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The level of monoubiquitinated proliferating cell nuclear
antigen (PCNA) is closely linked with DNA damage bypass to
protect cells from a high level of mutagenesis. However, it
remains unclear how the level of monoubiquitinated PCNA is
regulated. Here, we demonstrate that human ELG1 protein,
which comprises an alternative replication factor C (RFC) com-
plex andplays an important role in preserving genomic stability,
as an interacting partner for theUSP1 (ubiquitin-specific prote-
ase 1)-UAF1 (USP1-associated factor 1) complex, a deubiquiti-
nating enzyme complex for PCNA and FANCD2. ELG1 protein
interacts with PCNAs that are localized at stalled replication
forks. ELG1 knockdown specifically resulted in an increase
in the level of PCNA monoubiquitination without affecting
the level of FANCD2 ubiquitination. It is a novel function of
ELG1 distinct from its role as an alternative RFC complex
because knockdowns of any other RFC subunits or other alter-
native RFCs did not affect PCNA monoubiquitination. Lastly,
we identified a highly conserved N-terminal domain in ELG1
that was responsible for the USP1-UAF1 interaction as well
as the activity to down-regulate PCNA monoubiquitination.
Taken together, ELG1 specifically directs USP1-UAF1 complex
for PCNA deubiquitination.

Proliferating cell nuclear antigen (PCNA)4 functions in DNA
replication, repair, and recombination as a sliding clamp for
various DNA replication polymerases and a scaffold for many
DNA repair and recombination enzymes (1). Various post-

translational modifications of PCNA, including ubiquitination,
sumoylation, or phosphorylation, determine its specific func-
tions (2, 3). PCNA ubiquitination directs different branches of
the postreplication repair (PRR) pathway (4). When a DNA
replication fork stalls at damaged DNA lesions, the ubiquitin
conjugation enzyme, RAD6, and the ubiquitin ligase, RAD18,
monoubiquitinate lysine 164 of PCNA (5). Monoubiquitinated
PCNA recruits translesion synthesis (TLS) polymerases, which
can insert a base opposite the damaged lesion to bypass the
damaged DNA. Alternatively, PCNA can be polyubiquitinated
to promote DNA damage bypass by a homologous recombina-
tion mechanism (6–8).
The process and consequence of PCNA deubiquitination

after DNA damage bypass are not clearly understood. Recently,
USP1 (ubiquitin-specific protease 1) was identified as a deubiq-
uitinating enzyme for PCNA after DNA damage bypass (9, 10).
USP1 reduces the accumulation of monoubiquitinated PCNA
during normal cell division, which prevents mutagenesis by
error-proneTLS polymerases. In response to damage that stalls
DNA replication, USP1 is degraded, and consequently monou-
biquitinated PCNA accumulates (9). However, the observation
that levels of monoubiquitinated PCNA remain high, even in
the presence of persistent levels of USP1 (11, 12) suggests that
there might be additional mechanisms to regulate USP1 activ-
ity. The identification of UAF1 (USP1-associated factor 1) indi-
cates that interacting proteinsmay regulate the activity ofUSP1
in vivo (13).
The loading and unloading of PCNA on DNA is executed by

the replication factor C (RFC) complex in an ATP-dependent
manner. The RFC complex is composed of five subunits, RFC1,
-2, -3, -4, and -5 (14). RFC-dependent PCNA loading plays
essential roles in PCNA-related processes during DNA replica-
tion and repair (15). Recently, alternative RFC complexes con-
taining the RFC2 to -5 core complex and a substitute ATPase
have been identified in eukaryotes (16–20). In human, three
alternative RFC complexes exist: CTF18-RFC, RAD17-RFC,
and ELG1-RFC. Although the canonical or alternative RFC
complexes may function as clamp loaders, there is no evidence
relating them to the processing of PCNA monoubiquitination.
Recently, we demonstrated that human ELG1 protein is

required to suppress genomic instability (20), similar to the
yeast homologue Elg1p (21–24). In the present study, we
identified human ELG1 as an interacting protein of the
USP1-UAF1 complex. Monoubiquitinated PCNA accumu-
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lated in the chromatin following knockdown of either ELG1 or
USP1. The down-regulation of PCNA monoubiquitination by
ELG1 was mediated through an N-terminal 17-amino acid
sequence of ELG1, which directly interacts with UAF1. Taken
together, these data indicate that ELG1 plays an important role
in PCNAdeubiquitination in cooperationwith theUSP1-UAF1
complex.

EXPERIMENTAL PROCEDURES

Cell Culture, Reagents, and Antibodies—Human embryonic
kidney 293T (HEK293T) cells and the immortalized normal
retinal pigment epithelial (RPE) cells were maintained in Dul-
becco’s modified Eagle’s medium and Dulbecco’s modified
Eagle’s medium/F-12 medium respectively, containing 10%
fetal bovine serum (Hyclone), 100 units/ml penicillin G, and
100 �g/ml streptomycin. RPE cells stably expressing CFP-
ELG1 protein were cultured as described previously (20).
Methyl methane sulfate (MMS) was purchased from Sigma.
The following antibodies were used: anti-PCNA (PC10), anti-
FANCD2, anti-ubiquitin (P4D1), and anti-RFC4 antibodies
(Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)); anti-USP1
antibody (Bethyl Laboratories); anti-FLAG, anti-Myc, anti-
RFC1, and anti-tubulin antibodies (Abcam); anti-histone H3
and anti-histone H4 antibodies (Upstate); and anti-HA
(HA-7) antibody (Sigma). The antibody against human ELG1
was raised in rabbits againstN-terminal 1–297 amino acid frag-
ments of the protein.
DNAConstructs and Small Interfering RNAs (siRNAs)—Plas-

mids expressing full-length wild type ELG1 (p3XFLAG-ELG1)
protein were described previously (20). The N-terminal dele-
tion mutants of ELG1 were generated by PCR using specific
primers with p3XFLAG-ELG1 as a template and subsequent
cloning into the p3XFLAG-CMV10 mammalian expression
vector. Site-directed mutagenesis was performed to generate a
UAF1 interactionmutant of ELG1 using theQuickChange site-
directed mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions with p3XFLAG-ELG1 as a template. The
DNA sequences of all constructs were verified by DNA
sequencing. Plasmid expressing Myc-USP1 was as previously
described (9). Plasmid expressing Myc-UAF1-FLAG was a gift
from Dr. J. Jung (University of Southern California).
ON-TARGETplus NON-targeting pool (catalog number

D-001810) and ON-TARGETplus SMART pool siRNAs for
ELG1 (catalog number L-004738), RFC1 (catalog number
L-009290), RFC4 (catalog number L-008691), CTF18 (catalog
number L-013915), and RAD17 (catalog number L-003294)
were purchased from Dharmacon. To target the 3�-untrans-
lated region (UTR) of theELG1 gene, siRNAswith the following
sense and antisense sequences were purchased from Dharma-
con and used: 1, 5�-GGA AGG UAG AGU UCA UUA AUU-3�
(sense) and 5�-UUCCUUCCAUCUCAAGUAAUU-3� (anti-
sense); 2, 5�-GUAUAUUUCUCGAUGUACA-3� (sense) and
5�-UGU ACA UCG AGA AAU AUA CUU-3� (antisense).
Transfections and RNA Interference—Transfections of plas-

mid DNA, single siRNA synthetic duplexes, or SMART pool
siRNAs (50–100 nM) were carried out using Lipofectamine2000
(Invitrogen) according to the manufacturer’s instructions, and
cells were further incubated for 48 h prior to harvesting. For

RNA interference, transfection was performed two times with
an interval of 24 h. In some experiments, the wild type or
mutants of ELG1 were introduced into cells in which the
endogenous ELG1 was forcefully reduced by knockdown of
ELG1 with siRNA targeting the 3�-UTR of the ELG1 gene. In
these experiments, plasmids expressing thewild type ormutant
ELG1 were transfected 12 h after the first knockdown of ELG1.
MMS Treatment and Confocal Microscopy—RPE cells stably

expressing CFP-ELG1 protein were plated in LabTek chamber
slides (Nunc) 1 day prior to treatment of MMS. Cells were
treated with 0.01%MMS for 1 h, washed with PBS three times,
and then incubated for 12 h in growthmedium. Cells were fixed
with 50% (v/v) methanol at �20 °C for 15 min and 50% (v/v)
acetone at room temperature for 1 min before staining with an
anti-PCNA antibody. Fluorescence-conjugated anti-rabbit IgG
antibodies (Invitrogen/Molecular Probes) were used as a sec-
ondary antibody, followed bywashingwith phosphate-buffered
saline with 0.01% Tween 20. Confocal images were collected
with a Zeiss LSM 510 NLO Meta system mounted on a Zeiss
Axiovert 200M microscope with an oil immersion Plan-Apo-
chromat �63/1.4 differential interference contrast objective
lens.
GST Pull-down Assay—GST fusion proteins were expressed

inEscherichia coli strainBL21 (DE3)-RIL (Stratagene) andpuri-
fied using glutathione-Sepharose beads (GE Healthcare). For
the in vitrobinding assay, cellswere lysedwith bufferX (100mM

Tris-HCl (pH 8.5), 250 mM NaCl, 1 mM EDTA, 1% Nonidet
P-40, 100 �MNaVO4, 50 mMNaF, 2 mg/ml bovine serum albu-
min, and protease inhibitors). Extracts were incubated with 20
�l of glutathione-Sepharose beads (Amersham Biosciences)
preincubated with 10 �g of purified GST fusion proteins. After
incubation for 1 h at 4 °C, the beads were washed with buffer X,
and the eluted proteins were used for immunoblot analysis and
Coomassie Blue staining.
Immunoprecipitation and Immunoblot Analysis—The Tri-

ton X-100-insoluble fraction from the Triton X-100-soluble
fraction was isolated with themethods described previously (7)
with slight modifications. In brief, harvested cells were resus-
pended in buffer A (100 mM NaCl, 300 mM sucrose, 3 mM

MgCl2, 10 mM Pipes (pH 6.8), 1 mM EGTA, 0.2% Triton X-100,
100 �M NaVO4, 50 mM NaF, and protease inhibitors (Roche
Applied Science)) and incubated for 5 min on ice with gentle
inverting. The supernatants were recovered as the “soluble
fraction” after centrifugation. Followed by washing with
the same buffer, the pellet was resuspended either in buffer X
(100 mM Tris-HCl (pH 8.5), 250 mM NaCl, 1 mM EDTA, 1%
Nonidet P-40, 100 �M NaVO4, 50 mM NaF, 2 mg/ml bovine
serum albumin, and protease inhibitors) for immunoprecipita-
tion or in buffer B (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5
mM EDTA, 1% Triton X-100, 0.1% SDS, 100 �MNaVO4, 50mM

NaF, and protease inhibitors) for immunoblotting. Followed by
a 10-min incubation on ice, the samples were sonicated and
then incubated for another 10 min on ice before centrifugation
to isolate the “chromatin-bound fraction.”
For immunoprecipitation, proteins were precleared by pre-

incubation with protein G-Sepharose beads (GE Healthcare)
and incubated with specific antibodies. The complex recog-
nized by antibodies was precipitated with protein G-Sepharose
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beads. Proteins were separated on NuPAGE� Novex 4–12%
BisTris gel (Invitrogen) and transferred to polyvinylidene
difluoride membranes (Bio-Rad) for immunoblotting with
antibodies following the manufacturer’s recommendations.
The band intensity was determined by using ImageJ software
(version 1.41).
Homologous Recombination (HR) Assay—Todetermine dou-

ble strand break (DSB)-inducedHR frequency, we used aU2OS
cell line carrying a DR-green fluorescent protein reporter in
genome (20, 25). A DSB was introduced in the reporter in
genome by expressing I-SceI endonuclease, and HR frequency
was determined by comparing green fluorescent protein-posi-
tive cells upon DSB with no DSB.
SubF Mutation Analysis—SubF assay was performed with

the methods described previously (26) with slight modifica-
tions. In brief, after irradiation with 0 or 500 J/m2 UV in a 10-�l
droplet, 2 �g of shuttle plasmid pSP189 was introduced into
HEK293T cells by using Lipofectamine2000 (Invitrogen). After
incubation at 37 °C for 48 h, plasmid DNA was recovered by
using a conventional plasmid isolation method. Isolated plas-
mid DNA was treated with DpnI and RNase I and introduced
into MBM7070 E. coli strains, that carry an amber mutation in
the lacZ gene, by electroporation. Transformants were plated
on an LB plate with ampicillin, 5-bromo-4-chloro-3-indolyl-�-
D-galactopyranoside (X-gal), and isopropyl-�-D-thiogalacto-
side. Mutation frequencies were determined as the number of
white colonies over total colonies.

RESULTS

ELG1 Interacts with the USP1-UAF1 Complex and PCNA—
To understand the regulatory mechanisms for USP1 activity,

USP1-interacting proteins were purified fromHeLa cells stably
expressing epitope-tagged USP1 as previously described to
identifyUAF1 (13). From this purification, we identified human
ELG1 as a protein interacting with USP1 (Fig. 1A). To check
whether ELG1 is present in the USP1-UAF1 complex in vivo,
we performed co-immunoprecipitations. Endogenous ELG1
was immunoprecipitated together with endogenous USP1 (Fig.
1B). Furthermore, UAF1 and USP1 were immunoprecipitated
by FLAG-ELG1 (Fig. 1C) (data not shown). In addition, we
observed that FLAG-ELG1 interactedwithRFC4 (Fig. 1C), con-
sistent with data previously reported in yeast (24). Therefore,
ELG1 interacts with the deubiquitinating enzyme, USP1, and
its associated factor, UAF1.
Because ELG1 interacts with the USP1-UAF1 complex and

the yeast Elg1p protein interacts with PCNA (24), we examined
whether human ELG1 could also interact with human PCNA.
GST-fused PCNA (GST-PCNA) co-precipitated FLAG-ELG1
(Fig. 2A), whereas GST protein alone did not. In addition,
FLAG-ELG1 co-immunoprecipitated PCNA in vivo (Fig. 2B).
Previously, we demonstrated that ELG1 protein formed dam-
age-induced nuclear foci at stalled DNA replication forks (20).
The interaction between ELG1 and PCNA (Fig. 2, A and B) as
well as the foci formation of PCNA at DNA replication forks
(27) suggested that ELG1 may interact with PCNA localized at
stalled DNA replication forks. To test this hypothesis, wemon-

FIGURE 1. ELG1 interacts with USP1-UAF1 complex. A, the USP1 complex was
purified from HeLa nuclear extracts and stained by Coomassie blue stain. Proteins
indicated were identified by mass spectrometry. B, nuclear extracts from HeLa
cells were immunoprecipitated (IP) with anti-USP1-antibody or IgG control anti-
body. The immunoprecipitated proteins were identified with the antibodies indi-
cated. C, HEK293T cells were transected with FLAG-ELG1 expression vectors or
control vectors (Ctrl). Total extracts from the transfected cells were IP after 48 h
with anti-FLAG-antibody. The immunoprecipitated proteins were identified with
the antibodies indicated.

FIGURE 2. ELG1 interacts with PCNA. A, purified GST or GST-PCNA proteins
were mixed with protein extracts containing FLAG-ELG1 and pulled down for
immunoblot analysis. B, HEK293T cells were transected with FLAG-ELG1 expres-
sion vectors. Immunoprecipitations were carried out on nuclear extracts using an
anti-PCNA antibody, and the eluate was then subjected to immunoblot analysis.
C, ELG1 and PCNA co-localize in response to DNA damage. RPE cells stably ex-
pressing CFP-ELG1 protein were treated with 0.01% MMS for 1 h and incubated in
fresh medium for another 12 h. Cells were then fixed, permeabilized, and stained
with anti-PCNA antibody for confocal microscopy analysis. The co-localization
was shown by an overlay view of the blue and red channels in the same field. DIC,
differential interference contrast image. Bar, 10 (top) and 20 �m (bottom).
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itored ELG1 and PCNA foci formation in RPE cells after 0.01%
MMS treatment. Consistent with this hypothesis, �70% of
PCNA foci co-localized with ELG1 foci (Fig. 2C). Therefore,
ELG1 interacts with both the USP1-UAF1 complex and its tar-
get, PCNA.
ELG1 Knockdown Increases the Level of Monoubiquitinated

PCNA in Chromatin—In response to DNA damage and stalled
DNA replication, PCNA is monoubiquitinated (7). The inter-
action of ELG1with PCNA and the USP1-UAF1 complex (Figs.
1 and 2) suggested that ELG1 might affect the level of PCNA
monoubiquitination. To test this hypothesis, we reduced the
expression of ELG1 by siRNA knockdown and determined the
level of PCNA ubiquitination in chromatin. Six siRNAs target-
ing different regions of the ELG1mRNA caused an increase in
PCNA monoubiquitination (Fig. 3, A and B). The enhanced
PCNAmonoubiquitination, caused by siRNA targeting 3�-UTR
of ELG1mRNA, was rescued by ectopic expression of an ELG1
that was resistant to knockdown (Fig. 3C), indicating that the
effect was specific. Similarly, PCNA monoubiquitination is
increased by knockdown of USP1 or UAF1 (9). The USP1 pro-
tein level was not significantly affected by ELG1 knockdown

(Fig. 3A), suggesting that ELG1 does not regulate PCNA ubiq-
uitination bymodulating the expression or stability of theUSP1
protein. Additionally, there was no difference in the cell cycle
profile between control and ELG1-silenced cells (Fig. 3D),
excluding the possibility that the increased PCNA ubiquitina-
tion results indirectly from the accumulation of S-phase cells by
ELG1 knockdown.
In general, RFC complexes play essential roles in PCNA-related

processes during DNA replication and repair (15). We checked
whether other RFC complexes affect the level of PCNA ubiquiti-
nation.UnlikeELG1,when the expressionof eitherRFC1orRFC4
was reduced by siRNA knockdown, there was no increase in
PCNA ubiquitination (Fig. 3E). Human cells have two alternative
RFC complexes, CTF18-RFC (16, 18) and RAD17-RFC (19). The
level of PCNA ubiquitination was not affected by reducing the
expression of CTF18 or RAD17 (Fig. 3F). In conclusion, the regu-
lation of the level of PCNA ubiquitination exclusively depends on
ELG1 but not on other RFC complexes. Furthermore, because
RFC4 knockdown did not increase PCNA ubiquitination, it
appears that the functionof ELG1 in regulatingPCNAubiquitina-
tion is independent of its role as an alternative RFC complex.

FIGURE 3. ELG1 knockdown increases the level of monoubiquitinated PCNA in chromatin. A, HEK293T cells were transfected with various siRNAs (si-ELG1)
targeting the coding region of the ELG1 mRNA or 3�-untranslated region (UTR) as indicated. Histone H4 protein was used as a loading control. PCNA-Ub,
monoubiquitinated PCNA. B, nuclear extracts were prepared 48 h after transfection of HEK293T cells with siRNA targeting ELG1 or control siRNA and then
subjected to immunoprecipitation with anti-PCNA antibody. Monoubiquitinated PCNA was identified with anti-ubiquitin (P4D1) antibody. An arrowhead
indicates monoubiquitinated PCNA. C, the increase in PCNA monoubiquitination following ELG1 knockdown was not an off-target effect. HEK293T cells were
cotransfected with the combination of siRNA targeting the 3�-UTR of ELG1 (#2 siRNA in A) and a FLAG-ELG1 expression vector as indicated. D, ELG1 knockdown
does not affect cell cycle profile. HEK293T cells were transfected with siRNA targeting ELG1 or control siRNA twice with an interval of 24 h. Cells were harvested
after 48 h from the second transfection, and their cell cycle profiles were determined by flow cytometry analysis. The x and y axes represent DNA content as
measured by 7-amino-actinomycin D (7-AAD) staining and cells undergoing DNA replication as measured by bromodeoxyuridine incorporation, respectively.
Each rectangle encompasses cells in G1, S, and G2/M phases of the cell cycle clockwise from the lower left. The numbers indicate the percentage of cells in the
rectangle out of total cells. E, an increase in PCNA monoubiquitination was not observed following canonical RFC subunit (RFC1 or RFC4) knockdown.
F, knockdown of other alternative RFC large subunits (CTF18 or RAD17) did not cause any significant change in PCNA monoubiquitination. The chromatin-
bound fractions were prepared 72 h after transfection of HEK293T cells with the indicated siRNAs or a plasmid expressing FLAG-tagged ELG1 and then
subjected to immunoblot analyses. The #3 siRNA in A that targets the coding region of ELG1 was used for ELG1 knockdown in B, E, and F.
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ELG1 Is Required for USP1-mediated PCNA Deubiq-
uitination—The increase in PCNA monoubiquitination fol-
lowing ELG1 knockdown (Fig. 3) and the physical interactions
among ELG1, PCNA, and USP1-UAF1 complex (Figs. 1 and 2)
raised the possibility that ELG1 down-regulates PCNA mono-
ubiquitination by regulating USP1 activity or recruiting USP1 to
monoubiquitinated PCNA. To explore this hypothesis, we
ectopically overexpressed ELG1, USP1, or both proteins in
HEK293T cells and investigated the level of PCNAmonoubiq-
uitination (Fig. 4A). USP1 overexpression suppressed PCNA
monoubiquitination induced by 20J/m2 UV irradiation, as
reported previously (9). When ELG1 was overexpressed, the
level of monoubiquitinated PCNA was significantly reduced.
Overexpression of both ELG1 and USP1 reduced the level of
PCNA monoubiquitination further than the overexpression of
a single protein (Fig. 4A). There was a strong increase in USP1

protein levels when both ELG1 and
USP1 were co-expressed (compare
lane 3 and lane 7), which appears to
be due to an overexpression effect
because endogenous USP1 levels
were not affected by ELG1 knock-
down (Fig. 3A). The suppression of
PCNA monoubiquitination by USP1
overexpression was prevented when
ELG1 expression was reduced by
siRNA knockdown (Fig. 4B), indicat-
ing that ELG1 is required for the
down-regulation of PCNA monou-
biquitination by USP1. USP1 also
deubiquitinates FANCD2, which is a
major regulatory protein in the Fan-
coni anemia pathway (13). In con-
trast toUSP1 knockdown, FANCD2
monoubiquitination was not af-
fected by ELG1 knockdown (Fig.
4C). Taken together, these data
suggest that ELG1 and USP1 co-
operate to down-regulate PCNA
monoubiquitination and that ELG1
specifically down-regulates PCNA
monoubiquitination without affect-
ing FANCD2 monoubiquitination.
Previously, we demonstrated that

ELG1 is involved in DSB-induced
HR. ELG1 knockdown reduced the
HR frequency in the I-SceI DSB-in-
duced HR assay (20). Furthermore,
a deficiency of USP1 is also known
to result in decreased HR frequency
in the same assay (28). To further
address the cooperation of ELG1
and USP1, we examined the effects
of simultaneous knockdown of
ELG1 and USP1 on I-SceI DSB-in-
ducedHR.Neither additive nor syn-
ergistic effects were observed, com-
pared with the single knockdowns

(Fig. 4D), suggesting that two proteins function in the same
DNA repair pathway.
Accumulation of monoubiquitinated PCNA in the cells by

USP1 knockdown leads to a slight increase of mutation fre-
quency, probably due to more frequent use of TLS polymerase
to bypass DNA damage (9). Similarly, there was significant
increase of mutation frequency by ELG1 knockdown (Fig. 4E),
further strengthening the role of ELG1 in USP1-mediated
down-regulation of PCNA monoubiquitination.
UAF1-interacting Region of ELG1 Is Important for the Down-

regulation of PCNA Monoubiquitination—Last, to better
understand the interaction between ELG1 and the USP1-UAF1
complex, we determined the region of ELG1 responsible for the
down-regulation of PCNA monoubiquitination. The level of
PCNA monoubiquitination was monitored in cells in which
endogenous ELG1 was silenced and various N-terminal ex-

FIGURE 4. ELG1 facilitates USP1-mediated PCNA deubiquitination. A, overexpression of ELG1 and USP1
decreased UV-induced PCNA monoubiquitination (PCNA-Ub). HEK293T cells were transected with FLAG-ELG1
or Myc-USP1 expression vectors. Cells were irradiated with 20 J/m2 UV after 48 h and incubated further for 6 h.
The soluble (S) and chromatin-bound (B) fractions were isolated and subjected to immunoblot analysis. His-
tone H3 and tubulin proteins were used as loading controls for chromatin-bound and soluble fractions, respec-
tively. B, the increase in PCNA monoubiquitination following USP1 knockdown depends on ELG1. HEK293T
cells were cotransfected with different combinations of control (Ctrl) or ELG1 siRNA with a Myc-USP1 expres-
sion vector as indicated. The chromatin-bound fractions were analyzed by immunoblotting. C, ELG1 knock-
down did not affect FANCD2 monoubiquitination. The chromatin-bound fractions were prepared 72 h after
transfection of HEK293T cells with the indicated siRNAs and then subjected to immunoblot analyses. D, the
I-SceI-induced HR assay was performed as described previously (20) after knockdown of USP1 or ELG1. BLM
depletion was used as a positive control. The inset shows the structure of the recombination substrate DR-
green fluorescent protein and the location of the I-SceI recognition site. Error bars, S.D. of triplicate experi-
ments. E, SupF mutation frequencies for UV-irradiated plasmids are indicated for control siRNA and ELG1
siRNA-treated cells. Error bars, S.D. of triplicate experiments. The number in the graph indicates probability (p
value) calculated by Student’s t tests.
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pressing mutants of ELG1 were introduced. First, we located
the activity of the down-regulation of PCNA monoubiquitina-
tion to the amino acids between positions 300 and 400 of the
ELG1 protein (Fig. 5A, left). We further defined this activity to
amino acids between 368 and 384 of the ELG1 protein (Fig. 5A,
right).
ELG1 interacts with the USP1-UAF1 complex (Fig. 1) and is

required for USP1-mediated down-regulation of PCNA
monoubiquitination (Fig. 4B). Therefore, the domain of ELG1
responsible for the down-regulation of PCNAmonoubiquitina-
tionwould probably be a domain required for the interaction of
ELG1 with the USP1-UAF1 complex. We examined the inter-
action between various deletion mutants of ELG1 and UAF1.
Consistent with our hypothesis, two ELG1 mutant proteins
expressing either the N-terminal 384 (positions 1–384) or 723
(positions 1–723) amino acids interacted strongly with UAF1
(Fig. 5B). In contrast, two ELG1mutant proteins expressing the
N-terminal 351 (positions 1–351) or 368 (positions 1–368)
amino acids had significantly reduced interactions, and an
ELG1 mutant protein having only the N-terminal 300 amino
acids did not have any detectable interaction (Fig. 5B). The
sequences of this region of ELG1 are highly conserved across
several species (Fig. 5C). We generated a putative UAF1 inter-

action mutant of ELG1 by introducing partial deletions in the
region (Fig. 5C). Although the mutant of ELG1 was still able to
interact with RFC4, this deletion in ELG1 consequently caused
defects in interaction with UAF1 and USP1 (Fig. 5, D and E).
Furthermore, the UAF1 interaction mutant of ELG1 could not
restore PCNAmonoubiquitination that was increased by ELG1
depletion (Fig. 5F). Taken together, these data indicate that the
down-regulation of PCNA monoubiquitination by ELG1
depends on its interaction with the USP1-UAF1 complex.

DISCUSSION

Precise regulation of PCNA ubiquitination is important for
TLSpathway of postreplication repair aswell as suppressing the
mutagenic effects of TLS pathway in unperturbed cells (6, 7, 9).
Although proteosomal degradation of USP1 was shown as a
mechanism regulating PCNA monoubiquitination in DNA-
damaged cells (9), several reports (11, 12) suggested the pres-
ence of additional mechanisms to regulate USP1 activity. Here
we demonstrated that ELG1 was required for the down-regula-
tion of PCNAmonoubiquitination through its interaction with
the USP1-UAF1 complex. Especially, the UAF1 interaction in
the N-terminal region of ELG1 was important for the down-
regulation of PCNA monoubiquitination by ELG1.

FIGURE 5. N terminus of ELG1 is important for the down-regulation of PCNA monoubiquitination and UAF1 interaction. A, amino acids 368 –384 of ELG1
are important for the down-regulation of PCNA monoubiquitination (PCNA-Ub). HEK293T cells were co-transfected with the combination of siRNA targeting
the 3�-UTR of ELG1 and vectors expressing various sizes of N terminus of ELG1 as indicated. The chromatin-bound fractions were analyzed to monitor PCNA
ubiquitination. B, amino acids (a.a.) 368 –384 of the ELG1 protein are important for its interaction with UAF1. HEK293T cells were transfected with a plasmids
expressing different sizes of the FLAG-tagged N terminus of ELG1 and a plasmid expressing full-length Myc-UAF1-FLAG. Immunoprecipitations (IP) were
carried out on nuclear extracts using an anti-Myc antibody. The immunoprecipitated proteins were analyzed by immunoblotting to detect the presence of the
ELG1 protein. C, the sequence of the human ELG1 between amino acids 368 and 384 is evolutionarily conserved. The location and peptide sequences of amino
acids 368 –384 are shown in the diagram. The deleted amino acids (368 –372 and 375–380) to generate a UAF1 interaction mutant of ELG1 (ELG1 Mut) are shown
at the bottom as dotted lines. D, HEK293T cells were transected with vectors expressing wild type (WT) or deletion mutant (Mut) of ELG1 along with a
Myc-UAF1-FLAG expression vector. Nuclear extracts were immunoprecipitated with anti-Myc or anti-RFC4 antibodies and analyzed by immunoblotting.
E, HEK293T cells were transected with vectors expressing wild type or deletion mutant of ELG1. Nuclear extracts were immunoprecipitated with anti-USP1
antibody and analyzed by immunoblotting. F, HEK293T cells were cotransfected with the combination of ELG1 siRNA and vectors expressing wild type or
deletion mutant of ELG1. The nuclear extracts were analyzed to monitor PCNA ubiquitination. The #2 siRNA in Fig. 3A that targets the 3�-UTR region of ELG1 was
used for ELG1 knockdown in A and F.
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How does ELG1 specifically affect USP1 activity toward
monoubiquitinated PCNA? One possibility is that the ELG1-
RFC complex unloads monoubiquitinated PCNA from chro-
matin, thereby providingmonoubiquitinated PCNA toUSP1 as
a substrate. However, several pieces of evidence argue against
this model. Previous in vitro studies in yeast showed a depen-
dence of PCNA unloading on the ATPase activities of RFC1 or
CTF18 (29, 30). Amutant ELG1 expressing only theN terminus
that lacks the ATPase domain could still reduce the level of
PCNAmonoubiquitination (Fig. 5A). In addition, the N-termi-
nalmutant of ELG1would probably also be defective in forming
the functional RFC complex. Previous reports showed that the
C-terminal regions of the yeast Elg1p protein and the large sub-
unit of the human RFC complex are essential for complex for-
mation with the RFC2 to -5 core subunits (31–33). These
results indicate that intact alternative RFC complex formation
is not necessary for ELG1 to down-regulate PCNA monoubiq-
uitination. In accordance, our data demonstrate that the knock-
down of RFC4 did not alter PCNA monoubiquitination (Fig.
3E). Collectively, it is unlikely that PCNA unloading by the
ELG1-RFC complex from chromatin contributes to the down-
regulation of PCNA monoubiquitination.
Another possibility is that ELG1 enhances or stabilizes the

formation of the USP1-UAF1 complex. USP1 is degraded in a
proteasome-dependent manner when DNA is damaged (9).
However, the complex formation of USP1 with UAF1 stabilizes
USP1 as well as stimulates the activity of USP1 (13). When we
tested the possibility by checking the interaction betweenUSP1
and UAF1 in ELG1 knockdown, we could not find any signifi-
cant change in their interaction (data not shown), which
excludes a possible role of ELG1 as a stabilizer for USP1-UAF1
interaction.
The USP1-UAF1 complex can deubiquitinate both PCNA

and FANCD2 (9, 13). Unexpectedly, we found that ELG1
knockdown only affected PCNA ubiquitination and not
FANCD2 ubiquitination (Fig. 4C). This result suggests that
ELG1 promotes the selective recruitment of USP1-UAF1 to
monoubiquitinated PCNA through its interaction with PCNA
and the USP1-UAF1 complex. The recruitment of the USP1-
UAF1 complex to monoubiquitinated PCNA through ELG1
interaction appears to be transient because the chromatin-
bound USP1 level was not changed after ELG1 knockdown
(Figs. 3A and 4C). Consistently, unlike with ELG1, we did not
observe the formation of either USP1 or UAF1 foci in response
to DNA damage (data not shown).
The absence of ELG1 led to the accumulation of monoubiq-

uitinated PCNA (Fig. 3A). In a previous report (20), we showed
that ELG1 knockdown increased spontaneous DNA damage.
ELG1may therefore have a physiological role in repairing spon-
taneous DNA damage with the USP1-UAF1 complex despite
the fact that the level of ELG1withoutDNAdamage is relatively
low (20). Several types of spontaneous DNA damage could be
escaped to induce PCNAmonoubiquitination in the absence of
ELG1. Constant oxidative stress andDNA sequences that could
stall DNA replication, such as repetitive sequences, could be
sources for spontaneous DNA damage in the absence of ELG1.
Spontaneous DNA damage could be produced by abnormal
Okazaki fragment maturation in the lagging strand synthesis

because yeast Elg1p interacts with Rad27p (a yeast homologue
of human FEN1 flap endonuclease specific to remove RNA
primers during lagging strand synthesis) (24).
Besides forming a deubiquitinating enzyme complex with

USP1, UAF1 makes other complexes with USP12 and USP46,
respectively (34). Maintaining the optimal ratio among these
complexes in response to cellular needs may be important for
each complex to efficiently execute its required functions. In
summary, our results support amodel inwhich ELG1 facilitates
the formation and/or appropriate recruitment of the USP1-
UAF1 complex when PCNA deubiquitination is required,
which will reduce the likelihood of the mutagenic effects by the
TLS pathway after DNA-damaged legions are bypassed.
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