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Summary

Germ line mutations in DNA mismatch repair genes
including MLH1 cause hereditary nonpolyposis colon
cancer. To understand the role of MLH1 in normal
growth and development, we generated mice that
have a null mutation of this gene. Mice homozygous
for this mutation show a replication error phenotype,
and extracts of these cells are deficient in mismatch
repair activity. Homozygous mutant males show nor-
mal mating behavior but have no detectable mature
sperm. Examination of meiosis in these males reveals
that the cells enter meiotic prophase and arrest at
pachytene. Homozygous mutant females have normal
estrous cycles and reproductive and mating behavior
but are infertile. The phenotypes of the m/h1 mutant
mice are distinct from those deficient in msh2 and
pms2. The different phenotypes of the three types of
mutant mice suggest that these three genes may have
independent functions in mammalian meiosis.

Introduction

Colorectal cancer (CRC) in humans constitutes an im-
portant cause of mortality and morbidity. There are two
major inherited syndromes that exhibit predisposition
to CRC. The first of these is the autosomal dominant
familial adenomatous polyposis (FAP). Germ line muta-
tions in the adenomatous polyposis coli (APC) gene
cause FAP (Kinzler et al., 1991; Groden et al., 1991;
Joslyn et al., 1991). The second syndrome with predis-
positionto CRC is hereditary nonpolyposis colon cancer
(HNPCC) (Lynch syndrome). This syndrome s also inher-
ited in an autosomal dominant fashion and is character-
ized by colonic and extra colonic tumors. The tumors
in HNPCC patients have a characteristic replication error
(RER*) phenotype (Aaltonen et al., 1993, 1994; Parsons

et al., 1993; Lothe et al., 1993; Lynch et al., 1993). Recent
studies have shown that much of HNPCC is due to
inheritance of germ line mutations in genes encoding
proteins required for DNA mismatch repair. HNPCC-
causing germ line mutations are most commonly found
in the genes MSH2, located on human chromosome 2,
and MLH1, located on chromosome 3, whereas germ
line mutations are rare or not yet reported in the mis-
match repair genes PMS2 and GTBP (MSH6) (Drum-
mond et al., 1995; Palombo et al., 1995) and the candi-
date mismatch repair gene PMS1 (Peltomaki et al., 1993;
Fishel et al., 1993; Leach et al., 1993; Liu et al., 1994,
1996; Lindblom et al., 1993; Bronner et al., 1994; Papa-
dopoulos et al.,, 1994, 1995; Nicolaides et al., 1994;
Drummond et al., 1995; Palombo et al., 1995; reviewed
by Kolodner, 1996).

Much of our understanding of the mismatch repair
proteins implicated in HNPCC is derived from studies
of the Escherichia coli MutHLS mismatch repair system
(reviewed by Modrich, 1991). The roles of many of the
proteins that function in this reaction have been eluci-
dated. The MutS protein binds to DNA at the site of a
mispaired base and is responsible for mismatch recog-
nition. No activity has been assigned to MutL, although
it interacts with MutS bound to a mispaired base and
is required for activation of MutH. MutH is an endonucle-
ase that nicks hemimethylated DNA on the unmethyl-
ated strand when activated by MutS and MutL in the
presence of a mismatch, and this directs repair to the
newly synthesized DNA strand.

The mismatch repair system in eukaryotes is more
complex and involves several MutS and MutL homologs.
The yeast Saccharomyces cerevisiae has six homologs
of mutS (Reenan and Kolodner, 1992a, 1992b; New et
al., 1993; Ross-Macdonald and Roeder, 1994; Hollings-
worth et al., 1995; Marsischky et al., 1996) and four
homologs of mutL (Kramer et al., 1989; Prolla et al.,
1994a; Prolla, 1994; H. Florez-Rozas and R. D. K., unpub-
lished data) although not all of these proteins appear to
be involved in mismatch repair. Genetic and biochemical
analysis of mismatch repair in S. cerevisiae has indi-
cated that mismatch repair requires a MSH2-MSH3
complex and a MSH2-MSH6 (GTBP in humans) complex
that both recognize mispaired bases in DNA (Marsischky
et al., 1996), and a MLH1-PMS1 (PMS2 in humans) com-
plex that interacts with MSH2 (Prolla et al., 1994b).

There is considerable evidence that the products of
mismatch repair genes are also important in meiosis. S.
cerevisiae PMS1, MLH1 and MSH2, and MSH4 and
MSHS5 are required for normal meiosis (Petes et al., 1991;
Reenan and Kolodner, 1992b; Prolla et al., 1994a; Ross-
Macdonald and Roeder, 1994; Hollingsworth et al., 1995;
Williamson et al., 1985). No definitive meiotic role has
been detected yet for MSH3 and MSH6 (Marsischky et
al., 1996). Because of the presence of numerous MutS
and MutL homologs in mammals (reviewed by Kolodner,
1996), it is important to determine their relative roles in
mismatch repair systems in mitosis and meiosis, as well
as cancer susceptibility. A strategy to accomplish this
goal is to generate mice, by the use of gene targeting,
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that are mutant in each of the genes and examine the
resulting phenotype. Two groups generated mice with
mutations in msh2 (de Wind et al., 1995; Reitmair et al.,
1995). Mice that are homozygous for the mutation breed
normally and do not show any major phenotypic abnor-
malities. They are mismatch repair-defective as evi-
denced by a RER* phenotype, and a fraction of them
develop B cell and T cell ymphomas early in their lives.
Mice that carry a mutation in the pms2 gene (Baker et
al., 1995) have been developed. A fraction of these mice
developed lymphomas or sarcomas during their first
year of life and also show microsatellite instability.
PMS2-deficient males are sterile while the females have
normal reproductive capacity. To understand the role
of mammalian MLH1, we generated mice that carry a
null mutation in the mlh1 gene. Unlike msh2 and pms2
mutants, the male as well as female m/h7 mutant mice
are sterile. The males do not produce any spermatozoa
or spermatids and show a meiosis | arrest. Females
produce oocytes and mate normally with wild-type
males, but the oocytes fail to develop beyond the single-
cell stage.

Results

Isolation of a Mouse Genomic Clone for MLH1

The isolation of human MLH1 cDNA and its organization
has been described by several groups (Bronner et al.,
1994; Papadopoulos et al., 1994; Kolodner et al., 1995).
The human cDNA was used to screen a mouse genomic
\ phage library derived from the strain 129/0la. One of
these \ phages contained the 5'-region of the gene as
determined by the presence of sequences homologous
to exons 1, 2, 3, and 4. To ensure that the genomic
clone corresponds to MLH1, a 12 kb Sacl fragment from
the phage was subcloned and the location of the first
four exons was determined by hybridization with poly-
merase chain reaction (PCR) products specific for each
of the exons. Sequencing of these four exons and the
regions flanking them revealed that the organization of
this region of the mouse gene is identical to that of
the human MLH1 gene. Analysis of the sequence data
indicated that the region encoded by the four mouse
milh1 exons showed 89.5% and 97.6% identity at the
DNA and protein level, respectively, with human MLH1.
Thus, we conclude that the 12 kb Sacl fragment contains
the 5’-part of mouse m/h1 gene. The mouse mih1 gene
was previously mapped to chromosome 9 (Kolodner et
al., 1994) to aregion that is homologous to human 3p21,
the location of human MLH1 (Bronner et al., 1994; Papa-
dopoulos et al., 1994). Northern blot analysis revealed
a single ~3 kb transcript that is expressed in all mouse
tissues tested (heart, brain, spleen, lung, liver, skeletal
muscle, kidney, and testis) (unpublished data) consis-
tent withmlh1 being unique inthe mouse genome. These
results provide further confirmatory evidence for the
identity of the mouse mlh1 gene used in our studies.

Generation of Mice with a Disrupted

mlh1 Gene

The gene targeting scheme that we used to generate
mouse embryonic stem (ES) cells containing the mih1

gene modification is shown in Figure 1. The gene tar-
geting vector, designated pMLH1dex2, did not contain
exon 2 of the mlh1 gene and, if a transcript is made
from the mutated gene and spliced from exon 1 to exon
3, it would contain an in-frame stop codon at the novel
5’-junction. If no splicing between exons 1 and 3 occurs,
the chimeric transcript would contain multiple in-frame
chain termination codons. Regardless of what type of
mature transcript the mutated gene directs, a correct
gene targeting event would yield a nonfunctional mih1
gene. pMLH1dex2 was linearized and used to transfect
E14-1 ES cells. 544 G418 and gancyclovir resistant ES
cell clones were isolated and screened for the desired
recombination events by a PCR-based assay. We found
that 3 of the 544 cell lines had the desired modification.
The targeting event was verified by Southern blot
analysis.

The three cell lines, MLH1-2011, MLH1-2106, and
MLH1-3210, were injected into blastocysts derived from
C57BL/6 females. All three cell lines yielded chimeric
animals, and several of them derived from each of the
three cell lines transmitted the ES cell genome through
their germ line.

Homozygous mih1 Mutant Animals

Are Viable

To ascertain the viability of m/h1 mutant homozygotes,
F1 animals that are heterozygous for the mutation were
interbred and the offspring from several such matings
were genotyped by Southern blot analysis. Representa-
tive results from this experiment are shown in Figure
1B. DNA was digested with EcoRI and hybridized with
a probe that will detect both the wild-type and mutant
alleles (Figure 1A). Hybridization with this probe revealed
three classes of animals, some containing a 4.8 kb band
corresponding to the wild type, some containing a 3.5
kb fragment corresponding to the mutant allele, and
others containing both bands. Of 77 animals from 7
litters produced from founders derived from all 3 original
disrupted cell lines, we obtained 24 +/+, 34 +/—, and
19 —/— animals, consistent with normal Mendelian seg-
regation. These results clearly indicate that animals that
are homozygous for deletion of exon 2 of the mlh1 gene
are viable.

mlh1 Mutant Mice Do Not Have

MLH1 Protein

Based on the structure of the gene targeting construct,
we expected that mice that are homozygous for the
mutation would be unable to produce a functional MLH1
protein. To confirm this notion, protein extracts from 12-
day-old mouse embryo-derived fibroblasts (MEF) were
tested by Western blot analysis with an antibody against
the human MLH1 protein (Figure 2). The antibody re-
acted with the expected 90 kDa protein species present
in extracts of normal human lymphoblastoid cells, wild
type, and mlh1 +/— MEF. However, no such protein
species was detectable in extracts prepared from mih1
—/— cells.

mlh1 —/— Cells Show a High Degree

of Microsatellite Instability

The RER* phenotype, as manifested by microsatellite
instability, is a hallmark of tumors in HNPCC patients,
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and this phenotype can result from the inactivation of
MLH1-, PMS2- and MSH2-dependent mismatch repair.
To ascertain if cells from mih1 —/— mice exhibit this
phenotype, cellular DNA was prepared from 1.2 X 10°
MEF that had undergone eight to ten cell divisions in
culture. The DNA was diluted to a level where each
aliquot contained one to three genome equivalents of
DNA and used for PCR reactions with four different sets
of PCR primers: D1Mit36, D7Mit91, D10Mit2, and
D14Mit15 (Dietrich et al., 1994). The allele sizes of these
markers are distinct in C57BI/6 and 129/Ola strains of
mice. Results from use of one of the four sets of primers
are shown in Figure 3. With D1Mit36, we observed that 5
of 21 (24%) samples tested contained novel size alleles.
Similar results were obtained with the other three mark-
ers. Taken together, 10%-25% of the samples had novel
alleles at each of the four loci tested. These results
indicate that mismatch repair, as determined by micro-
satellite instability, is severely impaired in the somatic
cells of mlh1 —/— mice.

Extracts from mlh1 —/— Cells Show

Impaired Mismatch Repair Activity

To assess if the RER* phenotype is the result of impaired
mismatch repair activity, we prepared cell-free extracts
from MEF and assayed them for mismatch repair activity
in vitro. The results are presented in Figure 4. G-G mis-
matches were repaired efficiently by HelLa cell extracts,
wild-type (+/+) embryo fibroblast extracts (34%), and,

h ++ +/- /-
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Figure 2. Detection of MLH1 Protein by Western Blot Analysis

h, extract from a normal human lymphoblastoid cell line; +/+, wild
type; +/—, heterozygote; and —/—, homozygote.

1.0kb with EcoRI and hybridized with probe shown

H in (A). The 4.8 kb band corresponds to wild
type, and the 3.5 kb band corresponds to the
mutant locus.

+H A -

to a lesser extent, in an extract of +/— cells (15%). In
contrast, mlh1 —/— embryo fibroblast extracts were not
significantly different from those observed with the unin-
cubated control, i.e., this extract was repair-deficient.
Similar results were obtained using a G-T heteroduplex
(data not shown). These data clearly show that lack
of MLH1 protein results in impaired mismatch repair
activity.

milh1 —/— Mice Have Impaired Meiosis

in the Male Germ Line

Li and Modrich (1995) have shown that human MLH1
and PMS2 (PMS1 in S. cerevisiae) form a functional
heterodimer that appears to be the equivalent of MutL
in bacteria. Baker et al. (1995) generated mice deficient
in PMS2 and showed that pms2 —/— males are sterile.
This observation prompted us to examine the mlh1 —/—
males. Homozygous mutant males exhibited normal
sexual behavior towards female mice, and their mating
frequency, as assessed by the presence of vaginal
plugs, was identical to that of wild-type males. However,
the matings with mutant males did not result in any
pregnancies, while all females possessing vaginal plugs
after mating with wild-type males were found to be preg-
nant on day 5 (as assessed by the uterine extravascular
accumulation of pontamine blue dye). Furthermore, epi-
didymal extrusion revealed a complete absence of sper-
matozoa in the mih1 —/— males, while wild-type males

D1Mit36

Figure 3. Microsatellite Instability in mlh1 —/— -Derived MEF

B6, C57BI/6; 129, 129/0la; B6/129, F1 animal; 1-12, individual sam-
ples of DNA. Note abnormal size bands in lanes 2, 4, and 7.
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Figure 4. Mismatch Repair Activity in +/+, +/mlh1-, and mih1-/
milh1~ Embryo Fibroblasts

The analysis was performed as described in Experimental Proce-
dures using a M13mp2 DNA substrate containing a nick in the minus
strand at position 276 (where position 1 is the first transcribed nucle-
otide of the lacZ gene) and a G-G mismatch at position 88. Results
are expressed as percent repair determined from counting several
hundred plaques per variable. Similar results (data not shown) were
obtained when the analysis was repeated. Inset: ratio of blue to
white plaques.

contained 2.48 X 107 = 5.65 X 10° sperm per pair of
epididymides.

Further detailed analysis of the testes of mlh1 —/—
males revealed that they are approximately half the size
of those of normal males. Transverse and sagittal sec-
tions of the testes showed profoundly abnormal sperma-
togenesis (Figure 5). The testicular parenchyma showed
a slightreduction in the size of the seminiferous tubules.
All tubules showed a basal single layer of spermatogo-
nia. Most of the tubules contained Sertoli cells along
with two to five layers of primary spermatocytes at the
leptotene to pachytene stage, but no spermatocytes
beyond this stage were observed. The remaining tubules
showed a germinal epithelium of reduced thickness
composed of primary spermatocytes undergoing nu-
clear condensation, coarse chromatin clumping, karyo-
rexis, and pycnosis. Eosinophilic staining of the sperma-
tocyte cytoplasm indicated a progressive degeneration
and apparent apoptosis (Figure 5). Abnormal meiotic
figures were often observed, as were luminal giant cells
and syncytial rounded elements. No mature spermato-
zoa were present in the lumen of the seminiferous tu-
bules. The testicular interstitium was of increased thick-
ness and contained increased numbers of Leydig cells,
fibroblasts, and collagen. The vas deferens was normal.

These results suggested that MLH1-deficient males
have abnormal meiosis.

To understand further the stage at which the meiosis
is blockedin mlh1 —/— mice, meiotic chromosome prep-
arations were made from isolated spermatocytes. The
preparations from wild-type littermates exhibited all
stages of normal meiosis with the normal preponder-
ance of leptotene-pachytene stage spermatocytes. The
mutant mice had an over abundance of leptotene—
pachytene stage cells with a conspicuous absence of
post-pachytene stages. Even the cells that contained
early stage meiotic figures were abnormal, character-
ized by chromatin despiralization. To confirm these ob-
servations, primary spermatocytes were isolated, gently
lysed, and chromosomes stained with silver nitrate and
examined by electron microscopy (EM). No stages be-
yond pachytene were observed in preparations from
mih1 —/— animals. The chromosomes in pachytene
showed normal pairing (Figures 5E-5F). The overall pic-
ture was that of meiotic arrest post-synapsis but prior
to chiasma formation. This is unlike the pms2 mutant
mice, where abnormal pairing and subsequent develop-
ment of abnormal sperm was seen. Taken together, the
histology and the cytogenetic and EM examination re-
vealed that m/h1 —/— mice failed to produce spermatids
and spermatozoa and the spermatocytes fail to progress
normally beyond the pachytene stage of meiosis. To
understand the mechanism of the progressive degener-
ation of spermatocytes, we used the TdT-mediated
dUTP-biotin nick end labeling (TUNEL) assay to deter-
mine if the cells become apoptotic. Results from these
experiments (Figure 6) show a preponderance of luminal
spermatocytes undergoing apoptotic cell death. Al-
though the mlh1 —/— mice share their male sterility
phenotype with pms2 —/— mice (Baker et al., 1995), the
cause of sterility in the two types of mice seems to be
very different.

mlh1 —/— Females Are Also Sterile

We ascertained the reproductive behavior of females
that are MLH1-deficient. m/h1 —/— females undergo
normal estrous cycles and are receptive to mating at
estrus. However, these mice fail to become pregnant,
and no implantation sites were visible on day 5 of preg-
nancy. In contrast, 75% of plugged wild-type females
became pregnant, and possessed viable implantation
sites on day 5 of pregnancy. Ovaries from —/— animals
were indistinguishable from those of wild-type animals.
Sections of ovaries (Figure 7) contained follicles at all
stages of development as well as corpora lutea, indicat-
ing that ovaries from mih1 —/— females are capable of
follicular development and ovulation.

To ascertain further the basis for female sterility, we
superovulated mlh1 —/— and wild-type females and ex-
amined them at different times post-insemination. The
results are presented in Table 1. The mutant mice super-
ovulated with the same efficiency as wild-type females,
with 77 day one oocytes being recovered from two wild-
type females and 75 from two m/h1 —/— females. At 22
hr post-insemination, 71.9% of the eggs from wild-type
animals progressed to the two-cell stage while only
13.6% of the eggs from mutant animals showed a similar
progression. At 32 hr post-insemination, only 20% of
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the eggs from the wild-type animals were at the one-
cell stage or were abnormal while 75% of the eggs from
the mutant animals were at the one-cell stage or were
abnormal. The eggs from the mutant animals had one
polar body, and we never observed the formation of a
second polar body during the 32 hr over which meiotic
progressionwas studied, suggesting that the eggs never
completed meiosis Il. These results show that the ab-
sence of the MLH1 protein causes both male and female
sterility as a result of the absence of viable gametes in
both sexes. While it is more difficult to pinpoint the stage

Figure 5. Histological Examination of mih1
—/— Male Testes

(A)-(D) Cross sections of testes from mih1
+/+ (A and C) and mlh1 —/— (B and D) males.
(A) and (B) Sections stained with H and E,
showing the gross morphological appear-
ance of seminiferous tubules. Note the ab-
sence of round and elongating spermatids
and mature spermatozoa in the tubules of
milh1 —/— males, as well as the relative in-
crease in interstitial tissue around the semi-
niferous tubules (scale bar, 500 pm).

(C) and (D) Sections stained with toluidene
blue, showing more detailed nuclear struc-
tures (scale bar, 125 pm). In (D), note the large
numbers of pachytene spermatocytes close
to the basement membrane (bottom) in the
seminiferous tubules and increasing nuclear
fragmentation approaching the lumen (top).
Also note the absence of mature sperm heads
in mlh1 —/— testes, which are clearly visible
in wild-type controls (C).

(E) and (F) Pachytene chromosome spreads
from mlh1 —/— mice (scale bars, 1 um for [E]
and [F]).

at which oogenesis is disrupted in the mutant females,
it is possible that female ovarian meiosis is impaired at
the same stage as in the testis. The phenotype of mih1
—/— females is also distinctly different from that of pms2
—/— females, which exhibit normal fertility.

Discussion

To examine the function of the mismatch repair gene
mlh1 in normal growth and development, we generated

Figure 6. Detection of Apoptosis

In situ labeling of apoptotic cells in the semi-
niferous tubules of mlh1 +/+ (A) and mih1
—/— (B-D) males. Note the luminal distribu-
tion of apoptotic (dark brown) cells in the
seminiferous tubules of mlh1 —/— males (C)
as opposed to the lack of such cells in mih1
+/+ controls (A) and in the negative control
(B). (D) shows a higher magnification of a
seminiferous tubule from a homozygous mu-
tant male showing numerous apoptotic cells
and cellular fragments in the layers closest
to the lumen (scale bars, 1000 um for [A]-[C]
and 125 pm for [D]).
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mice that carry a null mutation in the mlih1 gene. Evi-
dencein support of the view that we targeted the appro-
priate gene was obtained from nucleotide sequence,
map location, and Northern blot analysis. Western blot
analysis of proteins obtained from embryo-derived fi-
broblasts revealed that the wild-type and heterozygous
mice contained the MLH1 protein, but no MLH1 protein
was detectable in extracts from the homozygous mutant
animals. These results indicate that mlh1 is unique in
the mouse genome and that the mlh1 gene has been
inactivated in the ES cell lines and mutant mice con-
structed here.

mlh1 —/— Mice Are Mismatch Repair-Defective
We have shown that somatic cells from mutant mice
are mismatch repair-defective by the microsatellite in-

Figure 7. Histological Examination of Ovaries
H and E staining of ovaries from mih1 +/+
(A, C, and E) and mlh1 —/— (B, D, and F)
females.

(A) and (B) Overview of ovarian morphology
showing the presence of oocytes fromall de-
velopmental stages, along with corpora lutea
(arrows) in both genotypes (scale bar, 1000
wm).

(C) and (D) Higher magnification of devel-
oping pre-antral follicles containing immature
oocytes (scale bar, 250 um).

(E) and (F) Higher magnification of antral folli-
cles containing mature oocytes, well devel-
oped granulosa cell layers, and large antral
cavities (scale bar, 500 pum).

stability assay as well as by a direct test of mismatch
repair. Tumors from HNPCC patients, or cell lines de-
rived from them, exhibit microsatellite instability when
tested at a single locus. As many as 4.4%-11% of the
cells were estimated to show abnormalities (Parsons et
al., 1993). In our assay, using four different microsatellite
markers, we observed as much as 25% instability. We
also utilized a biochemical assay to measure the mis-
match repair proficiency of extracts prepared from early
passage MEFs. The level of mismatch repair activity in
extracts from mlh1 +/— cells was 44.1% and from mih1
—/— cells was 11.8% of that observed with extracts of
wild-type cells. These results clearly show that MLH1
is required for normal mismatch repair and the RER*
phenotype we observed is the result of the lack of mis-
match repair proficiency.

Table 1. Post-Insemination Oocyte Progression Following Fertilization In Vitro

Post Insemination Genotype
(hours) Nature of Oocyte +/+ o
0 Abnormal eggs 4.6% (3/65) 29.5% (13/44)
7.5 1 male pronucleus 83.9% (47/56) 35.3% (12/34)
>1 male pronucleus 0% (0/56) 32.3% (11/34)
Unfertilized 16.1% (9/56) 32.4% (11/34)
22 2-cell stage 71.9% (23/32) 13.6% (3/22)
1-cell stage 18.8% (6/32) 50% (11/22)
Abnormal 9.4% (3/32) 36.4% (8/22)
32 4-8-cell stage 65% (13/20) 0% (0/12)
2-cell stage 15% (3/20) 25% (3/12)
1-cell stage 15% (3/20) 33.3% (4/12)
Abnormal 5% (1/20) 41.7% (5/12)
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Meiotic Abnormalities in the Mutant Mice

The most dramatic phenotypes of the MLH1-deficient
mice are that the mutant males and females are sterile.
The males appear normal and have normal reproductive
behavior in that they mate regularly with females and
vaginal plugs were detectable post-mating. The testes
are smaller than those of wild-type mice, and we did
not observe any mature spermatozoa in the caudal epi-
didymis or in the seminiferous tubules. The spermato-
cytes failed to proceed beyond the pachytene stage.
The presence of Sertoli cells in the seminiferous tubules
suggests that the intratubular environment is normal.
Chromosomal pairing was normal, as determined by
lightand electron microscopy. The failure of the sperma-
tocytes to go beyond the pachytene stage, eventually
leading to apoptosis, suggests that normal MLH1 func-
tion is critical for normal meiotic progression. In this
regard, it is of interest to note that mice that are deficient
in PMS2 (Baker et al., 1995) also exhibit male sterility and
abnormal chromosome pairing, but there are distinct
differences in meiotic progression in these two types of
mice. In pms2 —/— males, the spermatocytes complete
meiosis and mature spermatozoa with heads and tails
are observed, although the heads were reported to be
abnormal. No spermatozoa or spermatids were ob-
served in the seminiferous tubules of MLH1-deficient
males. Since the mih1 mice and the pms2 mice have
null mutations in the respective genes, these results
suggest that MLH1 and PMS2 have distinct functions
in male meiosis. The fact that male meiosis is arrested
in the prophase of meiosis | in MLH1-deficient mice
suggests that the MLH1 protein is critical at an earlier
stage of meiosis than PMS2. This also might explain
the differences in the fertility of mlh1 and pms2 mutant
females (see below).

The observation that the arrest of the spermatocytes
at pachytene is coupled to apoptosis suggests that in
mouse male meiosis there is a checkpoint arrest similar
to that known in mitosis and that cells that are arrested
become slated for apoptosis. A role for mismatch repair
proteins in mitotic checkpoint arrest was postulated in
humans (Hawn et al., 1995) and suggested that mis-
match repair proteins could be a sensor of DNA damage
during the mitotic cell cycle. In our mice, a mismatch
repair defect leads to meiotic arrest. These results sug-
gest that the meiotic and mitotic checkpoints are differ-
ent and that in m/h1 mutant animals some type of aber-
rant product of meiotic recombination, most likely the
failure to repair heteroduplexes, is likely to trigger arrest.
This type of meiotic checkpoint has been suggested
from the analysis of S. cerevisiae mutants that affect
meiotic recombination (Bishop et al., 1992).

Female Sterility in MLH1-Deficient Mice

Unlike the PMS2-deficient mice that show normal levels
of fertility, the mlh1 —/— females are completely sterile.
The fact that the mice enter estrous indicate that there
are no hormonal imbalances in these animals and the
females mate normally. Examination of the ovaries show
normal structure with all stages of oogenesis and cor-
pora lutea being present. The mice can be superovu-
lated to levels comparable with those seen in wild-type

females, again suggesting normal oocyte development.
Because the oocytes normally are arrested at the pachy-
tene stage of meiosis, the failure of the fertilized embryos
to proceed beyond the single-cell stage is consistent
with an arrest in meiosis I, as seen in the mutant male
mice. This is corroborated further by the fact that we
have not observed any eggs with two polar bodies, even
32 hr post-insemination of mutant animals.

Roles of MSH2, MLH1, and PMS2
In bacteria, both mutS and mutL mutations cause hyper-
mutability and mismatch repair deficiency. With the ex-
ception of MSH3 and MSH6, which are partially redun-
dant, all of the eukaryotic mismatch repair proteins
appear to be of similar importance in mitotic mismatch
repair, and MLH1, PMS1, and MSH2 appear to be of
similar importance in meiotic mismatch repair in S. cere-
visiae. (Williamson et al., 1985; Petes et al., 1991; Reenan
and Kolodner, 1992b; Prolla et al., 1994a; Li and Mod-
rich, 1995; Drummond et al., 1995; Boyer et al., 1995;
Risinger et al., 1995; Kolodner, 1996). However, there
are several observations that suggest that MSH2, MLH1,
and PMS1 (PMS2in humans) may not be entirely equiva-
lent during mitotic growth: PMS1 and MSH2 do not ap-
pear to be of equal importance in suppressing mitotic
recombination between divergent DNA sequences in S.
cerevisiae (Datta et al., 1996); and mutations in MSH2
and MLH1 appear to be equally prevalent in HNPCC
families, whereas mutations in PMS2 (PMS1 in S. cere-
visiae) appear to be much more rare (Liu et al., 1996).
A different picture is emerging for the role of these
proteins in mammalian meiosis. Mice with mutations in
msh2, pms2, and mlh1 have very similar somatic pheno-
types. They have a RER' phenotype and afraction of the
msh2 and pms2 homozygous mice develop lymphomas.
The MLH1-deficient mice also show a RER* phenotype,
and our mice are not yet old enough for us to determine
their tumor predisposition. The meiotic phenotypes of
the three classes of mice are distinctly different. The
msh2 —/— mice have normal fertility and pms2 mice
have male infertility with normal female fertility, while
MLH1-deficient males and females are sterile. These
results suggest that MSH2 may not play a critical role in
meiotic mismatch repair. If complexes involving MSH2,
GTBP, MLH1, PMS2, and possibly MSH3 are necessary
for mitotic mismatch repair, the observations from the
gene-targeted mice suggest that MLH1 and PMS2 may
function in a meiotic process, such as chromosome
pairing or mismatch repair, that does not require MSH2.
Studies in S. cerevisiae have indicated that PMS1 and
MSH2 do not appear to be of equal importance in sup-
pressing meiotic recombination between divergent DNA
sequences (Hunter et al., 1996). Given the known inter-
actions between the MutL-related and the MutS-related
proteins, it is conceivable that a meiosis-specific func-
tion for MLH1 observed here could involve the action of
one or more MutS homologs other than MSH2. Indeed,
other homologs of MutS have been identified in eukary-
otes (e.g., MSH3, GTBP [MSH6 in S. cerevisiae], MSH4,
and MSHS5); however, additional investigations are nec-
essary to assess if any of these MSH proteins or other
yet to be discovered proteins are critical for mammalian
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meiosis. Possibly the most logical candidates for such
MSH proteins are the homologs of S. cerevisiae, MSH4
and MSHS5, since these proteins are required for meiotic
crossing over and proper segregation of chromosomes
during meiosis |. Expression studies of these different
MSH and MLH genes and analysis of mice harboring
mutations in each of these genes would help clarify their
roles in meiosis. We presently are constructing mice
containing mutations in other msh genes to test this
idea.

Experimental Procedures

Construction of the MLH1dex2 Targeting Vector

A genomic MLH1 fragment containing the first four exons was ob-
tained by screening a mouse genomic Charron 35, 129/0la phage
library with a full-length human MLH1 cDNA probe (Bronner et al.,
1994). A 12 kb Sacl fragment was subcloned into pcDNAII (In-
vitrogen) and the intron-exon structure of part of the gene was
determined using sequencing and restriction mapping (Figure 1). A
1.3 kb Sacl-Hindlll fragment containing exon 1 was cloned into the
Sacl-Hindlll sites of PGKneo. A 6 kb EcoRIl fragment containing
exons 3 and 4 was cloned into the EcoRl site of the resulting sub-
clone. Finally, a 1.7 kb Xhol-BamHI fragment from pMC1tk (Mansour
et al., 1988) was cloned into the single Sacl restriction site, treated
with T4 DNA polymerase. The resulting gene targeting clone was
designated pMLH1dex2.

Electroporation of Embryonic Stem Cells

The targeting vector pMLH1dex2 (30 n.g) was linearized at the single
Sall site and electroporated into 2.5 X 10’ E14-1 ES cells and se-
lected with G418 and gancyclovir as described previously (Sirotkin
et al., 1995). Colonies were picked after 10 days and their DNA was
screened by PCRusing forward primer 5'-GGCATTCATGCTGCCCA
ATC-3’ and reverse primer 5'-TGTCAATAGGCTGCCCTAGG-3'. The
reaction was performed in a 50 pl reaction mixture containing 100
ng of DNA, 5 ng/ml each primer, 1.5 mM MgCl,, 0.2 mM each dNTP,
and 0.5 U Taq polymerase. Cycling conditions were as follows: 5
min at 94°C (1 cycle), 1 min at 94°C, 1 min at 56°C, 1 min at 72°C
(40 cycles), 5 min at 72°C (1 cycle). Positive ES cell colonies were
identified by a 1.6 kb PCR fragment specific for the targeting event.

Generation of MLH1-Deficient Mice

Chimeric mice were generated by injecting C57BI/6 blastocysts with
8-12 ES cells derived from the MLH1-2011, MLH1-3210, and MLH1-
2106 colonies. All three cell lines gave rise to male chimeric animals
that were mated with C57BI/6 females. Chimeras obtained from all
three cell lines transmitted the MLH1dex2 mutation through the
germ line. F1 heterozygotes were interbred to obtain homozygous
MLH1dex2 mutant animals.

Isolation of Mouse Embryonic Fibroblasts

Day 12 embryos were minced and incubated in 2 ml of 0.25% trypsin
at 4°C overnight. After an additional incubation at 37°C for 20 min,
a 5X excess of Dulbecco’s modified Eagle’s medium was added
and the suspensions were triturated. The cells were gently pelleted,
resuspended in medium, and a portion was used for genotyping
with the rest plated for growth.

Western Blot Analysis

For Western blot analysis, equal amounts of protein from cultured
cell extracts were separated on a 10% SDS-polyacrylamide gel
and transferred onto an Immobilon-P (Millipore) membrane. The
membrane was blocked in Tris-buffered saline (TBS), 0.1% Tween-
20, 5% nonfat dry milk, 10% donkey serum (Sigma), and incubated
with 3 mg/ml primary antibody in TBS, MLH1(Ab-2) (Oncogene Sci-
ence). Bound protein was detected by chemiluminescence, using
a donkey anti-rabbit IgG horseradish peroxidase conjugate (Am-
ersham).

Microsatellite Instability in Mouse

Embryonic Fibroblasts

DNA was extracted from a total of 1.2 X 10° MEF (eight to ten cell
divisions), diluted to 1-2.5 cellular equivalents, and subjected to
PCR (Parsons et al., 1995). Four end-labeled primer pairs were used:
D1Mit36, D7Mit91, D10Mit2, and D14Mit15 (Dietrich et al., 1994).
Amplified PCR products were separated on a denaturing polyacryl-
amide gel and autoradiographed for analysis.

Cell-Free Extracts and Mismatch Repair Assay

Cell-free extracts were prepared from logarithmically growing cul-
tures as described (Thomas et al., 1995). Procedures for measuring
mismatch repair have been described (Thomas et al., 1991, 1995).
The reaction products were processed and introduced into E. coli
NR9162 (mutS) and plaque colors were determined. Repair effi-
ciency is expressed in percent as 100 X (1 minus the ratio of the
percentages of mixed bursts obtained from extract-treated and un-
treated samples).

Examination of Reproductive Performance
Females
Eight- and ten-week-old female +/+ and —/— mice were used for
the study. The ability of these females to undergo normal estrous
cycles was assessed by taking vaginal smear samples daily for up
to four complete cycles. Mating with wild-type males was assessed
by the presence of a vaginal plug (day 1). Pregnancy was confirmed
on day 5 by the uterine extravascular accumulation of pontamine
blue dye at the implantation sites (Psychoyos, 1961).

For in vitro fertilization studies, females were superovulated with
5 IU PMS (i.p.) followed, 48 hr later, by 3 IU hCG (i.p.). Eggs were
removed the following morning and fertilized with sperm from wild-
type males. The fertilized oocytes were incubated in KSOM media
at 37°C for up to 32 hr post-insemination and examined for develop-
mental progression.
Males
Males were used between 8 and 10 weeks of age. The mating
behavior of these males was analyzed as described (Cohen et al.,
1996), by placing each male with a receptive female (C57BI/6, 8
weeks of age) each night for 4 consecutive nights. For epididymal
sperm assessment, epididymides were removed and their contents
extruded into 1 ml of modified Tyrode’s medium containing bovine
serum albumin (4 mg/ml) overlaid with sterile mineral oil (Fraser,
1983). The sperm were allowed to disperse into the medium for 15
min at 34°C, and sperm concentrations were assessed with the aid
of a hemocytometer.

Examination of Spermatogenesis

Male testes were dissected and fixed in buffered 10% formalin for 18
hr, progressively dehydrated with ethanol and embedded in paraffin.
Four-pm thick deparaffinized sections were stained with hematoxy-
lin-eosin (H and E). Meiotic chromosome preparations for light mi-
croscopy were obtained following a slight modification of previously
described methods (Chaganti et al., 1980).

Histology and Electron Microscopy

Ovaries and testes were prepared for histological analysis by con-
ventional methods. For electron microscopy, chromosome spreads
were prepared and silver-stained by previously described methods
(Counce and Meyer, 1973; Goodpasture and Bloom, 1975). In situ
labeling of apoptotic cells was performed on 5-um tissue sections
using the ApoTag Plus kit (Oncor, Incorporated, Gaithersburg, MD),
according to the instructions of the manufacturer.
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