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Mammalian target of rapamycin (nTOR) regulates various cellular functions, including tumorigenesis,
and is inhibited by the tuberous sclerosis 1 (TSC1)-TSC2 complex. Here, we demonstrate that arrest-
defective protein 1 (ARD1) physically interacts with, acetylates, and stabilizes TSC2, thereby repress-
ing mTOR activity. The inhibition of mMTOR by ARD1 inhibits cell proliferation and increases autophagy,
thereby inhibiting tumorigenicity. Correlation between ARD1 and TSC2 abundance was apparent in
multiple tumor types. Moreover, evaluation of loss of heterozygosity at Xq28 revealed allelic loss in
31% of tested breast cancer cell lines and tumor samples. Together, our findings suggest that ARD1
functions as an inhibitor of the mTOR pathway and that dysregulation of the ARD1-TSC2-mTOR axis

may contribute to cancer development.

INTRODUCTION

Tumorigenesis is a complex, multistep process characterized by the
dysregulation of many signaling cascades, including the mammalian
target of rapamycin (mTOR) signaling pathway. Many of mTOR’s
upstream regulators and downstream effectors are aberrantly activated
in different types of human cancer, heightening interest in mTOR sig-
naling. Because the malignant phenotype depends on these signaling pro-
teins, it is not surprising that mTOR is viewed as a potential target for
cancer therapy. Therefore, various approaches to inhibiting the mTOR
signaling pathway are being pursued for clinical development (/-3).
mTOR is an evolutionarily conserved serine-threonine kinase (4, 5)
that integrates signals from multiple inputs, including growth factors (6),
amino acids (7), and intracellular energy supply (8, 9), to regulate diverse
cellular functions, including transcription (/0), ribosome biogenesis (/7),
translation initiation (/2), and autophagic cell death (autophagy) (13).
Autophagy is a process in which bulk cytoplasm and organelles are se-
questered in double or multimembrane autophagic vesicles to be deliv-
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ered to and degraded by the lysosome system. The recent implication of
tumor suppressors [such as Bcl-2—-interacting protein 1 (Beclin 1) and phos-
phatase and tensin homolog (PTEN)] in autophagic pathways indicates
that deficiencies in autophagy may contribute to tumorigenesis (/4, 15).
The induction of autophagy by various anticancer therapies underlines
its potential utility as a cancer treatment modality (16, 17).

Tuberous sclerosis 1 (TSC1) and TSC2 are upstream regulators of
mTOR that form a functional complex and suppress cell growth by in-
hibiting mTOR activity (18, 19). Downstream targets of mTOR include
two families of proteins involved in translational control, the ribosomal
protein S6 kinases (S6Ks) and the eukaryotic initiation factor 4E bind-
ing proteins (4E-BPs). mTOR-dependent phosphorylation of S6K1
causes S6K1 activation (20), whereas mTOR-dependent phosphorylation
of 4E-BP1 leads to its dissociation from the initiation factor eIF4E, there-
by enabling elF4E derepression (/2). 4E-BPs and S6Ks have a central role
in ribosomal biogenesis and cap-dependent translation, processes that are
directly involved in translational control of cell-growth and cell-cycle regu-
lators (21-25). In view of the importance of these proteins that are subject to
mTOR-mediated translational control, it is not surprising that alterations in
mTOR signaling should be implicated in cancer development.

Protein acetylation and deacetylation are posttranslational modifications
that regulate normal cell functions and affect cancer development (26, 27).
Of the mammalian protein acetyltransferases, arrest-defective protein
1 (ARD1) represents an atypical enzyme with both N-terminal o protein
and € protein acetylation activities (28, 29). Mouse ARD1 has been re-
ported to acetylate Lys>? in hypoxia-inducible factor 1a: (HIF-10)) and
thereby enhance HIF-1o ubiquitination and degradation (29), although this
observation is controversial (30, 31). In yeast, ARD1 has been implicated in
cell fate specification, DNA repair, and maintenance of genomic stability
(32, 33). In addition, several reports have implicated ARD1 in regulation
of cell proliferation and apoptosis in mammalian cells (34-36).

Although a potential role for ARDI in controlling cell proliferation and
apoptosis has been identified (34-36), little is known about the relevance of
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Fig. 1. Clinical significance of ARD71 mRNA expression and LOH at the ARD1 locus. (A) Analysis of
gene expression data sets revealed that ARD7 mRNA expression positively correlates with relapse-
free survival (P < 0.05) and negatively correlated with tumor size (P < 0.05) and number of lymph node
metastases (P < 0.01). In each box plot, the upper and lower limits of the box indicate the 75th and
25th percentile, respectively, whereas the lines (whiskers) emerging above and below the box indicate
the largest and smallest non-outlier observation. Open dots indicate the outliers within the data set. The
sample sizes in each category are indicated in parentheses, and statistical significance was
calculated with the Student’s t test. (B) Comparison of ARD1 mRNA expression in tumors and their
adjacent normal tissues. ARD7T mRNA expression was examined with the lllumina humanRef-8 V2 ex-
pression Bead Chip containing six cases of non—-small cell lung cancer. (C) Summary of LOH patterns of
35 breast cancer, 15 lung cancer, 12 pancreatic cancer, and 9 ovarian cancer samples. Retained mi-
crosatellites are indicated in green, markers demonstrating allelic loss in red, and noninformative mark-
ers in gray. ARD1 UM-DXS9796 represents upstream of the ARD1 locus, and ARD7 DM-DXS7501
represents downstream of the ARD7 locus.
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ARDI1 to cancer development. While
searching for the relationship between
ARD] gene expression and clinical outcome
in the database of Integrated Tumor Tran-
scriptome Array and Clinical data Analysis
(ITTACA) (http://bioinfo.curie.fi/ittaca), we
found that increased ARDI messenger
RNA (mRNA) abundance correlated with
better clinical outcome in patients with
breast cancer. Further analysis revealed loss
of heterozygosity (LOH) for ARD! in a
subset of breast cancers, suggesting that
ARDI may function as a tumor suppressor.
We determined that ARD1 inhibited mTOR
activity through acetylation and stabiliza-
tion of TSC2. ARD1 suppressed cell prolif-
eration, induced autophagy, and inhibited
tumor growth. We thus conclude that
ARDI1 stabilizes TSC2, thereby inhibiting
mTOR signaling and suppressing cancer
development.

RESULTS

Association between ARD1
mRNA expression

and clinical outcome

To determine the potential relevance of
ARDI to human breast cancer, we ana-
lyzed ARDI mRNA expression in the
ITTACA database. ITTACA was devel-
oped by Institut Curie Bioinformatics group
and the Institut Curie, CNRS UMR144, to
provide a central localization for public
data sets containing both gene expression
and clinical data (37). According to the
database, and consistent with the results
of a study by Huang and colleagues (38),
we found that ARDI mRNA expression
was higher in samples from patients with
longer relapse-free survival (>5 years, P <
0.05), smaller tumor size (£5 cm, P <
0.05), and fewer lymph node metastases
(=10 metastases, P < 0.01) compared to that
in samples from patients with shorter
relapse-free survival, larger tumors, and
more lymph node metastases (Fig. 1A).
These data suggest that increased 4ARD1
expression is associated with better clin-
ical outcome for patients with breast
cancer.

To further study the role of ARDI de-
ficiency in tumorigenesis, we examined
ARDI1 mRNA abundance with the [llumina
humanRef-8 V2 expression Bead Chip,
which provides genome-wide expression
patterns comparing tumor tissue to control
tissue for six individuals with non—small
cell lung cancer (39). ARDI gene expres-
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Fig. 2. Inhibition of cell growth, clonogenicity, and tumor development by ARD1. (A) An inverse correlation
was found between endogenous ARD and cell growth (P < 0.05; ttest). Cell growth was determined in five
ARD1 low abundance-cells (VDA-MB-435, MDA-MB-468, BT549, HBL100, 11-9-1-4) and five ARD1 high
abundance-cells (MDA-MB-436, MDA-MB-453, MDA-MB-361, ZR75-1, SKBr3) by an MTT assay. (B) The
growth of ARD1 stable transfectants was slower than that of vector stable transfectants (P < 0.005; ¢ test).
V1, V2, V3 and A1, A2, A3 are three individual clones of vector control and ARD1 stable transfectants
generated in MDA-MB-435 cells. Error bars represent SD (n = 3). (C) Transient transfection of Myc-
ARD1 suppressed cell growth (*P < 0.05; t test). Error bars represent SD (n = 5). (D) Knockdown of
ARD1 with any of four different siRNAs increased the growth of MCF-10A cells (P < 0.05; ttest). Error bars
represent SD (n = 5). (E) ARD1 stable transfectants showed impaired clonogenicity (P < 0.05; ttest) in an
anchorage-independent growth assay. The results shown are the average and SD of colony numbers in
week 4 (n = 3). (F) The tumor growth rate was decreased with ARD1 stable transfectants (n = 10; P <
0.001; ttest). Error bars represent SEM.
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sion was 50% lower in tumor tissues com-
pared to adjacent nontumor lung tissues in
five out of six paired samples (Fig. 1B). In-
deed, there was virtually no detectable
ARDI expression in three out of six tumor
tissues, supporting the possibility that
ARDI acts as a tumor Suppressor.

Genomic alterations of ARD1 in
human breast cancer

Loss of genomic stability is believed to be
an important step in the early stages of
cancer development (40). The progressive
accumulation of genetic alterations lead-
ing to oncogene activation and loss of tu-
mor suppressor function results in the
transformation of normal cells to malig-
nant ones. Because we hypothesized that
ARD1 might act as a tumor suppressor,
we investigated the possibility that there
was a genomic alteration in the ARDI lo-
cus. To clarify the status of the ARDI locus
in breast cancer, we analyzed two microsat-
ellite markers, ARDI UM and ARDI DM,
which closely flank the ARD1 gene (within
50 kb on either side). Using these two mark-
ers, we genotyped 18 breast cancer cell
lines and 17 primary breast tumors and
demonstrated LOH for both markers in 11
out of 35 (31%) breast cancer specimens
(Fig. 1C). Quantitative polymerase chain re-
action (PCR) confirmed that the average
copy number of genomic ARDI was lower
in ARDI LOH samples compared to that
in ARD1 wild-type samples (0.67 versus
1.19) (fig. S1). We further demonstrated
LOH of ARDI in 7 out of 15 (47%) lung
cancer cell lines, 2 out of 12 (17%) pan-
creatic cancer cell lines, and 2 out of 9
(22%) ovarian cancer cell lines (Fig.
1C). The somatic alterations of ARD! in
different types of cancers suggest that
ARDI1 may act to suppress the develop-
ment of multiple types of cancer.

ARD1 suppression of cell
growth, clonogenicity,

and tumor growth

Analysis of 10 breast cancer cell lines re-
vealed a reverse correlation between endog-
enous ARD1 abundance and the rate with
which cell number increased over time (cell
growth) (Fig. 2A and fig. S2). A stronger
inhibitory effect of transient transfection
with plasmids encoding ARD1 on cell
growth was observed in tumor cells with
less abundant endogenous ARDI1 (fig. S3).
To explore the possible roles of ARD1 in
cancer development, we developed cell
lines stably transfected with plasmids
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encoding ARDI1 (ARD stable transfectants) or with empty vector con-  bromide (MTT) assay (Fig. 2B). Transient transfection with plasmids en-
trols (vector stable transfectants). All three stably transfected ARD1  coding ARDI inhibited cell growth in three different human breast cancer
clones grew more slowly than did those stably transfected with vector, cell lines: MDA-MB-435, MCF-7, and MDA-MB-231 (Fig. 2C).
as assessed with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  Consistent with these results, ARD1 knockdown with small-interfering
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Fig. 3. Suppression of cell proliferation and induction of autophagy by ARD1. (A) The cell proliferation
rate, determined by BrdU incorporation, was decreased in ARD1 stable transfectants (P < 0.01; ttest).
Error bars represent SD (n = 3). (B) Increased conversion of LC3-I into LC3-Il was found in ARD1 stable
transfectants. (C) Transmission electron microscopy showed increased numbers of autophagosomes in
ARD1 stable transfectants (P < 0.05; ttest). Images on right represent rectangular areas in images on left.
Arrowheads, autophagosomes. The number of autophagosomes per cell was assessed in 100 cells, and
the results shown represent the mean + 1 SD. (D) There was no significant difference in apoptotic cell
population between the vector control and ARD1 stable transfectants (P = 0.248), which was determined
by annexin V staining.
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RNAs (siRNAs) increased cell growth in
both MCF-10A and MDA-MB-435 cells
(Fig. 2D and fig. S4). The ability of
ARDI1 stable transfectants to form clones
in soft agar was impaired compared to that
of vector control stable transfectants (Fig.
2E). Furthermore, the growth rate of tu-
mors induced by inoculating ARD1 stable
transfectants into the mammary fat pads of
nude mice was also significantly lower than
that of vector control stable transfectants
(P <0.001; ¢ test; Fig. 2F). Together, these
data indicate that ARDI inhibits the
growth, clonogenicity, and tumorigenicity
of breast cancer cells.

ARD1 suppression of cell
proliferation and promotion

of autophagy

We assessed the effect of ARD1 on cell
proliferation and cell death, both of which
contribute to the overall cell growth rate.
Using a bromodeoxyuridine (BrdU) incor-
poration assay, we found that ARDI stable
transfectants proliferated more slowly than
did vector stable transfectants (Fig. 3A).
We next investigated the possibility that
ARDI1 might induce autophagy or apopto-
sis. During autophagy, autophagosomes
engulf cytoplasmic components, and a
cytosolic form of microtubule-associated
protein light chain 3 (LC3), LC3-1, is
concomitantly conjugated to phosphatidyl-
ethanolamine to form LC3-II. ARD1 stable
transfectants showed enhanced conversion
of LC3-I (18 kD) into LC3-1I (16 kD) com-
pared to vector stable transfectants, suggest-
ing that ARDI increased autophagic cell
death (Fig. 3B). Additionally, transmission
electron microscopy revealed more autoph-
agosomes in ARD1 stable transfectants than
in vector stable transfectants (Fig. 3C). In
contrast, annexin V staining revealed no sig-
nificant difference in apoptotic cell popu-
lation between vector and ARDI1 stable
transfectants (Fig. 3D). These results sug-
gest that ARDI1 suppresses cell growth
primarily by inhibiting cell proliferation
and increasing autophagic cell death.

Requirement of TSC2 for mTOR
inhibition by ARD1

mTOR signaling has been implicated in reg-
ulating cell growth and autophagic cell death
(13); therefore, we investigated the possi-
bility that ARDI affects mTOR activity.
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We transfected plasmids encoding Myc-tagged ARD1 or vector control into
human embryonic kidney (HEK) 293T cells and assessed the phospho-
rylation status of the mTOR substrate SOK1. To exclude signals from un-
transfected cells and thereby increase the signal-to-noise ratio, we included
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Fig. 4. ARD1 inhibition of mTOR activity through TSC2. (A) Myc-ARD1 decreased S6K1 phosphorylation [pS6K1(T389)]
in HEK293T cells. (B) ARD1 knockdown with siRNAs increased S6K1 phosphorylation [pS6K1(T389)] in HEK293T
cells. (C) Myc-ARD1 decreased 4EBP1 phosphorylation [p4EBP1(S65)] in HEK293T cells. (D) TSC2, but not TSCH,
Rheb, or mTOR, associated with GST-ARD1. GST or GST-ARD1 protein was pulled down with Sepharose 4G beads,
and the associated proteins were analyzed by immunoblotting. (E) Interactions between exogenous ARD1 and
TSC2 proteins. Lysates of HEK293T cells cotransfected with Myc-ARD1 and TSC2 were analyzed with antibodies
directed against the Myc tag and TSC2 by reciprocal coimmunoprecipitation and immunoblotting. (F) Interaction
between endogenous ARD1 and TSC2 proteins. Lysates of MDA-MB-435 cells were analyzed with antibodies
directed against ARD1 and TSC2 by reciprocal coimmunoprecipitation and immunoblotting. (G) ARD1 interacted
directly with TSC2. In vitro transcribed and translated TSC2 proteins were incubated with GST or GST-ARD1 proteins
and then pulled down with Sepharose 4G beads. (H) Transient transfection of HA-ARD1 decreased pS6K1(T389) in

Tsc2"*p537'~ MEFs but not in Tsc27/~p53~~ MEFs.

a plasmid encoding hemagglutinin (HA)-tagged S6K1 in the transfection
mixture. HA-tagged S6K1 was immunoprecipitated with an antibody against
HA and immunoblotted with an antibody directed against phospho-S6K1.
S6K1 phosphorylation at Thr*®® [pS6K1(T389)] in ARDI-transfected

cells was less than that in vector-
transfected cells under conditions
of normal growth (Fig. 4A), as well
as during serum starvation and
insulin-like growth factor (IGF)
stimulation (fig. SSA). Depletion
of ARDI1 by siRNAs caused a
marked increase in pSO6K1(T389)
abundance (Fig. 4B and fig.
S5B). We also found that ARDI
inhibited 4EBP1 phosphoryla-
tion at Ser®® [p4EBP1(S65)] (Fig.
4C and fig. S6). These data indi-
cate that ARD1 inhibits mTOR
activity.

The next question we ad-
dressed was which molecules
upstream of mTOR might be as-
sociated with ARD1. We trans-
fected HEK293T cells with
plasmids encoding glutathione
S-transferase—tagged ARDI1
(GST-ARD1) and performed
GST pull-down assays. We
separated the GST pull-down ly-
sate, containing ARD1-associated
proteins, by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE)
followed by Western blotting anal-
ysis with antibodies against
mTOR, and several molecules
known to participate in regulating
mTOR function. We found that
TSC2, but not TSC1, Rheb, or
mTOR itself, associated with
GST-ARDI1 (Fig. 4D), suggesting
that TSC2 may be involved in
ARDI1-mediated mTOR inhibi-
tion. Reciprocal coimmunopre-
cipitation assays of endogenous
and exogenous proteins indicated
that ARDI physically interacted
with TSC2 (Fig. 4, E and F).
Moreover, in vitro pull-down as-
says revealed a direct associa-
tion between ARD1 and TSC2
(Fig. 4G).

We transiently transfected
plasmids encoding ARD1 into
Tsc2""p537 and Tsc2” p537~
mouse embryonic fibroblasts
(MEFs) to verify that mTOR reg-
ulation by ARD1 was mediated
through TSC2. pS6K1(T389)
abundance was decreased in
ARDI1-bearing Tsc2™ p537~'~
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MEFs but not in ARD1-bearing Tsc2™ p53~~ MEFs (Fig. 4H), suggesting
that TSC2 is indeed required for mTOR inactivation by ARDI1.

ARD1 suppression of tumor growth through TSC2

To determine whether inhibition of the mTOR pathway is involved in
ARDI-induced suppression of cell growth, we treated stable transfectants
with the mTOR inhibitor rapamycin. Rapamycin inhibited growth of
vector stable transfectants but not that of ARDI stable transfectants
(Fig. 5A). Moreover, ARD1 knockdown with any of four different siRNAs
significantly increased Tsc2""p53~~ MEF growth but had no effect on
that of Tsc2™ p53~~ MEFs (Fig. 5B). These data support the notion
that the growth-suppressive effect of ARD1 is mediated through the
TSC2-mTOR pathway. To determine whether ARDI regulates clono-
genicity in soft agar through TSC2, we transfected plasmids encoding
green fluorescent protein (GFP) vector or GFP-ARDI1 with or without
TSC2 into TSC2™ p53~'~ MEFs, sorted the GFP-positive cells by flow
cytometry, and assessed anchorage-independent growth. ARD1 only
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Fig. 5. ARD1 suppression of tumor growth through TSC2. (A) The mTOR
inhibitor rapamycin inhibited growth of the vector but not ARD1 stable
transfectants (*P < 0.005; t test). Cells were treated with 100 nM rapa-
mycin for 24 hours, and cell growth rate was determined by an MTT as-
say. Error bars represent SD (n = 5). (B) ARD1 knockdown with siRNAs
increased cell growth in Tsc2**p53~7~ MEFs (*P < 0.005; t test). Four dif-
ferent ARD1 siRNAs were transfected into Tsc27*p537~ or Tsc2/~p537~
MEFs; cell growth rate was determined by an MTT assay after 4 days.
Error bars represent SD (n = 5). (C) ARD1 decreased the clonogenicity
of Tsc2~p53~'~ MEFs only when TSC2 was reintroduced (*P < 0.005; t
test) in an anchorage-independent growth assay. The results shown are
the average and SD of colony numbers in week 4 (n = 3). (D) Intratumor-
al injection of the ARD1 plasmid DNA: Liposome mixture inhibited tumor
growth of Tsc2**p53~'~ MEFs (*P < 0.001; ttest) but not Tsc2/~p537/~
MEFs. Graph shows relative tumor volume normalized to 1 for the vector
control-injected tumor. Five mice were used in each group. Error bars
represent SD.

inhibited colony formation when it was cotransfected with TSC2 in
TSC2 " p53~~ MEFs (Fig. 5C), indicating that TSC2 was required
for ARD1-dependent suppression of cell transformation. To investigate
the role of TSC2 in ARD1-mediated suppression of tumor growth, we
injected ARD1 plasmid DNA or vector controls complexed with N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate
DOTAP-cholesterol (Chol) liposome using a DNA delivery system (47)
intratumorally into nude mice bearing subcutaneous 7SC2*p53~ or
TSC2 7 p537~ MEF xenografts. ARDI significantly suppressed tumor
growth compared to the vector control in TSC2"*p53™" but not in
TSC2 " p53~~ MEFs (Fig. 5D), supporting the idea that ARD] inhibits
tumor growth through TSC2.

ARD1 stabilization of TSC2 through interaction

and acetylation

We observed that TSC2 abundance was higher in ARDI1 stable trans-
fectants than in vector stable transfectants (Fig. 6A). We obtained simi-
lar results with transient ARD1 expression in HEK293T cells (fig. S7).
The implication that ARD1 physically interacts with TSC2 and thereby
increases TSC2 abundance led us to investigate whether ARDI en-
hances TSC2 stability. Treatment with cycloheximide to inhibit protein
synthesis indicated that TSC2 stability increased in cells cotransfected
with ARD1 (Fig. 6B) and decreased in ARD1-depleted cells (fig. S8).
To determine TSC2 half-life, we graphed the data of Fig. 6B on a semilog
plot (fig. S9) and determined that ARDI significantly increased TSC2
half-life from 12.7 to 33.0 hours. Treatment with MG132, which inhibits
the proteasome degradation pathway, also increased TSC2 abundance (fig.
S10). Moreover, ARDI decreased TSC2 ubiquitination (Fig. 6C). Together,
these data suggest that ARD1 increases TSC2 stability and inhibits TSC2
degradation through the ubiquitin proteasome pathway, thereby increasing
TSC2 abundance.

To see whether the association between ARD1 and TSC2 is neces-
sary for TSC2 stabilization and ARD1-dependent mTOR inhibition, we
generated three truncated forms of ARD1, ARD1 AN, ARDI1 AAT, and
ARD1 AC, with deletion of ARD1 N-terminal domain (amino acids 1 to
44), acetyltransferase domain (amino acids 45 to 130), and C-terminal do-
main (amino acids 131 to 235), respectively (fig. S11). Coimmunopre-
cipitation assays indicated that the C-terminal domain of ARDI1 is
required for its association with TSC2 (Fig. 6D). Increased TSC2 stability
was apparent in cells transfected with wild-type ARD1 but not in cells trans-
fected with ARD1 AC (fig. S12). Furthermore, expression of wild-type
ARDI1 but not that of ARD1 AC decreased pS6K1(T389) (Fig. 6E).
Together, these results suggest that interaction between ARD1 and
TSC2 is required for TSC2 stabilization and inhibition of mTOR
signaling.

The next question we addressed was whether ARD1 acetyltransferase
activity was required for its regulation of TSC2-mTOR signaling and its
suppression of cell growth. It has previously been shown that the consen-
sus sequence R¥-x-x-G*-x-A is critical for ARD1 enzyme activity, and
the acetyltransferase activity of mutant ARD1 R82A or G85A, in which
Ala is substituted for Arg® or Gly®, is much lower than that of wild-type
(WT) ARDI (42). Here, we generated two catalytically inactive ARD1 mu-
tants. In the first (ARD1 AA), we substituted Ala for both Arg® and Gly®°.
In the second, we truncated the ARD1 acetyltransferase motif (amino
acids 45 to 130) to generate ARD1 AAT. We found that wild-type
ARDI, but not ARD1 AA or ARD1 AAT, increased TSC2 stability (fig.
S13) and decreased TSC2 ubiquitination (fig. S14), suggesting that ARD1
enzyme activity is required for it to stabilize TSC2 and prevent its ubiqui-
tination. wild-type ARDI1, but not ARD1 AA or ARD1 AAT, reduced
pS6K1(T389), indicating that ARD1 enzyme activity is necessary for its
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inhibition of mTOR signaling (Fig. 6F). Wild-type ARD1 significantly sup-
pressed growth of MDA-MB-435 and MCF-7 cells compared to ARD1 AA
or ARD1 AAT (fig. S15), indicating that the growth-suppressing effect of
ARDI also depends on its enzymatic activity.

To determine whether ARD1 caused the acetylation of TSC2, we
knocked down ARD1 in HEK293T cells and measured acetylation of
endogenous TSC2. The ARD1-depleted cells showed decreased acetyla-
tion of endogenous TSC2 (fig. S16). a-Protein acetylation is believed to
protect proteins from N-terminal degradation, and ARD1 is a well-known
o-acetyltransferase in yeast (32, 33). ARDI has also been reported to me-
diate e-acetylation in mammalian cells (29, 36). Thus, we investigated
whether either of these two modifications was involved in TSC2 regulation

Vector  ARD1 B

Fig. 6. ARD1 stabilization of A

by ARDI. To examine ARDI1 a-protein acetylation activity, we performed
an N-terminal acetyltransferase assay on peptides derived from TSC2.
ARD1-induced o-protein acetylation was only found on TSC2 peptide
1 to 25 (MAKPTSKDSGLKEKFKILLGLGTPR), not on TSC2 peptide
2 to 25 (AKPTSKDSGLKEKFKILLGLGTPR) or TSC2 peptide 2 to 26
(AKPTSKDSGLKEKFKILLGLGTPRP) (43) (Fig. 6G), suggesting that
ARD] acetylates TSC2 on the first methionine (Met'). This was con-
firmed by the results of a mass spectrometry analysis that demonstrated
a-acetylation on TSC2 Met' (Fig. 6H). We next assessed whether ARDI1
mediates €-acetylation of TSC2. MDA-MB-435 cells were cotransfected
with ARD1 and TSC2 and treated with sodium butyrate to prevent protein
deacetylation, and the acetylated TSC2 was detected by antibodies against
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acetyl lysine. We were unable to see any e-acetylation of TSC2, even after
performing analyses with seven different antibodies (fig. S17), indicating
that ARD1 does not induce e-acetylation of TSC2. We conclude that
ARDI acetylates TSC2 at Met', thereby stabilizing TSC2 and increasing
its abundance.
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Correlation between ARD1 and TSC2 abundance

To determine whether the relationship between ARD1 and TSC2 was gen-
erally applicable in breast cancer cells, we measured ARDI and TSC2
abundance in 17 breast cancer cell lines and found a significantly positive
correlation between the abundance of ARD1 and that of TSC2 (P < 0.01;
Fig. 7A). We also found a significant-
ly negative correlation between ARD1
abundance and the degree of S6K1
phosphorylation [pS6K1(T389)] sub-
stantiating the inhibitory role of ARDI
in mTOR signaling (P < 0.05; Fig. 7A).
ARD1 abundance, detected by immu-
nohistochemical staining, was also pos-
itively correlated with that of TSC2
! ‘ ‘ ‘ ' (P <0.005; Fig. 7B and fig. S18) in a
previously described cohort of breast
tumors containing 113 human primary
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Fig. 7. The association between ARD1 and TSC2. (A) ARD1 abundance was positively associated with that of
TSC2 (P < 0.01) and negatively associated with pS6K1(T389) (normalized to total S6K1 expression) (P < 0.05) in
a panel of human breast cancer cell lines. Correlation analyses were performed with the Spearman rank corre-

lation test. (B) ARD1 abundance was associated with that of TSC2 in 113 pl

mens. Correlation analyses were performed with the Pearson chi-square test (P < 0.005). (C) ARD1
abundance was associated with that of TSC2 in 117 human tumor tissue specimens. Correlation analyses
were performed by the Pearson chi-square test (P < 0.001). (D) A model in which stabilization of TSC2 by
ARD1 inhibits mTOR signaling and thereby suppresses cell proliferation and induces autophagy.

to treatment with siRNA directed
against ARD1, whereas the HeLaS3
subclone showed only a weak apo-
ptotic response. In contrast, Yi ef al.
found that ARD1 knockdown with
any of six different ARD1 siRNAs
protected fly cells and HeLa cells
from apoptosis after DNA damage
(35). Yi et al. hypothesized that the dis-
crepancy between their data and those
of Arnesen et al. may have arisen
from differences among the siRNAs
used and the ensuing off-target effects.

Autophagy

rimary human breast cancer speci-
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Specifically, the siRNAs used by Arnesen et al. decreased cellular ATP
concentrations by about 20% and therefore may decrease cell survival,
whereas the siRNAs used by Yi ef al. did not affect ATP concentration.
Using the same siRNAs used in the latter study, we showed that ARD1
depletion increased the growth of MCF-10A and MDA-MB-435 cells. We
also showed that ARD1 overexpression consistently decreased cell growth
in breast cancer cell lines. In contrast, Fisher et al. found that ARDI1 de-
pletion suppressed proliferation of HepG2 cells (45). This discrepancy may
result from the different siRNAs and cell types used in the two studies.
ARDI1 may associate with and acetylate various substrates or bind to di-
verse protein partners and, therefore, play different roles in different cell
types. Thus, determination of the precise role of ARDI in biological
functions and identification of the spectrum of ARDI1 substrates remain
challenges for the future.

We found that ARDI induces autophagy in MDA-MB-435 cells.
Previous studies have shown that ARD1 knockdown decreased the
mRNA abundance of Beclin 1 (45), a mammalian gene that is required
for autophagy (14). Here, we provide evidence that ARD1 suppresses
the mTOR signaling pathway through TSC2. It has been reported that
TOR controls autophagy in yeast (46) and suppression of mTOR activity
is also associated with increased autophagy in mammals (47). Further
studies are required to investigate the relationship between ARD1-mediated
TSC2-mTOR signaling and Beclin 1 expression.

A previous report showed that ARD1 abundance is decreased in most
neoplastic thyroid tissue compared to that in nonneoplastic tissue (48), sug-
gesting that ARD1 may be a tumor suppressor candidate. Gene expression
and clinical data from the ITTACA database revealed that ARD/ mRNA
expression correlates with better clinical outcome for patients with breast
cancer (38), supporting a role for ARDI as a tumor suppressor. However,
Ren et al. found that ARD1 expression is higher in colorectal cancer tis-
sues than in normal tissues (49). It is not yet clear why there is distinct
expression of ARD] in various tumors compared to their adjacent normal
tissues, raising the question of whether ARD1 plays different roles in dif-
ferent tissues.

The analysis of LOH in tumors is a powerful tool for mapping the
sites of tumor suppressor genes in the human genome. High frequen-
cies of LOH observed at sites on chromosome Xq in human cancers
of the breast (50), uterine cervix (57), and lung (52) suggest the pres-
ence of important tumor suppressor genes in this region. Moreover,
there are reports of frequent LOH at chromosome Xq28, where ARD1
is located (33), in ovarian cancer (54) and cervical carcinoma (55). Here,
we showed that LOH of ARD1 occurs in human breast, lung, pancreatic,
and ovarian cancer samples, further supporting a role for ARD1 in can-
cer development.

We also demonstrated that ARDI stabilizes TSC2 and prevents its
degradation through a ubiquitin proteasome pathway, thereby inhibiting
mTOR activity and cell growth (Fig. 7D). The identification of ARD1 as
an upstream regulator of the mTOR signaling pathway provides an im-
portant basis for understanding the molecular basis of ARD1-mediated
tumor suppression. Future investigation should address the physiological
functions of ARD1 and its relevance to tumorigenesis.

MATERIALS AND METHODS

Plasmids, antibodies, and chemicals

We constructed Myc-ARD1- and HA-ARD1—expressing plasmids by in-
serting hARD1 complementary DNA (cDNA) into pcDNA6 and pCMV5
vectors containing the Myc and HA tags, respectively. We generated the
GST-ARDI1—expressing plasmid by subcloning the ARD1 fragment into

the pGEX6P-1 GST vector. Different truncated forms of ARD1 constructs
were generated by subcloning the indicated ARD1 fragment into pcDNA6
vector.

We used antibodies to FLAG (F3165, Sigma), Myc (11667203001,
Roche), HA (11666606001, Roche), ARD1 (15-288-22667, GenWay;
SC-33256, Santa Cruz Biotechnology), TSC1 (37-0400 Zymed; 4906, Cell
Signaling Technology), TSC2 (SC-893, Santa Cruz Biotechnology), S6K1
(SC-230, Santa Cruz Biotechnology), pS6K1(T389) (9205, Cell Signaling
Technology), 4EBP1 (9452L, Cell Signaling Technology), p4EBP1(S65)
(9451s, Cell Signaling Technology), Rheb (SC-6341, Santa Cruz Bio-
technology), mTOR (2972, Cell Signaling Technology), MAP LC3 (SC-
28266, Santa Cruz Biotechnology; NB100-2331, Novus Biologicals),
acetyl lysine (623402, Biolegend; MA1-2021, Affinity BioReagents;
ST1027, Calbiochem; 05-515, Upstate; 9441s, Cell Signaling Technology;
9681s, Cell Signaling Technology; 06-933, Upstate), a-tubulin (T-5168,
Sigma), and actin (A2066, Sigma).

Rapamycin, cycloheximide, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide, and MG132 were purchased from Sigma. Blasticidin
S was purchased from InvivoGen. G418 was purchased from Cellgro.

siRNAs

HEK293T, MDA-MB-435, and MCF-10A cells were transfected with
ARDI ON-TARGETplus SMARTpool siRNAs (L-009606-00, Dharma-
con RNA Technologies), ARD1 ON-TARGETplus SMARTpool duplex
siRNAs (J-009606-05, J-009606-06, J-009606-07 and J-009606-08,
Dharmacon RNA Technologies), or ON-TARGETplus siCONTROL not-
targeting pool siRNAs (D-001810-10-20) by using DharmaFECT Trans-
fection Reagents (T-2001-02) and the cells were harvested for analysis
72 hours after transfection. Tsc2 p53~ and Tsc2""p53~'~ MEFs were
transfected with ARD1 ON-TARGETplus set of four duplex siRNAs
(J-049547-09, J-049547-10, J-049547-11 and J-049547-12, Dharmacon
RNA Technologies) or ON-TARGETplus siCONTROL not-targeting
pool siRNAs by using DharmaFECT Transfection Reagents and har-
vested for analysis.

Cell culture, stable transfectants, and

transient transfection

MDA-MB-435, MDA-MB-231, MCF-7, and HEK293T cells and
Tsc2 p537 and Tsc2"p53~~ MEFs were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM)/F12 medium supplemented with 10%
fetal bovine serum (FBS). MCF-10A cells were cultured in DMEM/F12
medium supplemented with 5% equine serum, insulin (10 pg/ml), epider-
mal growth factor (EGF; 20 ng/ml), choleratoxin (100 ng/ml), and hydro-
cortisone (0.5 pg/ml). Vector control or ARDI1 stable transfectants were
generated in MDA-MB-435 cells (56, 57) and selected with blasticidin S
(12 pg/ml). For transient transfection, cells were transfected with DNA ei-
ther by SN liposome (58), Lipofectamine 2000 (11668-019, Invitrogen), or
Lipofectamine with plus reagent (18324-012 and 11514-015, Invitrogen).

MTT assays

Cells were plated at a density of 5000 cells per well for MDA-MB-435
cells, or 500 to 1000 cells per well for MEFs in 96-well microplates. At
different time points, 50 ul of MTT (0.5% in phosphate-buffered sa-
line) were added to each well, and incubation was continued for 2
hours. The formazan crystals resulting from mitochondrial enzymatic
activity on the MTT substrate were solubilized with 100 ul of dimethyl
sulfoxide and the light absorbance was measured at 570 nm with a
multiwell spectrophotometer (Labsystems). The light absorbance at
day 0 was set to 1 and the y axes shown in the figures indicate the rela-
tive units to day 0.
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Anchorage-independent growth assays
Anchorage-independent growth of stable transfectants was determined
by a previously described method (59). Briefly, the cell-growth matrix
consisted of base agar and top agarose in six-well culture plates. The
base layer (1.5 ml) contained DMEM/F12 medium, 10% FBS, and
0.5% agar. The top layer (1.5 ml) contained DMEM/F12 medium,
10% FBS, 0.35% agarose, and the suspension of cells (5 x 10%). The
number of foci was counted after 4 weeks. The modifications used for
TSC2 " p537"~ MEFs are as follows: GFP-positive cells (5 x 10%) were
sorted, mixed with 0.5% agarose, and poured onto a bed of 1% agar.
Both the top and the bottom layers were prepared in DMEM/F12 me-
dium with 10% FBS.

Mouse model for tumorigenesis
We performed the tumorigenesis assay for stable transfectants with a
breast cancer orthotopic mouse model that has been described else-
where (60). Cells (1 x 10°) were injected into the mammary fat pads
of female nude mice (Jackson Laboratory), 10 mice per group, and
the length (L) and width (W) of each tumor mass were measured
by calipers once a week. Tumor volume (TV) was calculated according
to the formula described by Yaguchi et al. (61): TV = 0.5 x L x W2,
For mouse model of MEF xenograft, 7SC2*"*p53~~ MEFs consistently
produced tumors in nude mice as previously described (62). Tumorigenic
TSC2 ™ p53~~ MEFs were generated with a previously described method
(62). Briefly, 1 x 107 parental 7SC2 p53~ MEFs were subcutaneously
injected into nude mice. Two weeks later, the tumor cells were harvested
and recultured for tumor inoculation. Intratumoral injection of plasmid
DNA complexed with DOTAP-Chol liposome was performed twice per
week when the tumor reached 5 to 6 mm in diameter. The tumor volume
was measured after three times of treatments.

BrdU incorporation assays
Cell proliferation was assessed by the Cell Proliferation enzyme-linked im-
munosorbent assay (ELISA, Roche) per the manufacturer’s instructions.

Transmission electron microscopy

To demonstrate the induction of autophagy in ARDI stable transfectants,
we performed an electron microscopy analysis. Cells were fixed with a
solution containing 3% glutaraldehyde plus 2% paraformaldehyde in
0.1 M cacodylate (pH 7.3) for 1 hour. After fixation, the cells were treated
with tannic acid (0.1% in cacodylate buffer), postfixed with 1% OsO, for
30 min, and stained with 1% uranyl acetate. Then, the samples were de-
hydrated in increasing concentrations of ethanol, infiltrated and embedded
in Poly-bed 812 medium, and subjected to polymerization in a 60°C oven
for 2 days. Representative areas were chosen for ultrathin sectioning,
stained with uranyl acetate/lead citrate, and examined with a JEM 1010
transmission electron microscope (JEOL) at an accelerating voltage of
80 kV. Digital images were obtained with the AMT Imaging System
(Advanced Microscopy Techniques).

Apoptosis assays

Annexin V-PE (BD Biosciences) was used to recognize the phospholipid
phosphatidylserine (PS) exposed on the outer membrane of apoptotic
cells, and flow cytometry was used to quantitatively determine the percent-
age of apoptotic cells within a population.

Immunoprecipitation and immunoblotting assays
Immunoprecipitation and immunoblotting assays were performed as
described previously (63).

In vitro pull-down assays

GST-ARDI1 protein was first purified with glutathione Sepharose 4B
beads and then incubated with in vitro transcription and translation ly-
sate of TSC2, which was produced with a TNT-coupled reticulocyte
lysate system (Promega) in binding buffer [0.5 mM dithiothreitol,
0.5 mM EDTA, 0.1% NP-40, 50 mM NaCl, 10 mM Hepes (pH 7.5)]
at 4°C for 3 hours. The resulting pull-down product was washed exten-
sively with binding buffer, and the bound proteins were eluted with
SDS-PAGE sampling buffer and analyzed.

In vitro N-a-acetylation assays

N-o-acetylation assays were performed as described (28). Briefly,
ARDI1 was immunoprecipitated and purified by protein G—agarose.
The pellet of protein G—agarose—bound ARD1 was added to a mixture
of 10 pl of TSC2 peptides (0.5 mM, QCB), 4 ul of [*H]acetyl co-
enzyme A (1 puCi, ICN MP), and 136 ul of 0.2 M K,HPO,4 (pH 8.1).
The mixture was then incubated at 37°C for 1 hour. After centrifuga-
tion, the supernatant was added to 150 ul of SP Sepharose (50% slurry
in 0.5 M acetic acid; Sigma) and incubated for 5 min. The pellet was
further washed three times with 0.5 M acetic acid and finally with
methanol. Radioactivity was determined by scintillation counting.
The activity of ARD1 immunoprecipitates was compared to that of
control immunoglobulin G immunoprecipitates.

Immunohistochemical staining

Immunohistochemical staining was performed as described (63, 64).
Briefly, human HistoArrays of multiple cancerous tissues (IMH-365,
Imgenex) were incubated with antibodies directed against ARD1 or
TSC2, detected with biotin-conjugated secondary antibody and avidin-
peroxidase, and visualized with aminoethylcarbazole chromogen. Ac-
cording to the histologic scoring, the intensity of staining was ranked
into four groups: negative (—), low (+), medium (++), and high (+++).
The Pearson chi-square test was used for statistical analysis, and P <
0.05 was considered statistically significant.

Microsatellite-based LOH analysis

Fluorescent LOH analysis with genomic DNA was performed as described
(65). Contig U52112.2.1.181343, containing ARD! flanking sequences,
was downloaded from the Ensembl database (http://www.ensembl.org).
Two pairs of fluorescence-labeled microsatellite primers flanking ARDI
[ARD1 UM-DXS9796 (GCTTCTTTCACACTCACGCAGC and CCCT-
GATCCAACCAAACAATGG), representing upstream of the ARD1 locus,
and ARDI DM-DXS7501 (TTTCCAGCCCTCCCCTAC and AAACGT-
GACATTTTCCACAGC), representing downstream of the ARD! locus]
were designed according to the Ensembl database and synthesized by
Sigma Genosys. Briefly, each PCR reaction was performed in a total
volume of 20 pl containing 100 ng DNA, 0.2 mM deoxynucleotide
triphosphates, 1.5 mM MgCl,, 2 pmol of each primer, and 0.25 U of
Ampli Taq Gold DNA polymerase (Applied Biosystems). Cycling
conditions were 94°C (10 min) for one cycle, 94°C (30 s), 61°C to
65°C (30 s), and 72°C (30 s) for 25 cycles and a final extension of
72°C (30 min). The reactions were carried out in a T3 Thermocycler
PCR System (Biometra). We then analyzed the data with the ABI Genescan
and Genotyper software packages (PerkinElmer) and scored the allelic
loss. The alleles were defined as the two highest peaks within the expected
size range, using the normal breast cell line MCF-10A, normal lung cell
line HBE4, normal pancreatic cell line HPDE6, and normal ovarian cell
line IOSE as the reference. In our system, a relative allele ratio of less than
0.6 or more than 1.5 was defined as LOH.
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Statistical analyses

Statistical analyses were performed with the Student’s ¢ test, Spearman
rank correlation test, mixed-effects model, or the Pearson chi-square test
as indicated. A P value of < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/108/ra9/DC1

Fig. S1. Lower copy number of genomic ARD1? was found in ARD1 LOH group.

Fig. S2. Endogenous ARD1 in five cell lines with low ARD1 abundance and five cell lines
with high ARD1 abundance.

Fig. S3. Myc-ARD1 had a stronger growth-inhibitory effect in tumor cells with lower en-
dogenous ARD1 than in cells with abundant endogenous ARD1.

Fig. S4. Knockdown of ARD1 with either of two different siRNAs increased the growth of
MDA-MB-435 cells.

Fig. S5. ARD1 reduced the degree of pS6K1(T389) whereas depletion of ARD1 increased
pS6K1(T389) under conditions of both serum starvation and insulin-like growth factor
(IGF) stimulation.

Fig. S6. ARD1 reduced p4EBP1(S65) under conditions of both serum starvation and IGF
stimulation.

Fig. S7. Transient transfection of Myc-ARD1 increased the amount of TSC2 in HEK293T
cells.

Fig. S8. Depletion of ARD1 decreased the stability of TSC2.

Fig. S9. The data of Fig. 6B on a semilog plot.

Fig. $10. Treatment of MG132 increased TSC2 abundance.

Fig. S11. Schematic shows wild-type (WT) ARD1 and three truncated forms of ARD1.
Fig. S12. WT ARD1, but not ARD1 AC, increased the stability of TSC2.

Fig. S13. WT ARD1, but not ARD1 AA or ARD1 AAT, stabilized TSC2.

Fig. S14. WT ARD1, but not ARD1 AA or ARD1 AAT, reduced ubiquitination of TSC2.
Fig. S15. WT ARD1, but not ARD1 AA or ARD1 AAT, significantly suppressed the growth
of MDA-MB-435 and MCF-7 cells.

Fig. S16. Depletion of ARD1 decreased the acetylation of endogenous TSC2.

Fig. S17. We detected no ARD1-induced e-acetylation of TSC2.

Fig. S18. Shown are two representative breast cancer specimens with consecutive
sections.

Fig. S19. Representative images of ARD1 and TSC2 abundance in four different types of
cancers.

Table S1. Relationship between ARD1 and TSC2 in surgical specimens of various tumors.
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Inhibiting MTOR and Tumor Growth

The acetylase arrest-defective protein 1 (ARD1) has been implicated in mammalian cell proliferation and
apoptosis, and the dysfunction of these processes contributes to cancer development. Kuo et al. searched an online
database for a possible relationship between ARD1 and cancer and found that increased ARD1 mRNA abundance was
associated with various measures of improved clinical outcome in patients with breast cancer, suggesting that ARD1
might act as a tumor suppressor. They uncovered ARD1 loss of heterozygosity (LOH) in primary breast cancer and
several different cancer cell lines. Further analysis indicated that ARD1 acetylated——and thereby stabilized——tuberous
sclerosis 2 (TSC2), part of a complex that inhibits signaling through the mammalian target of rapamycin (MTOR)
pathway, a master regulator of cellular metabolism. ARD1-dependent inhibition of mTOR signaling decreased cell
proliferation and increased autophagy, thereby suppressing tumor growth in nude mice. Moreover, ARD1 abundance
correlated with that of TSC2 in various types of cancer. The authors thus propose that ARD1 suppressed development of
multiple types of cancer through its stabilization of TSC2 and the consequent inhibition of mMTOR signaling.
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