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Abstract: Microsatellites are abundant in the human genome and may acquire context-dependent functions. A 
highly polymorphic GT microsatellite is located downstream of the poly(A) signal of the human argininosuccinate 
synthetase (ASS1) gene. The ASS1 participates in urea and nitric oxide production and is a rate-limiting enzyme in 
arginine biosynthesis. To examine possible involvement of the GT microsatellite in ASS1 mRNA 3’-end formation, 
ASS1 minigene constructs were used in transient transfection for assessment of poly(A) site usage by S1 nuclease 
mapping. Synthesis of the major human ASS1 mRNA is found to be controlled by two consecutive non-canonical 
poly(A) signals, UAUAAA and AUUAAA, located 7 nucleotides apart where a U-rich sequence and the GU microsatel-
lite serve as their respective downstream GU/U-rich elements. Moreover, AUUAAA utilization is affected by the GU-
repeat number possibly leading to differential regulation of ASS1 polyadenylation in individuals with different repeat 
numbers. Interestingly, the less efficient UAUAAA motif is noted to be the major ASS1 poly(A) signal possibly as a 
result of an indispensable downstream U-rich element and restricted utilization of the AUUAAA motif by the presence 
of extended GU-repeats. The UAUAAA motif and the GT microsatellite are conserved only in primates whereas AU-
UAAA motif is present in all mammals analyzed. The suboptimal UAUAAA motif and the utilization of the polymorphic 
GT microsatellite as polyadenylation signal of the ASS1 gene may be used as a strategy in primates to modulate 
ASS1 level in response to interactions of genetic and environmental factors.

Keywords: Argininosuccinate synthetase 1 (ASS1), GT-repeat polymorphism, microsatellite, polyadenylation signal, 
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Introduction

In eukaryotic cells, polyadenylation at the 
3’-end of mRNA confers RNA stability and trans-
latability and acts to signal transcription termi-
nation [1]. A crucial polyadenylation signal is 
the highly conserved AAUAAA hexamer located 
10-30 bases upstream of the site of cleavage 
of the pre-mRNA and poly(A) addition. In addi-
tion, a much less conserved downstream GU- 
or U-rich sequence is also required for efficient 
polyadenylation. The AAUAAA hexamer and the 
GU- or U-rich region are known as the core of 
poly(A) signal [1]. The position of the GU- or 
U-rich element relative to the AAUAAA sequence 
is variable but usually lies 10-30 bases down-
stream of the poly(A) addition site [2]. The hex-

amer sequence and the GU- or U-rich elements 
are recognized by a number of trans-acting fac-
tors necessary for the first step of cleavage and 
polyadenylation. The hexamer element inter-
acts with the cleavage and polyadenylation 
specificity factor (CPSF) while the cleavage 
stimulation factor (CstF) interacts with the GU- 
or U-rich elements [3].

Argininosuccinate synthetase 1 (ASS1; EC 
6.3.4.5) participates in urea formation and is a 
rate-limiting enzyme in arginine biosynthesis. 
Arginine, one of the most versatile amino acids 
in animal cells, plays an important role in the 
synthesis of nitric oxide (NO) which is a mes-
senger molecule with functions in a diverse 
range of processes including inflammation, 
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Figure 1. Effects of poly(A) hexamer sequences and the downstream GU/U-rich elements on pA1 usage. (A) Struc-
ture of the minigene plasmid pAS-2EBst. The bi-exonic minigene was transcriptionally driven by the SV40 early pro-
moter (SV). The first exon (shaded box) included the human ASS1 cDNA exons 1 through 15 where a 30-nt foreign 
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immunity, vascular regulation and neurotrans-
mission [4]. Since steps affecting arginine avail-
ability are potential control points for regulating 
NO synthesis, there have been growing inter-
ests in elucidating the mechanism of ASS1 
gene regulation [5, 6]. Moreover, tumours 
including hepatocellular carcinoma (HCC), mel-
anoma, some mesotheliomas and renal cell 
cancers have been found not to express the 
ASS1 gene [7]. As a result, arginine deprivation 
employing the pegylated form of arginine deimi-
nase (ADI-PEG20) as a targeted therapy is cur-
rently in clinical trials for patients with HCC and 
melanoma [7].

The human ASS1 gene encodes two mRNA spe-
cies of 1.7 kb and 2.7 kb in size [8, 9]. These 
transcripts are variable at the 3’-untranslated 
regions and the 1.7-kb species is about 20-fold 
more abundant than the 2.7-kb transcript. The 
canonical AAUAAA hexamer (Figure 1A, pA2) 
has been assigned as the poly(A) signal for the 
2.7-kb transcript [9]. However, the poly(A) signal 
for the 1.7-kb mRNA, i.e. pA1, is still controver-
sial. Two pre-mRNA cleavage/polyadenylation 
sites are located 17 nt apart and are designat-
ed in this study as the pA1prox cleavage site and 
pA1dist cleavage site (Figure 1A); these sites 
were identified based on cDNA sequences [10, 
11]. In the upstream sequence of these sites, 
there are two potential but non-canonical 
poly(A) hexamers, UAUAAA (pA1prox) and AUUAAA 
(pA1dist) (Figure 1A). The AUUAAA hexamer, the 
most common natural variant, was 77% effi-
cient in in vitro polyadenylation analysis rela-
tive to the canonical AAUAAA signal whereas 
the UAUAAA motif that was found only in 4.37% 
of human mRNA poly(A) sites and was shown to 
be 17% efficiency in vitro [12, 13]. The fact that 
the AUUAAA hexamer lies merely 7 nt upstream 

of the pA1prox cleavage site has led to the con-
clusion that AUUAAA might not function as a 
poly(A) signal in the generation of ASS1 mRNA 
[10]. On the other hand, we have identified a 
poly(GT) tract located 41 nt downstream of the 
pA1prox hexamer [9] (Figure 1A). GT-repeat is an 
abundant interspersed repetitive DNA widely 
distributed throughout the eukaryote genomes 
and the number of GT dinucleotides at each 
locus is highly polymorphic [14]. The GT-repeats 
in the genome are largely considered to be neu-
tral in functions. Nevertheless, GT microsatel-
lites have been suggested to act as transcrip-
tional enhancers or silencers and to contribute 
to the recombination process [15]. Therefore, 
depending on its context, GT-repeat sequence 
may play some important roles in biological 
processes. Hence, we suspect the GT-repeat 
identified in the human ASS1 gene may serve 
as a downstream element for polyadenylation 
because of its location and sequence similarity 
to the GU-rich element.

The goal of this work was to investigate such a 
possibility and to study which of the UAUAAA 
and AUUAAA hexamer serves as the major 
poly(A) signal for the 1.7-kb ASS1 mRNA 
production.

Materials and methods

DNA isolation and assessment of GT repeat 
genotype

Normal control DNAs used in this study includ-
ed 25 leukocytes DNAs collected in the period 
1984-1990 according to regulation of the 
Taipei Veterans General Hospital at the time of 
collection and 183 DNAs of unrelated Han 
Chinese individuals from the Taiwanese Cell 
and Genome Bank [16] kindly provided by the 

sequence (dark box) was inserted. The 3’-portion of the minigene included the complete intron 15 (Int15) and the 
terminal exon 16 (Ex16) of the gene. The sequence surrounding the pA1 signal is displayed where the proximal 
(pA1prox) and distal (pA1dist) poly(A) hexamers are underlined and their respective cleavage sites are indicated by 
arrows. The downstream U/GU-rich elements are indicated as follows: the U-rich (U1) element is double-underlined 
and the GU-repeat is designated as (GU)n where n referred to repeat number. (B) S1 nuclease mapping analysis 
of RNAs derived from the ASS1 minigene constructs. Total RNAs were prepared from minigene-transfected HuH-7 
cells and were analyzed with the depicted probe. The structure of the 3’-end-labeled probe and the expected sizes of 
fragments protected by the respective RNA are shown. A probe was specifically tailored for each minigene. Asterisks 
indicate [32P] labels at the 3’-end of the probe. The minigene pAS-2EBst and its modification derivatives are listed. 
The region highlighted in (A) are displayed where “-“ indicates identical nucleotides to the prototype and nucleotides 
that are different from the prototype are shown. The intensity of the protected band was quantified by the use of a 
phosphorimager. The relative amount of pA1 RNA of the minigene is represented as a ratio of pA1 signal to total sig-
nals of pA1, pA2 and pA3 combined. Lane M is a 5’-end-labeled DNA marker where the fragment sizes are shown on 
the left. Lane Cont. was a control RNA prepared from cells transfected with the parental plasmid pSVpoly that was 
used in the minigene construction. The endogenous ASS1 mRNA-protected fragment (endo ASS1) is also indicated. 
The gel displayed is typical of two different experiments using independently prepared RNAs.
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National Genotyping Center, Academia Sinica, 
Taiwan. The GT-repeat number was determined 
by PCR-based microsatellite genotyping using 
the following primer pair with the fluorescent 
dye FAM attached to the 5’-end of the forward 
primer: forward primer, 5’-FAM-GAGACACTA- 
GTCTTTTATTTCTAG-3’; reverse primer, 5’- 
TTCGGCAGCACTTAGGTC-3’. PCR products were 
analyzed using an ABI PRISM 377 automated 
DNA sequencer or an ABI 3770 capillary 
sequencer (Applied Biosystems). Genotypes 
were defined and edited using the Applied 
Biosystems GeneScan and Genotyper software 
and validated by cloned DNAs with known 
GT-repeat number.

Plasmid construction

Plasmid pAS-2E was a human ASS1 expression 
plasmid with two exons under transcriptional 
control of the SV40 early promoter. This minige-
ne plasmid originated from plasmid AS-2E-
SAAC/123 [17] but carried the wild-type splice 
acceptor site and the polyadenylation signals 
pA1 and pA2. The plasmid pAS-2E served as a 
prototype for subsequent modifications. 
Plasmid pAS-2EBst (Figure 1A) carried a 30 nt 
insertion sequence (5’-GTGACCGGATCCACT- 
CTGGCTACCTGGGTC-3’) at the unique BstEII 
site in the first exon of pAS-2E. The minigenes 
with the pA1 hexamer changed to the canonical 
signal AATAAA or the deleterious signal AAGAAA 
were constructed using the QuikChange site-
directed mutagenesis protocol (Stratagene). 
The constructs with the pA1 downstream T-rich 
or GT- sequence modified to include sequence 
inversion, deletion or variation in the GT repeat 
number were generated by the common recom-
binant DNA techniques [18]. To create a DNA 
fragment as probe for S1 nuclease mapping, an 
intronless plasmid was constructed by replac-
ing the Bsu36I-SpeI fragment covering the 
entire intron and part of the flanking exons of 
plasmid pAS-2EBst with the Bsu36I-SpeI frag-
ment of the ASS1 cDNA. The homologous probe 
was used to examine RNA produced from each 
designated minigene in S1 nuclease mapping 
analysis.

Transient transfection and RNA analysis

The human HCC cell line, HuH-7, seeded at 
1×107 cells per 150-mm culture dish, was 
transfected with 30 µg plasmid DNA by the cal-
cium-phosphate co-precipitation method [17]. 

After transfection (72 h), RNA was isolated by 
the guanidium/caesium chloride method [18]. 
S1 nuclease mapping was performed using 
restriction fragments isolated from appropriate 
plasmids with the 3’-end labelled with [α-32P]
dCTP by fill-in using DNA polymerase I, Klenow 
fragment [17]. The protected products were 
electrophorized through a 4% polyacrylamide 
gel containing 7 M urea. Gel was dried and  
analyzed either by autoradiography or by a  
phosphorimager for quantification with the 
ImageQuant software by Molecular Dynamics 
(Sunnyvale, CA).

Results

Effect of the pA1 hexamer sequence on the 
processing of the ASS1 pre-mRNA

To study the functional significance of the puta-
tive poly(A) signals and the associated down-
stream U-rich and GU-repeat elements in the 
synthesis of the human ASS1 mRNA, a tran-
sient transfection system using minigene con-
struct was used. In order to extrapolate data 
obtained by in vitro studies to the in vivo situa-
tion, efforts were taken to generate a minigene 
construct with the 3’-terminus identical in 
structure to that of the endogenous gene. Thus, 
the minigene was designed such that the entire 
terminal intron (intron 15), the terminal exon 
(exon 16) and a genomic sequence located at 
about 980 nt downstream of the pA2 site of the 
human ASS1 gene were included (Figure 1A). 
Inclusion of intron 15 should provide not only 
the proper context for polyadenylation but also 
a splicing signal to facilitate mRNA export [17, 
19]. Moreover, since polyadenylation is also 
required for mRNA stabilization and accumula-
tion, processing at the downstream pA2 site of 
exon 16 would stabilize transcripts that had 
bypassed processing at the pA1 site. The first 
exon of the minigene was derived from an ASS1 
cDNA sequence and, thus, comprised of the 
sum of exons 1 to 15 of the ASS1 gene free of 
intron. To differentiate mRNA species expressed 
from the minigene and the endogenous ASS1 
gene, the minigene was further modified by 
inserting a 30-nucleotide sequence (Figure 1A, 
dark bar) into the first cDNA-derived exon in the 
minigene construct. In S1 nuclease mapping 
analysis, the 30-nt insertion mismatch between 
the probe and the endogenous mRNA was 
digested by the S1 nuclease. The S1 probe was 
designed in such that mRNA employing the pA1 
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or pA2 signal would result in a protected frag-
ment which was either 1330 nt or 2430 nt in 
size, respectively (Figure 1B). RNA generated 
without the intron being removed would be 
1036 nt long which included the sequence 
from the 3’-end of the first exon of the minigene 
to the end-labelled site. For endogenous mRNA 
lacking the 30-nt insertion in the minigene, the 
protected region would be disrupted at the 
insertion site to generate a protected 552-nt 
fragment (Figure 1B).

A representative autoradiograph of an S1 map-
ping analysis performed on RNAs from trans-
fected minigenes is shown in Figure 1B. When 
RNA from a wild-type minigene associated with 
16 GT-repeats was examined, a major protect-
ed signal at 1330-nt position derived from the 
1.7-kb RNA of the minigene was observed as 
would be expected (Figure 1B, construct 3). In 
addition, a protected fragment of 2430-nt from 
the 2.7-kb RNA was noted. A minor 1640-nt 
band was also detected that was likely derived 
from a mRNA species using a canonical poly(A) 
signal AAUAAA, designated as pA3, that resid-
ed at about 300 nt downstream of the proximal 
pA1 signal. The usage of pA3 was not particular 
to the minigene and could also be detected in 
the endogenous ASS1 mRNA in a canavanine-
resistant epithelial cell line that overproduced 
the ASS1 mRNA [8] (data not shown). In this 
study, the fraction of RNA processed at pA1 
was estimated by calculating the percentage of 

mRNA 3’-end formation as in the case of the 
endogenous ASS1 gene. To study the effects of 
the variant poly(A) hexamer and the down-
stream U-rich and GU-repeat elements on pA1 
usage, different modifications were introduced 
to obtain minigene constructs as shown in 
Figure 1B. When the UAUAAA motif (pA1prox) in 
the minigene was changed to the canonical 
AAUAAA sequence, a negligible amount of the 
mRNA was found that was processed at the 
pA2 site (Figure 1B, construct 1) suggesting 
that the appearance of the 2.7-kb mRNA is 
mainly due to recognition of the non-canonical 
pA1 hexamer. When the pA1prox hexamer was 
changed to AAGAAA that severely impaired the 
efficiency of polyadenylation in vitro [12], 87% 
of mRNA was still processed at the pA1 site 
(Figure 1B, construct 2). The mild effect of 
modifying the pA1prox AAGAAA on mRNA produc-
tion suggests that the distal pA1 hexamer, i.e., 
AUUAAA, would also be functional (see below).

The GT microsatellite in the ASS1 gene is 
highly polymorphic

To investigate whether variations in the 
GT-repeat numbers would affect the efficiency 
of the preceding poly(A) signal, the extent of GT 
polymorphism in exon 16 of the human ASS1 
gene was first examined. The repeat number 
was found to range from 14 to 25 by way of a 
bimodal distribution with peaks at 16 and 22 
when genotypes of 208 unrelated Han Chinese 

Figure 2. Frequency and distribution of GT-repeat number of the human 
ASS1 gene. The analysis was performed using the DNAs of 208 unrelated 
individuals.

mRNA generated using the 
pA1 signal to that produced by 
the sum of pA1, pA2 and pA3 
recognition. It is worth noting 
that both the 1.7-kb and 2.7-kb 
ASS1 mRNA species are highly 
stable with a half-life of approx-
imately 15-20 h [20]. Thus, in 
the native sequence context, 
the efficiency of the use of pA1 
was determined to be 95% 
(Figure 1B, construct 3), in 
good agreement with the in 
vivo situation in which the 1.7-
kb RNA was found to be about 
20-fold more abundant than 
that of the 2.7-kb RNA [8, 9]. As 
a result, the minigene con-
structs employed in this study 
should have contained suffi-
cient cis-elements to regulate 
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individuals in Taiwan were determined (Figure 
2). Furthermore, among the 208 individuals 
analysed, 164 cases are heterozygous at this 
locus. Thus, the ASS1 GT-repeat is highly poly-
morphic with 78.8% heterozygosity.

Both the GU-repeat and the U-rich elements 
are required for efficient pA1 usage

Minigenes carrying 16 or 22 GT-repeats, the 
major alleles in the population under examina-
tion, were used to study the pA1 usage. When 
the number of GT-repeats in the minigene was 
increased from 16 to 22, the fractions of mRNA 
processed at the pA1 site were found to 
decrease from 0.95 to 0.93 with respect to the 
total amount of ASS1 mRNA (Figure 1B, con-
structs 3 and 4, respectively), or from 0.956 ± 
0.009 to 0.926 ± 0.007 (P < 0.002 as deter-
mined by Student’s t test) when data from four 
independent analyses were compiled and sta-
tistically tested. Thus, a subtle but reproducible 
effect of GT-repeat polymorphism on ASS1 
expression was, indeed, observed. Moreover, 
when the GT element was deleted entirely, a 
reduction of the 1.7-kb RNA to 66% occurred 
with an apparent concordant increase of the 
2.7-kb RNA level (Figure 1B, construct 5). When 
the GT-repeat sequence was replaced by an 
AC-repeat of identical length, the pA1 RNA was 
88% (Figure 1B, construct 6) indicating contri-
bution of the GT microsatellite to the formation 
of the 3’-end of the ASS1 mRNA. On the other 
hand, when the U-rich element, designated as 
U1 in Figure 1A, was inverted, a reduction of 
relative pA1 RNA level to 78% was observed 
(Figure 1B, construct 7). It is conceivable that 
in the human ASS1 gene, even in the presence 
of the non-canonical poly(A) hexamer, efficient 
mRNA processing is achieved by cooperative 
interactions of the polyadenylation factors. 
Weak interactions of the CPSF protein with vari-
ant hexamer motifs may be compensated by 
stronger interactions of the CstF protein to 
downstream elements. In this regard, through 
in silico analysis of 3’-EST sequences, Graber 
et al. [21] have proposed that a complete poly-
adenylation signal is comprised of multiple cis-
elements, and that no single exact sequence 
element is universally required for the process-
ing of mRNA 3’-ends. Our findings are a demon-
stration that the overall polyadenylation effi-
ciency is, indeed, a combined function and 
concerted effects of multiple elements.

Formation of the 3’-end of the 1.7-kb ASS1 
mRNA is regulated by two consecutive poly(A) 
signals

Two poly(A) signals, UAUAAA and AUUAAA, sep-
arated by 7 nt, have been assigned to the gen-
eration of the 1.7-kb ASS1 mRNA [10, 11]. To 
determine which of the hexamers is the major 
poly(A) signal, the cleavage/polyadenylation 
sites of the ASS1 mRNA were determined. To 
differentiate these sites in a close proximity, 
the S1 probe was end-labelled at the EagI site 
located 956 nt downstream of the HindIII site 
(Figure 3A). If the poly(A) addition site was at 
the pA1prox cleavage site as assigned by Bock et 
al. [10], a protected 392-nt probe fragment 
would be generated; otherwise, a pA1dist-
derived 409-nt fragment was expected (Figure 
3A). When RNAs prepared from HuH-7 cells 
transfected with the wild-type minigene were 
analyzed, three prominent bands of sizes 398 
nt, 392 nt and 378 nt and a minor band at 409 
nt were detected (Figure 3B, lane 1). It is worth 
noting that one of the termini of the RNA/DNA 
duplex formed between RNA processed at the 
pA1dist cleavage site and the DNA probe fell 
within the U/A-rich sequence and was prone to 
over-digestion by S1 nuclease [22]. The spuri-
ous 398-nt signal could, therefore, be a prod-
uct derived from RNA generated using the 
pA1dist cleavage site due to S1 nuclease nib-
bling. Indeed, the signal of the 398-nt fragment 
was found to correlate with the strength of the 
pA1dist hexamer where the intensity of 398-nt 
fragment was about 29% of the total pA1 signal 
when pA1dist was associated with authentic 
AUUAAA hexamer (Figure 3B, lane 1) and was 
enhanced to 67% if pA1dist was associated with 
the canonical AAUAAA hexamer and reduced to 
9% when associated with the deleterious 
AAGAAA hexamer (Figure 3C, lanes 1 and 2, 
respectively). Likewise, the 378-nt signal could 
have been derived from the 392-nt protected 
fragment as was evidenced by concurrent 
enhancement or reduction of signal intensities 
of both the 392-nt and 378-nt bands when the 
pA1prox hexamer was changed to the canonical 
AAUAAA or to a deleterious AAGAAA sequence, 
respectively (Figure 3B, lanes 2 and 3). For 
quantification, signal intensities of the 398-nt 
and 409-nt were taken together to represent 
activity of the pA1dist and that of 392-nt and 
378-nt were taken as activity of pA1prox. It is 
noted in this study that mRNAs derived from 
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Figure 3. Effects of the pA1 hexamer sequences and the downstream GU/U-rich elements on the usage of the proxi-
mal and distal pA1 signals. (A) Structure of the 3’-end-labeled probe and the expected sizes of fragments protected 
by RNA polyadenylated at the pA1prox or pA1dist cleavage site. The probe was 3’-end-labeled (asterisks) at the EagI 
site. (B) & (C) Polyacrylamide gel electrophoresis of the protected products derived from S1 nuclease analysis us-
ing total RNAs prepared from minigene-transfected HuH-7 cells. Structure features of the minigenes are indicated 
at the top of the gel where canon denotes the canonical hexamer, AAUAAA; mut denotes the AAGAAA hexamer and 
inv denotes an inverted sequence as indicated in Figure 1B. The U2 and U3 motifs are as shown in Figure 4. The 
intensity of the protected band was quantified by a phosphorimager. The pA1dist usage was calculated as a fraction 
of the pA1dist signal intensity to the combined signal intensities of pA1dist and pA1prox. The fragments of 409-nt along 
with 398-nt and those of 392-nt plus 378-nt are taken to represent pA1dist and pA1prox usage, respectively. In lane 
6 in (B), the asterisked band was likely derived from the use of the pA1dist signal. And in lane 2 in (C), the band with 
open circle was likely derived from the use of pA1prox signal and the generation of such a band is probably due to 
stabilization of the DNA/RNA duplex terminus at the position of the G residue in the AAGAAA mutant. Open arrow on 
the left indicates non-specific band. The image of the left panel (lanes 1-8) was the result of phosphorimager and 
that of the right (lanes 9-12) was from autoradiography.
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the minigene construct and from the endoge-
nous gene were indistinguishable by the S1 
probe used. However, signal derived from the 
endogenous mRNAs could be disregarded due 
to their low level (Figure 3B, lane 7). Taken 
together, the data indicate that both the pA1prox 
and pA1dist hexamers are in use; in particular, 
the pA1prox is responsible for the production of 
about 70% to 80% of the amount of the 1.7-kb 
RNA (Figure 3B, lanes 1 and 4). A similar con-
clusion could be made for the endogenous 
ASS1 gene as shown in the analysis of mRNA 
derived from mock-transfected cells (Figure 
3B, lane 7).

Differential regulation of the UAUAAA and AU-
UAAA motifs by the U-rich and the GU-repeat 
elements, respectively

In in vitro polyadenylation analysis, the UAUAAA 
and AUUAAA motifs are reported to be 17% and 
77% efficient, respectively, relative to the 
canonical AAUAAA signal [12]. It is interesting 
that the less efficient UAUAAA pA1prox motif, 
instead of the AUUAAA pA1dist motif, is found in 
the above section to be the major poly(A) signal 
responsible for the synthesis of the human 
ASS1 mRNA. To delineate the role of the asso-
ciated U-rich and the GU-repeat elements, 
poly(A) cleavage sites were examined in rela-
tion to these elements. Results show that when 
the number of the GT-repeats was increased 
from 16 to 22 in the minigene construct, a 
decrease in the signal intensity of the 398-nt 
and 409-nt bands together had led to a reduc-
tion of its contribution to total pA1 usage from 
29% to 19% (Figure 3B, compare lanes 1 and 
4). Thus, the reduction in pA1 usage observed 
in the minigene carrying 22 GT-repeats com-
pared to that of 16 GT-repeats was due mainly 
to effect on the usage of the pA1dist signal 
(Figure 1B, constructs 3 & 4). Moreover, when 
the GT-repeat sequence was mutated to an 
AC-repeat sequence, the 398-nt band was 
found to reduce substantially (Figure 3B, lane 
5) suggesting that the GU-repeat sequence is 
an important downstream element that facili-
tates the utilization of the pA1dist signal.

On the other hand, the U-rich element appears 
to affect mainly the pA1prox usage: when the 
U-rich element was modified by inversion, the 
392-nt band was abolished and was replaced 
by a prominent 409-nt band (Figure 3B, lane 6, 
asterisked band). The 409-nt band was likely 

derived from an mRNA generated using the 
pA1dist signal in which case the shift of the pro-
tected band might be a result of disturbance of 
the distal cleavage sequence when the U-rich 
element was inverted. It is also possible that 
such inversion had led to the stabilization of 
the DNA/RNA duplex during S1 mapping analy-
sis; the expected 409-nt band derived from 
pA1dist usage was, therefore, observed. It is 
noted that the probes used in the S1 nuclease 
mapping were tailored to match the RNA 
sequence derived from the particular minigene 
used in the study. Due to variations in the label-
ling efficiency of the S1 probes, it was difficult 
to compare the ASS1 mRNA levels derived from 
the various minigene constructs analyzed.

Extended GT-repeat sequence suppresses the 
efficiency of the distal pA1 signal

As demonstrated above, the GT microsatellite 
in the ASS1 gene acts as a GU-rich downstream 
element that facilitates pA1dist utilization. 
Moreover, efficiency of this motif is influenced 
by the number of the GU-repeats (Figure 3B, 
compare lanes 1 and 4). A survey has shown 
that the GU-rich downstream element is nor-
mally a short sequence like GUGUU in most of 
the mRNA species analyzed [23]. To study the 
optimal length of the GU-repeat in ASS1 tran-
scripts, minigenes carrying different lengths of 
GT-repeats were tested (Figure 3C). The results 
show that when the number of GU-repeats was 
short (5 or 10 repeats), the pA1dist was the 
major signal in use and the usage of this signal 
was reduced as the length increased up to 26 
GU-repeats (Figure 3C, lanes 4-8). Thus, to 
achieve efficient polyadenylation, the GU-repeat 
is maintained at an optimal length presumably 
to achieve ideal molecular spacing or an opti-
mal RNA structure to allow stable interaction 
between the CPSF and CstF proteins which 
bind to the poly(A) hexamer and the down-
stream GU-rich element, respectively [3]. 
However, when the GU-repeat of the ASS1 gene 
was deleted entirely, major usage of the pA1dist 
hexamer was still observed (Figure 3C, lane 3). 
It is likely that under such a context, other U/
GU-rich sequences residing further down-
stream participate in polyadenylation reaction. 
Two evolutionarily conserved stretches of T-rich 
sequences, designated as U2 and U3 (Figure 
4), resided downstream of the GT-repeat of the 
ASS1 gene were found when sequences of pla-
cental mammals were aligned using the 
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University of California Santa Cruz Genome 
Brower (http://genome.ucsc.edu/). We rea-
soned that if the U2 or U3 sequence could func-
tion as poly(A) downstream element in minige-
ne when the GT-repeat was deleted, usage of 
the pA1dist motif would be affected by inversion 
of the U2/U3 elements. The data show that no 
matter if the U2 and U3 elements were altered 
singularly or in combination, recognition of 
pA1dist was unaffected (Figure 3C, compare 
lanes 9-11 to lane 12). Apparently, the U2 and 
U3 sequences did not function as a U-rich 
downstream element to promote pA1dist usage 
in the absence of the GU-repeat. It is likely that 
the pA1dist motif functioned adequately even in 
the absence of the downstream element 
although the presence of such element could 
enhance pA1dist activity substantially (Figure 
3C, lane 4). Since CstF-64 has been shown to 
recognize UU dinucleotide (24), it is also possi-
ble that the GUU stretch resided between (GU)
n and U2 (Figure 4) may serve as a suboptimal 
downstream element in combination with a 
relatively strong AUUAAA hexamer. However, 
when number of GU-repeat was increased, neg-
ative effects due either to the GU-length or to 
unfavourable RNA structure begin to appear 
(Figure 3C, lanes 6-8). And if the GU sequence 
was modified to poly(AC), strong deleterious 
effects resulted in low usage of pA1dist site 
(Figure 3B, lane 5).

Discussion

This study shows that the GT microsatellite in 
the human ASS1 gene serves as the poly(A) 

downstream GU-rich element to modulate 
ASS1 mRNA 3’-end formation. Such a finding 
grants microsatellite a new role in gene expres-
sion. On the other hand, studies have shown 
that dinucleotide repeat sequences may form 
Z-DNA to affect promoter activity when they 
reside at the 5’-end of a gene [25]. In the same 
token, one may envision that the particular 
DNA/RNA structure resulted from dinucleotide 
repeat sequences at the 3’-end of a gene can 
act as a signal to trigger transcription termina-
tion. Particularly, transcription termination is 
known to somehow couple to polyadenylation 
[1]. More work is needed to explore such a 
possibility.

Processing of the major 1.7-kb RNA of the 
human ASS1 gene is found in this work to use 
two non-canonical consecutive poly(A) signals, 
UAUAAA and AUUAAA, located 7 nt apart. 
Interestingly, the less efficient UAUAAA is shown 
to be the major signal employed in the ASS1 
mRNA processing (Figure 3B, lanes 1, 4 & 7). 
This effect may be attributable to two factors. 
Firstly, the UAUAAA activity is facilitated by the 
indispensable downstream U-rich element. 
When the U-rich sequence was inverted, the 
function of this hexamer was severely ham-
pered (Figure 3B, lane 6). Secondly, despite our 
demonstration that the GT-repeat served as a 
GU-rich downstream element for AUUAAA, 
extended GU-repeat lengths in the pre-mRNA in 
fact suppressed the functioning of AUUAAA as 
a poly(A) signal (Figure 3C). Thus, under the 
native context, the UAUAAA motif is selected. It 
is of interest to note that the pA1prox UAUAAA 

Figure 4. Analysis of conservation of sequences surrounding the polyadenylation site of the human ASS1 gene. 
Sequences equivalent to the human reference sequence hg18, chr9: 132,366,435-132,366,576 are displayed. 
Two measurements of evolutionary conservation are shown where Primate Conservation is derived from 9 primate 
species; Mammals Conservation is restricted to the placental mammals including 24 species. Shown below the 
conservation measurements are sequence alignments of human and the specified species. Double dashes indi-
cate that the aligned species has one or more unalignable bases in the gap region. The pA1prox and pA1dist hexamer 
sequences and the downstream U-rich elements (U1, U2 and U3) and GU-repeats are boxed. The images are taken 
from the UCSC Genome Browser website (http:genome.ucsc.edu/).
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hexamer is found only in the ASS1 gene of pri-
mates (Figure 4). Similarly, longer GT-repeats 
are observed mainly in primates. For example, 
the GT-repeat numbers recorded in the refer-
ence sequences of human, chimp, gorilla, 
orangutan and rhesus are 23, 10, 15, 15 and 
19, respectively, while it is only 3 in the mouse, 
rat and dog with one exception in the horse 
which is 18 (Figure 4). On the other hand, the 
pA1dist AUUAAA hexamer is highly conserved in 
mammalian ASS1 genes including those of the 
primate (Figure 4). One would envisage that in 
species, such as the mouse, that employ a sin-
gle AUUAAA signal and a short GU downstream 
element, ASS1 mRNA levels would not be con-
strained by the poly(A) downstream element as 
found in the primate. In contrast, adaptation of 
the non-canonical UAUAAA hexamer in pri-
mates could be used as a strategy to modulate 
ASS1 expression at the polyadenylation step in 
response to physiological changes. In this 
regard, ASSI catalyzes the rate-limiting step in 
arginine biosynthesis. Its activity is critical for 
NO production since arginine is the only known 
substrate for all forms of NO synthase. Indeed, 
findings show that tumour necrosis factor-alpha 
(TNF-α) can affect ASS1 gene expression to 
deregulate NO production resulting in diseases 
[26, 27]. Moreover, ASS1 was found to be 
seized by HSCARG, a redox sensor protein, to 
convey the cellular redox status to NO signalling 
[28]. Apparently, ASS1 participates in fine-tun-
ing NO production to maintain cellular homeo-
stasis in response to cellular and environmen-
tal stimuli. Moreover, argininosuccinate, the 
product of ASS1, has been proposed to func-
tion as a neuromodulator [29]. It is conceivable 
that the delicate control of ASS1 production is 
of pivotal importance for proper functioning of 
the brain and the nervous system. It would be, 
therefore, of advantage for primates to adapt 
the strategy of fine-tuning ASS1 expression at 
the polyadenylation level. However, the possi-
bility that the appearance of the upstream 
UAUAAA hexamer in primates was evolved sim-
ply to compensate for the effect of a prior 
GT-repeat expansion cannot be ruled out.

In view of the critical roles of ASS1 in arginine 
synthesis and NO production, one would antici-
pate that the GT-repeat polymorphism that 
modulates the 3’-end formation of the ASS1 
mRNAs is a likely candidate genetic determi-
nant relevant to complex traits, including sus-

ceptibility to common disorders. Although the 
influence of this polymorphism on the baseline 
ASS1 gene expression levels may seem moder-
ate, phenotypic outcome is likely to be ampli-
fied as a result of complex signal interactions 
within the genetic network. It is equally conceiv-
able that such small quantitative variations 
observed in ASS1 may, by themselves, exert 
little effects. However, by a combination of mul-
tiple genetic variations from different genes, 
the consequence of such minute effects can 
have profound impact on disease susceptibili-
ty. Our preliminary study shows that the num-
ber of GT-repeats in some HCC patients skewed 
toward the longer size (T Su, unpublished data). 
Further studies on a much larger population 
are required to validate this initial finding.
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