
www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 331 (2005) 78–85

BBRC
Induction of a SSAT isoform in response to hypoxia or iron
deficiency and its protective effects on cell deathq

Kyuheun Kim a,1, Ji-Hye Ryu b,1, Jong-Wan Park b, Myung-Suk Kim b,
Yang-Sook Chun a,*

a Department of Physiology, Cancer Research Institute, Seoul National University College of Medicine, 28 Yongon-dong,

Chongno-gu, Seoul 110-799, Republic of Korea
b Department of Pharmacology, Seoul National University College of Medicine, 28 Yongon-dong, Chongno-gu, Seoul 110-799, Republic of Korea

Received 21 March 2005
Available online 30 March 2005
Abstract

Spermidine/spermine N1-acetyltransferase (SSAT) is the key enzyme with regard to the maintenance of intracellular polyamine
levels. It is an inducible enzyme, which may participate in adaptive responses to environmental stress. However, little is known
regarding its responses to oxygen or nutrient deficiencies. Using microarray assays, we discovered that SSAT was enhanced under
both oxygen- and iron-deficient conditions. However, RT-PCR revealed that the SSAT mRNA was not induced; rather, an mRNA
variant was newly expressed. In this variant, the splicing-in of 110 bases induces early termination, generating a truncated isoform
which lacks catalytic motifs. The variant expression occurs in other cancer cells and was irrelevant to both hypoxia-inducible factor
1 and to the redox state. We attempted to determine its role, using stable cell-lines. The expressed isoform was found to promote cell
survival under iron-deficient conditions and blocked the cleavage of poly(ADP–ribose) polymerase. This isoform may contribute to
the progression of tumors of a more malignant phenotype under poor conditions and may constitute a potential target for antican-
cer therapy.
� 2005 Elsevier Inc. All rights reserved.
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Spermidine/spermine N1-acetyltransferase (SSAT) is
the principal catabolic enzyme responsible for the regu-
lation of intracellular polyamine contents in mammalian
cells [1]. SSAT transfers an acetyl group from acetyl-
CoA to the N1 positions of spermidine and spermine.
The N1-acetyl derivatives are excreted outwards, or are
converted further by polyamine oxidase, ultimately
yielding putrescine, which is a pathway opposite to that
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of polyamine synthesis. In addition to reducing poly-
amine contents, the negative-charged acetyl group can
immediately inactivate polyamine functions, via the pre-
vention of interaction with the anionic sites in nucleic
acids and proteins. As polyamines are essential for cell
proliferation, differentiation, and apoptosis [2], the lev-
els of polyamines are strictly regulated via the coordina-
tion of several enzymes which synthesize and remove
polyamines [3]. Therefore, SSAT might protect cells
from toxicity due to overproduced polyamines and,
therefore, maintain a polyamine level balance, according
to the needs of the cell.

The human SSAT gene is located on the short arm of
the X-chromosome at the p22.1 locus (GenBank
Z14136) [4]. This gene produces the 1060 bp SSAT
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mRNA (GenBank NM_002970), which, in turn, trans-
lates a 171-amino acid protein. Interestingly, this gene
has a very long intron 3, measuring 1449 bp. As it is
quickly degraded via the ubiquitin–proteasome pathway
[5], SSAT is normally present in very small amounts and
is undetectable in unstimulated cells by immunoblotting.
However, SSAT expression is induced at a substantial
level by endogenous and environmental factors, includ-
ing a variety of hormones and growth factors, toxic
agents, and the polyamines themselves [1]. SSAT overex-
pression has been implicated in adaptive responses to
environmental stress [6]. However, little remains known
regarding the regulation of SSAT in response to oxygen
or nutrient deficiencies.

As rapidly growing tumors consume a significant
amount of oxygen and nutrients, they tend to be sub-
jected to relative hypoxia and malnutrition [7,8]. In
addition, the tumor blood supply is insufficient, as blood
vessel formation is slower than tumor growth, and the
aberrant tumor vessel can thus collapse or leak, thereby
exacerbating the existing oxygen and nutrient deficiency
[9]. In the present study, we attempted to determine the
manner in which SSAT is regulated under oxygen- and
iron-deficient conditions. Interestingly, we determined
that a short form of SSAT was induced at high levels un-
der such conditions, and that the isoform prevented cells
from apoptotic death, regardless of polyamine metabo-
lism. This isoform induction appears to constitute an
adaptive mechanism for the survival of cancer cells un-
der poor conditions, which implies the possibility that
the isoform may constitute a target for the development
of a new anticancer treatment modality.
Materials and methods

Materials. Culture media and fetal bovine serum were purchased
from Life Technologies (Grand Island, NY). Desferrioxamine, CoCl2,
MG132, and other chemicals were purchased from Sigma–Aldrich (St.
Louis, MO). Rat anti-hemagglutinin (HA) monoclonal antibody were
purchased from Roche Applied Science (Germany) and anti-isSSAT
polyclonal antiserum was generated in rats, against a bacterially ex-
pressed fragment which encompassed the full length of the isSSAT
protein (supplementary material 1).

Cell culture. HEK293 (embryonal kidney), Caki1 (renal cancer),
HT29 (colon cancer), SiHa (uterine cervical cancer), Hep3B (liver
cancer), MCF7 (breast cancer), PC3 (prostate cancer), and MKN28
(gastric cancer) were used. These cell-lines (ATCC: Manassas, VA)
were cultured in modified Eagle�s medium a (MEM-a) or Dulbecco�s
MEM (DMEM), supplemented with 10% heat-inactivated FBS, pen-
icillin (100 U/ml), and streptomycin (100 U/ml). The cells were grown
in a humidified atmosphere containing 5% CO2 at 37 �C. Oxygen
tension in the incubator (Vision Sci, Korea) was either 140 mmHg
(20% O2 v/v, for normoxia) or 7 mmHg (1% O2 v/v, for hypoxia).

RNA isolation and microarrays. Total RNA was isolated from the
HEK293 cells with TRIZOL reagent (Molecular Research Center),
according to the manufacturer�s protocol. The RNA pellet was then
dissolved in appropriate RNase-free water, and the RNA quality was
confirmed with 1% denaturing formaldehyde gel, by ensuring the
presence of the 28S and 18S ribosomal bands. The human oligochip for
the 11,000 cDNA was obtained from MacroGene (Seoul, Korea).
From 100 lg of RNAs, the cDNA probes were synthesized using
SuperScript II RT (Invitrogen, Carlsbad, CA) with an oligo(dT) pri-
mer and labeled with Cy3 or Cy5 dye (Amersham Biosciences, Pis-
cataway, NJ). Array slides were prehybridized for 1 h and then
hybridized with 40 ll of cDNA probe for 18 h. The slides were washed,
scanned, and analyzed, using Genepix 3.0 software (Axon Instruments,
Foster City, CA). In order to ensure the reliability of the data, each
sample was also reciprocally labeled in all of the hybridization
experiments.

Identification and cloning of a SSAT variant cDNA. Reverse tran-
scription polymerase reaction (RT-PCR) was conducted in order to
identify SSAT cDNAs [10]. One microgram of total RNA was reverse
transcribed at 42 �C for 1 h, after which the cDNAs were amplified
over 20 PCR cycles (94 �C for 30 s denaturing, 53 �C for 30 s anneal-
ing, and 68 �C for 30 s elongation) in a 25 ll reaction mixture con-
taining 5 lCi [a-32P]dCTP and 25 pmol primers. The PCR products
were then electrophoresed on 4% polyacrylamide gel at 100 V in a 1·
Tris/borate/EDTA (TBE) buffer, and the dried gels were then auto-
radiographed. The PCR products, after being electrophoresed on
agarose gel, were extracted and sequenced directly. The cDNAs were
cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA) and trans-
formed into Escherichia coli. The plasmid containing the full-length
SSAT variant was purified, and the DNA sequence was analyzed.
Primer sequences (5 0 to 3 0) for the identification of intron 3 insertion
and for full-length SSAT cDNAs were: CTGCTAGAAGATG
GTTTTGG/ACTGGACAGATCAGAAGCAC and TGGTGTTTAT
CCGTCACTCGC/TTAAAAAAGAATCAAACAGAAACTC, respec-
tively. Primer sequences for human b-actin were: AAGAGAGGCAT
CCTCACCCT/ATCTCTTGCTCGAAGTCCAG. Although the SSAT
variant cDNA with the intron 3 insertion was longer than that of
the wild-type, it translates a shorter form of the SSAT protein. In
addition, the variant can be induced by hypoxia or DFO treatment.
Thus, here we designate the variant protein as ‘‘inducible short SSAT’’
(isSSAT).

Expression plasmids and the establishment of stable cell-lines. The
cloned cDNAs of SSAT and its variant were inserted into pcDNA3
vector or into pcDNA3 vector containing the HA-tag sequence. All
constructs were confirmed to be the appropriate insert via DNA se-
quence analysis. HEK293 cells were stably transfected with pcDNA3,
pcDNA3-HA-SSAT, pcDNA3-HA-isSSAT, and pcDNA-isSSAT
using the calcium phosphate method and were transfected with 10 lg
DNAs on 50% confluent cells in 100-mm diameter culture dishes. After
48 h of stabilization, transfection efficiency was verified by checking
the protein levels with specific antibodies. The transfected cells were
then cultured in media containing 0.45 mg/ml G418, in order to select
the transfected cells. Stable cell-lines obtained from four different
transfections were pooled after 30 days, thereby avoiding bias with
regard to gene expression due to variable chromosomal integration
sites.

Immunoblot analysis of SSAT and its variant protein. For the
detection of SSAT and its variant protein, the cells were lysed in buffer
containing 200 mM Tris (PH 6.8), 2% SDS, 40% glycerol, and 10%
b-mercaptoethanol. The proteins were separated on a 20% Tris/Tricine
gel and transferred to a NC membrane (Protran, Schleicher & Schuell
Bioscience, Germany). Membranes were blocked with 5% nonfat milk
in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TTBS) at
room temperature for 1 h, then incubated overnight at 4 �C with anti-
HA or anti-isSSAT, and diluted 1:5000 in 5% nonfat milk in TTBS.
Horseradish peroxidase-conjugated anti-rat antiserum was utilized as a
secondary antibody (1:5000 dilution in 5% nonfat milk in TTBS, 1 h
incubation), and the antigen–antibody complexes were visualized with
an Enhanced Chemiluminescence Plus kit (Amersham Biosciences,
Piscataway, NJ). For the detection of PARP cleavage, the cells were
lysed in buffer containing 50 mM Hepes (pH 7.4), 150 mM NaCl,
20 mM EDTA, 100 lM NaF, 10 mM Na3VO4, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM leupeptin, 20 lg/ml aprotinin, and 1% Triton
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X-100. The proteins were separated on 7.5% SDS–PAGE and trans-
ferred to Immobilon P (Millipore, Bedford, MA). PARP protein was
detected using anti-PARP antibody (BIOMOL Research Laboratories,
Plymouth Meeting, PA), and horseradish peroxidase-conjugated anti-
mouse antiserum (Zymed Laboratories, South San Francisco, CA).
Protein loading was controlled by probing the membranes for b-actin
protein.

Cell viability assay. Cell viability was determined via MTT assay.
Cells were plated onto 24-well plates. A MTT solution (Sigma–Al-
drich) at a final concentration of 0.5 mg/ml was added to the media
and then incubated at 37 �C for 3 h. The resulting insoluble formazan
was then dissolved with 0.04 M HCl in isopropanol. Absorbance of the
purple color of formazan was measured at 570 nm with a
spectrophotometer.

Polyamine assay. Intracellular polyamines were extracted from cell
pellets with 0.6 N perchloric acid, dansylated, and then measured via
reverse phase HPLC, as previously described [11]. Dansylated samples
were injected into a 250-mm · 3.2-mm internal diameter Econosil C18
column (5-lm particle size, Alltech, Deerfield, IL) with a column
temperature of 50 �C, and then eluted by a two-solvent gradient using
a Waters 616 LC system (Waters, Milford, MA). Solvent A contained
55% of 10 mM ammonium phosphate and 45% acetonitrile, at a pH of
4.4. Solvent B contained 100% acetonitrile. At 0.9 ml/min, the gradient
began at 100% solvent A, and progressed in a linear fashion to 82%
solvent B over 30 min, with a 15-min hold. Dansylated polyamines
were detected using a fluorescence detector with an excitation wave-
length of 360 nm. Polyamines and their acetyl forms (Sigma–Aldrich)
were then dansylated and applied, in order to identify the retention
time of each polyamine, and to quantify polyamine levels in samples
(supplementary material 2).

ATP assay. The intracellular amounts of ATP were measured
using the Bioluminescent Somatic Cell Assay Kit provided from
Sigma. One hundred microliters of cell suspensions in PBS was added
to 100 ll of the ATP releasing reagent, and mixed with 100 ll ATP
assay mixture containing firefly luciferin, as described in the manu-
facturer�s manual. The bioluminescence was monitored using the
Lumat LB9507 luminometer (Berthold), and the amount of ATP was
calculated by using the ATP standard solution provided from the
manufacturer.

Statistical analysis. All data were analyzed using Microsoft Excel
2002 software (Microsoft, Redmond, WA). Data are expressed as
means and SD values. Student�s t tests were used to analyze statistical
differences, which were considered significant when p < 0.05.
Results and discussion

As tumors tend to eventually outgrow their blood
supply, hypoxia and poor nutrition are characteristic
features of rapidly growing solid tumors. Such
conditions promote genomic instability through point
mutations, gene amplification, and chromosomal rear-
rangement, leading to the activation of oncogenes or
the inactivation of tumor suppressor genes [12]. Once
the genetic alterations become favorable for cell survival
under such poor conditions, the mutated cancer cells
with the stronger survival potential are gradually se-
lected and begin to predominate within the tumor. These
processes contribute to the progression of more malig-
nant tumor phenotypes, as well as to the acquisition of
resistance to radiotherapy and chemotherapy [13]. In or-
der to characterize the changes in gene expression pro-
files under poor conditions, we incubated HEK293
cells under both hypoxic and iron-deficient conditions
for 24 h and subsequently analyzed gene expression with
oligochips. As iron deficiency can be established easily
with a chelator desferrioxamine (DFO), we selected an
iron-deficient model for use as an example of nutritional
deficiency. Our microarray assay revealed that SSAT
expression was reproducibly enhanced in both the
hypoxic and DFO-treated cells (Fig. 1A). In order to
confirm SSAT mRNA induction, we analyzed the
mRNA levels using highly sensitive RT-PCR, using
[a-32P]dCTP. Unexpectedly, two PCR products, of 440
and 330 bp, were identified, and only the bigger frag-
ment was induced by hypoxia and DFO, but not the
smaller one. CoCl2, which is frequently used as a hypox-
ia-mimetic agent, also induced the expression of the big-
ger fragment (Fig. 1B, left panel). Our DNA sequencing
revealed that the smaller fragment is the wild-type SSAT
and the bigger fragment is the SSAT variant. In the var-
iant, a 110-bp segment within intron 3 was spliced in be-
tween exons 3 and 4 (Fig. 1B, right panel). In order to
quantify these PCR fragments, each radioactive band
was cut out from the dried gel, and then the radioactiv-
ities of the gel bands were measured with a b-counter.
The relative amount of variant mRNA is represented
in Fig. 1C and was assessed by dividing the cpm value
of the variant fragment by that of the wild-type frag-
ment. The mean expression levels of the variant mRNA
are approximately 1.6-fold those of the wild-type in the
hypoxic cells and 1.8-fold in the DFO-treated cells. If
the total transcript levels are not altered, the increase
in alternative mRNA splicing should prove to reduce
the levels of wild-type mRNA. However, SSAT mRNA
levels were not decreased, even though the variant
mRNA levels increased by 7-fold that of the control.
This suggests that variant mRNA does not originate
from the pre-mRNA of the SSAT. Thus, we speculate
that, compared to SSAT, the variant transcript may be
generated and regulated by a different promoter, and
thus be processed in a different way. This point remains
to be clarified in a future study. To examine whether the
induction of the SSAT variant occurs in other types of
cells, various human cancer cell-lines were subjected to
DFO or hypoxia for 16 h. The SSAT variant was induc-
ible in four types of cells, e.g., Caki1, HT29, SiHa, and
PC3, whereas it was not in three types of cells, e.g.,
Hep3B, MCF7, and MKN28 (Fig. 1E). Of these, Caki1
and PC3 expressed the variant in response to DFO, and
HT29 and SiHa did in response to hypoxia. Therefore,
the SSAT variant can be induced in various types of cells
and the responses to DFO and hypoxia may depend on
cell type. However, since we checked SSAT mRNAs in
an experimental condition, we do not know if the
SSAT variant is induced after a longer incubation even
in Hep3B, MCF7, or MKN28 cells. In order to obtain
clones of SSAT and its variant, the full-length
SSAT cDNAs, measuring �1 kb, were amplified using



Fig. 1. Identification of an inducible splice variant of SSAT mRNA. Total RNA was extracted from HEK293 cells grown under normal (C), hypoxic
(H), 130 lM desferrioxamine (DFO), or 100 lMCoCl2 conditions, for 24 h. Cy3 or Cy5 dye-labeled cDNA probes were generated from total RNAs,
and applied to array slides containing oligonucleotides for 11,000 human cDNAs, and the gene expression profile was analyzed using Genepix 3.0
software. Each sample was also reciprocally labeled. The data represent means + SD from three separate experiments (A). The cellular SSAT mRNA
levels were analyzed via semi-quantitative RT-PCR, as described in the Materials and methods. The RNA structures of the two PCR fragments were
analyzed by direct DNA sequencing and are illustrated in the right panel (B). The relative amounts of the mRNAs were calculated by dividing the
cpm value of the 440 bp fragment by that of the 330 bp fragment. The data represent means + SD from three separate experiments. *p < 0.05 vs. the
control (C). The full-length SSAT cDNAs were amplified using RT-PCR and then electrophoresed on 1.5% agarose gel (D). Various cancer cells were
treated with 130 lM desferrioxamine (D) or 1% O2 hypoxia (H) for 16 h, and their SSAT mRNAs were analyzed via the RT-PCR method (E). The
relative amounts of SSAT mRNAs were calculated as described in (C) and the result is displayed in the figure.
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RT-PCR and sequenced. DNA sequencing revealed that
the variant had no alternative splicing other than the
splicing-in of intron 3. We inserted both cDNA into
pcDNA and HA-tag pcDNA to construct the mamma-
lian expression vectors.

The structures and activities of the SSAT isoforms
are summarized in Fig. 2. Comparison with SSAT geno-
mic organization (GenBank No., Z14136) revealed that
the cloned cDNA was derived from an alternatively
spliced mRNA, which exhibits an additional 110-base
segment of intron 3 (Fig. 2A). As both of the junction
sites of the new exon exhibit the typical splicing junction
sequence (AG/GT) [14], this splicing-in is probably a
real event, but not an artifact. In this mRNA, the splic-
ing-in results in a shift in the reading frame, and
generates a new short frame and an immediate termina-
tion codon. Consequently, this alternative splicing re-
sults in the introduction of three new amino acids,
Tyr-Ser-Leu, which constitutes a new C-terminus, fol-
lowing the amino acid Gly68 of SSAT. This variant
mRNA translates a short polypeptide of 71 amino acids,
which we designated inducible short SSAT, or isSSAT.
Compared to SSAT, isSSAT contains only the N-termi-
nal half, but lacks both the acetyl-CoA binding [15] and
catalytic motifs [16], both of which are essential for the
enzymatic reaction of polyamine acetylation (Fig. 2B).
Therefore, we expect that isSSAT is unable to function
as a polyamine-metabolizing enzyme. Indeed, expressed
isSSAT was found not to convert spermidine to acetyl-
spermidine, whereas wild-type SSAT protein did
(Fig. 2C).

We attempted to determine the sensitivity and speci-
ficity of isSSAT induction. Fig. 3 revealed that isSSAT
mRNA was significantly induced at DFO concentra-
tions as low as 20 lM, and that the induction was
reversed by iron supplementation. Moreover, the vari-
ant was fully induced as early as 8 h after treatment with
DFO. These results suggest that isSSAT expression is
regulated both sensitively and specifically. How is
isSSAT expression regulated? We first ruled out the pos-
sibility that the depletion of ATP is responsible for the
isSSAT generation. Iron and oxygen deficiency may
block ATP synthesis, which in turn affects transcription
and RNA processing. However, the ATP levels were not
changed significantly in the condition that isSSAT was
fully induced by DFO (Fig. 3B, lower panel). Moreover,
when the ATP levels were dropped by the combination
of cyanide and 2-deoxy-D-glucose, isSSAT was slightly



Fig. 2. Structure and enzymatic activities of SSAT isoforms. Schematic representation of an inducible isoform (isSSAT) compared with wild-type
SSAT. A 110-base fragment within intron 3 is spliced in between exons 3 and 4, thereby causing a shift in the reading frame, and generating three new
amino acids in the C-terminal end (underlined) and an early termination of translation. The junction sites of the alternative splicing and peptide
sequences are represented (A). Compared to SSAT, the variant has lost all motifs for enzymatic action. The amino acids and motifs essential for
enzymatic action are illustrated (B). Cells were transiently transfected with 10 lg pcDNA, pHA-SSAT, or pHA-isSSAT, and expression was verified
utilizing Western blotting with anti-HA antibody (C, left panel). The intracellular levels of spermidine (SMD) and acetylspermidine (Ac-SMD) were
analyzed via the HPLC method, as described in the Materials and methods. The results were calculated by dividing the concentration of Ac-SMD by
that of SMD and represent means + SD of three separate experiments (C, right panel). *p < 0.05 vs. the pcDNA control.
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decreased. Reversely, wild-type SSAT was significantly
induced in a time-dependent manner (Fig. 3C). These re-
sults suggest that the isSSAT generation was not rele-
vant to the energy status, rather the SSAT induction
was. Second, we considered the possibility that hypox-
ia-inducible factor 1alpha (HIF-1a) upregulates isSSAT,
as hypoxia, DFO, and CoCl2 are all known to be strong
HIF-1a inducers, and HIF-1a is a master transcription
factor in the upregulation of 60 varieties of hypoxia-in-
ducible genes. Normally, HIF-1a is degraded by the von
Hippel–Lindau protein (pVHL), a component of the E3
ubiquitin ligase protein complex. Hypoxia and the HIF-
1a inducers facilitate the escape of HIF-1a from pVHL
binding and cause the stabilization of HIF-1a [17].
Therefore, HIF-1a is not regulated in the pVHL-null
786-O cells, which is why this cell-line is commonly used
to identify HIF-1a regulated genes [18]. However, isS-
SAT mRNA was induced by DFO, even in the 786-O
cells (Fig. 3C). Moreover, isSSAT was also induced in
HIF-1a (�/�) MEF cells (data not shown). These
results indicate that HIF-1a is not responsible for the
regulation of isSSAT. On the other hand, oxygen and
iron are prone to the generation of reactive oxygen spe-
cies [19]. Conversely, hypoxia and DFO can ameliorate
oxidative stress and shift the intracellular redox state to
antioxidant status [20]. In order to determine whether
isSSAT expression depends on redox state, we treated
cells with a prooxidant H2O2 or with the antioxidants
trolox and N-acetyl cysteine. H2O2 was not observed
to reverse the DFO effect, and antioxidants were not ob-
served to mimic the DFO effect (Fig. 3D), which sug-
gests that isSSAT expression is independent of redox
state. In the present study, we were also unable to clarify
the regulatory mechanism of isSSAT expression, which
remains to be determined.

Recently, Ichimura et al. [21] reported that SSAT
mRNA expression could be induced in HeLa S3 cells
by X-ray irradiation. After 3 days of irradiation with
5 Gy of X-rays, mRNA levels had increased up to three
times those of the unirradiated control, but this effect



Fig. 3. Regulation of isSSAT expression. HEK293 cells were incubated with various desferrioxamine (DFO) concentrations in the absence or
presence of FeCl3 for 24 h (A). HEK293 cells were treated with 100 lMDFO for various incubation times (B). HEK293 cells were treated with 5 mM
potassium cyanide (CN) and 5 mM 2-deoxy-D-glucose (DG) for various incubation times (C). 786-O cells were incubated with 100 lM DFO for 24 h
(D). HEK293 cells were co-treated with DFO and H2O2, or treated with trolox (Trx) and N-acetyl cysteine (NAC) for 24 h (E). SSAT and isSSAT
mRNAs were analyzed via RT-PCR, and ATP levels were measured by the bioluminescence method, as described in Materials and methods. The
detailed conditions are indicated above each figure.
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was not induced by hypoxia or DFO treatment in our
study. This discrepancy may be attributable to the differ-
ent experimental conditions used in the respective stud-
ies, including differences in stimulus and long-term
incubation. In addition to SSAT mRNA, they deter-
mined that a longer SSAT mRNA had also been in-
duced by X-rays. According to this report, the longer
variant appears identical to isSSAT, as the variant pos-
sessed 110 more bases between exons 3 and 4 of the
SSAT gene. However, they did not delineate the role
of the SSAT variant in response to X-ray irradiation.
In the present study, in order to determine the func-
tional role of isSSAT, we constructed cell-lines which
stably expressed either HA-tagged SSAT or untagged
isSSAT. As described in the Materials and methods,
we produced an antibody against isSSAT and confirmed
that this antibody was sufficient for the detection of
ectopically expressed isSSAT protein. Thus, we are able
to express untagged isSSAT and to determine its levels
with this antibody. However, this antibody was not suf-
ficiently sensitive to detect endogenous isSSAT (data not
shown). Unexpectedly, this antibody proved to be unre-
active to SSAT protein, although SSAT contains almost
the entire length of isSSAT. In order to determine the
expression levels, we were compelled to express HA-
tagged SSAT. In transfected cell-lines, we confirmed
that either isSSAT or HA-SSAT was expressed, as
shown in Fig. 4A. As the SSAT protein is actively de-
stroyed by the proteasome, it is found to be present only
in very small amounts. Therefore, after we blocked the
proteasomal degradation with MG132, we were able
to verify that isSSAT and HA-SSAT had been expressed
adequately.

What, then, is the role of isSSAT? Considering it is
induced under unfavorable conditions, it may contrib-
ute to either growth arrest or cell death. Conversely,
it is possible that it functions as a defensive molecule,
fostering cell survival. In order to answer this question,



Fig. 4. Roles of isSSAT in cell growth and survival. HEK293 cells were transfected with pcDNA, pHA-SSAT, or pisSSAT, and selected with G418.
After cells were treated withMG132 or vehicle (DMSO) for 6 h, the expression of isSSAT or HA-SSAT proteins was verified viaWestern blotting with
anti-isSSAT or anti-HA antibodies (A). The stable cell-lines were grown in DMEM containing 10% serum (B). The cell-lines were grown in media
containing 0.1% serum (C). The cell-lineswere grown inmedia containing 10%serumand 100 lMDFO(D).The number of viable cells was estimated via
MTT assays, as described in theMaterials andmethods. *p < 0.05 vs. the pcDNA group. Cells, grownwith DFO for 3 days, were then harvested in lysis
buffer, as described in Materials and methods, and poly(ADP–ribose) polymerase and b-actin in samples were detected using their specific antibodies.
One hundred thirteen and eighty-nine kilodalton bands represent intact and cleaved PARP proteins, respectively (E). The intracellular levels of
polyamines in the stable cell-lineswere analyzed viaHPLC.The identification and concentration of eachpolyamine specieswere evaluated in reference to
retention time and the peak area of the corresponding authentic compound, as shown in supplementarymaterial 2. PS, putrescine; SM, spermine; SMD,
spermidine; Ac-SM, acetylspermine; Ac-SMD, acetylspermidine. Each bar represents the means + SD of three separate experiments (F).
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we first attempted to determine whether isSSAT affects
cell growth under favorable conditions in which serum,
oxygen, and iron are enriched. We determined that
there are no differences with regard to cell proliferation
for 3 days among the three cell-lines (Fig. 4B). Second,
we removed the serum from the medium, but the pro-
liferation rates of all cell-lines were found to decelerate
to a similar degree (Fig. 4C). Third, we attempted to
ascertain whether isSSAT affects cell death under unfa-
vorable conditions. All of the cell-lines grew slowly un-
til the second day after DFO treatment. After 4 days,
the viabilities of the control and HA-SSAT cell-lines
were observed to decrease abruptly. However, the via-
bility of the isSSAT cell-line was much higher that
those of the others (Fig. 4D). As a marker for apopto-
tic death, we measured poly(ADP–ribose) polymerase
(PARP) cleavage [22]. PARP was not cleaved in the
isSSAT cell-line, but was cleaved in all of the other
cell-lines (Fig. 4E). These results suggest that isSSAT
may exert a protective function in apoptotic cell death.
How, then, does isSSAT ameliorate cell death? As it
appears to possess no catalytic motif, we expect that
it has no effect on the total amount and composition
of polyamines. Indeed, the polyamine levels in the isS-
SAT cell-line were equal to those observed in the con-
trol cell-line (Fig. 4F). Even in the HA-SSAT cell-line,
the intracellular polyamine levels, except for that of
acetylspermidine, were not significantly changed. Poly-
amine metabolism appears to readjust, thereby
maintaining polyamine level homeostasis in the stable
cell-lines [23]. This result suggests that polyamine levels
were essentially irrelevant to the protective effects of
isSSAT, which may involve direct interaction with
some apoptotic process. The mechanism underlying
the isSSAT effect is currently the focus of another
study.

In the present study, microarray analysis revealed
that the levels of SSAT mRNAs increased under hyp-
oxic or iron-deficient conditions. We determined that
this upregulation of SSAT was attributable to the
specific induction of a SSAT variant, but not due to
wild-type induction. Here, we designated the SSAT
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isoform derived from the variant mRNA ‘‘isSSAT.’’
isSSAT did not appear to participate in polyamine
metabolism, due to the loss of all of the motifs essential
for the enzymatic reaction. However, it is likely to play
an important role in cell survival under poor conditions,
via its preventive effects on apoptotic death. Considering
its induction under unfavorable conditions and protec-
tive effects on cell death, it may contribute to the pro-
gression of tumors of a more malignant phenotype
under unfavorable conditions, as well as to the acquisi-
tion of resistance to radiotherapy and chemotherapy. If
this is, indeed, the case, it is apparent that the inhibition
of isSSAT may constitute a novel strategy for the treat-
ment of cancer, and further study into the mechanisms
underlying the regulation of isSSAT expression is clearly
warranted.
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