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The growth arrest-specific gas5 gene was isolated from mouse genomic DNA and structurally characterized.
The transcriptional unit is divided into 12 exons that span around 7 kb. An alternative splicing mechanism gives
rise to two mature mRNAs which contain either 11 or 12 exons, and both are found in the cytoplasm of
growth-arrested cells. In vivo, the gas5 gene is ubiquitously expressed in mouse tissues during development and
adult life. In Friend leukemia and NIH 3T3 cells, the levels of gas5 gene mRNA were high in saturation
density-arrested cells and almost undetectable in actively growing cells. Run-on experiments indicated that the
gas5 gene is transcribed at the same level in both growing and arrested cells. On the other hand, in dimethyl
sulfoxide-induced differentiating cells a sharp decrease in the rate of transcription was observed shortly before
the cells reached the postmitotic stage. These results indicate that in density-arrested cells accumulation ofgas5
mRNA is controlled at the posttranscriptional level while in differentiating cells expression is regulated
transcriptionally.

The identification of genes preferentially expressed in
quiescent or senescent cells has recently attracted interest
(18, 31, 32, 40). Several groups have identified genes with
high expression levels in nondividing cells, and reports on
the mechanisms that regulate their expression and the pro-
teins they encode are forthcoming (5, 6, 17, 20, 22, 29, 39).
We have studied a group of genes termed growth arrest-
specific genes (gasl to gas6) isolated from growth-arrested
mouse fibroblasts (25, 35). The mRNAs of these genes
accumulate when cells exit from the cell cycle (10, 25, 35).
Expression of these genes is obviously controlled at the
posttranscriptional level, except for gasl, which appears to
be transcriptionally regulated on the basis of run-on and
transfection experiments (10). Axon-regulated expression of
gas3 mRNA has been detected in Schwann cells (43, 50).

In this report, we present the molecular characterization
of the gasS gene and two differentially spliced gasS mRNAs
and the expression of the gene in embryo and adult mouse
tissues. Regulation of expression of the gasS gene was also
studied during growth and differentiation of Friend leukemia
(FL) cells. FL cells are proerythroblasts which can undergo
erythroid differentiation after treatment with chemical induc-
ers (4, 8) and represent a useful system for study of regula-
tion of gene expression in growing and differentiating cells
(8, 15, 24). The expression of many genes, including genes
associated with induction of cell proliferation, is known to be
modulated following induction of differentiation in FL cells
(2, 3, 7, 11, 13, 16, 49). We found that gasS mRNAs are not
expressed in growing FL cells but accumulate in saturation
density-arrested cells obviously under posttranscriptional
regulation. Following induction of differentiation, however,
the cells fail to express the gasS gene, probably owing to
transcriptional regulation. In vivo analysis indicated that the
gasS gene is ubiquitously expressed in mouse tissues during
embryo development and in adult life.

* Corresponding author.

MATERIALS AND METHODS

Library screening. Three cDNA libraries, two from NIH
3T3 cells and one from a 10-day old mouse embryo, kindly
provided by R. Bravo and D. Duboule respectively, were
used and screened with a probe for gasS previously de-
scribed (35). A mouse genomic library (Stratagene) was used
for isolation of the genomic clones. For screening, an aliquot
of the library was plated at a density of 105 PFU/450-cm2
dish. A total of 1.5 x 106 plaques were screened. Two lifts
were made from each petri dish by using nylon membranes
(Duralon; Stratagene). Plaques that specifically hybridized
with the gasS probe were isolated and rescreened twice.
Inserts from purified lambda bacteriophages were excised
and subcloned into Bluescript pKS M13+ vectors (26).

Cell culture conditions. FL cells were routinely cultured in
RPMI medium with 10% fetal calf serum (GIBCO) at 37°C.
Cells were seeded at 2 x 105/ml and then either cultured in
RPMI with 10% FCS or, to induce differentiation, in the
same medium plus 1.5% dimethyl sulfoxide (DMSO), 5 mM
N,N'-hexamethylene-bis-acetamide (HMBA), or 0.1 mM
hemin. Cells were counted with a hemocytometer, and
differentiation was determined by benzidine staining (4).
RNA preparation and Northern (RNA) blot analysis. Cells

were washed twice with phosphate-buffered saline and lysed
in guanidinium thiocyanate buffer, and RNA was isolated by
CsCl gradient centrifugation as previously described (41).
Total RNA (20 ,ug) was fractionated by denaturing agarose
gel electrophoresis and transferred to nylon membranes by
overnight blotting. Filters were hybridized overnight with 2
x 10' cpm of 32P-labeled DNA probes per ml. DNA probes
were labeled by random priming to an efficiency of around
109 cpm/,ug. Filters were washed extensively with a final
wash in 0.1x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate (SDS) at 65°C
and then autoradiographed. All of the probes used have been
previously described (10).

Nuclear run-on transcription assay. Nuclei were isolated
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from either control or DMSO-treated cells after 24 or 96 h
after induction of differentiation, and the newly synthesized
RNA was labeled with [32P]UTP and purified as previously
described (27). Labeled RNA (2 x 10 cpm/ml) was hybrid-
ized against 3 ,ug of plasmid DNA immobilized on nitrocel-
lulose membranes. Hybridizations were performed in a
solution containing 50% formamide, 0.5% SDS, 5x SSC,
and Sx Denhardt's solution at 42°C for 3 days. Filters were
washed twice for 15 min in 0.1x SSC-0.1% SDS at room
temperature and then further for 30 min at 65°C.
Primer extension. A 32P-labeled oligonucleotide primer

(105 cpm) was annealed to 50 ,ug of total RNA from FL cells
in 40 mM PIPES [piperazine-N,N'-bis(ethanesulfonic acid)]
(pH 6.4)-0.4 M NaCl-1 mM EDTA-80% formamide for 16 h
at 37°C, precipitated with ethanol, and suspended in 20 ,ul of
reverse transcription buffer. The annealed primer was ex-
tended at 42°C for 1 h with RNase H-mouse mammary tumor
virus reverse transcriptase (BRL, Bethesda Md.). After
RNase treatment, phenol-chloroform extraction, and etha-
nol precipitation, the reaction was analyzed on a 6% acryl-
amide-urea gel with a sequencing reaction as a marker.

In vitro transcription and translation. Full-length gasS
cDNAs cloned into Bluescript pKS M13+ vectors were
linearized and transcribed with T7 polymerase by using a
Stratagene transcription kit. DNA was removed by digesting
the reaction with RNase-free DNase, and RNA was purified
on a Sephadex G50 column equilibrated with water. Approx-
imately 1 ,ug of RNA was translated in a 25-,ul reaction
volume of wheat germ lysate (Promega) containing 30 ,uCi of
[35S]methionine (Amersham). The translation products were
analyzed on an 18% SDS-polyacrylamide gel (26). The gel
were fixed in 30% methanol-15% acetic acid, treated with
En3Hance (Dupont, NEN Research Products), dried, and
exposed for autoradiography.
DNA sequencing. Double-stranded plasmid DNA was se-

quenced by following the dideoxynucleotide procedure of
Sanger et al. (34) by using a Sequenase kit (U.S. Biochemical
Corp., Cleveland, Ohio).

In situ hybridization. Embryos and fetuses were fixed after
dissection in 4% paraformaldehyde in phosphate-buffered
saline overnight at 4°C. Noon of the day the vaginal plug was
found considered day 0.5 postcoitus (p.c.). Paraffin sections
were cut and hybridized as previously described (14, 44).
Slides were exposed for 3 weeks and developed with D19
developer (Kodak).

Nucleotide sequence accession numbers. The cDNA and
genomic sequences reported here have been submitted to the
EMBL-GenBank-DDBJ data bank and assigned accession
numbers X59728 and X59729, respectively.

RESULTS

Expression of the gasS mRNA in growing and differentiated
Friend erythroleukemia cells. By using a partial cDNA iso-
lated in a differential library from growth-arrested NIH 3T3
cells (35), it was established that gasS mRNA is preferen-
tially expressed in the quiescent phase of the cell cycle in
NIH 3T3 cells and in other fibroblast cell lines (10, 35).
Expression of the gasS gene was first studied during the
growth and differentiation of FL cells. Total RNA was
extracted at different days after cells were seeded with or
without DMSO and analyzed by Northern blotting. Results
presented in Fig. 1A suggest that expression ofgasS mRNA
is growth regulated in these cells, similar to what previously
was observed in NIH 3T3 cells (10, 35). In fact, no gasS
mRNA was detected in actively growing cells, while high
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FIG. 1. (A) Northern blot analysis of expression of the gasS gene
in FL cells at different days in untreated cells (-) or in cells induced
to differentiate with 1.5% DMSO (+). Total cellular RNA (20 pLg)
was loaded in each lane, and the gel was blotted as described in
Materials and Methods. The same blot was hybridized first with a
gasS probe and subsequently with an a-globin probe, as a marker of
differentiation, and then with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) probe as a control ofRNA loading. (B) Expression
of gasS mRNA after induction of differentiation with DMSO,
HMBA, and hemin with or without dexamethasone (DEX). Cells
were seeded at 2 x 105 per ml with or without DMSO (1.5%),
HMBA (5 mM), dexamethasone (10-7 M), or hemin (0.1 mM). CTR
refers to control cells. After 4 days, the cells were harvested, RNA
was extracted, and the levels of gas5 mRNA were analyzed by
Northern blotting. (C) Run-on analysis of gasS transcription at 24
and 96 h in control cells (-) or cells induced to differentiate with
1.5% DMSO (+). Labeled RNA was extracted from purified nuclei
and hybridized against 3 1Lg of plasmid DNA spotted with a dot blot
apparatus on nitrocellulose paper. One representative of five exper-
iments is shown.

levels were present in cells that had reached saturation
density, i.e., after 3 to 4 days of culture. Cell growth was
assessed by both cell counts and [3H]thymidine incorpora-
tion: typically, after 4 days of culture the labeling index
decreased to less than 10% and no significant further in-
crease in cell number was observed (data not shown). Lack
of expression ofgas5 mRNA after 4 days of culture was also
observed when FL cells were suspended at the same con-
centration in fresh medium after 2 or 3 days in culture to
verify that expression ofgasS mRNAwas not due to nutrient
depletion or acidification of the medium (data not shown).
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On the contrary, expression of the gasS gene was not
detected in DMSO-treated cells 4 days after induction of
differentiation (Fig. 1A) or after 5 and 6 days (data not
shown). DMSO-induced FL cells reach a 20 to 30% lower
cell concentration than uninduced cells after 4 days. Exper-
iments were then performed in which the initial cell concen-
tration was varied so that the final concentration was com-
parable or even higher in DMSO-treated cultures relative to
that of untreated cultures. Under these conditions, expres-
sion of thegasS gene was still undetectable in DMSO-treated
cells (data not shown). We conclude, therefore, that lack of
gasS gene expression in DMSO-induced FL cells is associ-
ated with induction of differentiation. Inhibition ofgasS gene
expression was also observed when cells were incubated
with HMBA, another inducer of terminal differentiation in
FL cells (Fig. 1B). On the other hand, treatment with hemin,
which can induce some biochemical events of erythroid
differentiation in FL cells but, in contrast to DMSO and
HMBA, does not cause irreversible exit from the cell cycle
(4, 8), did not interfere with expression of the gasS gene after
4 days in culture (Fig. 1B).
Dexamethasone has been shown to suppress expression of

the inducer-mediated differentiated phenotype but not to
abolish the commitment of cells to differentiate, since after
removal of dexamethasone and the inducer, cells do differ-
entiate (24). To analyze whether dexamethasone can prevent
inducer-mediated down regulation of gasS mRNA, we
treated FL cells with dexamethasone and/or DMSO or
HMBA. After 4 days of growth, RNA was extracted and
gasS mRNA levels were analyzed. Figure 1B shows that
addition of dexamethasone to DMSO- and HMBA-treated
cells partially prevented the reduction in gasS mRNA. We
did not observe induction ofgasS mRNA during the first 24
h of treatment with either DMSO or HMBA, when FL cells
may undergo a transient arrest in G1 (data not shown). It
appears, therefore, that in differentiated FL cells down
regulation of gasS mRNA is initiated beyond commitment
and is associated with induction of a completely differenti-
ated phenotype and/or irreversible exit from the cell cycle.

Expression ofgasS mRNA is regulated at the posttranscrip-
tional level during growth and at the transcriptional level in
differentiated cells. To investigate whether the changes in the
level ofgasS mRNA were transcriptionally regulated, run-on
experiments were performed on actively growing, density-
arrested, and differentiated cells. Figure 1C shows that the
gasS gene is efficiently transcribed in both actively growing
and density-arrested cells, suggesting that mRNA accumu-
lation in density-arrested cells is regulated at the posttran-
scriptional level. On the other hand, in DMSO-induced cells
a 10-fold lower rate of transcription was observed in com-
parison with actively growing or density-arrested FL cells,
suggesting transcriptional control. Time course experiments
showed that reduced transcription of the gasS gene first
occurred on day 3 after induction of terminal cell differenti-
ation (data not shown).

Analysis of gasS mRNA expression in vivo. To gain more
information on gasS expression, RNA was prepared from
mouse embryos at different days of gestation (Fig. 2A). The
mRNA was detected from days 10 to 17, with a peak at days
15 to 16; no expression was detected in the placenta. gasS
mRNAwas abundant in all of the adult tissues tested, except
liver and spleen (Fig. 2B), with the highest level in brain
tissue.
The spatial and temporal distribution ofgasS gene expres-

sion was also studied by in situ hybridization of mouse
embryos at different stages of gestation (from days 8.0 to
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FIG. 2. Pattern of expression of the gasS gene in RNA from a
whole mouse embryo at different days of gestation and in adult
tissue (upper and lower panels, respectively).

13.5 p.c. Fig. 3). ThegasS gene was found to be expressed in
transverse embryo sections at days 8, 9.75, and 10.5 p.c., at
which times all tissues appeared to be positively labeled
(Fig. 3A, B, and D). Expression at day 10.5 p.c. was high in
the neural tube and the limb buds (Fig. 3D). In Fig. 3E (sense
probe) and F (antisense probe) parasagittal embryo sections
at day 10.5 p.c. show the hybridization specificity. Again,
the neural tube can be distinguished as well as the primitive
gut and the lung buds (Fig. 3F). In Fig. 3H, a sagittal section
on day 13.5 p.c. presents strong positive signals in the facial
area, including the tongue, the internal ear, and the nasal pit.
The splanchnic area, liver, gut, and lungs were all strongly
positive, while the heart remained negative. Also note that
the forebrain region and the hypothalamic region appeared
to be significantly more labeled than other brain regions. In
the dorsal part of the embryo, both the spinal ganglia and the
prevertebral bodies were positive.

Identification of two differentially spliced gasS mRNAs. A
total of 16 cDNAs were isolated by screening three different
cDNA libraries to isolate full-length clones corresponding to
the entire gasS mRNA. All of the clones had identical 3'
ends, finishing with a poly(A) tail, and most of them pre-
sented a common 5' end. Sequence analysis indicated that
five clones had identical sequences, although two of them
appeared to be partial clones. The other 11 contained addi-
tional stretches of sequences inserted internally in the se-
quence common for the first 5 clones. This heterogeneity
may have arisen from either cloning of intermediate splicing
products or alternative splicing of mRNAs. It may also have
originated from different but related genes.

Primer extention analysis was then performed by using an
oligonucleotide complementary to bases 95 to 108 (see Fig.
6). As shown in Fig. 4, one major band of 108 bp was
detected. This suggests that all of the gasS cDNAs originate
at a unique transcription start site in FL cells (Fig. 4). The
same results were also observed in NIH 3T3 cells (data not
shown).
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FIG. 3. In situ hybridization analysis of expression of the gasS gene in mouse embryos and fetuses at different stages of gestation (from
days 8.0 to 13.5 p.c.). Panels A, B, and D show transverse section of embryos at days 8, 9.75, and 10.5 p.c. Panels E and F are parasagittal
sections from an embryo at day 10.5 p.c. Panel H is a sagittal section of a day 13.5 p.c. embryo. Panel G is the corresponding bright-field image
of panel H. Abbreviations: lb, limb buds; nt, neural tube; T, tongue; Ie, internal ear area; N, nasal pit; Hy, hypothalamic region; Li, liver;
g, gut; Lu, lungs; H, heart; F, forebrain region; Sg, spinal ganglia; Pv, prevertebral bodies.

To distinguish whether any of the 16 cDNA clones origi-
nated from unprocessed nuclear transcripts or mature cyto-
plasmic mRNAs, two oligonucleotides were prepared from
the 5' and 3' regions of the isolated gasS cDNAs (corre-
sponding to bases 52 to 76 and 430 to 454, respectively, of
the sequence shown in Fig. 6). These oligonucleotides were
used as primers for polymerase chain reaction (PCR) analy-
sis of RNA prepared from nuclei and cytoplasmic and
polysomal fractions of saturation density-arrested FL cells.
Figure 5 shows results of PCR product analysis with RNA
preparations from both actively growing and growth-ar-
rested FL cells. Large amounts of heterogeneously sized
transcripts were observed in RNA extracted from nuclei of
actively growing cells (Fig. 5, lane 1), while low or undetect-

able levels of the two mature bands of about 400 bp were
found in cytoplasmic RNA from these cells (lane 2). The
nuclear accumulation of larger and smaller RNAs was much
less impressive in growth-arrested cells (lane 3). The two
gasS bands were, on the other hand, more abundant in
cytoplasmic RNA in density-arrested cells, with a small
fraction in the polysomal region (lanes 4 and 5). The latter
was eliminated after EDTA treatment of the polysomes. A
similar pattern (data not shown) was observed when PCR
was performed with oligonucleotides corresponding to the
first 24 nucleotides (Fig. 6, bp 1 to 24) derived from sequenc-
ing of a genomic clone and an oligonucleotide corresponding
to the most 3' sequence (Fig. 6, bp 475 to 507).
The two bands expressed in the cytoplasm of growth-
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FIG. 4. Primer extension analysis of gasS RNA. Lane E shows

the extended primer (arrow). The reaction was loaded on a 6%
sequencing gel. A known DNA sequence (SEQ) was used as
molecular weight markers (lanes g, a, c, and t).

arrested cells were isolated on low-melting-point agarose
gels, cloned into a pBluescript KS plasmid, and sequenced.
The sequence of the complete gasS cDNA is shown in Fig. 6.
Sequence comparison showed that the small clone (466
nucleotides) lacks 41 nucleotides (in italics in Fig. 6) at
positions 218 to 259 of the larger one (507 nucleotides) but
the rest is identical.
When the sequences of these two mRNAs were examined

for open reading frames (ORF), only short ones were iden-
tified. No stop codon precedes the larger ORF found in gasS
mRNA; it starts at the ATG codon at position 102, is
preceded by a GGAGG sequence, and is followed by an A at
position +4 (23). This ATG is followed by an ORF of 123
nucleotides in the smaller clone and an ORF of 117 nucleo-
tides in the larger one. The predicted differential splicing
leads to a difference in nucleotide sequence allowing for
three different amino acids at the C termini of the putative
polypeptides encoded by the gasS mRNAs. In vitro transla-
tion using wheat germ cell extract and RNA transcribed from
plasmids expressing the two gasS cDNAs yielded two pro-
teins of the expected size (Fig. 7).

Cloning of a genomic clone corresponding to the gas5 gene.
To understand whether some cDNA clones corresponded to
precursor mRNAs or originated from related genes, cDNA
and genomic clones were compared. A total of 106 recombi-
nant phages from a murine genomic library were screened by

1 2 3 4 5

1 500

500

396

21 4

FIG. 5. PCR analysis of single-strand cDNA prepared from
RNAs extracted from the nuclear (lane 1) and cytoplasmic (lane 2)
fractions of growing FL cells. The nuclear (lane 3), cytoplasmic
(lane 4), and polysomal (lane 5) fractions of density-arrested FL
cells are also shown. The numbers on the left are sizes in base pairs.

using a cDNA clone, and two recombinant lambda phages
were isolated. Restriction mapping and Southern blot anal-
ysis indicated that both phages contained two EcoRI frag-
ments each of about 3.5 kb, that hybridized with labeled
gasS cDNA probes (data not shown). Direct sequencing of
the lambda DNA with oligonucleotides from both the 5' and
3' ends of the cDNA indicated that the two clones contained
the complete gasS genomic locus. The two EcoRI fragments,
each around 3.5 kb long, in lambda 27.3 were subcloned into
pBS M13+ plasmid vectors, and the genomicgasS clone was
sequenced both by preparing deletion mutants by the Exo-
nuclease III-mung bean nuclease protocol and by using
specific oligonucleotides corresponding to sequences
present in the cDNAs. This allowed identification of all of
the boundary sequences between exons and introns in the
gasS gene. The organization of the gene is shown in Fig. 8.
Determination of the exon-intron junction revealed that the
additional sequences present in the 11 cDNA clones, that
differed from the two mRNAs found in the cytoplasm,
correspond to introns. The nucleotide sequences at the
exon-intron boundaries were obtained by comparing DNA
sequences of cDNAs and genomic subclones. The 5' donor
and 3' acceptor splice sites are in good agreement with the
reported splice consensus sequences observed in many
genes (30).

This suggests that incomplete or alternative splicing of a

single common mRNA precursor can account for all of the
cDNAs isolated. The two gasS cDNAs representing the

U-4 -940
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AGCCTTTCGGAGCTGTGCGGCATTCTGAGCAGGAATGGCAGTGTGGACCTCTGTGATGGG 60

AACTTGATCTCACAGCCa;rAGssT;rrTCTGTGG AAWAGGArTGAAGGTTACGAGGAC
M K A Y E D

TCGTCAGGAAGCTGGATAACAGAGCGAGCGCAATGTGCTAGAATAGAAGACCAGAAAATG
S S G S W I T E R A Q C A R I E D Q K M

120

180

240
K W W S L R L D R Q F E S

ATGGTGGCTTGC-TTGGGTACAAATAATGGTTTGAATAAAGAAAGTATTACGCATGG 3300

GTCACCTCAAGTGAAGGCACTGCAAACACAATGATTGGTCATTCTGAATTTCCGGTCCTT 360

CATTCTGAATTTCAAAGGCTCCTGTGACAAGTGGACATGCAGTGACTGCACCTTTGTTTC 420

TGAGGTGCCTGGATGGAGGCTCAAATAGAAGATGGTGTCAGATATATTGTGTTAAAATTT 480

TACCATITAAAGTGTATTATAACATGAA 507

FIG. 6. Nucleotide sequence of full-length gasS cDNA. The
nucleotide sequence numbering (residues 1 to 507) refers to the
largest mRNA species cloned. The nucleotide sequence in italics
from positions 218 to 259 is present only in the larger clone.
Removal of these 41 nucleotides by splicing generates the smaller
mRNA species, which is therefore 466 bases long. The poly(A)
signal sequence is underlined. The underlined triplet at positions 294
to 296 was recovered in the cDNAs but was not observed in the
genomic sequence. The putative ORF for the large mRNA is shown
in the one-letter amino acid code. The small mRNA contains amino
acids R, Y, and K at the C-terminal end instead of the terminating
serine in the large mRNA.

mature products (Fig. 5) also originate from transcription of
the gasS genomic locus. They are derived by elimination of
exon 7 in the smaller mRNA, which therefore contains only
11 instead of 12 exons. We have identified three nucleotides,
GCG, at positions 294 to 296 in the sequences of cDNA

1 2 3 4 5 6 7 8 9 10 11 12
n ,1 n0/ 0 O D 0

() SEQUENCE AT EXOI8-INTION4 JUNCT

3'SPLICE ACCEPTOR

AAGATTAACATTTTTCTTAG

TTCACATCTCTTATTTCCAG

CATAAAGATTCCCCCCCCAG

TAACTAMGTGTTGTAG

TCTTTAATGTTTTTTTCTAG

GTArrTAO

GTGCCTTAAATTTTTTTCAG

ACGAGTGTAATTTCTTACAG

TATTTTTAATTTTCAAACAG

GTCAGTCTTTGTTTTCTTAG

CCTTCTGTTGGTTGTTGCAG

EXON (bp] 5'SPLICE DONOR

1 (1-32] GTATGCAATT

intron size [bp]

>380

2 (33-85] GTAACTCAGT 178

3 [86-117]

4 [118-154]

5 [155-185]

GTGAGTACTG

GTAAGCAATT

GTAAAGTCAA

>153

306

240

6 [186-218] GTAAGTATTG 271

7 [219-259]

8 [260-287]

9 (288-333]

GTAAGAAGCC

GTAAGCATTG

GTAAGTCTTT

123

189

447

10 (334-376] GTAAGTCTGT 187

11 (377-424]

12 [425-507]

GTGAGAACTG 184

FIG. 8. (A) Map of the murine gasS gene. The gene is shown in
the 5'-to-3' orientation and is drawn to scale. The exons are shown
as numbered boxes. (B) Sequence arrangements around the accep-
tor and donor sites of the exons from the murine gasS gene.

clones and PCR products of the mRNA which we could not
identify in the genomic sequence.
We also sequenced about 300 bp in the region upstream of

the start of transcription. In this region of the gasS gene, a
TTATATA sequence is present at position -27 although no
CCAAT sequence was found. The rest of the sequence is
relatively GC rich and contains a cis consensus region for
transcription factor Spl at -84 and -264. A cyclic AMP
response element-binding site is located at position -42.
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FIG. 7. In vitro translation of the two full-length gas5 RNAs.
Two products which ran with an apparent molecular mass of 8 kDa
were generated when in vitro-translated mRNA from the larger or
small gasS cDNA (lanes 3 and 4, respectively) was translated in a
wheat germ system as described in Materials and Methods. Lanes:
1, Bio-Rad protein molecular weight markers (14,400, 21,400,
31,000, 42,699, 66,200, and 97,400); 2, a negative control in which
water was loaded instead of mRNA; 5, an unrelated protein of 18
kDa synthesized in vitro and run as an additional molecular weight
marker.

DISCUSSION
This report describes the molecular characterization of the

gas5 gene, including genomic organization and analysis of its
transcripts. Sequence analysis of the gasS genomic clone
showed that the mature transcripts are derived from a
complex splicing process which joins together 11 to 12
exons, giving rise to two mRNAs. PCR analysis revealed
that both the precursor transcript and the mature mRNAs
accumulate in the nuclei of growing cells, with low concen-
trations of mature forms present in the cytoplasm, while in
growth-arrested cells almost only the mature mRNAs can be
detected in both the nuclei and the cytoplasm.
Genomic Southern blot hybridization using a gasS cDNA

revealed that a few related genes may exist in the mouse
genome (data not shown). However, the isolated gasS ge-
nomic clone appears to contain all of the sequences recov-
ered in 16 different cDNA clones from three different mouse
cDNA libraries, indicating that they are all derived from the
same gene. Expression of the other loci has not been
established, and they may therefore be pseudogenes. The
extra nucleotides present in the mRNA but not in the
genomic clones imply that posttranscriptional modification
occurs.

In vitro analysis indicated that the gasS mRNAs are
expressed in a growth-regulated fashion in FL cells, being
almost undetectable in actively growing cells and abundant
in saturation density-arrested cells. Following terminal dif-
ferentiation and concurrent irreversible exit from the cell
cycle, FL cells failed to express the gasS gene. However,
when cells were induced to differentiate with hemin they
expressed part of the erythroid phenotype but retained the
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potential to proliferate and express the gasS mRNA at
growth arrest. This suggests that in FL cells, failure to
express the gasS gene at saturation density requires full
expression of the differentiated phenotype and/or irrevers-
ible exit from the cell cycle. The gasS gene is also widely
expressed during mouse embryo development and in adult
tissues.

Despite numerous attempts, the biological function of the
gasS gene product remains unclear. A search of the data
banks showed no homology with other known genes or
proteins. We expressed sense and antisense RNAs for gasS
in both FL and NIH 3T3 cells but observed no detectable
alteration in growth rate or differentiation of the cells (data
not shown). This negative result may, however, mean only
that too low a level of antisense RNAwas available to inhibit
the sense mRNA. Attempts to detect in vivo the polypep-
tides that may be encoded by this gene have not been
successful. Recently, with peptide antibodies, we have iden-
tified a candidate protein but it has not been established
whether this protein is encoded in the gasS cDNA (21).

Expression of the gasS gene is under posttranscriptional
regulation in cycling cells, while its transcription is shut off
in terminally differentiated cells. It will be interesting to
isolate the cis DNA sequences that regulate expression of
this gene and to clarify the mechanisms that repress its
expression in differentiating cells. Similarly, it remains to be
verified whether the limited amount of gasS mRNA associ-
ated with polysomes reflects a translational control.

Ability to distinguish between differentiation-specific and
growth-specific events represents an important step in un-
derstanding gene expression during terminal differentiation
(1, 19, 33, 36, 38). Availability of probes for genes expressed
preferentially in quiescent cells allows distinction between
different growth conditions like arrest, quiescence, differen-
tiation, and senescence (12, 18, 31, 42).

In this context, it is interesting to compare and contrast
the expression pattern of the gasS gene with another well-
studied quiescent specific marker, statin (38, 45-48). Statin
was originally shown to be expressed in the nuclei of
quiescent and senescent human diploid fibroblasts (45, 47).
However, when studied in a differentiation model, like lens
epithelial cells, statin was found only in cells committed to
the postmitotic stage (i.e., differentiated and senescent cells)
but not in either growing or quiescent lens cells (28). This
indicates that irreversible loss of proliferative potential may
result in the expression of statin, a pattern different from that
of the gasS gene in FL cells. Whether this reflects a
regulation difference between the two genes or a difference
between cell lineages remains to be established. However, in
analogy to thegasS gene in FL cells, down regulation of two
other gas genes has been observed following induction of
muscle differentiation in rat L6 cells (9).

It appears, therefore, that gasS expression is lost when
cells enter a postmitotic stage. Extension of the analysis of
expression of the gas genes in other differentiation models
and in senescent cells will help to better define differences
and similarities between reversible quiescent GJG1 versus
other conditions in which an irreversible growth arrest is
observed, like senescence and differentiation (12, 37).

ACKNOWLEDGMENTS

We thank Marianne Lemaistre for performing the in situ hybrid-
ization experiments and Denise Duboule and Domenico Lazzaro for
help in evaluating them.

This work was partially supported by a grant from AIRC.

REFERENCES
1. Alema, S., and F. Tat6. 1987. Interaction of retroviral oncogenes

with the differentiation program of myogenic cells. Adv. Cancer
Res. 49:1-28.

2. Almendral, J. M., D. Sommer, H. MacDonald-Bravo, J. Burck-
hardt, J. Perera, and R. Bravo. 1988. Complexity of the early
genetic response to growth factors in mouse fibroblasts. Mol.
Cell. Biol. 8:2140-2148.

3. Augenlicht, L. H., and H. Halsey. 1985. Expression of a mouse
long terminal repeat is cell cycle-linked. Proc. Natl. Acad. Sci.
USA 82:1946-1949.

4. Battistini, A., G. Marziali, R. Albertini, D. Habetswallner, D.
Bulgarini, E. M. Coccia, G. Fiorucci, G. Romeo, R. Orsatti, U.
Testa, E. Affabris, C. Peschle, and G. B. Rossi. 1991. Positive
modulation of hemoglobin, heme, and transferrin receptor syn-
thesis by murine interferon-a and -P in differentiating Friend
cells. J. Biol. Chem. 266:528-535.

5. B6dard, P.-A., S. D. Balk, H. S. Gunther, A. Morisi, and R. L.
Erikson. 1987. Repression of quiescence-specific polypeptides
in chicken heart mesenchymal cells transformed by Rous sar-
coma virus. Mol. Cell. Biol. 7:1450-1458.

6. Bedard, P.-A., Y. Yannoni, D. L. Simmons, and R. L. Erikson.
1989. Rapid repression of quiescence-specific gene expression
by epidermal growth factor, insulin, and pp60VC. Mol. Cell.
Biol. 9:1371-1375.

7. Brown, D. T., Y.-S. Yang, and D. B. Sittman. 1988. Histone
gene switching in murine erythroleukemia cells is differentiation
specific and occurs without loss of cell cycle regulation. Mol.
Cell. Biol. 8:4406-4415.

8. Chen, Z. X., J. Banks, R. A. Riflkind, and P. A. Marks. 1982.
Inducer-mediated commitment of murine erythroleukemia cells
to differentiation: a multistep process. Proc. Natl. Acad. Sci.
USA 79:471-475.

9. Ciccarelli, C., E. Coccia, L. Philipson, and V. Sorrentino.
Unpublished data.

10. Ciccarelli, C., L. Philipson, and V. Sorrentino. 1990. Regulation
of expression of growth arrest-specific genes in mouse fibro-
blasts. Mol. Cell. Biol. 10:1525-1529.

11. Coppola, J. A., and M. D. Cole. 1986. Constitutive c-myc
oncogene expression blocks mouse erythroleukemia cell differ-
entiation but not commitment. Nature (London) 320:760-763.

12. Crescenzi, M., T. M. Fleming, A. B. Lassar, H. Weintraub, and
S. A. Aaronson. 1990. MyoD induces growth arrest independent
of differentiation in normal and transformed cells. Proc. Natl.
Acad. Sci. USA 87:8442-8446.

13. Dmitrovsky, E., W. M. Kuehl, G. F. Hollis, I. R. Kirsch, T. P.
Bender, and S. Segal. 1986. Expression of a transfected human
c-myc oncogene inhibits differentiation of a mouse erythroleu-
kemia cell line. Nature (London) 322:748-750.

14. Dolle, P., and D. Duboule. 1989. Two gene members of the
murine HOX-5 complex show regional and cell-type specific
expression in the developing limbs and gonads. EMBO J.
8:1507-1515.

15. Fibach, E., R. Gambari, P. A. Shaw, G. Maniatis, R. C. Reuben,
S. Sassa, R. A. Rifkind, and P. A. Marks. 1979. Tumor promot-
er-mediated inhibition of cell differentiation: suppression of the
expression of erythroid functions in murine erythroleukemia
cells. Proc. Natl. Acad. Sci. USA 76:1906-1910.

16. Freytag, S. 0. 1988. Enforced expression of the c-myc oncogene
inhibits cell differentiation by precluding entry into a distinct
predifferentiation state in GO/G1. Mol. Cell. Biol. 8:1614-1624.

17. Giordano, T., and D. N. Foster. 1989. Identification of a highly
abundant cDNA isolated from senescent WI-38 cells. Exp. Cell
Res. 185:399-406.

18. Goldstein, S. 1990. Replicative senescence: the human fibroblast
comes of age. Science 249:1129-1133.

19. Guermah, M., G. Gillet, D. Michel, D. Laugier, G. Brun, and G.
Calothy. 1990. Down regulation by p60V" of genes specifically
expressed and developmentally regulated in postmitotic quail
neuroretina cells. Mol. Cell. Biol. 10:3584-3590.

20. Hara, E., S. Nakada, K. Takehana, T. Nakajima, T. Iino, and K.
Oda. 1988. Molecular cloning and characterization of cellular
genes whose expression is repressed by the adenovirus Ela

MOL. CELL. BIOL.



THE gasS GENE IN DIFFERENTIATION 3521

gene products and growth factors in quiescent rat cells. Gene
70:97-106.

21. Houen, G., V. Sorrentino, and L. Philipson. Unpublished data.
22. Kallin, B., R. de Martin, T. Etzold, V. Sorrentino, and L.

Philipson. 1991. Cloning of a growth arrest-specific and trans-
forming growth factor n-regulated gene, TI 1, from an epithelial
cell line. Mol. Cell. Biol. 11:5338-5345.

23. Kozak, M. 1989. The scanning model for translation: an update.
J. Cell Biol. 108:229-241.

24. Lo, S.-C., R. Aft, J. Ross, and G. C. Mueller. 1978. Control of
globin gene expression by steroid hormones in differentiating
Friend leukemia cells. Cell 15:447-453.

25. Manfioletti, G., M. E. Ruaro, G. del Sal, L. Philipson, and C.
Schneider. 1990. A growth arrest-specific (gas) gene codes for a
membrane protein. Mol. Cell. Biol. 10:2924-2930.

26. Maniatis, T., E. F. Fritsch, and J. SambrooL 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

27. Morrone, G., R. Cortese, and V. Sorrentino. 1989. Post-tran-
scriptional control of negative acute phase genes by transform-
ing growth factor beta. EMBO J. 8:3767-3771.

28. Muggleton-Harris, A. L., and E. Wang. 1989. Statin expression
associated with terminally differentiating and postreplicative
lens epithelial cells. Exp. Cell Res. 182:152-159.

29. Nuell, M. J., D. A. Stewart, L. Walker, V. Friedman, C. M.
Wood, G. A. Owens, J. R. Smith, E. L. Schneider, R Dell'Orco,
C. K. Lumpkin, D. B. Danner, and J. K. McClung. 1991.
Prohibitin, an evolutionarily conserved intracellular protein that
blocks DNA synthesis in normal fibroblasts and HeLa cells.
Mol. Cell. Biol. 11:1372-1381.

30. Padgett, R. A., P. J. Grabowski, M. M. Konarska, S. Seiler, and
P. A. Sharp. 1986. Splicing of messenger RNA precursors.
Annu. Rev. Biochem. 55:1119-1150.

31. Philipson, L., and V. Sorrentino. 1991. From growth arrest to
growth suppression. J. Cell. Biochem. 46:95-101.

32. Pardee, A. B., R. Dubrow, J. L. Hamlin, and R. F. Kletzien.
1978. Animal cell cycle. Annu. Rev. Biochem. 47:715-750.

33. Ramsay, R. G., K. Ikeda, R. A. Rifkind, and P. A. Marks. 1986.
Changes in gene expression associated with induced differenti-
ation of eiytholeukemia: protooncogenes, globin genes, and cell
division. Proc. Natl. Acad. Sci. USA 83:6849-6853.

34. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

35. Schneider, C., R. M. King, and L. Philipson. 1988. Genes
specifically expressed at growth arrest of mammalian cells. Cell
54:787-793.

36. Scott, R. E., D. L. Florine, J. J. Wille, and K. Yun. 1982.
Coupling of growth arrest and differentiation at a distinct state in
the Gl phase of the cell-cycle: GD. Proc. Natl. Acad. Sci. USA
79:845-849.

37. Seshadri, T., and J. Campisi. 1990. Repression of c-fos tran-
scription and an altered genetic program in senescent human
fibroblasts. Science 247:205-209.

38. Sester, U., I. K. Moutsatsos, and E. Wang. 1989. A rat liver
57-kDa protein is identified to share antigenic determinants with
statin, a marker for nonproliferating cells. Exp. Cell Res.
182:550-558.

39. Simmons, D. L., D. B. Levy, Y. Yannoni, and R. L. Erikson.
1989. Identification of a phorbol ester-repressible v-src-induc-
ible gene. Proc. Natl. Acad. Sci. USA 86:1178-1182.

40. Sorrentino, V., and S. Bandyopadhyay. 1989. TGF-P inhibits
GO/S-phase transition in primary fibroblasts. Loss of response to
the antigrowth effect of TGF-,B is observed after immortaliza-
tion. Oncogene 4:569-574.

41. Sorrentino, V., M. Giorgi, R. Geremia, P. Besmer, and P. Rossi.
1991. Expression of the c-kit proto-oncogene in the murine male
germ cells. Oncogene 6:149-151.

42. Sorrentino, V., R. Pepperkok, R. L. Davis, W. Ansorge, and L.
Philipson. 1990. Cell proliferation inhibited by MyoDl indepen-
dently of myogenic differentiation. Nature (London) 345:813-
815.

43. Spreyer, P., G. Kuhn, C. 0. Hanemann, C. Gillen, H. Schaal, R.
Kuhn, G. Lemke, and H. W. Miller. 1991. Axon-regulated
expression of a Schwann cell transcript that is homologous to a
'growth arrest-specific' gene. EMBO J. 10:3661-3668.

44. Toth, L. E., K. L. Shawin, J. E. Pintar, and M. Chi Nguyen-Huu.
1987. Region specific expression of homeobox genes in the
embryonic mesoderm and central nervous system. Proc. Natl.
Acad. Sci. USA 84:6790-6794.

45. Wang, E. 1985. A 57,000-mol-wt protein uniquely present in
nonproliferating cells and senescent human fibroblasts. J. Cell
Biol. 100:545-551.

46. Wang, E. 1985. Rapid disappearance of statin, a nonproliferat-
ing and senescent cell-specific protein, upon reentering the
process of cell cycling. J. Cell Biol. 101:1695-1701.

47. Wang, E. 1987. Contact-inhibition-induced quiescent state is
marked by intense nuclear expression of statin. J. Cell. Physiol.
133:151-157.

48. Wang, E., and S. L. Un. 1986. Disappearance of statin, a
protein marker for non-proliferating and senescent cells, follow-
ing serum-stimulated cell cycle entry. Exp. Cell Res. 167:135-
143.

49. Watson, R. J. 1988. Expression of the c-myb and c-myc genes is
regulated independently in differentiating mouse erythroleuke-
mia cells by common processes of premature transcription
arrest and increased mRNA turnover. Mol. Cell. Biol. 8:3938-
3942.

50. Welcher, A. A., U. Suter, M. de Leon, G. J. Snipes, and E. M.
Shooter. 1991. A myelin protein is encoded by the homologue of
a growth arrest-specific gene. Proc. Natl. Acad. Sci. USA
88:7195-7199.

VOL. 12, 1992


