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Introduction

The ARF tumor suppressor (p14ARF in humans, p19ARF in mouse) 
is expressed at low levels in non-transformed cells, but accumu-
lates in response to oncogenic signals. In murine tumors, high 
levels of ARF are associated with enhanced MAPK signaling and 
advanced tumor stage.1,2 Upon accumulation, the majority of 
ARF localizes to the nucleolus and nucleoplasm, where it binds 
and inhibits the E3 ubiquitin ligase MDM2, thereby stabilizing 
p53 protein.3,4 In addition to its p53-dependent tumor suppressor 
function, ARF also possesses growth suppressive activity that is 
p53-independent; as one example, enforced expression of ARF 
is able to inhibit the colony-forming ability of MDM2/p53/
ARF-/- cells.5 In addition to its nucleolar localization, approxi-
mately 5% of ARF has been found to localize to mitochondria.6 
Moreover, a minor fraction of murine ARF is translated from an 
internal methionine, generating a smaller molecular weight vari-
ant (smARF) that lacks the nucleolar localization sequence, and 
shows preferential localization to mitochondria.7 At the mito-
chondria, ARF and its internal translational variant have been 
shown to induce autophagy.6-8

Autophagy is a lysosome mediated self-catabolic pathway that 
can be used during times of metabolic or other stress to promote 
cell survival. The sequences that are responsible for mitochondrial 
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localization, and presumably also autophagy induction, are dis-
tinct on human and murine ARF, probably reflecting the poor 
degree of homology of these two proteins. Specifically, highly 
hydrophobic residues in the N-terminus of human ARF act as a 
mitochondrial import sequence,9 while a version of murine ARF 
that lacks the N-terminal domain shows enhanced trafficking to 
mitochondria.10 Presently unknown are the proteins or controls 
that regulate mitochondrial trafficking and/or autophagy by 
ARF. In this study we report that mitochondrial ARF interacts 
with the major cytosolic stress-induced HSP70 protein (HSP70-
A1A, also called HSP72). HSP70 is a molecular chaperone that is 
expressed at low levels in unstressed non-transformed cells but is 
highly expressed in tumor cells. In both normal and transformed 
cells, HSP70 re-folds misfolded proteins, and can direct the traf-
ficking of proteins to organelles such as mitochondria. We report 
that an HSP70/ARF interaction is detectable in both human and 
murine cells, and that cells from the HSP70 knockout mouse are 
defective for the mitochondrial localization of ARF. Further, we 
show that a small molecule inhibitor of HSP70, termed phenyl-
ethynesulfonamide (PES),11 inhibits ARF trafficking to mito-
chondria, as well as ARF-induced autophagy. These data offer 
HSP70 as a critical regulator of ARF-mediated autophagy, and 
reinforce the importance of mitochondrial trafficking of ARF for 
its autophagy function.
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with ARF in U2OS-ARF cells (data not shown). We also found 
that HSP70 antisera could specifically immunoprecipitate ARF  
(Fig. 1E). We next determined whether this interaction exists 
in purified mitochondria. Mitochondrial and cytoplasmic frac-
tions were isolated on mannitol gradients from inducible U2OS-
ARF cells before and after ARF induction with doxycycline, 
as described.12 Interestingly, we found that ARF antisera could 
immunoprecipitate the associated HSP70 from both cytosolic as 
well as mitochondrial extracts (Fig. 1F). The combined data sup-
port the premise that endogenous ARF interacts with HSP70, 
likely at both the mitochondria and in the cytosol.

Inhibition of HSP70 blocks ARF localization to mitochon-
dria. We recently reported that 2-phenylethynesulfonamide 
(PES) is a selective and specific inhibitor of the major cytosolic, 
stress-inducible form of HSP70; treatment of cells with PES leads 
to disruption of the association between HSP70 and some of its 
co-chaperone proteins. We also showed that PES induces cell 
death that is associated with an impairment of autophagy.11 To 

Results

Identification of HSP70 as a mitochondrial ARF-interacting 
protein. In an attempt to better understand the molecular basis 
for ARF-induced autophagy, we identified ARF binding part-
ners at the mitochondria using ARF immunoprecipitation fol-
lowed by 2-Dimensional In-gel Electrophoresis (2D-DIGE). 
HSP70 was one of the proteins identified as an ARF binding 
partner using this approach (Fig. 1A). A complete list of ARF-
interacting mitochondrial proteins is presented in Table 1. To 
confirm the interaction between ARF with HSP70 we con-
ducted immunoprecipitation followed by western analysis of 
extracts obtained from different human and murine cell lines. As 
shown in Figure 1B, ARF antisera immunoprecipitated HSP70 
in U2OS cells containing tetracycline-inducible ARF, as well 
as in murine p53-/- cells, which express high levels of ARF (Fig. 
1B–D). Our quantification of these immunoprecipitations indi-
cates that approximately 30% of total HSP70 appears to complex 

Figure 1. ARF interacts with HSP70. (A) Two Dimensional Differential In Gel Electrophoresis (2D-DIGE) of mitochondrial ARF-interacting proteins in 
mitochondria purified from U2OS-ARF cells. Immunoprecipitates of ARF-induced cells were labeled with CyDye; the circled spots indicate ARF-binding 
proteins that were excised and sequenced by mass spectrometry. Several spots identified as HSP70 are shown. (B) Co-immunoprecipitation of HSP70 
with antisera to ARF (negative control, lane 3) in U2OS-ARF cells treated with doxycycline (Doxy) for 24 h. Normal rabbit IgG is the negative control. IP: 
immunoprecipitation. On the right, the level of HSP70 and ARF in whole cell lysate from the same samples is depicted. (C) Co-immunoprecipitation of 
HSP70 with endogenous ARF (negative control IgG in lane 2) in mouse embryo fibroblasts (MEFs) from the p53-/- mouse. (D) Co-immunoprecipitation 
of HSP70 with endogenous ARF (negative control IgG in lane 2) in a T-cell lymphoma line isolated from the p53-/- mouse (T313). (E) Co-immunoprecip-
itation of endogenous ARF with HSP70 in p53-/- MEFs. (F) Co-immunoprecipitation of HSP70 with ARF antisera in mitochondrial (Mito) and cytosolic 
(Cyto) lysates isolated from U2OS-ARF cells treated with doxycycline (doxy) for 24 h.



www.landesbioscience.com	 Cancer Biology & Therapy	 505

with PES, and we assessed autophagy by western analysis for 
p62SQSTM1, which is degraded by autophagy.15 As depicted in 
Figure 3A, treatment of U2OS cells with doxycycline and PES 
for 24 h led to an increase in level of monomeric and oligomeric 
p62SQSTM1, and in the level of LC3-I, consistent with impaired 
autophagy. Additionally, 48 h induction of ARF led to reduced 
levels of monomeric p62SQSTM1, consistent with the induction of 
autophagy, but concomitant incubation with PES led to an accu-
mulation of p62SQSTM1 (Fig. 3B). These data indicate that inhibi-
tion of HSP70 by PES can overcome ARF-mediated autophagy.

Cell lines that express ARF show increased sensitivity to 
HSP70 inhibition. We previously reported that some tumor 
cell lines utilize ARF-mediated autophagy in order to survive 
periods of nutrient deprivation.14 These data suggest that cells 
with high levels of ARF, which would be predicted to utilize 
the pro-survival functions of ARF-mediated autophagy, might 
be more sensitive to the autophagy-inhibitory effects of PES. 
To test this hypothesis, we utilized p53-null MEFs, as well as a 
sarcoma cell line from the p53-knockout mouse; because loss of 
p53 de-represses ARF expression,13,14 both of these lines contain 
high levels of ARF. We infected these cells with a short hairpin 
to silence ARF (shARF) or a short hairpin control (shControl) 
in order to create matched cell lines that differ in ARF status. 
We then tested these matched cell lines for their sensitivity to 
PES. As shown in Figure 4A, cells infected with shControl were 
quite sensitive to PES, as judged by the appearance of rounded 
cells 8 h following PES treatment. In contrast, the same cells in 
which ARF is silenced appear to be resistant to these effects of 
PES (Fig. 4A). We then assessed the IC

50
 for PES in these MEF 

lines infected with shARF and shControl. As indicated in Figure 
4B, cells infected with shARF showed a 3-fold increase in IC

50
  

(2.5–7.5 uM), confirming that cells expressing ARF are more 
sensitive to the cytotoxic effects of PES.

Discussion

Several groups have reported that the ARF tumor suppressor 
can induce autophagy.6,7 However, the controls that mediate the 

test the hypothesis that interaction with HSP70 plays a role in 
ARF-dependent autophagy, we inhibited HSP70 function with 
PES and analyzed the ARF/HSP70 interaction, as well as the 
ability of ARF to induce autophagy. Toward this end, U2OS-
ARF cells and p53-/- mouse embryo fibroblasts (MEFs) were 
treated with PES and analyzed by IP-western for the ARF-HSP70 
complex. As shown in Figure 2, incubation with PES did not 
disrupt the interaction between HSP70 and ARF (Fig. 2A and 
B). Indeed, treatment with PES appeared to enhance this interac-
tion, though this was likely because treatment with PES causes 
increased steady-state levels of HSP70.11 Notably, treatment of 
cells with PES markedly inhibited the ability of ARF to local-
ize to mitochondria (Fig. 2C). This is consistent with a role for 
HSP70 in the transport of ARF to mitochondria. To confirm the 
effect of PES on the trafficking of ARF to mitochondria, we used 
immuno-electron microscopy to analyze ARF localization. This 
analysis revealed that treatment of U2OS-ARF cells with PES 
significantly decreased the amount of ARF immuno-staining 
gold particles at the mitochondria (Fig. 2D). Again, these data 
are consistent with the hypothesis that interaction with HSP70 
may facilitate the trafficking of ARF to mitochondria. In order 
to further test this hypothesis, we silenced p53 using a p53 short 
hairpin (sh-p53) in MEFs from wild-type (wt) or HSP70-/- mice. 
Because p53 normally transcriptionally represses ARF, its silenc-
ing is accompanied by strong upregulation of ARF.13,14 We then 
assessed the level of total ARF, along with the level of ARF local-
ized to mitochondria. As depicted in Figure 2F, sh-p53-treated 
cells expressed high levels of ARF in both wt and HSP70-/- 
MEFs. Interestingly, however, while the absence of HSP70 did 
not affect the steady-state level of ARF, it markedly decreased the 
level of ARF associated with mitochondria. The combined data 
indicate that HSP70 may stabilize cytosolic ARF, and in this way 
facilitate the localization of ARF to mitochondria.

We next chose to determine whether PES could inhibit ARF-
mediated autophagy; this would support the contention that 
mitochondrial localization of ARF is required for autophagy. 
Toward this end we treated ARF-inducible cells with doxycy-
cline to induce ARF in the presence or absence of incubation 

Table 1. Mitochondrial ARF-binding proteins

Mass Spectrometry Results

Top ranked protein name
Accession 

number
Protein 

MW
Protein 

PI
Pep.

count
Protein 

score C. I. %
Total ion 

score
Total ion 

C. I. %

Heat shock 70 kDa protein 2 [Homo sapiens] gi|12804655 69977.9 5.56 12 100 164 100

HYOU1 protein [Homo sapiens] gi|47938913 75296.7 5.55 13 99.969

Stress-induced-phosphoprotein 1 gi|5803181 62599.4 6.4 22 100 40 99.763

Stress-induced-phosphoprotein 1 gi|5803181 62599.4 6.4 18 100 27 95.802

Chaperonin containing TCP1, subunit 3 isoform c 
[Homo sapiens]

gi|58761484 56395.2 6.1 16 100 36 99.483

Heat shock 70 kDa protein 9B (mortalin-2) [Homo sapiens] gi|12653415 73681.9 6.03 11 100 38 99.703

Cationic trypsinogen [Homo sapiens] gi|11120626 9108.8 9.24 2 96.359 52 99.988

Bcl-xl [Homo sapiens] gi|510901 25086.2 4.83 3 100 58 99.988

Annexin A2 [Homo sapiens] gi|18645167 38551.8 7.57 21 100 372 100

Chain C, crystal structure of human P32 [Homo sapiens] gi|4930075 23786.5 4.32 6 100 607 100
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Figure 2. HSP70 is required for ARF localization to mitochondria. (A) The HSP70 inhibitor phenylethynesulfonamide (PES) does not block HSP70-ARF 
complex formation. Co-immunoprecipitation of HSP70 with ARF antisera in U2OS-ARF cells following ARF induction with doxycycline for 24 h in the 
presence and absence of phenylethynesulfonamide (PES) at the indicated concentrations (5, 10, 20 uM). IgG is the negative control. IP: immunopre-
cipitation. (B) Co-immunoprecipitation of HSP70 with ARF from p53-/- MEFs following 24 h of treatment with 5 uM PES. (C) Protein gel analysis using 
antisera for the proteins indicated of cytosolic (Cyto) and mitochondrial (Mito) extracts isolated from U2OS-ARF cells, treated or untreated for 24 h 
with doxycycline (Doxy, 100 ng/ml) and/or PES (20 uM). The normalized values (norm. value) for ARF in the cytosol and mitochondria were assessed 
by densitometry and normalized to the BAK and PCNA controls. In the bottom part, 20 ug of mitochondrial and cytosolic extract were probed for 
GRP75 and BAK, which are mitochondrial proteins, and PCNA, which is cytosolic and nuclear, to assess the integrity of mitochondrial purification. (D) 
Immuno-electron microscopy using ARF antisera and Protein G-Gold was assessed for the percent of mitochondria with three or more gold labels in 
the mitochondria of U2OS-ARF cells following 24 h of treatment with doxycycline and/or PES (20 uM). The values shown are averaged from three in-
dependent experiments. In the lower part, immuno-electron microscopy using ARF antisera followed by protein G-Gold is depicted in U2OS-ARF cells 
following 24 h of treatment with doxycycline and/or PES (20 uM). The arrows indicate gold particles localizing with mitochondria. Scale bars are 500 
nm. (E) Protein gel analysis using antisera for the proteins indicated from extracts isolated from whole cell lysate (WCL), cytosol (Cyto) and mitochon-
dria (Mito) purified from mouse embryo fibroblasts (MEFs) from a wild-type (wt) or HSP70-/- mouse. In order to upregulate ARF, MEFs were infected 
for 48 h with short hairpin to silence p53 (shp53). Twenty ug of mitochondrial and cytosolic extract were probed for GRP75, which are mitochondrial 
proteins, and PCNA, which is cytosolic and nuclear, to assess the integrity of mitochondrial purification.
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ARF-interacting proteins from purified mitochondria. We iden-
tified the major cytosolic heat shock protein 70 (HSP70) as an 
ARF-interacting protein. HSP70 is known to function in the 
refolding of misfolded proteins, as well as in the stabilization 

mitochondrial localization of ARF to mitochondria have not 
been clear. In this report, in order to better elucidate the mech-
anism underlying this process, we performed 2-dimensional 
differential in-gel electrophoresis (2D-DIGE) to identify 

Figure 3. The HSP70 inhibitor phenylethynesolfonamide (PES) blocks ARF-mediated autophagy. (A) Protein gel analysis using antisera for the proteins 
indicated of whole cell lysate extracts from U2OS ARF cells treated with Doxycycline (Doxy) and/or PES for 24 h, or left untreated. Shown are the mo-
nomeric (bottom) and oligomeric (top band) forms of p62SQSTM1, which accumulate in cells in which autophagy is inhibited, and LC3 (LC3 II), which also 
accumulates when autophagic flux is inhibited. (B) Protein gel analysis using antisera for the proteins indicated of whole cell lysate extracts from U2OS 
ARF cells treated with Doxycycline (Doxy) and/or PES for 48 h, or left untreated. Shown are the monomeric (bottom) and oligomeric (top band) forms 
of p62SQSTM1, which decrease in autophagic cells, but accumulate in these cells when autophagy is inhibited.

Figure 4. ARF is a determinant of PES-mediated toxicity. (A) Phase-contrast images of MEFs from the p53-/- mouse, as well as a Sarcoma cell line from 
the p53-/- mouse, infected with shARF to silence ARF or the control retrovirus shControl, in the presence and absence of 5 uM PES after 8 h. Shown on 
the right is a representative protein gel blot confirming the silencing of ARF in the MEF line. (B) The p53-/- MEF cell line infected with shARF or shControl 
was treated with the indicated concentrations of PES for 72 h and cell viability was assessed using the sulforhodamine blue assay. Values shown are 
the averages of three independent experiments, normalized to the viability of the control (DMSO-treated) cells.
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as previously described in reference 12. Pellets were placed at 
-80°C overnight and protein concentration was determined 
using the DC assay (Bio-Rad Laboratories, Inc., Hercules, CA). 
Protein gel blotting was performed as described on 100 ug whole 
cell lysate and 20 ug mitochondrial lysate; antisera used were 
anti-p19ARF (Abcam), anti-Mdm2 (Ab-1; Ab-2, Calbiochem) 
anti-actin (AC15, Sigma), anti-GRP75 (C19, Santa Cruz), 
anti-PCNA (PC10, Santa Cruz), anti-Bak (NT, Upstate). For 
IP-westerns equivalent amounts of protein (500 μg total cellu-
lar or 100 μg mitochondrial fraction) were immunoprecipitated 
with 1 μg of anti-p19ARF (Abcam) or HSP70 (Cell Signaling). 
Two dimensional differential in-gel electrophoresis (2D-DIGE) 
was performed by Applied Biomics (Hayward, CA); briefly, 
1,000 ug of purified mitochondria was lysed by freeze-thaw in 
Nonidet P-40 buffer and immunoprecipitated with 1 ug of anti-
p19ARF antibody (GeneTex) from induced and uninduced U2OS-
ARF cells. These samples were covalently linked to CyDye and 
run with 100 ug of total mitochondrial lysate from induced cells 
on first dimension isoelectric focusing and second dimension 
SDS-PAGE. Image analysis was performed using DeCyder soft-
ware and spots were picked and analyzed by mass spectrometry 
(MALDI/TOF/TOF).

Electron microscopy. Cells were trypsinized and prepared for 
cryosectioning. In brief, cell pellets were fixed in 6% formalde-
hyde, washed, cryoprotected with 2.1 M sucrose and frozen in 
liquid nitrogen. Thin sections were cut at -120°C, collected on 
EM grids and labeled with primary antibody which was subse-
quently visualized by secondary labeling with colloidal gold con-
jugated to Protein G. All samples were viewed in a FEI Tecnai 12 
TEM operated at 80 kV, the images were recorded using AMT 
digital camera.

Cell viability (SRB, sulforhodamine B) assay. Cells  
(2 x 104) were plated into 96 well plates in 200 ul media, 
allowed to attach overnight and treated with PES (10 uM) for 
24 h. After a 72-h incubation period, the cells were fixed with 
100 ul cold 10% TCA and incubated for 1 h at 4°C. The plates 
were then washed four times with slow-running tap water and 
air-dried at room temperature. 100 ul 0.057% SRB solution 
was added to the cells and the cells were incubated for 30 min 
at room temperature. The cells were then quickly rinsed four 
times with 1% acetic acid to remove any unbound dye. The 
protein-bound dye was solubilized using 200 ul 10 mM Tris 
base solution (pH 10.5) per well, and the resulting colored solu-
tions were spectrophotometrically quantified at an absorbance 
of 540 nm, as described in reference 18.
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and trafficking of proteins to mitochondria; indeed, the 
HSP70 inhibitor we utilized here, PES, was first identified in a  
chemical screen to identify compounds that inhibit the traf-
ficking of p53 to mitochondria.16 We show that PES abolishes 
the trafficking of ARF to mitochondria, likely because HSP70 
stabilizes cytolsolic ARF, and that it likewise inhibits ARF-
mediated autophagy. These data support the relevance of mito-
chondrial localization and HSP70 function to ARF-mediated 
autophagy.

We have previously shown that PES is an effective chemo-
therapeutic agent in a pre-clinical model of murine Burkitt’s lym-
phoma.11 However, the molecular determinants of PES-mediated 
cytotoxicity (other than HSP70) have not been identified. Herein 
we show that two cell lines that express high levels ARF are more 
sensitive to the cytotoxic effects of PES. These data support the 
contention that high levels of ARF may be a biomarker for treat-
ment success with PES. Recently, ARF was identified as a marker 
for advanced tumors, as antisera to ARF more frequently stained 
K-Ras-driven lung adenocarcinomas compared with adenomas.1,2 
Therefore, it is possible that PES will prove an effective agent in 
the most aggressive types of tumors, which bodes well for the use 
of this compound clinically. Prior to the introduction of PES to 
clinical use, however, more studies on the efficacy of this com-
pound in pre-clinical models, as well as toxicity studies, need to 
be done.

Once ARF localizes to the mitochondria, we have shown 
that it can bind to Bcl-x

l
 and disrupt the Beclin-1/Bcl-x

l
 com-

plex.6 This leads to an increased ability of Beclin-1 to perform 
its autophagy function(s). In this study, in addition to identi-
fying Bcl-x

l
, we also identified several stress-induced chaperone 

proteins, and the protein Annexin A2, as interactors of mito-
chondrial ARF. Annexin A2 is a calcium-regulated phospholipid 
binding protein that we have confirmed interacts with mitochon-
drial ARF and localizes to autophagosomes (Pimkina JS, unpub-
lished data). Therefore, this unbiased proteomic study has set the 
stage to begin to elucidate the mechanism(s) whereby ARF traf-
fics to mitochondria and initiates autophagy.

Material and Methods

Cell culture, infections. The p53 null MEF cell line, the p53-/-  
mouse sarcoma cell line, and the mouse T-cell lymphoma cell 
line T313 were cultured in DMEM supplemented with 10% fetal 
bovine serum, 100 units/ml penicillin and 100 μg/ml strepto-
mycin sulfate at 37°C in a humidified atmosphere containing 
5% CO

2
. The U2OS/Tet-On/p19ARF-inducible cell line (U2OS-

ARF) was obtained from Pradip Raychaudhuri (University of 
Illinois at Chicago) cultured in presence of 0.1 μg/ml doxy-
cycline (Sigma) to induce ARF. For retroviral infection with 
shARF or shControl, Phoenix cells were co-transfected with ret-
roviral vectors and helper plasmid using Fugene 6; supernatants 
were filtered and used subsequently for retroviral infections as 
described in reference 17.

Mitochondria isolation, immunoprecipitation-protein 
gel analysis, 2D-DIGE. Mitochondria were purified from 
p53-/- MEF, U2OS ARF cell lines using mannitol gradients 
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