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The transcripts of the apomucin genes MUC2, MUCH4,
and MUCS5AC are large and appear as distinct bands

DAN BAECKSTROM and GUNNAR C. HANSSON*
Department of Medical Biochemistry, Goteborg University, Medicinaregatan 94, 413 90 Gothenburg, Sweden

Received 10 October 1995, revised 31 January 1996

RNA from four colorectal carcinoma cell lines was prepared and analysed in Northern blots using probes for the
MUC2, MUC4, and MUC5AC mucin apoprotein genes. The sizes of the transcripts were very large, in the order of
at least 12-16 kb. The presence of distinct bands is in contrast to earlier reports, where these transcripts showed
extensive polydispersity. RNA from rat small intestine was also prepared and probed with ¢cDNA for the rat Muc?2
mucin gene. This analysis also showed a'large and discrete hybridizing band, indicating that apomucin mRNA of
well-defined size can be obtained also from a tissue with high endogenous’ RNase activity.
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Introduction

Mucins are a heterogeneous group of glycoproteins located
at mucosal surfaces, where they are believed to be
important for protection and lubrication. The larger mucins
have a central core protein covered with oligosaccharide
side chains accounting for more than 50% of the total
molecular mass. Many mucins appear to be disulfide linked
oligo- or polymers and the glycoproteins obtained by
reduction have been called subunits [1]. Mucins have been
purified according to many different protocols [2], several
of which have not taken enough care to avoid mechanical
or proteolytic degradation. However, even the most
stringent purification conditions [1] have yielded mucin
subunits that are polydisperse with respect to molecular
size. The biochemical background to this phenomenon is
not yet fully understood, although- variable glycosylation
has been believed to be the major reason. However, the
possibility of a polydisperse apoprotein has not been
excluded and the findings of polydisperse mRNAs in
Northern blot analyses and variable number tandem repeat
polymorphism in the coding sequences of mucin apopro-
tein genes [3,4] have strengthened this proposal. Poly-
disperse transcripts have been observed for all mucin
apoprotein genes cloned, except MUCI, and this poly-
dispersity has been considered as one of the typical features
of mucin mRNAs [5-7]. In the present investigation we
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have used Northern blots to analyse the transcripts of the
mucin apoprotein genes MUC2, MUC4, and MUCSAC
from four tumour cell lines, showing distinct bands with
large sizes. Similar results were obtained by probing rat
small intestine RNA with a rat apomucin ¢cDNA.

Materials and methods

Cell lines

The colon carcinoma cell lines COLO 205 (American
Type Culture Collection no. CCL 222), L.S174T (CCL
188), SW1116 (CCL 223), and LoVo (CCL 229) were
grown in Iscove’s medium (Gibco, Paisley, UK) with 10%
foetal calf serum (Gibco) and supplemented as described
{8]. LS174T and LoVo had been selected for homogenous
expression of the carbohydrate antigen CA242 [9].

Probes

For the detection of the transcripts, probes were prepared
from the following plasmids; MUC2, a plasmid containing
the. 836 bp SMUC41 tandem repeat insert [10]; rat Muc2,
a plasmid containing the 705bp VR-1A insert [11],
MUCS5AC, a plasmid containing the 3.5 kb NP3a insert
[12]. The excised inserts were separated by agarose gel
electrophoresis and isolated using QIAEX II (QIAGEN,
Hiiden, Germany) or Geneclean 11 (Bio 101, La Jolla,
CA). For MUC4 a synthetic 48 oligonucleotide
GTCGGTGACAGGAAGAGGGGTGGCGTGACCTGTG-
GATGCTGAGGAAGT probe based on [13] was used. The



834

MUCH4 oligonucleotide probe was a gift kindly provided
by Dr Sandra J. Gendler. The SMUC41-containing
plasmid was a gift kindly provided by Drs Young S.
Kim and James R. Gum. The NP3a plasmid was kindly
provided by Dr Mary Rose. The inserts were labelled with
a~(**P)-CTP using the Megaprime random priming kit
(Amersham, Amersham, UK) and the oligonucleotide
probe with y-(**P)-ATP and T4 kinase (Pharmacia,
Uppsala, Sweden).

RNA purification

RNA was prepared using the guanidinium thiocyanate
method [14]. RNase free water (glass distilled or diethyl
pyrocarbonate (DEPC) treated [15]) was used for all
solutions. All pipettes were wide mouthed, all pipette tips
used were cut, and care was taken to avoid shear forces
when pipetting. Guanidinium thiocyanate (4 M) was
prepared by dissolving 50 g in 10ml of 1M Tris-HCI,
pH 7.6, adding water-up to 100 ml, and filtering through
Whatman 3MM paper (Whatman, Maidstone, UK).
Mercaptoethanol was added to 1% before use. Guanidi-
nium chloride (7.5 M) was prepared by dissolving 72 g of
guanidinium chloride up to a volume of 100ml after
adjusting the pH to 7 with a few drops of 3 M NaOH.
Dithiothreitol was added to 10 mM immediately before
use.

For RNA preparation from tissue culture cells, the
medium was decanted from four 175 cm? flasks contain-
ing confluent cells and the cells were lysed by rapid
addition of a total of 20ml of cold 4 M guanidinium
thiocyanate. The cell lysate was then removed using a
cell scraper (Nunc, Roskilde, Denmark).

For RNA preparation from rat small intestine, a rat
(GOT-W inbred strain) was starved over night, anaes-
thetized with ether and killed by cervical dislocation.
About 1/3 of the small intestine was removed, washed
with cold 0.9% NaCl by attaching a pipette to one end of
the intestine. The intestine was held on ice and cut open
and the mucosa was quickly scraped off with a spatula
into 20 ml of cold guanidium thiocyanate.

Cell or tissue lysates were homogenized on ice with
four strokes in a Dounce all glass homogenizer using the
loose pestle. One ml of a 10% lauryl sarcosinate (Sigma,
St Louis, MO) solution was added. If the solution
contained visible debris, the solution was centrifuged at
2500 rpm in 50 ml conical tubes. The supernatant was
transferred to DEPC treated all teflon tubes (Nalge,
Rochester, NY), and mixed with 1 ml 2 M KAc, pHS.5
and 1.6 ml 1 M HAc. Subsequently, 15 ml ethanol (99.5%,
room temperature) was added in portions with mixing
between additions, and the tubes were placed in a. —20 °C
ethanol bath for at least 2 h before centrifugation at about
10000 x g at +4°C for 20 min. The supernatant was
gently aspirated and the pellet was resuspended in 10 ml
7.5M guanidinium chloride with 10 mM dithiothreitol
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added just before use. After addition of 0.5 ml 2 M KAc,
pH 5.5, the tubes were mixed and 5 ml absolute ethanol
was added before precipitation at —20 °C for at least 2 h
followed by centrifugation at 10000 x g for 20 min. The
supernatant was removed using a pipette and the pellet
resuspended as above in 7.5 M guanidinium chloride and
the above step repeated. The obtained pellet was
resuspended in 5ml 20mm EDTA, pH7.0 and the
solution was mixed with 10 ml chloroform:n-butanol 4:1
(by vol) added by a RNase free glass pipette. After
shaking for 5min and centrifugation for 10 min, the
upper phase was transferred to a teflon tube and the
interface washed twice with 4 ml 20 mm EDTA, pH7.0.
The upper phases were recovered after centrifugation and
the combined upper phases were precipitated by the
addition of 0.1 volume of 3™ NaAc, pH7.0 and 2.5
volumes of ethanol followed by cooling to —20 °C for at
least 2h. The precipitated RNA was recovered by
centrifugation at 10000 x g for 20 min at +4 °C. The
pellet was dissolved in" RNase free water and the RNA
was quantified by measurement of Ayq and analysed by
agarose gel electrophoresis in the presence of 6.5%
formaldehyde. The RNA was always stored precipitated at
—20°C. The yield of RNA was 1.8mg from the rat
intestine, 4.4 mg from LS174T, 0.13mg from LoVo,
1.43 mg from COLO 205, and 0.78 mg from SW1116.

Polyadenylated RNA was isolated using Dynabeads
oligo-(dT),s (Dynal, Oslo, Norway). Total RNA (100 ug)
in water was purified on 0.2ml of resuspended
Dynabeads according to the supplier’s description. The
amount of mRNA recovered was used for two slots in
agarose gel electrophoresis.

Northern blot analyses

Samples containing total RNA, freshly purified polyade-
nylated RNA or RNA size markers (Boehringer Mann-
heim, Mannheim, Germany) were mixed 1:1 (by vol) with
the sample buffer (20 mM 3-(N-morpholino)-propane-
sulfonate, pH7.0, 5mM NaAc, 1mm EDTA, 67%
formamide, 25% formaldehyde). To this mixture (10—
20 ul), 1ul ethidium bromide (0.4 mgml~') was added.
After heating at 65°C for 5min, 3ul of a solution
containing 0.25% Bromphenol Blue and 30% Ficoll
(Pharmacia) was added and the sample was loaded onto
a 1% agarose gel containing 20 mM 3-(N-morpholino)-
propanesulfonate, pH7.0, 5mmMm NaAc, 1 mM EDTA (1X
MOPS) and 6.5% formaldehyde. The gel was run for 16—
20 h at 25-30 V using 1X MOPS as running buffer.

The gel was subjectéd to capillary blotting overnight
using Hybond-C (Amersham) nitrocellulose membranes
prewetted- with water and 20X SSC (20X SSC=0.3mM
sodium citrate, pH7.0, 3M NaCl). Subsequently, the
membranes were air-dried and then baked at 80 °C over
blue silica gel in a closed glass jar for 2 h. The baked
membranes were wetted with 6X SSC and incubated at
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42 °C for more than 3 h in prehybridization solution (5X
Denhardt’s solution [15], 4X SSC, 50mmM potassium
phosphate, pH7.4, 0.1% SDS, 50% formamide). The
labelled probe was heated at 100 °C for 5 min, chilled on
ice and then added to the prehybridization solution. The
membranes were kept in this solution overnight at 42 °C,
then washed at room temperature three times with 200 ml
of 2X SSC, with 2X SSC, 0.1% SDS for 1h, and with
0.1X SSC, 0.1% SDS for 1h. After a final wash with
0.1X SSC, 0.1% SDS at 55°C for 1h, the membranes
were exposed to Kodak X-OMAT S film at —80 °C for
1-7 days.

Results

Northern blot analyses were performed on mRNA from
four colorectal carcinoma cell lines using probes to the
MUC2, MUC4, and MUCSAC mucin genes. These three
showed one or two distinct bands in each cell line as
exemplified in Fig. 1A,B. The transcripts were large for all
genes with an estimated size of more than 12kb for
MUC2, 15-16kb for MUC4, and 0.5-1kb less than
MUC2 for MUCS5AC using RNA molecular size markers
up to 7.4 kb as standards.

To show that it is also possible to obtain distinct bands
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from tissues with relatively large amounts of RNases we
prepared RNA from rat small intestine and probed it with
a rat Muc2 probe (VR-1A) obtained during cloning the
apoprotein of the ‘insoluble’ mucin complex of rat small
intestine [11]. In this experiment, a comparison was also
made between the hybridizations obtained with total RNA
and with purified polyadenylated RNA. The results
(Fig. 1C) show a distinct band in the size of more than
12kb for both RNA and poly-A™ RNA, although the
total RNA blot is slightly distorted by the presence of
rRNA.

Discussion

In this study, the expression and transcript sizes of three
mucin apoprotein genes (MUC2, MUCY4, and MUC5AC)
i four different colorectal carcinoma cell lines (COLO
205, LS174T, LoVo, and SW1116) have been investigated.
The expression of MUCI has previously been shown in
the COLO 205 and SW1116 cell lines [16]. The COLO
205 and LoVo cell lines expressed only one of these
mucin genes (MUCI and MUC?2, respectively), whereas
both LS174T (MUC2 and MUCSAC) and SWI1l1l16
(MUC2 and MUCH4) expressed two. Size polymorphism,
probably due to variable number of tandem repeats, was
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Figure 1. Northern blot analyses of mRNA from four cell lines (A, B) and of mRNA and total RNA from the epithelial cells of rat small
intestine (C). mRNA corresponding to 50 ug RNA before polyA purification has been applied to each lane, except for 25 ug of total RNA
in C. The blots have been stained with the probes indicated. The membrane probed with the MUC2 probe was exposed for different
periods to show both a strong and a weak band. The gel analysing MUCSAC was electrophoresed for a longer tine. The numbers given are

the sizes of the RNA markers.
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observed in the MUCI transcripts of COLO 205 [16] and
in the MUCY transcripts of SW1116. Due to the different
lengths of the probes, a comparison of the intensities is
not appropriate. However, the expression of MUC2 in the
LS174T cell line is probably substantially higher than any
other of these mucins.

The MUC2, MUC4, and MUCS5AC probes detected
very large transcripts where the estimated sizes were
more than 12 kb. These estimations are very uncertain, as
they are far out of range of the RNA size markers used
(1.6-7.4 kb) and 12 kb is probably underestimated. From
the sequence analysis of MUC2 c¢cDNA [17] it has been
shown that the translation product of a typical MUC2
allele with 100 tandem repeats has a transcript size of at
least 15 kb. Thus, if the number of tandem repeats in the
MUC2 alleles of LS174T and LoVo are in the normal
range, MUC4 should be at least 17-18 kb and MUC54C
around 14 kb. The size of the rat Muc2 transcript from
the strain used is about 0.5 kb smaller than that of the
human MUC2 mRNAs in LS174T.

In all the RNA blot experiments presented here the
hybridized transcripts. appear as discrete bands. The
results of the analysis of rat small intestine RNA shows
that a large, apparently undegraded apomucin transcript
can be obtained also from a tissue with high endogenous
RNase activity. RNA blots of mucins published by Khatri
et al. and Lesuffleur ef al. also show discrete bands
[18, 19]. In contrast, most published RNA blots probing
for transcripts of apomucin genes (with the exception of
MUCI) show a high degree of polydispersity in the
hybridized bands [5-7, 10, 13,20]. The reasons for this
phenomenon have been discussed only briefly, but it has
been suggested that apomucin gene transcripts are
intrinsically polydisperse [5-7]. The results presented
here are difficult to reconcile with such theories. It is also
difficult to explain the generation of the very polydis-
perse mRNAs observed in the previously published blots
with any known mechanism except degradation.

Instead, we propose that intact apomucin transcripts
from a given allele generally are monodisperse, but that
they are very sensitive to degradation. As the researchers
that report polydisperse apomucin-mRNAs also find that
control transcripts such as f-actin or GAPDH mRNA
appear as sharp bands, it is reasonable to suggest that the
large sizes of the apomucin messages are a critical factor,
making them exceptionally vulnerable to degradation
from RNase activity and shear forces.

The RNA extraction method used by us was originally
designed for obtaining RNA from tissues rich in RNases
[14], and strongly denaturing agents are present during
most of the preparation. In the guanidinium thiocyanate/
cesium chloride protocol used in the studies where
polydisperse transcripts were found, the denaturing
conditions are lost early. This difference in extraction
method, together with the steps taken here to avoid shear
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forces may explain the discrepancy between our results
and those previously presented. Other parts of the
experimental procedures may also be important and
therefore the methods used here, although far from
novel, have been described in some detail. Enrichment of
polyadenylated RNA does not seem to be critical for
obtaining discrete bands, although some improvement is
achieved by removing the interference of rRNA (Fig. 1C).
We conclude that the pronounced polydispersity of
mature mucin molecules is primarily caused by a highly
variable glycosylation [2] and not by variable transcript
sizes.
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