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ABSTRACT

BACKGROUND

The finding of hemizygous or homozygous deletions at band 14 on chromosome 13 in
avariety of neoplasms suggests the presence of a tumor-suppressor locus telomeric to
the RB1 gene.

METHODS

We studied samples from 216 patients with various types of sporadic tumors or idio-
pathic pancytopenia, peripheral-blood samples from 109 patients with familial cancer
or multiple cancers, and control blood samples from 475 healthy people or patients
with diseases other than cancer. We performed functional studies of cell lines lacking
ARLTS1 expression with the use of both the full-length ARLTSI gene and a truncated
variant.

RESULTS

We found a gene at 13q14, ARLTS1, a member of the ADP-ribosylation factor family,
with properties of a tumor-suppressor gene. We analyzed 800 DNA samples from tumors
and blood cells from patients with sporadic or familial cancer and controls and found
that the frequency of a nonsense polymorphism, G446A (Trp149Stop), was similar in
controls and patients with sporadic tumors but was significantly more common among
patients with familial cancer than among those in the other two groups (P=0.02; odds
ratio, 5.7; 95 percent confidence interval, 1.3 to 24.8). ARLTS1 was down-regulated by
promoter methylation in 25 percent of the primary tumors we analyzed. Transfection
of wild-type ARLTS1 into A549 lung-cancer cells suppressed tumor formation in immu-
nodeficient mice and induced apoptosis, whereas transfection of truncated ARLTS1 had
a limited effect on apoptosis and tumor suppression. Microarray analysis revealed that
the wild-type and Trp149Stop-transfected clones had different expression profiles.

CONCLUSIONS
A genetic variant of ARLTS1 predisposes patients to familial cancer.
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OMOZYGOUS OR HETEROZYGOUS DE-
letions at chromosome 13q14.3 occur in
a variety of hematopoietic and solid tu-
mors.» In some cases of chronic lymphocytic leu-
kemia (CLL), these deletions are the only detectable
cytogenetic abnormality.>” The 13 known genes in
this region are expressed in hematopoietic cells and
solid tissues, but none have been found to be inacti-
vated in tumors.>®° Because of the absence of any
detectable pathogenic mutation and the active tran-
scription of all retained genes at 13q14.3 (except
the microRNA genes miR-15a and miR-16-1), it is
possible that haploinsufficiency, in which one allele
is deleted and the remaining normal allele is in-
sufficient to support normal function, contributes
to CLL.H&10
To identify putative tumor-suppressor genes at
13q14.3, we sequenced and characterized a 790-kb
segment spanning the minimal region of loss* and
performed a detailed mutational study of most
of the known genes in this region (DLEU1, DLEU2,
miR-15a, miR-16-1, RFP2, KCNRG, DLEUG, DLEU?,
and DLEUS).%%*2 Using computational and exper-
imental approaches, we identified a gene encod-
ing a member of the Ras superfamily, ARLTS1 (also
referred to as ARL11 by the Human Genome Organ-
isation Gene Nomenclature Committee). Here, we
describe the results of studies to determine wheth-
er ARLTS] is a tumor-suppressor gene.

METHODS

STUDY SAMPLES

We studied 215 samples of sporadic tumors or
blood (from 65 patients with a thyroid tumor, 58
with colorectal adenocarcinoma, 48 with breast car-
cinoma, 39 with CLL, and 5 with lung carcinoma)
and 1 sample from a patient with idiopathic pan-
cytopenia. The specimens of colorectal cancer and
idiopathic pancytopenia were from patients in Bu-
charest, Romania; the breast-cancer specimens
were from patients in Ferrara, Italy (38 specimens),
and Aarhus, Denmark (10 specimens); the CLL sam-
ples were from patients overseen at the CLL Con-
sortium in the United States; the lung-cancer spec-
imens were also from patients in Ferrara; and the
thyroid-tumor specimens were from patients in Na-
ples, Italy.

We obtained 109 peripheral-blood samples
from patients with familial or multiple cancers:
they included 69 women with BRCA1- and BRCA2-
negative familial breast cancer, 17 men with both
prostate cancer and malignant melanoma (nega-

tive for mutations in the p16 gene), 17 patients with
familial CLL (at least two first-degree relatives af-
fected), and 6 patients with pancreatic cancer or
melanoma (with no mutations in the p16 or p14
gene and a family history of at least one case of pan-
creatic cancer or melanoma). A sample from only
one affected member per family was analyzed. The
familial CLL specimens were from patients in Par-
is (11 specimens) and the CLL consortium in the
United States (6 specimens). All other specimens
from patients with familial or multiple cancer were
from Philadelphia.

We also obtained 475 control blood samples
from healthy people or patients with diseases other
than cancer. The control samples were from 156 re-
nal-transplantation donors in Bucharest, 203 blood
donors in Ferrara, and 116 blood donors in Phila-
delphia.

Written informed consent was obtained for the
use of all specimens in accordance with the guide-
lines for the protection of human subjects at each
participating institution. All subjects were white,
as indicated by medical records in the case of the
patients and information obtained during inter-
views with the controls. Of the patients with can-
cer, 58 percent were European and 42 percent were
American. Of the controls, 76 percent were Euro-
pean and 24 percent were American.

MOLECULAR STUDIES

Molecular studies, examination for the loss of het-
erozygosity, cloning of ARLTSI, and methylation
studies were performed as described previously. 1316
We searched a computer database using Exofish
(www.genoscope.cns.fr) and found a 182-bp, evo-
lutionarily conserved region and obtained the full-
length complementary DNA (cDNA) with the use
of expressed sequence tags and rapid amplifica-
tion of cDNA ends.

DETECTION OF ARLTS1 MUTATIONS

We directly sequenced DNA on both strands from
597 samples using a DNA-sequencing system (mod-
el 377, Applied Biosystems). DNA from the 203 Ital-
ian control subjects was analyzed by denaturing
high-performance liquid chromatography (Trans-
genomics), and all the samples with abnormal pat-
terns were directly sequenced.

STABLE TRANSFECTION OF A549 CELLS

A549 is a highly tumorigenic, non—-small-cell lung-
carcinoma cell line that has wild-type TP53 and RB1
genes but does not express the p16/NK gene. We
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constructed ARLTSI expression vectors, one con-
taining the full-length gene (pMV7-ARLTS1-sense)
and the other containing a truncated gene encod-
ing a protein product lacking a C-terminal and iden-
tical to the polymorphic variant implicated by the
genetic data (pMV7-ARLTS1-AC-terminal) by ligat-
ing the relevant open reading frame in a sense orien-
tation into a mammalian expression vector (pMV7).
All sequenced constructs were transfected with the
use of FuGENEG, according to the manufacturer’s
instructions (Boehringer Mannheim). Stably trans-
fected cells were selected with the use of G418 and
examined for the transformed phenotype by estab-
lishing in vivo tumorigenicity in Nu/Nu nude mice
and selected for apoptosis with the use of the Active
Caspase-3 phycoerythrin monoclonal antibody ap-
optosis kit (Pharmingen, BD Biosciences). Cell-
cycle profiles were identified with the use of flow
cytometry of cells stained with propidium iodide,
and gene-expression profiles were determined with
the use of a Kimmel Cancer Center/Thomas Jef-
ferson University human 18.5K expression bioar-
ray (Compugen Human Oligo Set 1.0), as described
previously.”

STATISTICAL ANALYSIS

Statistical analysis of categorical results was per-
formed with the use of Fisher’s exact test. A logistic-
regression model was used to determine the odds
ratio for cancer in association with specific muta-
tions. Tumor weights in immunodeficient mice
were examined in an analysis-of-variance model,
which included the treatment group and the time
at which the animal was killed; two-sided P values
for specific comparisons between groups were cal-
culated. P values of less than 0.05 were considered
to indicate statistical significance.

RESULTS

DELETION OF ARLTS1 IN VARIOUS TYPES
OF CANCER

Using Exofish*® on 1.4 Mb of the assembled ge-
nomic sequence at chromosome 13q14%1%,19,20
and rapid amplification of cDNA ends, we cloned
cDNA from bone marrow and spleen thatencodes
a conceptual protein of 196 amino acids with a pre-
dicted molecular mass of 21 kD. Analysis of protein
databases with the basic local alignment search tool
(BLAST) revealed significant homology with the
ADP-ribosylation factor (ARF) and ARF-like (ARL)

protein family of the Ras superfamily®®22; we there-

fore named the gene ARLTS1 (for ADP-ribosyla-
tion factor-like tumor-suppressor gene 1; GenBank
accession number, AF441378; European Molecu-
lar Biology Laboratory—European Bioinformatics
Institute Minimum Information about a Microar-
ray Experiment accession number, E-MEXP-274).
The genomic structure of ARLTSI is very similar to
that of class III ARF (ARFG): it has two exons, and
the second contains the entire open reading frame.
We found highly conserved protein homologues in
mouse and rat and similar proteins in zebrafish,
Drosophila melanogaster, and Arabidopsis thaliana (data
notshown), indicating that ARLTS1 has been evolu-
tionarily conserved over time.

Previously, we reported that the genomic region
at13q14.3 is hemizygously deleted in approximate-
ly 20 percent of the CLL samples we analyzed.™*
We confirmed that ARLTS]1 is within the region tar-
geted by deletions by using loss-of-heterozygos-
ity analysis on DNA samples from 20 colorectal
carcinomas; 10 percent of the specimens (2 of 20)
had the hemizygous deletion (data not shown). We
therefore hypothesized that monoallelic loss of
ARLTS1 occurs in a fraction of both hematopoietic
and solid tumors. To test this idea, we sought to
identify secondary events, such as a mutation or an
epigenetic alteration, that could inactivate the re-
maining allele.

ASSOCIATION OF A GERM-LINE TRUNCATING
POLYMORPHISM IN ARLTS1 WITH FAMILIAL CANCER

We identified a germ-line polymorphism — the sub-
stitution of adenine for guanine at position 446
(G446A), resulting in a stop codon at position 149
(Trp149Stop) (Fig. 1A) — in samples from both
patients with cancer and controls. The position of
the stop codon predicts premature termination of
translation, leading to the synthesis of a 148-amino-
acid protein. Trp149 is a conserved amino acid in
12 other ARF or ARF-related proteins, including all
six ARF members, whereas the stretch of 25 amino
acids in the C-terminal (which is lost in the truncat-
ed form) is conserved in both mouse- and rat-
homologue genes.

The polymorphism was detected in 2.1 percent
of the control subjects (Table 1), with the prevalence
ranging from 0.9 percent in the U.S. population
(1in 116) to 3.4 percent in the Italian population
(7 in 203). Overall, DNA from the blood of 10 of
the 475 control subjects and from 8 of the 216 pa-
tients with sporadic cancer (3 of 48 with breast
cancer, 2 of 58 with colorectal carcinoma, 1 of
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Figure 1. The G446A (Trp149Stop) Mutation.

verse orientation). A rapid assay was developed with the use of the Mael site in-
troduced by the mutation. DNA was amplified with the use of a forward primer
containing a base change to destroy a constitutive Mael site and digested with

2 U of Mael (Boehringer). Amplification of the normal allele gives rise to a single
138-bp product, whereas the mutant allele produces two bands (one 106 bp and
one 32 bp). The efficiency of the digestion was low, and partial digestion products
were obtained. Digested polymerase-chain-reaction products were loaded on a
3 percent agarose gel and visualized with the use of an ultraviolet imager. N de-
notes normal, 38T colorectal adenocarcinoma, 38N normal colon, and MCF7 a
breast-carcinoma cell line. Panel B presents the pedigree of an Italian family with
chronic lymphocytic leukemia (CLL) characterized by three cases of CLL in two
successive generations, the phenomenon of anticipation (earlier onset and more
severe phenotype in the next generation), and an increased frequency of second-
ary tumors (lung carcinoma, kidney carcinoma, thyroid adenoma, and essential
thrombocythemia [ET]).>* Squares indicate male family members, circles female
family members, solid symbols affected family members, circle with black center
an obligate carrier, and slash deceased. The family members with the G446A
(Trp149Stop) mutation are indicated, as are those who are heterozygous for G/A,
homozygous for A/A, and homozygous for wild-type G/G. The age at diagnosis is

ily is not suitable for a lod analysis.

Panel A shows the germ-line mutation G446A (Trp149Stop) (sequences are in re-

also shown. Because of the absence of members without the mutation, this fam-
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5 with lung carcinoma, and 1 of 65 with a thyroid
tumor) or idiopathic pancytopenia (1) carried the
stop mutation. This difference was not significant
(P=0.09). The Trp149Stop mutation was, however,
significantly more frequent among patients with a
family history of cancer or with multiple cancers
than among patients with sporadic cancer (P=0.02;
odds ratio, 5.7; 95 percent confidence interval, 1.3
to 24.8). Itwas found in 2 0f 17 blood samples from
patients with familial CLL, in 1 of 69 with familial
breast cancer, in 2 of 17 patients with both malig-
nant melanoma and prostate carcinoma, and in
1 of 6 patients with both pancreatic cancer and mel-
anoma (Table 2). All tumor samples had both the
wild-type and polymorphic alleles except one breast
cancer, which lacked the wild-type ARLTSI allele
(one allele was mutated and the second was delet-
ed). Sequence analysis of ARLTS1 in paired samples
of normal tissue, which were available from two
patients with a colorectal tumor and one patient
with breast carcinoma, suggested that the status of
the gene was the same in the normal cells and the
tumor cells.

In one kindred with familial CLL, all five mem-
bers with cancer harbored the truncating polymor-
phism, whereas two unaffected members who were
analyzed did not (Fig. 1B). The only member of this
kindred with a homozygous mutation was found
to have kidney carcinoma and thyroid adenoma
when she was less than 50 years old. In the third gen-
eration, six members, one of whom had received
a diagnosis of essential thrombocythemia (a pre-
malignant state), had the polymorphism; the other
five members were less than 40 years old.

In addition to the G446A (Trp149Stop) vari-
ant, we identified four other variations in ARLTS1:
CG65T (Ser22Leu) and G490A (Glul64Lys), both
of which were found in thyroid adenomas, and
C392T (Pro131Leu) and T442C (Cys148Arg), which
were present in heterozygous form in 6.2 percent
and 66.9 percent, respectively, of the controls (Ta-
ble 1). Glu164 is well conserved in homologues of
ARLTS1 protein, suggesting that it s critical to pro-
tein function. Interestingly, we found two C65T
missense mutations, one G446A nonsense muta-
tion, and one G490A missense mutation among
23 thyroid adenomas of follicular origin, whereas
wild-type ARLTS1 was present in all 42 samples of
the nonfollicular type. It is unlikely that this allelic
distribution is random (P=0.005 by Fisher’s exact
test). A member of a family with CLL who was ho-
mozygous for the G446A polymorphism also had
thyroid adenoma (Table 2).
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DOWN-REGULATION OF ARLTS1 BY PROMOTER
HYPERMETHYLATION

Analysis of RNA from normal hematopoietic and
solid tissues with the use of an ARLTS1 probe re-
vealed ubiquitous expression of a 2.2-kb transcript
and additional 1.3- and 5.5-kb transcripts result-
ing from the use of different polyadenylation sites.
Northern blotting, a semiquantitative reverse-tran-
scriptase—polymerase-chain-reaction assay, or both
showed a reduction or absence of ARLTS1 expres-
sion in 4 of 16 fresh tumor samples (2 of 7 lung car-
cinomas and 2 of 9 samples of CLL cells) for which
cDNA, RNA, or both were available, as compared
with the levels of expression in their normal coun-
terparts (Fig. 2).

We examined tumors to determine whether
ARLTS1 is down-regulated through hypermethyl-
ation of the putative promoter, which was locat-
ed by a computer search of the first exon (bases 10
to 59 of the cDNA). On Southern blotting, fresh

Table 1. Results of ARLTS1 Sequence Analysis in Specimens of Sporadic
Tumors, Blood Samples from Patients with Familial Cancer, and Blood
Specimens from Control Subjects.

Variant®

C65T

C392T
T442C
G446A

G490A

AminoAcid Sporadic Familial
Change Tumors Cancers Conttrols
no. /total no. (%)

Ser22leu  2/216 (0.9) 0/109 1/272 (0.4)F
Prol3lleu  14/216 (6.5) 4109 3.7)  17/272 (6.2)%
Cysl48Arg 127/216 (58.8)  80/109 (73.4) 182/272 (66.9)7
Trpld9Stop  8/216 (3.7) 6/109 (5.5)%  10/475 (2.1)
Glulédlys  1/216 (0.5) 0/109 0/2727

* Several synonymous polymorphisms were also identified, such as C175T

(Leu59), G297A (Ser99), C345T (Vall15), G396C (Leul32), and G546A

(GIn182).
7 The analysis included only samples that were directly sequenced.
1 P=0.02 for the comparison with sporadic tumors.

Twin sister: G446A mutation and B-cell CLL

Sister: 49 yr old; homozygous for G446A; thyroid ade-
noma and kidney carcinoma
Nephew: 30 yr old; heterozygous for G446A;
essential thrombocythemia
Brother: heterozygous for G446A; healthy
Mother: deceased; obligate carrier of G446A;
B-cell CLL at 86 yr of age
Father: 80 yr old; heterozygous for G446A;
B-cell CLL

None; personal history of multiple cancers

Mother: cancer at unknown location and age
Brother: prostate cancer at 73 yr of age

Sister: diagnosis of “black moles” at unknown age
Daughter: breast cancer at unknown age

Paternal uncle: melanoma at unknown age
Paternal aunt: pancreatic cancer at unknown age
Paternal cousin: pancreatic cancer at unknown age
Paternal cousin: head and neck cancer at

unknown age

Daughter: 48 yr old; G446A carrier; unaffected

Family history of breast, ovarian, and other solid-
tissue cancers

2 of 5 Relatives with cancer and 2 of 14 unaffected rel-
atives had the C392T but not the G446A variant

Table 2. Clinical Characteristics of Persons with the G446A (Trp149Stop) Mutation.*
Sex of Proband Type of Cancer and Age at Diagnosis
Female B-cell CLL, 46 yr
Male B-cell CLL and lung cancer, 57 yr
Male Gastric carcinoma, 72 yr
Melanoma, 72 yr
Prostate cancer, 73 yr
Male Prostate cancer, 66 yr
Melanoma, 67 yr
Male Melanoma, 50 yr
Lung metastasis, 55 yr (died)
Female Bilateral breast cancers, 32 and 35 yr
Ovarian cancer, 50 yr

Family History

* All probands tested negative for BRCA1, BRCA2, p16/NK4a, and p14ARF germ-line mutations.
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Figure 2. Expression of ARLTS1 Messenger RNA and Correlation of the Levels of Expression with the Level of Methylation.

Panel A depicts the expression of ARLTSI (bands at 1.3, 2.2, and 5.5 kb) by Northern blotting in eight cancer-cell lines
(lanes 1 through 8). The level of expression is reduced or undetectable in several cell lines. Treatment with decitabine in-
creases the expression in A549 cancer cells, as compared with treatment with B-actin (lanes 9, 10, and 11). Panel B
shows that the level of ARLTS1 expression correlates with the level of methylation of this locus analyzed by Southern
blotting of digested genomic DNA with Bglll alone (B) or in combination with Hpall (BH). The combination of Bglll and
Mspl (BM) was used to determine the fragment length without respect to the degree of methylation. The presence or ab-
sence of ARLTS1 expression is shown by the plus and minus signs, respectively; in the restriction-enzyme map, Bglll (B)
is denoted by thick vertical lines and Hpall (H) by thin vertical lines. The position of the open-reading-frame probe used
is indicated by the asterisk. Burkitt's lymphoma (AS283), T-cell acute lymphocytic leukemia (HSB2), and hairy-cell leuke-
mia (MOT) were used for the experiments. Panel C presents the correlation between the level of ARLTS1 expression, an-
alyzed by reverse-trancriptase—polymerase-chain-reaction assays, and the extent of methylation of the cytidine—phosphate—
guanosine (CpG) site, analyzed by bisulfite sequencing in paired samples of lung-tumor tissue and normal tissue from
fresh tumor, blood samples from patients with CLL (CLL 120, CLL 188, and CLL 222), and other tumor cell lines. White
and black squares represent unmethylated and methylated CpG dinucleotides, respectively, and gray squares partially
methylated CpG sites. As a control we used Epstein—Barr virus—transformed lymphoblastoid cell lines. N denotes nor-
mal, and T tumor.
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tumor samples with low levels or no expression of
ARLTS1 showed higher methylation levels than nor-
mal tissues or tumors with normal levels of expres-
sion. The most 3’ cytidine-phosphate—guanosine
repeats (CpGs) were methylated in both normal
and tumor tissues, with no correlation between the
degree of methylation and the level of expression
of ARLTS1, whereas the 5’ CpGs located near the
promoter were differentially methylated (Fig. 2C).
One thyroid adenoma with a heterozygous C65T
(Ser22Leu) mutation also exhibited hypermethyl-
ation. Treatment of A549 cells (Fig. 2A) and H1299
(data not shown) lung cancer cells with decita-
bine increased the levels of expression of ARLTS1 to
levels similar to those in normal lung (Fig. 2A).

INDUCTION OF APOPTOSIS IN VIVO
BY FULL-LENGTH ARLTS1

ARLTS1 expression was dramatically decreased in
the A549 cell line. This line was transfected with the
use of the pMV7 vector containing the full-length
ARLTS1 coding sequence (ARLTSI-FL), the C-ter-
minal-deleted cDNA (ARLTS1-Stop), or the control
(empty) vector. The transfectants were selected ac-
cording to the level of expression of the transfect-
ed ARLTSI minigene (Fig. 3A). We evaluated the
ability of these transfected cells to form tumors in
Nu/Nu mice, which lack an immune system. During
eightweeks of observation, all ARLTS1-FL-transfect-
ed cells consistently formed smaller tumors (i.e.,
tumors that weighed 80 percent less) than did cells
transfected with empty vector or wild-type A549
cells (P<0.001). Furthermore, tumor size was inter-
mediate in the group of mice injected with A549
clones expressing the AC-terminal protein (i.e.,

Figure 3. Effect of ARLTS1 on the Tumorigenicity
of A549 Cells.

Panels A and B show the restoration of expression of
ARLTS1, identified by Northern blotting and Western
blotting, respectively, by transfection of the minigene
into A549. Panel C presents an example of tumorigenesis
in nude mice. A total of 106 cells from A549 wild-type
cells, A549 cells transfected with pMV7 empty vector,
and several transfectant clones expressing full-length
(FL) and stop (Stop) cDNA were injected subcutaneous-
ly in triplicate experiments. Panel D shows tumors from
nude mice. The weight of tumors for the nine analyzed
clones at the indicated times are shown. Similar results
were obtained by measurement of tumor volumes.
ARLTS1-AS denotes the antisense controls.

tumors weighed 50 percent less than those of wild-
type A549 clones), and we found a significant differ-
ence between the size of ARLTS1-FL-induced tumors
and ARLTS1-Stop-induced tumors (P=0.04) (Fig. 3C
and 3D). Thus, ARLTS1 by itself has tumor-suppres-
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Figure 4. Effects of Full-Length and Truncated ARLST1 Transfectants on Apopto-
sis (Panels A and B) and Gene-Expression Signatures (Panel C) in A549 Cells.

Panel A shows mean (+SE) flow-cytometric data on apoptotic populations
from caspase 3 apoptosis experiments of transfected A549 cells. The dif-
ference in the percentage of apoptotic cells among cells transfected with
ARLTSI1-FL, cells transfected with ARLTS1-Stop, and wild-type A549 cells was
significant on day 6 (P=0.007 by the chi-square test). Similar results were ob-
tained by cell-cycle analysis with propidium iodide (data not shown). Panel B
depicts the results of Western blotting for apoptosis proteins in ARLTSI-FL—
and ARTSL1-Stop-transfected clones. Activation of the intrinsic apoptotic path-
way, including the apoptosome complex molecules apoptotic protease-activat-
ing factor 1 (APAF-1) and pro—caspase 9 and the effector protein poly~ADP—
ribose polymerase 1 (PARP), was observed. Levels of pro—caspase 8 (part of
the extrinsic pathway) and pro—caspase 2 (indicative of stress-induced apo-
ptosis) were not significantly affected by ARLTS1-FL or ARLTS1-Stop trans-
fection in A549 cells. In Panel C, microarray data show distinct expression
signatures for ARLTSI-FL-transfected and ARLTS1-Stop—transfected A549
cells. The latter cells had significantly lower levels of proapoptotic transcripts
such as BCL2L13 and PDCDGIP or of other members of the RAS oncogene
superfamily, such as ARF6, GRF2, RAB32, or RAP2C. Green denotes under-
expression and red overexpression, as compared with levels of expression

in untransfected A549 cells; gray indicates data not available.

sor activity in A549 cells, and this activity is partially

lost in the presence of the truncated protein.

A higher percentage of transfected ARLTS1-FL
cells than of parental cells underwent apoptosis,
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whereas the populations in the G, or G, phase or
S phase did not differ significantly between the
two types of cells. By contrast, cells expressing the
truncated protein were less susceptible to the in-
duction of apoptosis than cells expressing the full-
length protein (P=0.007) (Fig. 4A). Western blotting
showed different levels of the apoptosome com-
plex molecules apoptotic protease-activating fac-
tor 1 and pro—caspase 9 and of the effector protein
poly—ADP-ribose polymerase 1 in full-length and
truncated clones (Fig. 4B), with higher levels of ac-
tivation in the former, in concordance with the find-
ings in the caspase 3 assay.

We also found that the gene-expression profiles
of A549 cells transfected with full-length ARLTS1
minigenes differed from those of A549 cells trans-
fected with truncated ARLTS1 minigenes (Fig. 4C).
The truncated transfectants had significantly lower
levels of transcripts promoting apoptosis (such as
BCL2L13) than did the full-length clones (P=0.003).
These data are consistent with the comparative ease
with which ARLTS1-FL-transfected A549 cells and
ARLTS1-AC—transfected A549 cells could be induced
to undergo apoptosis. Furthermore, several mem-
bers of the small GTPase family (such as ARF6) were
expressed at significantly lower levels in the trun-
cated transfectants (P=0.005). Together these data
suggest that the full-length product increases the
propensity of the cell to undergo apoptosis.

DISCUSSION

We identified ARLTS1, a widely expressed member
of the ARF-ARL family that functions as a tumor-
suppressor gene in cancers in humans. ARFs are
20-kD guanine nucleotide-binding proteins, mem-
bers of the Ras GTPase superfamily involved in var-
ious cellular functions, including vesicular transport
and membrane transport.?* ARLs are structurally
very similar to ARFs, and there is a continuum of
ARF-ARL functions. Of the 18 known members of
this family, only ARL5 has been found to be overex-
pressed in hepatocellular carcinoma,®* and levels
of ARFG protein correlate with the invasiveness of
breast-cancer cells.?® The most common mecha-
nism of ARLTSI inactivation in cancers in humans
seems to be biallelic down-regulation by hyper-
methylation of the promoter. In data consistent with
the properties of a classic tumor-suppressor gene,
ARLTS1 alterations were found to consist of combi-
nations of a hypomorphic polymorphism plus loss
of heterozygosity in a case of breast cancer and the
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polymorphism plus hypermethylation in a case of
thyroid adenoma.

Since the ARLTS1 G446A mutation was nearly
three times as frequent among patients with famil-
ial cancers and nearly twice as high among patients
with sporadic cancers as among persons in the gen-
eral population, we propose that ARLTSI is a low-
penetrance tumor-suppressor gene that accounts
for a small percentage of familial melanoma or fa-
milial CLL. Some kindreds may carry the polymor-
phism but not have cancer. A similar situation was
described for other tumor-suppressor genes,
such as the BRCA2 germ-line mutations in pancre-
atic cancer.?® An apparently neutral polymorphic
stop codon has been identified in a BRCA2 gene,*”
but wild-type and truncated ARLTS1 proteins were
distinguishable because the truncated protein in-
duced lower levels of apoptosis than the full-length
protein when expressed in A549 cells. This obser-
vation suggests that ARLTS1 is a dose-sensitive gene,
ahypotheses in accord with the variations in the lev-
els of expression that we found in tumor samples
and cell lines.

The G446A (Trp149Stop) polymorphism is prob-
ably maintained in the general population, because
the ARLTS1-AC protein retains some functions of
the full-length protein and is in the same intracel-
lular location (unpublished data); it retains an an-
tiapoptotic function butata significantly lower level
than does the normal product. We propose that
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