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Abstract  

The APC gene at human chromosome 5q21 is responsible for familial 
adenomatous polyposis coli. Furthermore, sporadic cancers of not only 
colon but also other digestive organs often contain mutations in the APC 
gene. A dominant mouse mutation Min that was generated by chemical 
mutagenesis and causes polyposis in the digestive tract is in the mouse 
homologue of the human APC gene. The APC mRNA is generated from 15 
exons. Two mRNA isoforms were reported which are produced by alter- 
native splicing in the 9th exon. Here, we report novel mRNA isoforms that 
lack the 7th exon in both mouse and human cells. 

Introduction 

The APC gene (for adenomatous polyposis coli) at human chro- 
mosome 5q21 was originally identified as one of the genes affected in 
patients of familial adenomatous polyposis coli. The gene appears 
responsible for the dominantly inherited disease characterized by mul- 
tiple benign colorectal tumors that often develop into malignant car- 
cinomas (1-4). In addition, many sporadic cancers of not only colon 
but also other organs of the digestive system such as stomach and 
esophagus turned out to contain mutations in the APC gene (5-8). At 
the same time, a dominant mouse mutation Min (for multiple intestinal 
neoplasia) that had been generated by chemical mutagenesis and 
causes polyposis in the digestive tract was located in the gene ho- 
mologous to the human APC gene (9, 10). The APC mRNA is gen- 
erated from 15 exons and encodes a protein of 2843 amino acids in 
humans and 2845 residues in mice. Exons 1 to 14 combined, occupy 
the NH2-terminal quarter, whereas exon 15 alone occupies three- 
fourths of the molecule at the COOH terminal (3, 4). The amino acid 
sequence of the APC protein deduced from the cDNA 2 sequence 
indicates a hydrophilic protein that contains heptad repeats, rat-2 
homology, muscarinic acetylcholine receptor-G protein coupling ho- 
mology, and 20 amino acid repeats (1, 3). However, the physiological 
function(s) of this huge protein remains to be investigated. Although 
APC mRNA is detected in a wide variety of tissues (3), immunohis- 
tochemical analysis using antibodies against partial APC protein 
showed an intensive staining in the basolateral margins of the colonic 
epithelial cells, especially marked in the upper portions of crypts (11). 
Two mRNA isoforms were reported which are produced by alternative 
splicing in exon 9; one with the full length exon of 380 ntd and the 
other with a partial exon of 77 ntd (exon 9A) (3). Other polymor- 
phisms of APC mRNA were also reported that involve noncoding 
exons upstream of exon 1 and isoform mRNAs that are spliced into a 
downstream gene SRP19 (12). Here, we report novel mRNA isoforms 
that lack exon 7 sequence both in various mouse tissues and cell lines 
as well as in human cell lines. 

Materials  and Methods  

Standard procedures (13, 14) were used unless otherwise stated. 
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Animals, Cell Lines, and RNA Preparation. Total RNA was isolated 
from various mouse organs/tissues of adult ICR mice (Charles River, Japan), 
and from mouse and human cell lines by the guanidine isothiocyanate method 
(15). Mouse embryonic stem cell line AB-1 (16), embryonal carcinoma cell 
line F9 (17), and human teratoma cell line NTera-2 (18) have been described 
previously, respectively. Other human cell lines, A431 epiderrnoid carcinoma 
(19), HT-1080 fibrosarcoma (20), and HLC-1 lung adenocarcinoma 3 cell lines 
were obtained from RIKEN Cell Bank, Tsukuba, Japan. 

RT-PCR. Reverse transcription reaction was performed using 10 /~g of 
total RNA and 100 pmol of a synthetic oligonucleotide primer (5'-GAA- 
AGCTTCATFAGAACACAC-3', complimentary to ntd 1344-1364 in exon 
10) in 40 Izl of reverse transcription buffer at 42~ for 1 h with 200 units 
(1/,1) of Superscript RT (BRL) and diluted with 60/xl of H20. Standard PCR 
was then performed with 10 t~l of the reverse transcription product, 100 pmol 
of an exon 6 primer (5'-ATAGCCAGGATCCAGCAAAT-3', for ntd 646-665) 
and 0.2 mM deoxynucleotide triphosphates, 0.5 txl (2.5 units) of Taq polym- 
erase (Takara, Japan) in 100 p~l of PCR buffer (Perkin-Elmer/Cetus GeneAmp 
kit; 10 • = 500 mM KCI/100 mM Tris-HC1, pH 8.3/15 mM MgC12/0.1% 
gelatin). PCR was performed under the following condition: 95~ 1 min; 
60~ 1 min; 35 cycles of 60~ 1 rain; 72~ 1 min; and 95~ 1 rain; and 
72~ 10 rain. Ten ill of the PCR product were loaded onto each lane of 
2% agarose gel and electrophoresed. Although the exon-intron structure has 
been published only for the human gene (3), it is reasonable to assume the 
same structure in the mouse because the cDNA sequences are almost identi- 
cal between the two species except Exon 7 and parts of Exon 15 (see 
"Discussion"). 

DNA Sequencing. The cDNA preparations amplified by PCR were di- 
gested with BamHI and HindIII and subcloned into pUC19 (Takara). The 
sequences were determined and compared with that of mouse APC cDNA (10) 
(downloaded from GenBank; accession no. M88127). 

Amino Acid Sequence Analysis. Computer-assisted statistical analysis of 
the similarity between mouse and human APC amino acid sequences was 
performed by the Best Fit program of GCG package (Version 7.0) from the 
University of Wisconsin, Madison, WI, on a MicroVAX II computer (Digital 
Equipment Corporation, Boston, MA). 

Results 

During the course of RT-PCR studies of the APC mRNA in mouse 
liver, we detected four strong bands instead of one, when PCR primers 
for exons 6 and 10 were used (Fig. 1,4, Bands 1-4). Because such 
multiple bands were not observed for other regions of the cDNA (i.e., 
between exons 1 and 6 or exons 10 and 15; data not shown), we cloned 
these bands in a plasmid vector and determined their sequences. Fig. 
2 shows the DNA sequencing gels for cloned Bands 1 and 2. While 
Band 1 contained the exon 7 sequence (Fig. 2, A and C), the sequence 
of exon 6 was directly followed by that of exon 8 in the Band 2 clone 
(Fig. 2B). On the other hand, the RT-PCR Bands 3 and 4 contained 
exon 9A in place of exon 9. Like Bands 1 and 2, Bands 3 and 4 
represented isoforms with and without exon 7 sequence, respectively 
(data not shown). These results are summarized diagrammatically in 
Fig. 3. To determine whether these isoforms with and without exon 7 
are expressed differentially in a tissue-specific manner, we examined 
by RT-PCR various adult mouse tissues as well as embryonic cell 
lines. However, all samples tested showed essentially the same pat- 
tern. They all contained intense Bands 1 and 2, representing full- 

3 T. Okabe, personal communication. 
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Fig. 1. RT-PCR products of the APC mRNA between exons 6 and 10. Total RNA from adult mouse tissues and ccll lines (A and B), and a human cell line (C) were reverse transcribed, 
primers for exon 6 and exon 10 were added, amplified by PCR, and products were analyzed as described in "Materials and Methods." Arrows on the right of each gel indicate the 
positions of four bands (Bands 1 to 4; see text). As a negative control water was added instead of total RNA (B). The lane "Intestine" in B indicates jejunum and ileum. A separate 
experiment wilh colon RNA showed the same result (data not shown). The sizes of markers are 1352, 1078, 872, 603, 310, 281 + 271 (appear as a thick single band), 234, 194, 118, 
and 72 base pairs, respectively. 
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Fig. 2. DNA sequencing gels indicating RT-PCR Bands 1 and 2 isoforms. A and C, the junctional regions between exons 6 and 7 and exons 7 and 8 of the RT-PCR Band 1 subclone, 
respectively. B, the junctional region between exons 6 and 8 of the RT-PCR Band 2 subclone in which the exon 7 sequence is missing. Ten bases for each exon at the junction are shown 
on the left side of each gel The junctions between exons are shown by arrowheads on the left and by arrows on the right with exon numbers (Ex). 

length exon 9 isoforms with and without exon 7, respectively. Al- 
though the relative intensities for Bands 3 and 4 were weaker than 
Bands 1 and 2, Band 3 was always observed clearly on the gel, 
whereas Band 4 appeared variable depending on the samples (Fig. 1, 
A and B). This variability, however, was due to a subtle difference in 
the band intensities upon staining because Southern blot hybridization 
of the gels clearly showed strong Band 4 of similar intensities in all 
tissues and cell lines tested (data not shown). We also tested several 
human cell lines derived from teratocarcinoma, epidermoid carci- 
noma, fibrosarcoma, and lung adenocarcinoma. We obtained the same 
RT-PCR gel pattern of four bands as in mouse tissues and cell lines. 
One such example with a human teratocarcinoma cell line N-Tera2 is 
shown in Fig. 1C. 

Discuss ion 

The physiological significance of the isoforms that lack exon 7 
remains to be investigated. However, it is worth noting that exon 7 is 
the least conserved region in the APC molecule between the mouse 
and human sequences. The amino acid sequence identity is only 59% 

and the similarity is 85%. On the contrary, other regions are remark- 
ably well conserved as pointed out previously (10). Between exons 1 
and 14, except exon 7, 601 amino acids of 617 residues are identical 

(i .e. ,  97% identity). All functional sequence motifs thus far identified, 
such as heptad repeats, ra l -2  similarity, and muscarinic acetylcholine 
receptor-G protein coupling homology are found outside exon 7. This 
may suggest a structural function for exon 7 such as a hinge domain 
rather than a catalytic activity or a specific binding to other proteins. 

However, it is interesting that one of five familial adenomatous poly- 
posis coli patients studied by Groden et  al. (3) contained a dinucleo- 
tide deletion at the exon 7 splicing boundary, which is likely to 
truncate the protein in exon 7. Practically, the exon 7 sequence may be 
very useful in raising antibodies because the amino acid sequence 
variability can be expected among different species. Computer as- 
sisted statistical analysis of the mouse sequence predicted that the 
exon 7 domain is very hydrophilic and strongly antigenic (data not 
shown). On the other hand, exon 15, the longest exon that occupies 
about three-fourths of the whole molecule, contains several stretches 
of amino acids that are dissimilar between the mouse and human, with 
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Fig. 3. Schematic diagram showingAPC mRNA isoforms in the region between Exons 
6 and 10. Exon lengths are drawn to scale whereas the introns are not. Arrows above exon 
6 and beneath exon 10 indicate the positions of the PCR primers. 

the  rest  o f  the s e q u e n c e  b e i n g  a lmos t  ident ica l .  Fu r the r  inves t iga t ion  

such  as gene  k n o c k o u t  e x p e r i m e n t s  i n v o l v i n g  e x o n  7 shou ld  he lp  

e luc ida te  its ro le  in p h y s i o l o g y  and  po lypos i s .  
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