualized by silver staining. Arrowheads, insoluble, i.e., unfolded proteins. (B–E) LN229 cells were treated as indicated and 
analyzed by immunoblotting. SOD2, mitochondrial superoxide dismutase. (F) The indicated glioblastoma cells were transfected with control or 
TRAP-1–directed siRNA and analyzed by immunoblotting. (G) LN229 cells were stably transfected with control or CypD-directed shRNA and 
analyzed by immunoblotting. (H–I) LN229 cells were incubated with the indicated concentrations of G-TPP and analyzed by immunoblotting after 
6 hours (H) or 16 hours (I). p-Akt, phosphorylated Akt; *Nonspecific.
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to remove damaged mitochondria and maintain cell survival 
(19), and, accordingly, genetic or pharmacologic antagonists 
of autophagy enhanced Gamitrinib-induced tumor cell killing. 
Although a link between autophagy and mitochondrial UPR has 
not been previously recognized, there is evidence for an evolu-
tionary-conserved role of autophagy in ER UPR (36), potentially 
involving IRE1 regulation of JNK (37). Also in agreement with 
the findings presented here is the observation that autophagy 
contributes to mitochondrial quality control in human diseases 
(38). Accordingly, the mitochondrial kinase PINK1 has been 
implicated in promoting autophagic removal of damaged mito-
chondria in neurons via interactions with Parkin and, poten-
tially, Beclin-1 (39).

Although the identification of CHOP and C/EBPβ as transcrip-
tional effectors of mitochondrial UPR is consistent with cur-
rent paradigms of organelle-compartmentalized stress response 
(30), the suppression of NF-κB activity observed under these 

conditions has not been pre-
viously reported. This path-
way differed from previous 
models of organelle-coupled 
transcriptional responses, as 
mitochondrial retrograde sig-
naling in response to mTOR 
activation (1) or activation of 
ER UPR (7) has been instead 
associated with an increase in 
NF-κB activation. Conversely, 
there is precedence for a role 
of ER stress in suppress-
ing NF-κB activity during 
inflammatory responses (40) 
via upregulation of C/EBPβ 
and CHOP (23). Here, sup-
pression of NF-κB activity by 
Gamitrinib caused the acute 
loss of multiple downstream 
NF-κB effector genes, includ-
ing mediators of apoptosis 
resistance, such as FLIP (24). 
Consequently, concentrations 
of Gamitrinib that activate 
mitochondrial UPR but do 
not directly trigger cell death 
potently synergized with the 
death receptor agonist TRAIL, 

causing mitochondrial collapse, caspase-dependent apoptosis, 
and suppression of intracranial glioblastoma growth in rodents.

Despite the considerable interest in apoptosis-based antican-
cer therapies (41), the efficacies of these approaches is often 
impaired by adaptive and resistance mechanisms in vivo. These 
challenges are exemplified by TRAIL, a potent activator of 
death-receptor apoptosis (24), whose efficacy is often reduced 
or nullified in many tumor types because of parallel activation 
of NF-κB–dependent survival (22). Conversely, the activation of 

Figure 5
Mitochondrial UPR suppresses NF-κB activity. (A–C) U251 cells were treated as indicated and analyzed 
for β-galactosidase–normalized NF-κB (A and B) or FLIP (C) luciferase promoter activity in a luminometer 
in the absence (A and C) or presence of TNF-α (B). TRAIL (800 ng/ml) was used as control. Mean ± SD of 
replicates. (D) G-TPP–treated LN229 cells were analyzed by immunoblotting. Top, dose-response; bottom, 
time-course. L, FLIP long form; S, FLIP short form. (E) G-TPP–treated LN229 cells were analyzed by PCR. 
(F) MCF-7 cells were treated as indicated and analyzed after 5 hours for β-galactosidase–normalized p53 
luciferase promoter activity. (G) U251 cells were treated with nontargeted 17-AAG and analyzed after 8 hours 
for NF-κB or cFLIP luciferase promoter activity. Mean ± SEM of replicates of a representative experiment.

Figure 6
Mitochondrial UPR regulation of NF-κB activity. (A) LN229 cells trans-
fected with control or CHOP-directed siRNA were treated with G-TPP 
and analyzed by immunoblotting. (B) siRNA-transfected LN229 cells 
as in A were treated with G-TPP and analyzed for NF-κB luciferase 
promoter activity, with or without TNF-α. Mean ± SD of replicates. 
*P = 0.018; ***P = 0.0007. (C) LN229 cells were transfected with the 
indicated plasmids and analyzed by immunoblotting. (D) Transfected 
LN229 cells as in C were analyzed for NF-κB luciferase promoter 
activity in the presence of TNF-α. Mean ± SD of replicates. *P = 0.02;  
**P = 0.0021. (E) LN229 cells transfected with pcDNA or a CHOP 
mutant lacking the leucine zipper (CHOP-ΔLeu) were analyzed for 
NF-κB luciferase promoter activity with or without TNF-α. Mean ± SD 
of replicates. ***P = 0.0006.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 121      Number 4      April 2011	 1355

mitochondrial UPR by noncytotoxic concentrations of Gami-
trinib removed this prosurvival environment, restoring sensi-
tivity to TRAIL-mediated apoptosis of resistant tumor types, 
including patient-derived glioblastoma cells. Importantly, the 
combination of TRAIL plus Gamitrinib was devoid of significant 
organ or systemic toxicity in our preclinical glioblastoma model 
in vivo. This may reflect the tumor selectivity of each agent alone 

(15) reported in earlier studies (24), but also the nearly exclusive 
exploitation of mitochondrial Hsp90s in tumors, as opposed to 
normal tissues (13).

Although with potential cell type–specific differences (42), a 
prevailing consensus suggests that organelle UPR signaling is 
broadly activated in human cancer, promoting tumor growth 
and disease progression in vivo (3). Consistent with this model, 

Figure 7
Exploitation of mitochondrial UPR for combination anticancer therapy. (A) Patient-derived (left) or cultured (right) glioblastoma cells were treated 
with TRAIL or G-TPP, alone or in combination, and analyzed by MTT. Mean ± SD of replicates. (B) The indicated cell types were treated as in 
A and analyzed for DNA content by PI staining and flow cytometry. The percentage of cells with hypodiploid (sub-G1) DNA content is indicated. 
Representative experiment. (C) U251 cells were labeled with TMRM, treated as indicated, and analyzed for loss of mitochondrial membrane 
potential after 0 or 5 hours by confocal laser microscopy. Representative experiment. Original magnification, ×600. (D) U251 cells treated as 
indicated were analyzed after 16 hours by immunoblotting. (E) Treated U251 cells were analyzed after 16 hours for annexin V/PI staining by 
flow cytometry. The percentage of cells in each quadrant is indicated. (F) Treated U87 cells were analyzed after the indicated time intervals by 
immunoblotting. Cl, cleaved.
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we observed here increased expression of CHOP in an orthotopic 
glioblastoma model as well as primary tumor specimens collect-
ed from glioblastoma patients in vivo. The underlying stimulus 
for this UPR in vivo has not been identified, but it is intriguing 
that high levels of nuclear CHOP in glioblastoma patients were 
observed in tumor cells bordering areas of necrosis, thus likely 
exposed to insufficient vascularization. This is consistent with 
a role of hypoxia and its pivotal mediator, HIF-1, in promoting 
autophagy and UPR activation in vivo (43).

In summary, we have shown that mitochondrial Hsp90 chap-
erones (13) maintain a compartmentalized protein folding envi-
ronment and organelle quality control (30), especially in tumor 
cells. Consistent with the concept that targeting stress response 
pathways may be beneficial for the treatment of human diseases 

(6), disabling mitochondrial Hsp90 (15) and exploiting its asso-
ciated UPR (this study) may offer concrete prospects for cancer 
therapy (44). Based on the proof-of-concept results presented here, 
such an approach may be broadly applicable to genetically dispa-
rate tumors, enhance the currently modest activity of apoptosis 
modifiers (45) or Hsp90 antagonists (12), and provide desirable 
selectivity for tumor versus normal tissues in vivo.

Methods
Patient samples. Twelve surgically resected samples of WHO grade IV glio-
blastomas containing adjacent normal brain were collected and analyzed 
anonymously as discarded tissues, by immunohistochemistry. The patient 
population comprised both males and females 27 to 79 years of age. 
Informed consent was obtained from all patients prior to surgery.

Figure 8
TRAIL plus Gamitrinib anticancer activity. (A–C) LN229 cells were transfected with control, CrmA (A), caspase-8 (C.8) (B), or FLIP (C) cDNA, 
treated with the combination of TRAIL plus G-TPP, and analyzed after 16 hours by immunoblotting (top), or PI staining and flow cytometry (bot-
tom). The percentage of cells with hypodiploid (sub-G1) DNA content is indicated. Mean ± SEM of replicates. *P = 0.011–0.032; (D and E) MCF-7 
cells were stably transfected with control lentivirus (pLKO) or lentivirus encoding TAK-1–directed shRNA, and stable clones (#) were analyzed 
by immunoblotting (D) or cell viability by MTT (E). *Nonspecific. Mean ± SEM of replicates. ***P < 0.0001. (F) LN229 cells were transfected with 
control or IκBα “super-repressor” mutant cDNA, treated as indicated, and analyzed for cell viability by MTT. Mean ± SEM of replicates. *P = 0.01. 
(G) Bax+/+ (left) or Bax–/– (right) HCT116 cells were treated as indicated and analyzed for cell viability by MTT. Mean ± SEM of replicates.
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Cells and cell cultures. Human glioblastoma cell lines LN229 (p53 mutant; 
PTEN, WT), U87 (p53 WT; PTEN mutant), U251 (p53 mutant), prostate 
adenocarcinoma PC3, breast adenocarcinoma MCF-7, and human epithe-
lial kidney (HEK) 293T were purchased from ATCC. Cells were cultured in 
DMEM Glutamax-I medium (Invitrogen) containing 10% FBS and 1% pen-
icillin/streptomycin (Invitrogen) at 37°C in a 10% CO2 humidified atmo-
sphere. Patient-derived cultures of glioblastoma cells were established 
from fresh, surgically resected samples of WHO grade IV and grade III  
glioblastomas (GS620, GS48, and AS515) obtained from the Division 
of Neurosurgery, University of Massachusetts Medical School. Tissue 

samples were minced in small pieces and transferred to plastic tissue cul-
ture flasks (Falcon; BD); culture outgrowths were established in DMEM 
medium containing 10% FCS and 1% penicillin/streptomycin at 37°C in 
10% CO2. Upon reaching confluence, the cell monolayers were harvested 
by a brief incubation with trypsin/EDTA (Viralex; PAA Laboratories) and 
confirmed as mycoplasma free by staining with 4,6-diamidino-2 phenyl-
indole (Roche Diagnostics). The glial origin of these cultures was con-
firmed by staining for α-glial fibrillary acidic protein. In contrast, anti-
bodies against endothelial cell markers, CD31 (Pharmingen), factor VIII 
(Dako), or neuronal neurofilament proteins 70, 160, and 200 (all from 

Figure 9
Exploitation of mitochondrial UPR for antiglioma therapy in vivo. (A) Nude mice carrying intracranial U87-Luc glioblastomas were treated 
as indicated and analyzed by bioluminescence imaging (top). Bottom, quantification of bioluminescence signals before or after treatment. 
The statistical analysis of animal survival in the various groups at the end of the experiment is as follows: vehicle versus G-TPP, NS; 
vehicle versus TRAIL, NS; TRAIL (27 days) versus TRAIL+G-TPP (35 days), P = 0.0044; G-TPP (25 days) versus TRAIL+G-TPP (35 days),  
P = 0.0017; vehicle (24 days) versus TRAIL+G-TPP (35 days), P = 0.0014. (B) Nude mice carrying established intracranial glioblastomas 
as in A were treated with vehicle or G-TPP monotherapy at 20 mg/kg as daily i.p. injections and analyzed by bioluminescence imaging.  
Mean ± SEM of groups with mice as the individual units. P = 0.67. (C) Nude mice as in A were monitored for weight changes during the 
various treatments. Mean ± SD of individual groups. (D) Brain sections from TRAIL+G-TPP–treated mice were analyzed for cell proliferation 
(Ki67), internucleosomal DNA fragmentation (TUNEL), or active caspase-3 (top) by immunohistochemistry, and the percentage of positive 
cells was quantified (bottom). Original magnification, ×400.
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Progen), were unreactive. Primary FHAS were obtained from ScienCell 
Research Laboratories and maintained in culture as described above or, 
alternatively, transformed by expression of the SV40 oncogene.

Genetically engineered cell lines. To generate cell lines with stable shRNA 
knockdown of CypD or the IKK kinase, TGF-β–activated kinase (TAK1), 
CypD-directed (Dharmacon cat. no. RHS3979-9616542, RHS3979-9616543) 
or TAK1-directed (Dharmacon cat. no. RHS3979-9570052, RHS3979-
9570053) shRNA in pLKO.1 lentivirus vector were cotransfected (0.5 μg) in 
HEK293T cells in 6-well plates together with 0.33 μg of pCMVdel8.2 and 
0.2 μg of pMDG (VSVG envelope glycoprotein) using Lipofectamine 2000 
(Invitrogen). Retrovirus-containing supernatants were harvested 48 hours 
after transfection, followed by filtration through a 0.45-μm pore size fil-
ter, and used to infect cultures of LN229 (CypD shRNA) or MCF-7 (TAK1 
shRNA) cells in the presence of 4 μg/ml of polybrene. Stably transfected cells 
were selected in the presence of 1 μg/ml puromycin for at least 1 week, and 
independently established clones were selected for further experiments.

Antibodies. Antibodies to LC3 (Cell Signaling), CypD, COX-IV (1:1000; 
Calbiochem), cytochrome c (1:1000; Clontech), Hsp70 (1:1000; Abcam), 
TRAP-1 (BD), Ki-67 (Zymed; Invitrogen), caspase-9 (1:250; CST), caspase-8 
(1:250; CST), caspase-3 (1:100; CST), caspase-7 (1:500; CST), FLIP-L, long 
form (1:250; CST) FLIP-S, short form (1:250; CST), CrmA (SCBT), β-actin 
(1:2000; Sigma-Aldrich), mitochondrial superoxide dismutase-2 (SOD2; 
5 μg/ml; Sigma-Aldrich), survivin (NOVUS Biologicals), Bcl-2 (1:1000; 
CST), Bax (1:1000; CST), PUMA (1:1000; CST), Bcl-XL (1:1000; CST), Bak 
(1:1000; CST), Bad (1:1000; CST), Bid (1:1000; CST), Mcl-1 (1:1000; CST), 
C/EBP/β (1:1000; CST), CHOP (1:1000; CST), TAK1 (1:1000; Santa Cruz 
Biotechnology Inc.), α-glial fibrillary acidic protein (Dako), CD31 (BD Bio-
sciences — Pharmingen) or factor VIII (Dako), or neuronal neurofilament 
proteins 70, 160, and 200 (all from Progen) were used.

Chemicals. The complete chemical synthesis, HPLC profile, and mass 
spectrometry of mitochondria-targeted small molecule Hsp90 antagonists 
Gamitrinibs has been reported previously (15). GamitrinibTPP (G-TPP) was 
used in this study. Nonmitochondrial-permeable Hsp90 inhibitor 17-allyl-
amino demethoxygeldanamycin (17-AAG) was obtained from LC-Labora-
tories. Recombinant TRAIL was obtained from Peprotech. Inhibitors of 
phagosome formation bafilomycin A (BF) or 3-methyladenine (3-MA) were 
obtained from Sigma-Aldrich.

Analysis of cell viability and autophagy. The various cell types were seeded in 
triplicate onto 96-well plates at 2 × 103 cells/well, treated with vehicle, G-TPP, 

or nontargeted 17-AAG (0–20 μM) for up to 24 hours, and quantified for met-
abolic activity by a 3(4,5-dimethyl-thyazoyl-2-yl)2,5 diphenyltetrazolium bro-
mide (MTT) colorimetric assay with absorbance at 405 nm, as described (46). 
For determination of apoptosis, control or treated tumor cell types (1 × 106)  
were labeled for annexin V and propidium iodide (PI) (BD Biosciences) and 
analyzed by multiparametric flow cytometry (BD), as described (13, 15). 
Mitochondrial or cytosolic extracts were prepared as described previously 
(13) from treated glioblastoma cell types and analyzed for release of cyto-
chrome c, redistribution of proapoptotic Bax, or proteolytic processing of 
upstream or effector caspases by Western blotting. For G-TPP-TRAIL com-
bination studies, tumor cell types were simultaneously incubated with sub-
optimal concentrations of G-TPP at 5 μM and TRAIL depending on the cell 
type at 100 ng/ml (U87), 20 ng/ml (U251), 40 ng/ml (PC3, MCF-7, FHAS), 
or 200 ng/ml (LN229), and analyzed after 16 hours for cell viability by MTT, 
DNA content by PI staining, and flow cytometry or annexin V/PI staining 
and multiparametric flow cytometry. Changes in protein expression under 
the various combination regimens were determined by immunoblotting.

For autophagy, glioblastoma cells were transfected with an LC3-GFP 
cDNA by FuGENE HD (Roche), treated with vehicle, nontargeted 17-AAG, 
or G-TPP, and analyzed by fluorescence microscopy. A cell was scored as 
autophagic when exhibiting a punctate GFP labeling with more than 10 
LC3-GFP dots/cell. An average of 200 cells was counted in 4–6 indepen-
dent fields per condition. In some experiments, G-TPP–treated cells were 
incubated with pharmacologic inhibitors of autophagy, BF, or 3-MA, and 
analyzed after 16 hours for modulation of cell viability by MTT.

Mitochondrial membrane potential. To quantify changes in mitochondri-
al membrane potential, U251 cells were plated on optical-grade 35-mm 
glass-bottom tissue culture dishes labeled with 0.1 μM of the mitochon-
drial membrane potential–sensitive fluorescent dye, tetramethylrho-
damine methyl ester (TMRM), as described (13). Cells were treated with 
TRAIL or G-TPP, alone or in combination, and imaged continuously on a 
Nikon TE2000-E2 with a Perfect Focus System inverted microscope using 
a CSU10B Spinning Disk Confocal System. Images were acquired by time-
lapse videomicroscopy on a Rolera Mgi EMCCD camera in an environmen-
tal chamber (20/20 Technology) using a ×60 objective and quantified for 
real-time kinetics of changes in mitochondrial membrane potential.

Analysis of mitochondrial protein folding. LN229 cells were treated with vehi-
cle or G-TPP (5 μM) for 16 hours, harvested, and mixed with increasing 
concentrations (0%–0.5%) of NP40. Detergent-insoluble mitochondrial 

Figure 10
Activation of a mitochondrial UPR in cancer in vivo. (A) Brain sections from TRAIL+G-TPP–treated mice were stained with IgG or an antibody 
to CHOP (left), and immunoreactive nuclei were quantified (right). (B) Representative cases of WHO grade IV human glioblastoma or adjacent 
normal brain were stained with IgG or an antibody to CHOP (left), and immunoreactive nuclei were quantified (right). Mean ± SEM. ***P < 0.0001. 
Original magnification, ×400.
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extracts under the various conditions tested were separated by SDS gel 
electrophoresis, and protein bands were visualized by silver staining (9).

EM. Subconfluent monolayers of LN229 cells were incubated with PBS, 
pH 7.2, or G-TPP or nontargeted 17-AAG (5–10 μM) for 16 hours at 37°C. 
Cells were washed briefly in 0.1 M PBS, pH 7.4, fixed in buffered 2.5% glutar-
aldehyde (GA) with or without 4% formaldehyde (FA) or for 30 minutes at 
22°C, post-fixed in 1% osmium tetroxide, and processed by standard meth-
ods for epoxy embedding. In some experiments, cells were fixed in buffered 
3% FA with 0.1% GA for 25 minutes at 22°C, washed, quenched with NH4Cl, 
and dehydrated for embedding in LR White resin. Ultrathin sections on 
nickel grids were treated for heat-induced antigen retrieval and blocked 
with buffered 1% BSA, as described in published protocols (47). Samples 
were incubated with an antibody to COX IV, followed by a colloidal gold–
conjugated (12 nm) secondary antibody of appropriate specificity (Jackson 
ImmunoResearch). Grids were briefly post-fixed with 2% GA, washed, air 
dried, and then exposed to osmium tetroxide vapors for 20 minutes. Ultra-
thin sections were stained with uranyl acetate and lead citrate before exami-
nation in a Philips CM10 transmission electron microscope.

Promoter activity. Tumor cell types were transfected with NF-κB (48), p53, 
or FLIP luciferase promoter construct (pGL3-FLIP1500; Addgene #16016) 
using FuGENE HD. After 24 hours at 37°C, cells were stimulated with  
G-TPP or 17-AAG (0–10 μM) for 6 hours, or alternatively, exposed to the 
mitochondrial uncoupler carboxy cyanide 3-chlorophenyl hydrazone 
(CCCP) (0–15 μM) or the broad-spectrum apoptotic stimulus STS (1–2 μM),  
harvested, and analyzed for β-galactosidase–normalized luciferase activ-
ity in a luminometer, as described (48). In some experiments, β-galactosi-
dase–normalized NF-κB promoter activity was examined after cell stimula-
tion with TNF-α, as described (48). Microarray data quantifying changes in 
gene expression in untreated or G-TPP–treated U251 cells were deposited 
in the GEO database (GSE26313).

Transfections. Glioblastoma cell types were transfected with nontargeting 
or CHOP-directed SMARTpool siRNA (Dharmacon cat. no. L-004819-00-
0005) using Oligofectamine 2000, characterized for protein knockdown by 
immunoblotting, and processed for further studies. In some experiments, 
glioblastoma cell types were transfected with control pcDNA3 or plasmid 
encoding WT CHOP, a CHOP deletion mutant lacking the leucine zipper 
motif (CHOP-ΔLeu) (23), an IκBα “super-repressor” mutant (48), C/EBPβ, 
the caspase-8 inhibitor, CrmA, FLIP-L (long form), or FLIP-S (short form), 
by lipofectamine. Cells were examined for recombinant protein expres-
sion by immunoblotting, left untreated, or incubated with G-TPP with or 
without TRAIL, and analyzed for changes in NF-κB promoter activity with 
or without TNF-α, or, alternatively, for cell viability by MTT or hypodip-
loid DNA content (sub-G1 cell fraction) by PI staining and flow cytom-
etry. Alternatively, glioblastoma cells were transfected with nontargeting 
siRNA, TRAP-1– (13), or caspase-8–directed siRNA (Dharmacon cat. no. 
L-003466-00-0005), confirmed for protein knockdown by immunoblot-
ting, and analyzed for DNA content and flow cytometry.

In vivo glioblastoma model. All experiments involving animals were 
approved by the Institutional Animal Care and Use Committee at the 
University of Massachusetts Medical School. U87 glioblastoma cells sta-
bly transfected with a luciferase expression plasmid (U87-Luc) were sus-
pended in sterile PBS, pH 7.2, and stereotactically implanted (1 × 105) in 

the right cerebral striatum of immunocompromised nude mice (Charles 
River Laboratories). Animals with established tumors were randomized 
in 4 groups (4 animals/group) and started on sterile vehicle (cremophor), 
TRAIL alone, G-TPP alone, or the combination of TRAIL plus G-TPP. In 
all animal groups, TRAIL was injected stereotactically in the right cerebral 
striatum (2 ng on days 7 and 10 after implantation), and G-TPP was given 
systemically (10 mg/kg as daily i.p. injections on days 6, 7, 9, and 10 after 
implantation). Treatment was suspended on day 10 after tumor implanta-
tion, and tumor growth was assessed weekly by bioluminescence imaging 
on a Xenogen In Vivo Imaging System after i.p injection of 110 mg/kg 
D-luciferin. In some experiments, nude mice carrying established U87-Luc 
intracranial glioblastomas were treated with systemic G-TPP monotherapy 
at 20 mg/kg as daily i.p. injections and monitored for tumor growth by 
bioluminescence imaging. Animal survival was calculated per group. At 
the end of the experiment, brains from control or treated animals were 
harvested and analyzed by histology.

Histology. Brain specimens from the various animal groups were stained 
with H&E or with an antibody to CHOP, as described (15). For in situ deter-
mination of cell proliferation or apoptosis, brain sections were analyzed 
with an antibody to Ki-67, cleaved caspase-3, or TUNEL (Roche). Images 
were collected on an Olympus microscope with on-line charge-coupled 
device camera. In some experiments, patient-derived primary glioblastoma 
samples were stained with an antibody to CHOP or nonbinding IgG by 
immunohistochemistry, as described (13, 15). Immunoreactive cells were 
scored semiquantitatively for staining intensity as 0, negative; 1, low; 2, 
medium; 3, high; and percentage of CHOP expression in the cell popula-
tion as 0, no expression; 1, less than 1%; 2, 1%–9%; 3, 10%–50%; and 4, more 
than 50%, as described (49).

Statistics. Data were analyzed by 2-sided unpaired t tests using a GraphPad 
software package (Prism 4.0) for Windows. For experiments of luciferase 
promoter expression or MTT, data are expressed as mean ± SD or mean ± 
SEM of replicates of a representative experiment out of at least 2 indepen-
dent determinations. P ≤ 0.05 was considered statistically significant.
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