





MOUSE MODELS FOR HNPCC

Fig. 2. Extraintestinal tumors iMlh1 mice. A,
non-Hodgkin’s lymphoma fronMlhl —/— mouse
(scale bar, 40um). B, non-Hodgkin’s lymphoma in
A stained with B220 gcale bar, 40um). C, non-
Hodgkin’s lymphoma fromMIhl —/— mouse.D,
non-Hodgkin’s lymphoma inC stained with CD3
antibody (scale bar, 2qum). E, metastasis of skin
tumors in the lung fronApc1638N+/—, MIh1 +/—
mouse (scale bar, 1.25 mm}, cross-section of
metastatic lung (scale bar, 40m).

+/— mice were moribund at an average age of 9.8 months whereagdenum, jejunum, ileum, and colon. Histological examination of
the —/— mice were moribund earlier (7.0 months) shows that thtae seven GI tumors indicated that the/— mice had an equal
MIh1 —/— mice develop tumors much faster than their heterozygopsoportion of adenocarcinomas and early invasive carcinomas,
littermates. In both cases, tumors outside the Gl tract were as frequehereas 20 tumors ir-/— mice contained 13% carcinomas, 37%
as those within the GI tract. In contrast, 1 of 20 wild-type micearly invasive carcinomas, and 50% adenomas.
developed a single non-Hodgkin’s lymphoma at 15 months of age. Tumors outside the Gl tract iMIh1 mutant mice are of different
We examined the distribution and nature of the tumors inMliel  types (Fig. 2). In+/— mice, we examined five tumors: one non-
mutant mice. We were able to detect tumors in the duodenuiodgkin’s lymphoma, one T-cell lymphoblastic lymphoma, one skin
jejunum, and colon in ther/— mice, whereas the-/— mice had sweat gland carcinoma, two cervical squamous cell carcinomas, and
tumors in all parts of the Gl tract tested. These included the stomaohg lung bronchio-alveolar carcinoma. /— mice, there was a
preponderance of lymphomas (eight of nine) and one (one of nine)
skin sweat gland carcinoma. Interestingly, the lymphomas were of
either B- or T-cell origin. Of the eight lymphomas, seven were
non-Hodgkin’s lymphomas (five T-cell type and two B-cell type). The
remaining lymphoma was classified as Hodgkin’s disease.
The Combination of Mlh1l and Apc Gene Mutations Decreases
Longevity and Increases TumorigenesisWe have shown previ-
ously that mice with a mutation in th&pcgene (Apc1638N) develop
tumors late in the first year of their life and that each mouse develops
relatively few (between one and three) tumors. All of these early
tumors are in the Gl tract. To assess the role of Apc in the GI tumors
of Mlh1 mutant mice, we brought th&pc1638Nmutation into mice
carrying theMlhl mutation. Apc1638Nheterozygotes were mated
with MIh1 heterozygotes. The double heterozygotes were identified
by genotyping and mated again witlih1 heterozygotes. This mating
provided mice that were wild-type or heterozygousApc1638Nand
that were either heterozygous or homozygoushithl. These two
Fig. 3. Kaplan-Meier survival curve fokpc1638N/Mihimice. classes of mice were monitored for survival (Fig. 3), and several mice
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Table 2 Tumor incidence irApc1638N/MIh1mutant mice

No. (%) of mice with

Mih genotype Apc genotype n Age (months) Sex (M:F) No. (%) of mice with tumors Gl tumors Extra-GI tumors
+/= +/— 13 9.4+ 6.9 11 (85) 10 (77) 3(23)
—/— +/— 22 3.3 0.8 22 (100) 22 (100) 2 (92,
+1+ +/-2 11 5.9+ 3.4 10 (91) 10 (91) NT

2 Data from Ref. 10.
b NT, not tested.
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Fig. 4. Incidence of GI tumors iApc1638N/MIhlmice.

Fig. 5. GI tumors inAp:
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were sacrificed when moribund and examined for the presence of
tumors throughout the body. The results of this analysis are presented
in Table 2, and a comparison of the tumor incidence with single
mutant mice is presented in Fig. 4. Representative Gl tumors are
shown in Fig. 5.

The presence of the mutaipc allele resulted in an increased
tumor incidence and, in one combination, a significantly lower sur-
vival. Only 32% of Mlh1 heterozygotes developed tumors at an
average age of 9.8 months whereas 85% of comparably aged double
heterozygotes had tumors at an average age of 9.4 months. Perhaps
what is remarkable is tha¥llhl —/—, Apc 1638N+/— mice were
positive for fecal blood at 2—4 weeks of age and survived for only an
average of 3.3 months, at which time all of the mice had tumors. An
even more remarkable observation was made when we compared the
average number of tumors per mouse in the Gl tract. Results of this
analysis are presented in Table 3Mih1 heterozygotes, the GI tumor
incidence increased 7-fold when thgc1638Nmutation was also
present. INMIh1 —/— mice, the addition of the Apc gene mutation
resulted in a 40-fold increase in the number of Gl tumors.

Distribution of Tumors in the GI Tract of MIh1/Apcl1638N
Mice. In MIhl —/— mice carryingApc1638N, the increase in tumor
number in the stomach and colon was a modest 4-5-fold, whereas the
tumor numbers in duodenum, jejunum, and ileum had increased
25-100-fold. Among the GI tumors, we detected adenocarcinomas,
early invasive carcinomas, and adenomas. For examphgdét638N
+/—, Mlh1 —/— mice, of the 64 tumors examined, 22 (34%) were
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Table 3 Number and distribution of GI tumors iMIh1/Apc1638Nmice

Mlh1 Apcl638 No. of tumors per mouse,
Group genotype genotype mean=* SD (range) Stomach Duodenum Jejenum lleum Colon
1 —/— +/+ 1.1+ 2.3(0—85J 0.1+0.3 0.2+ 0.5 0714 0.1+ 0.2 0.1+ 0.3
2 —/= +/—= 45.1+ 21.8(1-99§ 04+1.1 5.6+ 5.6 28.6+ 15.2 10.6+ 7.4 0.5+ 0.7
3 +/— +/+ 0.3+ 0.9(0—45j 0.0£0.0 0.1+ 0.6 0.1+ 0.2 0.0+ 0.0 0.1+ 0.3
4 +/— +/— 2.2+ 2.4(0-7) 0.6+1.9 0.7 1.0 0.7+ 0.8 0.2+ 04 0.0£ 0.0

2 Statistical results by Mann-Whitndy test.

PP < 0.0001 (group As.2); P > 0.05 (group 1vs. 3).
°P < 0.0001 (group &ss.4).

dp < 0.001 (group s.4).

microadenomas, 23 (36%) were adenomas, 8 (13%) were early inggolyacrylamide gel, and bands were visualized by autoradiography.
sive carcinomas, and 11 (17%) were carcinomas. Results of a typical test are shown in Figh.@Each lane contained a
The dramatic increase in Gl tumor incidenceNth1/Apc1638N band ofM, ~75,000 corresponding to the full-length product together
double mutants was not reflected in the incidence of non-Gl tumoksith smaller size bands common to all samples which may be prod-
In MIh1 +/—, Apc +/+ mice, 5 of 22 (23%) had tumors outside theucts of degradation or premature termination. However, some lanes
Gl tract. Similarly, 3 of 13 (23%) of théMlhl +/—, Apc +/— had (e.g., T2 and T4) showed a novel product smaller than the wild-type
extra-Gl tumors. Of these three, two were non-Hodgkin’s lymphomproduct, suggesting that they result from a mutation inApe gene.
and one was a skin carcinoma with lung metastasis (Fig. 2). In tfie confirm this observation, the PCR products that yielded the smaller
Mlh1l homozygotes, 8 of 18 (44%) had extra-Gl tumors whereas orgize polypeptides were cloned into a plasmid vector and individual
2 of 22 (9%) had similar tumors in the presence of &mc gene clones assayed by the PTT test. Results of this analysis are shown in
mutation. These results suggest that the pathway for the onset &gl 6B. In each case, clones were recovered which gave a product the
progression of GI tumors iMIh1 mutant mice involves thApcgene same size as that seen in analysis of the corresponding tumor DNA
but that Apc does not seem to be important in the generation shmple (e.g., compare Fig. B, Lane 2, withA, Lane T2).
lymphomas. We sequenced the inserts from clones that give Nhe23,000
Further Evidence for the Involvement of APC in Mlhl Mutant  product in T2 and the clone that gave 33,000 truncated product
Mouse Tumors. Tumors in HNPCC patients characteristically exfrom T4. As shown in Table 4, the clone from T2 contained-2T
hibit a RER" phenotype that is manifested by microsatellite instabitransition, resulting in R854Stop. The mutated base was within a
ity. If the Mlh1 mutant mice are to serve as true models for humastiretch of GA dinucleotide repeats. In the second case, the mutation
HNPCC, the tumors we have observed must also show a simil@as also in a dinucleotide (CA) repeat, &Z0A that resulted in a
RER" phenotype. We examined this feature by isolating DNA frorframeshift leading to a premature chain termination codon. Because
eight lymphoid tumors (three froMlhl +/— and five fromMIh1l loss ofMlh1l gene expression leads to failure to correct single nucle-
—/—) and examining the DNA for the status of several microsatellitestide as well as insertion/deletion mismatches, our results clearly
We examined a total of seven markers, of which two amplify monghow that the basis for accelerated tumor formation in these cases is
nucleotide repeats while the rest amplify dinucleotide repeats. Usilogs of wild-type APC function resulting from the loss of MMR
this assay, we observed that 43% of the reactions in DNA il activity.
+/— and 45% of reactions fromillhl —/— tumors showed abnormal
size bands, consistent with a RERhenotype. DISCUSSION
In Gl tumors in FAP patients as well as sporadic colorectal tumors,
inactivating mutations in APC have been observed (16, 17). Exami-We developed two mouse models to study the mechanism of tumor
nation of intestinal tumors in mice with two different mutations of théormation in HNPCC. Mice with mutations iMIh1, alone or in
Apc gene (Min/+,Apc1638N/+) revealed that a most consistentcombination with mutations iipc, constitute the two models. The
change is loss of the wild-type copy of tA@cgene through nondis- majority of human patients with HNPCC are heterozygous for either
junction (11). If the presence MIh1 mutation increases the incidenceMSH2 or MLH1 genes. In this report, we show that mice that are
of mutations in theApc gene leading to the onset and progression of
cancer, we expect] loss ofApcgene expression in a majority of the
tumors and (b) presence of point mutations in the unmodified copy A B C

the Apc gene rather than allelic loss. We tested both of these pred r % w

tions.
When APC protein expression was assayed in tumors frcygg — M T1 T2 T? I»ﬁ w(‘?n 123 123

Apcl638N+/—, Mlhl —/— mice by immunohistochemical methods g7 — |

and visual inspection, we observed that variable number of cellsini 69—

different tumor types lost APC expression (FigC)5 46—
To confirm the absence dfpc gene expression at the moleculal :

level and to understand the mechanism of losépt gene function, 30—

we tested theApc gene for mutations. We initially used a PTT to

assess for chain termination mutations in Apc gene (14, 18). The ' — -

reaction conditions we used allowed us to examine the status of :

nonmodified Apc allele. We concentrated our efforts in the regior 14 — [

corresponding to codons 664—1714 because mutations in this reg.u:

account for a majority of mutations in human colonic tumors. DNA Fig. 6. Detection ofApc gene mutations in tumor#\, products of PTT from tumors
X . Lanes T1-T4)Lane M, markerLane C, normal mucos&® andC, PTT products from
from five tumor samples was used as a template as descr'beq(nﬁ?/idual clones derived from tumors T2 and T4, respectivelyumors with a truncated

“Materials and Methods.” The protein products were fractionated @®c product.
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Table 4 Examples of somati8pc truncation mutations in intestinal tumors fromlhl —/—, Apc1638Nmice

Apparent size of

truncated product (M 5’ position Wild-type sequenée 3’ position Mutation
~23,000 850 TTG GAG AGA GAGGA GGT 855 R854Stop
L E R E R G (C-T)
~33,000 925 GCC TCCCAC ACA CAC TCA 930 929ACA
A S H T H S (frameshift)

2 The site of mutation is shown in boldface type.

heterozygous or homozygous for a null mutation in Mkl gene Loss of Apc gene function is an important and early event in the
have a predisposition to cancer. There are differences between degelopment of Gl tumors in mice and humans (25). Tumors in the
+/— and —/— mice in terms of tumor incidence. Only 32% &f— MIh1/Apc1638Nmice also follow the same pattern. We have shown
mice developed easily identifiable tumors at a mean age of Q& loss ofApcgene function by histochemical and molecular biolog-
months, whereas 72% of/— mice developed tumors at a mean agé&al methods. However, the mechanism of losApt gene function
of 7.0 months. We have shown previously that cells frpfthl s different in Apc1638Nand MIh1/Apc1638Nmice. We have previ-
heterozygotes are capable of repairing mismatched DNA, whereassly shown (11) that, ipc1638Nmice, loss ofApc gene function
cells from —/— mice are not. These results indicate that the loss &f mediated through loss of the wild-type copyAgicgene, apparently
MMR activity is probably a prerequisite for initiation of cancer inthrough chromosomal nondisjunction. In contrast, the tumors in the
Mlh1 +/— mice. This notion was confirmed by our observations tha#llh1l/Apc1638Nmice show mutations in the wild-type copy of the
tumors fromMIh1 +/— or Mlh1—/— mice show similarly high levels Apc gene. This mechanism is consistent with the known function of
of microsatellite instability. It is of interest to note that olddsh2 MIh1l in DNA MMR.
+/— mice (19), in a different genetic background than d&dihl The Apcl638Nmice we developed are a good model for the
mutant mice, developed 40% higher level of tumors compared attenuated form of FAP. Compared Kin/+ mice, Apc1638Nmice
wild-type with no effect on survival. develop fewer tumors and at a later time; these tumors progress into
The spectrum of tumors observed in tMihl mutant mice is adenocarcinomas. As a result, the mice live longer, providing an
somewhat different from that seen in HNPCC. Although a largepportunity to examine the role of environmental factors, such as diet,
number of tissue types are involved in the tumors of HNPCC patients) the onset and progression of CRC. The combinatiokilbfl and
lymphoid tumors are not very frequent. However, in M1l mutant Apcl1638Nmutations results in a large number of tumors at an early
mice, lymphoid tumors predominate the non-Gl tumor category. It &ge. Although, in this respect, these mice are similaviia/+ (26),
also of interest that we have detected both T- and B-cell ymphomd#sey have important differences. These mice are a model of HNPCC
The presence of a large number of lymphoid tumors is not limited because of the MMR phenotype associated with them, whereas the
Mlh1l mutant mice.Msh2 and Msh6 mutant mice also develop lym- Min/+ are not. Another significant difference is that tkién/+ mice
phomas, although the lymphomas liftsh2 mutant mice are exclu- do not develop carcinomas. It has been suggested that the number of
sively of T-cell origin (19-21), whereas thBlsh6 mutant mice tumors and their time of onset would preclude them from becoming
develop B- as well as T-cell ymphomas (22). T-cell ymphomas werarcinomas. However, thBllh1/Apc1638Nmice have a very high
also detected in mice witp53 mutations (23). These results mightincidence of carcinomas. Therefore, these mice are uniquely suited for
reflect some intrinsic differences between humans and mice in term¥amining the development of carcinomas. Mice that are double
of lymphoma susceptibility. Prollat al. (24) also observed a tumor mutant forMin andPms2, a close relative dilh1, have been reported
susceptibility phenotype in an independently derivdthl mutant recently (27). Although these mice show increased numbers of ade-
homozygote. nomas, they do not seem to progress to carcinomas. This difference
Because APC plays an important gatekeeper role in colorectd$o makes théllh1/Apc1638Nmice excellent models for the study
tumorigenesis, we examined whether the cause of Gl tumors in thiethe full spectrum of progression of the Gl tumors.
Mlh1l mutant mice is through loss of APC function. A number of
different experimental results support this view. Whéitn1 and Apc
double mutants were generated by breeding, we observed that the tRES-ERENCES
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