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Murine hepatic b-galactoside a2,6-sialyltransferase
gene expression involves usage of a novel upstream
exon region
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ST6Gal I (b-galactoside a2,6-sialyltransferase, SiaT-1, ST6N, EC 2.4.99.1) mediates the attachment of the a2,6-sialyl linkage
common on N-linked glycans. Previous work suggests substantial inter-species conservation in SIAT1, the gene encoding
ST6Gal I. In human and in rat, hepatic-specific SIAT1 transcription is initiated at Exon I. Here we report a surprising
departure in the structural organization of the murine ST6Gal I gene. By a combination of primer extension analysis,
5@-RACE analysis, and analysis of genomic sequences, we show that the murine hepatic ST6Gal I mRNA contains a novel
region 5@ of Exon I. This novel sequence is encoded on a discrete upstream exon, Exon H. In contrast to human and rat
hepatic ST6Gal I, the murine mRNA is transcriptionally initiated at the start of Exon H. Differential mRNA blot analysis
indicates that transcripts containing Exon H sequences are preferentially expressed in liver.
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Introduction

ST6Gal I (b-galactoside a2,6-sialyltransferase, SiaT-1, ST6N,
EC 2.4.99.1) mediates the attachment of the a2,6-sialyl
linkage common on N-linked glycans. Tissue differences in
ST6 Gal I mRNAs result, at least to a large degree, from
usage of a number of physically distinct transcriptional
promoters contained within a single gene, SIAT1 [1, 2]. In
human and in rat, hepatic SIAT1 transcription is initiated at
the first nucleotide of Exon I. The 5@ flanking region to
Exon I is competent as a promoter in the transcription of
a heterologous gene [3—5]. Although Exon I encodes only
the 5@-untranslated region, substantial sequence conserva-
tion exists between human and rat [2]. A cursory examina-
tion of the murine hepatic ST6Gal I mRNA sequence
(MUSGAS) deposited in Genbank [6] revealed a diver-
gence at the 5@-terminus from known human and rat Exon
I sequence. Here we report that murine hepatic mRNA, in
contrast to that previously documented in human and rat, is
transcribed from a site distal to Exon I. Thus, the extreme 5@
region of murine hepatic ST6Gal I mRNA includes
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sequence contribution from an additional exon, Exon H,
that precedes sequence contribution from Exon I.

Materials and methods
Construction and screening of the mouse
genomic DNA library
High molecular weight ('100 kb) DNA was isolated from
the liver of 129SvTer mouse. Partial MboI DNA digests
were inserted into the BamHI site of lambda DASH II
vector and packaged using the Gigapack II packaging sys-
tem from Stratagene (La Jolla). Clones containing sequences
for Exons H, I, and II were identified and isolated using
Probes 3, 2, and 1 (see below), respectively. Appropriate
genomic regions were subcloned into plasmid vectors and
analysed.

5@-RACE analysis

The 5@-Amplifinder RACE kit from Clontech was used.
Fifty lg of total RNA from liver of 129SvTer mouse was
annealed to the primer mST1-P1 (5@-GATGATGGCAAA
CAGGAGAA-3@, also see Figure 2) and reverse transcribed.
The resultant cDNA was ligated to the anchor primer as per
instructions and subjected to 35 cycles of PCR amplification
using the anchor primer and mST1-P4 (5@-TCTGGCTAA
TCCTTCTGGGGC-3@, also see Figure 2) at 94 °C, 45 s;
60 °C, 45 s; and 72 °C, 60 s. An extension incubation of 72 °C
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for 10 min follows before termination of PCR reaction. The
PCR product was cloned into the plasmid vector pCRII
(Invitrogen, San Diego, CA).

Northern blot analysis and generation
of hybridization probes

A mouse multiple tissue Northern blot obtained from Clon-
tech Laboratories that contains 2 lg of poly (À ) mRNA per
lane from each of eight different mouse tissues was used.
Probes generated against different regions of SIAT1 genomic
and cDNA regions were used and are described below. After
analysis with each probe, the blot was stripped by an incu-
bation in 0.5% SDS at 95 °C for 10 min. Complete removal
of the hybridized probe was assessed by overnight exposure
of the stripped blot to a phosphor-storage screen (Molecular
Dynamics). Hybridization probe fragments 1, 2 and 3 (see
below) were generated by PCR amplification. Genomic
DNA and cDNA were used. Hybridization was performed
by the method of Church and Gilbert [7].

Probe 1, specific for Exon II, is a 425 bp fragment gener-
ated using the primer pair mST1-P5 and mST1-P6
(5@-CTCTCCTGCCCGTACCATTC-3@, 5@-TACGCTGAA
CCTGACTCCTG-3@, respectively). Probe 2 for Exon I is
a 127 bp fragment generated using the primer pair mST1-
P3 and mST1-P4 5@-TGGTTTTTGATCATCCTGTG-3@,
5@-TCTGGCTAATCCTTCTGGGC-3@, respectively). Probe
3 for Exon H was a 144 bp fragment generated from
a 5@-RACE clone containing Exon H using the primer pair
mST1-P8 5@-TGAAGTGCCCAGAAGTC-3@) and the SP6
vector primer. These three fragments were internally labeled
by five additional cycles of PCR in which the non-radioac-
tive dATP was replaced with 50 lCi of a[32P]-dATP
(3000 Cimmol~1, Amersham). Probe 4 is a 317 bp Hinf I
fragment isolated from mouse genomic DNA that corres-
ponds to the region ~23 to approximately ~336 upstream
from the mapped transcription start site.

Primer extension analysis

Twenty lg of total SvTer mouse liver RNA was annealed to
the complementary primer, mST1-P8 (see Figure 2) that has
been end-labeled with c[32P]-ATP (3000 Cimmol~1,
Amersham). Annealing was performed at 28 °C overnight in
30 ll of hybridization buffer (40 mM PIPES, pH 6.4, 1 mM

EDTA, 0.4 M NaCl, and 80% formamide). After precipitation
with ethanol, the samples were resuspended in 20 ll of reverse
transcriptase buffer (50 mM Tris-HCl, pH7.6, 60 mM KCl,
10 mM MgCl

2
, 1 mM each of dNTP, and 1 mM DTT). Reverse

transcription was carried out with 200 U of Superscript II
RNase H~ reverse transcriptase (Gibco-BRL) in the presence
of 50 U of RNAsin (Gibco-BRL) for 2 h at 37 °C. The reactions
were terminated by addition of 1.0 ll RNase (10 mgml~1) and
1.0 ll of 0.5 M EDTA. After further incubation at 37 °C for 30
min, the products were phenol/chloroform extracted, precipi-
tated with ethanol, and analysed on sequencing gel.
Figure 1. 5@-RACE analysis of murine hepatic ST6Gal I mRNA. First
strand cDNA was reverse transcribed from mouse liver mRNA and
subjected to RACE analysis as described in Materials and methods.
Shown is the ethidium bromide stained agarose gel analysis of the RACE
product migrating as a band of approximately 300 bps (lane 1). Molecular
weight standards are shown in lane 2.

Results and discussion
5@-RACE analysis of murine hepatic ST6Gal I mRNA
In order to elucidate the 5@ terminal sequence of the mouse
liver ST6Gal I mRNA isoform, first strand cDNA was
reverse transcribed from mouse liver mRNA using the speci-
fic primer mST1-P1 that is complementary to a coding
region within Exon II (see diagram in Figure 2). A synthetic
anchor primer was ligated 3@ to the first strand cDNA.
ST6Gal I specific sequences were amplified by PCR using
the primer pair, mST1-P4 and the anchor primer. As shown
in Figure 1, the 5@-RACE product migrates as a predomi-
nately single band between 290—300 bp. This RACE prod-
uct should represent the ST6Gal I mRNA sequence 5@ of the
mST1-P4 complementary site. Twenty-five clones of the
RACE product were obtained. Five clones were randomly
selected and subjected to sequence analysis. These five
clones contain the identical sequence and differ among each
other only in the length of the 5@ extension. The positions of
the 5@-most nucleotide in these five clones are denoted by
double underline marks in Figure 2. The 5@ terminus of the
sequence reported by Hamamoto et al. [6] is marked by an
arrow (Figure 2).

Genomic analysis of the murine ST6Gal I gene

A lambda mouse genomic library was constructed. Four
clones were isolated on the basis of positive hybridization
probes 1, 2, and 3 (see Materials and methods). One,
jMGST1, contains the genomic region encompassing
Exons I and II. Comparative sequence analysis of the exon
regions in jMGST1 indicate complete conservation of exon
boundaries between the murine, rat, and human genes. Two
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Figure 2. Sequence diagram of the exon regions encoding the 5@ termi-
nus of murine hepatic ST6Gal I mRNA. Genomic sequence of Exons H,
I, and II are shown along with partial genomic sequences that flank these
exon regions. Sequence regions that comprise the transcribed exons are
in capital letters; intron and flanking sequences are not capitalized.
Oligonucleotide primers mST1-P8, P4, and P1 are denoted by the
underlined regions. 5@-terminus of sequence MUSGAS reported by
Hamamoto et al. [6] is marked by an arrow. Transcriptional start site as
determined by primer extension analysis is denoted as Nucleotide Posi-
tion No. 1. The 5@-termini of the five 5@-RACE clones are marked by
double underlines. Consensus regions to transcription cis-elements in
the 5@-flanking region are also shown.

other clones, jMGST1ExHa and jMGST1ExHb, do not
contain Exons I and II, but they contain an exon region
encoding the 5@-most sequence information predicted by the
5@-RACE products. Together, jMGST1ExHa and
jMGST1ExHb encode 10.5 kb of genomic information in
the 5@-flanking region of Exon H and approximately 3.4 kb
on the 3@-flanking region of Exon H. Southern blot analysis
using Exon H as probe resulted in a single band that
indicates Exon H is a unique region in the murine genome
(data not shown). A fourth clone, jMGST2, hybridized
positively to Exon II specific sequences but not to Exon I or
Exon H sequences. jMGST2 apparently carries a fortu-
itously cross hybridizing segment(s) to our probe since: i)
after non exon II cutting restriction digests, jMGST2 dis-
played multiple positive bands (save for Not I) when hybrid-
ized with the exon II PCR probe, whereas jMGST1 gave
only one positive signal when the same enzymes were used;
ii) the absence of a PstI restriction site within the Exon II
positive fragments, as predicted by cDNA sequence data
and also by jMGST1; iii) the complete difference in restric-
tion pattern between inserts of jMGST1 and jMGST2; and
iv) the inability of a number of synthetic oligonucleotide
primers to murine Exon II to prime jMGST2 DNA in
sequencing and PCR reactions (data not shown).

Figure 3 is a schematic of the murine ST6Gal I Exons H,
I, and II region as identified on jMGST1 and
jMGST1ExHa. A 3.3 kb intron separates Exon I and Exon
II. At least 10—13 kb of sequence, and likely more, separate
Exon H and Exon I; there is 3.4 kb of sequence on the 3@
flank of Exon H on jMGST1ExHa, and there is approxim-
ately 10.0 kb of sequence on the 5@ flank of Exon I on
jMGST1. However, the precise distance separating Exon
H and Exon I is not known since they have been isolated on
separate clones. Probes against Exon H hybridized to
jMGST1ExHa and jMGST1ExHb but not jMGST1 or
jMGST2 (data not shown).

Transcriptional initiation point of murine hepatic
ST6Gal I mRNA isoform

Primer extension analysis was performed to pinpoint the
precise transcription initiation point for liver ST6Gal I
mRNA synthesis. As shown in Figure 4, extension of mouse
liver mRNA using the primer mST1-P8 resulted in a single
band that indicates transcription initiates 154 nts 5@ of the
binding site for mST1-P8 (denoted as nucleotide position
1 in Figure 2). The result is fully consistent with the
5@-RACE data obtained in Figure 1. S1 nuclease analysis
was also performed using a complementary probe spanning
Exon H and 5@-flanking region. The result of the S1 protec-
tion assay is consistent with transcription initiation site as
predicted by the primer extension analysis (data not shown).

The genomic sequence of the region flanking the 5@-end of
the transcription start site is depicted in Figure 2. Notable is
the absence of an obvious TATA box nor is it GC rich. As
with a number of other genes sharing these features, accu-
rate transcription may depend on transcription from an Inr
or similar start site element (reviewed in [8]). Earlier studies
in rat reported the glucocorticoid responsiveness in hepatic
expression of ST6Gal I [4, 9, 10]. Glucocorticoid respon-
siveness in the murine ST6Gal I hepatic promoter may be
exerted via the C/EBP consensus region at position ~89 and
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Figure 3. Restriction map and schematic of the murine ST6Gal I gene region encoding Exons H, I, and II. Shown is a partial restriction map of the
genomic regions carried on lambda clones kMGST1EXHa, kMGST1EXHb, and kMGST1EX1. X, XbaI; H, HindIII, B, BamHI. The size standard for 1 kb
is shown in the upper left corner.
Figure 4. Primer extension analysis of murine hepatic ST6Gal I mRNA.
Primer extension analysis was performed as described in Materials and
methods. Shown are the autoradiogram results of the analysis as separ-
ated in a denaturing gel. Lane 1 shows the result of primer extension
using 20 lg of tRNA as a negative control template. Lane 2 shows the
result using 20 lg of total mouse liver RNA.

the HNF-5 consensus region at position ~204 [11]. Other
noteworthy potential cis-acting transcription elements in-
clude a CCAAT box at position ~18, AP-1 site at position
~25, NF-IL6 site at position ~83, and AP-2 site at position
~264.

Differential Northern blot analysis of murine hepatic
ST6Gal I mRNA

In human and rat, the expression of the hepatic form of
ST6Gal I mRNA is restricted to liver and intestinal epi-
thelial cells at certain stages of development [12]. Here we
demonstrate that murine liver expresses an mRNA form
Table I Differential expressiona of SIAT1 exonic regions among
murine tissues

Tissue Exon H Exon I Exon II ExH/ExI ExH/ExII

Heart 2.0 12.7 10.6 0.16 0.19
Brain 4.7 13.2 13.1 0.36 0.36
Spleen 1.9 5.4 6.3 0.36 0.30
Lung 3.6 19.7 20.2 0.18 0.18
Liver 100.0 100.0 100.0 1.00 1.00
Muscle 3.8 6.6 6.7 0.58 0.57
Kidney 1.3 9.8 11.0 0.14 0.12
Testis 1.4 9.3 10.9 0.15 0.13

aExpressed in normalized units with signal from liver set to 100 for each
exonic region

divergent from that observed in human and rat liver. In
order to determine that the Exon H-containing mRNA is
the hepatic equivalent of the human and rat forms, RNA
from a number of murine tissues was differentially hybrid-
ized with probes specific for Exon H, Exon I, and Exon II.
As shown in Table I, Exon H signal is clearly highest in liver;
negligible levels are seen in the other tissues examined.
When the hybridization signals are expressed as a ratio
between Exon H and either Exon I or Exon II, it is clear that
Exon H-containing mRNA is most abundantly expressed in
liver. Exon H-containing ST6Gal I mRNA also seems to be
present in low but significant levels in muscle, spleen and
brain, although the overall levels of ST6Gal I mRNA in
these tissues are substantially lower than that observed in
liver. Among the other tissues examined, lung and heart
express significant levels of ST6Gal I mRNA. However, as
evident by the ratio of ExH to ExI signals (Table 1), Exon
H-containing mRNA constitutes a relatively minor com-
ponent in the pool of ST6Gal I mRNAs in these tissues.

Thus, the data indicate that the predominant liver mRNA
for ST6Gal I in mouse, in contrast to human and rat,
contains an additional exon, Exon H, at the 5@ terminus.
Two lines of observation strongly suggest that the Exon
H-containing form is the murine equivalent of the
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human/rat hepatic-specific ST6Gal I mRNA form. First,
5@-RACE analysis indicates that this is the predominant, if
not the only, ST6Gal I mRNA expressed in murine liver.
Second, differential blot analysis indicates that the Exon
H-containing mRNA form is preferentially enriched in liver,
with a substantially lower level of expression in muscle,
spleen, and brain.
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