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Abstract The polyamines, spermidine and spermine, are
abundant organic cations participating in many important
cellular processes. We have previously shown that the rate-
limiting enzyme of polyamine catabolism, spermidine/
spermine N'-acetyltransferase (SSAT), has an alternative
mRNA splice variant (SSATX) which undergoes degra-
dation via nonsense-mediated mRNA decay (NMD) path-
way, and that the intracellular polyamine level regulates
the ratio of the SSATX and SSAT splice variants. The aim
of this study was to investigate the effect of SSATX level
manipulation on SSAT activity in cell culture, and to
examine the in vivo expression levels of SSATX and SSAT
mRNA. Silencing SSATX expression with small interfer-
ing RNA led to increased SSAT activity. Furthermore,
transfection of SSAT-deficient cells with mutated SSAT
gene (which produced only trace amount of SSATX)
yielded higher SSAT activity than transfection with natural
SSAT gene (which produced both SSAT and SSATX).
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Blocking NMD in vivo by protein synthesis inhibitor
cycloheximide resulted in accumulation of SSATX mRNA,
and like in cell culture, the increase of SSATX mRNA was
prevented by administration of polyamine analog N’,N’’-
diethylnorspermine. Although SSATX/total SSAT mRNA
ratio did not correlate with polyamine levels or SSAT
activity between different tissues, increasing polyamine
levels in a given tissue led to decreased SSATX/total SSAT
mRNA ratio and vice versa. Taken together, the regulated
unproductive splicing and translation of SSAT has a
physiological relevance in modulating SSAT activity.
However, in addition to polyamine level there seems to be
additional factors regulating tissue-specific alternative
splicing of SSAT.
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Abbreviations
APAO Acetylpolyamine oxidase
AZ Antizyme

DENSpm  N',N''-diethylnorspermine

MeSpd 1-Methylspermidine

N'-AcSpd  N'-acetylspermidine

NMD Nonsense-mediated mRNA decay

ODC Ornithine decarboxylase

Put Putrescine

RUST Regulated unproductive splicing and
translation

siRNA Small interfering RNA

Spd Spermidine

Spm Spermine

SSAT Spermidine/spermine N'-acetyltransferase
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Introduction

The polyamines, spermidine and spermine, are organic
cations present at millimolar concentrations in eukaryotic
cells (Pegg 2009). Due to their flexible carbon backbone
and cationic nature, the polyamines can interact with var-
ious negatively charged molecules such as DNA, RNA,
phospholipids and acidic protein structures, and they can
also be covalently bound to proteins. The polyamines play
important roles in many cellular processes, such as pro-
liferation, differentiation and apoptosis, and their cellular
levels are kept in tight control via multiple regulated
pathways. In particular, targeting polyamine metabolism
has been attractive therapeutic approach for cancer and
parasitic diseases (Bachrach 2004; Clark et al. 2010; Heby
et al. 2007).

The expression of the rate-limiting enzymes of poly-
amine metabolism is regulated by mechanisms involving
transcriptional, posttranscriptional, translational and post-
translational level (Wang 2007; Pegg 2008). The expres-
sion of spermidine/spermine N'-acetyltransferase (SSAT),
the enzyme acetylating and facilitating the N’-acetylpoly-
amine oxidase (APAO)-mediated conversion of spermine
to spermidine and spermidine to putrescine, is also highly
regulated at many levels of gene expression. The tran-
scription of SSAT is induced by polyamines via binding of
polyamine-modulated factor 1 together with Nrf-2 to SSAT
promoter region (Wang et al. 1999, 2001). Furthermore,
polyamines stabilize SSAT mRNA and accelerate its
translation (Pegg 2008; Butcher et al. 2007), and SSAT
enzyme protein is protected from degradation by poly-
amine-induced conformational change (Coleman et al.
1995). We showed previously that in addition to other
mechanisms, SSAT expression is regulated by a process
called regulated unproductive splicing and translation
(RUST) (Hyvonen et al. 2006). In RUST, there is pro-
duction of an alternative mRNA splice variant, which
contains premature stop codon targeting the mRNA to
rapid degradation via nonsense-mediated mRNA decay
(NMD) pathway (Wagner and Lykke-Andersen 2002). In
the case of SSAT, our findings indicated that the intracel-
lular polyamine level regulates the alternative splicing of
SSAT, high polyamine levels promoting the production of
normal SSAT mRNA, and low levels the generation of an
unproductive mRNA splice variant (SSATX) (Hyvonen
et al. 2006) which is targeted to NMD (Fig. 1). Our find-
ings also suggested that polyamines could regulate the
alternative splicing of some other genes, such as cdc2-like
kinase 1.

Since NMD-targeted splice variants exist in low level
for majority of genes, it has been suggested that many of
them do not have regulatory role but merely exist as
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Fig. 1 Exon organization of SSATX and SSAT mRNAs and the
primers used in this study

insignificant background (Pan et al. 2006). By contrast,
other reports point out to an important regulatory role of
RUST in gene expression (Green et al. 2003). Based on
mutagenesis and knockdown experiments, our present
results indicate that RUST contributes to the regulation of
SSAT activity. In addition the data indicates that although
the exact expression levels of SSAT and SSATX mRNA in
different tissues are regulated not only by polyamine levels
but also by other tissue-specific factor(s), the alteration of
polyamine level in a particular tissue changes SSATX/total
SSAT mRNA ratio. Thus, RUST is a part of complex
regulatory system which has evolved to fine-tune SSAT
activity and polyamine metabolism.

Materials and methods
Materials

DENSpm was synthesized essentially as described earlier
(Rehse et al. 1990), and 1-MeSpd as described in (Jarvinen
et al. 2006). Zinc sulfate heptahydrate was obtained from
Sigma-Aldrich.

Animal experiments

Syngenic mice or those overexpressing SSAT under the
control of mouse metallothionein I promoter (MT) were
generated earlier (Suppola et al. 1999). Mice were injected
intraperitoneally with DENSpm (125 mg/kg i.p. in saline,
24 h before killing) alone or with CHX (15 mg/kg in sal-
ine, 16 h before killing). Syngenic or MT-SSAT transgenic
Wistar rats were generated earlier (Alhonen et al. 2000).
The animals were injected intraperitoneally with 1-MeSpd
(100 mg/kg i.p. in saline) or zinc sulfate (10 mg“"/kg i.p.
in H,O) and euthanized 6 h later. Tissues were harvested,
frozen immediately with liquid nitrogen and stored at
—70°C until analyses. Two-month-old animals were used
in the experiments. The animals were housed in a 12-h-
light/dark-cycle facility with free access to food and water.
The Institutional Animal Care and Use Committee of the
University of Eastern Finland and the Provincial Govern-
ment approved the animal experiments.
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Construction of the plasmids

The wild-type SSAT gene expressing plasmid was con-
structed as follows. The genomic SSAT gene of size
3,096 bp, containing all the exons and introns, was PCR-
amplified from the 129 SVJ mouse genomic DNA with the
primers 5-TACGTCGACGTCTTGCCACTTCTTAGC-3’
and 5-CTAGCGGCCGCACCACCTTGTTCTTCATC-3’
(restriction enzyme digestion sites for Sa/l and Notl,
respectively, are underlined) and inserted as a Sall-Notl
fragment into the vector pCMV/myc/cyto (Invitrogen)
from which the Ncol restriction enzyme site was deleted.
The plasmid containing the SSAT gene from which the
acceptor and donor codons from both sides of exon X were
mutated was constructed by using the PCR-based muta-
genesis according to (Ko and Ma 2005). Shortly, the for-
ward and reverse PCR primers containing an Earl
restriction enzyme digestion site followed by the intro-
duced mutation were designed for the exon—intron
boundaries of exon X. PCR primers located upstream and
downstream of the exon X passing the positions of Bg/II
and Axyl restriction enzyme digestion sites of SSAT
sequence, respectively, were used together with the
acceptor and donor codon-mutated primers to amplify the
genomic SSAT gene. For the donor codon mutation the
plasmid containing the wild-type SSAT gene (described
above) was used as a template for PCR. The amplified
PCR-products were digested with Earl and ligated. The
obtained mutated fragment was digested with Bgl/Il and
Axyl and inserted into the wild-type SSAT gene containing
plasmid from which the corresponding Bg/II-Azyl region
of SSAT gene was removed. The obtained plasmid con-
taining the mutated donor codon was used as a template for
PCR to introduce the acceptor codon mutations into the
SSAT gene. The PCR and cloning was done as described
above for the donor codon mutation and yielded a plasmid
carrying the genomic SSAT gene with both donor and
acceptor codons of exon X mutated. The used primers are
listed below. Upstream SSAT: 5'-ATCTGTTTCCTGGCA
CCT-3’; downstream SSAT: 5'-AGTAACCAGAAACAG
GTG-3’; donor codon mutation: (forward) 5'-TTCACTC
TTCACTCTAAGGTCCTATTATCGCAC-3', (reverse) 5'-
ATCACTCTTCAGAGCATTTATCATGATCATCTAC-3;
acceptor codon mutation: (forward) 5-TTCACTCTTCAC
TCTTACAGTCTCTAGCTTCG-3', (reverse) 5'-ATCAC
TCTTCAGAGGAAGATTGGGACAAATTAAAG-3'. Earl
restriction enzyme digestion site is underlined and the
introduced mutation is marked as bold.

Cell culture

Primary fetal fibroblasts from SSAT-deficient (Niiranen
et al. 2006) or MT-SSAT transgenic mice were prepared as

described previously (Alhonen et al. 1998). Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (Sigma-
Aldrich) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma-Aldrich) and 50 pg/ml gentamycin
(Sigma-Aldrich), and incubated in humidified atmosphere
at +37°C, 10% CO,. The cells were harvested by tryp-
sinization, washed with PBS, pelleted and stored at —70°C
until analyses. The cell number was measured electroni-
cally with Coulter Counter model Z1 (Coulter Electronics).

Transfections

SSAT-deficient cells were plated onto 6-well plates
(0.2 x 10° cells/well) and grown overnight. The cells were
transiently transfected with 1 pg of plasmid using standard
calcium phosphate precipitation technique. After 4 h, fresh
medium was changed (supplemented with 15 pM MG132 or
10 uM DENSpm), and cells harvested for analyses 24 h
after.

siRNA-mediated knockdown of SSATX

Primary fetal fibroblasts were plated onto 6-well plates
(0.2 x 10° cells/well) and grown overnight. The cells were
transiently transfected with 100 nM SSATX siRNA (5'-
AAGGTTACAGTCTCTAGCTTC-3/, Ambion) or Silen-
cer negative control siRNA (cat.no. #AM4635, Ambion)
for 24 h using siPORT NeoFX (Ambion) as transfection
agent. RNA was extracted and processed as described
below. Samples were also collected for SSAT activity
analysis.

Polyamine samples and SSAT activity

Cell pellets were lysed on ice in lysis buffer (20 mM Tris—
HCI pH 7.4, 1 mM EDTA, 0.1% Triton X-100, 1 mM
dithiothreitol). Tissue samples were homogenized to
2-3 x vol of the same buffer without Triton X-100.
Samples for polyamine measurement were taken and
mixed in a ratio of 9:1 with 50% sulphosalicylic acid
containing 100 uM diaminoheptane (cells) or in a ratio of
1:9 with 5% sulphosalicylic acid containing 10 pM dia-
minoheptane (tissues). Intracellular polyamines and poly-
amine analogs were measured with HPLC according to the
published method (Hyvonen et al. 1992). SSAT activity
was measured as described earlier (Libby 1978). The
amount of DNA was measured using PicoGreen reagent
(Invitrogen) according to manufacturer’s instructions.

Alternative splicing of SSAT

RNA was extracted with TRI-reagent (Sigma-Aldrich)
according to manufacturer’s instructions. DNase-treatment,
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Fig. 2 Transfection of mutated SSAT gene (Mut) produces only trace
amount SSATX mRNA. SSAT-deficient cells were transfected with
empty vector, genomic SSAT or mutated genomic SSAT for 48 h, in
the presence or absence of 10 uM DENSpm for the last 24 h.
a Expression of SSATX and SSAT mRNA (upper panel), SSATX
mRNA only (middle panel) and 18S rRNA control (lower panel).
Each lane represents individual cell sample. b Quantitation of
SSATX and SSAT mRNA expression by real-time quantitative RT-
PCR. 18S rRNA was used as control. Results are mean & SD, n = 3

cDNA synthesis and RT-PCR or quantitative RT-PCR
were carried out as previously published (Hyvonen et al.
2006).

Statistical analysis

Values are mean + SD. One-way analysis of variance
(ANOVA) with Tuckey’s post hoc test was used for mul-
tiple comparisons with the aid of a software package,
GraphPad Prism 4.03 (GraphPad Software Inc.). *, ** and
*** refer to p values of <0.05, <0.01 and <0.001,
respectively.

Results and discussion
Transfection of mutated SSAT gene

Mouse full SSAT gene was cloned and acceptor and donor
codons from both sides of exon X were mutated to generate
mutated SSAT gene. Then, plasmids were transfected to
SSAT-deficient cells and the levels of SSAT and SSATX
mRNA were analyzed by RT-PCR (Fig. 2a) or real-time
quantitative RT-PCR (Fig. 2b). As shown in Fig. 2,
mutated SSAT construct generated only trace amount of
SSATX variant, while the amount of SSAT mRNA pro-
duced was about twofold as compared to normal SSAT
construct. Thus, cells with mutated SSAT showed lower
SSATX/SSAT mRNA ratio than cells with normal SSAT.
As reported earlier (Hyvonen et al. 2006), increasing
polyamine level by DENSpm-treatment led to the
decreased production of SSATX mRNA from normal
SSAT gene. Figure 3 shows that cells transfected with
mutated SSAT showed higher SSAT activity than those
transfected with normal SSAT or empty vector. Since
SSAT is degraded by the proteasome and has very short
half-life, the difference between normal SSAT and mutated
SSAT was even more prominent when the degradation of
SSAT protein was inhibited with the proteasomal inhibitor
MG132. Thus, lowering SSATX/SSAT mRNA ratio

Fig. 3 Transfection of mutated
SSAT gene (Mut) results in
higher SSAT activity than
transfection of normal SSAT 4 1
gene. SSAT activity in SSAT-
deficient cells transfected with
empty vector, genomic SSAT or
mutated genomic SSAT (48 h),
and treated with a proteasomal
inhibitor MG132, or b 10 uM
DENSpm for the last 24 h.
Results are mean + SD, n = 3.
ns not statistically significant
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Fig. 4 Knockdown of SSATX mRNA in fetal fibroblasts increases
SSAT activity. SSATX and SSAT mRNA expression in a syngenic,
and b MT-SSAT transgenic cells transfected with negative control or
SSATX siRNA (24 h). Each lane represents a pooled sample from
triplicate cell samples. SSATX primers P3/P4: Sg 30 cycles, Tg
25 cycles, SSAT primers P3/P5. 18S rRNA was used as control.
¢ SSAT activities. Results are mean &= SD, n = 3

resulted in increased SSAT activity. By contrast, no sig-
nificant difference in SSAT activity between mutated
SSAT and normal SSAT was observed when the cells were
treated with DENSpm (Fig. 3), since they showed similar
SSATX and SSAT mRNA levels (Fig. 2b).

Silencing of SSATX mRNA

In the next experiment, SSATX mRNA was silenced in
syngenic or MT-SSAT transgenic mouse primary fetal
fibroblasts using siRNA targeted to the junction of exons
3/X. Transfection of SSATX siRNA significantly
decreased the amount of SSATX mRNA in both genotypes
while the amount of SSAT mRNA remained practically
unchanged (Fig. 4a, b). As indicated in Fig. 4c, SSATX
silencing resulted in increased SSAT activity in both
genotypes as compared to negative control siRNA. Low-
ering SSATX/SSAT mRNA ratio by SSATX siRNA had
similar effect on SSAT activity as transfection of mutated
SSAT gene, although SSAT mRNA was increased only in
mutagenesis experiment. Upon siRNA administration, MT-
SSAT transgenic cells displayed higher increase in SSAT
activity than syngenic cells, which was probably due to the
higher amount of SSAT mRNA present, and thus lower
SSATX/SSAT mRNA ratio. Taken together, the cell

P1/P2

Control CHX CHX+DENSpm

SSATXp
SSATH

185D w— — — — — —

Fig. 5 Cycloheximide increases hepatic SSATX mRNA level in
mice. Syngenic mice were injected with protein synthesis inhibitor
CHX (15 mg/kg i.p. in saline, 16 h before killing) alone, or with
DENSpm (125 mg/kg i.p. in saline, 24 h before killing), and livers
were harvested for RNA extraction and RT-PCR analysis. Expression
of SSAT and SSATX mRNA was analyzed with RT-PCR using
primers P1/P2. 18S rRNA was used as control. Each lane represents
individual animal

culture data collectively demonstrates that the SSATX/
SSAT mRNA ratio, and not the amount of SSAT mRNA
alone, regulates SSAT activity. Although SSATX mRNA
is rapidly degraded and it does not produce protein, it is
translated by the ribosomes until they reach NMD-trig-
gering stop codon after which the mRNA and the nascent
protein are degraded. Therefore, the level of SSATX
mRNA regulates SSAT activity apparently by competing
with SSAT mRNA for translation.

Accumulation of SSATX mRNA in vivo in response
to CHX

To investigate whether SSATX is degraded via NMD also
in vivo, syngenic mice were injected with translation
inhibitor cycloheximide (15 mg/kg i.p., 16 h before kill-
ing). Since NMD requires ongoing translation to function,
inhibition of protein synthesis will block also NMD and
lead to the accumulation of NMD-targeted mRNAs.
Indeed, animals treated with CHX showed dramatic
increase in hepatic SSATX steady-state level and a single
injection of DENSpm (125 mg/kg i.p., 24 h before killing)
decreased SSATX mRNA almost back to control level
(Fig. 5). Note that in Fig. 5 the lower band of the doublet is
a hybrid containing both SSATX and SSAT mRNAs, and it
is formed due to the similar structure of the two mRNAs
when using primers P1/P2 (Hyvonen et al. 2006). The same
doublet is also visible to some extent in Fig. 2a upper
panel.

SSATX/SSAT mRNA expression levels in vivo

Next, SSATX and SSAT mRNA expression levels and
their correlation with SSAT activity and polyamine pools
were studied in different tissues of syngenic and MT-
SSAT transgenic rats. As indicated in Table 1, the ratio
of SSATX to SSAT mRNA in syngenic rats was high
(>1.0) in lung, kidney, brown adipose tissue and large

@ Springer



M. T. Hyvonen et al.

490

9[qeId939p J0U pu

¢ = u ‘S F ueow aIe eleq

169 LE F €9 S F 1¢€C 98 F 09% ¢ F 8CI 1F9 09T F L¥8T 19 F 1€ 1o Sung
6vT'1 8T F TC8 LIT ¥ 269 SLF LSS 9 F 06¢ I +v L10T F 96€£°CE 6LST F ¥98°¢ cro Lvd
¥TI'l pu LE F TST 80C F CL6 I1C F 929 ¢TIl LS F ¥6T°1 (482! (AN uns
081 U Y0l F SOS 10T F SL6 S9 F ¢lcC IF¢ 1€C F 0SS S€ F 69 (AN LVM
€66 Se F 68 ST F ¢¢l LTI F 868 €LT F 01T1 9F IcC €IL F €19°9C 89 F TS6°c S1'o JOAT]
G8L 01 + 09 YL F ey 9Y F Cs¢e (48N 4 TF0¢ 8¥S F S66°1 911 F 0LE 61°0 SHSIL
L06 ¢ F9cl 1T F S8% ¢ F v 61 F €01 1F°¢ 6vT F ISI°1 121 F ¢6¢¢ 0c0 HesH
TILT pu €8 F ¥S¢ 687 F LSI'I 9L F ¥¥e ¥yl F 1€ SLT F 61F 0S F <01 ¢C’0  dunpsaul [ewS
LLL'9  ¥8 F STI 6 F IIL  SYTT F 9909  6€L1 F ¥8I°C 89 F vl €7C F T9¢'y €61 F 0CI°1 920 sealdoued
8SLI 0¢ F 1¢ ey F s Sel F ¥ITT 0¢ F ¢vl CF LT I+ sy € F 7l LTO uoardg
950°1 ¥S F LE oy F+ 8¢ 1€ F ¢LS LT F 68 ¥ FCl 01+'1 F T€0°c S9¢ F 206 0€'0 eunsaur oSre|
ovL pu o F 06% 61 F 0S¢ ¥l F 6¢ ¥ F 0C 8 F 0I¢C S F ICl 860 Koupryp

oedsuen VSS-LIN
€6S°1 pu S9 F 66S S61 F ¥66 pu 1F¢ LF1C 0F¢ Y20 IoAT]
66¢°1 U CITF Ity 19v F 8L6 €C F 0S 1F+°¢ 9C F v 9 F91 8¢°0 LVM
€Ll pu 0¥ F LOS €TT F 9¢T°1 L F 19 S F o6c LF ve SF vl 170 udadg
968 9T F 9% LS F 8¢S ST F 8T¢ ST F9¢ CF I 1 F LOT 9 F S¢S 1S°0 SO
€e8’l pu 19 + S29 T€l F 801 YL F STC 1 F 0¢ ST F 65 0l F 6¢ 99°0  eupsaul [[ewS
L889 PU TETF 698  LIET F 8109 o1 + 99 LF 0T CF6 IF9 L9°0 sealdued
9€0°1 pu SLF 11T ¢ F S8 8GI F Cee CF8 9C F +§ 1T+ vv 18°0 unis
718 61 F 08 SS F €ty L F Iy €C F 8¢ 0F1 LF0¢ ¥ F 8¢ €60 HesH
STl SvF vL S F evs L6l F 0L €8 F €8 ST F 0T S1 ¥+ 08 ITF 68 90’1  ounsaul a5re]
06L pu e F 9Ly ¥l F vie 61 F9¢ 9 F 81 9¢ F 9L ¢l F 171 091 Koupry]
LEOT 99 F €99 LT F 929 L8 F 11V Pu pu I + 89 8C F 011 w91 Lvd
SoL & F Ly ¥8 F STC 191 F OFS ¢l F 0§ IF7¥ EFL ¥ F 81 LST Sung

oTuUoSuAg

(onssn
Swy/jowd) (onssn Sw (onssn) Sw (onssp Sw  (onssp Swy/owd)  (YNY Su/sardoo) VNI (VNY Suyserdod) wNII  (onel) W anss1 pue
wdg + pdg  pdgoy- N /jowd) wdg /rowd) pdg /lowd) g Aanoe 1SS SSI/VNJW LVSS SSI/VNYW XLVSS LVSS/XIVSS adKjousn

sonssn Jel oruagsuen I VSS-LIN pue druaduis ur sjood ourweAjod pue saniande [VSS ‘S[QAQ] uorssardxd YNYW [VSS Pue XIVSS T dqel

pringer

A's



491

Tissue-specific alternative splicing of SSAT

Q[qe10939p J0U PU

9—¢ = u 'S F ueou aIe vle(

960°T F T88°C pu €€ F 6SS°1 €89 F €T€C TE€S F 86S°1 6 F LE 200 F 600 uz
ELTT F pe6'E pu 909 F €vL°l ILL F T61°C 01T F 99L IF¢ 10°0 F 90°0 [onuo)
LVM
029°1 F 9¢¥°S 0LY F 00L ISE F 660°T  I¥¥'1 F LEEE ¥SSIT F 6¥0°CE €€91 F €€LT SO0 F ¥T0 uz
VELT F 8IT'SE pu 66T F SIL'T  SYST F €0p'TE L69°S F 8¥1'8 8 F ST 100 F 00 [onuoy
sealdued
S61 F 06€°1 Ly F 10¢ ¥S1 F ¢vs S0T F 8¥8 0TST F 8659 el F ¥ 100 F 010 uz
1€T F T9¢°L 88 F ST8 L6 F vl 6v1 F 616°S 816 F 86C°¢C CF 11 000 F+ 200 [onuo)
JOATT]
oruagsuen} [VSS-LIN
0€0°C F SST'L 680°1 F 1TC°¢ pu ST F €£6°1 ¥26 F 101°C pu €F 8 00 F ¥1°0 pdsen
0L6 F €S pu 67T F T81°C w6 F 19T°¢ STE F O¥L IF°C €00 F 0€0 uz
9LE F 9589 pu €9 F €01°¢ LvE F €SLE L9T F 1T€°T IF¢ S0°0 F €T°0 [onuoy
LVM
9TY'L F 6€1°6¢  TI9C F ¥8TII SYL F v0r  €OI'l F €€¥°'S  1T6'V F TTH'TT 88y T T1S°1 9F ¥l Y00 F L1°0 pdsein
€67°¢ F S06°0€ pu €69 F 00v'c  SE€LT F 90S°LT 6SS F LT0°1 ¥ F 0C 100 F €20 uz
209y F 0SIce pu w6 FTS6'c  TEI'Y F 861°6C 8¥1 F 10§ 9F vl €00 F ¥T0 [onuo)
sealoueq
118 F 920°CI Sv6 F TITS 00> 9zS F 1¥1y Yy F TL9T SLT F LOS 90 F 60 600 F 8C°0 pdsen
€VL F LS8'6 pu vvS F €0TY  ¥8T'T F ¥S9°C IL F Sov C0FT0 900 F ¢¥'0 uz
091 F 099°L 00e> 12€ F 928y 0LE F €8T pu I'oF10 L0'0 F L9°0 [onuoy
JOATT
PILERIIAN
pdSolN + (urjoad Sw (urjoad Sw (urjoxd Sw (urjoad Sw (urjoad 3w (urjoxd Swyyspowd) (oner) yNJwW
wdg + pdg flowd) pdgoy  /jowd) pdgoy- N /lowd) wdg /rowd) pdg flowd) g Aanoe IVSS  LVSS [BI0/XLVSS

JUSUIBAI) PUB ONSSI],

4 9 10J pdSoJAl 1O JUIZ Yim Pajear) sjel oruagsuer) [VSS-LIA pue oruaguds ur s[oa9] surwekjod pue A)anoe [ySS ‘Onel YNYW LVSS (10X LVSS T dIqelL

pringer

A



492

M. T. Hyvonen et al.

intestine, whereas low ratios (<0.6) were found in liver,
white adipose tissue (WAT), spleen and testis. MT-SSAT
transgenic rats displayed generally much lower SSATX/
SSAT mRNA ratios than syngenic rats in all tissues,
apparently due to the fact that the transgene construct
contains SSAT cDNA (without exon X), and the amount
of SSATX mRNA relies only on the compensatory
induction of endogenous SSATX. Our previous cell
culture studies have indicated that SSATX/total SSAT
mRNA ratio correlates with the total higher polyamine
level (excluding putrescine and acetylated polyamines)
(Hyvonen et al. 2006; Weisell et al. 2010). Here, irre-
spective of the genotype, SSATX/total SSAT mRNA
ratio did not correlate with polyamine levels or SSAT
activity between different tissues (Table 1, and data not
shown). However, when polyamine levels were altered in
a given tissue either by injection of 1-MeSpd or zinc
sulfate (Zn), the change in SSATX/total SSAT mRNA
ratio correlated with the degree of alteration of higher
polyamine pool (Table 2). When polyamine pools were
increased, SSATX/total SSAT ratio was decreased, and
when polyamine pools were decreased, SSATX/total
SSAT ratio was increased. In transgenic animals, injec-
tion of Zn rapidly induced MT promoter and the pro-
duction of SSAT mRNA, as expected (not shown).
Induction of the SSAT transgene was accompanied by
decreased Spd and Spm levels and compensatory
induction of endogenous SSATX mRNA (not shown). Of
several tissues examined, syngenic animals displayed
decreased polyamine levels in response to zinc only in
WAT, and that was accompanied by increased SSATX/
total SSAT ratio.

Taken together, our data indicates that the higher
polyamine level regulates the alternative splicing of
SSAT in vivo, but there are also other factor(s) present
which contribute to the regulation of the tissue-specific
mRNA expression levels. The fact that endogenous
SSATX was markedly increased in MT-SSAT trans-
genic rats (which do not harbor exon X in their trans-
gene) when polyamine pools were depleted further
supports the notion that SSATX mRNA is not only
present at low level background, but its level is
dynamically regulated in response to polyamine level
alterations. Thus, RUST participates in the fine-tuning
of SSAT expression. Further studies are needed to
elucidate the exact mechanism how polyamines affect
the alternative splicing process.
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