The EMBO Journal Vol. 22 No. 22 pp.6137-6147, 2003

Eme1 is involved in DNA damage processing and
maintenance of genomic stability in mammalian cells
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Yeast and human Emel protein, in complex with
Mus81, constitute an endonuclease that cleaves
branched DNA structures, especially those arising
during stalled DNA replication. We identified mouse
Emel, and show that it interacts with Mus81 to form
a complex that preferentially cleaves 3’-flap structures
and replication forks rather than Holliday junctions
in vitro. We demonstrate that Emel~~ embryonic stem
(ES) cells are hypersensitive to the DNA cross-linking
agents mitomycin C and cisplatin, but only mildly
sensitive to ionizing radiation, UV radiation and
hydroxyurea treatment. Mammalian Emel is not
required for the resolution of DNA intermediates that
arise during homologous recombination processes
such as gene targeting, gene conversion and sister
chromatid exchange (SCE). Unlike Blm-deficient ES
cells, increased SCE was seen only following induced
DNA damage in Emel-deficient cells. Most import-
antly, Emel deficiency led to spontaneous genomic
instability. These results reveal that mammalian Emel
plays a key role in DNA repair and the maintenance
of genome integrity.

Keywords: DNA repair/genomic instability/homologous
recombination/inter-strand DNA cross-links/Mus81—
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Introduction

Emel (essential meiotic endonuclease 1) was discovered
in Schizosaccharomyces pombe by virtue of its interaction
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with Mus81 (methyl methanesulfonate-sensitive UV-
sensitive 81) (Boddy et al., 2001). The ‘fuss’ about these
molecules stemmed from the ability of the Mus81-Emel
complex to function as a heterodimeric endonuclease,
cleaving branched DNA structures such as replication
forks (RFs), 3’ DNA flaps and Holliday junctions (HJs)
(Haber and Heyer, 2001). Yeast Emel by itself has no
endonuclease activity; however, its interaction with
Mus81 is essential for the endonucleolytic activity of
Mus81 (Boddy et al., 2001). Mus81 is related to the XPF
family of endonucleases. This family shares a similar
active site, constituted by the amino acids VERKxxxD
(Boddy et al., 2000; Enzlin and Scharer, 2002). The
Mus81-Emel complex resembles the Radl-Radl0O
protein complex that is involved in nucleotide excision
repair (NER), where only one partner (yeast Rad1l, human
Xpf) possesses endonucleolytic activity. The functional
binding partner of Mus81 in Saccharomyces cerevisiae is
Mms4 (methyl methanesulfonate-sensitive 4), which
shares weak similarity with S.pombe Emel (Boddy et al.,
2001; Kaliraman et al., 2001; Mullen et al., 2001). Human
Emel was subsequently identified and, in complex with
human Mus81, cleaves RFs, 3' DNA flaps and HJs (Ciccia
et al., 2003; Ogrunc and Sancar, 2003).

The physical interaction of yeast Mus81 with Cdsl
(Rad53/Chk2) (Boddy et al., 2000) and Rad54 (Interthal
and Heyer, 2000), and a functional link with RecQ
helicase Sgsl (Mullen et al., 2001), indicated potential
roles for the Mus81-Emel complex in cell cycle check-
points, as well as DNA repair, recombination and repli-
cation processes. mus81, emel or mms4 mutants in yeast
showed sensitivity to UV radiation, MMS and camptothe-
cin (CPT), but not to ionizing radiation (IR). Since UV,
MMS and CPT interfere with yeast DNA replication, the
sensitivity of the mutants was attributed to an inability to
process DNA intermediates arising at sites of stalled DNA
replication (Xiao et al., 1998; Boddy et al., 2000, 2001;
Interthal and Heyer, 2000; de los Santos et al., 2001;
Kaliraman et al., 2001; Mullen et al., 2001; Bastin-
Shanower et al., 2003). Rqh1 and Sgs1 helicases, in their
respective fission and budding yeast, are known to play a
role in the restart of stalled DNA replication. The
requirement for Mus81 for the viability of rghl/sgsi-null
yeast indicated that these molecules are mechanistically
distinct, yet functionally related, providing further evi-
dence for the involvement of Mus81-Emel in the restart
of stalled DNA replication (Kaliraman ez al., 2001; Mullen
et al., 2001; Doe et al., 2002; Fabre et al., 2002). DNA
replication can stall due to lack of nucleotides, lack of
replication checkpoints, and obstructions caused by DNA
lesions or protein complexes (McGlynn and Lloyd, 2002).

That Emel could play a role in homologous recombina-
tion (HR) was expected from yeast studies, where loss of
Mus81, Emel or Mms4 led to meiotic failure, as seen by a
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Fig. 1. Identification of mammalian Emel. (A) Alignment of mouse, human and S.pombe Emel proteins with S.cerevisae Mms4. Amino acid identities
and similarities are highlighted in black and gray, respectively. (B) Mouse Emel is mainly expressed in proliferative tissues. Radiolabeled Emel full-
length cDNA was used to probe northern blots of mouse ES cells (left panel), mouse embryos at day 7, 11, 15 and 17 of gestation (middle panel) and
mouse adult tissues (right panel). Northern blots were subsequently probed with a GADPH cDNA to assess loading.

severe reduction in sporulation and spore viability, though
some yeast strains displayed a moderate reduction (Boddy
et al., 2001; de los Santos et al., 2001; Kaliraman et al.,
2001). This defect was traced to DNA processing after the
meiosis-induced double-strand breaks (DSBs) were initi-
ated, resulting in improper segregation of chromosomes
(Boddy et al., 2001; de los Santos et al., 2001; Kaliraman
et al., 2001). This trend was also observed in vegetative
yeast cells, where eliminating HR could restore viability to
mus81 sgsl or mms4 sgsl double mutants, proving that
unprocessed HR-generated DNA intermediates led to
toxicity in these mutants (Fabre et al., 2002; Bastin-
Shanower et al., 2003).

Analysis of various branched substrates showed that the
Mus81-associated endonuclease activity from human
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extracts, and prepared as recombinant proteins in bacteria,
could cleave RFs and 3" DNA flaps more efficiently than
HJs (Kaliraman et al., 2001; Constantinou et al., 2002;
Doe et al., 2002; Ciccia et al., 2003; Whitby et al., 2003).
The replication fork and 3’-flap DNA structures that are
cleaved well by Mus81-Emel are speculated to form
when DNA replication stalls (Whitby ez al., 2003), and it is
postulated that the 3’-flap can occur during synthesis-
dependent strand annealing, also referred to as strand
displacement and annealing (de los Santos et al., 2001;
Haber and Heyer, 2001).

Despite the many studies characterizing the function of
Mus81 and Emel/Mms4 in yeast, the biological function
of these molecules in mammals is unknown. In this study,
we describe the identification and characterization of



mouse Emel, giving evidence for its role in DNA repair
and maintenance of genomic stability.

Results

Cloning of mouse Eme1

Sequence similarity searches of the DNA databases
identified mouse open reading frames (ORFs) with simi-
larity to fission yeast Emel. The mouse cDNA was
predicted to encode a 570 amino acid protein, which is the
same size as the human counterpart, but smaller than the
738 amino acid yeast Emel (Boddy er al., 2001). The
identity of the mouse protein to the S.pombe Emel
molecule was 19%, and the similarity was 36%
(Figure 1A). Comparison of mouse Emel with human
Emel showed 66% identity and 76% similarity. Based on
NCBI and Ensembl searches, the mouse Emel gene is
localized to chromosome 11 band C and is encoded by
nine exons spanning a genomic DNA region of ~9 kb.

In vivo expression of Eme1

Northern blot analysis of Emel expression in embryonic
stem (ES) cells, mouse embryos and adult tissues was
performed using the full-length mouse Emel cDNA as a
probe (Figure 1B). A major Emel transcript of 2.5 kb was
detected in ES cells (Figure 1B, left panel), while two
major Emel transcripts of 2.5 and 5.5 kb were detected at
days 7, 11, 15 and 17 of mouse embryonic development
(Figure 1B, middle panel). In adult tissues (Figure 1B,
right panel), weak expression of the 5.5 kb Eme] transcript
was detected in all tissues tested, but the 2.5 kb transcript
was predominantly seen in skin, testis and thymus.
Another smaller Emel transcript was also detected in
some adult tissues such as heart, liver and skin. Together,
these results demonstrate that Emel is expressed in many
adult tissues and at various stages of embryonic develop-
ment.

Mouse Eme1 and Mus81 interact to form a
structure-specific endonuclease

Using Flag-tagged mouse Mus81 and hemagglutinin
(HA)-tagged mouse Emel proteins translated in vitro
(Figure 2A), and transiently transfected into 293T human
embryonic kidney (HEK) cells (data not shown), we
demonstrated that these proteins interact with each other,
as expected from their yeast and human counterparts
(Figure 2A; lanes 3 and 4).

To determine whether mouse Mus81-Emel complex
exhibited endonuclease activity, the ability of the Mus81—
Emel pull-down complexes to cleave splayed-arm
(Figure 2B, lanes 1-4), 3’-flap (lanes 5-8) and HJ
(lanes 9-12) substrates was analyzed. We found that
Mus81-Emel efficiently cleaved the 3’-flap structure
(lane 8). Similar results were obtained with a structure
that mimics an RF (data not shown). In contrast, little or no
cleavage by Mus81-Emel was seen with the splayed-arm
or HJ structure (lanes 4 and 12), as previously observed
with the yeast and human complexes (Ciccia et al., 2003;
Whitby et al., 2003). As a positive control in these
reactions, we used a fraction containing Mus81 that had
been prepared from fractionated HeLa cells (Constantinou
et al., 2002) (Figure 2B, lane 6).
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Fig. 2. Endonuclease activity of the mouse Mus81-Emel complex.
(A) Interaction of mouse Emel with Mus81. In vitro translation reac-
tions containing the templates Mus81-Flag (lane 1), Emel-HA (lane 2),
both Mus81-Flag and Emel-HA (lanes 3 and 4) or no template (lane 5)
were subject to immunoprecipitation (IP). The IP antibodies were anti-
Flag (lanes 1, 3 and 5) and anti-HA (lanes 2 and 4). In co-translation
reactions, both Mus81 and Emel were immunoprecipitated by anti-Flag
and anti-HA antibodies (lanes 3 and 4), demonstrating the physical
interaction of these proteins. (B) Mus81-Emel protein complex has
DNA structure-specific endonuclease activity. Three branched DNA
substrates, splayed-arm (lanes 1-4), 3’-flap (lanes 5-8) and HJ (lanes 9—
12), were assessed for cleavage by immunocomplex negative control
(lanes 1, 5 and 9), human Mus81 fraction (lanes 2, 6 and 10), mouse
Emel immunocomplex (lanes 3, 7 and 11) and mouse Mus81-Emel
immunocomplex (lanes 4, 8 and 12). Cleavage reactions were resolved
by 10% neutral PAGE and visualized by phosphor imager analysis.
Mouse Mus81-Emel cleaved the 3’-flap structure well (lane 8), but had
only faint endonuclease activity against the HJ substrate tested
(lane 12).

Generation of Eme1-deficient ES cells

In order to investigate the cellular function of murine
Emel, we generated Emel-deficient ES cells. A gene
targeting construct (Figure 3A) was designed such that
proper integration of the construct in the Emel genomic
locus should result in the replacement of Emel exon 2
(partially) and exons 3-7 (completely) by the neomycin
resistance (Neo) gene. Two Emel*~ clones were rese-
lected in high concentrations of G418 to obtain Emel~~
clones (Figure 3B). Northern blot analysis confirmed the
generation of Emel-null mutation in these clones, as
demonstrated by the complete loss of Emel transcript in
the homozygous clones (Figure 3C). No difference in
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Fig. 3. Generation of Emel*~ and Emel”~ ES cells. (A) Schematic representations of the Emel locus, the gene-targeting construct and the targeted
Emel allele. Exons are denoted by solid black boxes. SA, short arm; LA, long arm; Neo, neomycin resistance gene; X, Xbal site. (B) Southern blot
analysis of wild-type, Emel*~ and Emel~~ ES cells. Probing Southern blots of Xbal-digested ES cell DNA with a 5’-flanking Emel probe differenti-
ates the wild-type allele (5.5 kb) from the recombined allele (4.3 kb). (C) Northern blot analysis showing loss of Emel mRNA in Emel”~ ES cells.
A 20 pg aliquot of total RNA from the indicated Emel ES genotypes was northern blotted and probed with a 32P-radiolabeled full-length Emel
cDNA. The northern blot was subsequently probed with a GAPDH cDNA to assess loading of mRNA.
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Fig. 4. Loss of Emel sensitizes ES cells to DNA damage. (A-E) Wild-type (solid circles) and Emel~~ (open circles) ES colony survival following
DNA damage by MMC, cisplatin, IR, HU and UV treatment. Doses of the individual treatments are plotted on the x-axis, while the y-axis denotes the
corresponding fold sensitivity of colonies over untreated controls. Emel”~ ES cells were extremely sensitive to MMC and cisplatin treatments, and
only mildly sensitive to the other agents. (F) MMC sensitivity of Emel”~ ES clones complemented with HA-tagged Emel cDNA (closed triangle and
open square). Stable transfection of Emel-HA cDNA in Emel-deficient ES cells restores MMC sensitivity to near wild-type levels.
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viability or growth rate was observed between Emel~~ and
wild-type ES cells (data not shown). Therefore, mamma-
lian Emel is dispensable for the viability and growth of ES
cells, as was observed for S.pombe and S.cerevisiae.

Loss of Eme1 sensitizes ES cells to DNA damage
mus81, emel and mms4 mutation in yeast sensitized cells
to UV radiation and hydroxyurea (HU), with little or no
sensitivity to IR (Boddy et al., 2000; Interthal and Heyer,
2000; Mullen et al., 2001). In order to assess the role of the
mammalian Emel in DNA repair, we performed colony
survival assays on Emel”~ and wild-type ES cells
following exposure to DNA-damaging agents [IR, UV,
HU, cisplatin and mitomycin C (MMC)]. As depicted in
Figure 4, loss of Emel function led to a dramatic increase
in the sensitivity of ES cells to increasing concentrations
of MMC and cisplatin (Figure 4A and B), agents that cause
interstrand cross-links (ICLs) (Dronkert and Kanaar,
2001). Emel~ ES cells were also found to be sensitive,
though to a lesser extent, to IR, UV and HU treatments
(Figure 4C-E), in comparison with the wild-type control.
The sensitivity of Emel*~ ES cells to these agents was
comparable with that of wild-type cells (data not shown).

Reconstitution of Emel in the Emel”~ ES cells was
carried out to determine whether the remarkable sensitiv-
ity to MMC was specifically caused by the loss of Emel.
Following electroporation of a plasmid construct express-
ing HA-tagged Emel into Emel~~ ES cell clones, colonies
expressing HA-Emel were identified by immunoprecipi-
tation and western blotting (data not shown). Two HA-
Emel reconstituted Emel~~ ES clones from two different
Emel~ ES parental clones showed rescue to near wild-
type levels when tested for MMC sensitivity (Figure 4F).
This complementation demonstrates that the observed
phenotype is caused by the specific loss of Emel.

Thus, mammalian Emel is essential for the repair of
MMC- and cisplatin-induced DNA damage in ES cells,
and marginally involved in the repair of IR, UV and HU
damage.

DNA damage-activated cell cycle checkpoints are
intact in Eme1~/- ES cells

Cell cycle checkpoints ensure proper DNA repair, and
hence cell survival, by preventing cells with damaged
DNA from dividing until the damage has been repaired
(Kaufmann, 1995; Zhou and Elledge, 2000). The inter-
action of yeast and human Mus81 with the cell cycle
checkpoint protein Chk2, and the increased abundance of
Mus81 in human cells exposed to agents that damage DNA

Fig. 5. Intact intra-S-phase checkpoint and G,—M cell cycle arrest in
the absence of Emel. (A) The MMC-induced intra S-phase checkpoint
is not affected in Emel~- ES cells. The proportion of [*H]thymidine
incorporation in untreated wild-type (black square) and Emel~~ (gray
diamond) cells was set as 100%. The decreased proportion of
[*H]thymidine incorporation following increasing doses of MMC treat-
ments was similar for both wild-type and Emel” ES cells. (B) Go-M
checkpoint activation of wild-type and Emel”~ ES cells following
MMC treatment. Wild-type (left panel) and Emel~ (right panel) ES
cells were subjected to 1 pg/ml of MMC for 1 h and returned to regular
medium for 6, 12 and 24 h, following which time they were stained
with propidium iodide and analyzed by FACS. Both genotypes
displayed similar cell cycle profiles, with cells progressively accumulat-
ing in the G/M phase.

Eme1 in DNA repair and genomic stability

or block replication, raised the possibility of a cell cycle
checkpoint role for Mus81-Emel (Boddy et al., 2000;
Chen et al., 2001). Intra-S-phase checkpoints were ana-
lyzed by [*H]thymidine incorporation into the DNA of
wild-type and Emel~- ES cells following MMC treatment,
and compared with untreated controls (Figure 5A).
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Fig. 6. Emel does not impair homologous recombination processes such as gene targeting. (A) Schematic of the gene targeting strategy at the Rad54
locus. The Rad54 targeting construct (//./hRAD54-GFP) and gene locus are depicted. Expression of Rad54—-GFP is dependent on proper gene target-
ing at the Rad54 locus. (B) FACS analysis of the percentage of GFP* cells after puromycin selection. Whereas gene targeting is clearly impaired in
Rad547~ ES cells, levels of GFP expression in Emel*~ and Emel”~ were similar to the wild-type control. (C) Gene targeting strategy at the Piml
locus. (D) PCR analysis of gene-targeted clones. Emel*~ and Emel~~ ES cells were electroporated with the linear p59XDR-GFP6 targeting construct
that favors gene targeting by selecting predominantly for survival of colonies that had integration at the Pim-I locus. Homologous recombination-
mediated gene targeting was tested by PCR, and showed no difference between the two genotypes.

Increasing doses of MMC resulted in decreased DNA
synthesis that was equivalent in both wild-type and
Emel~~ ES cells, showing no contribution of Emel to
the cell cycle replication checkpoint. Moreover, fluores-
cence-activated cell sorting (FACS) analysis of propidium
iodide-stained DNA content for cell cycle distribution of
untreated and MMC-treated (0.1, 0.5 and 1 pg/ml) wild-
type and Emel~ ES cells over a time course (6, 12 and
24 h) was comparable in both genotypes (Figure 5B; data
not shown). Also, there was no difference in the cell cycle
profile of these cells following 24 h of IR, UV and HU
treatments (data not shown). These results, again, showed
no role for Emel in regulating the cell cycle.

Emel is not essential for gene targeting

We sought to determine if mammalian Emel would have a
role in HR, as was demonstrated for its yeast counterpart,
by analyzing HR-mediated gene targeting. Although the
precise mechanism for gene targeting has not been
established, HR between the exogenous DNA sequence
and the chromosome is expected in the regions of flanking
homology followed by resolution of DNA intermediates
(Niedernhofer et al., 2001). The efficiency of gene
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targeting between wild-type/Emel*~ and Emel~~ ES
cells was assessed at two independent genomic loci,
Rad54 (J.Essers and R.Kanaar, in preparation) and Piml
(te Riele et al., 1990; Moynahan et al., 2001). The Rad54
targeting vector was designed with a promoterless human
Rad54 cDNA fused to green fluorescent protein (GFP),
such that expression could occur only following integra-
tion at its specific locus (Figure 6A). Upon puromycin
selection, while Rad54~"~ ES cells showed reduced GFP*
cells (2.8%), comparable numbers of wild-type (13.1%),
Emel*~ (21.3%) and Emel~~ (11.6 and 21.1%) ES clones
were GFP* (Figure 6B), showing no loss of HR-mediated
gene targeting potential in the absence of Emel. Southern
analysis confirmed that GFP* cells had proper integration
of the targeting construct (data not shown). The use of a
high efficiency Piml targeting construct (Figure 6C) and
the expression of its selection marker hygromycin (iygX),
being dependent on specific integration at the Pim/ locus,
led to similar numbers (>90% of the hygR) of Emel*~ and
Emel~" clones being correctly gene targeted (Figure 6D).
These findings indicate that Emel is not required for the
resolution of DNA intermediates that arise during HR-
mediated gene targeting.



Eme1 is not essential for gene conversion repair of
DSBs

Continuing our investigation into a role for Emel in HR,
we assessed HR-mediated gene conversion by analyzing
the ability of wild-type, Emel*~ and Emel” ES cells to
repair a DSB by this process. Gene conversion is a Rad51-
mediated invasion of the 3’-single-stranded tail of the
broken DNA into homologous regions present on either
the same or different chromosomes (Johnson and Jasin,
2001). A single DSB was induced by transient expression
of Scel at the Piml locus, targeted with a construct bearing
a Scel site and two non-functional GFP ORFs (Figure 7A,
upper panel) (Moynahan et al., 2001). Repair of the break
using the homologous downstream iGFP gene can occur
by gene conversion without crossing-over. A gene
conversion event results in the conversion of the I-Scel
restriction site to the native Bcgl GFP sequence, and
restoration of GFP expression. Repair by gene conversion
was scored by the number of GFP* cells using flow
cytometry, and showed no significant difference between
wild-type, Emel*~ or Emel™ cells (Figure 7A, lower
panel). The minor difference between wild-type and
Emel*- cells was not statistically significant (p = 0.12).
This finding indicates that Eme1 does not play an essential
role in the resolution of DNA intermediates formed during
HR-mediated gene conversion.

Loss of Eme1 leads to increased sister chromatid
exchange (SCE) upon DNA damage

Increased spontaneous SCE is a hallmark of defects in
BLM helicase, a member of the RecQ family of helicases
that are involved in the restart of stalled DNA replication,
a function also attributed to Mus81-Emel (Chakraverty
and Hickson, 1999; Boddy et al., 2001; Kaliraman et al.,
2001). In mitotic cells, SCE is largely a repair response to
DNA damage, primarily DNA breaks that occur during
DNA replication (Chakraverty and Hickson, 1999; Sonoda
et al., 1999; Wang et al., 2000). We assessed SCE in wild-
type and Emel~~ ES cells as a measure of spontaneous and
MMC-induced DNA breaks. Both wild-type and Emel~~
ES cell clones had similar levels of spontaneous SCE per
metaphase (4.4 * 0.23 and 5.2 * 0.23, respectively)
(Figure 7B). Following MMC treatment, however, the
frequency of SCE in Emel~~ ES cells was twice that of
wild-type cells at both concentrations tested (Figure 7B).

Fig. 7. Induced DSB repair and sister chromatid exchange in the
absence of Emel. (A) Upper panel: schematic representation of the
generation of a functional GFP gene by HR-mediated gene conversion.
Transient I-Scel expression induces a DSB in a stably integrated
construct bearing two non-functional GFP genes in tandem. HR-
mediated gene conversion without crossing-over replaces the I-Scel
with the Bcgl site, and also restores GFP expression. Lower panel:
quantification of GFP* cells following I-Scel-induced DSB repair.
Wild-type, Emel*~ and Emel”~ ES clones were analyzed by FACS to
detect the proportion of GFP* cells, indicative of successful gene con-
version at the non-functional GFP locus. Wild-type, Emel*~ and
Emel~~ ES clones showed no difference in the number of GFP* cells,
indicating equivalent HR-mediated gene conversion following an
induced DSB. (B) Increased MMC-induced SCE in the absence of
Emel. The frequency of spontaneous SCE was similar between wild-
type and Emel” ES cells. However, a 2-fold increase of MMC-
induced SCE was observed in Emel-deficient ES cells by comparison
with wild-type cells. The number of metaphases analyzed is given in
parentheses above the corresponding histogram.

Eme1 in DNA repair and genomic stability

For wild-type versus Emel~~ ES cell clones, at 0.05 pg/ml
MMC, the number of SCE per metaphase was 6.7 * 0.37
versus 13.98 = 0.48, and at 0.2 pg/ml MMC it was
10.8 = 0.51 versus 22.96 = 1.12 (Figure 7B). This finding
suggests that there is a greater number of DNA strand
breaks occurring in the absence of Emel, which initiate
SCE to repair the damage.

SCE is dependent on HR (Sonoda et al., 1999; Wang
et al., 2000). Comparable rates of spontaneous SCE in
wild-type and Emel~~ ES cells, and a 2-fold increase in
MMC-treated Emel™~ ES cells, rule out an essential role
for Emel in the HR process that mediates SCE.
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A
# Metaphases | Aneuploid Abe rrant Total Fragment/ Dicentric/
scored cells cells aberrations  breaks fusions
wi 109 3(2.75%) 0 0 0 0
UT
Emel -~ 112 9 (8.03%) 7(6.25%) 7(6.2%) 5 2
wi 105 13 (12.38%) 13(7.6%) 9 (8.6%) 7 2
MMC
Emel-* 108 41 (37.96%) 14 (12.9%) 18 (16.6%) 14 4
B

Normal Metaphase

MMC-induced aberrations

Fig. 8. Increased genomic instability in Emel-deficient ES cells. (A) Spontaneous and MMC-induced chromosomal instability in Emel-deficient ES
cells. Metaphase spreads of untreated and MMC-treated wild-type and Emel~~ ES cells were analyzed for chromosomal instability. Increased spontan-
eous aneuploidy is observed in Emel~~ ES cells, with other aberrations represented by breaks, triradials and chromosomal fusions. (B) MMC treatment
aggravates chromosomal aberrations in Emel~~ ES cells. A normal metaphase spread from untreated Emel~~ ES cells (1) and two metaphase spreads
from MMC-treated Emel”~ ES cells (2 and 3) showing MMC-induced accumulation of fragments (fr) and triradials (t).

Eme1 deficiency results in chromosomal instability
The hypersensitivity of Emel~~ ES cells to DNA damage
indicates defective DNA repair, a process that could lead
to accumulation of chromosomal abnormalities and
genomic instability (Rouse and Jackson, 2002). We
therefore assessed the level of spontaneous genomic
instability in three Emel~~ ES clones, relative to several
wild-type ES clones. Examination of 4’,6-diamidino-2-
phenylindole (DAPI)-stained metaphase spreads revealed
increased levels of chromosomal abnormalities including
breaks, fragments, chromosomal fusions and dicentric
chromosomes in the Emel-deficient ES cells (Figure 8A).
Overall, 6% of metaphase spreads from Emel~~ ES cells
showed aberrations, compared with none in wild-type
metaphase spreads (p < 0.01). Moreover, increased
aneuploidy was also seen in Emel~~ ES cells compared
with wild-type controls (Figure 8A).

As Emel~~ ES cells exhibited a profound sensitivity to
MMC, we next analyzed the effect of Emel deficiency on
the accumulation of chromosomal aberrations induced
following MMC treatment. Wild-type and Emel”~ ES
cells were subjected to 40 ng/ml of MMC for 1 h, and
cultured 24 h before preparation of metaphase spreads.
There were 2-fold more chromosomal aberrations in the
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Emel-deficient ES cells compared with wild-type ES cells
(16.6% versus 8.6%; p < 0.05) following MMC treatment
(Figure 8A). Some of the chromosomal abnormalities
(fragments and triradial structures) observed in Emel~~
cells following MMC-induced damage are shown in
Figure 8B. Interestingly, MMC treatment greatly in-
creased the proportion of aneuploid cells in the absence
of Emel (38% for Emel~~ versus 12.4% for wild-type;
Figure 8A). These results highlight an important role for
Emel in maintaining genomic stability especially follow-
ing DNA damage caused by MMC.

Discussion

The inability of cells to induce cell cycle arrest, apoptosis
or DNA repair efficiently often leads to various disorders
in humans, from immunodeficiencies to cancer (Dasika
et al., 1999; Bassing et al., 2002). Previous studies
established the importance of the yeast Mus81-Emel
complex in DNA repair (Boddy et al., 2000; Interthal and
Heyer, 2000; Mullen et al., 2001). In this study, we report
the biological functions of mammalian Emel, by char-
acterizing the phenotype of ES cells lacking this gene.



Role of Eme1 in DNA repair

The hypersensitivity of Emel~~ ES cells to DNA damage
caused by MMC and cisplatin, as opposed to the milder
sensitivity to IR, UV and HU, suggests a role for Emel in
ICL DNA repair. ICLs can block DNA replication and
transcription, thereby leading to accumulation of DNA
intermediate structures. It is likely that lack of cleavage, or
processing of these intermediates in Emel”~ ES cells,
results in increased cell death caused by collapse of
replication forks, or debilitating genomic instability. It is
possible that damage by IR, UV and HU is quickly
repaired before it hinders DNA replication, thereby not
requiring Mus81-Emel function in DNA repair, account-
ing for the corresponding reduced sensitivity.

Eme1 is not required for homologous
recombination-mediated gene targeting and gene
conversion repair of DSBs

Yeast Mus81, Emel and Mms4 have been implicated in
HR in both vegetative and meiotic cells (Boddy et al.,
2001; de los Santos et al., 2001; Kaliraman et al., 2001;
Bastin-Shanower et al., 2003). Also, yeast Mus81 was
reported to interact with Rad54, a molecule important in
HR (Interthal and Heyer, 2000). These observations
indicated a possible role for mammalian Emel-Mus81
in HR, a process that generates several DNA intermediate
structures. Moreover, Mus81 is related to Xpf, a
component of the Erccl-Xpf endonuclease, and both
proteins have the same active site (Boddy et al., 2000;
Interthal and Heyer, 2000). Erccl”~ mouse ES cells
displayed a complete inability to integrate a gene-targeting
construct in three different genomic loci (Niedernhofer
etal.,2001), raising the possibility that the related Mus81—
Emel endonuclease may also have a role in the HR
process of gene targeting. The lack of a defect in HR-
mediated gene targeting and DSB repair by gene conver-
sion in Emel~ ES cells demonstrates no essential role for
Emel in the processing of DNA intermediates that could
be generated during these specific HR processes.

Increased SCE in the absence of Eme1 is
dependent on induced DNA damage

Increased SCE and hyper-recombination are hallmarks of
defects in the RecQ family of helicases, as seen with
mutated BLM and sgsi/rqghl (Chakraverty and Hickson,
1999). Mutation of BLM in mouse ES cells led to a 10-fold
increase in SCE (Luo et al., 2000). Wang et al. (2000)
proposed that BLM decreases DNA strand breaks that
occur during DNA replication. Since these helicases are
also involved in the restart of stalled DNA replication, and
hence have a functional overlap with Mus81-Emel
(Kaliraman et al., 2001; Mullen et al., 2001; Doe et al.,
2002; Fabre et al., 2002), we investigated whether loss of
Emel would affect SCE frequency. Unlike loss of RecQ
helicases, deletion of Emel had no effect on spontaneous
rates of SCE, underscoring mechanistic differences
between these two groups of molecules. It can be
speculated that the RecQ helicases have a greater role in
restart of stalled DNA replication, or that their substrates
far outnumber those that are responsive to Mus81-Emel.
Also, RecQ helicases may have other roles in addition to
restart of stalled DNA replication that could account for
the increased SCE seen in their absence. Upon MMC
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treatment, however, the 2-fold increase in SCE frequency
of Emel~- ES cells over wild-type, could be indicative of
DNA breaks occurring presumably at unprocessed
branched DNA intermediates, or of failed replication
restart.

Kaliraman et al. (2001) speculated that the Mus81-
associated endonuclease might be responsible for the
increased SCE frequency in cells deficient for RecQ
helicases, and the increased replication-dependent SCE
seen following UV damage. If Mus81-associated endo-
nuclease activity is dependent exclusively on Emel, and
was directly responsible for either spontaneous or DNA
damage-induced SCE, then inactivation of Emel should
prevent the well-documented increase in MMC-induced
SCE frequency (Sonoda et al., 1999; Wang et al., 2003).
Since this is not the case in Emel~~ ES cells, where MMC
treatment leads to a 2-fold increase in SCE over wild-type,
other molecules must be responsible in the absence of
BLM or Emel for inducing SCE. However, inactivation of
both BLM and Eme1/Mus81 would be required to prove
definitively that Mus81-Emel does not contribute to the
enhanced SCE in BLM-defective cells.

Role of Eme1 in maintaining genomic stability
Genetic instabilities, including changes to chromosome
numbers and chromosomal aberrations, are frequent in
human cancers and are thought to be required for the
generation of the multiple genetic hits necessary for
malignant transformation (Rouse and Jackson, 2002).
Genomic instability is also a hallmark of impaired DNA
damage repair and has been associated with mutations that
impair DNA repair, including mutations in BRCAI,
BRCA2, Ku80, XRCC4, NBSI and genes involved in
Fanconi anemia (Sekiguchi et al., 2001; Roth, 2002;
D’Andrea and Grompe, 2003; Rooney et al., 2003). The
occurrence of spontaneous genomic instability in Emel~~
ES cells signifies a requirement for Emel in maintaining
genomic integrity. This Emel function is probably due to
its role in constituting a functional heterodimeric endo-
nuclease with Mus81. Based on the substrates that the
Mus81-Emel complex can cleave in vitro, we speculate
that spontaneous genomic instability in Emel~~ ES cells is
due to a lack of processing of DNA intermediates that arise
during stalled DNA replication, and in DNA repair events
that generate 3’-flap structures. The lack of processing of
these DNA intermediates in Emel~~ ES cells could result
in chromosomal breaks and fusions, chromosome mis-
segregation and aneuploidy. The increased genomic
instability in MMC-treated Emel~~ ES cells is likely to
result from the increased number of unresolved Mus81—
Emel substrates in these cells. The increased genomic
instability in ES cells deficient for Emel demonstrates the
fundamental role that this mammalian protein plays in
maintaining genomic integrity.

Conclusions

We demonstrate that the endonucleolytic activity of the
mouse Mus81-Emel complex cleaves 3’-flap and RFs
prominently, and HJs weakly. The mild sensitivity of
Emel~-ES cells to IR, UV and HU, and the overwhelming
sensitivity to MMC and cisplatin, unequivocally implicate
mammalian Emel as a DNA repair protein. The occur-
rence of chromosomal aberrations in the absence of Emel
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highlights the importance of the Mus81-Emel complex in
processing spontaneous intermediate DNA structures, and
thereby suppressing genomic instability. The human Emel
gene localizes to a region (17q21.33) that is associated
with leukemia, and other forms of cancer. Whether Emel
is a tumor suppressor is a question that must be addressed,
especially given our finding that loss of Emel leads to
genomic instability.

Materials and methods

Cloning of mouse Eme1

Mouse Emel (NCBI accession No. AK078516) was identified by
performing protein BLAST searches using the S.pombe Emel protein
sequence. Emel was amplified by RT-PCR from a murine brain cDNA
library (Clontech) with the following primers: 5-GTCATATGG-
CTCTAAGAAGGTTATCCCT-3" and 5-AAGTCGACTCAGTCA-
ACACTGTCTAAGATGAG-3’, TA-cloned into a pCR2.1-TOPO
(Invitrogen Life Technologies), and sequenced.

Northern analysis

A 20 pg aliquot of total RNA was separated on 1% agarose, 2.2 M
formaldehyde gels in 1X MOPS buffer and transferred to Nylon
membranes (Amersham Pharmacia). Multiple Choice™ northern blots
(Origene) and mouse embryo MTN blot (Clontech) were also used to
analyze Emel mRNA expression. The blots were probed with 32P-labeled
full-length Emel and GADPH cDNA, and exposed on a phosphor imager
(Molecular Dynamics).

In vitro translation and co-immunoprecipitation

N-terminal tags were added to coding sequences as follows: Flag tag to
Mus81, and HA tag to Emel to generate pcDNAMus81-Flag and
pcDNAEmel-HA, respectively. Mus81-Flag and Emel-HA were
expressed individually, or co-expressed, in the presence of
[**S]methionine using the TNT coupled reticulocyte lysate systems
(Promega). Each 50 pl in vitro translation reaction was suspended in 1 ml
of co-immunoprecipitation buffer [SO mM Tris pH 8, 150 mM NacCl,
2 mM EDTA, 10% glycerol, 0.2% NP-40, 50 pg/ml Pefabloc and 1
protease inhibitor tablet (Roche)/10 ml]. Immunoprecipitations were
carried out with 1 pg of anti-Flag (Sigma) or anti-HA antibody for 1 h at
4°C. Immunoprecipitates were collected on protein G-Sepharose beads,
washed and boiled in Laemmli buffer for 3 min. Samples were run on 9%
SDS—polyacrylamide gels, and the gels were dried and exposed on a
phosphor imager.

In vitro endonuclease cleavage assays

DNA substrates were prepared as described previously (Constantinou
et al., 2002). The HJ was the immobile junction X0 (Benson and West,
1994). Reactions were performed in phosphate buffer [60 mM Na,HPO,/
NaH,PO, pH 7.4, 5 mM MgCl,, 1 mM dithiothreitol (DTT) and 100 pg/
ml bovine serum albumin (BSA)], with immunoprecipitations (3 ul)
prepared from in vitro translation lysates containing no template, Emel or
Mus81-Emel. The Mus81 HeLa cell fraction previously described was
used as a positive control (Constantinou et al., 2002). 32P-labeled DNA
products were visualized by autoradiography after electrophoresis
through 10% polyacrylamide.

Generation of Eme1*/- and Eme1-/- ES cells

A targeting vector was designed such that homologous recombination
would replace a 3.6 kb genomic fragment containing Emel exons 2—7
with the PGKneo resistance expression cassette. The targeting vector was
linearized with Kpnl and electroporated into E14K ES cells as previously
described (Hakem et al., 1998). Cells were subsequently cultured in the
presence of 300 pg/ml G418 (Sigma) for 10 days. Gene targeting at the
Emel locus was identified by probing Southern blots of Xbal-digested
DNA with a Emel 5’-flanking cDNA. Proper integration was confirmed
by Southern blots probed with a 3’-flanking cDNA and neomycin cDNA.
Four correctly recombined Emel*~ ES clones were identified. Two of
these were cultured in increasing concentrations of G418. Many resistant
colonies growing at a G418 concentration of 8.4 mg/ml had successfully
replaced their remaining wild-type allele with the gene-targeted allele,
generating Emel~~ ES clones.
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Clonogenic assays

ES cells were seeded onto gelatinized 6-well plates (2 X 103 cells/well)
and subjected to DNA-damaging treatments 18 h later. Cells were treated
with y-rays (1, 2 and 4 Gy), UV (2, 3 and 10 J/m?), MMC (0.1, 0.5 and
1.5 pg/ml for 1 h), cisplatin (2, 6 and 10 mM for 2 h) and HU (1, 2.5 and
5 mM for 4 h). After 7-10 days in culture, colonies were stained with
crystal violet and counted.

Cell cycle analysis

Cells were subjected to MMC treatment for 1 h (0.1, 0.5 and 1 pg/ml),
washed and transferred to fresh media. Cells were then trypsinized after 6,
12 and 24 h of culture, and prepared as previously described (Hirao et al.,
2000). Samples were analyzed using the Becton Dickinson FACScalibur
instrument.

For analysis of intra S-phase checkpoints, cells plated in 96-well plates
were treated with 0.05, 0.1, 0.5 and 1 pg/ml of MMC for 2 h, washed
twice with phosphate-buffered saline (PBS), then pulsed with 5 puCi of
[*H]thymidine (Amersham) per well for 2 h and harvested.

HR-mediated gene targeting

Gene targeting at the Rad54 locus was performed essentially as described
(Essers et al., 1997, 2002). Wild-type, Emel*/-, Emel~~ and Rad547~ ES
cells were transfected with a RAD54-GFP knock-in construct. One week
after selection in puromycin, single-cell suspensions of surviving colonies
were made by trypsinization and analyzed by FACS on a green
fluorescence (FL1-H) versus forward scatter (FSC-H) plot. GFP* and
GFP- cells appeared in separate populations, above and below the
diagonal line, respectively (J.Essers and R.Kanaar, unpublished results).
Results were also plotted in a fluorescence (FL1-H) histogram.

Gene targeting efficiency of Emel*~ and Emel”~ ES cells was also
assessed on the Pim-1 locus after electroporation of p59xDR-GFP6 as
previously described (Moynahan et al., 2001). Gene targeting efficiency
was evaluated by PCR using the following primers: PimlExIF, sense 5'-
AAGATCAACTCCCTGGCCCACCTGCG-3’ and antisense PimlEx4R
5-TGTTCTCGTCCTTGATGTCG-3"; and Hyg3A 5-CCGCTCGTC-
TGGCTAAGAT-3". PCR amplified a 786 bp fragment at the endogenous
Piml locus and a 958 bp fragment at the p59xDR-GFP targeted allele.

I-Scel-induced DNA DSB repair

PimI-targeted wild-type, Emel*~ and Emel~" cells were electroporated
with the I-Scel expression vector, mock DNA or the positive control
plasmid pNZE-CAG (Pierce et al., 1999) as previously described
(Richardson et al., 1998). Cells were analyzed by FACS after 48 h.
Three independent wild-type, Emel*/~ and Emel~~ clones were analyzed.
The proportion of GFP* cells between wild-type, Emel*~ and Emel~~
clones was assessed using the unpaired t-test. The tests were two-sided
and the cut-off for significance was 0.05.

Sister chromatid exchange

Wild-type and Eme~~ ES cells were treated with MMC (0.05 and 0.2 pg/
ml) for 1 h, and grown in fresh medium containing 10 uM of
bromodeoxyuridine (BrdU) for 36 h. Untreated and treated cells were
then incubated with colcemid (0.1 pg/ml) for 4 h, harvested and treated in
hypotonic buffer (0.075 M KCl) at 37°C for 15 min. After fixation in ice-
cold methanol:acetic acid (3:1) buffer, cells were dropped onto glass
slides. After denaturation, slides were incubated with anti-BrdU antibody
(BD Biosciences), and subsequently with anti-mouse IgG—fluorescein
isothiocyanate (FITC) antibody (eBioscience). Slides were dehydrated in
ethanol and embedded with mounting medium (Vector Labs) containing
0.3 pg/ml propidium iodide. Analysis was performed under a Zeiss
Axioplan 2 Imaging microscope (Carl Zeiss, Germany) equipped with a
CCD camera. The number of metaphases analyzed is as follows for wild-
type and Emel~~ cells, respectively: untreated, 64 and 56; 0.05 pg/ml
MMC, 60 and 57; 0.2 ug/ml MMC, 55 and 58.

Genomic stability assays

Wild-type and Emel~~ ES cells were treated with MMC (40 ng/ml) for
1 h, and cultured for an additional 24 h. Cells were processed as described
above. Slides were stained with DAPI (Sigma), and chromosome number
and gross chromosomal rearrangements were determined in 100
metaphase cells per sample from each cell type. The slides were observed
under a Leica DMIRB fluorescence microscope (Germany) equipped with
digital camera (Leica DC 300RF). Images were acquired using Leica
Image Manager software.
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