
Mouse Embryonic Stem Cells, but Not Somatic Cells,
Predominantly Use Homologous Recombination

to Repair Double-Strand DNA Breaks

Elisia D. Tichy,1 Resmi Pillai,1 Li Deng,2 Li Liang,2 Jay Tischfield,2 Sandy J. Schwemberger,3

George F. Babcock,3,4 and Peter J. Stambrook5

Embryonic stem (ES) cells give rise to all cell types of an organism. Since mutations at this embryonic stage
would affect all cells and be detrimental to the overall health of an organism, robust mechanisms must exist to
ensure that genomic integrity is maintained. To test this proposition, we compared the capacity of murine ES
cells to repair DNA double-strand breaks with that of differentiated cells. Of the 2 major pathways that repair
double-strand breaks, error-prone nonhomologous end joining (NHEJ) predominated in mouse embryonic
fibroblasts, whereas the high fidelity homologous recombinational repair (HRR) predominated in ES cells.
Microhomology-mediated end joining, an emerging repair pathway, persisted at low levels in all cell types
examined. The levels of proteins involved in HRR and microhomology-mediated end joining were highly
elevated in ES cells compared with mouse embryonic fibroblasts, whereas those for NHEJ were quite variable,
with DNA Ligase IV expression low in ES cells. The half-life of DNA Ligase IV protein was also low in ES cells.
Attempts to increase the abundance of DNA Ligase IV protein by overexpression or inhibition of its degradation,
and thereby elevate NHEJ in ES cells, were unsuccessful. When ES cells were induced to differentiate, however,
the level of DNA Ligase IV protein increased, as did the capacity to repair by NHEJ. The data suggest that
preferential use of HRR rather than NHEJ may lend ES cells an additional layer of genomic protection and that
the limited levels of DNA Ligase IV may account for the low level of NHEJ activity.

Introduction

Embryonic stem (ES) cells are self-renewing cells derived
from the blastocyst inner cell mass. They give rise to all

cell types of the embryo proper after successive rounds of
growth and division before differentiation. Mutations in-
curred at this early embryonic stage may be detrimental to the
overall development of an organism, resulting in possible
genetic instability, birth defects, sterility, or death [1]. Thus,
these pluripotent cells are likely to have robust mechanisms
that minimize accumulation of mutations and maintain ge-
netic integrity.

Consistent with this proposition, murine ES cells have a
mutation frequency about 100-fold lower than that of iso-
genic mouse embryonic fibroblasts (MEFs) [2]. Mouse ES
cells also lack a G1 checkpoint [3–6] and are hypersensitive
to DNA damage [7–11]. The absence of a G1 checkpoint may
allow cells with damaged DNA to enter S-phase where the
damage would be exacerbated and promote cell death.

Eliminating damaged cells by this mechanism would main-
tain a pristine stem cell population. In addition to suppres-
sion of mutation and enhanced apoptosis, mouse ES cells
have a more effective stress defense pathway and are more
efficient than their differentiated counterparts in removing
endogenous free radicals generated by their rapid prolifera-
tion [12]. Finally, ES cells are very efficient in repair of
damaged DNA. When repair efficiencies between human ES
cells and other cell types in response to different DNA
damaging treatments were compared, ES cells had signifi-
cantly faster repair capacities than somatic cells based on
alkaline comet assay [13]. Similar data have been reported
for murine ES cells and NIH 3T3 cells after exposure to in-
creasing doses of ionizing radiation [12].

DNA double-strand breaks (DSBs) are highly cytotoxic
and have been used as targets for cancer therapeutics
[14–18]. Cells have evolved several mechanisms to effec-
tively repair DSBs. Repair by homologous recombination
(HRR) uses a template such as that presented by the sister
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chromatid or homologous chromosome to achieve high fi-
delity repair and is most active during the S and G2 phases of
the cell cycle [19]. Repair by nonhomologous end joining
(NHEJ) is a rapid, but error-prone, process that rejoins DSBs
and is functional throughout all phases of the cell cycle [19].
A third, but less understood pathway, is microhomology-
mediated end joining (MMEJ), which is a mutagenic DSB
repair pathway that processes broken DNA ends until repeat
sequences are encountered on either side of the break and
religated, resulting in large deletions (reviewed in ref. [20]).

The present study compares the capacity of ES cells and
differentiated cells to repair DSBs by each of these repair
pathways in the context of the hypothesis that ES cells
preferentially utilize high fidelity HRR since repair by error-
prone NHEJ and MMEJ would accumulate an unacceptable
level of mutations. We now show that HRR is the predom-
inant DSB repair pathway in ES cells with minimal contri-
butions by NHEJ. The reverse was true of somatic cells.
When ES cells were induced to differentiate, NHEJ became
predominant and HRR was significantly reduced. When
MMEJ was examined, it was found to be present at similarly
low levels in MEFs and ES cells.

Experimental Procedures

Cell culture and microscopy

Primary MEFs were isolated from 13.5 days post coitum
(dpc) embryos derived from either 129=Sv or C57Bl=6 mice
and were cultured until passages 2–4 in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 mg Penicillin, 100 U=mL Streptomycin (Fisher), 1� Non-
essential amino acids (Fisher), and 2 mM SG-200 (Fisher).
NIH 3T3 cells were grown under the same conditions as
MEFs. Murine 129=Sv ( J11) and C57Bl=6 (WD44; described
in ref. [21]) were cultured as described [5]. All cell lines were
maintained in 10% CO2 at 378C. ES cells were maintained on
MEF feeder layers treated with mitomycin-C unless other-
wise noted and were separated from feeder layers when
harvested for experiments. To differentiate ES cells, cells
were seeded on gelatinized plates in the absence of feeders
and leukemia inhibitory factor (LIF) and were treated for
5 days with 10mM all-trans retinoic acid (Sigma). For protein
stability studies, ES cells or MEFs were treated with
25 mg=mL cycloheximide (RPI Corp.) and harvested at the
indicated time points. For proteasome inhibition studies, ES
cells or MEFs were treated with 30 mM MG-132 (RPI Corp.)
for 4 h before harvesting. For immunofluorescent micros-
copy, transfected ES cells were grown on coverslips and
fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) before staining with Draq5 (1=3000; Axxora). Cells
were observed using a Zeiss Axioplan 2 LSM510 confocal
microscope.

Plasmids and transfections

To create pEGFP-tagged Ligase IV, Ligase IV cDNA was
amplified by polymerase chain reaction (PCR) using primers
50-atg gct tcc tca caa act tca caa act gtt-30 and 50-cta aag caa
ata ctg gtt ttc ctc ctg cag-30 and inserted into pCR topo 2.1
vector (Invitrogen). The KpnI-XbaI fragment was subse-
quently cloned in frame into pEGFP-C1 (Clontech) to gen-
erate pLig4-EGFP. Site-directed mutagenesis of pLig4-EGFP

was used to make the DNA Ligase IV R278H hypomorphic
mutant, with primers 50-gct tga tgg tga gcA cat gca gat gca
caa ag-30 and 50-ctt tgt gca tct gca tgT gct cac cat caa gc-30. All
sequences were verified by sequencing. Plasmids pCaggs,
pBASCE, and pDR-GFP were provided by Maria Jasin
(Memorial Sloan-Kettering), and pEGFP-PEM1-AD2 was a
gift from Vera Gorbunova (U. Rochester). pCOH-CD4 and
pINV-CD4 were gifts from Pascale Bertrand (Commissariat à
l’Energie Atomique). The plasmid pCMV=I-SCE1=GFP was
provided by Kevin Hiom (MRC Laboratory). Cells were
transfected with the plasmids electroporation using the Gene
Pulser Xcell (Biorad). Briefly, 5�106 cells were transfected in
PBS with 40mg of construct DNA and cotransfected with 5mg
pDsRed Express N1 (Clontech) using settings of 400 V and
250 mF.

Protein isolation and Western blotting

MEFs and ES cells were grown to 60% confluency and
harvested by tryptic digestion. Cells were washed with PBS
and lysed in cold RIPA buffer (20 mM TrisHCl, pH 8.0,
150 mM NaCl, 1% Nonidet P-40, 1% sodium dodecyl sulfate
[SDS], and 0.5% deoxycholic acid) containing a protease
inhibitor cocktail (RPI Corp.). Cell extracts were subjected to
SDS–polyacrylamide gel electrophoresis using 30–50mg of
total protein, followed by protein transfer to polyvinyl di-
fluoride (PVDF) membranes (Millipore). Blots were probed
with antibodies to Ku70 (H-308; 1:1000; Santa Cruz), Ku80
(M-20; 1:1000; Santa Cruz), DNA Ligase IV (H-300; 1:250;
Santa Cruz), XRCC4 (C-20; 1:500; Santa Cruz), a-actinin (C-
20; 1:500; Santa Cruz), Oct3=4 (H-134; 1=1000; Santa Cruz),
Rad51 (H-92; 1:1000; Santa Cruz), Rad52 (C-17; 1:1000;
Santa Cruz), Rad54 (N-15; 1:500; Santa Cruz), b-Actin (AC-
15; 1=10000; Sigma), DNA Ligase III (7; 1=10000; BD Bios-
ciences), XRCC1 (H-300; 1:1000; Santa Cruz), or Parp-1
(1=1000; Cell Signaling) before incubation with the appro-
priate IgG-HRP-conjugated secondary antibodies (Santa
Cruz) and exposure to X-ray film.

RNA isolation and quantitative PCR

Total RNA was isolated from 5�105 MEFs and ES cells
using Tri-Reagent (MRC Corp.) and mRNA was isolated
using the RNeasy kit (Qiagen). Reverse transcription of
mRNA (2mg) was carried out using the TaqMan Reverse
Transcription Reagent kit (Applied Biosystems). An aliquot
of cDNA was amplified for 40 cycles on an ABI Prism
7900HT Sequence Detection System with gene-specific
primers designed using Primer Express software (Applied
Biosystems). Sybr Green dye was used for signal detection.
All analyses were carried out in triplicate, and nontemplate
controls and dissociation curves were used to ensure specific
template amplification. Target gene expression level was
calculated as a ratio of the target mRNA relative to the
mRNA level for glyceraldehyde-3-phosphate dehydroge-
nase. Data are presented as the average� standard error of
the mean, normalized to MEFs untreated where appropriate.
Primers used were DNA Ligase IV (50-GTC AAG CCC GAG
TGG CTT TTA and 50-CGG CAC GCA TGT TTT TGT CT-30)
and glyceraldehyde-3-phosphate dehydrogenase (50-CTC
CAC TCA CGG CAA ATT CAA-30 and 50-GAT GAC AAG
CTT CCC ATT CTC G-30).
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Functional assays and flow cytometry

MEFs or ES cells were transiently transfected by electro-
poration, which generally introduces DNA as a single copy
[22,23]. For transient HRR assays, cells were electroporated
with pCaggs (empty vector), circular pDR-GFP, or I-SCE1-
linearized pDR-GFP. The transient NHEJ assay utilized cir-
cular, or HindIII- or I-SCE1-linearized pEGFP-Pem1-Ad2
transfected into cells. For transient MMEJ, cells were trans-
fected with circular or I-SCE1-linearized pCMV=I-SCE1=GFP
[24]. Linearized plasmids were extracted with phenol-
chloroform and precipitated with isopropanol before re-
suspension in TE buffer. Plasmid pDsRed Express N1
(Clontech) was coelectroporated as a transfection efficiency
marker for the above transfections. Seventy-two hours
posttransfection, cells were trypsinized and resuspended in
PBS before live cell sorting.

For assays with integrated reporters, pDR-GFP, pCOH-
CD4, or pINV-CD4 were stably transfected into ES cells or
NIH 3T3 cells and selected with 10 mg=mL puromycin or
3 mg=mL blasticidin, respectively. To confirm genomic inte-
gration of pDR-GFP, DNA was isolated from nontransfected
or stably transfected cells with buffer containing 100 mM
Tris, pH8.5, 5 mM ethylenediaminetetraacetic acid, 200 mM
NaCl, 0.2% SDS, and 100mg=mL proteinase K. Genomic
DNA (1 mg) was used for PCR using primers within the
plasmid sequence (50-GAA CGG CAT CAA GGT GAA CTT
CAA-30 and 50-TGA AAT TTC TAG ACC AGC CCA CG). b-
actin served as a loading control (50-TGA GAC CTT CAA
CAC CCC AG-30 AND 50-GAG CCA GAG CAG TAA TCT
CC-30). To confirm the stable integration of pCOH=INV,
stable NIH 3T3 cells or ES cells were harvested in tri-reagent
(MRC Corp.) and cDNA was reverse transcribed using the
superscript III cDNA synthesis kit (Invitrogen), according to
the manufacturer’s instructions. Approximately 400 ng of
cDNA was used to perform PCR using primers for H2Kd (50-
ATG GTA CCG TGC ACG CTG CTC CTG-30 and 50-TCA
CGC TAG AGA ATG AGG GTC ATG A-30) and PCNA (50-
AAG AAG GTG CTG GAG GCT CTC AAA�30 and 50-TCT
GGG ATT CCA AGT TGC TCC ACA-30).

Stably transfected cells were further transfected with the I-
SCE1 expression vector pBasce or were mock transfected
with pDsRed, serving as a transfection efficiency marker.
Three days posttransfection, cells were harvested by trypsin
digestion (pDR-GFP) or with 20 mM ethylenediaminete-
traacetic acid in PBS (pCOH=pINV), transferred to PBS
(pDR-GFP), or fixed with paraformaldehyde (4% w=v) for
20 min before resuspension in PBS (pCOH=pINV). Cells
transfected with pCOH=INV were blocked with 2% BSA in
PBS and stained using Alexa Fluor 488 rat anti-mouse CD4
(RM4-5; BD Biosciences) antibody at a dilution of 1=250.
Cells were then subjected to analysis by flow cytometry.

For flow cytometry, samples were analyzed using a BD
LSRII (BD Biosciences). The instrument was aligned with
AlignFlow 2.5 mm beads (Molecular Probes) for the 488 nm
laser. Data were collected and analyzed with FACSDiVa
software (BD Biosciences). Cells were excited with the
488 nm line of an argon-ion laser using GFP (or Alexa Fluor
488) and DsRed fluorochromes. Log fluorescence was col-
lected for GFP (or Alexa Fluor 488) using a 530=30 band pass
filter and for DsRed using a 585=42 band pass filter. In all
experiments, 20,000 events were collected, and the ratio of

GFP (or Alexa Fluor 488) to DsRed cells was used for data
processing. Data presented are the average of at least 3 in-
dependent experiments. Error bars represent standard error
of the mean.

Results

Proteins involved in HRR but not NHEJ
are consistently elevated in ES cells

Western blots were performed on whole-cell lysates of ES
cells and MEFs to determine whether differences in the levels
of proteins involved in DSB repair existed between these cell
types and whether such differences might be indicative of
function. Proteins involved in HRR, such as Rad51, Rad52,
and Rad54, were highly elevated in Oct4-positive undiffer-
entiated ES cell lines from 2 mouse strains, but were low in
isogenic MEFs (Fig. 1A). There was no clear pattern of ele-
vation or suppression of proteins involved in NHEJ as a
group when ES cells and MEFs were compared (Fig. 1B). The
Ku70 and Ku80 proteins were more abundant in ES cells as
previously reported [25], and DNA Ligase IV expression was
significantly reduced in ES cells, regardless of mouse strain
from which they were derived. The level of XRCC4 protein
was similar in both cell types.

MMEJ provides an alternative pathway for repairing
DSBs, but is less understood than either HRR or NHEJ. Al-
though many of the participating proteins in this pathway
are still being elucidated, we assessed the relative abundance
of some of these proteins in MEFs and ES cells (Fig. 4C). It
appears that DNA Ligase III rather than DNA Ligase IV is
involved in MMEJ [26]. DNA Ligase III is unstable unless as
a heterodimer with XRCC1 [27]. The expression level of the
latter, therefore, was also monitored, as was that of Parp-1,
which has also been implicated in this pathway [28]. Proteins
that participate in MMEJ, including DNA Ligase III, XRCC1,
and Parp-1, were all significantly elevated in ES cells com-
pared with MEFs.

Homologous recombination repair predominates
in ES cells

Although protein levels associated with each of the repair
pathways may be an indicator of potential functional activ-
ity, they are not by themselves sufficient to define the relative
activities of each pathway. To assess this, we have taken
advantage of several validated reporter plasmids that dis-
tinguish between the various DNA repair pathways. These
are described separately. The pDR-GFP plasmid [29] was
transfected into cells as both a circular plasmid and as line-
arized with I-SCE1 restriction enzyme to assess relative lev-
els of HRR repair. The plasmid has 2 tandem but inactive
GFP repeats, one of which contains the unique I-SCE1 site.
Fluorescence is restored when a functional GFP is recon-
stituted by homologous recombination between the 2 non-
functional repeats. When ES cells from 129=Sv or C57Bl=6
strains were transfected transiently with the DR-GFP plas-
mid, either circular or linearized, there was robust HRR ac-
tivity based on the level of reconstituted fluorescence. In
contrast, MEFs transfected with these plasmids showed little
activity above that of the control empty vector (Fig. 2B).

To eliminate the possibility that the high HRR in ES cells
might be attributed to the extrachromosomal substrate [30],
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ES cell lines were selected that stably harbored the pDR-
GFP plasmid. Since stable transfection of MEFs by elec-
troporation is not possible due to cell death and eventual
senescence during selection, as well as to keep transfection
conditions the same, we used stably transfected NIH 3T3
cells, which were derived from MEFs, as a surrogate for
comparison with ES cells (Fig. 2E). Uncut DR-GFP reported
little HR activity in either cell type. After cells were
transfected with the pBasce plasmid that encodes the
I-SCE1 enzyme, there was a modest increase in HR activity
above background in NIH 3T3 cells and a robust increase
in the ES cells (Fig. 2D), consistent with results from tran-
sient transfections.

NHEJ activity is low in ES cells

The capacity of ES cells and MEFs to carry out NHEJ was
assessed by transfection of cells with the reporter plasmid
pEGFP-Pem1-Ad2 [31]. This reporter measures repair of co-
hesive and noncohesive ends depending upon the restriction
enzymes used to digest the vector before transient transfec-
tion. The plasmid contains a nonfunctional GFP that is in-
terrupted by a Pem1 intron into which has been inserted an
adenovirus AD2 exon sequence flanked by dominant splice
acceptor and donor sequences as well as HindIII and I-SCE1
cleavage sites external to the splice sites. When the plasmid
is digested with HindIII (complementary ends) or I-SCE1
(noncomplementary ends), the AD2 sequence and its splice
sites are removed, so that repair by NHEJ allows juxtaposi-
tion of the 2 GFP fragments and reconstitution of GFP
fluorescence. MEFs from both strains display robust NHEJ
activity regardless of the types of ends available at the site of

the break. In contrast, ES cells appear to lack appreciable
NHEJ activity (Fig. 3B).

A third set of reporter plasmids, pCOH-cd4 or pINV-cd4
[32], was used to confirm these results. When these plasmids
are digested with I-SCE1, a fragment containing an ex-
pressed H2Kd surface antigen is removed and the free DNA
ends have either cohesive (pCOH-cd4) or inverted (pINV-
cd4) overhanging sequences. If the DSB is repaired by NHEJ,
a CD4 marker is transcribed from the CMV promoter and
expressed at the cell surface. Expression of this CD4 marker
was monitored and quantified by flow cytometry. ES cells
and NIH 3T3 were electroporated with the above plasmids,
and clones that stably express H2Kd-positive cells were ob-
tained (Fig. 3E). Transfection of stable cells with plasmid
pBasce, which expresses I-SCE1 enzyme and thus cleaves the
integrated reporters, confirmed that ES cells had barely de-
tectable NHEJ activity, while activity in NIH 3T3 cells was
significantly higher (Fig. 3D).

ES Cells and MEFs have MMEJ activity

In addition to HRR and NHEJ, the 2 major pathways for
repairing DSBs, there is a third pathway, MMEJ, which is less
well characterized. MMEJ requires sequences of micro-
homology extending 5–25 bases to effectively repair a DSB.
Using a reporter plasmid, pCMV=I-SCE1=GFP [24], that has
7 bp repeat sequences flanking an I-SCE1 site, we tested the
capacity of MEFs and ES cells to repair an extrachromosomal
template digested with I-SCE1 in a transient transfection
assay. The MMEJ activity was similar in ES cells and MEFs,
despite the elevated abundance of MMEJ proteins in ES cell
extracts and activity was low in both cell types (Fig. 4A,B).

FIG. 1. Basal protein expression of predominant DSB repair pathways. Western blots of whole cell lysates from either
129=SV or C57Bl=6 cells representing basal expression of several proteins involved in HRR (A) or NHEJ (B). Oct4 served as a
marker of undifferentiated ES cells and b-actin was used as a loading control. DSB, double-strand break; HRR, homologous
recombinational repair; NHEJ, nonhomologous end joining; ES cells, embryonic stem cells; MEF, mouse embryonic fibroblast.
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Sensitivity of ES cells to changes in DNA Ligase
IV levels

DNA Ligase IV is rate-limiting for NHEJ [33–35]. Given
its low abundance in ES cells it is reasonable to expect that

its low level of expression might, in part, account for the
low level of NHEJ activity in these cells. Western blots for
DNA Ligase IV in ES cells after cycloheximide treatment
showed that the protein had a half-life of less than 1 h (Fig.
5A). The XRCC4 protein that heterodimerizes with DNA

FIG. 2. Quantitation of HRR repair capacity. (A) Representative flow cytometry scatter plots for MEFs or ES cells derived
from 129=Sv mice transiently transfected with pCAGGS (empty vector), circular pDR-GFP (spontaneous recombination), or
I-SCE1-linearized pDR-GFP (induced recombination) and cotransfected with pDsRed to account for differences in transfec-
tion efficiency. Seventy-two hours posttransfection, cells were harvested and live sorted. A minimum of 10,000 cells were
sorted per trial; only 5,000 are displayed. Axes represent mean fluorescent intensity on a 5-log scale. The X-axis represents
GFP-positive cells; Y-axis is DsRedþ cells. pDR-GFP contains 2 nonfunctional copies of GFP separated by approximately 3 kb.
Recombination between the 2 copies can yield functional GFP by gene conversion or a nonfunctional deletion product, which
is not measured. Recombination between the 2 copies in the circular plasmid is noted as spontaneous recombination. When
the I-SCE1 site located in one of the GFP copies is cut, a DSB in the plasmid occurs, which, if repaired, has induced
recombination. (B) Quantitation of HRR activity in MEFs and ES cells from 129=Sv or C57Bl=6 stains. Data were generated
based on the ratios of GFPþ=DsRedþ cells and normalized to background caused from the empty vector from each cell type.
A minimum of 10,000 cells per trial were used; 5,000 events are displayed. (C) Scatter plots of stably integrated DR-GFP in
NIH 3T3 cells or 129=Sv ES cells. NIH 3T3 cells were used as a surrogate for primary MEFs, which cannot be selected for with
their finite passage number. I-SCE1 expression vector pBaSCE or empty vector pCAGGS was introduced to induce site-
specific DSBs and pDsRed was cotransfected for transfection efficiency. Seventy-two hours posttransfection, cells were
harvested and sorted live. (D) Quantitation of HRR activity in stable cell lines represented in (C) before or after DSB
induction. Data were collected as the total of GFP=DsRedþ cells and were normalized to respective cell lines transfected with
empty vector. (E) PCR for GFP or b-actin on genomic DNA from nontransfected and stably transfected and pooled NIH 3T3
and ES cells to demonstrate pDR-GFP genomic integration. PCR, polymerase chain reaction.
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Ligase IV in equimolar amounts to promote rejoining of
DNA breaks is present at similar levels in ES cells and
MEFs. This observation indicates that the low abundance
of DNA Ligase IV in ES cells is not the result of protein
destabilization due to absence of its binding partner [36],
since XRCC4 appears to be in excess. The half-life of DNA

Ligase IV protein in MEFs was much longer, remaining
stable throughout the cycloheximide treatment time course
(Fig. 5B). Since MEFs and ES cells have similar levels of
DNA Ligase IV mRNA (Fig. 5C), the regulation of DNA
Ligase IV in ES cells appears to be exclusively at the pro-
tein level.

FIG. 3. NHEJ repair capacity in ES cells and differentiated cells. (A) Scatter plots for MEFs or ES cells from 129=Sv mouse
strains transiently transfected with undigested (uncut/empty), HindIII-digested (compatible ends), or I-SCE1-digested
(noncompatible ends) pEGFP-PEM1-AD2 vector and cotransfected with pDsRED. This vector contains a single GFP gene
interrupted by a pem1 intron. Within the intron there is a killer ad2 exon, which prevents expression of functional GFP.
Digestion with either HindIII or I-SCE1, located at the termini of the killer exon, allows for its removal. The pem1 intron can
then be repaired by NHEJ and spliced out to render the GFP gene functional. Seventy-two hours posttransfection cells were
harvested and analyzed by flow cytometry. At least 10,000 cells were examined per trial; 5,000 events are displayed. Axes are
the same as described in Fig. 2. (B) Quantitation of NHEJ data from transiently transfected 129=Sv or C57Bl=6 MEFs and ES
cells. Data were collected as total number of GFPþ=DsRedþ cells and normalized to empty vector. (C) Representative scatter
diagrams of NIH3T3 and 129=Sv ES cells stably transfected with pCOH-CD4 after transient transfection with pDsRed and
pCAGGS or pBaSCE and staining with CD4-Fitc-conjugated antibody. (D) Cells were stably transfected with pCOH-CD4
(cohesive ends) or pINV-CD4 (inverted ends). Ends refer to the orientation of 2 I-SCE1 restriction sites within each constructs.
Stable transfection leads to expression of H2Kd. When pBaSCE is introduced into stable cells, H2kd is cut out. Repair by
NHEJ subsequently promotes expression of a downstream CD4 gene. Background CD4-positive cells from the pCAGGS
empty vector were subtracted from total numbers after I-SCE1 introduction. (E) RNA was isolated from nontransfected or
blasticidin-resistant pooled colonies of pCOH=pINV-transfected NIH 3T3 cells or 129=Sv ES cells. cDNA was synthesized and
semiquantiative PCR was completed to demonstrate the stable integration of the constructs. PCR products were run on 0.8%
agarose gels containing 3mg=mL ethidium bromide. These cells normally do not express the cell surface marker H2Kd, but
after transfection of pCOH or pINV, H2Kd expression was robust. PCNA demonstrated similar loading of pcr product per lane.
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FIG. 4. MMEJ repair capacity. (A)
Whole cell lysates from 129=SV
MEFs and ES cells were subjected
to Western blotting using anti-
bodies for DNA Ligase III, XRCC1,
Parp1, Oct4, or b-actin. (B) Scatter
diagrams for 129=Sv MEFs and ES
cells transiently transfected with
pDsRed and uncut or I-SCE1-line-
arized pCMV=I-SCE1=GFP vector
and analyzed by flow cytometry
72 h posttransfection. Repair of this
vector should only occur by MMEJ.
This vector has a cassette inserted
into the GFP gene, which renders it
nonfunctional. Digestion with I-
SCE1 and subsequent end proces-
sing to a repeat sequence at the
ends of the cassette will render the
GFP gene functional if ends are li-
gated together. (C) Quantitation of
flow cytometric data. Data were
accumulated from 10,000 cells per
transfection as the total number of
GFPþ=DsRedþ cells and were nor-
malized to the uncut vector for the
respective cell line. MMEJ, micro-
homology-mediated end joining.
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To determine whether ES cells can be stimulated to more
actively utilize NHEJ, we attempted to increase the abun-
dance of DNA Ligase IV by treating the cells with the pro-
teasome inhibitor MG-132 to inhibit its proteasome-mediated
degradation. While treatment with MG-132 effectively in-
creased the Oct4 protein level in ES cells, it had no effect on
the level of DNA Ligase IV in either ES cells or MEFs (Fig.
5D). Attempts to overexpress DNA Ligase IV by transfection
with a GFP-tagged Ligase IV cDNA resulted in rapid cell
death (Fig. 5E). To assess whether cell death is the result
of increased DNA Ligase IV activity, we generated a GFP-
tagged hypomorphic R278H Ligase IV variant found in
some patients with Ligase IV syndrome. Expression of this
variant is normal, but the protein has only 5%–10% of wild-
type enzymatic activity [37]. Like the wild-type cDNA,
transfection of ES cells with the R278H variant induces cell
death, indicating that either a very modest increase in
DNA Ligase IV activity can cause cell death, or that a
mechanism unrelated to its enzymatic activity is responsible
for lethality.

ES cells switch preferred DSB repair pathways
when they differentiate

Mouse ES cells predominantly utilize HRR to repair DNA
DSBs, whereas somatic cells utilize NHEJ. To ask whether
mouse ES cells switch from HRR to NHEJ to repair DSBs when
they differentiate into somatic cells, ES cells were induced to
differentiate by removal of LIF and culturing with all-trans
retinoic acid, which downregulates the LIF receptor [38]. When
the pDR-GFP plasmid was introduced into ES cells that had
been allowed to differentiate, the HRR activity was signifi-
cantly reduced to a level comparable to that seen in MEFs (Fig.
6B). Conversely, when pEGFP-PEM1-AD2 was linearized with
HindIII or I-SCE1 and transfected into ES cells that had been
allowed to differentiate, NHEJ activity was increased to a level
that was equal to or greater than that in MEFs (Fig. 6D). Con-
comitant with the increase in NHEJ activity, Ligase IV protein
level in differentiated ES cells was elevated to a level compa-
rable to that in MEFs (Fig. 6E), and presumably to a level not
tolerated by undifferentiated ES cells.

FIG. 5. DNA Ligase IV regulation in mouse ES cells. 129=Sv ES cells (A) or MEFs (B) were treated with 25mg=mL of
cycloheximide to block new protein synthesis or left untreated and harvested at the specified time points for Western blotting
with DNA Ligase IV antibody. b-actin served as a loading control. (C) RNA from untreated 129=Sv MEFs and ES cells was
isolated and subjected to semiquantitative PCR. Data are graphed as a ratio of DNA Ligase IV=Gapdh. (D) 129=Sv MEFs and
ES cells were treated with 30 mM of the proteasome inhibitor MG-132 or left untreated and harvested after 4 h. Western
blotting was performed using antibodies against DNA Ligase IV or Oct4 to demonstrate undifferentiated ES cells. b-actin
served as a loading control. (E) 129=Sv ES cells were transfected with GFP, GFP-DNA Ligase IV wild type, and GFP-DNA
Ligase IV hypomorphic mutant (R278H), and allowed to grow for 72 h. Nuclei were stained with Draq5. While large ES cell
colonies are visible in the vector-only-transfected cells, the GFP DNA Ligase IV wild-type and mutant-transfected cells were
much fewer in number. Scale bar¼ 100mm.
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Discussion

ES cells, like germ cells, are capable of differentiating into
all cell types of the body. It is critical, therefore, that they
have the capacity to repair DNA DSBs rapidly and with
minimal residual mutations. When DSBs are introduced, our
data demonstrate that ES cells predominantly utilize high-
fidelity HRR to repair the lesions rather than more error-
prone mechanisms such as NHEJ or MMEJ.

That HRR is the predominant form of DSB repair in mouse
ES cells is, perhaps, because a greater proportion of cells
occupy S-phase than they do in somatic cells. This interpre-
tation, however, does not account for the fact that NHEJ is
equally active in the S-phase of somatic cells [19,39,40] yet is
suppressed in ES cells. ES cells have rapid cell cycles with
abbreviated G1 and G2 phases [41]. Many proteins involved
in HRR are regulated by E2F and therefore express during S-
phase [42]. The absence of Rad51 and concomitant HRR ac-
tivity in Rad51 knockout mice produces very early lethality,
around the time of blastocyst development and formation of
the inner cell mass, the progenitors of ES cells [43,44]. In
contrast, knockouts for key components of the NHEJ ma-
chinery are lethal at much later embryonic stages, after the

inner cell mass cells would have differentiated [45–49]. In
aggregate, transcriptional regulation of genes involved with
HRR and the relative timing of fetal lethality in mouse em-
bryos lacking components of HRR and NHEJ is consistent
with the importance of HRR in the ES cell population. Fur-
ther investigation into the regulation of HRR proteins in ES
cells, however, revealed that the elevated levels observed
are not regulated by E2F-induced transcription alone (Sup-
plementary Fig. S1, available online at www.liebertonline
.com=scd), but rather by some other mechanism.

There is indirect evidence to support the contention that
repair of DSBs by HRR in ES cells is important for mainte-
nance of their genomic stability, and that NHEJ plays a lesser
role in these cells. On the one hand, mouse ES cells lacking
XRCC2, an integral component of HRR, display much higher
frequencies of chromosome fragmentation and rearrange-
ments than their wild-type counterparts. On the other hand,
absence of Ku70, a member of the NHEJ pathway, shows no
obvious increase in chromosome fragmentation in ES cells
[50]. Further support derives from the observation that ES
cells are unable to efficiently repair an integrated reporter
plasmid into which 2 double-strand cuts had been intro-
duced about 8.8 kb apart [51]. The reporter had no regions of

FIG. 6. Differentiated ES cell DSB repair patterns. ES cells were differentiated by treatment with ATRA. (A) Scatter dia-
grams of transiently transfected differentiated ES cells using vectors pCAGGS and pDR-GFP (A) or pEGFP-PEM1-AD2 (C).
(B) Flow cytometry quantitation of differentiated ES cell capacity to repair DSBs by HRR (B) or NHEJ (D) as compared with
MEFs or undifferentiated ES cells. Data accumulation and methodology is identical to that of Figs. 3B and 4B. (E) Whole-cell
lysates from MEFs, undifferentiated ES cells, or ATRA-treated ES cells were subjected to Western blotting using antibodies to
DNA Ligase IV, Oct4, and b-actin. DNA Ligase IV is increased in differentiated cells. Oct4 is still present in these cells,
suggesting that complete differentiation has not yet occurred. ATRA, all-trans retinoic acid.
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homology around the break sites requiring utilization of
NHEJ for repair rather than HRR. When a reporter with RAG
recognition sites was cleaved by RAG recombinase in ES
cells, 90% of the repair was reported to occur by NHEJ [52].
When I-SCE1 target sites and I-SCE1 enzyme were used to
introduce double-strand breaks in the same cells, NHEJ and
HRR were reported to occur at similar frequencies, sug-
gesting that the enzyme and the target sites used to intro-
duce DSBs can affect the choice of repair pathway. Others
have suggested that RAG recombinase may direct DSB re-
pair into the NHEJ pathway by a mechanism that is not
understood, and that affects overall NHEJ capacity in ES cells
[53]. Despite the confounding evidence presented by pref-
erential utilization of NHEJ in ES after introduction of RAG
recombinase, the preponderance of evidence argues that
under most conditions HHR is the preferred pathway for
DSB repair in ES cells.

NHEJ is the predominant pathway by which somatic cells
repair DSBs [54,55], and appears to be the predominant form
of repair regardless of cell cycle phase [19,39,40]. Our data
demonstrate that NHEJ activity is very low in ES cells, and
that the abundance of DNA Ligase IV is also low in these
cells. When induced to differentiate, its abundance increases,
as does NHEJ repair activity, suggesting that the amount of
available DNA Ligase IV may be a limiting factor in NHEJ
activity. Although low levels of DNA Ligase IV are sufficient
for fully functional NHEJ in Hela cells [56], its relative
abundance has not been directly compared with that found in
ES cells. Maintaining a low level of DNA Ligase IV is unlikely
to be the sole mechanism for regulating NHEJ, since this
enzyme is also regulated by phosphorylation by DNA-PKCS

[57], which also is expressed at low levels in murine ES cells
[25]. It appears that an alternative function other than actual
ligase activity, or perhaps the DNA Ligase IV protein struc-
ture itself, plays a role in promoting ES cell death by an un-
known mechanism. This possibility is supported by the
finding that ectopic expression of a hypomorphic mutant also
leads to cell death and is not inconsistent with other DNA
repair pathway proteins playing roles in apoptosis [58–60].

While DNA Ligase IV expression remains low in undif-
ferentiated ES cells, the Ku proteins are elevated when
compared with MEFs (Fig. 2B). At least 1 report has con-
firmed this observation and also described a reduction in the
Ku protein levels when ES cells were induced to differentiate
[25]. The rationale for the elevated Ku protein in ES cells,
which exhibit low NHEJ capacity, likely stems from roles for
Ku proteins other than NHEJ. Ku proteins localize to telo-
meres and have been reported to prevent end-to-end chro-
mosome fusions by suppressing homologous recombination
in the t-loop, which is similar in structure to the d-loop in-
termediate formed during homologous recombination [61–
63]. Thus, the elevated level of Ku proteins found in ES cells
may reflect a mechanism to minimize mutation by sup-
pressing inappropriate homologous recombination at spe-
cific sites of the chromosome, rather than functioning in
NHEJ. Further, Ku proteins are also involved in DNA rep-
lication [64–68], and their elevation in ES cells is consistent
with the notion that ES cells spend a large proportion of their
cell cycles in S-phase.

A third but minor pathway for repairing DSBs is MMEJ,
which provides an alternative to NHEJ (reviewed in ref. [20])
and remains poorly understood. For example, Ku70 has been

implicated in blocking MMEJ in yeast [69], whereas Ku80
appears to promote MMEJ in chinese hampster ovary (CHO)
cells [70]. Although these disparate observations are from
very different systems, they are, nevertheless, perplexing
since Ku70 and Ku80 normally heterodimerize when pro-
moting NHEJ [71]. Since the levels of proteins involved in
MMEJ that were assessed are elevated in ES cells compared
with MEFs, we anticipated that MMEJ activity would also be
elevated. Although ES cells can utilize MMEJ to repair DSBs,
the level of activity is not commensurate with the elevated
protein levels. It should be noted that many of the proteins
involved in MMEJ also participate in base excision repair
(BER), which is very active in ES cells and which may ac-
count for the high level of these proteins [13].

The finding that ES cells utilize high fidelity HRR to repair
DSBs and that somatic cells predominantly utilize error-
prone NHEJ is consistent with the observation that somatic
cells accumulate an increased mutational burden as a func-
tion of age [72–74]. The switch from HRR to NHEJ when ES
cells are induced to differentiate further supports the prop-
osition that mouse ES cells have multiple mechanisms to
preserve the integrity of their genomes that are lost as they
become somatic cells. The consequent accumulation of mu-
tations raises concerns regarding the potential therapeutic
use of induced pluripotent stem cells derived from adult
somatic cells with acquired mutations. Use of somatic cells
from early postnatal individuals or from cord blood might
therefore be more advantageous. It will also be informative
to see if induced pluripotent stem cells revert to HRR as the
predominant DSB pathway or if they retain NHEJ as the
preferred mechanism.
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