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Germ-line mutations of the APC gene are responsible for familial adenornatous polyposis 
(FAP), an autosornal dominantly inherited disease in humans. Patients with FAP develop 
multiple benign cdorectal tumors. Recently, a mouse lineage that exhibits an autosomal 
dominantly inherited predisposition to rnuttifle intestinal neoplasia (Min) was described. 
Linkage analysis showed that the murine homolog of the APC gene (mApc) was tightly 
linked to the Min locus. Sequence comparison of mApc between normal and Min-affected 
mice identitled a nonsense mutation, which cosegregated with the Min phenotype. This 
mutation is analogous to those found in FAP kindreds and in sporadic colorectal cancers. 

O n e  or more tumor suppram genes located 
on chromosome 5q are important in the 
development of colorectal cancer (1). Two 
candidate tumor suppressor genes (APC and 
MCC), on chromosome 5q21 (2-4), are so- 
matically mutated in sporadic colorectal can- 
cers (2, 5). The APC gene is also mutated in 
the germ line of patients with FAF', an auto- 
somal dominantly inherited disease that pre- 
disposes to colorectal cancer (5, 6). Patients 
affected with FAF' develop h u n w  to thou- 
sands of benign colorectal tumors during their 
second and third decades of life. Some of 
these tumors will progress to cancer if they are 
not removed. Extracolonic manifestations, 
such as gastric and small intestinal polyps, 
ateomas, and desmoid tumors, have been 
observed in some FAP patients (7). 

A previously described mutant mouse 
lineage that is predisposed to Min may pro- 
vide a model for colorectal tumorigenesis. 
This lineage was established from an ethyl- 
nitrosourea-treated C57BU6J (B6) male 
mouse (8). The Min phenotype is a fully 
penetrant autosomal dominant trait. Young 
adult Min mice develop numerous adenomas 
throughout their intestinal tract. Although 
the distribution of tumors along the intestine 
is daerent from that in human FAP, the fact 
that both phenotypes are autosoma1 domi- 
nantly inherited and involve multiple intes- 
tinal tract tumors raises the possibility that 
Min results from a mutation in the murine 
homolog of the APC gene (mApc) . 

To test this possibility, we determined 
whether mApc was linked to the Min locus. 
We screened an adult BALBIc mouse brain 
cDNA library at reduced stringency with 
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fragments of the human APC cDNA (9). 
One murine cDNA clone, mApc-5la, cor- 
responding to nucleotides 135 to 14 12 of the 
human APC sequence (lo), was then used 
to investigate linkage between mApc and 
Min in segregating backcrosses. Min-affected 
l36 male mice were crossed to AKEVJ (AKR) 
or CASTIEi (CAST) females. The Min- 
affected F, mice were then backcrossed to 
normal B6 mice in each parental orienta- 
tion. The resulting backcross mice were 
scored (8) for the Min phenotype (the pres- 
ence of intestinal tumors). If Min is a muta- 
tion in mApc, then mice in the backcross 
expressing the Min phenotype would be 
homozygous for the B6 alleles of mApc. 
Conversely, backcross mice that do not ex- 
press the Min phenotype would be heterozy- 
gous (B61AKR or &/CAST). 

A Pst I resaiction fragment length poly- 
morphism (RFLP) between the l36 and AKR 
or CAST strains was identified by Southern 
(DNA) blot hybridization to the mApc-5la 
probe (Fig. 1). This polymorphism was used 
to analyze 74 mice from the CAST backcross, 
and no discordance between the inheritance 
of the B6 mApc alleles and the Min pheno- 
type was observed (Table l). Analysis of 95 
mice from the AKR backaoss revealed a 
single discordant animal that was heterozy- 

Flg. 1. Linkage between 
K&X and the Min pheno- 
type. Genomic DNA (10 to 
15 pg) isolated from pa- 
rental strains and back- 
cross animals was digest- 
ed with the restriction en- 
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gous but had tumors (Table 1). These results 
suggest that Min resulted from a mutation in 
the mApc or a closely linked gene. 

More complete examination of this dis- 
cordant mouse revealed that it did not 
reflect fully the Min phenotype; it had lived 
much longer than most Min mice and had 
carried only two duodenal tumors, whereas 
Min-affected AKR backcross animals had 
an average of 16 tumors (SD, 12; range, 2 
to 50). Sporadic intestinal tumors in mice, 
especially of the duodenum, have been 
documented (I I) and are the probable 
source of tumors in this mouse. 

We sequenced the entire coding region of 
mApc to identify the mutation in Min mice. 
To maximize the information obtained in this 
study, we sequenced the mApc cDNA from 
five mice: a normal l36 mouse, a Min l36 
mouse, a normal (B6 x CAST) F1 mouse, a 
Min (B6 x CAST) Fl mouse, and a normal 
CAST mouse. Two Merent Min mice were 
used to identify and confirm any mutation 
responsible for the Min phenotype. However, 
it was possible that the Min mutation would 
only affect the amount of mApc expression. 
The three normal mice were included to 
facilitate identification of nucleotide sequence 
polymorphisms between B6 and CAST. 
These polymorphisms could then be used to 
determine whether both wild-type and mu- 
tant alleles of m& were expressed. Total 
RNA was isolated from brains of the five 
mice, and randomly primed first strand cDNA 
was prepared with the use of reverse transuip 
tase (RT). The polymerase chain reaction 
(FCR) was then used to amplifv (3) the 
coding region of the cDNA for mApc. Fifteen 
pairs of primers were used to amplii the 
coding region of mApc from the cDNA (1 2). 
Each PCR product was then cloned, and 
pools of clones were sequenced with internal 
primers (13). The entire coding region of 
mApc and 27 base pairs (bp) of the 3' untrans- 
lated region was sequenced. 

The mApc transcript had an open reading 
frame of 8535 bp that could encode a protein 
of 2845 amino acids if translation were 
initiated at the first methionine of the open 
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zyme Pst I, and Southern ,, , 4 
blot analysis was per- 
formed with mApc-5la as 
the probe. Animals with 2 8  + 2 8  + * s s  - 
intestinal tumors were 2 6  + .ru - u 
scored as Min, and tumor- 
free animals were scored as normal. (A) The probe identified a unique 3.4-kb fragment in the CAST 
DNA. This 3.4-kb fragment was present in the normal but not in the Min animals of the backcross 
generation. (8) The probe identified a unique 4.3-kb fragment in the AKR DNA. This 4.3-kb AKR 
fragment was present in the normal but not in the Min animals of the backcross generation. 
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reading frame (1 4). The murine and human 
APC coding sequences were 86 and 90% 
identical at the nucleotide and amino acid 
levels, respectively. All the amino acid motifs 
previously identified in the human APC gene 
product are conserved in the mApc gene 
product. These include the heptad repeats, 
sd-2 homology, muscarinic acetylcholine re- 
ceptor (mAChR)4 protein coupling homol- 
ogy, and the 2O-amino acid repeats (3,6). A 
shorter, alternatively spliced transaipt of 
mApc, corresponding to a previously described 
alternatively spliced human APC aanscript 

(4, 6), was also identified by RT-PCR (1 5). 
There were 32 nucleotide polymor- 

phism~ in the coding region and 1 nucleo- 
tide polymorphism in the 3' untranslated 
region between B6 and CAST (14). Be- 
cause all of  the B6-specific polymorphisms 
were present in the mApc cDNA from the 
Min-affected (B6 x CAST) Fl mouse, we 
concluded that the entire coding region of 
both alleles was expressed in Min mice. 

A transversion from T to A at nucleo- 
tide 2549 (16) was found in both Min- 
aftected mice but not in any of the three 

Fig. 2. ldentification of a Min-spe- 
cific nonsense mutation in mApc. 
(A) A T-to-A mutation in Min mice. 
The mutation is indicated by an 
arrowhead. Cloned RT-PCR prod- 
uct (3, 13) derived from total RNA 
isdated from mice was sequenced. 
Lanes 1, a normal B6 mouse; lanes 
2, a Min B6 mouse; lanes 3, a 
normal (86 x CAST) F, mouse; 
lanes 4, a Min (B6 x CAST) F, 
mouse; and lanes 5, a normal CAST 
mouse. The primers used for PCR " " " 
were 5'-GCCATCCClTCACGll- - 

AG-3' and 5'-lTCCACllTGGCA- ; 
GCATAAGGC-3', which amplified p- -'c 
nucleotides 2241 to 2859 of the B6 x.sT 
mApc cDNA. The primer used for 
sequencing was 5'-CACAAGCAGAATCmATGG-3', corresponding to nucleotides 2365 to 2384 of 
the mApc cDNA. (B) The cosegregation of the nonsense mutation with the B6 allele. RT-PCR 
product of the RNA from a Min-affected (B6 x CAST) F, mouse was cloned and sequenced as 
described (13) except that i n d i u a l  clones were analyzed. B6 and CAST indicate the B6 and the 
CAST alleles, respectively. M indicates the sequence spanning the mutated region. The mutated 
nucleotide is indicated with an asterisk. P indicates the sequence spanning the polymorphic region. 
The primers used for PCR were 5'-CAGCAGGllAllGCAAGTG3' and 5'-TTCCACmGGCAT- 
AAGGCB', which amplified nucleotides 1615 to 2859 of mApc cDNA. The primer used for 
sequencing the mutated region was the same one used in (A). The primer used for sequencing the 
polymorphic region was 5'-TAGGAAACAGAAAGCTCTAG3', corresponding to nucleotides 2256 to 
2275 of mApc cDNA. 

flg. 3. ldentification of the Min-specific muta- A 
tion by allele-specific hybridization. (A) Hybrid- - 
ization with the control oligonucleotide. (B) Hy- f 
bridization with the mutant-specific o l i u c l e -  - 
otide. (C) The patternof samples blotted on the - - - - - - 
filters. These are PCR products unless other- = = = - 
wise indicated. Sources of DNA used in PCR - - - 
are indicated as follows: 1, a Min-affected AKR = = = 
backcross mouse; 2, a normal AKR backcross , , , .I 

mouse; 3, the discordant mouse described in - - - - - 
the text; 4, a Min-affected (B6 x AKR) F, - - ' ' 

0 0 - 
mouse; B6, a normal B6 mouse; AKR, a normal m - - -. - . - - - 
AKR mouse; -, a no-DNA control. Templates for 
cNOR and cMUT are the same cDNA from the normal and the Min-affected (B6 x CAST) F, mice, 
respectively, used in sequencing analysis. The pNOR is a plasmid subclone of normal mApc cDNA; 
pMUT is a plasmid subclone of mApc cDNA containing the Min-specific mutation; pBS is 
pBluescript SK (Stratagene. La Jolla, California). PCR reactions were performed as described (3) 
except that 100 to 200 ng of genomic DNA were used as template. Primers used for the PCR were 
the same as described in (A). Approximately 100 ng of the PCR product were blotted onto each 
filter. For plasmids, about 500 ng of DNAwere blotted onto each filter. Hybridization was carried out 
as described in (9) except at 45°C and washing was carried out at 50°C in 450 mM NaCI, 18 mM 
sodium citrate, 1 mM tris, pH 7.2, and 0.1% SDS. The sequence for the mutant-specific 
oligonucleotiie is 5'-ACAGAAGTAGGAGAGAGA-3', which hybridizes to nucleotides 2540 to 
2558 of mApc cDNA. The underlined A is the mutated nucleotide. The sequence for the control 
oligonucleotide is 5'-CCTCAGTGCllACCATCC-3', which hybridizes to nucleotides 2571 to 2588 of 
mApc cDNA. 
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normal mice (Fig. 2A). This Min-specific 
mutation converts codon 850 from a leu- 
cine (TTG) to a stop (TAG) codon. Non- 
sense mutations such as this one are fre- 
quently observed in FAP kindreds (5, 6). 
To  confirm the cosegregation of the muta- 
tion with the B6 allele of the mApc gene, 
we sequenced several individual clones of 
RT-PCR product from the Min-aftected 
(I36 x CAST) F1 mouse. The results show 
that the nonsense mutation was present 
only in the B6 allele (Fig. 2B). 

We confirmed the cosegregation of the 
nonsense mutation with the Min phenotype 
by allele-specific hybridization. The region of 
the genome spanning the mutation was am- 
plified by PCR from 107 mice, includmg 
parental, F,, and the backcross animals from 
Table 1. The FCR products were blotted onto 
duplicate filters and hybridized with either a 
mutant-specific oligonucleotide or a control 
oligonucleotide (Fig. 3). Only the DNA from 
those animals with the typical Min phenotype 
hybridmd with the mutant-specific oligonu- 
cleotide. The discordant mouse described 
above did not cany the Min-specific muta- 
tion. This result is consistent with the sugges- 
tion that this animal had sporadic, rather 
than Min-induced, tumors (1 7). 

Thus, a germ-line nonsense mutation in 
the mAgc gene is responsible for the Min 

The phenotypic and genetic 
similarities between murine Min and hu- 
man FAP suggest that the Min mouse is an 
excellent animal model for the human dis- 
ease FAP. Because mutation of the APC 
gene occurs somatically during the develop- 
ment of  sporadic colorectal tumors in hu- 
mans (S), Min mice should also be a suit- 
able model for human colorectal cancer in 

Taw 1. Linkage analysis demonstrating cc+ 
segregation of the Min phenotype with mApc. 
The backcross column indicates the strain of 
mice crossed with the Min I36 mice to obtain the 
F, generation. Cosegregation of the Min phe- 
notype and the B6 allele of m4pc was deter- 
mined by RFLP analysis with the mApc-51a 
probe. Animals with intestinal tumors were 
scored as Min, and tumor-free animals were 
scored as normal. The non-B6 allele is either 
the AKR or the CAST allele, depending on the 
backcross set. Animals were randomly chosen 
from the Min and normal set in each backcross. 
Seventy-four animals were analyzed from the 
CAST backcross set, which consisted of 135 
Min and 103 normal mice. Ninety-five animals 
were analyzed from the AKR backcross set, 
which consisted of 77 Min and 77 normal mice. 

Back- Pheno- Alleles at mApc 

cross fype B6/B6 Wnon-B6 

CAST Min 36 0 
Normal 0 38 

AKR Min 64 1 
Normal 0 30 
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general. Furthermore, the Min strain has 
permitted the identification of unlinked 
modifier loci in the mouse genome that 
decrease the number of intestinal adenomas 
arising in Min mice (1 8). Identification and 
characterization of potential human coun- 
terparts of these modifier loci could be 
useful in understanding why some FAP 
patients develop many fewer tumors than 
average (19) and in understanding colon 
cancer risk in the general population. 
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Enhanced Degradation of the Ferritin Repressor 
Protein During lnduction of Ferritin 

Messenger RNA Translation 
Lisa Smith Goessling, Susan Daniels-McQueen, 

Maitrayee Bhattacharyya-Pakrasi, Jih-Jing Lin, Robert E. Thach* 
lnduction of ferritin synthesis in cultured cells by heme or iron is accompanied by degra- 
dation of the ferritin repressor protein (FRP). Intermediates in the degradative pathway 
apparently include FRP covalently linked in larger aggregates. The effect of iron on FRP 
degradation is enhanced by porphyrin precursors but is decreased by inhibitors of por- 
phyrin synthesis, which implies that heme is an active agent. These results suggest that 
translational induction in this system may be caused by enhanced repressor degradation. 
While unique among translational regulatory systems, this process is common to a variety 
of other biosynthetic control mechanisms. 

Synthesis of ferritin, the ubiquitous iron 
storage protein, is regulated at the transla- 
tional level by iron in vertebrates (1, 2). 
The regulatory machinery consists of a con- 
served 28-nucleotide sequence in the 5 '  
untranslated reeion of the ferritin mRNA 

u 

[the iron-responsive element (IRE)] and a 
98-kD orotein that binds to the IRE in the 
absence of iron and inhibits translation. 
This protein is known as the ferritin repres- 
sor protein, FRP, the IRE-binding protein, 
or the iron regulatory factor. The FRP is a 
member of a family of proteins, some or all 
of which recognize the IRE in ferritin, 
transferrin (Tf) receptor, and erythroid 
8-aminolevulinic acid (ALA)-synthase 
mRNAs (3-8). A third component of the 
machinery is the "inducer," which is iron 
complexed either with porphyrin (as heme) 

'or with other compounds (9-1 1). We test- 
ed the effects of various iron sources on the 
turnover of FRP in cells grown in culture. 
Our results show that FRP normally turns 
over at a slow rate in vivo, but that iron, 
probably acting through heme, enhances 
the rate of FRP degradation. This effect was 
observed with concentrations of iron or 
heme that induce ferritin svnthesis. which 
suggests that repressor degradation may be a 
direct cause of translational induction. 

The first indication that the natural 
turnover of FRP might result in dere~res- - 
sion of ferritin synthesis came from the 
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observation that actinomycin D causes a 
gradual derepression of ferritin synthesis: 
after 19 hours of treatment, ferritin synthe- 
sis in transformed mouse cells is dere~ressed 
to approximately half the rate achieved in 
the presence of iron (12). Synthesis of no 
other protein is increased by actinomycin D 
(13). Similar results have been reported 
with cordycepin inhibiting mRNA synthe- 
sis (1 1). Moreover, the maximal FRP con- 
centration produced by treatment with the 
iron chelator Desferal is achieved only if 
concomitant protein synthesis is allowed to 
occur (4). These results suggest that FRP 
ordinarilv turns over in the oresence of 
iron, which results in derepression of fer- 
ritin synthesis and degradation of Tf recep- 
tor mRNA. 

To test this hypothesis, we determined 
the stability of newly synthesized FRP by 
first labeling rabbit cells for 2 hours in the 
absence of an iron source and then measur- 
ing radioactivity in FRP in the presence of 
added iron or heme (14). The immune- 
precipitable label in FRP disappears as a 
result of treatment with heme (Fin. 1A). . - 
An early step in this degradative pathway 
appears to be the covalent linking of FRP to 
one or more other proteins. The major 
linked species migrates in SDS-polyacryl- 
amide gel electrophoresis (PAGE) at about 
200 kD. These intermediates are eventually 
degraded, with traces of presumptive degra- 
dation products sometimes visible at about 
25. 40. and 70 kD. Formation of the linked , . ,  
species may be reversible after a brief expo- 
sure to heme (15). 
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