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A conserved domain in exon 2 coding for the
human and murine ARF tumor suppressor
protein is required for autophagy induction
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The ARF tumor suppressor, encoded by the CDKN2A gene, has a well-defined role regulating TP53 stability; this
activity maps to exon 1B of CDKN2A. In contrast, little is known about the function(s) of exon 2 of ARF, which contains
the majority of mutations in human cancer. In addition to controlling TP53 stability, ARF also has a role in the induction
of autophagy. However, whether the principal molecule involved is full-length ARF, or a small molecular weight variant
called smARF, has been controversial. Additionally, whether tumor-derived mutations in exon 2 of CDKN2A affect ARF’s
autophagy function is unknown. Finally, whereas it is known that silencing or inhibiting TP53 induces autophagy, the
contribution of ARF to this induction is unknown. In this report we used multiple autophagy assays to map a region
located in the highly conserved 5' end of exon 2 of CDKN2A that is necessary for autophagy induction by both human and
murine ARF. We showed that mutations in exon 2 of CDKN2A that affect the coding potential of ARF, but not p16INK4a,
all impair the ability of ARF to induce autophagy. We showed that whereas full-length ARF can induce autophagy, our
combined data suggest that smARF instead induces mitophagy (selective autophagy of mitochondria), thus potentially
resolving some confusion regarding the role of these variants. Finally, we showed that silencing Tp53 induces autophagy
in an ARF-dependent manner. Our data indicated that a conserved domain in ARF mediates autophagy, and for the first
time they implicate autophagy in ARF’s tumor suppressor function.

Introduction

The CDKN2A locus produces two independent transcripts
controlled by alternative promoters; these transcripts generate
the proteins pl6INK4a and pl4ARF (pl4ARF in human and
p19ARF in mouse; hereafter referred to as ARF when referring
to the protein for both species, and ARF or Arf'for the respective
human or murine nucleotide sequences). These transcripts have
unique first exons, but share exon 2; however, in exon 2 they
utilize alternate reading frames, so these two tumor suppressor
proteins share no homology.! Both protein products are bona fide
tumor suppressors: pl6INK4a regulates the RBI1 pathway, and
ARF regulates TP53/p53.2 In addition to its rather unusual gene
structure, ARF also has unusual protein-coding potential. For
example, the murine Arftranscript uses more than one initiating
methionine for translation. The full-length murine ARF protein
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is 169 amino acids and 19 kilodaltons (kDa) in molecular mass.
In addition, a small fraction of murine Arf transcript initiates
translation at methionine 45, and encodes a protein of 14 kDa;
this variant has been denoted smARF (see diagram, Fig. S1A).?
In the case of human ARF, whereas the full-length human ARF
coding region has the potential to encode a protein of 173 amino
acids, the predominant species is 132 amino acids, encoding a
protein of 14 kDa.*

In addition to its well-known role in the control of TP53,
the ARF tumor suppressor protein can also induce autophagy.
However, there have been conflicting reports regarding this
function. Kimchi and colleagues have reported that the smARF
variant of this protein traffics preferentially to mitochondria
and is the only form of ARF that can induce autophagy.®’
Subsequently Abida and Gu have reported that full-length
ARF, with the downstream methionine at codon 45 mutated to
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Figure 1. Generation of inducible cell lines for deletion mutants of mouse ARF. (A) Schematic of the coding region of Arf. Exon 18 contains the binding
sites for MDM2 and nucleophosmin/B23 (NPM). Exon 2, shared in an alternative reading frame with the sequence for the p16INK4a protein, is the site
for the majority of tumor-derived mutations in CDKN2A. Internal initiation of translation at methionine M45 generates a short form of ARF, denoted
smARF. The nucleolar localization sequence is denoted. (B) Western blot analysis of murine ARF deletion mutants in stably transfected clones of U20S-
ARF cell lines untreated or treated with 0.1 wg/mL doxycycline (doxy) for 24 h. Actin (ACTB) is included as a loading control. Bands for ARF and smARF
are denoted; note that a small amount of SmARF is generated in the wt ARF-induced cells (lane 2). (C) Immunofluorescence analysis of U20S-ARF cells
treated with 0.1 pg/mL doxycycline (+doxy) for 48 h, immunostained with antisera to murine ARF (green) and B-tubulin (TUBB, red), and stained with

DAPI (blue).

alanine, was capable of inducing autophagy in transfected cells,
and conversely that smARF was incapable.® Similar confusion
exists for human ARF: whereas some groups have reported that
human ARF can induce autophagy,® other groups have reported
that neither human ARF nor smARF can induce autophagy.’
Some of this confusion may be caused by the use of transient
transfection and overexpression of ARF in these studies, along
with the use of limited assays used for autophagy. Unfortunately,
these conflicting data have led to questions about the domains
of ARF required for autophagy, and uncertainty regarding the
importance of autophagy for ARF function. What is needed
to resolve these discrepancies is a comprehensive analysis of the
ability of human and murine ARF to induce autophagy.

In this report we address the role of ARF and smARF in
autophagy, and we map the domain(s) of human and mouse
ARF that are required. Toward this goal, we created inducible cell
lines for each variant in order to avoid transfection artifacts and
supraphysiological expression levels. By using low concentrations
of doxycycline, we were able to induce ARF protein to levels
that are equivalent to the levels seen in cultured tumor cell lines,
or in cells with silenced 77p53. Additionally, we use up to four
different autophagy assays for each clone analyzed. These studies
have led to a clearer picture of the role of ARF and smARF in
autophagy; specifically, we showed that full-length ARF can
induce autophagy, but that the murine smARF variant instead
activates selective autophagy of mitochondria (mitophagy).
Using deletion mutants, we have mapped the domains required
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for autophagy by murine and human ARF, and importantly find
that the same highly conserved domain located at the 5" end of
exon 2 is required. Moreover, we showed that tumor-derived
mutations of exon 2 of CDKN2A that alter ARF coding potential,
but are silent for pl6INK4a, impair the ability of ARF to induce
autophagy; this finding implicates ARF-mediated autophagy
in tumor suppression by this protein. Finally, we confirmed the
finding of others that silencing of 7rp53 induces autophagy.
However, for the first time, we show that ARF is required for
this process.

Results

Our group and others previously reported that murine
p19ARF (hereafter referred to as ARF) induces autophagy.®® We
sought to map the domain(s) of ARF required for autophagy
induction. Toward this goal we generated several stably
transfected inducible versions of murine ARF in the doxycycline-
regulatable U20S cell line. These included inducible cell lines for
full-length ARF (amino acids, a.a. 1 to 169), smARF (a.a. 45 to
169) and deletion mutants encoding amino acids 1 to 140, 1 to
120 and 1 to 100 (Fig. 1A). For the C-terminal deletion mutants
(a.a. 1 to 140, 1 to 120 and 1 to 100) we confirmed that these
mutants were properly folded, as they showed comparable ability
to bind to MDM2 (data not shown) and stabilize TP53 (see
below) compared with wild-type (wt) ARF. We cultured cells
containing all deletion mutants in the presence of doxycycline
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Figure 2. The mitochondrial localization sequence of murine p19ARF maps to amino acids 45 to 100; murine smARF shows enhanced localization to
mitochondria. (A) Western blot analysis of whole cell lysate (wcl) vs. lysate from purified mitochondria (mito) isolated from U20S-ARF cells following
treatment with doxycycline for 24 h (doxy, 0.1 pg/ml). Lysates were probed for the mitochondrial protein HSPA9 (GRP75) and the nuclear/cytosolic
protein PCNA as an assessment of purity. The bottom lanes depict ARF protein level in these fractions. The data depicted are representative of three
independent experiments, for multiple clones for each mutant. (B) Immuno-electron microscopy using ARF antisera followed by protein G-Gold in
U20S-ARF cells following 24 h treatment with doxycycline. The arrowheads depict gold particles colocalizing with mitochondria. Scale bar: 500 nm.
(€) Graphic analysis of the percent of mitochondria immunostained with ARF antisera in (B). Mitochondria with four or greater gold particles were con-

sidered positive, and at least 200 mitochondria were counted for each sample.

(0.1 pug/ml) for 24 h, and selected clones with comparable levels
of ARF for further analysis (Fig. 1B). To ensure that the amount
of ArfmRNA induced in these cells were within physiologically
relevant levels, we compared these levels to that in cells that
express endogenous ARF. As ARF mRNA is negligibly detectable
in normal, nontransformed adult cells,” we compared the levels
of ARF mRNA induced by doxycycline to that in human tumor
cells with mutant TP53, or in murine cells in which 77p53 is
silenced (as TP53 transcriptionally represses ARF'). We found
that these levels are comparable (Fig. S1B). For all of the analyses
described below, we confirmed our results in a minimum of two
clones for each deletion mutant. We first analyzed the cellular
localization of each ARF variant using immunofluorescence
analysis. After doxycycline treatment, we observed that wt ARF
was predominantly localized in a punctate pattern consistent with
nucleolar staining; a similar staining pattern was observed for the
C-terminal deletion mutants 1 to 140, 1 to 120 and 1 to 100
(Fig. 1C). In contrast, murine smARF, which lacks the nucleolar
localization sequence (a.a. 26 to 37) showed a cytosolic punctate
localization consistent with mitochondrial localization (Fig. 1C).
Consistent with this premise and the findings of others,> we
found that murine smARF costained with MitoTracker Red, a
marker for mitochondria, although some nucleo-cytoplasmic
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staining of smARF was also evident in some experiments
(Fig. S1C).

The mitochondrial localization domain maps to amino
acids 45 to 100

We next used our cell lines containing ARF deletion mutants in
order to map the domain required for mitochondrial localization
of ARF. Toward this end we cultured U20S-ARF cells in the
presence of doxycycline for 24 h, and used a mannitol gradient
fractionation procedure to isolate highly purified mitochondria.’
The purity of these mitochondrial fractions was monitored by
western analysis for HSPA9 (also called GRP75) to monitor
mitochondrial purity, and PCNA, to control for contamination
from the nuclear fraction. Western blot analysis of whole cell vs.
mitochondrial lysates revealed that wild type ARF, smARF and
all of the ARF deletion mutants copurified with mitochondria
(Fig. 2A). Notably however, there was greatly enhanced
copurification of smARF with mitochondria, compared with
wt ARF and the C-terminal deletion mutants (Fig. 2A). These
data are consistent with the findings of Kimchi, who reports
enhanced mitochondrial localization of this internal translation
variant.> We next confirmed these results using immuno-electron
microscopy with ARF antisera and Protein-G Gold. For these
studies, we chose to focus on three variants: wt ARF, smARF,
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Figure 3. The murine ARF autophagy domain maps to amino acids 100 to 120. (A) Western blot analysis of U20S-ARF cells containing the deletion
mutants indicated, untreated or treated with doxycycline (doxy, 0.1 .g/ml) for the indicated time points (hours). Degradation of SQSTM1/p62 (SQSTM1)
and accumulation of LC3-Il (bottom LC3 band) are indicators of autophagy induction. Actin (ACTB) is included as a loading control. The data depicted
are representative of three independent experiments, for multiple clones of each mutant. (B) Western analysis of the level of SQSTM1 and LC3-I and -l
following cessation of autophagic flux with 10 mM NH,CI. Note that whereas wt ARF induces increased LC3-I1, above that which accumulates following
NH,Cl (compare lanes 4 and 3), there is no increase in LC3-Il in smARF-induced cells (compare lanes 8 and 7). (C) Electron microscopy of U20S-ARF cells
containing wild-type ARF (wt) or the deletion mutants indicated, untreated (unt) or treated with doxycycline (0.1 pg/mL) for 48 h. The arrowheads point
to autophagic vesicles that appear following ARF induction. The average area of autophagosomes, calculated with ImageJ software, is indicated below
each panel. The data depicted are representative of three independent experiments, in multiple independent clones of each mutant. Scale bar: 500 nm.
(D) Western blot analysis of U20S-ARF cells containing wild type ARF (wt) or the valine-to-alanine mutant at codon 113 (V113A), untreated or treated
with doxycycline (doxy, 0.1 wg/ml) for 24 h. Degradation of SQSTM1 and accumulation of LC3-II are indicators of autophagy induction. Actin (ACTB) is
included as a loading control. The data depicted are representative of three independent experiments.

and the 1 to 100 mutant. Immuno-electron microscopy for these
variants confirmed thatall three versions localize to mitochondria,
but that smARF shows enhanced localization (Fig. 2B and C).
The combined data indicate that the mitochondrial localization
sequence of murine ARF maps to amino acids 45 to 100; notably
this region overlaps with the region of human ARF (a.a. 41 to
64) found to function as a mitochondrial localization sequence
when fused to GFP”

The ARF autophagy domain maps to amino acids 100 to 120

We next chose to define the domain(s) of ARF required for
autophagy induction. To do this, we performed time course
analyses in ARF-inducible cells for the level of SQSTM1/p62
(hereafter SQSTMI), which is an adaptor protein that is degraded
by autophagy.’® We also used western blot analysis to monitor
the level of MAPILC3A protein (hereafter LC3-1 and -II);
LC3-I is converted into the faster-migrating, lipid-conjugated
form, LC3-II, when autophagy is induced. Western analysis
for SQSTMI revealed that wt ARF, and the 1 to 140 and 1 to
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120 mutants, were capable of inducing SQSTM1 degradation
as early as 24 h after ARF induction (Fig. 3A); these mutants
were also capable of causing LC3-II accumulation (Fig. 3A). In
contrast, the 1 to 100 and smARF mutants both failed to induce
SQSTMI degradation, and induced minor amounts of LC3-I1
(Fig. 3A). Interestingly, the 1 to 100 and smARF mutants
led to an accumulation, instead of decrease, of SQSTMI; in
contrast, doxycycline treatment of parental cells did not cause an
accumulation of SQSTMI1 (Fig. S1D), raising the possibility that
these ARF proteins function in a dominant-negative manner. We
did not pursue this latter observation further.

Because analysis of LC3-1I levels to assess autophagy induction
are most accurately measured when autophagic flux is halted,
we next repeated measurements of LC3-II in the presence of
NH,CI, which inhibits lysosome function and halts autophagic
flux.! This analysis revealed that wt ARF led to increased LC3-11
even when autophagic flux is halted; in contrast, smARF did
not induce LC3-II to levels above that induced by NH,Cl alone
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(Fig. 3B compare lanes 4 to 3, and 8 to 7). These data suggest that
smARF is unable to induce autophagy to an appreciable extent.
To confirm and extend these findings, we performed transmission
electron microscopy (EM) to analyze autophagosome formation.
As expected, numerous autophagosomes were observed in cells
expressing wt ARF following doxycycline treatment, which were
not observed in untreated cells (Fig. 3C). We quantitated the
area of autophagosomes and found that this area increased from
0.1% to 15.3% when ARF was induced. Conversely, smARF
had markedly reduced ability to induce autophagosomes,
and multiple clones of the 1 to 100 mutant failed to induce
autophagosomes (Fig. 3C). To ensure that the 1 to 100 protein
was folded correctly, we analyzed the ability of this protein to
stabilize TP53, and found that it has comparable, if not increased,
ability to stabilize TP53 compared with wt ARF (Fig. S1E).
The combined data indicate that the smARF variant is greatly
impaired for autophagosome formation compared with wt ARF,
and that a region comprising amino acids 100 to 120 in exon 2 is
required for ARF-mediated autophagy.

In an effort to further confirm the relevance of amino acids
100 to 120 to autophagy induction by murine ARF, we cloned
amino acids 90 to 120 of ARF downstream of a hemagluttinin
tag (HA-90 to 120). To determine whether this protein could
function autonomously to induce autophagy, we enforced the
expression of the HA-90 to 120 construct in transfected cells,
and assayed for SQSTM1 degradation and LC3-II accumulation.
Unfortunately, we discovered that this protein is very poorly
expressed in transfected cells, and likely is misfolded (A. Budina-
Kolomets, data not shown). Therefore, in an additional attempt
to assess the importance of this region to autophagy induction
by ARF, we next generated several point mutants in this region,
selected at random. One of these mutants, which converts valine
at amino acid 113 to alanine (V113A) maintains the ability to
stabilize TP53, but consistently has impaired ability to induce
autophagy, as assessed by SQSTMI degradation and LC3-II
accumulation (Fig. 3D). This point mutant supports the
relevance of amino acids 100 to 120 to autophagy induction by
murine ARF. Notably, the VI13A mutant is also the first point
mutant that seperates the autophagy-inducing activity of ARF
from its ability to stabilize TP53.

smARF induces mitophagy

Published reports indicate that the smARF variant can induce
autophagy; in these reports, the authors used assays for GFP-LC3
vacuolesaswell asloss of mitochondrial transmembrane potential.?
In contrast, our data indicated that smARF fails to induce
SQSTMI degradation, or to induce LC3-II when autophagic
flux is halted. Additionally, we found that multiple independent
inducible smARF clones showed significantly reduced ability to
induce autophagosomes (see for example Fig. 3C). Interestingly,
our EM data revealed that the majority of mitochondria in
smARF-induced cells had grossly abnormal morphology
(Fig. 4A). Therefore one reconciliation of these combined data
might be that smARF alters mitochondrial integrity, leading to
mitophagy (selective autophagy of mitochondria). We therefore
sought to test this hypothesis. We first confirmed in our cell
lines that, as described by Kimchi,> smARF induction leads to
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a loss of mitochondrial transmembrane potential (Fig. 4B) and
an increase in GFP-positive vacuoles in GFP-LC3 transfected
cells (Fig. 4C). We next costained smARF-induced cells with
GFP-LC3 (autophagic vacuoles) along with MitoTracker Red
(mitochondria). This experiment revealed that the overwhelming
majority of GFP-LC3 vacuoles colocalized with MitoTracker
Red in smARF-induced cells (Fig. 4D). To further support
the premise that smARF might induce mitophagy, we assessed
the change in mitochondrial mass in smARF-induced cells
using MitoTracker Green staining. We also analyzed the
immunostaining of TOMM?20, a mitochondrial protein that
has been shown to cluster at perinuclear spaces when mitophagy
is induced."! MitoTracker Green staining revealed a marked
decrease in mitochondrial mass 48 h after smARF induction
(Fig. 4E). These experiments also revealed marked perinuclear
clustering of TOMM20 in smARF-induced cells after 24 h,
consistent with induction of mitophagy (Fig. 4F). As a final test
of the possibility that smARF might induce mitophagy, we next
analyzed smARF- and ARF-induced cells for the mobilization of
SQSTML to purified mitochondria, which is another indicator of
mitophagy.'? As a control for this experiment, we first showed that
the mitochondrial uncoupler CCCP, which induces mitophagy,
causes SQSTMI1 to copurify with mitochondria in both U20S-
ARF and —smARF clones when uninduced, in the absence of
doxycycline (Fig. SIF). Notably, we found that SQSTMI
copurified with mitochondria only when smAREF, but not ARF,
was induced with doxycycline (Fig. S1G). The data from these six
assays best support a model whereby smARF induces preferential
autophagy of mitochondria, or mitophagy, but not non-selective
(macro-) autophagy; this function is consistent with smARF’s
greatly enhanced mitochondrial localization.

A conserved C-terminal region is required for autophagy by
human ARF

Although several reports have shown that most of ARF’s
tumor supressor functions are conserved in mice and humans, the
majority of the studies analyzing autophagy have utilized murine
AREF. Therefore, we sought to confirm that human ARF could
induce autophagy as well, and to see if homologous domain(s) of
human ARF are required. To accomplish this, we first compared
the coding sequences for the generation of human and murine
ARF proteins. This alignment revealed that exon 1 of human
ARF has the potential to encode an extra 41 amino acids at the
N-terminus (starting at amino acids MGRG, see Fig. S1A). To
our knowledge, no group has analyzed the function of this cDNA.
Using primers specific for this extra N-terminal region, we were
able to show that mRNA transcripts containing this region exist
in several human tumor cell lines, including Capan2 and PC3
(Fig. S2A), and we were able to clone this full-length cDNA from
RNA isolated from Capan2 cells. However, upon transfection of
this cDNA in human tumor cell lines, or following generation
of tetracycline-inducible clones in U20S cells using this cDNA,
we found little evidence for initiation of translation from the
upstream methionine; instead, the predominant species of ARF
generated from this construct is clearly the 14 kDa variant,
which initiates at sequence MVRR in the amino acid 1 to 132
species of human ARF; western blotting using antisera specific
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Figure 4. smARF induces morphological indicators of mitophagy. (A) Electron microscopy of U20S-smARF cells untreated or treated with doxycy-
cline for 48 h (0.1 pg/mL). The arrowheads indicate swollen mitochondria evident after smARF induction. The data depicted are representative of
several independent experiments, and two different subclones of U20S-smARF cells. Scale bar: 500 nm. (B) U20S-smARF cells were treated with either
doxycycline (doxy, 0.1 wg/mL) or a positive control (the mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone, CCCP, 10 wM) for 48 h
or left untreated (unt). The mitochondrial transmembrane potential was measured using the flow cytometry-based MitoPotential assay from Millipore
(Guava EasyCyte). Note that induction of smARF increases the percentage of cells with depolarized mitochondria. The graph depicts data from three
independent experiments, with standard error. (C) U20S-ARF cells were transiently transfected with GFP-LC3 plasmid for 24 h, treated with doxycy-
cline for 48 h (0.1 pg/mL) and examined by confocal microscopy. The chart shows the percentage of cells containing more than four GFP-LC3 vacuoles
compared with untreated controls. The results are the average plus standard error of three independent experiments in which at least 200 cells were
counted for each sample. (D) Immunofluorescence analysis of U20S-smARF cells transiently transfected with GFP-LC3 plasmid for 24 h, then untreated
or treated with doxycycline for 48 h (0.1 pwg/mL) and stained with MitoTracker Red. The bottom panels depict the colocalization of GFP-LC3 vacuoles with
MitoTracker stain following smARF induction. (E) U20S cells with inducible smARF were left untreated or incubated with 0.1 g/mL doxycycline for 48 h,
and mitochondrial mass was assessed following incubation with MitoTracker Green (MTG). The data depicted are representative of three independent
experiments. (F) U20S cells with inducible smARF were left untreated or incubated with 0.1 pg/mL doxycycline for 24 h, and then analyzed by immuno-

fluorescence for TOMMZ20. The data depicted are representative of three independent experiments.

for the higher molecular weight species confirms this assessment
(data not shown). Therefore, whereas we opted to use this ‘full-
length” ARF cDNA as the template for our deletion mutants,
our data indicate that translation from the +1 MVRR sequence
occurs predominantly; because of this, and in order to remain
consistent with the numbering system of human ARF used by
others, we have opted to denote this version of ARF -41/+132,
again with the consideration that translation from this construct
occurs predominantly from the methionine designated +1 in this
construct (see for example Fig. 5B).

From the human ARF ¢cDNA (-41/+132) we generated the
following deletion mutants: a cDNA initiating exclusively from
the +1 methionine (1 to 132) and two different C-terminal
truncation mutants (-41/+99 and -41/+59, see diagram Fig. 5A);
the -41/+99 deletion mutant represents a deletion of the 20 amino
acids required for autophagy induction by murine ARF (see map,
Fig. S1A). These constructs were cloned into a doxycycline-
responsive promoter and used to create stable transfectants in
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U20S-TRex cells; as in the case of our murine ARF-inducible
clones, we confirmed that the level of ARF protein induced in
these clones was physiologically-relevant (that is, comparable to
that in human tumor lines mutant or null for 753, Fig. S1B). We
also confirmed by real-time RT-PCR that the level of transcripts
induced for each mutant following doxycycline treatment was
comparable (Fig. S2B). Because of the lack of an antibody that
could recognize all four human ARF proteins, we were unable to
directly compare the levels of ARF protein induced in each clone;
however, we were able to show that ARF protein was induced in
all clones, and further that each mutant had comparable ability to
stabilize TP53, suggesting that similar levels of deletion mutants
were generated (Fig. 5B). Further, we repeated all experiments in
multiple clones of each mutant (data not shown).

Analysis of the level of SQSTMI in our human ARF clones
indicated that the -41/+132 version of ARF, and the 1 to 132
version, both caused decreased SQSTMI after induction with
doxycycline (Fig. 5C). In contrast, the -41/+99 and -41/+59
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Figure 5. A conserved region in the C terminus of ARF is required for autophagy in both human and mouse. (A) Schematic representation of deletion
mutants of human ARF p14ARF (ARF) that were cloned into the U20S/Tet-On-inducible cell line (U20S-TREX). To keep the numbering of human ARF
consistent with other studies, the extended transcript is denoted —41/+132. (B) Protein levels of ARF deletion mutants, and level of TP53 induced by
each mutant, in inducible cells following 24 h in doxycycline (doxy, 0.1 wg/mL). Note that the monoclonal antibody that is used to detect ARF in the left
two samples (-41/+132 and 1-132) does not recognize the —41/+99 and —41/+59 deletion mutants; therefore, for the right two samples (—41/+99 and
—41/459), a different antibody, which maps to the N-terminus of ARF, was used (Abcam, Ab14930). (C) Western blot analysis of SQSTM1 in U20S cells fol-
lowing induction of full-length ARF (—41/+132), the —41/+59 mutant, and the 1 to 132 protein. Actin (ACTB) is indicated as a loading control. Note that the
—41/+59 mutant lacks the epitope detected by the Sigma ARF antibody. (D) Electron microscopy of U20S-ARF cells untreated or treated with doxycycline
(0.1 wg/mL) for 48 h. The average and standard deviation of the area of autophagosomes (APG), calculated with ImageJ software, is indicated on the
bottom. The results were consistent in three independent experiments, using two clones for each mutant. Scale bar: 500 nm. (E) U20S-ARF cells were
transiently transfected with GFP-LC3 plasmid for 24 h and untreated or treated with doxycycline for 48 h (0.1 g/mL), and then analyzed by confocal
microscopy. Cytoplasmic GFP-LC3 vesicles were detectable in full-length (—41/+132) ARF cells and for the 1 to 132 version, but not in cells expressing the
—41/+99 deletion mutant. (F) The percentage of cells with four or more GFP-LC3 vacuoles in (E) was quantified in three independent experiments; error

bars mark standard error.

mutants showed no change in SQSTMI level (Fig. 5C and data
not shown). We next assessed autophagy induction in our U20S-
AREF clones using GFP-LC3 analysis as well as EM. We found that
the -41/+132 and 1 to 132 human ARF clones were consistently
able to induce autophagosomes (Fig. 5D) and GFP-LC3 vacuoles
(Fig. 5E and F), but the -41/+99 and -41/+59 mutants were not
(Fig. 5D-F and data not shown). To ensure that TP53 was not
involved in any of these functions of human ARF, we also created
inducible cell lines for human ARF in the human H1299 (TP53-
null adenocarcinoma) doxycycline-inducible cell line. Analysis of
GFP-LC3 vacuoles and autophagosomes by electron microscopy
confirmed that human ARF induces autophagy in TP53-null
cells (Fig. S3A-S3C), confirming the lack of a requirement for
TP53 in autophagy induced by ARF. The combined data indicate
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that the autophagy function of ARF is conserved between human
and mouse, and further that an overlapping region in exon 2 of
CDKN2A is required in both species.

Tumor-derived mutants of ARF fail to induce autophagy

The conserved region of ARF that is required for autophagy
lies at the 5" end of exon 2, where the majority of mutations in
CDK2NA occur in human cancer (Fig. S1A). Interestingly, an
estimated 7% of mutations in this region of exon 2 of CDKN2A4
are predicted to alter the ARF protein coding region, but are
silent in the pl6INK4a gene product.”” Because autophagy is
known to be suppressive to tumor initiation," we chose to test
the hypothesis that some of the tumor-derived mutations in exon
2 of CDKN2A that alter ARF but not pl6INK4a protein coding
region might have altered autophagy function. Toward this end,
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Figure 6. Tumor-derived mutants of ARF are impaired for autophagy. (A) Western blot analysis of U20S-ARF cells containing wild-type ARF (—41/+132)
or the mutants indicated, untreated or treated with doxycycline (doxy, 0.1 g/ml) for 24 h. Stabilization of TP53 and accumulation of LC3-Il are indicated.
Actin (ACTB) is included as a loading control. The data depicted are representative of three independent experiments, for multiple clones of each
mutant. (B) U20S-ARF cells containing the mutants indicated were transiently transfected with GFP-LC3 plasmid for 24 h and untreated or treated with
doxycycline for 24 h (0.1 pwg/mL), and then analyzed by confocal microscopy for GFP-LC3 vesicles. Cytoplasmic GFP-LC3 vesicles were detectable in the
P94L mutant, but not in the R98L, L104l and R115G mutants. (C) Electron microscopy of autophagosomes in U20S-ARF cells containing the ARF mutants
indicated, or parental cells (U20S-TRex), untreated or treated with doxycycline (0.1 jug/mL) for 48 h. The results depicted were consistent in three inde-
pendent experiments, using two clones for each mutant. Scale bar: 500 nm.

we generated cell lines containing doxycycline-inducible mutants
encoding R98L (arginine at amino acid 98 to leucine), L1041
(leucine at amino acid 104 to isoleucine) and R115G in ARF
(arginine at amino acid 115 to glycine).”® As a negative control, we
generated a point mutant in this region that is known to alter the
coding region for both the ARF protein as well as the pl6INK4a
protein, but which is known to impair the ability of pl6INK4a
to inhibit CDK4; this mutant is P94L (proline at amino acid
94 to leucine).® Western analysis for ARF and TP53 level 24
h after induction of these mutants revealed that all expressed
equal levels of ARF, and each had comparable ability to stabilize
TP53 protein (Fig. 6A). Notably, whereas wt ARF and the P94L
mutant showed comparable ability to induce LC3-II, the three
tumor-derived mutants that affect only ARF coding region had
reduced ability (particularly L104I and R115G; Fig. 6A). We next
transfected these cells for 24 h with GFP-LC3, and monitored
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GFP-LC3 vesicle formation 24 h after doxycycline addition.
This experiment revealed that the P94L mutant was effective
at inducing GFP-LC3 vesicles, but that the R98L, 1104l and
R115G mutants were completely incapable (Fig. 6B). To confirm
the premise that these tumor-derived mutants of ARF fail to
induce autophagy, we next performed electron microscopy for
autophagosomes. Both wt and the P94L mutant of ARF showed
consistent ability to induce autophagosomes following ARF
induction; however, the R98L, L104I and R115G mutants were
unable (Fig. 6C). All five cell lines, however, showed identical
induction of autophagy by HBSS, indicating these clones were
not defective in autophagy induction in response to other stimuli
(A. Budina-Kolomets, data not shown). In sum, these findings
show that mutations in exon 2 of CDKN2A that affect ARF
coding region but not pl6INK4a all impair the autophagy
function of this protein.
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Figure 7. Autophagy induced by Trp53 silencing requires ARF. (A) Primary mouse embryo fibroblasts (wt MEFs) and MEFs from the Arf knockout mouse
(arf’= MEFs) were infected with parental MLP retrovirus (vector), retroviral short hairpin to Trp53 (shTrp53), or retroviral short hairpin to Arf (shArf). Whole
cell lysates following infection and selection were subjected to western blot analysis using the antibodies indicated. The level of autophagy induced is
assessed by the degradation of SQSTM1; the lower molecular weight SQSTM1 band is thought to be a degradation product. Note that silencing of Trp53
in arf’- MEFs, and silencing of both Trp53 and Arf in wt MEFs, does not induce appreciable autophagy. The data presented are representative of three
independent experiments, in two independent batches of MEFs from each genotype. (B) Electron microscopy of wild-type and arf’~ MEFs following
infection with the retroviruses indicated. The average area of autophagosomes calculated with ImageJ software, with standard error, is indicated on

TP53 negatively regulates ARF-induced autophagy

We next sought to analyze a physiologically-relevant scenario
whereby ARF-mediated autophagy is induced. The role of
TP53 in autophagy is complex. TP53 is required for autophagy
induced by certain chemotherapeutic compounds,'® but TP53
also inhibits basal autophagy.”" Consistent with an inhibitory
role for TP53 in autophagy, we previously reported that silencing
Trp53 in mouse embryo fibroblasts (MEFs) is sufficient to
induce ARF and autophagy.® We therefore chose to address the
possibility that the autophagy induced by TP53 inhibition relies
in part on ARF upregulation. In normal nontransformed cells
the level of Arf mRNA is extremely low, in part because TP53
negatively regulates the expression of this gene.?*?' To test the
contribution of ARF to autophagy induced by 7753 silencing,
we isolated mouse embryonic fibroblasts from wild-type and Arf’
knockout mice, and infected these with a retrovirus expressing a
short hairpin to 77p53 (sh77p53). As expected, silencing of the
Trp53 gene in wt MEFs led to induction of ARF and degradation
of SQSTM1; notably, however, silencing of 7753 in arf’- MEFs
did not lead to SQSTMI degradation, despite the fact that 7ip53
was efficiently silenced (Fig. 7A). These data were supported by
electron microscopy, which revealed that autophagosomes were
induced in wt MEFs infected with sh7ip53, but not in arf’-
MEFs infected with this short hairpin (Fig. 7B). To further
confirm this finding, we compared the level of SQSTMI and
autophagosomes in wt MEFs infected with sh77p53, to that in
wt MEFs infected with both sh77p53 and a short hairpin to ARF
(shArf). These experiments revealed that each of the autophagy

www.landesbioscience.com

markers induced by silencing 7ip53 (SQSTMI1 degradation and
autophagosome formation) was effectively eradicated when cells
were simultaneously infected with a short hairpin to Arf(Fig. 7A
and B). Similar findings were made when analyzing LC3-II in
the presence of NH,CI to freeze autophagic flux (Fig. S3D).
These data show for the first time that autophagy induced by
silencing of 7rp53 is dependent upon the resultant upregulation
of ARF, at least in MEFs.

Discussion

It is presently thought that the chief role of the ARF tumor
suppressor protein is to suppress hyperproliferative signals in
precancerous cells, in part by inhibiting MDM?2 and stabilizing
the TP53 tumor suppressor protein.>?? Additionally, ARF
possesses TP53-independent tumor suppressor function. For
example, overexpression of ARF can suppress the proliferation
of Trp53-null cells,”” and triple knockout mice null for
Trp53, Mdm?2 and Arf show increased tumor spectrum and
aggressiveness compared with double-knockout mice null for only
Trp53 and Mdm2.2° The TP53-independent tumor suppressor
function of ARF has multiple potential pathways, including
inhibition of ribosome biogenesis,”* upregulation of TIMP3,
maintenance of chromosomal stability,?>*® activation of ATM-
ATR-CHEK pathways,? and nucleolar sequestration of cancer-
relevant transcription factors, including MYC and E2F1,%2%
among others. In addition to these functions, several groups
have shown that ARF also plays a role in autophagy. However,
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this literature has been fraught with contradictory findings.
Kimchi and colleagues have been the first to report that murine
smARFE, but not full-length ARF, could traffic to mitochondria
and induce autophagy.? Conversely, Abida and Gu report that
full-length murine ARF (in which the internal methionine at
amino acid 45 is mutated to alanine) can induce autophagy,
and further that smARF was unable to do so.® The reasons for
these conflicting data have been largely unclear. The end-result
of ARF-mediated autophagy was likewise subject to controversy:
whereas Kimchi reports that ARF-mediated autophagy was
cytotoxic to tumor cells, our group has reported that silencing
Arf'in established tumors could inhibit autophagy and impede
tumor development.® Finally, whether human smARF existed,
and/or could traffic to mitochondria, was also subject to debate.
Whereas one group finds no evidence for full-length human
AREF trafficking to mitochondria,® another group has published
that full-length human ARF (1 to 132), but not smARF, could
localize to mitochondria.”

Several factors likely contribute to the abundance of discrepant
results in this field: the first is that many of these experiments
were performed on transiently-transfected cells, where ARF
levels and/or localization may be nonphysiological. Second,
many of these studies relied only upon two autophagy assays: the
conversion of LC3-I to LC3-11, and the presence of GFP-LC3
vacuoles. However, these studies did not analyze LC3-II levels
after halting autophagic flux, and this is now known to be
important for accurately assessing autophagy.® Importantly,
neither of these assays can distinguish between autophagy and
mitophagy. To circumvent these constraints we created cell lines
containing inducible versions of ARF. We used extremely low
doses of doxycycline, such that physiologically-relevant levels
of ARF are achieved. Further, we performed four assays for
autophagy, including electron microscopy for autophagosomes,
accumulation of LC3-II after halting autophagic flux, GFP-LC3
vacuoles and analysis of SQSTMI degradation. Our data
indicate that, for murine ARF, only the full-length version
of ARF can induce autophagy. In addition, our experiments
support the premise that smARF may instead induce selective
autophagy of mitochondria, or mitophagy. This latter premise
is supported by decreased autophagosomes after murine smARF
induction (even at multiple timepoints), along with the presence
of mitochondria with altered morphology, a loss of mitochondrial
transmembrane potential, a clustering of TOMM?20 staining and
a loss of mitochondrial mass. This premise is also supported by
the ability of murine smARF to induce SQSTMI recruitment
to mitochondria. The concept that murine smARF may induce
mitophagy instead of autophagy is certainly supported by the
enhanced localization of this variant at mitochondria, seen by our
group and others.> In sum, our data are more supportive of a role
forsmARF in mitophagy, and for ARF in autophagy. One question
arising from this finding is whether smARF induces mitophagy
solely because of its preferential localization to mitochondria, or
whether this protein has unique functions at the mitochondria.
To address this issue, we analyzed a full-length murine ARF
construct that we previously created and characterized.®%
This mutant protein, OTC-AREF, is predominantly directed to
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mitochondria by virtue of a mitochondrial leader peptide from
ornithine transcarbamylase. We find that transfection of OTC-
ARF into cells is sufficient to induce mitophagy, as assessed by
MitoTracker Green staining (Fig. S4). These data suggest that it
is likely the preferential localization of smARF to mitochondria
that drives its mitophagy function.

We find that an overlapping, conserved domain of murine and
human AREF is required for autophagy induction. Specifically, we
show that amino acids 100 to 120 of murine ARF (and amino
acids 99 to 132 of human ARF) are required for autophagy
induction. This region is one of only two well-conserved domains
of human and murine ARF, and is also where the majority of
tumor-derived mutations exist in CDKN2A. Our data indicate
that three point mutants in this region, which in CDKN2A alter
pl4ARF coding potential but not pl6INK4a, are all impaired
for autophagy induction. These data firmly support the premise
suggested by others'? that exon 2 mutations in CDKN2A can alter
ARF function, and they implicate ARF’s autophagy function in
tumor suppression by this protein. Because autophagy suppresses
tumor initiation' it is not surprising that these mutations impair
the ability of ARF to induce autophagy. Interestingly, we also
identified a point mutation by random mutagenesis, V113A in
murine ARF, which has impaired autophagy induction. Further
analysis of this residue revealed that this mutation is actually
identical to a tumor-derived mutation that occurs in human
ARF in cancer, and affects the coding region of both ARF and
pl6INK4a; importantly, however, this mutation in CDKN2A has
no effect on p16INK4a function,” suggesting that it might impair
AREF function. Therefore, of the four different mutations in ARF
that do not impact pl6INK4a coding region or function, all of
them impair ARF’s autophagy function. These combined data
support the premise that some tumor-derived mutations in exon 2
of CDKN2A are selected for to impair the autophagy function of
AREF, instead of the cell cycle inhibitory function of pl6INK4a.
It will now be of interest to identify interacting proteins that
bind to this domain of ARF; to date, this region is not known
to be required for association with any ARF-interacting proteins.
Along these lines, we find that neither BCL2 nor BCL2LL,?
which are implicated in autophagy, nor the mitochondrial protein
C1QBP (also called p32), are impaired for interaction with our
ARF tumor-derived mutants (Budina-Kolomets A, unpublished
observations). We are currently analyzing these tumor-derived
mutants, compared with wt ARF, for potential protein-protein
interactions in this region.

One unresolved question from these studies involves the
significance of the larger -41/+132 transcript of human ARF.
Whereas our RT-PCR studies clearly indicate this transcript
exists in human cells, western blot analyses using antisera
that can specifically detect this protein indicates that it is low
to undetectably expressed in normal and transformed cells
(Budina-Kolomets A, unpublished observations). This finding
is consistent with the findings of other groups, which suggests
that the 1 to 132 version of ARF is the predominant species
in human tumor cells. This then begs the question, why is the
1 to 132 protein the predominant species in human tumor
cells? Possibly a unique structure at the 5 UTR of full-length
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human ARF causes preferential translation of the downstream
methionine. Alternatively, it is possible that this full-length
protein is generated in cells but is largely unstable; this lacter
premise is supported by our finding that mutation of the internal
methionine of human ARF (-41/+132, M1A) renders this protein
extremely unstable (Budina-Kolomets A, unpublished data). One
interesting alternate possibility is that the translation of human
ARF may be regulated, such as by the MTOR pathway. MTOR
has been shown to regulate the translation of ARF; specifically,
hyperactive MTOR drives the recruitment of ARF mRNA to
polysomes, thus increasing ARF translation.** It has never been
tested if this pathway also controls the selection of the initiating
methionine. Understanding the controls that regulate the level
of ARF translation in the cell, and the impact of the MTOR
pathway on this process, remains an important next question to

be addressed.

Materials and Methods

Cell lines, drug treatments, transfections, retroviral
infections

The U20S/Tet-On/p19ARF-inducible cell line (U20S-ARF)
and U20S-Trex cells were provided by Pradip Raychaudhuri
(University of Illinois, Chicago). Murine smARF, 1 to 140 ARF,
1 to 120 ARF and 1 to 100 ARF mutants were amplified from
the nucleotide sequence coding for the pl19ARF protein using the
following primers:

1 t 140 Arfr 5-GGGACATCAA GACATTGAGC
GATATTTGCG-3’ and 5-CGCAAATATC GCTCAATGTC
TTG ATGTCCC-3".

1 to 120 Arf 5-CGGCTGGATG TTAGCGATGC
CTGGGGTCG-3" and 5-CGACCCCAGG CATCGCTAAC
ATCCAGCCG-3".

1 to 100 Arff 5-GCACGACGCA GCTAGGGAAG
GCTTCCTGG-3" and 5-CCAGGAAGCC TTCCCTAGCT
GCGTCGTGC-3.

SmArf: 5'-GCAGCGGGAG CGCGGGTCGC AGG-3" and
5-CCTGCGACCC GCGCTCCCGC TGC-3".

Human full-length ARF -41/+132, 1 to 132 ARF, -41/+99
AREF, -41/+59 ARF mutants were amplified using the following

primers:
-41/+132 full-length ARF: 5-GGTCCCAGTC
TGCAGTTAAG GGGTCAGGAG TGGCGCTGTT

CACCTCTGGT-3" and 5-ATCTTGCTCG AGTCAGCCAG
GTCCACGGGC AGAC-3".

One to 132 ARF: 5-ATCTTGAAGC TTATGGTGCG
CAGGTTCTTG GTGAC-3* and 5-ATCTTGCTCG
AGTCAGCCAG GTCCACGGGC AGAC-3".

-41/+59 ARF: 5-ATCTTTAAGC TTATGGGTAG
GGGGCGGTGC GTGGGT-3" and 5-ATCTTGCTCG
AGTCACTGCC CTAGACGCTG GCTCCTC-3".

-41/+499 ARF: 5-ATCTTTAAGC TTATGGGTAG
GGGGCGGTGC GTGGGT-3" and 5-ATCTTGCTCG
AGTCACGGGC AGCGTCGTGC ACG-3".

These constructs were inserted into the pcDNA 4/TO vector
(Invitrogen, V1020-20) and used for stable transfection of
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U20S-Trex cells. Transfections were performed using FuGENE
6 as per the manufacturer (Promega, E2691). Generated cell
lines were cultured in the presence of 0.1 pg/ml doxycycline
(Sigma, D3072) to induce ARF, as described.” Retroviral
infections and short hairpin constructs for 77p53, Arf and
control vector are described.?**® Ammonium chloride (Fisher
Scientific, AC19997-5000) was used to halt autophagic flux at
a concentration of 10 mM, as described.”® CCCP (Carbonyl
cyanide m-chlorophenylhydrazone, Sigma-Aldrich, C2759) was
used at a concentration of 10 WM.

Mitochondria isolation, western analysis and electron
microscopy

Mitochondria were purified using our previously published
protocols.” Western blotting was performed on 100 g of whole
cell lysate and 20 g of mitochondrial lysate; the following
antibodies were used: anti-pl9ARF (Abcam, ab80), anti-p14ARF
(Sigma, P2610), antisera specific for the N-terminus of human
-41/+132 ARF (Abcam, ab14930), anti-ACTB/B-actin (Sigma,
ACI5), anti-HSPA9/GRP75 (Santa Cruz Biotechnology, C19),
anti-PCNA (Santa Cruz Biotechnology, PCI10), anti-TP53
(Calbiochem, Ab-6), anti-TOMM20 (Santa Cruz Biotechnology,
sc-11415), anti-LC3 (Novus Biologicals, NB100-2331), anti-
human SQSTMI1 (Santa Cruz Biotechnology, sc-28359) or
anti-mouse  SQSTM1 (Sigma, P0067), anti-HSPA9 (Santa
Cruz Biotechnology sc-1058), and anti-PCNA (Santa Cruz
Biotechnology, sc-56). Electron microscopy of autophagosomes
was performed in the EM facility at the University of Pennsylvania
School of Medicine. The area of autophagosomes was calculated
using the NIH Image] program. Immunoelectron microscopy
was performed as described® and visualized by secondary
labeling with protein A-colloidal gold.

Immunofluorescence analysis

To visualize GFP-LC3 autophagosomes, cells were transfected
for 24 h with 0.1 pg of pEGFP-C1-LC3, followed by treatment
with doxycycline for 48 h to induce ARF. The samples were
viewed using a Nikon E800 upright microscope with a Bio-Rad
Radiance 2000 confocal scanhead (Wistar Institute Imaging
Facility) (60 to 100x magnification). The averaged data from
three independent experiments in which 200 GFP-positive
cells were counted, plus standard deviations, were calculated
and analyzed by the Student’s t-test. For the analysis of ARF
subcellular localization, 48 h after doxycycline treatment U20S-
ARF cells were fixed in 4% paraformaldehyde, permeabilized
in 0.5% Triton X-100, stained with antibodies to pl4ARF
(Sigma, P2610), pI9ARF (Abcam, ab80) and TUBB/B-tubulin
(Abcam, ab6046) and then incubated with secondary antibodies.
For mitochondria labeling, cells were incubated with 100 nM
MitoTracker dye (CMX-Ros, Invitrogen, M7512) or MitoTracker
Green FM (Invitrogen, M7514) for 30 min at 37 °C prior to cell
fixation. Cells were then stained with DAPI (0.5 wg/ml, Sigma,
D9564) prior to confocal microscopy.

Flow cytometric analysis of A¥m, RNA isolation, QPCR

Mitochondrial membrane potential was assessed using the
MitoPotential kit (Guava Technologies) and analyzed on the
Guava EasyCyte System. For QPCR analysis, RNA was isolated
from cell lines using RNeasy kit (Qiagen). One microgram
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