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Introduction

The ARF tumor suppressor (known as p14ARF in human and 
p19ARF in mouse) accumulates in response to aberrant oncogenic 
signals and activates a rapid and potent p53-dependent cell cycle 
arrest (reviewed in refs. 1 and 2). In most cells ARF is localized 
predominantly within the nucleolus where it is stabilized by its 
interaction with endoribonuclease B23,3-5 and where it retards 
the processing of ribosomal RNA precursors4,6,7 and inhib-
its the activity of mature ribosomes.8 The release of ARF from 
the nucleolus, in response to various stress signals, including 
cytotoxic drugs (such as actinomycin D)9 and DNA damaging 
agents (including UV) enables it to interact with the p53-spe-
cific E3 ubiquitin ligase mdm2.10-12 This nucleoplasmic ARF-
mdm2 complex inhibits the mdm2-mediated ubiquitination of 
p53 to prevent the nuclear export and subsequent degradation 
of p53.13,14 In addition to nucleolar and nucleoplasmic forms of 
ARF, the full-length ARF protein and a shorter isoform of ARF 
(smARF; short mitochondrial ARF) have been detected within 
mitochondria where they can induce apoptotic cell death and/or 
autophagy.15,16

smARF accounts for less than 5% of total cellular ARF and is 
a product of internal initiation of translation at Met-45 in mouse 
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and Met-48 in human. Murine smARF (m-smARF) lacks the 
amino terminal sequences required for binding mdm2 and B23, 
and is missing the single nucleolar localisation motif encoded by 
p19ARF (residues 26–37) (Fig. 1A).15,17 Thus, m-smARF does not 
localize to the nucleolus nor induce p53 stabilisation. Instead, 
m-smARF is targeted to mitochondria, becomes stabilized upon 
binding the p32 mitochondrial protein and reduces mitochondrial 
inner membrane potential (∆ψ

m
) without causing cytochrome C 

release to induce autophagy and non-apoptotic cell death.15,18 
The subcellular distribution of human smARF (h-smARF) is 
less clear. Unlike p19ARF, the full-length human p14ARF protein 
encodes two nucleolar localisation sequences (residues 2–14 and 
82–101)17,19,20 and h-smARF retains the C-terminal motif (Fig. 
1A). Initial results showing mitochondria localisation of ectopi-
cally expressed h-smARF18 were not reproduced in a later study 
analysing endogenous h-smARF in cancer cells.21

It has been suggested that full-length human and murine ARF 
are also recruited to mitochondria; significant but minor amounts 
(less than 5%) of endogenous p14ARF and p19ARF were detected 
in mitochondrial preparations derived from human tumor cells 
and mouse embryonic fibroblasts (MEFs).21,22 Full-length p19ARF 
and p14ARF are also capable of binding p32,16,18 and the mito-
chondrial localisation of p14ARF required interaction with p32 via 

the p14ARF tumor suppressor is frequently targeted for inactivation in many human cancers and in individuals predisposed 
to cutaneous melanoma. the functions of p14ARF are closely linked with its subcellular distribution. Nucleolar p14ARF 
dampens ribosome biosynthesis and nucleoplasmic forms of p14ARF activate the p53 pathway and induce cell cycle arrest. 
p14ARF can also be recruited to mitochondria where it interacts with many mitochondrial proteins, including Bcl-xL and 
p32 to induce cell death. It has been suggested that the movement of p14ARF to mitochondria requires its interaction 
with p32, but we now show that the ARF-p32 interaction is not necessary for the accumulation of p14ARF in mitochondria. 
Instead, highly hydrophobic domains within the amino-terminal half of p14ARF act as mitochondrial import sequences. 
We suggest that once this hydrophobic pocket is exposed, possibly in a stimulus-dependent manner, it accelerates 
the mitochondrial import of p14ARF. this allows the interaction of p14ARF with mitochondrial proteins, including p32 and 
enables p53-independent cell death.
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To validate mitochondrial import of the amino terminal 
p14ARF constructs we modified existing mitochondrial fraction-
ation protocols to ensure that p14ARF was isolated within the 
nuclear/unlysed fraction. General fractionation protocols extract 
high levels of p14ARF in cytoplasmic fractions,15,16 and this does 
not coincide with the nucleolar p14ARF localisation seen using 
microscopy, but is a common artefact for small nuclear pro-
teins. We also rigorously examined mitochondrial preparations 
for contamination with cytoplasmic proteins (α-tubulin and 
PCNA were used as markers) as well as nuclear proteins (PCNA 
and the predominantly nuclear p53 were used as markers). Only 
minor amounts of transfected full-length p14ARF-FLAG and 
p14ARF65-132-FLAG were detected in mitochondrial preparations, 
whereas a significant amount of the amino-terminal constructs of 
p14ARF (p14ARF1-64-FLAG and p14ARF1-87-FLAG) fractionated with 
the mitochondrial proteins, mtHsp70 and Tom 20 (Fig. 1C). 
Although, a significant proportion of p14ARF65-132 was located 
in the cytoplasm (Fig. 1B), the cytoplasmic form of p14ARF65-132 
was only detectable in our fractionation experiments when the 
proteasome inhibitor MG132 (1 µM) was added to cell culture 
media 24 h prior to lysis (Fig. 1C). These data are consistent with 
a previous report showing that the stability of cytoplasmic ARF 
is significantly reduced.25

It is not possible to quantify mitochondrial localisation as an 
unknown proportion of cells remain unlysed in all mitochondrial 
fractionation protocols and the efficiency of protein recovery 
from each fraction may vary.15,21 Interestingly, our data matched 
computer predictions of the likelihood of mitochondrial target-
ing. Analysis of p14ARF1-64 and p14ARF65-132 using the MitoProtTM 
algorithm resulted in an 86% and 7% predicted probability of 
mitochondrial import.26

To avoid non-physiological effects that might alter localisation 
and function in cells overexpressing p14ARF, we generated two 
U2OS cell models that stably express inducible forms of FLAG-
tagged wild type p14ARF (U2OS_p14ARF-FLAG) or FLAG-tagged 
melanoma-associated p14ARF1-87 (U2OS_p14ARF1-87-FLAG). These 
cell clones accumulated p14ARF at levels comparable to endog-
enous p14ARF detected in the H1299 lung carcinoma cell line 
(Fig. 2A). Further, in accordance with our transient transfection 
results, physiological levels of p14ARF1-87, but not wild type p14ARF, 
co-localized with mitochondria (Fig. 2B). In addition, the induc-
ible accumulation of wild type p14ARF or mitochondrial p14ARF1-87 
did not increase the proportion of sub-G

1
 (data not shown) or 

Annexin V-positive apoptotic cells at three, six or nine days post 
induction (the nine day time point is shown in detail; Fig. 2C). 
Moreover, we examined the localisation of GFP-tagged LC3 
(microtubule-associated protein 1 light chain 3) in the presence 
of inducible p14ARF. Vesicular accumulation of LC3 is a marker of 
autophagy27 and, as expected, was evident in U2OS cells express-
ing murine smARF (Fig. 2D). In contrast, GFP-LC3 remained 
nuclear and diffusely cytoplasmic in cells accumulating wild type 
p14ARF or the mitochondrial p14ARF1-87 (Fig. 2D).

To determine whether mitochondrial forms of human p14ARF 
reside inside the mitochondria or on the outer surface of the 
organelle, mitochondrial enriched fractions derived from the sta-
ble U2OS cell models were exposed to proteinase K, a nonspecific 

the C-terminal ARF nucleolar localisation sequence (Fig. 1A). 
Mitochondrial p14ARF has been shown to induce the dissipation 
of ∆ψ

m
 and this was associated with cytochrome C release and 

mitochondrial-mediated apoptosis, rather than autophagy.16 The 
role of the p19ARF-p32 interaction in targeting full-length p19ARF 
to mitochondria has not been investigated, although immuno-
precipitation of p19ARF revealed a dozen ARF-interacting proteins 
in the mitochondria, including Bcl-x

L
, a regulator of autophagy 

and apoptosis.22,23 Full-length p19ARF, like its smaller isoform 
m-smARF, induced dissipation of ∆ψ

m
 without causing cyto-

chrome C release to induce autophagy and non-apoptotic cell 
death.15,22

The inconsistencies regarding the mitochondrial localisation, 
stabilisation and function of human and murine ARF proteins 
presumably reflect the inherent variation in the primary sequence 
of these two proteins. p14ARF and p19ARF share only 50% amino 
acid homology and their nucleolar targeting and p32 binding 
sequences are not conserved. It is also probable that additional 
sequences contributing to mitochondrial import of ARF differ 
between ARF homologues. Certainly, sequences other than the 
p32-binding domain are required for mobilisation of p14ARF into 
the mitochondria, as the C-terminal half of p14ARF, which effec-
tively binds p32, fails to accumulate in mitochondria.21 In this 
report we re-analysed the localisation of human p14ARF in order 
to define import sequences required for mitochondrial targeting. 
We now report that the p32 binding sequence is not essential 
for the mitochondrial accumulation of p14ARF. Instead, highly 
hydrophobic motifs within the amino-terminal half of p14ARF act 
as the primary mitochondrial import sequences. These hydro-
phobic regions lie outside the coding region of h-smARF and we 
suggest that once this hydrophobic pocket is exposed in a stimu-
lus-dependent manner it accelerates the mitochondrial import of 
p14ARF and p53-independent cell death.

Results

To initially evaluate the mitochondrial import of p14ARF, full-
length p14ARF (residues 1–132), the amino-terminal half of 
p14ARF (residues 1–64; referred to as p14ARF1-64), the p14ARF 
carboxy-terminus (residues 65–132; referred to as p14ARF65-132) 
and the melanoma-associated carboxy-terminal truncation 
(p14ARF1-87;24) were each cloned in frame with the FLAG-epitope 
in the pFLAG-CMV-5b vector as previously described.19 As 
expected, p14ARF-FLAG showed strong nucleolar staining in 
the p53-positive NM39 melanoma (Fig. 1B) and U2OS osteo-
sarcoma cells (data not shown). The amino-terminal p14ARF1-87-

-FLAG and p14ARF1-64-FLAG proteins were distributed within 
the nucleolus, nucleoplasm and exhibited punctate cytoplasmic 
staining in all transfected NM39 cells. Co-staining with the 
mitochondrial markers, MitoTracker Red (accumulates only in 
actively, respiring mitochondria in live cells) and cytochrome C 
(data not shown) confirmed that p14ARF1-87-FLAG and p14ARF1-

64-FLAG co-localized with mitochondria (Fig. 1B). In contrast, 
the C-terminal p14ARF65-132-FLAG protein was evenly distributed 
throughout the cell, with no obvious mitochondrial-staining 
pattern (Fig. 1B).
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Figure 1. Amino terminal se-
quences target human p14ARF 
to mitochondria. (A) Align-
ment of the human p14ARF 
and murine p19ARF amino acid 
sequences with invariant 
residues shaded in grey, the 
internal initiator methionine 
residues (Met-45 and Met-48) 
of the short mitochondrial 
ARF isoforms are boxed and 
known functional motifs are 
indicated. NoLS, nucleolar 
localisation sequence. (B) the 
indicated FLAG-tagged p14ARF 
constructs were transiently 
introduced into the NM39 
melanoma cells using Lipo-
fectamine 2000. Approxi-
mately 40 h post transfec-
tion, cells were stained with 
Mitotracker dye, fixed and 
immunostained. Cells were 
examined by confocal mi-
croscopy and the percentage 
subcellular distribution of 
each ARF construct was tabu-
lated and determined from at 
least two separate transfec-
tion experiments, from a total 
of at least 400 fluorescent 
cells. All standard deviation 
were less than ±5%. -M; no 
ARF mitochondrial stain-
ing detected, +M; ARF also 
detected in mitochondria. 
LM, light microscopy. (C) Cel-
lular extracts from U2oS cells 
transfected with the indicated 
constructs were fractionated 
into nuclear and unlysed (NU), 
cytosolic (C) and mitochondri-
al (M) fractions and 40 µg of 
each fraction was loaded per 
lane. extracts were probed 
for mtHsp70 and tom 20 
(mitochondrial protein mark-
ers), α-tubulin (a cytoplasmic 
protein marker), pCNA (a 
cytosolic and nuclear protein 
marker) and p53 (predomi-
nantly nuclear protein marker 
with some mitochondrial 
localisation). the membranes 
were also probed with a 
FLAG antibody to detect the 
ectopically expressed p14ARF 
constructs. Cytoplasmic 
p14ARF65-132 was only detect-
able when cells were treated 
with the proteasome inhibitor 
MG132 (+MG132).
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distributed as wild type EGFP with even distribution throughout 
the nucleus and cytoplasm (Fig. 4C).

The influence of p32 and mdm2 binding on mitochondrial 
p14ARF import was examined using co-immunoprecipitation 
assays. As shown in Figure 5A, mitochondrial import did not cor-
relate with p32 or mdm2 affinity. Instead, only p14ARF variants 
retaining the amino terminal mdm2 binding domain (p14ARF, 
1–64 and 1–87; see Fig. 1A), regardless of their subcellular dis-
tribution interacted with and stabilized mdm2.28 Similarly, only 
mitochondrial p14ARF variants that retained the carboxy-terminal 
p32-binding domain (1–87 and 41–132) interacted with p32 in 
vivo. Importantly the mitochondrial p14ARF1-64 mutant did not pull 
down p32 (Fig. 5A). To confirm that p32-binding was not neces-
sary for ARF mitochondrial import we applied a lentiviral shRNA 
vector that specifically suppresses the expression of p32 (Fig. 5B). 
The stable U2OS_p14ARF1-87-FLAG cells were transduced with a 
p32-specific or negative control shRNA molecule co-expressing 
copGFP and two days post-infection, cells were induced to express 
p14ARF1-87. As shown in Figure 5C, the p14ARF1-87 variant remained 
predominantly mitochondrial regardless of p32 expression.

Collectively, these data indicate that ARF is an autonomous 
mitochondria-localising protein with an internal mitochondrial 
import signal. The nature of these signals is not well defined but they 
appear to be hydrophobic in nature.29 A computer-assisted analy-
sis (Pepinfo at www.angis.org.au) of the p14ARF sequence, accord-
ing to the Kyte and Doolittle method, revealed three stretches of 
hydrophobic residues; region 1 encompassed amino acid residues 
5–9, region 2 includes amino acids 22–28 and region 3 consists 
of residues 39–50 (Fig. 6A). Intriguingly, p19ARF has three simi-
lar, although less hydrophobic stretches within its amino terminus 
but p19ARF also encodes an additional hydrophobic motif within 
its carboxy-terminus that is absent in the human p14ARF protein 
(data not shown). Considering that p14ARF36-132 was still predomi-
nantly mitochondrial, and encodes only hydrophobic region 3, we 
concentrated on the function of this third hydrophobic region in 
mitochondrial import. Residues Ala-42, Val-43, Ala-44 and Leu-
45 were each replaced with charged residues in the predominantly 
mitochondrial p14ARF36-132 (p14ARF36-132DEDR-FLAG). The interrup-
tion of the third hydrophobic domain severely disrupted the abil-
ity of p14ARF36-132DEDR to enter the mitochondria, and the majority 
of cells transfected with p14ARF36-132DEDR-FLAG displayed mostly 
nucleoplasmic and nucleolar staining in NM39 (data not shown) 
and U2OS cells (Fig. 6B). Unfortunately, this mutant expressed 
poorly and this did not allow for analysis of subcellular distribu-
tion using western blot analysis. To determine whether hydropho-
bic stretch 1 contributed to mitochondrial targeting of p14ARF, 
we utilized a previously described melanoma-associated germline 
mutation.30 This 16 base pair insertion causes a frameshift in 
p14ARF after codon 21, thus leaving only hydrophobic region 1 
intact. As expected, this p14ARF60ins16 mutant was predominantly 
mitochondrial (Fig. 6C and D).

Discussion

Our data support a model of ARF translocation recently pro-
posed by Itahana and co-workers.21 In particular, we confirm 

serine protease that cannot penetrate mitochondrial membranes. 
Truncated forms of p14ARF that co-localized with mitochondria, 
including the melanoma-associated carboxy-terminal truncation 
(p14ARF1-87; Fig. 1)24 were detected predominantly in the protei-
nase K-resistant compartment of the mitochondria (Fig. 2E). 
p14ARF1-87 was subjected to degradation upon addition of the 
detergent Triton-X (Fig. 2E). This pattern of resistance to pro-
teinase K was similar to that of mtHsp70 (Fig. 2E), suggesting 
that mitochondrial p14ARF is an intramitochondrial protein. In 
contrast, Bcl-x

L
 and Tom 20, which are surface mitochondrial 

proteins, were completely proteolyzed in the presence of protei-
nase K even in the absence of detergent (Fig. 2E).

We also analysed the subcellular distribution of h-smARF 
(residues 48–132) in transfected NM39 cells and found that it 
was found mostly within nucleoli with only 21% of transfected 
NM39 cells showing some evidence of mitochondrial h-smARF 
(Fig. 3A). Our mitochondrial fractionation experiments con-
firmed that h-smARF was not predominantly mitochondrial 
(Fig. 3B). This was in stark contrast to the m-smARF isoform 
(residues 45–169), which was mitochondrial in all transfected 
NM39 cells (Fig. 3A) and fractionated predominantly with 
mitochondria (Fig. 3B). We also found that ectopic expres-
sion of h-smARF did not cause dissipation of ∆ψ

m
. Transfected 

NM39 and U2OS cells expressing h-smARF showed efficient 
uptake of MitoTracker; only 5.5 ± 1% and 2.7 ± 2% of NM39 
(Fig. 3A) and U2OS cells (data not shown), respectively showed 
reduced MitoTracker uptake, whereas nearly 98 ± 0% and 91 ± 
1% of NM39 (Fig. 3A) and U2OS cells, respectively express-
ing m-smARF lacked MitoTracker dye uptake, as previously 
reported.15

To further define the mitochondrial targeting sequences of 
p14ARF we constructed and tested a series of FLAG tagged ARF 
amino-terminal truncations comprising amino acids 14–132, 
36–132, 41–132 and 46–132. As shown in Figure 4A, deletion 
of the first 40 p14ARF amino acids (p14ARF41-132-FLAG) did not 
eliminate mitochondrial import of p14ARF, and this truncated 
protein showed punctate cytoplasmic staining and fractionated 
with the mitochondrial marker proteins (Fig. 4A and B). The 
deletion of an additional six amino acids to generate the con-
struct comprising amino acids 46–132 (p14ARF46-132-FLAG) sig-
nificantly diminished the punctate cytoplasmic staining of ARF 
and this truncation mutant localized predominantly within the 
nucleolus, nucleoplasm and cytoplasm with minor amounts in 
the mitochondrial fractions (Fig. 4A and B).

To determine whether sequences encompassing residues 41–64 
encode an intrinsic mitochondrial targeting signal sequence, we 
tagged residues 36–64, 41–64 and 46–64 with the enhanced 
green fluorescent protein (EGFP). Attempts to utilize the eight 
amino acid FLAG tag were not successful presumably because 
the peptides were unstable. Even the EGFP-tagged peptides were 
poorly expressed and this did not allow for analysis of subcellular 
distribution using western blot analysis. Instead we relied on co-
staining with MitoTracker to define the localisation of the tagged 
fluorescent proteins. In agreement, with the above results, EGFP-
tagged with the ARF residues 36–64 or 41–64 showed distinctive 
mitochondrial staining whereas the 46–64 tagged EGFP protein 
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although p32 binding may anchor ARF within mitochondria, the 
ARF-p32 interaction is not necessary for mitochondrial import 
of ARF. It has been suggested that depletion of p32 diminishes 
the mitochondrial uptake of full-length p14ARF,16 but we did not 
observe significant mitochondrial import of p14ARF and thus have 
been unable to reproduce these data. It is possible that full-length 
p14ARF rapidly shuttles between nucleoli and mitochondria, and 

that human ARF contains internal hydrophobic mitochondrial 
signals that promote its autonomous translocation to a protei-
nase K-resistant compartment of the mitochondria. These mito-
chondrial targeting sequences reside in the amino-terminal half 
of p14ARF, and do not include the mdm2/B23 or p32 binding 
sequences (Fig. 1A).16 Thus, as expected from current models of 
ARF localisation, mdm2 and B23 binding are not required for 
mitochondrial translocation of p14ARF. Our data also confirm that 

Figure 2. For figure legend, see page 834.
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Figure 2. the melanoma-associated p14ARF1-87 is predominantly mitochondrial but does not promote cell death. (A) Accumulation of p14ARF proteins 
was determined after treatment of U2oS_p14ARF-FLAG and U2oS_p14ARF1-87-FLAG cells with 4 mM IptG (+) or pBS (-). the levels of induced p14ARF were 
compared to those observed in the H1299 lung carcinoma cell line. All lanes in this analysis were derived from a single gel and western blot. Wild type 
forms of p14ARF were detected using an antibody against p14ARF, which did not detect the truncated p14ARF1-87 protein. As a result induced p14ARF1-87-FLAG 
and p14ARF-FLAG proteins were also detected with an antibody against the FLAG epitope. (B) the subcellular distribution of FLAG-tagged p14ARF pro-
teins was determined after treatment of U2oS_p14ARF-FLAG and U2oS_p14ARF1-87-FLAG cells with 4 mM IptG. Approximately 24 h post induction, cells 
were stained with Mitotracker dye, fixed and immunostained. Cells were examined by fluorescence and confocal microscopy (C). LM, light microscopy. 
(C) Dual colour flow cytometric Annexin V analysis for apoptosis of U2oS_p14ARF-FLAG and U2oS_p14ARF1-87-FLAG cells treated with 4 mM IptG (+) or 
pBS (-) for nine days. each result is obtained from at least two independent experiments. pI, propidium iodide. (D) Localisation of GFp-LC3 in U2oS cells 
co-transfected with m-smARF or induced to express wild type p14ARF or p14ARF1-87. (e) Mitochondrial fractions were derived from U2oS cells stably trans-
fected with inducible forms of wild type p14ARF or the melanoma-associated p14ARF1-87. the enriched mitochondrial fractions were assayed before and 
after proteinase K treatment, in the presence (p/t) or absence of triton X-100 (p), as indicated. proteolysis was stopped by the addition of 2 mM pMSF 
and proteins (20 µg per lane) were fractionated using SDS-pAGe and western blotted for p14ARF, Bcl-xL, tubulin, pCNA, tom 20, p53 and mtHsp70.

Figure 3. Human smARF is not targeted to mitochondria. (A) FLAG-tagged constructs of mouse smARF (m-smARF) and human smARF (h-smARF) were 
transiently introduced into the NM39 melanoma cell, and stained 40 h post transfection as detailed above. Cells were examined by confocal micros-
copy and mitochondria detected using Mitotracker (Mt) dye or with antibodies against mtHsp70 and tom 20. Arrows indicate Mitotracker uptake in 
cells expressing either h-smARF or m-smARF. the percentage subcellular distribution of each smARF construct is indicated and all standard deviation 
were less than ±5%. LM, light microscopy. (B) transfected U2oS cells were lysed and separated into nuclear and unlysed (NU), cytosolic (C) and mito-
chondrial (M) fractions as detailed above. Fractions were analysed by western blots for the indicated proteins. smARF proteins were detected with the 
rabbit antibody directed against the FLAG epitope.
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Figure 4. Mapping the mitochon-
drial import regions of p14ARF. 
(A) NM39 melanoma cells were 
transfected with the indicated 
FLAG-tagged truncated p14ARF con-
structs. the subcellular localisation 
of each construct was examined by 
confocal fluorescence microscopy 
40 h post transfection. the per-
centage subcellular distribution of 
each ARF construct is indicated and 
all standard deviation were less 
than ±5%. LM, light microscopy. 
(B) FLAG-tagged p14ARF trunca-
tion expression plasmids were 
transiently expressed in U2oS cells 
and their subcellular distribution 
was analysed by fractionating cells 
into nuclear and unlysed cells (NU), 
cytosolic (C) and mitochondria ex-
tracts (M). Fractions were analysed 
by western blots for the indicated 
proteins. (C) the amino terminal 
fragments of p14ARF encompassing 
amino acid residues 36–64, 41–64 
and 46–64 were each tagged, in 
frame, with the enhanced green 
fluorescent protein in the pEGFP-
N1 vector. each construct was 
transiently introduced into the 
NM39 melanoma cell line and 40 
h post transfection the subcellular 
distribution of the eGFp constructs, 
including untagged eGFp and 
eGFp tagged full-length p14ARF, was 
analysed by confocal fluorescence 
microscopy. LM, light microscopy.
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these differences between h-smARF and m-smARF contribute 
to the fundamental differences in ARF tumor suppressor activity 
in humans and mice.31 It is worth recognising, however, that the 
full-length versions of p14ARF and p19ARF also differ substantially, 
particularly in their regulation,32,33 and this may also impact on 
their tumor suppressor functions.

Although full-length p14ARF encodes the amino terminal 
mitochondrial targeting sequences, it is not localized predomi-
nantly within mitochondria. This suggests that the hydropho-
bic mitochondrial import sequences may need to be exposed in 
a stimulus-dependent manner, possibly involving cellular stress 
signals and ARF binding partners. Certainly, the physiological 
p14ARF-p32 interaction was enhanced in cells treated with low 
doses of actinomycin D16 and infection of MEFs with E1A and 
Ras, combined with p53 silencing, resulted in high p19ARF lev-
els along with p19ARF-induced autophagy.22 Stimulus-dependent 
recruitment into mitochondria has also been reported for the 

in the absence of p32 the nucleolar accumulation of p14ARF may 
be favored, and this possibility is currently under investigation.

Our results also clarify the localisation of h-smARF, which is 
a predominantly nucleolar isoform that lacks the amino termi-
nal hydrophobic domains and thus does not target to mitochon-
dria,21 or alter mitochondrial membrane integrity. The initial 
report identifying h-smARF as a mitochondrial protein did 
not test the mitochondrial preparations for nuclear protein con-
tamination, and it is possible that ‘mitochondrial’ h-smARF was 
derived from nuclear proteins.15 Our data is supported by a recent 
report showing that endogenous h-smARF was not in mitochon-
drial fractions of various human tumor cell lines.16 In contrast, 
we show that m-smARF is a mitochondria protein that induces 
mitochondrial membrane depolarisation. The discrepancy in the 
distribution of h-smARF and m-smARF presumably reflects the 
fact that only h-smARF retains an active nucleolar localisation 
sequence (see Fig. 1A). It will be important to determine whether 

Figure 5. p14ARF-p32 interaction is not required for mitochondrial p14ARF targeting. (A) U2oS cells were transfected with p32-MYC, mdm2 and p14ARF-
FLAG constructs, as indicated. Approximately 40 h post-transfection, cell extracts were prepared and immunoprecipitated using a monoclonal 
antibody to the FLAG epitope. Western analysis of the immunoprecipitates was performed with a MYC-specific (to detect p32-MYC) or mdm2-specific 
antibody. Ip, immunoprecipitation. this figure is compiled from duplicate experiments. (B) expression of the indicated proteins was determined by 
western blot analysis after infection of U2oS_p14ARF1-87-FLAG cells with the indicated shRNA constructs. Approximately 48 h post transduction, cells 
were exposed to IptG (+) or pBS (-) for 48 h. (C) U2oS_p14ARF1-87-FLAG were transduced with lentiviruses containing the indicated shRNA constructs. 
two days post infection the cells were treated with IptG (+) or pBS (-) and the subcellular distribution of p14ARF1-87 was examined in cells co-expressing 
copGFp (marker of shRNA transduction) two days post induction.
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exposed, allowing insertion of Bax and Bcl-w into the mitochon-
drial membrane (reviewed in ref. 29). In a preliminary screen with 
various cytotoxic treatments, including UV irradiation, cisplatin 
and actinomycin D, we were unable to conclusively demonstrate 

Bcl-2 family members, Bax and Bcl-w. In unstressed cell, Bax 
and Bcl-w are mostly cytosolic because their membrane-targeting 
hydrophobic C-terminal arms are masked within a hydrophobic 
pocket. In response to apoptotic stimuli, the C-terminal arm is 

Figure 6. Mitochondrial import of p14ARF via hydrophobic regions within its amino terminus. (A) plot graph of p14ARF hydropathy using the method 
of Kyte & Doolittle. the three hydrophobic domains are indicated. (B) the subcellular distribution of the p14ARF36-132 truncated protein was compared 
to the p14ARF36-132DeDR construct (in this construct the non-polar Ala-42, Val-43, Ala-44 and Leu-45 residues were each replaced with the Asp, Glu, Asp 
and Arg, respectively). these expression plasmids were transiently introduced into U2oS cells and analysed by fluorescence microscopy, 40 h post 
transfection. the percentage subcellular distribution of each ARF construct is indicated and all standard deviation were less than ±5%. LM, light 
microscopy. (C) the subcellular distribution of the melanoma-associated p14ARF60in16 mutant was assessed in transiently transfected NM39 cells using 
confocal microscopy. the percentage subcellular distribution of each ARF construct is indicated and all standard deviation were less than ±5%. (D) 
the melanoma-associated p14ARF60in16 mutant was transiently expressed in U2oS cells and analysed by fractionation of nuclear/unlysed extracts (NU) 
cytosolic extracts (C) and mitochondria extracts (M).
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U2OS_p14ARF-FLAG and U2OS_ p14ARF1-87-FLAG cell clones as 
previously described.37

Transient cell transfections and immunoprecipitations. 
For immunofluorescence studies, cultured cells (1 x 105) were 
seeded on coverslips in six-well plates and transfected with 1–3 
µg purified plasmid using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA USA). For mitochondrial extractions, cultured 
cells (4 x 106) were seeded in T75 flasks and transfected with 
6 µg of plasmid DNA using Lipofectamine 2000 (Invitrogen). 
Immunoprecipitations were performed using a monoclonal anti-
body to the FLAG epitope as previously described.38

Lentiviral transductions. Lentiviruses were produced in 
HEK293T cells as described previously.39 Cells were infected 
using a multiplicity of infection between 5–10 to provide an effi-
ciency of infection above 90% as measured by flow cytometry of 
the copGFP marker. Approximately 24 h after transduction, cells 
were trypsinized and re-seeded into separate flasks for western 
blot or immunofluorescence analysis. Cells were allowed to re-
adhere for 24 h and then IPTG added for 48 h to induce trans-
gene expression.

Annexin V apoptosis assay. Annexin V staining was per-
formed as detailed by the manufacturer (Sigma).

Indirect immunofluorescence. Approximately 40 h post 
transfection, cells were washed in phosphate-buffered saline 
(PBS) and fixed with 4% formaldehyde/PBS for 15 min at room 
temperature. Cells were rinsed three times with PBS then per-
meabilized with 0.2% Triton X-100/PBS for 10 min, rinsed then 
blocked in 10% FBS/PBS for 1 hour. Cells were incubated with 
primary antibodies for 50 min, washed then incubated with 
Alexa Fluor 488 or 594-conjugated secondary IgG (Molecular 
Probes, Carlsbad, CA USA). DNA was visualized using 1 µg/
mL 4',6-diamidino-2-phenylindole (DAPI; Sigma). For mito-
chondrial analysis, cells were incubated for 30 min with 100 
nM MitoTracker dye (Molecular Probes, Carlsbad, CA USA) 40 
h post transfection, then fixed and stained as described above. 
Subcellular distribution was determined from at least two sepa-
rate transfection experiments, from a total of at least 400 fluores-
cent cells.

Cell fractionation. Cell pellets were resuspended in isotonic 
buffer 1 (10 mM HEPES pH 7.9, 15 mM KCl, 2 mM MgCl

2
, 

0.1 mM EDTA containing protease inhibitors (Roche, Basel, 
Switzerland)), incubated on ice for 10 min and the cytosol col-
lected after the addition of 0.02% NP 40 and centrifugation at 
10,000 xg at 4°C for 1 min. The pellets were resuspended in dis-
ruption buffer (Q-proteome Mitochondria Isolation kit; Qiagen, 
Hilden, Germany), homogenized by multiple passages through 
a 25G needle, and centrifuged at 1,000 xg at 4°C for 10 min. 
The resulting nuclear pellet was resuspended in RIPA lysis buffer 
(1% Nonidet-P40, 0.1% SDS, 0.5% sodium deoxycholate in PBS 
containing protease inhibitors). The supernatant was centrifuged 
at 6,000 xg at 4°C for 15 min to pellet mitochondria which were 
resuspended in RIPA lysis buffer.

Western blotting. Proteins (30–50 µg) were resolved on 
12% SDS-polyacrylamide gels and transferred to Immobilon-P 
membranes (Millipore, Bedford, MA). Western blots were 
probed with antibodies against mtHsp70 (mitochondrial heat 

increased mitochondrial ARF targeting in NM39 or U2OS 
cells. Furthermore, disrupting the nucleolar accumulation of 
p14ARF with the acute myeloid leukemia-associated B23 mutant, 
did not promote mitochondrial accumulation of p14ARF 25,34 
(data not shown). Thus, the specific signals that may enhance 
mitochondrial targeting of the human ARF protein remain to 
be identified.

Once recruited to the mitochondria, ARF may become 
anchored to this organelle by its interaction with mitochondrial 
proteins; more than twelve ARF-interacting proteins have been 
detected in mitochondria, including p32 and Bcl-x

L
.16,18,22 These 

mitochondrial ARF complexes provide a mechanism for ARF-
induced mitochondrial membrane depolarisation and cell death 
either via apoptosis or autophagy. Importantly, we have shown 
that a melanoma-associated mutant is unable to promote cell 
death even though it is predominantly mitochondrial. Similarly, 
several cancer-associated p14ARF mutants were defective in pro-
moting mitochondrial-dependent cell death.16 These data indi-
cate the importance of mitochondrial trafficking to the tumor 
suppressor functions of p14ARF and highlights the need to pre-
cisely define the mitochondrial-binding partners and the stress 
signals that induce p14ARF mitochondrial recruitment. These sig-
nals may prove useful as therapeutic strategies for the treatment 
of cancer, and in particular treatment of metastatic melanomas, 
which are notoriously resistant to radio- and chemotherapy.

Materials and Methods

Plasmid constructs. p14ARF cDNA was synthesized as previ-
ously described.35 p14ARF truncations were engineered using 
PCR-mediated mutagenesis, and the DEDR mutants were 
generated using the QuikChange II site directed mutagenesis 
kit (Stratagene, La Jolla, CA). All mutants were ligated to the 
N-terminus of the FLAG-epitope encoded by the pFLAG-CMV-
5b vector (Sigma, St. Louis, MO USA) and completely sequenced. 
Full-length wild type p14ARF and fragments of p14ARF encoding 
the potential mitochondrial-targeting region were cloned in 
frame with the enhanced green fluorescent protein (EGFP) in the 
pEGFP-N1 vector (Clontech, Mountain View, CA). The human 
and murine smARF constructs were kindly provided by Drs. A. 
Kimchi and S. Reef. The p32-MYC, GFP-LC3 and hdm2 plas-
mids were kindly provided by Drs. Y. Zhang, N. Mizushima and 
E. Hara, respectively. The p32 shRNA sequence corresponds to 
nucleotides 540–558; NM_001212,36 and was cloned into the 
pSIH-H1-EF1-copGFP lentiviral vector which expresses copGFP 
(System Biosciences, Mountain View, CA). The non-silencing 
negative control shRNA did not show homology to any known 
human transcript and had the following sequence: 5'-TTA GAG 
GCG AGC AAG ACT A-3'.

Cell culture. NM39 melanoma, U2OS osteosarcoma and 
H1299 lung carcinoma cells were grown in Dulbecco’s modified 
Eagle’s medium (Gibco BRL, Carlsbad, CA USA) supplemented 
with 10% fetal bovine serum (FBS) and glutamine (Sigma). 
The IPTG (isopropyl-β-D-thiogalactopyranoside)-inducible 
mammalian expression system (Stratagene) was used to obtain 
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shock protein 70; clone JG1, Affinity Bioreagents, Golden CO, 
USA), Tom 20 (translocase of the outer membrane; clone 29, BD 
Transduction Laboratories, Franklin Lakes, NJ USA), α-tubulin 
(clone 236-10501, Molecular Probes), PCNA (proliferating cell 
nuclear antigen; clone 24, BD), p53 (clone DO-1, Santa Cruz 
Technologies, Santa Cruz, CA USA), Bcl-x

L
 (H5: Santa Cruz), 

rabbit anti-FLAG (F7425; Sigma), p14ARF (DCS-240; Sigma), 
β-actin (AC-74; Sigma), p32 (74.5.2, Santa Cruz) and mdm2 
(SMP14, Sigma).
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