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Abstract

Nonhomologous end joining is one of the major pathways by which cells repair double-strand breaks, and the XRCC4–DNA ligase
IV complex is required for the ligation step. To better understand the regulation and stability of XRCC4 and DNA ligase IV, we inves-
tigated the ubiquitination status of these two proteins. We identified a predominantly monoubiquitinated form of XRCC4, and higher
molecular weight forms of ubiquitinated XRCC4 were detected in lower abundance. In response to etoposide-induced DNA damage,
ubiquitinated XRCC4 became more pronounced and was additionally phosphorylated. We confirmed that DNA ligase IV is unstable
in the absence of XRCC4, with a half-life of approximately 30–90 min. Unlike XRCC4, we did not detect ubiquitinated forms of
DNA ligase IV, and we found that the presence of XRCC4 stabilized DNA ligase IV more significantly than proteasome inhibitors.
Monoubiquitination of XRCC4 may play a critical role in the regulation of nonhomologous end joining.
� 2006 Elsevier Inc. All rights reserved.

Keywords: XRCC4; Ubiquitin; Nonhomologous end joining; DNA ligase IV; DNA repair
The nonhomologous end joining (NHEJ) DNA repair
pathway is a major pathway of double-strand break repair
in mammalian cells. Proteins involved in the NHEJ path-
way include DNA-dependent protein kinase catalytic sub-
unit (DNA-PKcs), Ku70, Ku80, XRCC4, and DNA
ligase IV (Lig4) [1]. Many of the NHEJ proteins are also
essential for the lymphocyte process of V(D)J recombina-
tion. XRCC4 and Lig4 are critical components of both
pathways and, as such, are often the focus of investigation
to better understand their regulation and interactions.

XRCC4 is a nuclear phosphoprotein that has a core
functional domain consisting of amino acids 18–204 [2,3].
XRCC4 is constitutively phosphorylated, and in response
to irradiation, is further phosphorylated in a DNA-PK-de-
pendent process [4,5]. Lig4 protein forms a tight complex
with XRCC4 [6], with stoichiometric analyses suggesting
a 2:1 XRCC4–Lig4 complex [7,8]. XRCC4 has been shown
to stimulate Lig4 activity [9] and is required to stabilize
Lig4 [10]. XRCC4 and Lig4 are essential for genomic sta-
bility, with a deficiency in either XRCC4 or Lig4 resulting
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in premature senescence, ionizing radiation sensitivity, and
defective V(D)J recombination. Mice deficient in either
protein also exhibit embryonic lethality and defective neu-
rogenesis [11,12]. In addition, clinical reports of Lig4 syn-
drome have described a rare autosomal recessive
condition caused by mutations in the Lig4 gene, character-
ized by microcephaly, growth retardation, developmental
delay, and immunodeficiency [13].

Lig4 has been shown to be unstable in the absence of
XRCC4, with XRCC4 stabilizing Lig4 at the protein level,
rather than affecting gene expression [10]. Lig4 stability is
also affected by DNA-PK-dependent phosphorylation
[14]. The mechanism by which XRCC4 facilitates Lig4 sta-
bility has not been determined. Controlled protein degra-
dation of one or both proteins would be an efficient
mechanism through which NHEJ and V(D)J recombina-
tion could be tightly regulated.

Proteasome-dependent degradation is a major mecha-
nism for targeted protein degradation and involves a cas-
cade of enzymatic reactions, leading to the covalent
attachment of ubiquitin via internal lysine residues or at
the N-terminus of target proteins [15]. Polyubiquitin
chains, classically linked via lysine 48 of ubiquitin, are
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recognized by proteasomes located throughout the cell.
The ubiquitinated protein is then hydrolyzed and free ubiq-
uitin regenerated. As one of the major pathways of protein
degradation, we have investigated the involvement of ubiq-
uitin-dependent degradation in Lig4 regulation.

Modification of proteins by ubiquitin does not exclu-
sively lead to targeted protein degradation, because ubiqui-
tination can play a regulatory role. Instead of modification
by polyubiquitin chains, proteins can be monoubiquitinat-
ed at single or multiple sites. Also, the polyubiquitin chains
can be linked via lysines in ubiquitin other than lysine 48.
Multiple regulatory roles for ubiquitin modifications have
been demonstrated, including nuclear trafficking, kinase
activation, endocytosis, and histone regulation [16].

The involvement of ubiquitin in DNA repair processes is
well documented. For example, Fanconi Anemia D2 pro-
tein (FANCD2) monoubiquitination is associated with its
localization to nuclear foci following DNA damage, along
with other DNA repair factors [17]. In this study, we exam-
ined the ubiquitination status of XRCC4 and Lig4 to deter-
mine whether ubiquitin is involved in the regulation of the
XRCC4–Lig4 complex.

Experimental procedures

Plasmids. C-terminal FLAG-tagged mouse XRCC4 (pCMV-Tag4-
mXRCC4) was derived from EcoRI/XhoI digestion of pcDNAI.MXR [11]
and ligation into pCMV-Tag4a (Stratagene). N-terminal FLAG-tagged
mouse Lig4 (pYW315) was derived from mouse Lig4 in pcDNA3 [12],
followed by digestion with NheI and XhoI to recover the C-terminal
domain. The N-terminal region was PCR amplified before ligation into
pCMV-Tag2A (Stratagene). C-terminal histidine (His)-tagged human
XRCC4 (pYW101) was derived by XbaI/XhoI digestion of pBMM42
(pET28a-hXRCC4) [18] and ligation into pcDNA3.1/Hygro (�) (Invit-
rogen). The C-terminal HA-tagged human XRCC4 construct (pKF134)
was derived from pYW101 by insertion of a HindIII/XhoI PCR fragment
and a double-stranded oligonucleotide containing the HA tag. The N-
terminal FLAG-tagged human Lig4 construct (pCN220) was derived from
pDR119 [18] by blunting an XhoI/NcoI insert and ligating into pCMV-
Tag2A (Stratagene), followed by insertion of a PCR fragment containing a
FLAG tag. All constructs were sequenced. These plasmids were kindly
provided: pBMM42 [18] from Martin Gellert, pDR119 [18] from Mauro
Modesti, the hemagglutinin (HA)-tagged ubiquitin expression construct,
pMT123 (HA-Ub) [19], from Dirk Bohmann, the FLAG-tagged SGK
construct (SGK-1-FLAG) [20] from Suzanne Conzen, and the FLAG-
tagged ubiquitin construct (pCMV10-3xFLAG-ubiquitin) [21] from Jef-
frey Benovic.

Cell culture. XR-1 cells (defective in XRCC4) were cultured in F12K
media (Cellgro) with 10% fetal calf serum (FCS), 1% glutamine, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, 1 mM sodium pyruvate, 20 lM
HEPES, 0.1 mM nonessential amino acids (Invitrogen), and 50 lM b-
mercaptoethanol. MCF7 cells were cultured in minimum essential media
Eagle’s media (Invitrogen) with 10% FCS, glutamine, and penicillin/
streptomycin. Human embryonic kidney (HEK) 293 T cells were cultured
in Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% FCS, glu-
tamine, and penicillin/streptomycin.

Cells were treated with ammonium chloride (2.5 mM), chloroquine
(100 lM), lactacystin (10 lM), MG132 (Boronic) (1–10 lM), N-acetyl-leu-
leu-norleu-al (ALLN) (50 lM), or N-acetyl-leu-leu-met-al (ALLM)
(50 lM) (Sigma) for 8 h. Cells were treated with etoposide (75–100 lM)
(MP Biomedicals) as indicated.

In vivo ubiquitination assays. Constructs were transfected using Lipo-
fectin (Invitrogen) or Fugene6 (Roche). Protease inhibitors were added 8 h
prior to harvesting. Etoposide was added for the indicated time periods
prior to harvesting. After a 48 h incubation, cells were harvested on ice
and washed in cold phosphate-buffered saline (PBS). Cells were lysed in
Tris lysis buffer (50 mM Tris, pH 7.5, 120 mM NaCl, 2% Triton X-100
(Fisher), and 10 mM EDTA) containing 1% NP-40 and protease inhibi-
tors. After centrifugation, lysates were precleared with isotype specific
immunoglobulins and protein A–agarose (Invitrogen). Immunoprecipita-
tion was carried out with equal amounts of protein as determined by the
Bradford assay. FLAG-tagged proteins were immunoprecipitated with
either mouse IgG (Sigma) or mouse anti-FLAG M2-conjugated agarose
(Sigma). HA-human XRCC4 was immunoprecipitated with rabbit poly-
clonal anti-XRCC4 antibody (Serotec) and subsequent incubation with
protein A–agarose. Following extensive washing with Tris lysis buffer
containing 0.1% SDS and protease inhibitors and a final wash with cold
PBS, immunoprecipitates were eluted by boiling 5 min in loading buffer.
Phosphatase treatments were carried out following immunoprecipitation
and washing. Beads were incubated with 400 U (Fig. 2) or 800 U (Fig. 3)
Lambda Protein Phosphatase (k-PPase) (New England Biolabs) in 1 · k-
PPase buffer (50 mM Tris–HCl, 0.1 mM Na2EDTA, 5 mM dithiothreitol,
and 0.01% Brij 35, pH 7.5) with 2 mM MnCl2, 10 lg/ml aprotinin, 10 lg/
ml leupeptin, 0.5 mM PMSF, and 1 mM benzamidine for 1 h at 30 �C.
Beads were then washed with cold PBS and eluted as described above.

MCF7 cells were lysed in NET lysis buffer (50 mM Tris–HCl (Fisher)
pH 7.5, 120 mM NaCl (Fisher), 0.5% v/v NP-40 (USB), 5 mM EDTA
(Fisher)), containing 1 lg/ml aprotinin (Sigma), 1 mM phen-
ylmethylsulfanyl fluoride (PMSF) (MP Biomedicals), 1 lg/ml leupeptin
(Sigma), 1 mM benzamidine (Sigma), 25 mM sodium fluoride (Sigma),
50 lM ALLN, and ALLM.

Antibodies and immunological methods. Antibodies used for immuno-
blotting: anti-HA-horseradish peroxidase (HRP) (Roche; Clone 3F10)
1:500 or 1:1000, anti-FLAG-HRP (Sigma) 1:500 or 1:1000, monoclonal
anti-p53 (Calbiochem; Ab6 DO1) 1:300, monoclonal anti-poly-ADP
ribose polymerase (PARP-1) (Serotec) 1:500, monoclonal anti-b-actin
(Sigma; Clone AC-15) 1:2000, polyclonal anti-XRCC4 (Serotec; AHP387)
1:1000, monoclonal anti-Lamin B (Oncogene Research Products; Clone
Ab-1) 1:500.

Cycloheximide mediated block of novel protein synthesis. XR-1 cells
were transfected with FLAG-mouse Lig4 or cotransfected with FLAG-
mouse XRCC4. HEK 293T cells were transfected with FLAG-tagged
human Lig4 or cotransfected with His-tagged human XRCC4. Following
a 48 h incubation period, cells were treated with 25–50 lg/ml cyclohexi-
mide (CHX), harvested at indicated timepoints, and protein levels were
analyzed by immunoblotting or immunoprecipitation followed by immu-
noblotting. If protease inhibitors were used, cells were pretreated with
inhibitor for 1 h prior to addition of CHX. Cells were then incubated in
the presence of both CHX and the inhibitor, and harvested as described.

Pulse-chase labelling of cells. XR-1 cells were transfected with FLAG-
mouse Lig4 or cotransfected FLAG-mouse XRCC4. Following a 48 h
incubation period, cells were starved for 1 h in methionine/cysteine free
media (Invitrogen) and pulse-labelled with 200 lCi/ml [35S]methionine/
cysteine mix (Redivue-promix, Amersham) for 2 h. Cells were washed and
chased in complete media, supplemented with 2 mM methionine and
cysteine. Cells were harvested at indicated timepoints, lysed, and immu-
noprecipitated with FLAG-conjugated agarose. Precipitates were resolved
by SDS–PAGE and visualization of XRCC4 and Lig4 carried out by
autoradiography.

Results

Exogenously expressed XRCC4 is monoubiquitinated

To analyze XRCC4 ubiquitination, a FLAG-tagged
mouse XRCC4 construct and an HA-ubiquitin construct
were expressed in XR-1 cells. XRCC4 was immunoprecip-
itated and analyzed for ubiquitin conjugation by immuno-
blotting with anti-HA antibody. As shown in Fig. 1A,



Fig. 1. Monoubiquitinated and higher-molecular weight ubiquitinated forms of XRCC4 are detected in cells expressing exogenous XRCC4. C-terminal
FLAG-tagged mouse XRCC4 (FLAG-X4) or FLAG vector (FLAG-vec) were transfected into XR-1 cells, or cotransfected with an HA-tagged ubiquitin
expression vector (HA-Ub). XRCC4 was immunoprecipitated with FLAG-conjugated agarose (A) and mouse IgG (mIgG) was used as an isotype control
(B). After SDS–PAGE and Western blotting, ubiquitinated proteins were visualized with anti-HA antibody (IB anti-HA) (lane 4, A). The 50 kDa band in
lanes 3 and 4 (A) is due to cross-reaction of the HA antibody with immunoprecipitated protein (marked by an asterisk). However, the higher-molecular
weight forms generate a specific signal, only detected when XRCC4 is immunoprecipitated from cells transfected with HA-Ub. The monoubiquitinated
form of XRCC4 is the most prominent band and is marked by an arrow (A). Successful XRCC4 immunoprecipitation was confirmed by Western blot
analysis of immunoprecipitates using anti-FLAG antibody (IB anti-FLAG) (C). IB, immunoblot; IP, immunoprecipitation; X4, XRCC4. Results have
been confirmed in more than six independent experiments.
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mouse XRCC4 was specifically ubiquitinated. Specific
immunoprecipitation was confirmed by the presence of iso-
type controls (Fig. 1B). The prominent modified form of
XRCC4 is consistent in size with monoubiquitinated
XRCC4. In addition, several higher molecular weight
forms were detected. Similar experiments in HEK 293T,
HeLa, and MCF7 cells using His-tagged human XRCC4
also identified ubiquitinated XRCC4 (data not shown).
While ubiquitinated forms of XRCC4 were identified with
anti-HA antibody, direct visualization of XRCC4 with
anti-FLAG antisera detected only unmodified XRCC4
(Fig. 1C). The HA detection is more sensitive than the
FLAG detection by more than 100-fold (data not shown),
so XRCC4 was also tagged with HA, as discussed later, to
demonstrate that the ubiquitinated protein is XRCC4. The
identification of a monoubiquitinated form of XRCC4 sug-
gests that ubiquitin may be involved in the regulation of
XRCC4.

DNA damage induces XRCC4 ubiquitination

We investigated XRCC4 ubiquitination following DNA
damage, because XRCC4 is a component of the NHEJ
DNA repair complex. HEK 293T cells transfected with
His-tagged human XRCC4 and HA-tagged ubiquitin were
treated with etoposide for 0, 8, 16, and 24 h prior to har-
vesting. Samples were immunoprecipitated with anti-
XRCC4 sera, then analyzed by immunoblotting with
anti-HA sera to detect ubiquitinated XRCC4, and with
anti-His sera to confirm XRCC4 immunoprecipitation
(Fig. 2A). As etoposide treatment lengthens, ubiquitinated
XRCC4 was detected with increasing intensity (Fig. 2A,
upper left panel). An additional form of ubiquitinated
XRCC4 was also detected (Fig. 2A, upper left panel, lane
3 compared to lane 6). This correlates with a shift in
XRCC4 (Fig. 2A, lower left panel), which is likely medi-
ated by DNA damage-induced phosphorylation of XRCC4
[4]. Although the ubiquitinated form of the protein was not
visible in the exposure shown in the lower panel after anti-
His antibody detection in this specific time-course experi-
ment, we have observed the ubiquitinated form of XRCC4
using anti-His detection of the His-tagged XRCC4 protein
and anti-HA detection of HA-tagged XRCC4 in multiple
experiments (data not shown and Fig. 3).

Immunoprecipitation input (IP input) from each sample
was analyzed by Western blotting with anti-HA, anti-
PARP-1, anti-XRCC4, and anti-b-actin antibodies
(Fig. 2B). HA detection confirmed equal ubiquitin expres-
sion in all samples, with b-actin used as a further loading
control. PARP-1 cleavage, mediated by caspase-3, is an
early marker of apoptosis. Anti-XRCC4 antibody was used
to determine equal expression of XRCC4 in transfected
cells and to monitor XRCC4 cleavage [4]. Etoposide treat-
ment for 24 h resulted in minimal PARP-1 and XRCC4
cleavage (Fig. 2B), indicating that the majority of cells
are not undergoing apoptosis but are still in a repair phase.



Fig. 2. DNA damage enhances XRCC4 ubiquitination, in combination with phosphorylation of XRCC4. HEK 293T cells transfected with HA-tagged
ubiquitin (HA-Ub) and human His-XRCC4 (His-X4) expression constructs were treated with etoposide for the indicated number of hours (HRS Etop).
(A) Samples were immunoprecipitated with anti-XRCC4 antisera and then treated with phosphatase (plus PPase). Control samples were mock treated.
Following SDS–PAGE, ubiquitinated proteins were detected by immunoblotting with anti-HA antibody, and XRCC4 immunoprecipitation was
confirmed by immunoblotting with anti-His antisera. Arrows indicate constitutively expressed XRCC4, and higher molecular weight XRCC4 that has
been modified following DNA damage. Etoposide-mediated induction of XRCC4 ubiquitination has been confirmed in more than 10 independent
experiments and phosphatase experiments were performed more than four times. (B) Controls for DNA damage response: Lysates (IP input) were
analyzed by Western blotting for HA (Ub), PARP-1, XRCC4, and b-actin expression. Full-length PARP-1 and XRCC4 are indicated by the solid arrows,
while cleaved proteins are indicated by broken arrows.
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These results clearly indicate that XRCC4 ubiquitination is
enhanced following etoposide treatment.

Phosphorylated XRCC4 induced by DNA damage is

ubiquitinated

To determine if ubiquitinated XRCC4 is also phosphor-
ylated, we carried out DNA damaging treatments as
described above, but with an additional step of phospha-
tase treatment following immunoprecipitation (Fig. 2A,
right-hand panels). We confirmed that etoposide treatment
leads to the phosphorylation of XRCC4. With increasing
duration of drug treatment, there was a clear shift in
XRCC4, with two forms detected (Fig. 2A, lower left pan-
el). After phosphatase treatment, however, XRCC4
resolved as a single band on SDS–PAGE, confirming that
this was a phosphorylation modification (lower right pan-
el). XRCC4 is constitutively phosphorylated [5,22] and as
a result, this dephosphorylated XRCC4 migrates slightly
below XRCC4 that has not undergone phosphatase treat-
ment. Ubiquitinated XRCC4 becomes more prominent fol-
lowing DNA damage, with an additional species identified
(Fig. 2A, upper left panel). Phosphatase treatment con-
firmed that this additional form was both ubiquitinated
and phosphorylated, since after phosphatase treatment it
was not detected (Fig. 2A, upper right panel). Monoubiq-
uitinated XRCC4 and a second ubiquitinated form of
XRCC4 were still detected following phosphatase treat-
ment. We have shown that XRCC4 is both phosphorylated
and ubiquitinated following etoposide-induced DNA dam-
age. Further studies will be needed to determine if ubiqui-
tination is dependent on the phosphorylation state of
XRCC4.

Endogenous XRCC4 is ubiquitinated

To demonstrate that the ubiquitinated protein that we
observed is indeed XRCC4 and not another protein of sim-
ilar size that coimmunoprecipitated with XRCC4, we gen-
erated an HA-tagged XRCC4 to be used along with a
FLAG-tagged ubiquitin construct. We transfected
HEK293T cells with expression constructs for HA-tagged
XRCC4, FLAG-tagged ubiquitin, or both. The cells were
then treated with etoposide for 24 h or mock treated, fol-
lowed by immunoprecipitation. The results demonstrate
multiple critical points. First, the effect of etoposide treat-
ment was again observed as shown in Fig. 3B, lane 4 com-
pared to lane 2, or Figs. 3B and C, lane 8 compared to lane
6. The second point from this experiment is that the ubiq-
uitinated XRCC4 was clearly seen with HA detection as
shown in Fig. 3B, lanes 2–5, and lanes 8 and 9. Because
XRCC4 is known to be a highly phosphorylated protein
that is further phosphorylated in response to DNA dam-
age, it was critical to demonstrate that the bands that we
attributed to ubiquitinated forms of XRCC4 were not sim-
ply phosphorylated forms of the protein. As shown in
Fig. 3B, lanes 3, 5, and 9, the band was still present after
phosphatase treatment. The ubiquitinated form of XRCC4
was apparent in sample number 7 even without immuno-
precipitation (Fig. 3D, lane 5). We were also able to detect
the ubiquitinated form of HA-tagged XRCC4 in cells that
contained only endogenous ubiquitin (Fig. 3B, lanes 2–5).



Fig. 3. Endogenous XRCC4 is monoubiquitinated. HEK 293T cells were transfected with expression plasmids for human HA-tagged XRCC4, FLAG-
tagged ubiquitin, or both. After a 24 h incubation, cells were treated with etoposide (Etop) for 24 h or mock treated. All samples were immunoprecipitated
with anti-XRCC4 antisera and then treated with phosphatase (sample numbers marked with an asterisk) or mock treated. After SDS–PAGE analysis,
Western blots were analyzed with anti-HA (A,B) or anti-FLAG (C) antisera. Samples are numbered 1–7 consistently for (A–F). (A) A short exposure is
shown to demonstrate the effect of phosphatase treatment on phosphorylated XRCC4. (B) A longer exposure of the same blot is shown to demonstrate the
detection of monoubiquitinated XRCC4 after immunoblotting for HA, a method that detects the XRCC4 protein. (C) Detection of monoubiquitinated
XRCC4 after immunoblotting for FLAG, a method that detects ubiquitin. The ubiquitinated XRCC4 protein band is slightly reduced in size by PPase
treatment, but the bands have a higher molecular weight than those of dephosphorylated and nonubiquitinated XRCC4. The effect of etoposide treatment
is most clearly seen in lanes 8 and 9 of C. Samples 4 and 5 do not contain exogenous ubiquitin, so the HA-tagged XRCC4 is ubiquitinated with
endogenous ubiquitin as demonstrated in lanes 2–5 of (B). (D) The ubiquitinated XRCC4 in sample 7, which was treated with etoposide is abundant
enough to see in the cell lysate, and did not require immunoprecipitation as shown in lane 5. (E) Endogenous XRCC4 was demonstrated to be
ubiquitinated in samples 2 and 3 in lanes 2–5. The effect of etoposide treatment on endogenous XRCC4 ubiquitination is evident in lanes 4–5 compared to
lanes 2–3. Immunoprecipitation experiments using rabbit IgG confirmed the specificity of the signal. (F) Equal volume of precleared cell lysates was
examined by immunoblotting for Lamin B as a loading control. Ig Hvy chain; Immunoglobulin heavy chain. Results were confirmed in more than three
independent experiments.
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While we have clearly seen ubiquitinated forms of
XRCC4 with both mouse and human proteins, using
FLAG-tagged, HA-tagged, and His-tagged XRCC4 in
combination with either HA-tagged or FLAG-tagged ubiq-
uitin, the XRCC4 protein was overexpressed in those
experiments. To determine if endogenous XRCC4 is
ubiquitinated, we transfected cells with only the ubiquitin
construct and used anti-XRCC4 antisera to immunopre-
cipitate endogenous protein. The third point of this exper-
iment is that endogenous XRCC4 was indeed ubiquitinated
as shown in Fig. 3E in untreated cells (lanes 2 and 3). The
ubiquitination was enhanced in etoposide-treated cells
(Fig. 3E, lanes 4 and 5). Immunoprecipitation experiments
using rabbit IgG as a control were performed to confirm
the specificity of the endogenous XRCC4-ubiquitin signal
(data not shown).
In summary, we detect a monoubiquitinated form of
XRCC4 and clearly show that the result we observed was
not due to a protein that coimmunoprecipitated with
XRCC4. In addition, the ubiquitinated form of XRCC4
was observed in cells containing endogenous levels of both
XRCC4 and Lig4, and etoposide treatment increased the
ubiquitination of the endogenous XRCC4 protein.

XRCC4 is critical for Lig4 stability

We next investigated whether Lig4 instability, in the
absence of XRCC4, was due to ubiquitin targeting Lig4
for degradation via the proteasome pathway. FLAG-
mouse Lig4 was coexpressed with HA-Ub, in the presence
or absence of XRCC4, in XR-1 cells. We did not see a clear
signal for Lig4 ubiquitination, either in the presence or



Fig. 4. The presence of XRCC4 is critical for Lig4 stability. (A) XR-1 cells transfected with indicated combinations of HA-Ub, FLAG-tagged mouse
XRCC4 (FLAG-X4), FLAG-tagged mouse Lig4 (FLAG-L4), and FLAG-vector were treated with vehicle control (C), MG132 (M) or ALLN (A) for 8 h.
FLAG-conjugated agarose was used to immunoprecipitate Lig4 and XRCC4. Following SDS–PAGE, blots were visualized using anti-HA antibody
(upper panels). Successful immunoprecipitation of XRCC4 and Lig4 was confirmed using anti-FLAG antibody (lower panel). Results were confirmed in
more than three independent experiments. (B) Control for effective proteasome inhibition. Lysates from MCF7 cells treated in parallel with MG132 and
ALLN were analyzed for p53 and b-actin expression.
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absence of XRCC4. XRCC4 and Lig4 expression was con-
firmed by immunoblotting anti-FLAG (Fig. 4, lower pan-
els). The absence of XRCC4 in XR-1 cells resulted in
decreased Lig4 protein, but this was not accompanied by
detection of ubiquitinated Lig4. XR-1 cells transfected with
HA-Ub alone (Fig. 4A, lanes 1 and 10), and FLAG-vector
plus HA-Ub (Fig. 4A, lane 12) were both negative for ubiq-
uitin detection after immunoprecipitation, as expected.
FLAG-XRCC4 plus HA-Ub was also transfected
(Fig. 4A, lane 11), providing a positive control in this
experiment, as shown by the detection of ubiquitinated
XRCC4 (Fig. 4A, upper panel, lane 11). In addition,
human Lig4 has been expressed in HEK 293T cells and,
again, no clear Lig4 ubiquitination signal was detected
(data not shown).

It is possible that ubiquitinated Lig4 is present, but
below the level of detection of this assay. However, inhibi-
tion of the proteasome would be expected to result in the
accumulation of ubiquitinated species. We have therefore
investigated Lig4 ubiquitination following treatment with
two different proteasome inhibitors MG132 and ALLN.
XR-1 cells transfected as described above were treated with
MG132 or ALLN for 8 h prior to harvesting. After immu-
noprecipitation, samples were analyzed by immunoblotting
with anti-HA and anti-FLAG sera (Fig. 4A). There was a
significant increase in non-specific ubiquitin detection after
treatment with MG132 (Fig. 4A, upper panel, lane 2). The
increase in ubiquitin in samples where Lig4 was expressed
(Fig. 4A, upper panel, lanes 5, 8, and 14) did not, therefore,
appear to be above background levels. Furthermore, Lig4
ubiquitination was not detected after treatment with
ALLN (lanes 6, 9, and 15). These data indicate that either
Lig4 is not significantly ubiquitinated in the cell, or that the
level of ubiquitinated Lig4 present, even in the presence of
proteasome inhibitors, is below the level of detection in this
assay. Increased Lig4 expression was detected when
XRCC4 was coexpressed. However, use of the inhibitors
had no visible effect on the levels of Lig4 or XRCC4
expressed. As a control, p53 levels were monitored in
extracts prepared fromMCF7 cells, which had been treated
in parallel with MG132 or ALLN. p53 has a half-life of
approx 20–30 min [23]. Lysates were prepared and ana-
lyzed for p53 and b-actin expression (Fig. 4B), with p53
clearly stabilized by both inhibitors.

XRCC4 is a stable protein and Lig4 is unstable in the

absence of XRCC4

While it has been reported that XRCC4 stabilizes Lig4,
and is thought to stabilize it at the protein level [10], the
kinetics of protein turnover have not been established, so
we performed half-life assays. After transient transfection
of constructs encoding XRCC4 and Lig4, cells were treated
with CHX to prevent new protein synthesis, and harvested
at time intervals up to 24 h following CHX addition.
XRCC4 was stable over the 24 h period. Lig4, in the pres-
ence of XRCC4, was stable over these timepoints (Fig. 5A,
lower panel), but in the absence of XRCC4, Lig4 had a
half-life of approximately 30–90 min (Fig. 5A, upper pan-
el). Classic pulse-chase analyses (Fig. 5B) were in agree-
ment with CHX experiments, demonstrating a reduced
half-life of Lig4 in the absence of XRCC4.



Fig. 5. Lig4 is unstable in the absence of XRCC4, with a reduced half-life.
(A) Half-life of Lig4 and XRCC4 determined by cycloheximide (CHX)
treatment. XR-1 cells were transfected with either FLAG-tagged mouse
Lig4 (FLAG-L4) (upper panel) or cotransfected with FLAG-tagged Lig4
and FLAG-tagged mouse XRCC4 (FLAG-X4) (lower panel). After a 48 h
incubation, cells were treated with CHX for the indicated times and lysates
were immunoprecipitated with FLAG-conjugated agarose. Equal
amounts of protein, as determined by Bradford assay, were used per
timepoint. Precipitates were then analyzed by SDS–PAGE, and both
XRCC4 and Lig4 were detected by immunoblotting using anti-FLAG
antibodies. Untransfected cells (lane labelled XR-1) underwent the same
procedure as a control for immunoprecipitation specificity. Three inde-
pendent experiments were performed. (B) Half-life of Lig4 and XRCC4
determined by 35S pulse-chase experiment. XR-1 cells were transiently
transfected with either FLAG-tagged mouse Lig4 (FLAG-L4) (upper
panel) or cotransfected with FLAG-tagged mouse Lig4 and FLAG-tagged
mouse XRCC4 (FLAG-X4) (lower panel). Approximately 48 h following
transfection, cells underwent pulse-chase labelling. Cells were harvested at
the indicated timepoints and then immunoprecipitated with FLAG-
conjugated agarose. Precipitates were resolved by SDS–PAGE, and
XRCC4 and Lig4 were visualized by autoradiography. Untransfected
XR-1 cells served as a control (lane labelled XR-1, upper and lower
panels).

Fig. 6. Effect of XRCC4 on Lig4 half-life is greater than effect of
proteasome inhibitor MG132. Only a slight increase in Lig4 stability was
observed after inhibition of the proteasome with MG132 compared to the
strong effect of the presence of XRCC4. HEK 293T cells were transfected
with FLAG-tagged human Lig4, alone (A) or in combination with His-
tagged human XRCC4 (B). After 48 h, cells were treated with cyclohex-
imide (CHX). In parallel, cells were pretreated with the proteasome
inhibitor MG132 for 1 h before addition of CHX. Cells were harvested at
the indicated timepoints, then lysates were separated by SDS–PAGE gel
and analyzed for Lig4. Lamin B served as a loading control. The top panel
of (A) and the top panel of (B) were developed together on the same film
for equal exposure times and comparison of levels. Likewise, the bottom
panel of (A) and the bottom panel of (B) were developed together on the
same film. The short-lived protein serum and glucocorticoid-induced
protein kinase (SGK), which is known to be stabilized by the MG132
inhibitor was used as a control. HEK 293T cells were transfected with a
FLAG-tagged SGK expression construct and the cells were then treated as
described above. Equal volumes of cell lysates were run on two separate
gels, followed by Western blot analysis for SGK or Lamin B. Results were
confirmed in more than three independent experiments. These experiments
were also performed in XR-1 cells, which lack functional XRCC4, and
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We also used MG132 in CHX half-life experiments.
MG132 had a slight effect on the stability of Lig4 (Fig. 6),
but the effect of XRCC4 on Lig4 stability was greater than
the effect of MG132. HEK 293T cells were transfected with
FLAG-tagged human Lig4, alone (Fig. 6A) or with His-
tagged XRCC4 (Fig. 6B). After a 48 h incubation, cells were
treated with CHX to follow protein turnover. In parallel,
cells were pretreated with MG132 for 1 h before addition
of CHX. Cells were harvested at the indicated timepoints
and lysates examined forLig4. The short-lived protein serum
and glucocorticoid-induced protein kinase (SGK) [35],
which is known to be stabilized by the MG132 inhibitor,
was used as a control for this study to demonstrate the activ-
ity of the reagents (Fig. 6C) and for comparison with a pro-
tein that is clearly affected by proteasomal inhibition. This
protein half-life experiment was also performed using XR-
1 cells that do not express endogenousXRCC4, and identical
results were obtained.
identical results were obtained.



182 R.E. Foster et al. / Biochemical and Biophysical Research Communications 341 (2006) 175–183
XRCC4 stabilizes Lig4, but a series of protease inhibitors did

not visibly stabilize Lig4 in the absence of XRCC4

We investigated the effect of other protease inhibitors on
Lig4 stability. Cells expressing Lig4 in the presence or
absence of XRCC4 were treated with a panel of protease
inhibitors for 8 h. Inhibitors included the cathepsin inhibi-
tors ammonium chloride and chloroquine, the specific pro-
teasome inhibitor lactacystin, and the broad range
inhibitors ALLN (effective against proteasome, calpain,
and cathepsin degradation) and ALLM (effective against
calpain and cathepsin degradation). When Lig4 was
expressed in the absence of XRCC4 (Fig. 7, upper panel),
treatment with inhibitors did not stabilize the protein. In
the presence of XRCC4 (Fig. 7, middle panel), Lig4 protein
levels were significantly increased. Treatment with protea-
some-specific inhibitors also had no effect on XRCC4 pro-
tein expression, further suggesting that XRCC4
ubiquitination is not a degradation signal. Proteasome
inhibitors were effective as demonstrated by the ability to
stabilize p53 (Fig. 7, lower panel). p53 can also be degraded
by mechanisms other than the proteasome, thus there is
also increased p53 expression following treatment with
alternative inhibitors.
Fig. 7. The presence of XRCC4 has a greater effect on Lig4 stability than
inhibition of calpain, cathepsin, and proteasome-dependent degradation
pathways. XR-1 cells were transiently transfected with FLAG-mouse Lig4
(FLAG-L4) alone (upper panel) or cotransfected with FLAG-mouse Lig4
and FLAG-mouse XRCC4 (FLAG-X4) (middle panel). Approximately
48 h following transfection, cells were treated with proteasome inhibitors
for 8 h. Samples were immunoprecipitated with FLAG-agarose and
analyzed by SDS–PAGE. Immunoblotting with anti-FLAG antibody
detected XRCC4 and Lig4. MCF7 cells were treated with inhibitors,
lysates resolved by SDS–PAGE, and p53 detected by immunoblotting
(lower panel). All inhibitors were used in at least three independent
experiments, with similar results.
Discussion

Although ubiquitin is best known as a signal for protein
degradation, modification of proteins by ubiquitin has sig-
nificant regulatory functions as well [16]. Using multiple
constructs in several cell lines, we identified a monoubiqui-
tinated form of XRCC4. A relatively small proportion of
endogenous XRCC4 was ubiquitinated; however, there
was a significant increase in the amount of ubiquitinated
XRCC4 following etoposide treatment. Because XRCC4
is a stable protein, and monoubiquitination was the pre-
dominant modification identified, it is likely that XRCC4
ubiquitination has a non-proteasomal role. Additionally,
treatment with proteasome inhibitors did not lead to
XRCC4 protein accumulation, further supporting a non-
degradative signalling function for XRCC4 ubiquitination.

The interdependence of ubiquitination and phosphory-
lation has been reported in the literature [24,25]. XRCC4
is a known phosphoprotein, with additional phosphoryla-
tion occurring following DNA damage by irradiation [4].
It has not yet been examined if the ubiquitination of
XRCC4 is dependent on a specific phosphorylation state
of XRCC4 or if XRCC4 ubiquitination changes during
the cell cycle. It has been reported that XRCC4 and Lig4
are not uniformly in a tight complex throughout the cell
cycle [26], and we have observed cell-cycle-specific phos-
phorylation of XRCC4, independent of any DNA damage
(Y. Wang and K. Frank, unpublished observations), mak-
ing the possibility of a cell cycle effect on ubiquitination a
reasonable consideration. Our results regarding the stabil-
ity of Lig4 are consistent with those previously reported
[10], as we were able to detect only low amounts of Lig4
in the absence of XRCC4, even when we transiently over-
expressed the protein. We found no clear evidence of
Lig4 ubiquitination in the presence or absence of XRCC4
nor after proteasome inhibition. It is possible that ubiqui-
tinated Lig4 is eliminated rapidly, making it below the
detection limit of our system. Proteasome-specific inhibi-
tors were able to extend the Lig4 half-life slightly, but their
use did not result in the level of stabilization seen with
XRCC4 coexpression. Lig4 stability is affected by the phos-
phorylation state of the protein, and several additional
forms were detected when the phosphorylation site was
mutated [14], leading us to speculate that a specific protease
may be responsible for targeted degradation of Lig4.

In addition to phosphorylation and ubiquitination,
sumoylation affects multiple cellular processes including
transcription, nuclear transport, signal transduction, and
DNA repair [27]. Using the Abgent SUMOplot sumoyl-
aton calculator (http://abgent.com/tool/sumoplot), several
potential sumoylation sites were identified within XRCC4.
We speculate that XRCC4 may be regulated through
sumoylation in addition to monoubiquitination and
phosphorylation.

In summary, while investigating the regulation of the
XRCC4-Lig4 complex, we have identified a monoubiquiti-
nated form of XRCC4, as well as additional ubiquitinated

http://abgent.com/tool/sumoplot
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forms of XRCC4. Ubiquitination of XRCC4 is enhanced
following etoposide treatment, and DNA damage-induced
phosphorylated XRCC4 is also ubiquitinated. How exactly
phosphorylation and ubiquitination might connect to reg-
ulate XRCC4 function remains to be determined. Ubiqui-
tination of XRCC4 could affect a number of functions of
the protein, including the interaction with Lig4, the interac-
tion with other components of the nonhomologous end
joining pathway, the interaction of XRCC4 with DNA,
or the intracellular localization of XRCC4, specifically
the transportation of XRCC4 to DNA damage foci. In
addition, our investigations have demonstrated that
XRCC4 stabilizes Lig4 protein, extending its half-life, with
an effect that is more significant than that seen with protea-
some inhibitors. Future studies will include an examination
of the XRCC4 ubiquitination in response to other DNA
damaging agents and an investigation of the possible
sumoylation of XRCC4.
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