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Cells respond to DNA damage by activating a network of signaling pathways that control cell cycle
progression and DNA repair. Genetic studies in yeast suggested that several checkpoint proteins, including the
RFC-related Rad17 protein, and the PCNA-related Rad1-Rad9-Hus1 protein complex might function as
sensors of DNA damage. In this study, we show that the human Rad17 protein recruits the Rad9 protein
complex onto chromatin after damage. Rad17 binds to chromatin prior to damage and is phosphorylated by
ATR on chromatin after damage but Rad17’s phosphorylation is not required for Rad9 loading onto chromatin.
The chromatin associations of Rad17 and ATR are largely independent, which suggests that they localize to
DNA damage independently. Furthermore, the phosphorylation of Rad17 requires Hus1, suggesting that the
Rad1-Rad9-Hus1 complex recruited by Rad1l7 enables ATR to recognize its substrates. Our data are consistent
with a model in which multiple checkpoint protein complexes localize to sites of DNA damage independently
and interact to trigger the checkpoint-signaling cascade.
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ATM and ATR kinases are central components of the
DNA damage response (Zhou and Elledge 2000). Upon
DNA damage, they activate a network of damage-re-
sponse pathways by phosphorylating proteins such as
p53, Brecal, Nbs1, Chkl, and Chk2. However, how ATM
and ATR are activated by DNA damage and how they
recognize their substrates is not understood.

In Schizosaccharomyces pombe, the phosphorylation
of Chkl and Cdsl by Rad3, a homolog of ATR and
ATM, requires Radl, Rad9, Radl7, Rad26, and Husl
(O’Connell et al. 2000). It was therefore postulated that
this group of proteins might function as sensors of DNA
damage. Among these proteins, Rad17 shares homology
with all five subunits of replication factor C (RFC), and it
associates with the four small RFC subunits in humans
and budding yeast (Griffiths et al. 1995; Green et al.
2000; Naiki et al. 2000; Lindsey-Boltz et al. 2001). In
addition, Radl, Rad9, and Husl, which are all structur-
ally related to PCNA (Thelen et al. 1999; Venclovas and
Thelen 2000), form a complex in human cells (St Onge et
al. 1999; Volkmer and Karnitz 1999). During DNA rep-
lication, RFC recognizes the primer-template junction
and loads PCNA onto DNA (Tsurimoto and Stillman
1991). The analogy between Rad17 and the REC subunits
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raises the possibility that a Radl7-containing complex
might be involved in recognizing certain DNA struc-
tures during the damage response. Furthermore, the
Radl7 complex might recruit the Rad1-Rad9-Hus1 com-
plex to DNA lesions in a manner similar to PCNA load-
ing by RFC. Indeed, Radl, Rad9, and Husl become less
extractable from the nucleus after damage, implying that
the Radl-Rad9-Husl complex might associate with
damaged DNA (Burtelow et al. 2000). However, whether
Rad17 is required for the recruitment of the Rad1-Rad9-
Husl complex onto DNA, a key question for the model,
has not been addressed.

Radl7 and the Rad1-Rad9-Husl complex are not the
only candidates for sensors of DNA damage. Rad26, a
protein tightly bound to Rad3, is phosphorylated by Rad3
after ionizing radiation (IR) even in the absence of Rad17
and the Rad1-Rad9-Hus1 complex (Edwards et al. 1999).
Similarly, Ddc2/Led1/Piel, the budding yeast counter-
part of Rad26, can be phosphorylated independently of
the RFC- and PCNA-like checkpoint proteins after dam-
age (Paciotti et al. 2000; Rouse and Jackson 2000;
Wakayama et al. 2001). These findings suggest that the
Rad3-Rad26 complex might directly respond to certain
types of DNA damage without involving the other puta-
tive sensors. The recent identification of ATRIP (ATR-
interacting protein), a human homolog of Rad26, indi-
cates that a similar mechanism for damage detection
might also operate in human cells (Cortez et al. 2001).
Given that Rad17 and the Rad1-Rad9-Hus1 complex are
required for the phosphorylation of Rad3 substrates and

198 GENES & DEVELOPMENT 16:198-208 © 2002 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/02 $5.00; www.genesdev.org



the activation of the checkpoint, they are clearly impor-
tant for the transduction and possibly amplification of
the damage signal. However, whether Radl7 and the
Rad1-Rad9-Husl complex also function in parallel with
the Rad3-Rad26 complex in damage detection remains
unknown.

In this study, we find that the human Radl7 protein
associates with chromatin in vivo. Furthermore, Radl7
is required for the recruitment of the Rad9 complex onto
chromatin and the activation of Chk1 after damage. The
chromatin associations of Radl7 and ATR are largely
independent, suggesting that these proteins localize to
sites of DNA damage independently. Importantly, Rad17
is capable of recruiting the Rad9 complex even in the
absence of ATR, indicating that Rad17 functions in par-
allel with ATR in damage detection. Both Radl7 and
ATR bind to chromatin prior to DNA damage, and
Rad17 is phosphorylated by ATR on chromatin after UV
irradiation. The phosphorylation of Radl7 by ATR re-
quires Husl, which suggests that the Rad1-Rad9-Hus1
complex recruited by Rad17 enables ATR to phosphory-
late its substrates on chromatin. Together, our data sug-
gest that Rad17 and ATR might be involved in two sepa-
rate sensory pathways and that they function in concert
to fully activate the damage response in human cells.

Results

Human Rad17 associates with chromatin in vivo

To investigate whether Rad17 is part of the protein com-
plex that associates with DNA and has the potential to
detect DNA damage, we tested if Rad17 could associate
with chromatin in vivo. By fractionating extracts of
asynchronously growing 293T cells (Mendez and Still-
man 2000), we obtained fractions of cytoplasmic pro-
teins (S1), nuclei (P1), soluble nuclear proteins (S2), and a
fraction enriched for chromatin-bound proteins (P2). A
cytoplasmic protein (Grb2) and a nuclear protein (Orc2)
were well separated by the fractionation (Fig. 1A). Like
Orc2, a subunit of the origin recognition complex, a por-
tion of Radl7 was detected in the chromatin fraction
(Fig. 1A). After chromatin was digested with micrococcal
nuclease, Orc2 and Radl7 could no longer be sedi-
mented, showing that these proteins were, indeed, asso-
ciated with chromatin.

To test whether various forms of DNA damage could
stimulate the chromatin association of Radl7, we iso-
lated chromatin from undamaged cells and from cells
treated with ionizing radiation (IR) or UV. The amounts
of Radl7 on chromatin were not significantly changed
after damage (Fig. 1B). In contrast, increasing amounts of
Rad9 were detected on chromatin in the damaged cells,
indicating that the Rad1-Rad9-Husl complex was re-
cruited onto chromatin after damage.

Rad17 is required for Rad9 binding to chromatin
and Chk1 phosphorylation after damage

Because Radl7 is structurally related to RFC and was
already bound to chromatin when Rad9 was recruited,
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Figure 1. Association of human Radl7 with chromatin. (A)
Extracts of 293T cells were fractionated as described in Materi-
als and Methods. The resultant fractions were resolved on SDS-
PAGE and immunoblotted with the indicated antibodies.
(WCE) Whole-cell extracts; (S1) cytoplasmic proteins; (P1) intact
nuclei; (S2) soluble nuclear proteins; (P2) chromatin-enriched
sediment; (S2’, P2’) soluble fraction and sediment from micro-
coccal nuclease-treated nuclei, respectively; (MNase) micrococ-
cal nuclease. (B) 293T cells were either untreated or treated with
20 Gy of y-IR or 80 J/m? of UV and harvested after 2 h. Fractions
derived from these cells were analyzed by immunoblotting with
the indicated antibodies.

we asked whether Rad17 played a role in loading Rad9
onto chromatin. We first tested if overexpression of
Rad17 could enhance the association of Rad9 with chro-
matin. To evaluate the effects of Radl7 overexpression,
we monitored the chromatin association of endogenous
Rad9 and transiently expressed GFP-Rad9. Both forms of
Rad9 can be recruited onto chromatin after cells are ir-
radiated with UV (Fig. 2A). Orc2, whose chromatin bind-
ing was not affected by damage, served as the loading
control for the chromatin fractions. When Flag-Radl7
was transiently expressed, a fraction of it bound to chro-
matin like endogenous Radl7, leading to an increase in
Radl7 on chromatin. Consequently, the UV-induced
chromatin association of both endogenous Rad9 and
GFP-Rad9 was stimulated. Although the chromatin as-
sociation of GFP-Rad9 was slightly elevated by Flag-
Radl7 prior to damage, the induction by UV was still
pronounced. Thus, Radl7 can promote Rad9 binding to
chromatin in a damage-dependent manner.

To address whether Rad17 is required for the recruit-
ment of Rad9 onto chromatin, we used small interfering
RNA (siRNA) to specifically inhibit the expression of
Radl7 (Elbashir et al. 2001). Transfection of the siRNA
duplexes targeting Radl7 reduced its protein level by
[80%. Importantly, the amounts of Rad17 on chromatin
were also reduced by the siRNA (Fig. 2B). The overall
levels of several other checkpoint proteins, including
ATR and Rad9, were not affected by the siRNA (Fig. 2B;
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Figure 2. Requirement of Radl7 for loading Rad9 onto chromatin and phosphorylation of Chkl. (A) 293T cells were cotransfected
with plasmids expressing GFP-Rad9 and either vectors alone or plasmids expressing Flag-Rad17. After 48 h, cells were untreated or
treated with 50 J/m? of UV and harvested after 2 h. Fractions from these cells were analyzed by immunoblotting with the indicated
antibodies. (S1+S2) A combined fraction of S1 and S2. (B) HeLa cells were either transfected with siRNA targeting Radl7 or mock-
transfected, and untreated or treated with UV as in A. Fractions from these cells were analyzed by immunoblotting. (C) HeLa cells
transfected with siRNA targeting Rad17 or mock-transfected HeLa cells were untreated or treated with 50 J/m? of UV and harvested
after 2 h. Extracts of the cells were immnoprecipitated with an anti-p-S345 Chk1 antibody (Liu et al. 2000). Both extracts (WCE) and
immunoprecipitates (lower panel) were analyzed by immunoblotting.

see Fig. 5A below), showing that the inhibition was spe-
cific to Radl7. The basal level of chromatin-bound Rad9
was reduced in the siRNA-transfected cells even prior to
damage. After UV irradiation, the damage-induced chro-
matin association of Rad9 was clearly attenuated in the
siRNA-transfected cells. Furthermore, the overall levels
of hyperphosphorylated Rad9 were also reduced in the
siRNA-transfected cells after damage. Therefore, Rad17
is required not only for loading Rad9 onto chromatin
after damage but also for its hyperphosphorylation. Be-
cause essentially all the Rad9 in human cells is present
in the Radl1-Rad9-Hus1 complex (Burtelow et al. 2001),
this result strongly suggests that Radl7 is required for
recruiting the Rad1-Rad9-Hus1 complex onto chromatin.
To determine where Radl7 functions in the check-
point pathway, we tested if Rad17 was required for the
activation of Chkl. In response to UV and hydroxyurea
(HU), Chk1 is phosphorylated at serines 317 and 345 in
an ATR-dependent manner (Liu et al. 2000; Zhao and
Piwnica-Worms 2001). The phosphorylation of these
serines is required for the HU-induced activation of
Chk1 (Zhao and Piwnica-Worms 2001). As shown in Fig-
ure 2C, the UV-induced phosphorylation of Chk1 on Ser
345 was attenuated when the expression of Radl7 was
inhibited, showing that the ATR-dependent phosphory-
lation of Chk1 is mediated by Rad17. This is consistent
with previous studies on the homologous genes in
Schizosaccharomyces pombe (O’Connell et al. 2000).

Damage-induced phosphorylation of Rad17 in ATR™/~
and A-T cells

The role of Radl7 in mediating the phosphorylation of
Chkl by ATR indicates that Rad17 itself might be pres-
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ent in the same complex as ATR and Chk1 after damage.
It was recently reported that Rad17 was phosphorylated
on serines 635 and 645 after damage and that the phos-
phorylation could be inhibited by overexpression of ki-
nase-inactive ATR (Bao et al. 2001). To address more
directly whether ATR is responsible for the damage-in-
duced phosphorylation of Rad17, we examined the phos-
phorylation of Rad17 in ATR ™/~ cells (Cortez et al. 2001).
Given that ATR is essential for cell viability (Cortez et
al. 2001), ATR /- cells could only be obtained by excising
the conditional ATR allele from ATRZ*/~ cells. In the
ATR%/~ cells, exon 2 of one ATR allele was disrupted,
and exon 2 of the second ATR allele was flanked by two
IoxP sites (Cortez et al. 2001). The removal of exon 2
leads to a frame shift at amino acid 20 followed by an
in-frame Stop codon in exon 3. To produce ATR™~ cells,
ATR¥/~ cells were infected with Cre-expressing adeno-
virus (Ad-Cre). Because ATR ™/~ cells underwent apopto-
sis after 5 d, UV, HU, and IR treatments were conducted
3-4 d after infection, when the level of ATR protein was
reduced by >90% (Fig. 3A,B). As controls, ATR!*/~ cells
infected with adenovirus expressing GFP (Ad-GFP) and
parental cells (HCT116) infected with Ad-Cre were also
treated. To monitor the phosphorylation of Rad17 on Ser
635, we generated an antibody that specifically recog-
nized phosphorylated Ser 635 (p-Ser 635). The UV-in-
duced phosphorylation of Rad17 was readily detected in
control cells but not in ATR™/~ cells (Fig. 3B). The re-
sidual signal of phosphorylated Rad17 is likely caused by
the cells that did not delete the conditional allele of
ATR. In contrast, the HU-induced phosphorylation of
Radl7 was reduced but not abolished in ATR™/~ cells
(Fig. 3B). Interestingly, the IR-induced phosphorylation
of Rad17 in ATR™/~ cells was only slightly reduced dur-
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Figure 3. Phosphorylation of Rad17 by ATR and ATM. (A) HCT116 (ATR*/*) or its ATR¥/~ derivative cells infected with adenovirus
expressing Cre (Ad-Cre) or adenovirus expressing GFP (Ad-GFP) were collected at the indicated times after infection. Extracts were
prepared from these cells and analyzed by immunoblotting with antibodies to ATR and ATM. (B) ATR*/* and ATR™*/~ cells were
infected with Ad-Cre or Ad-GFP as indicated. Four days after infection, the cells were treated with 50 J/m? of UV, 20 Gy of v-IR, or
1 mM of HU and collected at the indicated times after the treatments. Extracts of the cells were analyzed by immunoblotting with
the indicated antibodies. (C) A-T cells (AT22IJE-T) or A-T cells complemented with ATM (AT22IJE-T/YZ5) were treated with 20 Gy
of y-IR and collected at the indicated times after irradiation. Extracts of the cells were analyzed by immunoblotting with the indicated
antibodies. (*) A protein nonspecifically recognized by the anti-ATM antibody.

ing the first 2 h but quickly diminished thereafter, indi-
cating a biphasic response, the latter of which is ATR-
dependent (Fig. 3B).

HU and IR could induce phosphorylation of Radl7
even in the absence of ATR, suggesting that ATM might
also phosphorylate Rad17 in vivo. To test whether ATM
plays a major role in Rad17 phosphorylation when ATR
is present, we compared the phosphorylation of Radl7 in
A-T cells and in A-T cells complemented with wild-type
ATM. In response to IR, UV, and HU, Radl7 was effi-
ciently phosphorylated in A-T cells (Fig. 3C; data not
shown). The expression of ATM in A-T cells had no ap-
parent effects on the UV- and HU-induced phosphoryla-
tion of Rad17 (data not shown). However, ATM slightly
enhanced the phosphorylation of Rad17 during the first
hour after IR irradiation (Fig. 3C), implicating ATM in
the initial phosphorylation of Radl7 in response to
double-strand breaks.

Damage-induced phosphorylation of Rad17
on chromatin

Although the association of Rad17 with chromatin is not
regulated by damage, its ability to recruit Rad9 and to
mediate Chkl activation is damage-dependent. To test

whether the chromatin-bound Radl7 is regulated by
phosphorylation, we fractionated the extracts of HU- or
UV-treated mouse embryonic fibroblasts (MEFs) and ex-
amined the distribution of phosphorylated Rad17 among
the fractions (Fig. 4A). Most of the phosphorylated Rad17
was detected on chromatin. Because the amounts of
Radl7 on chromatin did not change significantly after
damage, the pool of Radl7 already on chromatin was
most likely phosphorylated after damage. Unlike the
phosphorylated Radl7, hyperphosphorylated Rad9 was
detected both on and off chromatin (Fig. 1B). The release
of hyperphosphorylated Rad9 from chromatin suggests
that the association of the Radl-Rad9-Husl complex
with chromatin is dynamic.

The association of RFC with DNA requires ATP
(Tsurimoto and Stillman 1991). Like all five RFC sub-
units, Radl7 possesses an ATP-binding domain (Parker
et al. 1998b). GFP-rad17%!*?E, a mutant that lacks the
conserved lysine in the Walker A motif, exhibited poor
association with chromatin compared with GFP-Radl7
(Fig. 4B). Consistent with the idea that the efficient chro-
matin association of Rad17 might be a prerequisite for its
phosphorylation, GFP-rad17%!'32E was not efficiently
phosphorylated in the cells treated with IR or UV (Fig.
4Q).
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Figure 4. Phosphorylation of Rad17 by ATR on chromatin. (A)
MEF cells (BS-1/pCaggs-Husl) were untreated or treated with
HU (1 mM for 24 h) or UV (80 J/m?) and harvested after 2 h and
fractionated as in Figure 1A. Fractions from these cells were
analyzed by immunoblotting with the indicated antibodies.
(B,C) 293T cells transfected with plasmids expressing either
GFP-rad17%'3%E or GFP-Rad17 were untreated or treated with
20 Gy of y-IR or 80 J/m? of UV and harvested after 2 h. Fractions
(B) and extracts (C) were prepared from these cells and analyzed
by immunoblotting with antibodies to Rad17 and p-Ser645 of
Radl7.

Rad17 associates with chromatin and recruits Rad9
independently of ATR

If Rad17 functions as a sensor of DNA damage, one role
it might play is to recruit ATR to DNA lesions. To assess
this possibility, we first tested if ATR bound to chroma-
tin in a damage-dependent manner. Surprisingly, as in
the case of Rad17, ATR associated with chromatin both
before and after UV treatment (Fig. 5A). Furthermore, the
amounts of ATR on chromatin did not increase in dam-
aged cells. The chromatin association of ATR was veri-
fied by micrococcal-nuclease digestion and solubiliza-
tion (data not shown). To address whether ATR required
Radl17 to bind to chromatin, we analyzed the chromatin
association of ATR in the cells transfected with the
siRNA targeting Rad17. ATR still associated with chro-
matin when the level of Rad17 was significantly reduced
(Fig. 5A), suggesting that ATR could bind to chromatin
independently of Radl7. However, the amounts of ATR
on chromatin were slightly reduced when the abundance
of Radl7 was low, which indicates that Rad17 might
help to stabilize the association of ATR with chromatin.
We also tested if Rad17 needed ATR to associate with
chromatin. In ATR™/~ cells, Rad17 was still bound to
chromatin before and after UV irradiation (Fig. 5B).
Moreover, the amounts of Rad9 on chromatin increased
similarly in ATR*/* and ATR ™/~ cells after UV treatment
(Fig. 5C). We therefore conclude that Rad17 can bind to
chromatin and recruit Rad9 in the absence of ATR.
ATR is localized to nuclear foci in response to repli-
cation blocks or DNA damage (Tibbetts et al. 2000), in-
dicating a damage-induced redistribution of ATR on
chromatin. By using the antibody to p-Ser 635, we de-
tected nuclear foci of phosphorylated Radl7 in UV-
treated cells (Fig. 6A). Importantly, the foci of phos-
phorylated Rad17 colocalized with ATR foci, indicating
the presence of both proteins at sites of DNA damage. To
determine whether Radl7 is required for the formation
of ATR foci, we examined the localization of ATR in the
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Figure 5. Radl7 associates with chromatin and recruits Rad9 independently of ATR. (A) HeLa cells transfected with siRNA targeting
Radl7 or mock-transfected HeLa cells were untreated or treated with 80 J/m? of UV, harvested after 2 h. The cells were then
fractionated as in Figure 1A, and the resultant fractions were analyzed by immunoblotting with the indicated antibodies. (B,C) ATR*/*
and ATR%/~ cells infected with Ad-Cre were untreated or treated with UV as in A. Fractions from these cells were analyzed by
immunoblotting with the indicated antibodies. (*) This lane was underloaded as shown by Orc2 signal.
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cells in which Radl7 expression was inhibited (Fig. 6B).
Upon UV irradiation, ATR foci were detected in both the
cells transfected with the siRNA targeting Rad17 and the
cells transfected with control siRNA. Given that the re-
sidual Radl7 in the cells transfected with the siRNA
targeting Rad17 could not efficiently support Rad9 load-
ing and Chkl activation, this observation suggests that
the formation of ATR foci is largely independent of
Rad17. However, we cannot exclude the possibility that
the low residual amounts of Radl7 play a role in the
redistribution of ATR.

Hus1 mediates the phosphorylation of Rad17 by ATR

Although both Rad17 and ATR associate with chromatin
prior to damage, the phosphorylation of Radl7 is clearly
stimulated by damage. These findings suggest that the
phosphorylation of Rad17 by ATR might be mediated by
other proteins that bind to chromatin in a damage-de-
pendent manner. Because the Rad1-Rad9-Hus1 complex
is recruited onto chromatin by Radl7 after damage, it
emerges as a likely candidate for such a mediator.

The existence of Husl-null MEF cells made it possible
to analyze the phosphorylation of Radl7 in the absence
of the Radl-Rad9-Husl complex (Weiss et al. 2000).
Compared with Hus1~/~ p21~/~ cells complemented with
wild-type Husl, Hus1~/~ p21~/~ cells showed much re-
duced levels of Rad9 (Fig. 7A). Furthermore, the UV- or
HU-induced hyperphosphorylation of Rad9 was not seen
in Husl-null cells (Fig. 7A,B). Finally, Rad9 was only
detected in the cytoplasmic fraction of Husl™~ p21~/~
cells before and after HU treatment, indicating that the
nuclear import and chromatin binding of Rad9 relied on
Husl (Fig. 7B). Consistently, the nuclear localization of

A

Rad17 P-S635

Untreated

uv

Sensing DNA damage

the fission yeast Husl requires Radl and Rad9 (Caspari
et al. 2000). Both the chromatin association and the dam-
age-induced hyperphosphorylation of Rad9 were rescued
by the expression of Husl in Husl ™~ p21~/~ cells (Fig.
7A,B). Taken together, these results suggest that the de-
letion of Hus1 abolished the integrity and function of the
Radl-Rad9-Husl complex.

Although the level of Radl7 was slightly reduced in
Husl1-null cells (Fig. 7C,D), its association with chroma-
tin was not affected (data not shown). The UV-induced
phosphorylation of Radl7 was abolished in Husl~/~
p217/~ cells just as in ATR™~ cells (Fig. 7C). The HU-
induced phosphorylation of Rad17 was also considerably
reduced in Husl-null cells (Fig. 7C). Like ATR, Husl is
not essential for the IR-induced phosphorylation of
Radl7. After Hus1~/~ p217/~ cells were treated with IR,
Rad17 was initially phosphorylated but quickly lost this
modification, indicating that ATM is rapidly and tran-
siently activated in the absence of Husl (Fig. 7D). Thus,
the damage-induced phosphorylation of Radl7 exhibits
remarkably similar dependencies on Husl and ATR.
This indicates strongly that the phosphorylation of
Radl7 by ATR is mediated by the Radl-Rad9-Husl
complex.

We noticed that the HU-induced phosphorylation of
Rad17 was more severely reduced in Hus1~/~ cells than
in ATR™/~ cells. It is possible that HU causes the accu-
mulation of DNA damage in the absence of ATR that
results in ATM activation. The amount or kind of DNA
damage caused by HU might be less severe in Husl ™/~
cells than in ATR mutants, resulting in less activation of
ATM. Alternatively, it is possible that the activation of
ATM by HU is partially compromised in Hus1 /- cells.
The Rad1-Rad9-Hus1 complex might be involved in the

Control siRNA Rad17 siRNA

Untreated

uv

Figure 6. Colocalization of ATR and phosphorylated Rad17 in UV-induced nuclear foci. (A) HeLa cells were untreated or treated with
50 J/m? of UV. After 4 h, the cells were immunostained with antibodies to ATR and p-Ser635 of Rad17. (B) HeLa cells transfected with
siRNA targeting Rad17 or control siRNA were untreated or treated with UV as in A. After 4 h, the cells were immunostained with

antibodies to ATR.
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Figure 7. Requirement of Husl for Radl7 phosphorylation. (A) Mouse Husl~/~ p21~/~ cells (BS-1/pCaggs) or Husl~/~ p21~/~ cells
complemented with Husl (BS-1/pCaggs-Hus1) were untreated or treated with HU (1 mM for 24 h) or UV (80 J/m?, harvested after 2
h). Extracts of these cells were analyzed by immunoblotting with the antibodies to Rad9 and actin. (B) Hus1~/~ p21~/~ cells or Hus1~/~
p217/~ cells complemented with Husl were untreated or treated with HU as in A. Fractions from these cells were analyzed by
immunoblotting. (C) The extracts described in A were analyzed by immunoblotting with antibodies to Rad17, p-S635 of Radl7, and
actin. (D) Husl™/~ p21~/~ cells or Hus1 ™/~ p21~/~ cells complemented with Husl were untreated or treated with 20 Gy of y-IR and
collected at the indicated times after irradiation. Extracts of these cells were analyzed by immunoblotting as in C.

processing of HU-induced damage that facilitates the ac-
tivation of ATM. It is also possible that the presence of
ATR in Husl”/~ cells might prevent the efficient activa-
tion of ATM by HU by carrying out a limited response to
replication blocks.

Discussion

Rad17 controls loading of the Rad1-Rad9-Hus1
complex onto chromatin

In this study we provide evidence that the human Rad17
protein acts to promote the loading of the PCNA-related
Radl-Rad9-Husl complex onto chromatin in response
to DNA damage. This is supported by two observations.
The first is that increasing Rad17 levels stimulates both
basal and UV-inducible loading of the Rad1-Rad9-Hus1
complex onto chromatin. Second, reducing Radl7 levels
in vivo reduces the amount of Radl-Rad9-Husl com-
plex loaded onto DNA in response to damage. Radl7 is
structurally related to RFC1, a DNA-binding subunit of
the RFC complex that acts to load PCNA onto primed
templates during DNA replication (Tsurimoto and Still-
man 1991). REC1 binds to the smaller RFC2-5 complex
of proteins to form the RFC complex. Human Radl7 as-
sociates with all four small RFC subunits in vivo and
comigrates with at least one of them on glycerol gradi-
ents (Lindsey-Boltz et al. 2001), suggesting that it might
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form an RFC-like complex with RFC2-5 as shown in
budding yeast. Our results are consistent with a model in
which Rad17 acts to replace RFC1 in the RFC complex
to confer different recognition properties on the com-
plex. The Radl7-RFC complex might now recognize
damaged DNA and act as a DNA-damage-regulated ma-
chine that loads the Radl-Rad9-Husl complex onto
sites of damage.

Chromatin association of Rad17 correlates
with function

The ATP-binding motif in RFCI is required for the rep-
lication and ATPase activities of RFC (Cai et al. 1998).
We find that a Rad17 mutant lacking the ATP-binding
motif associates poorly with chromatin and is unable to
efficiently promote Rad9 binding to chromatin when
overexpressed (data not shown). These data further sup-
port the model in which the Rad17-RFC complex asso-
ciates with damaged chromatin and recruits the Radl-
Rad9-Husl complex in a manner similar to PCNA load-
ing by RFC.

Rad17 is phosphorylated in response to DNA damage,
and overexpression of the nonphosphorylatable mutant
of Radl7 has been shown to interfere with DNA-dam-
age-induced cell-cycle arrest (Bao et al. 2001). We found
that the amounts of Rad17 on chromatin do not change
in response to DNA damage but that the pool of phos-



phorylated Radl7 is almost exclusively chromatin-
bound, suggesting that the phosphorylation occurs on
chromatin. Consistent with this observation, we found
that the Radl7 mutant that binds poorly to chromatin
shows significantly less DNA-damage-induced phos-
phorylation.

Regulation of Rad17 by ATR

Radl7 is phosphorylated on serines 635 and 645 after
damage (Bao et al. 2001). We have provided conclusive
evidence that Radl7 phosphorylation is regulated by
ATR, using a conditional ATR mutant cell line. Our
findings are consistent with a recent report that arrived
at a similar conclusion using a less definitive technique,
the overproduction of a kinase-defective ATR mutant
that could potentially interfere with multiple pathways
(Bao et al. 2001). Our findings indicate that ATR is pri-
marily, if not entirely, responsible for the UV-induced
phosphorylation of Rad17. In addition, we observed that
Radl7 was still phosphorylated in HU-treated ATR ™/~
cells, indicating that another kinase, most likely ATM,
responds to HU-induced damage in the absence of ATR.
In the absence of DNA replication checkpoint function
in yeast, HU treatment has been shown to activate the
DNA-damage checkpoint pathway (Alcasabas et al.
2001). Finally, in response to double-strand breaks, we
found that ATR is not essential for the initial phosphory-
lation of Rad17, but it is important for the maintenance
of this phosphorylation. The initial phosphorylation is
likely to be due to ATM. The function of the Radl7
phosphorylation at the molecular level remains to be
determined.

ATR and Rad17, two complexes independently
recruited to sites of DNA damage

The properties one would associate with a sensor of
DNA damage would be the ability to associate with
damaged DNA and a genetic requirement for signaling
the presence of damaged DNA (Zhou and Elledge 2000).
The ATR-ATRIP, Radl7-RFC, and Radl-Rad9-Husl
complexes all have such properties and were candidate
sensors. ATR-ATRIP complexes localize to foci in re-
sponse to DNA damage that are also sites of Nbsl and
Brcal localization (Tibbetts et al. 2000). Human Mrell
was previously shown to only form foci in portions of the
nucleus that had incurred DNA damage (Nelms et al.
1998), providing an indirect but compelling argument
that the chromatin-localized foci containing these pro-
teins corresponded to DNA damage. The organization of
this pathway was unclear. The structural resemblance of
Rad17 to RFC made it a strong candidate for a sensor that
would work upstream of ATR-ATRIP to control its func-
tion. On the other hand, there was evidence that the
ATRIP homolog Rad26 in S. pombe was phosphorylated
by the ATR homolog Rad3 independently of Rad17 (Ed-
wards et al. 1999), suggesting that ATR-ATRIP proteins
might be upstream.

Sensing DNA damage

Our data indicate that the chromatin associations of
Rad17 and ATR are largely independent, suggesting that
both of these proteins have the potential to associate
with DNA independently. Furthermore, phosphorylated
Radl7 colocalizes with ATR in nuclear foci after UV
irradiation, indicating that both proteins are present at
sites of DNA damage. Consistent with a direct role of
the ATR-ATRIP complex in damage detection, the for-
mation of the UV-induced ATR foci is independent of
Radl7. In the absence of ATR, Rad1l7 can not only asso-
ciate with chromatin but also recruit Rad9 onto chroma-
tin after UV irradiation. These data unambiguously im-
plicate the Rad17 and Rad1-Rad9-Hus1 complexes in an
ATR-independent sensory pathway in human cells. The
two groups of sensors might have different structural
specificities. It is possible that they work in concert to
reinforce the specificity for damage detection and pre-
vent inappropriate activation of the checkpoint. Alter-
natively, these sensors might function jointly to sensi-
tize the detection of certain types of DNA damage.

Recently, two studies in yeast have shown that the
counterparts of the Radl-Rad9-Husl and ATR-ATRIP
complexes can be recruited to an HO-induced double-
strand break independently (Kondo et al. 2001; Melo et
al. 2001). Our data concerning IR are completely consis-
tent with their observations, and our studies on UV and
HU indicate that this is a general response to all types of
damage. Our conclusion that the localization of ATR is
not Rad17-dependent is based on the reduction in Rad17
levels by siRNA but not the complete elimination of
Radl7 by mutation. However, both yeast studies showed
no difference in the loading of Mec1-Ddc2 complexes in
strains deleted for RAD24, the gene encoding the Radl7
homolog.

A two-step model for checkpoint activation

As noted above, Radl7 phosphorylation in response to
DNA damage is ATR-dependent. In vitro, ATR has been
shown to phosphorylate the relevant Radl7 sites, sug-
gesting that Radl7 is directly phosphorylated by ATR
(Kim et al. 1999). Furthermore, phosphorylated Radl7
colocalizes with ATR in discrete nuclear foci after UV
irradiation. These findings suggest that Radl7 is phos-
phorylated by ATR at sites of DNA damage. Although
Radl7 and ATR might localize to DNA lesions indepen-
dently, Radl7 cannot be phosphorylated by ATR after
UV irradiation in the absence of Husl. This supports the
argument that the Rad1-Rad9-Husl complex is impor-
tant for mediating the phosphorylation of Radl7 by
ATR, suggesting a two-step model for checkpoint acti-
vation. One step is the loading of the ATR-ATRIP com-
plex onto sites of damaged chromatin, and the other step
is loading of the Rad1-Rad9-Hus1 complex.

The Rad1-Rad9-Hus1 complex could serve to organize
the higher-order structure of the entire checkpoint pro-
tein complex to facilitate signaling. Once loaded, the
Radl-Rad9-Husl complex could act to bring ATR-
ATRIP to Rad17 for phosphorylation, a substrate-recruit-
ment role. A damage-induced association between
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Radl7 and ATR was recently reported (Bao et al. 2001).
The Radl-Rad9-Husl complex might be involved in
bridging this interaction. Alternatively, the Rad1-Rad9-
Husl1 complex could activate the ATR-ATRIP complex
when it encounters Radl7 on chromatin. For example,
the Rad1-Rad9-Hus1 complex might promote the phos-
phorylation of Radl7 by bringing in additional factors
and/or processing the DNA lesions. Rad9 and Hus1 were
shown to interact with the histone deacetylase HDAC1
(Cai et al. 2000), and Rad9 was shown to interact with
TopBP1, a protein containing multiple BRCT domains
(Makiniemi et al. 2001). In addition, both Radl and Rad9
were reported to have 3’ to 5’ exonuclease activity
(Parker et al. 1998a; Bessho and Sancar 2000), which
might influence ATR activity if it responds to DNA
structure.

We have previously shown that the damage-induced
phosphorylation of Chkl is dependent on ATR (Liu et al.
2000). We show here that the Chkl phosphorylation in-
duced by UV also requires Rad17. These findings suggest
that the two parallel sensory pathways converge before
the phosphorylation of Chkl. It is possible that Chkl1 is
recruited to chromatin by the interaction of these two
complexes to become a substrate of ATR.

At present, it is not clear if the ATR-ATRIP and
Rad17-RFC complexes are the primary sensors of DNA
damage, or if they are merely independently recruited to
sites of damage. Resolution of this issue will require bio-
chemical reconstitution of the activities of these com-
plexes and direct testing of the recruitment model for
substrate recognition. Another important issue is the
relative roles of these complexes in response to DNA
damage versus roles during DNA replication. Are they
activated during normal replication and superactivated
in response to DNA damage? As ATR is essential for
cellular viability, it must have a role in every cell cycle.
These issues will require future scrutiny to unravel the
function of these important complexes.

Materials and methods

Chromatin fractionation

Chromatin fractionations were performed essentially as de-
scribed by Mendez and Stillman (2000). A total of [B x 10° cells
were washed with PBS and resuspended in 200 pL of solution A
(10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 0.34 M
sucrose, 10% glycerol, 1 mM DTT, 10 mM NaF, 1 mM Na,VO,,
protease inhibitors). Triton X-100 was added to a final concen-
tration of 0.1%, and the cells were left on ice for 5 min. Cyto-
plasmic proteins (S1) were separated from nuclei (P2) by low-
speed centrifugation (1300g for 4 min). Isolated nuclei were
washed once with solution A and lysed in 200 pL of solution B
(3 mM EDTA, 0.2 mM EGTA, 1 mM DTT). After a 10-min
incubation on ice, soluble nuclear proteins (S2) were separated
from chromatin (P2) by centrifugation (1700g for 4 min). Iso-
lated chromatin was washed once with solution B and spun
down at high speed (10,000g¢ for 1 min). Finally, chromatin was
resuspended in 200 pL of SDS sample buffer and sheared by
sonication. To digest chromatin with micrococcal nuclease, nu-
clei (P1) were resuspended in solution A containing 1 mM
CaCl, and 50 units of micrococcal nuclease (Sigma). After 2 min
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of incubation at 37°C, nuclei were lysed and fractionated as
above.

Plasmids, oligonucleotides, and transfections

The Univector Plasmid-fusion System was used to generate the
expression plasmids for Radl7 and Rad9 (Liu et al. 1998).
Briefly, the Rad17 and Rad9 genes were first cloned into the
univector pUNI50 and then fused to expression vectors
pHM202-Flag and pHM202-GFP, respectively. The transfec-
tions were carried out with Lipofectamine Plus reagent (Life
Technologies).

The siRNA duplex targeting Rad17 was prepared by anneal-
ing two 21-ribonucleotide oligonucleotides. The sequences of
the oligonucleotides were: CAGACUGGUUGACCCAUCTT
and GAUGGGUCAACCCAGUCUGTT. HeLa cells were
transfected twice 24 h apart with the siRNA duplex and Oligo-
fectamine (Life Technologies), and were analyzed 72 h after the
first transfection.

Antibodies

The phospho-specific antibody to pS635 of Radl7 was raised
against the peptide CLPL(pS)QNSGS. Generation of the phos-
pho-specific antibody to pS345 of Chkl was previously de-
scribed (Liu et al. 2000). The rabbit polyclonal antibodies to
Radl7 and Rad9, the goat polyclonal antibody to ATR/FRPI,
and the mouse monoclonal antibody to Chkl were purchased
from Santa Cruz Biotechnology. The mouse antibody to Orc2
was obtained from Pharmingen.

Adenovirus infection

Adenoviruses expressing Cre (Ad-Cre) or GFP (Ad-GFP) were
obtained from the Tissue Culture Facility at Baylor College of
Medicine. A total of [l x 10° ATR*/* (HCT116) or ATRex/-
cells were seeded on 10-cm plates 24 h before infection. The
amounts of adenovirus used were empirically determined for
maximum deletion of the conditional allele of ATR and low
toxicity (Cortez et al. 2001). The viruses were removed after 24
h, and the cells were allowed to grow in virus-free medium for
3 days.

Immunofluorescence

HeLa cells were grown on glass coverslips in 35-mm dishes.
Fixation and permeablization were performed with 3% para-
formaldehyde for 10 min followed by 0.5% triton for 10 min.
Samples were blocked in 1% BSA at room temperature for 10
min and then incubated with anti-Rad17 S635P (5 png/mL) or
anti-ATR (2 pg/mL) antibodies at 37°C for 1 h. After extensive
washing, samples were incubated in FITC- or Cy3-conjugated
secondary antibodies (Jackson Immnuoresearch Laboratories) at
37°C for 45 min. Images were obtained on either a Nikon mi-
croscope with Delta Vision deconverlution software or a Zeiss
LSM510 confocal microscope.
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