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Exonuclease 1 (Exol) is a 5'-3’ exonuclease that interacts with MutS and MutL homologs and has been
implicated in the excision step of DNA mismatch repair. To investigate the role of Exol in mammalian
mismatch repair and assess its importance for tumorigenesis and meiosis, we generated an Exol mutant
mouse line. Analysis of Exo1~/~ cells for mismatch repair activity in vitro showed that Exol is required for the
repair of base:base and single-base insertion/deletion mismatches in both 5’ and 3’ nick-directed repair. The
repair defect in Exo17/~ cells also caused elevated microsatellite instability at a mononucleotide repeat marker
and a significant increase in mutation rate at the Hprt locus. Exo1~/~ animals displayed reduced survival and
increased susceptibility to the development of lymphomas. In addition, Exo1~/~ male and female mice were
sterile because of a meiotic defect. Meiosis in Exo1™/~ animals proceeded through prophase I; however, the
chromosomes exhibited dynamic loss of chiasmata during metaphase I, resulting in meiotic failure and
apoptosis. Our results show that mammalian Exol functions in mutation avoidance and is essential for male

and female meiosis.
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The DNA mismatch repair (MMR) system is important
for maintaining the integrity of the genome in prokary-
otes and eukaryotes. It has evolved to correct mispaired
bases that result from errors during DNA replication,
DNA recombination, and from certain types of DNA
damage. Analyses in yeast and mice also revealed an es-
sential role of some eukaryotic MMR gene products in
the control of meiotic recombination. The importance of
MMR to mammals is also highlighted by the observation
that germ-line mutations in several of the MMR genes
are associated with hereditary nonpolyposis colorectal
cancer (HNPCC), and the loss of MMR function under-
lies several types of sporadic cancers (Peltomaki and
Vasen 1997; Peltomaki 2001).

MMR was initially characterized in bacteria (Modrich
1991; Modrich and Lahue 1996) and more recently in
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eukaryotic cells (Kolodner 1996). The studies of mamma-
lian MMR focused mainly on the role of the eukaryotic
MutS and MutL homologs (MSH and MLH, respectively)
in the initiation of the repair reaction. These analyses
showed that the early steps of MMR include the recogni-
tion of mispaired nucleotide(s) by two heterodimeric com-
plexes: MSH2-MSHG6 functions in the repair of base:base
mispairs as well as a range of insertion/deletion loop mis-
pairs (IDLs), whereas MSH2-MSH3 primarily functions in
the repair of IDLs (Marsischky et al. 1996; Genschel et al.
1998; Umar et al. 1998). Subsequent to mismatch recogni-
tion, these two MutS complexes interact with MutL com-
plexes consisting of MLH1-PMS2 or MLH1-MLH3 (Prolla
et al. 1994; Li and Modrich 1995; Flores-Rozas and Kolod-
ner 1998; Wang et al. 1999). These interactions are abso-
lutely necessary for the activation of downstream events
including the excision of the misincorporated nucleotide(s)
and filling in of the resulting single-strand gap by DNA
resynthesis. These later steps in MMR as well as the nature
of 5'-to-3" and 3'-to-5’ excision of mismatched bases re-
main poorly understood.
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Studies in Escherichia coli demonstrated that the ex-
cision step of MMR occurs bidirectionally depending on
the location of the initiating nick relative to the mis-
match (Cooper et al. 1993; Grilley et al. 1993). It requires
the participation of DNA helicase II (the uvrD/mutU
product) to unwind DNA toward the mismatch (Dao and
Modrich 1998; Yamaguchi et al. 1998) and the action of
several functionally redundant exonucleases including
Rec] or Exo VII (5'-3') to excise mismatches starting
from a 5’ nick; and Exo I, Exo VII, or Exo X (3'-5') to
remove mismatches starting from a 3’ nick (Burdett et al.
2001; Viswanathan et al. 2001).

Genetic studies in yeast and biochemical studies of
MMR activity in cell extracts (Genschel et al. 1998;
Umar et al. 1998; Tran et al. 1999) indicate that eukary-
otes use a similar mechanism with both 3'-5" and 5'-3’
exonuclease activities for mismatch correction. Al-
though no 3'-5' exonuclease specific to MMR has been
identified in eukaryotes to date, the 5'-3'-specific exo-
nuclease EXO1 has been implicated in the 5'-3’-directed
excision step. EXOI is a DNA repair nuclease of the
Rad2 gene family and was originally identified as a mei-
otically induced 5'-3' exonuclease in Schizosaccharo-
myces pombe and as a 5'-3’ exonuclease that interacts
with Saccharomyces cerevisiae MSH2.. In both S. pombe
and S. cerevisiae it was found to play a role in mutation
avoidance and mitotic recombination (Szankasi and
Smith 1992, 1995; Huang and Symington 1993; Fioren-
tini et al. 1997; Tishkoff et al. 1997). Direct evidence for
a role of yeast EXO1 in MMR was provided by the ob-
servation that it physically interacts with MSH2 and
MLH]1 (Tishkoff et al. 1997; Tran et al. 2001). The func-
tional interaction between EXO1 and other MMR pro-
teins was demonstrated by the synergistic potentiation
of mutation rates in exol mutant strains that also carried
weak mutator mutations in MLH1, PMS1, and MSH2.. In
addition to a role in the excision step of MMR, these
studies also suggested a structural role for EXO1 in sta-
bilizing multiprotein complexes containing MMR pro-
teins (Amin et al. 2001).

Besides its function in somatic cells, EXO1 is required
for meiotic recombination, as exol mutant yeast strains
exhibit increased meiosis I nondisjunction and decreased
meiotic intergenic recombination (Khazanehdari and
Borts 2000; Kirkpatrick et al. 2000). Further studies in S.
cerevisiae revealed additional EXO1 functions in various
aspects of DNA metabolism, including the processing of
DNA double-strand breaks, in which EXO1 appears to be
able to substitute for the Mrell-Rad50-Xrs2 complex
(Tsubouchi and Ogawa 2000), the repair of UV damage to
DNA (Qiu et al. 1998), and the generation of single-
stranded DNA at telomeres (Maringele and Lydall 2002).

The human EXO1 gene was mapped to Chromosome
1q42-43 (Schmutte et al. 1998; Tishkoff et al. 1998) and
is expressed in a wide variety of tissues with elevated
expression being observed in testis, thymus, colon, and
placenta (Tishkoff et al. 1998). Initial biochemical analy-
ses confirmed earlier findings in yeast showing that hu-
man EXOI exhibits a number of nucleolytic activities,
including 5'-3’ exonuclease and flap endonuclease ac-
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tivities (Lee and Wilson 1999; Lee et al. 2002). In addi-
tion, human EXO1 was implicated in MMR through its
interaction with MSH2, MSH3, and MLHI1 (Tishkoff et
al. 1998; Schmutte et al. 2001). More recent biochemical
studies suggested that human EXOL1 is required for both
5'- and 3'-nick-directed DNA mismatch repair (Genschel
et al. 2002).

The role of human EXO1 in cancer predisposition re-
mains unclear. Recently, germ-line variations in EXO1
including a protein-truncating change and a number of
missense changes were found in patients with HNPCC
and atypical HNPCC (Wu et al. 2001). However, because
the tumors from these patients showed loss of heterozy-
gosity (LOH) of the EXO1 mutant allele but not the wild-
type allele, it was unclear whether loss of normal EXO1
function was causative for the cancer development in
these cases. A subsequent study showed that some of the
initially reported EXO1 variants including the protein-
truncating change were polymorphisms that were also
found in normal individuals (Jagmohan-Changur et al.
2003). The data presented in these two studies indicate
that germ-line mutations in EXO1 are at best a very rare
cause of HNPCC, but the investigators did not address
whether EXO1 mutations might cause a later onset or
less penetrant form of cancer susceptibility.

To examine the biological roles of mammalian Exol
and to clarify the role of Exol in cancer predisposition,
we generated a mouse line with an inactivation muta-
tion in the Exol gene by gene targeting. The analysis of
this mouse line revealed that inactivation of Exol causes
a distinct DNA repair defect that is similar to the repair
defect observed in Mshé mutant mice and increases the
risk to develop cancers. Our results also demonstrate
that Exol function is essential for meiotic progression
through metaphase I and that Exol inactivation results
in male and female sterility.

Results

Generation of Exol mutant mice

To generate Exol mutant mice, a gene-targeting vector
was constructed by inserting a PGKhygromycin resis-
tance cassette into the EcoRV restriction site in exon 6
corresponding to codons 249 and 250 of the Exol cDNA.
The targeting vector was designed to disrupt the I-nucle-
ase domain of Exol, which is essential for the exonucle-
ase function of the protein (Fig. 1A; Szankasi and Smith
1995; Lieber 1997). The linearized targeting vector was
electroporated into ES (embryonic stem) cells, and posi-
tive clones were injected into C57BL/6J blastocysts to
produce chimeric animals that transmitted the targeted
allele through their germ line. Genotyping of 541 F2 off-
spring from 78 litters obtained from 20 heterozygous F1
mating pairs identified 135 wild-type, 274 heterozygous,
and 132 homozygous mutant mice (Fig. 1B). These re-
sults indicate that the mutation is transmitted in a Men-
delian fashion and does not interfere with normal em-
bryonic development.

The Exol mutation was further studied on the RNA
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Figure 1. Disruption of the mouse Exol gene by homologous
recombination. (A) Map of the targeting vector, the Exol wild-
type locus, and the modified locus. The probe used for Southern
blot analysis is indicated (red bar). (B) Southern blot analysis of
HindIll-digested genomic DNA from F2 animals; +/+, wild-type;
+/-, heterozygote; -/-, homozygote. (C) Northern blot analysis
of poly(A) RNA from Exol ES cell lines using exon 6 (ex 6) and
exons 7-14 (ex 7-14) probes. (D) RT-PCR analysis of total RNA
from Exo1 ES cell lines using primers located in exons 5 and 7.
(E) DNA sequence of the mutant RT-PCR product in Exol™/~
mice shown in D. Note that exon 5 is spliced to exon 7 in frame,
confirming the deletion of exon 6. (F) Western blot analysis of
protein extracts from wild-type and Exol~/~ ES cells using an
anti-Exol antibody. Note the slightly faster migrating protein
species in Exol~/~ cells.

and protein level. Northern blot analysis of poly(A) RNA
revealed that in Exol™/~ mice, exon 6 was absent in the
Exol message as a result of alternate splicing (Fig. 1C).
The deletion of exon 6 in the mutant Exol mRNA was
confirmed by reverse transcriptase PCR (RT-PCR) analy-
sis in Exo1*/~ and Exo1™/~ ES cell lines and in the tissues
from Exo1*/~ and Exol™/~ mice (brain, heart, lung, thy-
mus, spleen, liver, kidney, pancreas, small and large in-
testines, skin, ovary, and testis were analyzed; Fig. 1D;
data not shown). Sequencing of the mutant RT-PCR
products showed that in the modified Exol mRNA, exon
5 was fused in frame to exon 7, resulting in the deletion
of codons 181-252, which are encoded by exon 6 (Fig.
1E). Western blot analysis revealed a protein of 92 kD in
wild-type cells and a slightly faster migrating protein of
84 kD in the Exol~/~ cells, confirming the deletion of
exon 6 on the protein level (Fig. 1F). These results indi-
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cate that we generated a mouse line carrying a deletion
mutation in the I-nuclease domain.

Loss of function in yeast strains carrying
the equivalent I-domain deletion

To further investigate the functional consequences of
this Exol mutation, we generated an equivalent deletion
in the yeast EXO1 gene (deletion of codons 182-255). In
contrast to the wild-type EXO1 gene, when the mutant
exol gene was expressed under control of its native pro-
moter on an ARS CEN LEU2 vector (pRDK1020), it did
not complement the mutator phenotype of an exolA
strain or an exolA strain containing the exoIA enhancer
mutation pms1-A130V (data not shown). High-level ex-
pression of either the wild-type or mutant gene on an
LEU2 2 plasmid in a wild-type strain did not cause an
increase in mutation rate. These results suggest that the
mouse Exol mutation studied here is a loss-of-function
mutation.

Inactivation of Exol and defective MMR
in Exol™~ ES cells

To verify the functional inactivation of Exol in the ho-
mozygous mutant mice and to study the role of Exol in
mammalian MMR, we established Exol™/~ and Msh2~/~
ES cell lines from 3.5-day-old blastocysts. Extracts from
Exol™/~, Msh27/~, and wild-type cells were tested for
their ability to promote repair of a G-G mispair substrate
that contained a single-stranded nick located either 5’ or
3’ to the mismatched base. No mismatch repair activity
was detected in the Exol~/~ or Msh2~/~ extracts, whereas
robust repair was seen in the wild-type extracts (Fig. 2).
Complementation by combining Exol™/~ and Msh2~/~
extracts restored the repair activity to wild-type levels
(Fig. 2), indicating that the lack of repair activity ob-
served in either Exol~/~ or Msh2~/~ extract is not caused
by preparation of generally inactive cell extracts but,
rather, is caused by the specific absence of Exol or Msh2
activity, respectively. Similarly, no repair was seen with
substrates that contained single-base insertion—deletion
loops (IDL; Fig. 2). In contrast, considerable repair was
detected when dinucleotide IDL substrates were tested
(Fig. 2). These results confirmed that deletion of the I-
domain amino-acid residues encoded by exon 6 results in
the functional inactivation of Exol and suggest that
Exol plays a particularly important role in the repair of
base:base and single-base IDL mispairs. Extracts from
Exo1*/~ cells repaired all substrates tested, similar to
what was observed with extracts of wild-type cells (data
not shown), indicating that as in yeast, the existence of
the mutant protein in the Exol heterozygotes does not
interfere with the function of the wild-type gene prod-
uct.

Microsatellite instability in Exol™~ mutant mice

Microsatellite instability (MSI), a type of replication er-
ror occurring at simple sequence repeats, is commonly
associated with inactivation of MMR genes such as
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Figure 2. Mismatch repair is impaired in Exol~/~ ES cells. DNA MMR activity was assayed in Exol~/~, Msh2”/~, Exol”~ + Msh27/-,
and wild-type (WT) cell extracts as described (Thomas et al. 1995). Substrates designated with Q contain the number of extra
nucleotides that accompany the symbol. Substrates are designated with a 3’ when the nick is in the (-) strand at the Avall site (position
-264), or with a 5" when the nick is in the (-) strand at the Bsu3¢I site (position +276). The nucleotide position of the mismatch or
unpaired bases in the lacZ complementation gene is indicated after the @, where position +1 is the first transcribed base of the lacZa
complementation gene. The (-) sign designates the strand containing the extra nucleotide(s). WT, wild-type mouse ES cells. Cell
extracts were prepared as described (Thomas et al. 1995) from ES cells. The results are averages based on counting >500 plaques per
variable in three independent experiments. Error bars represent the standard deviations. Blue/white ratios of plaque color (not shown)
demonstrated that, when observed, MMR was directed to the nicked strand.

Msh2 and MIh1. To study whether Exol inactivation is
associated with MSI, we performed a quantitative analy-
sis at microsatellite loci in genomic DNA from mouse
tails (Table 1). At the mononucleotide marker U12235,
Exo17/~ mice displayed 14% unstable alleles, a signifi-
cant increase in MSI as compared with wild-type mice
(3%, p =0.0007). This level of MSI was similar to that
observed in MMR-deficient MIh1~/~ mice (16%; Table 1).
We also analyzed MSI at two dinucleotide markers:
D7Mit91 and D17Mit123. In contrast to the mono-
nucleotide repeat marker, we did not detect significant

Table 1. Microsatellite instability

Marker Wild type Exol /- Mlhl/~

U12235 (A), 3% (7/2441F  14% (11/79)  16% (12/73)
D7Mit91 (CA), 2% (3/124) 0% (0/72)¢  15% (19/123)
D17Mit123 (CA), 6% (8/134) 3% (2/68)%  28% (19/69)

2Mutation frequency as determined by the number of unstable
alleles divided by the total number of alleles scored.

PHighly significant, p = 0.0007 versus wild type for marker
U12235.

“Not significant, p = 0.2992 versus wild type for marker
D7Mit91.

4Not significant, p
D17Mit123.

0.5002 versus wild type for marker
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instability at either of these loci (Table 1). On the other
hand, MIh1~/~ mice showed high levels of instability at
both markers as compared with wild-type mice (15% at
D7Mit91, p=0.003; 28% at DI17Mit123, p < 0.0001;
Table 1). These results are in good agreement with the
results obtained in the cell extracts described above (Fig.
2). They further support the idea that Exol plays an im-
portant role in the repair of single-base IDL mismatches
and is less important in the repair of two-base IDL
mismatches.

Mutator phenotype in Exol™~ cells

To investigate the effect of Exol inactivation on muta-
genesis, we determined the mutation rate at the Hprt
locus in Exo1~/~, Msh2~/~, and wild-type ES cells by fluc-
tuation analysis (Wierdl et al. 1996; Abuin et al. 2000).
Exo17/~ cells displayed a 30-fold increase in mutation
rate compared with wild-type cells. However, this mu-
tation rate increase is fivefold lower than in Msh2~/~
cells, in which we observed a 150-fold increase compared
with wild-type cells (Table 2). The 95% confidence in-
tervals for the measurements show that the fivefold dif-
ference is significant. These results indicate that Exol /-
cells still retain some MMR capacity, which may be at-
tributable to other exonuclease activities involved in the
process.



Table 2. Mutation rates at the Hprt locus®

Mutation rate®  Confidence limits® Fold
Genotype (x107) (x107) increase
WT 0.02 0.0005-0.1 1
Exol ™/~ 0.6 0.3-0.9 30
Msh2/~ 3.0 2.4-3.7 150

?Fluctuation analysis was performed as recently described
(Abuin et al. 2000).

PMutation rates were determined according to calculations de-
rived by Wierdl et al. 1996).

€95% confidence interval for mutation rate (Dixon and Massey
1968).

Reduced survival and increased susceptibility
to Iymphoma in Exol™~ mutant mice

To study the long-term effect of Exol inactivation on
survival and cancer susceptibility, we followed a large
cohort of Exol™/~ mice (n=74), Exol*/~ mice (n = 70),
wild-type mice (n = 51), and Msh2~/~ mice (n = 32) over a
period of 18 mo. We found that Exol~/~ mice had a sig-
nificantly reduced survival when compared with age-
matched ExoI*/~ and wild-type mice, with only 50% of
Exol17/~ mice being alive at 17 mo (Fig. 3). In contrast,
80% of Exol*/~ mice and 90% of wild-type mice were
still alive at this age. The reduction in lifespan observed
in Exol”~ mice was not as severe as that of Msh2/~
mice, where 50% of mice died by 8 mo of age and all
animals were dead by 12 mo of age (Fig. 3).

To investigate whether the reduced survival of Exol~/~
mice was caused by increased tumor development, we
killed 26 Exol™/~ mice, 27 Exol*/~ mice, and 24 wild-
type mice between the ages of 16 and 18 mo. We found
that 80.7% (21/26 mice) of the Exol™/~ mice that were
still alive had developed tumors by this age. In contrast,
only 37% (10/27 mice) of the Exol*/~ mice and 37.5%
(9/24 mice) of the wild-type mice developed tumors at a
similar age (p=0.0020, Exol~ vs. Exol'~ mice;
p =0.0034, Exol™/~ vs. wild-type mice). There was no
difference in tumor incidence between the Exol*/~ and
wild-type mice (p = 1.0000). It should be noted that this
analysis likely underestimates the tumor incidence in
the Exol~/~ mice as our analysis did not include the
Exo1”/~ mice that had died in the first 16 mo of the
survival study because of the development of tumors.
Histopathological examination of the tumors showed
that the majority of Exol™/~ mice developed lymphoma
(69.2%, 18 out of 26 Exol™/~ mice). This incidence in
lymphoma in Exol~/~ mice was significantly higher than
those observed in Exol*/~ mice (29.6%, 8/27 mice;
p=0.0060, Exol”/~ vs. Exol*/") or wild-type mice
(20.8%, 5/24 mice; p = 0.0008, Exol~/~ vs. wild-type). In
addition, Exol/~ mice also developed other tumors at
lower frequency, including gastrointestinal adenoma (5/
26 mice), bronchioalveolar adenoma (5/26 mice), uterine
adenocarcinoma (1/26 mice), ovarian adenocarcinoma
(1/26 mice), coagulating gland adenoma (1/26 mice), he-
patic adenoma (1/26 mice), hemangiosarcoma (1/26
mice), and schwannoma (1/26 mice). However, similar
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tumor types were also observed at similar incidences in
Exo1*/~ and wild-type mice. For example, the incidence
of gastrointestinal tumors did not differ between Exol1~/~
and wild-type mice (p = 0.1919). A significant number of
Exo1™/~ mice (42.3%, 11/26 mice) also developed two or
more different types of tumor at the same time, whereas
only 11% (3/27) of ExoI1*/~ mice and none (0/24) of the
wild-type mice developed more than one different tumor
type (p = 0.0135, Exo1~/~ vs. Exo1*/~; p = 0.0003, Exo1~/~
vs. wild-type). These data suggest that Exol inactivation
predisposes mice to the development of tumors late in
life and specifically increases the risk of lymphoma.

Meiotic defects in mutant males

Exo17/~ male and female mice were infertile when mated
with wild-type mates. Paraffin-embedded 5-um sections
of adult testis revealed an abnormal seminiferous epithe-
lium in Exol”/~ males compared with Exol*/* litter-
mates. In wild-type males, the seminiferous epithelium
displayed a range of spermatogenic cells beginning at the
basement membrane with the primary spermatogonia
and extending in toward the tubular lumen as spermato-
genesis proceeded (Fig. 4A). Within the lumen, tails of
mature spermatozoa (s) were evident, indicating full
completion of spermatogenesis within these tubules
(Fig. 4A). In contrast, the seminiferous tubules of Exol~/~
males are severely depleted in spermatogenic cells (Fig.
4B,C). Spermatogonia and spermatocytes are visible
proximal to the basement membrane within the tubules
of Exol~/~ testes (dark pink cells, sg; punctate staining
cells, ps), and appear to progress through pachynema in a
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Figure 3. Survival of Exol mutant mice. The survival curve
was generated using the Prism (GraphPad Prism 2.0) software
package. The differences between the Exol~/~ versus Exol*/*
and Exol*/~ curves are significant (p < 0.0001 and p =0.0012,
respectively). The difference between the ExoI*/~ and Exol*/*
curves is not significant (p = 0.2937). For comparison, the sur-
vival of Msh2~/~ mice on similar genetic background is shown
(Smits et al. 2000). Statistical analysis is according to the log
rank test.
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Figure 4. Testis morphology in males. (A-C) He-
matoxylin and eosin staining of testis sections from
Exo1*/* (A) and Exo1™/~ (B,C) adult males. Note the
unusual spindle structures within the seminiferous
tubules of Exo1~/~ males (C, asterisks). (D,E) TUNEL
staining to detect apoptotic cells (brown precipitate)
in Exo1*/* (D) and Exo1~/~ (E) adult males. (E) Note
the increased level of apoptosis in the testes of
Exo17/~ males. (F) Comparison of testis size in males
of different Exol genotypes. l¢, leydig cells; m, met-
aphase I cells; ps, pachytene spermatocytes; sg, sper-
matogonia; s, spermatozoa. Bars, 50 pm.

normal fashion, as demonstrated by the appearance of
pachytene spermatocytes (Fig. 4C, ps) and metaphase
cells (Fig. 4B, m). By metaphase, however, spermatocytes
from Exo1~/~ males display abnormal spindle structures,
with chromosomes misaligned across the spindles (Fig.
4C, asterisks). As a result, most of the Exol~/~ spermato-
cytes become apoptotic at metaphase, as evidenced by
significantly increased numbers of TUNEL-positive cells
within the lumen of the seminiferous tubules in Exol~/~
testes compared with what is seen in Exol*/* males (Fig.
4D,E). Despite the high numbers of apoptotic and abnor-
mal metaphase cells, some cells from Exol™/~ males do
progress through to meiosis II as indicated by a very
small number of nonmotile spermatozoa that can be re-
trieved from the epididymides of Exol~/~ adult males.
Epididymal sperm counts revealed that Exol™/~ adult
males had ~50 spermatozoa per male compared with
8 x 107 spermatozoa per wild-type male. The testis size
in Exo1~/~ adult males is therefore only about 30%-50%
of those in wild-type and heterozygote littermates
(Fig. 4F).

Normal meiotic progression from leptotene
through pachytene in Exol mutant males

+/+

We monitored meiotic progression in adult Exol*/* and
Exo17/~ males using various markers that are expressed
specifically at different time points of meiotic prophase
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I. Rad51 was used as a positive marker for leptotene and
zygotene cells as well as a negative marker for pachytene
cells. We found that Rad51 localized normally to un-
paired chromosomes in leptotene and zygotene sper-
matocytes from Exol~/~ mice and that Rad51 foci were
lost at pachynema in a normal fashion in these animals
(data not shown). Progression through prophase I up un-
til pachynema was also assessed by accumulation of the
synaptonemal complex proteins Synl/Scpl and Corl/
Scp3 (data not shown). To confirm these findings, we
used electron microscopy to examine silver-stained
chromosomal spreads and found that spermatocytes
from Exol~/~ mice showed fully synapsed bivalents at
pachynema (Fig. 5B), a normal pachytene chromosomal
configuration. In addition, the localization of Mlh1, an-
other midpachytene marker that represents sites of
crossing over, showed that in spermatocyte spreads from
both Exol*/* and Exol~/~ males, Mlhl was found at a
frequency and localization pattern that mirrored the pre-
dicted sites/frequency of crossovers in wild-type mice,
with ~26-29 foci per nucleus (Fig. 5C,D). Moreover,
MIh1 foci were consistently localized to the pseudoau-
tosomal region (PAR) of the XY bivalent, an obligate
crossover site (Fig. 5C,D, arrows). The localization of
multiple meiotic markers such as Corl/Scp3, Synl/Scpl,
Rad51, and Mlh1 at specific times throughout prophase I
and the complete synapsis observed at the electron mi-
croscopic level indicate that meiosis proceeds normally
until pachynema in Exol~/~ males.
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Figure 5. Chromosome pairing and synapsis during meiosis L.
(A,B) electron micrographs of silver-stained chromosome
spreads from Exo1*/* (A) and Exol1~/~ (B) spermatocytes, showing
normal pairing and synapsis at pachynema. (C,D) Correct spa-
tial and temporal localization of Mlh1 (green, FITC signal) on
meiotic chromosomes from Exol*/* (C) and Exol™/~ (D) mice
stained with a dual antibody against Corl and Synl and TRITC/
red secondary antibody. The centromere is marked with human
CREST antisera (blue, Cy5 signal). (E-H) Air-dried chromosome
preparations from Exo1*/* (E) and Exol~/~ (F~H) spermatocytes,
showing abnormal metaphase configurations in the absence of
Exol. Although some crossovers remain (arrowheads), the ma-
jority of chromosomes are either univalents or appear to be
achiasmate bivalents (arrows).

Abnormal metaphase I in Exol mutant males

To further study the meiotic defect in males, we exam-
ined the meiotic events in the germ cells beyond pro-
phase I. Air-dried giemsa-stained chromosomal prepara-
tions revealed 20 pairs of bivalent chromosomes in sper-
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+/+

matocytes from Exol males, with the normal
appearance and frequency of chiasmata for each chromo-
some pair (Fig. 5E). In contrast, similar preparations from
Exol~/~ mutant spermatocytes revealed mainly univa-
lent chromosomes, with some bivalents. Quantitative
analysis of metaphase I chromosome preparations from
40 spermatocyte nuclei from Exol~/~ male mice revealed
that, among 1600 chromosomes scored, >75% were uni-
valents (Fig. 5F-H), instead of the expected chiasmate
bivalents. The remaining chromosomes were bivalents.
Of these bivalents, 17% were achiasmate (completely
lacking chiasmata; Fig. 5G, arrows), 15% were abnormal
in appearance, and the rest appeared normal (Fig. 5F-H,
arrowheads). The extensive occurrence of these chromo-
somal configurations, together with the abnormal met-
aphase figures observed at the histological level (Fig. 4C),
indicate that these achiasmate and abnormal bivalents
undergo premature separation before aligning at the met-
aphase plate. The heterogeneity of chromosomal con-
figurations observed within and between each nucleus
suggests a dynamic loss of chiasmata specifically at met-
aphase I that results in checkpoint activation and apop-
tosis (Fig. 4E).

Meiotic phenotypes in Exol mutant females

To examine the ovarian phenotype of Exol™/~ females,
ovaries were prepared for routine histology. Ovaries of
Exo17/~ adult females contained follicles of various sizes,
ranging from primordial to antral follicles and postovu-
latory corpora lutea (Fig. 6B,C). At 10 wk of age, ovaries
from Exol*/* and Exol~/~ females are similar in appear-
ance and content (data not shown). In older Exol~/~ fe-
males (at 7 mo of age), however, the ovarian size is often
smaller than that of age-matched wild-type littermates
(Fig. 6A-C). At these older ages, there is considerable
heterogeneity in both the size and morphology of the
ovaries from Exol~/~ females, both within the same ani-
mal (Fig. 6B,C are a pair of ovaries from one animal) and
between age-matched females.

Oocyte progression through meiotic prophase I was
assessed by immunofluorescence of chromosomal
spreads from Exol~/~ female pups at day 2 postpartum
(pp), at which time oocytes should have reached the late
prophase I to dictyate stages. As in male germ cells, chro-
mosomes appear to synapse normally to achieve a com-
plete pachytene configuration, as demonstrated by local-
ization of Corl and Dmcl (a meiosis-specific RecA ho-
molog that colocalizes with Rad51; Fig. 6D). Oocytes
progress normally through diplonema in the absence of
functional Exol (Fig. 6E) and were found a few days after
birth to be in dictyate arrest (Fig. 6F). These oocytes ar-
rive in dictyate in the absence of any checkpoint activa-
tion, thus allowing them to progress through early fol-
licular development stages, a situation similar to that
seen in MIh1~/~ females.

Discussion

We have generated a mouse line with an inactivation
mutation in Exonuclease 1. This mouse line carries a
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Figure 6. Ovarian morphology and meiotic progression in
Exo17/~ females. (A-C) Gross morphology of the ovaries from
Exo1** (A) and Exo17/~ (B,C) female mice at 7 mo of age. Note
the loss of oocytes and the smaller size of the ovary from
Exo17/~ females. Oviductal and uterine structures look normal
in the absence of Exol. Magnification: A-C, 16x. (D-F) Chro-
mosome spreads from oocytes taken at day 2 pp from Exol~/~
pups. Anti-Corl antibody is shown in red (TRITC), anti-Dmc1/
Rad51 antibody is in green (FITC), and CREST autoimmune
serum, indicating the centromeres, is in blue (CY5). Oocytes
from Exol™/~ females progress through early pachynema, as
demonstrated by complete synapsis of chromosomes and re-
sidual Dmcl1/Rad51 foci (D), and into early diplotene (E), as
demonstrated by the single cores with large regions of chromo-
somes remaining synapsed and the absence of Dmcl/Rad51
foci. (F) These oocytes then enter dictyate arrest, as demon-
strated by the gradual degradation of chromosomal cores, but
persistence of Corl and the clustering of centromeres.

mutation that results in the deletion of exon 6 in the
Exol mRNA, thereby eliminating the majority of amino-
acid residues that encode the I-nuclease domain. As a
result, extracts from Exol~/~ ES cells failed to support
either 5'- or 3’-nick-directed MMR, presumably because
of loss of the exonuclease activity. Similarly, the genetic
analysis of yeast strains carrying an equivalent EXO1
deletion also demonstrates that this mutation results in
loss of function. The functional importance of this
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nuclease domain has also been demonstrated in studies
in which mutations altering conserved amino acid resi-
dues within this domain were tested for their effect on
either exonuclease activity or biological function of Exol
(Sokolsky and Alani 2000; Lee et al. 2002; Lewis et al.
2002). Therefore, the disruption of this critical domain in
the Exol mutant mice is likely to cause inactivation of
its exonuclease activity.

The role of Exol in 5'-nick-directed mismatch exci-
sion observed here is consistent with its known 5'-3’
double-stranded exonuclease activity. However, the role
for Exol in 3’-nick-directed MMR is surprising. Similar
findings were recently reported for human EXOI1 in bio-
chemical experiments studying mismatch-provoked ex-
cision directed by a single strand nick located either 5’ or
3’ to the mispair (Genschel et al. 2002). In that report,
fractionated cell extracts were used to demonstrate that
the 3'-nick-directed excision reaction required EXOI as
well as both the MutSa and MutLa complexes, whereas
the 5'-nick-directed excision reaction required EXO1 and
MutSa but not MutLa. The requirement of MutLa in the
3'-excision reaction combined with the demonstration
that EXOI1 physically interacts with MLH1 (Schmutte et
al. 2001; Tran et al. 2001) and the postulated role of
EXOLl in stabilizing higher-order MMR protein com-
plexes (Amin et al. 2001) are consistent with the idea
that MutLa plays an important role in recruiting and
coordinating the protein components of MMR. It is pos-
sible that Exol plays an MutLa-dependent structural
role in the assembly of the 3’-excision complex. It may
also be possible that Exol has 3'-5’ exonuclease activity,
although such an activity has not been demonstrated. An
alternative explanation for the involvement of Exol in
3'-directed excision is that the 3'-5' exonuclease activi-
ties that function in 3’-directed excision might not be
able to efficiently initiate excision at nicks but rather act
more efficiently at gaps. In such a scenario, Exol could
function to generate a gap that is required for these exo-
nuclease activities.

Our in vitro biochemical studies showed that Exol
participates in the repair of base:base mismatches or
single-base IDLs, but not in the repair of dinucleotide
IDLs (Fig. 2). Furthermore, inactivation of Exol resulted
in a significant increase in MSI at a mononucleotide re-
peat marker, but not at dinucleotide repeat markers
(Table 1). A similar although less striking requirement
for Exol in the repair of base:base and single-base IDL
mismatches was also detected in yeast in assays that
detect mutations in the CANI gene and in those that
detect frameshift mutations in homonucleotide runs lo-
cated within the HOMS3, LYS2, or HIS7 genes. These
studies showed that inactivation of EXO1 by itself
caused a significant increase in both base-substitution
mutations in CAN1 and in -1 frameshift mutations in
mononucleotide runs, and that loss of Exol greatly en-
hanced +1 frameshift mutations in As, A,, and A, ho-
monucleotide runs in yeast mutants that were also de-
fective in DNA polymerase e (Tishkoff et al. 1997; Tran
et al. 1999, 2001; Kirchner et al. 2000; Amin et al. 2001).
Together with the observations in yeast, our results in



mice indicate that Exol participates in the repair of
single-base mismatches or single-base IDLs. They also
suggest that Exol functions in an Msh2-Msh6-depen-
dent repair pathway. This notion of a specific involve-
ment of Exol in the Msh2-Msh6-mediated repair of
base-base mismatches is supported by the direct inter-
action between MSH2 and EXOI in yeast and human
and the requirement for MutSa in EXO1-mediated exci-
sion repair (Genschel et al. 2002). It is now possible to
test this model at the organismal level by generating
mouse lines that are double mutant in Exol and various
other MMR genes.

The MMR defect in Exol mutant mice caused a reduc-
tion in survival and increased cancer susceptibility. A
comparison with MMR mutant mice that carry muta-
tions in MMR genes with which Exol is known to in-
teract shows that the cancer phenotype of Exol ™/~ mice
is less severe. Whereas the 50% survival rate of Msh2~/~
or MIh1~/~ mice is typically at 6 mo of age (Reitmair et
al. 1996; de Wind et al. 1998; Prolla et al. 1998; Edelmann
et al. 1999b; Smits et al. 2000), it took 17 mo for half of
the Exol™/~ mice to die. We specifically observed a sig-
nificant increase in the development of lymphomas in
Exo1”/~ mice, whereas Msh2~/~ or MIh1~/~ mutant mice
also developed significant numbers of intestinal tumors
and skin tumors in addition to lymphomas. In contrast,
the phenotype of Exol™/~ mutant mice is significantly
more severe than in Msh3~/~ mutant mice, which do not
show an increase in cancer predisposition or a reduction
in survival (Edelmann et al. 2000). It is important to note
that the difference in the severity in the cancer pheno-
type between Exol and Msh2 mutant mice correlates
well with the differences in the strength of the mutator
phenotype that we observed at the Hprt locus in these
mice (Table 2).

Recent studies by Wu et al. (2001) and Jagmohan-
Changur et al. (2003) identified a small number of EXO1
germ-line missense variants in patients with suspected
HNPCC that were not found in normal controls. In ad-
dition, tumors from some of these patients displayed
MSI. These results raise the possibility of a role for EXO1
in gastrointestinal tumorigenesis (Wu et al. 2001; Jagmo-
han-Changur et al. 2003). However, only a small propor-
tion of Exol~/~ mice developed gastrointestinal adeno-
mas and the incidence was similar to wild-type control
mice. In addition, the tumors from Exol~/~ mice did not
display MSI at dinucleotide repeat markers (data not
shown). In contrast, mouse models for HNPCC, such as
Msh2 and MIh1 mutant mice, develop not only lym-
phoma but also a significant number of gastrointestinal
tumors that typically display MSI (Reitmair et al. 1996;
de Wind et al. 1998; Prolla et al. 1998; Edelmann et al.
1999b). Our results indicate that Exol does not play a
significant role in the development of gastrointestinal
tumors and support the view that mutations in human
EXO1 might only rarely be a cause of HNPCC (Jagmo-
han-Changur et al. 2003).

Our study reveals an essential role of Exol in mam-
malian meiosis, as first suggested by the high expression
levels of Exol mRNA in testis (Lee et al. 1999; data not
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shown). Inactivation of Exol results in sterility in both
males and females. The meiotic defects of Exol™/~ mice
are distinct from those of other MMR mutant mice.
Exol”/~ mice display normal meiotic progression
through pachynema, as demonstrated by the expression
of various meiotic markers during the leptotene and
pachytene stages and by the full synapsis of chromo-
somes at pachynema. In contrast, mice lacking Msh4,
Msh5, or Pms2 display varying defects of synapsis, rang-
ing from almost complete synaptic failure at zygonema
(Msh4~/~ and Msh5~/~ mice) to incomplete or promiscu-
ous synapsis between nonhomologous chromosomes
(Pms2~/~ mice; Baker et al. 1995; Edelmann et al. 1999a;
Kneitz et al. 2000), suggesting that Exol acts at later
meiotic processes than these three proteins. On the
other hand, the meiotic phenotypes of Exol/~ mice
closely resemble those observed in MIh1~/~ and MIh3~/~
mice, especially with regard to the full synapsis of chro-
mosomes at pachynema (Baker et al. 1996; Edelmann et
al. 1996; Lipkin et al. 2002). Studies by Eaker et al. (2002)
demonstrated that although no Mlh1 foci were present
on pachytene chromosomes in MIh1~/~ mice, apoptosis
was not initiated in prophase I but rather was detected in
metaphase. The presence of abnormal chromosomal fig-
ures in metaphase suggests that the spermatocytes in
MIh1~/~ mice are not eliminated in direct response to the
initial meiotic defect, which occurs in late prophase, but
at a later stage of meiosis I (Eaker et al. 2002). To date,
two meiotic checkpoints have been described: a homol-
ogy search checkpoint at zygonema, which is the cause
of the meiotic arrest in Dmc1, Msh4, and Msh5 mutant
mice (Pittman et al. 1998; Yoshida et al. 1998; Edelmann
et al. 1999a; Kneitz et al. 2000), and the metaphase
checkpoint that prevents cells from exiting metaphase I
until all chromosome pairs have been properly oriented
at the metaphase plate. The finding by Eaker et al. (2002)
suggests that the loss of spermatocytes in MIh1~/~ mice
is caused by the activation of a spindle assembly check-
point that is downstream of the meiotic defect in these
cells. The normal localization of Mlhl in pachytene
spermatocytes of Exol~/~ mice (Fig. 5D) suggests that the
meiotic function of Exol is required either at a similar
stage of meiosis as Mlhl or at a later time point. It also
indicates that Mlhl localization at pachynema is not the
only factor in ensuring the persistence and stability of
chiasmata until metaphase. In addition, the meiotic de-
fect in Exol™/~ spermatocytes appears to activate the
same spindle assembly checkpoint leading to apoptosis,
with the loss of spermatocytes occurring dynamically at
the metaphase I stage. This results in a dramatic de-
crease in metaphase cells in the seminiferous tubules of
Exo17/~ males, although some remaining abnormal cells
can still be detected (Fig. 4B,C). Although studies in
yeast have demonstrated that inactivation of EXO1 re-
sulted in increased meiosis I nondisjunction, decreased
spore viability, and decreased crossing-over (Khazane-
hdari and Borts 2000; Kirkpatrick et al. 2000), these stud-
ies did not identify the specific function for EXO1 in
meiosis. Therefore, it will be important to further char-
acterize the function of Exol in mammalian meiosis,
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and this mouse line provides a valuable tool for such
studies.

Materials and methods

Generation of Exol™~ mice

A probe corresponding to exon 6 of mouse Exol was used to
screen the RPCI-22 129S/SvEvTac mouse genomic BAC library.
Positive clones were identified and used to generate the Exol
targeting vector. The targeting vector was constructed by insert-
ing a PGKhygromycin cassette into the EcoRV site in exon 6
contained within a 5-kb EcoRI fragment that was previously
cloned into pBluescript SK vector. Next, an 8-kb HindIlI-Apal
fragment containing intron 6 and a region spanning exons 7-11
was cloned into the HindIIl and Apal sites 3’ to the PGKhygro-
mycin resistance cassette (Fig. 1A). The targeting vector, desig-
nated pExolex6, was linearized at the single NotI site and elec-
troporated into 3 x 107 WW6 ES cells according to standard pro-
tocols. After 10 d of selection in hygromycin B (200 pg/mL),
DNA was isolated from resistant clones and screened by PCR.
Three positive clones were identified, and the correct gene-tar-
geting event was verified by Southern blot analysis. Two of the
targeted clones were injected into C57BL/6] blastocysts to pro-
duce chimeric animals that transmitted the targeted allele
through their germ lines. F1 heterozygote offspring were inter-
crossed to generate F2 homozygous mutant Exol mice.

Northern blot and RT-PCR analysis

Five micrograms of poly(A) RNA from Exol ES cell lines was
separated in 1.0% formaldehyde agarose gels and transferred to
nitrocellulose membranes. The membranes were subsequently
hybridized with two probes corresponding to exon 6 and exons
7-14, respectively. To verify the Northern blot results, RT-PCR
using primers located in exon 5 (forward: 5-GCCTCGTGGC
TCCGTATG-3') and exon 7 (reverse: 5'-GCGTAAGTCAGTGT
TTCGGG-3') was performed on total RNA isolated from a va-
riety of tissues in wild-type and Exol mutant animals. The mu-
tant RT-PCR products were further analyzed by DNA sequenc-
ing.

Western blot analysis

Equal amounts of protein from ES cell extracts were separated
on 10% SDS-PAGE gels and transferred onto Immobilon-P (Mil-
lipore) PVDF membranes. The membranes were blocked in 5%
nonfat dry milk in TBS-T and incubated with a rabbit polyclonal
antibody raised against codons 786-837 at the C-terminal re-
gion of mouse Exol. Exol protein was detected by chemilumi-
nescence after incubation with a secondary donkey anti-rabbit
IgG antibody conjugated with horseradish peroxidase conjugate
(Amersham).

Genetic analysis of exol mutant yeast strains

The S. cerevisiae strains used for complementation testing were
RKY3590 MATa ura3-52 leu2A trp1A63 hom3-10 lys2::InsE-
A10 and two isogenic derivatives RKY4168 exol:: URA3 and
RKY4177 exol::URA8 pms1-A130V. The low-copy plasmids
used were pRS315 ARS CEN LEU2, a derivative containing the
cloned EXO1 gene and 2 kb of upstream sequence containing
the promoter; pRDK1020 ARS CEN LEU2 EXO1; and a related
derivative, pPRDK1021 ARS CEN LEU?2 ex01A6, in which EXO1
codons 182-255 were deleted. The high-copy plasmids used
were pRS425 21 LEU2 and derivatives of this vector, pPRDK1022
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2n LEU2 EXO1 and pRDK1023 2n LEU2 exo1A6, that contain
the same EXO1 fragments as pPRDK1020 and pRDK1021, respec-
tively. All genetic methods for evaluating the effect of plasmids
on the mutation rate of these strains have been described pre-
viously (Amin et al. 2001).

Cell-free extracts and mismatch repair assay

Procedures for extract and heteroduplex substrate preparation
and for measuring repair activity were as described (Thomas et
al. 1995). The substrates used are described in the legend to
Figure 2.

Histopathological analysis of tumors

Tumors were removed from the mice and fixed in 10% neutral
buffered formalin. All tumors were processed for paraffin em-
bedding, and sections were prepared for staining with hema-
toxylin and eosin. Statistical analyses of tumor incidence were
conducted by the Fisher’s exact test.

Mutation rate analysis

Male ES cells were grown in HAT medium and subsequently
plated at a density to obtain colonies initiated from single cells.
Between 9 and 11 colonies were expanded sufficiently for
2 x 10° cells from each culture to be plated at a density of 10°
cells per 90-mm plate. After 24 h, the medium was replaced
with 6TG containing (50 utM) medium, which was replaced ev-
ery 2 d. After 14 d, plates were stained, and the colonies were
counted.

Mutation rates were calculated using the method of the me-
dian (Wierdl et al. 1996). In calculating mutation rates, the num-
ber of 6TG-resistant clones was not adjusted for plating effi-
ciency because Abuin et al. (2000) reported that the plating ef-
ficiency of ES cells at low density provides an unreliable
estimate of the plating efficiency at higher densities. Because
we observed no gross differences between plating efficiencies at
moderate-to-high densities, we performed the mutation rate
analyses using the rationale of Abuin et al. (2000). Although the
mutation rate will be slightly underestimated without adjusting
for plating efficiency, this will not affect relative rates between
different cell lines.

Microsatellite instability analysis

Tail DNAs from three Exol™/~ and wild-type mice were pooled
and diluted to approximately one genome equivalent per reac-
tion. The microsatellite loci were amplified using end-labeled
primers and analyzed by electrophoresis on denaturing 6% poly-
acrylamide gels as previously described (Wong et al. 2002). Sta-
tistical analyses were performed according to the Fisher’s exact
test.

Histological analysis of reproductive organs

Ovaries and testes from adult mice were fixed in Bouin’s fixa-
tive or 4% buffered formalin and processed for immunohisto-
chemistry by routine methods. The paraffin-embedded tissues
were sectioned at 5 nm. For analysis of prophase I chromosome
configurations and protein localization, spermatocyte and oo-
cyte spreads were prepared and analyzed according to previously
described methods (Edelmann et al. 1999a; Kneitz et al. 2000;
Lipkin et al. 2002). For these meiotic analyses, the testes were
removed from adult Exo1*/* and Exo1~/~ males, and ovaries were
removed from females at day 2 pp.
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