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Recent studies have shown a critical function for the
ubiquitin-proteasome system (UPS) in regulating the sig-
nalling network for DNA damage responses and DNA
repair. To search for new UPS targets in the DNA damage
signalling pathway, we have carried out a non-biased
assay to identify fast-turnover proteins induced by various
types of genotoxic stress. This endeavour led to the identi-
fication of Radl7 as a protein exhibiting a distinctive
pattern of upregulation followed by subsequent degrada-
tion after exposure to UV radiation in human primary
cells. Our characterization showed that UV-induced
Rad17 oscillation is mediated by Cdh1/APC, a ubiquitin-
protein ligase. Studies using a degradation-resistant Rad17
mutant demonstrated that Rad1l7 stabilization prevents
the termination of checkpoint signalling, which in turn
attenuates the cellular re-entry into cell-cycle progression.
The findings provide an insight into how the proteolysis
of Rad17 by Cdh1/APC regulates the termination of check-
point signalling and the recovery from genotoxic stress.
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Introduction

Cellular responses to DNA damage are tightly controlled by
checkpoints. After DNA damage or replication disruption,
checkpoint signalling would arrest the progression of the
cell cycle at G1 or G2/M, thus enabling DNA repair (Kastan
and Bartek, 2004; Harper and Elledge, 2007). Failure at the
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checkpoint would result in genomic instability and carcino-
genesis (Huang and D’Andrea, 2006; Halazonetis et al, 2008;
Helleday et al, 2008; Nouspikel, 2008; Hannah and Zhou,
2009). Targeting the circuitry of DNA damage responses and
DNA repair has been an important focus in the development
of anti-cancer drug as well as novel cancer therapeutic
strategies (Helleday et al, 2008). On exposure of cells to
genotoxic stress, ATR and ATM protein kinases of the PI-3
protein-like kinase family would activate the DNA damage
signalling circuitry. ATR is central to cellular responses to UV
and other agents, whereas ATM principally responds to
double-strand breaks in DNA (Zhou and Elledge, 2000;
Abraham, 2001; Kastan and Bartek, 2004). Studies in yeast
and mammal have revealed that several Rad proteins, includ-
ing Radl7, Radl, Rad9 and Husl, function as important
components during the activation of both the DNA damage
and replication checkpoints (Abraham, 2001; Harper and
Elledge, 2007). Radl7 is structurally similar to subunits of
the replication factor C (RFC) bearing Walker A-type and
B-type nucleotide-binding motifs and potentially acts as an
important component of the PCNA-like checkpoint-loading
complex, which loads the 9-1-1 checkpoint-sliding clamp
(Siede et al, 1996; Paulovich et al, 1997; Dean et al, 1998;
Venclovas and Thelen, 2000). On the activation of DNA
damage response machinery, binding of replication protein A
(RPA) to the damaged single-strand DNA recruits ATR through
its regulatory subunit ATRIP (Zou and Elledge, 2003; Cimprich
and Cortez, 2008), which leads to phosphorylation of Rad17
(Bao et al, 2001; Wang et al, 2006). Recent report implied a
function for phosphorylated Radl7 in uploading Claspin, a
recruiter of Chkl to the chromatin, whereas earlier studies also
suggested a possible function for phosphorylated Rad17 in
loading 9-1-1 (Bao et al, 2001; Wang et al, 2006). Rad17-
mediated activation of Chk1 in turn is thought to initiate down-
stream withdraw of cell-cycle progression (Abraham, 2001).
Rad17 was initially identified in fission yeast as a DNA
damage checkpoint protein (Siede et al, 1996; Paulovich et al,
1997). Yeast genetic analyses implicated the importance of
Rad17 in cell-cycle arrest and cellular survival in response to
DNA damage and DNA replication blockage (Paulovich et al,
1997). Rad17-knockout mouse displayed embryonic lethality
with numerous developmental defects (Budzowska et al,
2004). Targeted deletion of Rad17 in HCT116 and DT40 cells
inhibits mitotic as well as S-phase damage checkpoint func-
tions and further results in chromosomal aberration and
endoreduplication (Wang et al, 2003; Kobayashi et al,
2004). Biochemical study of the mechanism by which
Radl7 is involved in the activation of DNA damage check-
points in human cell has demonstrated a functional relation-
ships between Rad17 and ATR, in which ATR, in response to
DNA damage would phosphorylate Rad17 at two SQ motifs
(Ser 635 and Ser 645) at the C-terminus (Dean et al, 1998; Li
et al, 1999; Bao et al, 2001). Analyses of Rad17 gene structure
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has demonstrated an essential functional domain termed
P-loop, a chaperone-like ATPase domain, which facilitates
Rad17-mediated checkpoint activation by connecting Rad17
to DNA (Dean et al, 1998; Venclovas and Thelen, 2000). In
addition, an oscillating pattern of phosphorylation of Rad17
is observed at different stages of the cell cycle, where periodic
interaction between phosphorylated Rad17 and DNA poly-
merase € is detected (Post et al, 2001). Although a function for
Rad17 phosphorylation has been delineated by the above
studies, the exact mechanism by which phosphorylated
Rad17 associates with ATR remains unclear and controversial
(Bao et al, 2001; Zou et al, 2002). The study of Rad17 in DNA
damage responses has focused extensively on the initial 2 h
after cellular exposure to genotoxic stress (Bao et al, 2001;
Zou et al, 2002), but this focus has limited our understanding
of the kinetics of Rad17 regulation during the entire process
of DNA damage responses.

We have carried out a non-biased assay to identify fast-
turnover proteins induced by various types of genotoxic
stress. This effort led to the identification of Radl7 as a
highly fluctuating protein after exposure to UV radiation
in human primary cells. We have demonstrated that the
UV-induced Rad17 oscillation is mediated by a ubiuqitin-
protein ligase, Cdhl1/APC. We have further identified a
degron region that mediates Radl7 proteolysis and have
engineered a degradation-resistant Rad17 mutant. Studies
using the Radl7 stable mutant have unveiled that a failure
in Rad17 degradation disrupts the termination of checkpoint
signalling, which in turn attenuates the cellular re-entry into
cell-cycle progression. The results suggest that proteolytic
regulation of Radl7 is a mechanism for turning off check-
point signalling after the completion of checkpoint response,
revealing a new avenue to deactivate checkpoint signalling.

Results

Time-dependent proteolysis of Rad17 in response

to UV in human primary cells

Recent studies have revealed the critical function of the
ubiquitin-proteasome system (UPS) in the surveillance of
DNA damage and repair of DNA lesions with many proteins
that function as sensors, transducers or effectors are regu-
lated by either mono-ubiquitylation or polyubiquitylation
(Zhou and Elledge, 2000; Huang and D’Andrea, 2006). To
understand the function of poly-ubiquitylation-mediated pro-
teolysis in genomic integrity, we systematically identified
genotoxic stress-induced turnover proteins in DNA damage
signalling pathways by using a small-pool expression cloning
and large-scale immunoblotting analysis (Zou et al, 1999;
Wood et al, 2005). Our effort led to the identification of
several genotoxic stress-induced fluctuating proteins, with
Radl17 being one of the most interesting candidates. Its
dramatic oscillating expression triggered by UV radiation
had not been reported earlier.

To confirm that this time-dependent variation of Radl7
after exposure to UV is a consequence of post-transcriptional
modification, we examined the kinetics of Radl7 protein
alteration in response to UV in both human normal skin
fibroblast (HNF) cells as well as another human lung fibro-
blast cell, IMR-90. As shown in Figure 1A-C, on exposure to
UV, Radl7 accumulates reaching a plateau in 1h (in both
HNF and IMR-90). Rad17 protein levels then gradually drops
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Figure 1 Time-dependent Rad1l7 proteolysis in response to UV in
human primary cells. (A) On DNA damage, Rad17 accumulates,
reaching a plateau in 1h in HNF cells. Rad17 protein levels then
gradually decline after 4 h and reach a basal level after 6 to 8 h. The
UV-activated damage response was indicated by the kinetics of p53.
The kinetics of Rad17 mRNA after exposure of cells to UV was
examined using RT-PCR, with no significant alteration observed in
Rad17 mRNA levels. Equivalent amount of loaded protein was
estimated by measuring tubulin. (B) A similar pattern of Radl7
alteration induced by UV was found in another human primary cell
type, IMR-90. (C) Summary of UV-induced alterations of Radl7
protein levels in HNF and IMR-90 cells.

after 4 h and return to a basal level after 6 to 8 h. Examination
of the kinetics of Rad17 mRNA in HNF suggests the drop in
Rad17 levels after 4 h of exposure to UV is mediated by post-
transcriptional events and may have important biological
relevance (Figure 1A).

Rad17 undergoes UPS-mediated proteolysis

after exposure to UV radiation

To determine whether UV exposure alters Radl7 protein
stability, we treated HNF cells with cycloheximide (20 mM)
to block protein synthesis, and then monitored the rate of
decline of the endogenous Rad1l7 in control and UV-treated
cells by immunoblotting (Wan et al, 2001; Liu et al, 2007).
The result indicated that UV exposure decreased the
apparent half-life of the Radl7 protein from ~8 to 4h
(Figure 2A and B), where the Rad17 half-life in HNF cell
without UV treatment is ~8h (Supplementary Figure S2). To
determine whether proteasomal activity was involved in
Rad17 downregulation, we treated HNF cells with UV in the
absence or presence of proteasome inhibitor MG-132 (10 mM)
(Liu et al, 2007). As shown in Figure 2C, treatment with MG-
132 attenuated the decrease in Rad17 protein levels induced
by UV radiation. Similar results were obtained in experiments
with a second proteasome inhibitor, ALLN (data not shown),
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Figure 2 UV-induced Rad17 degradation is through a ubiquitin-proteasome pathway. (A) Alteration of Rad17 protein half-life in response to
UV radiation. HNF cells were pretreated for 15 min with 20 mM cycloheximide followed by UV treatment. Rad17 protein levels drop to basal
levels in 8 h after exposure to UV in the absence of cycloheximide, whereas UV exposure decreased the apparent half-life of the Rad17 protein
from ~8 to 4 h in the presence of cycloheximide. (B) Summary of UV-induced Rad17 degradation in the absence or presence of cycloheximide.
(C) Pre-incubation of proteasome inhibitor MG-132 (10uM) attenuates the UV-induced Rad17 downregulation in HNF cells. (D) Radl7 is
ubiquitylated responding to UV radiation. Myc-tagged ubiquitin and HA-tagged Rad17 were co-transfected into HNF cells. Cells were exposed to
UV and harvested at the indicated time points. HA-Rad17 was pulled down by antibody against HA. The ubiquitin-conjugated HA-Rad17 was

subsequently detected by immunoblotting using anti-Myc antibody.

suggesting that the time-dependent drop in Radl7 protein
levels induced by UV is mediated by the UPS. We next
determined whether the UV-induced turnover of Rad17 pro-
tein levels occurs through a ubiquitylation cascade, a com-
mon prelude to proteasomal degradation. We co-transfected
Myec-tagged ubiquitin and HA-tagged Rad17 into HNF cells
and collected cells at different time points after exposure to
UV (a special heat-shock method was used to enhance
efficiency of transfection in the fibroblast cells) (Figure 2D).
UV-induced ubiquitylation of Radl7? was measured by
immunoprecipitation of Rad17 by anti-HA antibody (lysates
were prepared with denaturing condition) coupled with
immunoblotting using anti-Myc antibody (Liu et al, 2007).
As indicated in Figure 2D, the levels of ubiquitin-conjugated
Rad17 dropped initially but elevated after 1h after exposure
to UV radiation, particularly in the presence of MG-132.
Taken together, the above results suggested that UV-induced
Rad17 turnover is mediated by the UPS.

Association of UV-induced Rad17 degradation

with localization on chromatin

A requirement that damage-induced Radl7 to translocate
onto chromatin has been controversial (Bao et al, 2001; Zou
et al, 2002). A model for UV-induced association of Radl7
and chromatin was suggested for MCF7, a breast cancer cell
line but was not observed for HEK293T, an immortalized
human embryonic kidney cell line (Bao et al, 2001; Zou et al,
2002). Given the difference between Rad17 protein levels in
cancer cells and normal cells (data not shown), we decided to

VOL 29 | NO 10 | 2010

examine the association of UV-induced Radl7 proteolysis
with chromatin in human primary cultured cells. HNF cells
were treated with UV and collected at intervals (Figure 3A).
Cells were fractionated into cytoplasmic proteins, soluble
nuclear proteins and chromatin-bound proteins (Zou et al,
2002). As shown in Figure 3A and B, a basal level of Rad17
was detected in the chromatin fraction. On DNA damage,
chromatin-associated Rad17 protein increased sharply, reach-
ing a peak in 2 h and then gradually declining to basal level
after 6 to 8h. Interestingly, a minor oscillation of Radl7
protein levels was observed in soluble nuclear fraction,
whereas no significant Rad17 alteration was measured in
the cytoplasmic fractions (Figure 3A). To determine whether
Rad17 could form foci on UV-damaged DNA, we performed
immunocytochemistry of Rad17 in HNF cells at indicated
time points after exposure to UV (Figure 3C). The results
showed that Rad17 formed transient nuclear foci in response
to UV radiation. Collectively, the above results suggest that in
human primary cells, proteolytic regulation of Radl7 in
response to DNA damage occurs during its association with
chromatin.

To further test the protein abundance of Rad17 in associa-
tion with the checkpoint complex after cellular exposure to
UV radiation, we measured the specific interaction of Rad17
with the 9-1-1 complexes and the checkpoint kinase, ATR. We
examined protein-protein interactions between endogenous
Rad17 with Rad9 and endogenous Rad17 with ectopic Flag-
tagged ATR. As indicated in Figure 3D, the protein abundance
of Rad17 interacting with Rad9 increased after UV radiation
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Figure 3 Proteolytic regulation of Rad17 is associated with chromatin-based DNA damage response and dissociation of checkpoint complex.
(A) UV-induced Rad17 translocation and its degradation on chromatin. HNF cells were treated with UV and harvested at indicated time points.
Cell pellets were fractionated into cytosol, soluble nuclear and chromatin-enriched portions. UV-induced Rad17 degradation was examined for
different cellular compartments. Normalized protein loading for chromatin, nuclear and cytosol fractions was measured by ORC2, Ponceau S
staining and actin, respectively. (B) Summary of UV-induced Rad17 alterations in different cellular compartment. (C) Transient formation of
Rad17 nuclear foci in response to UV radiation. HNF cells were treated with UV and fixed at the different time points followed by
immunostaining with antibody against Rad17. (D) Kinetics of interaction of Rad17 and 9-1-1 induced by DNA damage is regulated by
Radl7 proteolysis. HNF cells were exposed to UV and collected at the indicated time points. Endogenous Rad9 complexes were
immunoprecipitated with anti-Rad9 antibody (polyclonal). Rad9 IP complex was then immunoblotted with antibody against Rad17. Co-IP
Rad9 was determined by immunoblotting using antibody (monoclonal) against Rad9. (E) Kinetics of interaction of Rad17 and ATR in response
to DNA damage. Flag-tagged ATR was transfected into HNF cells. Ectopically expressed Flag-ATR was immunoprecipitated with anti-Flag
antibody. ATR IP complexes were immunoblotted with Rad17 antibody. Co-IP Flag-ATR was measured by immunoblotting using antibody

against Flag.

and gradually dropped after 6 h. Similar observation was seen
between Radl7 with ATR in response to UV (Figure 3E).
Given the oscillation of Rad17 protein abundance after cel-
lular exposure to UV (Figures 1A-C and 2A), any alteration of
Rad17 abundance in association with the checkpoint complex
is potentially due to its change in protein levels. Taken
together, the above results suggest that time-dependent
proteolysis of Rad17 is involved in checkpoint function.

Molecular mapping of the region on Rad17

that mediates UV-induced Rad17 degradation
Determination of molecular sites in Rad17 that facilitate its
ubiquitylation for subsequent destruction could provide a
mean of engineering a stable mutant to dissect the biological
consequences of UV-induced Radl7 degradation. To map
such a molecular degron, we engineered a series of HA-tagged
deletion mutants for Radl7 as indicated in Figure 4A. To
evaluate the stability of the mutants in response to UV, we
transfected 10 Rad17 mutants into HNF cells, respectively,
and measured their alteration after exposure to UV by
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immunoblotting. The results in Figure 4C showed that the
amino-acid stretch from 230-270 on Rad17 is vital in deter-
mining its stability in response to DNA damage. The absence
of this region significantly stabilized Radl7 protein in
response to UV. To engineer a Radl7 functionally stable
mutant to address the consequence of its degradation by
functional interference, we designed a Rad17 mutant, where
the degron region (amino acid 230-270) was eliminated
(Figure 4D). As indicated in Figure 4E, the absence of this
degron region on Rad17 significantly attenuates UV-induced
Rad17 degradation.

Identification of Cdh1/APC as a putative E3 ligase

that mediates UV-induced Rad17 degradation

To search for the potential ubiquitin-protein ligase that gov-
erns UV-induced Radl7 degradation, we chose to identify
Rad1l7 interacting proteins by purifying Rad17 complexes
after exposure to UV. Exploiting a well-established mamma-
lian TAP purification system (a gift from Dr Wade J Harper),
we created a TAP-Rad17 construct (Figure 5A) and further
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Figure 4 Mapping of the functional domain that mediates UV-induced Rad17 degradation. (A) Schematic presentation of Rad17 structure and
strategy for mutagenesis. (B) Expression of a set of Rad17 mutants. (C) Stability of Rad17 mutants in response to UV radiation. A series of HA-
tagged Rad17 mutants were transfected into HNF cells. Stability for each mutant was measured by immunoblotting. (D) Design of Rad17 stable
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(E) Both HA-tagged wild type and stable Rad17 were transfected into HNF cells and their stability in response to UV radiation was evaluated by

immunoblotting.

established a TAP-Rad17 stable clone in HeLa S3 cells due to
its convenient feature for protein purification (Figure 5B)
(Knuesel et al, 2003; Sowa et al, 2009). We purified Rad17
complexes from the cell pellets collected from cells exposed
over 5h to UV radiation (the time point of 5h was decided
according to the Rad17 alteration profile of total protein and
ubiquitin conjugates in Figures 1A-C and 2D) following the
method described earlier (Knuesel et al, 2003; Sowa et al,
2009). The IgG-agroase beads were used as a control resin
for the purification. The purified Rad17 complex was then
resolved by SDS-PAGE following by silver staining
(Figure 5C). The differential protein bands between the
control and treatment were isolated and subjected to mass
spectrometry (Candiello et al, 2007). As shown in Figure 5C,
although we found the UV-induced interaction between
Rad17 with Rad9, RFC and some novel associating proteins,
we also observed the binding between Rad17 and Cdhl, a
substrate recruiting factor for an E3 ligase APC. We subse-
quently examined the interaction between Rad17 and Cdhl
in human primary cells used in most of our experiments
to confirm the specificity of this observed protein-protein
interaction. As shown in Figure SD, the specific inter-
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action between Rad17 and Cdhl was observed in cells after
exposure to UV. To our surprise, we also observed a moderate
interaction between Radl7 and Cdhl from the human
primary cells not treating with UV. Our earlier studies
implicated Cdh1/APC function in cellular response to UV
radiation, in which high-dose UV treatment (>50J/M?)
induces destruction of Cdhl (Liu et al, 2008). To test whether
Cdh1 protein levels are regulated after exposure to low-dose
UV treatment (<10J/M?), we monitored the oscillation of
Cdhl after exposure to UV. As shown in Figure 5E and F,
Cdh1 is degraded after UV treatment at dose of 10J/M? and
the UV-induced decline of Cdh1 levels gradually recovered 2 h
after exposure to UV. The complemented overlap of pattern of
protein oscillation between Cdh1 and Rad17 after exposure to
UV radiation suggests a connection between Cdhl and Rad17.
To further verify whether Cdh1/APC is the E3 ligase that
mediates UV-induced Rad17 proteolysis in vivo, we generated
human primary cells depleted of Cdhl (Figure 5G) (Open
Biosystem, Inc) following protocol described earlier (Liu
et al, 2007) and further evaluated the effect of Cdh1 depletion
on UV-mediated Rad17 proteolysis. As shown in Figure 5H
and I, depletion of Cdhl led to slight elevation of Radl7

©2010 European Molecular Biology Organization
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Figure 5 Identification of Cdh1/APC as a putative E3 ligase that mediates UV-induced Rad17 degradation. (A) Engineered Rad17-TAP
construct. (B) Verification of engineered Rad17-TAP expression. Stably expressed and HA and Flag-tagged Rad17 was examined by antibodies
against HA and Flag. (C) A silver-stained protein profile of purified Rad17 complexes in response to UV. Analyses of mass spectrometry indicate
the presence of Cdhl in the Rad17 complex. The IgG-agroase was used as control resin for the purification. Analyses of mass spectrometry
indicate the presence of Cdhl in the Rad17 complex. (D) Verification of interaction between Rad17 and Cdhl by co-immunoprecipitation.
Reversed immunoprecipitation coupled western blotting were carried out by using polyclonal anti-Rad17 and monoclonal anti-Cdhl.
(E) Measurement of alteration in Cdhl protein levels at various time points after exposure of cell to UV radiation. (F) Summary of (E).
(G) Depletion of Cdh1 in HNF cells by RNA interference. (H) Effect of Cdhl depletion on UV-induced Rad17 proteolysis. Knockdown of Cdh1
attenuates the UV-mediated Rad17 proteolysis. (I) Depletion of Cdhl leads to attenuation of UV-induced Rad17 ubiquitylation. Cells were
transfected with plasmid as indicated and were harvested 5 h after exposure to UV. HA-tagged Rad17 was pulled down by antibody against HA.
The ubiquitin-conjugated HA-Rad17 was then detected by immunoblotting using anti-Myc antibody.

in HNF cells. Moreover, knockdown of Cdhl significantly
changed the UV-induced pattern of Rad17 protein levels with
drastic drop and ubiquitylation over 5 to 6 h after UV treat-
ment in the wild-type cells. All together, the above results
suggest that Cdhl/APC is the putative ubiquitin-protein
ligase that regulates UV-induced Rad17 proteolysis.

Stabilization of Rad17 results in a prolonged interaction
between Rad17 and checkpoint complex

To determine the biological significance of UV-induced Rad17
proteolytic regulation, we attempted to carry out a functional

©2010 European Molecular Biology Organization

interference analysis by using a non-degradable Radl7
mutant. To determine whether the absence of the degron
region in Rad17 impairs the substrate recognition needed for
ubiquitylation of Rad17 without impairing its function in the
checkpoint response, we initially analysed its association
with chromatin and with the checkpoint network in response
to DNA damage. As indicated in Figure 6A and B, although
protein abundance of wild-type Rad17 associated with check-
point complex increased at the beginning and dropped over
4 h after exposure to UV, the stabilized Rad17 protein showed
a significantly extended period of interaction with Rad9. We
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Figure 6 Stabilization of Rad17 results in a prolonged interaction between Rad17 and checkpoint complex. (A, B) Measurement of kinetics of
interacted wild type and non-degradable Rad17 with checkpoint complex after exposure of cell to UV radiation. A HA-tagged Radl7 stable
mutant as well as a control (HA-Rad17) were transfected into HNF cells. Association of the Rad17 stable mutant as well as HA-Rad17 with 9-1-1
complexes in response to UV was detected by immunoprecipitation using antibody against Rad9 followed by immunoblotting with anti-HA
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indicated time points. Protein stability for wild type and stable Rad17 were measured by immunoblotting using anti-HA antibody based on
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stable Rad17.

next tested the Kinetics of protein alteration for both wild type
and Rad17A230-270 on chromatin after exposure to UV. As
shown in Figure 6C and D, the loss of the region 230-270 on
Radl17 largely stabilized Rad17 protein levels on chromatin
after DNA damage, whereas wild-type Rad17 protein levels
dropped over 4h after exposure to UV. The above results
suggest that Rad17A230-270 fits the criteria of a stable
mutant after cellular treatment with UV, and can be used
for functional interference studies.

Stabilized Rad17 disrupts termination of checkpoint
signalling, which in turn impairs re-entry into
cell-cycle progression

The function of Radl7 in the activation of checkpoint re-
sponse is thought to be through loading the checkpoint
complexes 9-1-1 to chromatin and also presenting Claspin,
a component that recruits Chk1, to the checkpoint complex.
Afterwards, Claspin subsequently brings Chkl to ATR for
activation using Rad17 (Wang et al, 2006). Our hypothesis is
that UV-induced acute accumulation of Rad17 in the first 1h
is important for enhancing the ATR/9-1-1/Rad17/Claspin
complex or amplifying checkpoint signal, which permits
the activation of Chkl. On completion of the checkpoint
response, Rad17 undergoes ubiquitin-dependent proteasomal
degradation ~4 h after exposure to UV radiation. The degrada-
tion of Rad17 would dissociate Claspin from the checkpoint
complex disconnecting Chkl and ATR, thereby terminating
the upstream activating signal to Chkl (Figure 8). To test
the effect of the stabilized Radl7 on regulating check-
point response, we have examined the effects of stabilized
Radl7 on the association of Claspin with the checkpoint
complexes as represented by its association with Rad9 by
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co-IP analysis. Finally, we have measured the effect of
stabilized Rad17 on the phosphorylation of Chkl by immno-
blotting. As shown in Figure 7A, expression of stable Rad17
reduces turnover rate of endogenous Rad17 after exposure to
UV. We have also demonstrated that ectopically expressed
Rad17 interacts with endogenous Rad17 and probably forms
a dimmer or oligomer (Supplementary Figure S3). Accor-
dingly, the altered turnover rate for the endogenous Radl7
could be due to its interaction with the expressed stabilized
Rad17. Co-IP experiment has demonstrated that expression of
stabilized Rad17 results in a prolonged presence of Claspin
with the checkpoint complexes as reflected by the duration of
association between Claspin and Rad9 after UV exposure
(Figure 7B). In addition, expression of the stabilized Rad17
leads to Chk1 activated for a significantly extended duration,
whereas Chk1 phosphorylation diminished 8 h after exposure
to UV when cells were transfected with wild-type Radl7
(Figure 7C). The above examinations indicate that proteolysis
of Rad17 could be critical for terminating checkpoint signal-
ling by facilitating the dissociation of Claspin from the
checkpoint complex.

The failure to orchestrate termination of the checkpoint
signalling and the subsequent operation of DNA repair
machinery could disturb the cellular re-entry into the cell
cycle (Calonge and O’Connell, 2008). To examine whether
stabilized Rad17 could influence the re-entry into cell-cycle
progression, we measured the kinetics of the cell-cycle profile
using a FACS analysis (Liu et al, 2008). As indicated in Figure
7D and E, expression of Radl7 stable mutant in U20S
significantly delayed recovery of G2/M population after 30h
exposure to UV compared with expression of wild-type
Radl7. Taken together, the above results suggest that
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UV-induced Radl7 proteolysis is critical in regulating DNA
damage checkpoint. Failure in Radl7 proteolysis disrupts
termination of checkpoint signalling, which in turn impairs
the recovery from the genotoxic stress (Figure 8).

Discussion

Proteolysis of Rad17 has critical function in regulating
checkpoint termination

Discovering that UV induces Radl7 proteolysis using our
non-biased screening has further expanded our understand-
ing of its importance in regulating DNA damage checkpoint

©2010 European Molecular Biology Organization

response. Although tremendous efforts have been made
contributing to understanding the function of Radl7 in the
activation of checkpoint, the present findings have significant
implication for a novel regulatory function of Radl7 in the
termination of checkpoint through its degradation. Activation
of Chkl by ATR in response to genotoxic stress generates a
signal to delay cell-cycle progression. Earlier works have
shown the crucial function for Rad17 in activating Chk1l by
loading checkpoint complex 9-1-1 onto the damaged DNA
and uploading Claspin to checkpoint complexes (Bao et al,
2001; Kastan and Bartek, 2004; Harper and Elledge, 2007).
The present results have revealed a new function for Rad17
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Figure 8 A proposed model for the function of Rad17 proteolytic regulation in regulating UV-induced checkpoint response.

in orchestrating checkpoint control. Time-dependent Rad17
proteolysis results in turning off checkpoint signalling by
disconnecting Chk1l from ATR through dissociating Claspin
from the checkpoint complexes. Failure on Rad17 proteolysis
leads to a disrupted recovery from genotoxic stress. Results
from these works advance the current paradigm in regulation
of the checkpoint response.

Time-dependent proteolysis of Rad17 regulates
checkpoint response

Previous works have concentrated on the importance of
Rad17 in first 2h after cellular exposure to genotoxic stress
(Dean et al, 1998; Li et al, 1999; Bao et al, 2001). Our
monitoring of Rad17 kinetics for a 24-h span in response to
DNA damage signalling uncovers a significant Rad17 oscilla-
tion after exposure to UV. Result from the ATR mutant cell
line further indicated the possible involvement of ATR in this
UV-induced alteration of Rad17 (Supplementary Figure S1).
The fluctuation of Radl7 in response to UV suggests the
presence of a basal level of turnover for Rad17, in which DNA
damage would downregulate Rad17 turnover resulting in a
transient Rad17 accumulation that is required for the activa-
tion of the checkpoint signalling. The result showed that
Cdhl also could interact with Rad17 in the absence of UV
radiation imply a basal turnover of Rad17 is mediated by the
Cdh1/APC pathway, although more solid work needs to be
done to confirm this point. The observation of UV-induced
drop of Cdhl in the first 2h further indicates a possible
connection between the time-dependent downregulation of
Cdh1/APC with the upregulation of Radl7 at the beginning
after exposure to UV radiation. In 4 to 6h following the
completion of cellular checkpoint activation after exposure
to UV radiation, Rad17 undergoes proteolysis, where on the
destruction of Rad17 results in loss of the platform, which is
required to bridging Claspin to the checkpoint complexes.
Recent reports indicate that Chk1 activation requires phos-
phorylation of its residues Ser317 and Ser345 (Cimprich and
Cortez, 2008). Claspin is critical for recruiting Chk1 to ATR,
whereas Rad17 functions as a platform for Claspin, thereby
facilitating a special interaction between Claspin and ATR
(Chini and Chen, 2004; Liu et al, 2006; Wang et al, 2006). We
therefore speculate that the dissociation of Claspin from the
checkpoint complexes due to Radl7 degradation destroys
the interaction between ATR and Chkl, which could be a
mechanism that terminates checkpoint signalling.

1734 The EMBO Journal VOL 29 | NO 10| 2010

Deregulated Rad17 proteolysis disrupts checkpoint
response that impairs recovery of cell-cycle progression
On exposure to genotoxic stress, a cell would activate the
checkpoint to delay cell-cycle progression and acquire time to
fix the damaged DNA before a commitment to the next
genome duplication. Once the repair is completed, cell survi-
val relies on CDK1 being activated to permit mitosis to occur.
Prior studies have shown that phosphorylation of Chkl1 at its
residues Ser317 and Ser345 induces cell-cycle arrest in G2/M
or S phase (Cimprich and Cortez, 2008). An important Chk1
substrate for controlling cell-cycle progression is Cdc25
phosphatase (Abraham, 2001). Phosphorylatation of Ser216
on Cdc25C by Chkl prevents its activation at G2, at least
partially, due to its 14-3-3-mediated translocation to the
cytoplasm (Abraham, 2001; Kastan and Bartek, 2004). The
consequence of Cdc25A phosphorylation at Serl23 is its
degradation (Abraham, 2001; Sancar et al, 2004). Both phos-
phorylation of Cdc25C and Cdc25A result in cellular arrest at
G2/M through inhibition of CDK1 (Abraham, 2001; Sancar
et al, 2004). Present results have shown that stabilization of
Rad17 disrupts the cell-cycle recovery after completion of
checkpoint activation and DNA repair. Stabilized Radl7
probably enables an extended Claspin-mediated communica-
tion between Chkl and ATR, which results in prolonged
activation of Chkl. Failure to terminate Chkl activation
leads to uncontrolled phosphorylation of Cdc25 that in turn
results in a prolonged suppression of CDKI.

UV-mediated proteolysis of Rad17 is regulated

by Cdh1/APC

Recent studies have unveiled a function for Cdh1/APC in
genomic integrity and carcinogenesis. Cdhl/APC was be-
lieved to target ribonucleotide reductase R2, which is critical
for DNA repair (Chabes et al, 2003). Regulation of Cdhl is
implicated in UV-induced response (Liu et al, 2008). Both
conditional targeted disruption of Cdhl in mice and Cdhl-
depleted primary cultured cells showed severe aberrant
genomic disruption and various types of cancer (Engelbert
et al, 2008; Garcia-Higuera et al, 2008). Very recent work
indicated that Cdh1 could target Claspin during G1 stage of
the cell cycle, whereas inhibiting Cdhl/APC-mediated de-
struction through deubiquitylation could be important for G2
checkpoint (Bassermann et al, 2008; Gao et al, 2009). Identi-
fication of Cdh1/APC as the E3 ligase that mediates UV-
induced Rad17 proteolysis implicated in checkpoint control
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advances the knowledge of Cdh1/APC in genomic integrity.
Demonstration of the interplay between Cdhl and Radl17
opens a new avenue to understand the mechanism of check-
point regulation.

Integration of the present findings with the current
paradigm

Regulation of checkpoint termination has attracted substan-
tial interest for its critical function in orchestrating genomic
integrity. Until recently, the mechanism by which checkpoint
is turned off after completion of checkpoint activation re-
mains largely unclear. Earlier work from yeast to mammalian
cells attempted to uncover the mystery behind checkpoint
termination (Calonge and O’Connell, 2008). Dephosphory-
lation of Chkl has been thought as one important way to
attenuate Chk1 activity with phosphtases Dis2 (PP1 isoform)
and PPMID/Wipl implicated in Chkl dephosphory-
lation (den Elzen and O’Connell, 2004; Lu et al, 2005).
Dephosphorylation of other components, including TopBP1,
Rad3 and H2A, in the checkpoint pathway has been linked to
ending the checkpoint signalling (Calonge and O’Connell,
2008). The function of the ubiquitin-proteosome system is
connected to the mechanism of checkpoint termination, in
which phosphorylated Chkl could be degraded by SCF,
whereas Claspin is destroyed through SCF/B-TRCP (Zhang
et al, 2005; Francia et al, 2006; Mailand et al, 2006;
Peschiaroli et al, 2006). In addition, polo-like Kkinase-
mediated degradation of Weel is thought to be involved in
re-entry into cell-cycle progression (van Vugt et al, 2004). The
present work discovers a novel regulating mechanism to
control checkpoint termination through regulated Radl7
protein degradation, which enhances our current knowledge
of checkpoint termination and complements the notions
concluded by other groups (Calonge and O’Connell, 2008).

Materials and methods

Plasmids and constructs
Rad17 mutants, including Rad17 (1-653), Rad17 (1-634), Radl7
(478), Radl7 (1-362), Radl7 (1-270), Radl7 (119-670), Radl7
(230-670), Rad17 (270-670), Rad17 (330-670), Rad17 (480-670)
and Rad17 A230-270, were engineered by PCR using the following
primers and then cloned into pCS2-HA, a mammalian expression
vector.
5’-AAAAATCGATACC ATGTCAAAAACTTTTCTTAGA-3'
5-AAAAATCGATACCATGGGATCTATTTTATTAATAACA-3’
5'-AAAAATCGATACCATGATCTCAAATATTAGTTTCAAC-3’
5'-AAAAATCGATACCATGCAGTTTTCTTCTTCAAAAGGA-3'
5-AAAAATCGAT ACCATGAGGGAATATAGCACATCTATA-3'
5'-AAAAATCGATACCATGATCCAAGATATTGGAAGGCTC-3’
5-TTGGCGCGCCTGTCCCATCACTCTCGTAGTC-3'
5'-TTGGCGCGCCTCCATTAAGCTGGGCTTCATC-3’
5'-TTGGCGCGCCTTCCGGCACAGTGGCTTGAGT-3’
5-TTGGCGCGCCTAAAGAGCGTGTATTCCAGTC-3’
5’-TTGGCGCGCCTTTTCTTCGTTTTGATTTTGA-3’
5-TTGGCGCGCCAGAACACTCTTCCTGAATTTC-3’
5’-AAAATCGATACCATGTCAAAAACTTTTCTTAGACCAAAGGT
ATCT-3’
5'-AAAAATCGATACCATGAATCAGGTAACAGACTGGG-3'

Antibodies and tissue specimens

Antibodies against Rad17 (H-300), Rad9 (M-389), Rad 9 (B-8), HA
(F-7), Myc, Flag, p53 (DO-1), Chk1(S345) were purchased from
Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Antibodies B-actin
and o-tubulin were purchased from Sigma-Aldrich (St Louis, MO).
Rabbit polyclonal antibody against Claspin was purchased from
Bethyl Laboratories (Montgomery, TX). Mouse monoclonal
antibody ORC-2 was purchased from Abcam (Cambridge, MA).

©2010 European Molecular Biology Organization

Proteolysis of Rad17 by Cdh1/APC regulates checkpoint termination
L Zhang et al

Goat-anti-rabbit and goat-anti-mouse HRP-conjugated secondary
antibodies were purchased from Promega (Madison, WI).

Cell culture and transfection

The HNF cell GM05757B (from ATCC) were maintained in
DMEM medium supplemented with 10% fetal bovine serum (FBS)
(Atlanta Biologicals, Larenceville, GA), 1 x concentration of 2mM
L-glutamine, essential and non-essential amino acids and vitamins,
100 pg/ml streptomycin and 100 pg/ml penicillin in 5% CO, at 37°C.
IMR-90 and U20S were grown in DMEM medium supplemented
with 10% FBS, 100 pg/ml streptomycin and 100 pg/ml penicillin in
5% CO, at 37°C.

Transfection of plasmids into HNF, IMR-90 was carried out using
lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. A gentle heat-shock strategy (submerge the saran-wrap
sealed culture dish containing cells and transfection cocktail in 42°C
water bath for 40 s) was used to enhance the transfection efficiency
in HNF cells.

UV irradiation

Cells were irradiated with Ultraviolet C (245nm) at a dose rate of
0.5J/M? per second. During irradiation, the cells were covered by a
thin layer of phosphate-buffered saline (PBS). Afterwards, PBS was
removed and fresh medium was added and the culture dish was
returned to the incubator for the indicated times (Liu et al, 2008).
Control cells were treated with PBS but were not irradiated.

Semi-quantitative RT-PCR

Total RNAs were extracted using TRIzol reagent (Invitrogen). The
quanlity of the RNAs were assessed by 1% denaturing agarose gel
electrophoresis and spectrophotometry. Five micrograms of total
RNAs of each sample were reverse transcribed to the first strand of
c¢DNA primed with oligo-(dT);,_1s using Transcriptase SuperScript
II Preamplification System for First Strand cDNA kit (Invitrogen).
Then 0.5-1 pl aliquots of the cDNA was used as template to amplify
SLP-2 fragment with Radl7 primers: sense S5-TTAGTTTCAACC
CTGTGGCAC-3’; antisense: 5-TGGCCGTAAGTTGTTTTCTCC-3’ at
annealing temperature of 57°C for 28 cycles. The expression of the
housekeeping gene GAPDH was used as an internal control (Liu
et al, 2007).

Co-immunoprecipitation

Cell pellets collected at designated time points were lysed in buffer
(25 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5% Nodidet P-40, 1 mM
EDTA, 5mM MaF and 1 x protein inhibitor cocktail) on ice for
30min. Then, 27G 1/2 syringes were used to shred the DNA. The
supernatants were collected after centrifugation at 12000g for
30min. Equal amount of protein lysates at designated time points
were aliquoted, and equal amount of primary antibody was added
to the above lysates. After rotation at 4°C overnight, equal amount
of immobilized protein A/G beads (Pierce, Rockford, IL) were
added to the tubes. After rotation again at 4°C for 4h, the beads
were collected by centrifugation at 2500g for 3 min. Electropho-
resis-loading buffer was added to the beads after washing with IP
wash buffer (25mM Tris-HCI, pH 7.5, 150mM NaCl and 1 x
protein inhibitor cocktail) five times. After denaturing at 95°C for
5min, the supernatants were subject to western blot.

In vivo ubiquitylation assay for Rad17

Cells were co-transfected with Myc-Ub and HA-Rad17. Twenty-four
hours later, cells were treated with UV. The in vivo ubiquitylation
assay was performed under denaturing condition as described
earlier (Liu et al, 2007). Immunoprecipitated complex with anti-HA
antibody was resolved by SDS-PAGE. The immunoblotting was
performed with anti-Myc antibody.

Chromatin fractionation

Chromatin fractionations were performed as described earlier
(Mendez and Stillman, 2000). Cell pellets collected at designated
time points were washed with PBS and resuspended in 200 pl
solution A (10 mM Hepes, pH 7.9, 10 mM KCl, 0.34 M sucrose, 10%
glycerol, 1mM DTT, 10mM NaF, 1mM Na;VO,4 and 1 x protein
inhibitor cocktail), and the cells were left on ice for 5 min. Cytosolic
proteins were separated from nuclei by low-speed centrifugation at
1300 g for 4 min. Isolated nuclei were washed once with solution A
and lysed in 200 pl solution B (3 mM EDTA, 0.2 mM EGTA, 1 mM
DTT). After a 10-min incubation on ice, soluble nuclear proteins
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were separated from chromatin by centrifugation at 1700g for
4 min. Isolated chromatin was washed once with solution B and
spun down at high speed of 10000g for 1 min. Finally, Chromatin
was resuspended in 200 pl of SDS sample buffer and sheared by
sonication. The proteins were quantitated.

DNA damage detection by immunofluorescent staining

Cells grown on coverslips were briefly washed in PBS and fixed in
—20°C absolute methonal at —20°C for 20 min. Cells were then
washed in PBS and permeabilized with 1% Triton X-100 in PBS for
15min at room temperature followed by washing in PBS and
blocking with 3% BSA containing 0.1% Triton X-100 for 15 min at
room temperature. Cells were then incubated with primary
antibody Rad17 (1:200) overnight at 4°C in a humid chamber and
incubated for another 3h at 37°C the next morning. After a brief
wash in PBS, cells were incubated with goat-anti-rabbit FITC-
conjugated secondary antibody (Jackson ImmunoResearch Labora-
tories) for at least 2 h at 37°C, washed with PBS and counterstained
with 4’,6-diamidino-2-phenylindole (Vector Laboratories). Cells
were analysed using an Olympus (Center Valley) IX81 epifluore-
scence microscope equipped with digital camera.

FACS analysis

Flow cytometry assay was performed by propidium iodide staining.
Cells were digested with trypsin, washed twice with PBS and fixed
overnight at 4°C in 70% ethanol. After washing twice with PBS,
cells were incubated with 5 pg/ml propidium iodide and 50 pg/ml
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