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The ATR-Chk1 signaling pathway mediates cellular responses to DNA damage and replication stress and is
composed of a number of core factors that are conserved throughout eukaryotic organisms. However, humans and
other higher eukaryotic species possess additional factors that are implicated in the regulation of this signaling network
but that have not been extensively studied. Here we show that RHINO (for Rad9, Rad1, Hus1 interacting nuclear orphan)
forms complexes with both the 9-1-1 checkpoint clamp and TopBP1 in human cells even in the absence of treatments
with DNA damaging agents via direct interactions with the Rad9 and Rad1 subunits of the 9-1-1 checkpoint clamp and
with the ATR kinase activator TopBP1. The interaction of RHINO with 9-1-1 was of sufficient affinity to allow for the
purification of a stable heterotetrameric RHINO-Rad9-Hus1-Rad1 complex in vitro. In human cells, a portion of RHINO
localizes to chromatin in the absence of DNA damage, and this association is enriched following UV irradiation.
Furthermore, we find that the tethering of a Lac Repressor (LacR)-RHINO fusion protein to LacO repeats in chromatin of
mammalian cells induces Chk1 phosphorylation in a Rad9- and Claspin-dependent manner. Lastly, the loss of RHINO
partially abrogates ATR-Chk1 signaling following UV irradiation without impacting the interaction of the 9-1-1 clamp
with TopBP1 or the loading of 9-1-1 onto chromatin. We conclude that RHINO is a bona fide regulator of ATR-Chk1
signaling in mammalian cells.

Introduction

In response to DNA damage by endogenous or exogenous
sources, eukaryotic cells activate DNA damage response signaling
pathways that promote DNA repair, slow or arrest cell cycle pro-
gression, and maintain cellular and organismal viability.1 Genetic
studies from a variety of model systems ranging from budding
yeast to mouse models and human cells have demonstrated a key
role for a heterotrimeric complex known as the 9-1-1 (Rad9-
Hus1-Rad1) clamp in the cellular response to DNA damage and
in preventing tumorigenesis.2-4

Structural analyses of the 9-1-1 complex demonstrated that 9-
1-1 resembles PCNA,5-10 a homotrimeric sliding clamp protein
that facilitates the activities of a multitude of DNA metabolic
enzymes on DNA,11,12 including DNA synthesis by DNA poly-
merases. Though 9-1-1 is also capable of binding to many

PNCA-interacting proteins,9,13-18 the best characterized function
of the 9-1-1 clamp is in ATR-mediated DNA damage checkpoint
signaling, where it is loaded onto primer-template junctions at
sites of DNA damage and replication stress by an alternative
clamp loader known as Rad17-Replication Factor C.19-21

A key feature of 9-1-1 that differentiates it from PCNA is the
presence of an unstructured, highly phosphorylated extension on
the C-terminus of the Rad9 subunit.22,23 This domain binds to a
protein known as TopBP1, which serves as a direct stimulator of
ATR kinase activity through DNA-independent and DNA-
dependent mechanisms.24-26 Once active, ATR phosphorylates a
number of proteins to maintain genomic stability, including the
DNA damage checkpoint effector kinase Chk1.1,27 The role of
the 9-1-1 clamp in activation of ATR-mediated DNA damage
checkpoint signaling is therefore thought to involve the stabiliza-
tion of TopBP1 at sites of damage so that it can activate ATR.
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Though biochemical studies using recombinant proteins of the
yeast homologs of 9-1-1, TopBP1, and ATR support this general
model28 and also a direct role for Rad9 in stimulating ATR
kinase activity,28,29 experimental validation of the model using
human proteins is currently lacking.

Interestingly, a recent DNA damage response screen in human
cells identified a novel factor termed RHINO (for Rad9, Hus1,
Rad1 interacting nuclear orphan) that localized to sites of DNA
damage, mediated cell sensitivity and/or cell cycle checkpoint
response to ionizing radiation (IR) and other agents that induce
double-strand breaks in DNA.30 Furthermore, mass spectromet-
ric analysis of RHINO protein complexes following exposure of
cells to IR identified both the 9-1-1 checkpoint clamp and the
ATR activator TopBP1.30 These interactions were validated by
co-immunoprecipitation approaches with ectopically expressed
proteins in irradiated cells.30 The observation that the RHINO
gene is only present in vertebrate genomes indicates the existence
of a unique regulatory factor of the ATR-Chk1 pathway in
higher eukaryotes.

Here, we examined the interactions of RHINO with 9-1-1
and TopBP1 in vitro and in vivo and its role as a mediator of
ATR DNA damage checkpoint signaling in mammalian cells.
We find that RHINO directly binds to TopBP1 and forms a sta-
ble, heterotetrameric complex with 9-1-1. Knockdown of
RHINO in human cells partially abrogated ATR-Chk1 kinase
signaling following UV irradiation but did not impact the load-
ing of 9-1-1 on chromatin or the association of 9-1-1 with
TopBP1. Furthermore, we find that tethering RHINO to chro-
matin directly activates ATR-Chk1 signaling. Our results there-
fore validate RHINO as a component of the 9-1-1 checkpoint
clamp complex and as a mediator of ATR kinase signaling in
mammalian cells.

Results

RHINO interacts with the 9-1-1 clamp and TopBP1 in the
absence of DNA damage

Though a recent report identified RHINO as a novel DNA
damage checkpoint gene and 9-1-1 checkpoint clamp-interacting
protein in human cells exposed to ionizing radiation,30 it did not
address the expression of the endogenous RHINO protein in
human cells. Moreover, an earlier study was unable to detect the
expression of full-length RHINO protein (also known as
(C12orf32) in a panel of breast cancer cell lines and instead
observed the expression of only a 16-kDa N-terminal fragment
of the protein.31 Using rabbit antisera that we raised against
recombinant, full-length RHINO protein, we were similarly
unable to detect a single, specific band of the expected molecular
weight (27 kDa) of RHINO in whole cell lysates from various
human cell lines (data not shown). The absence of a specific
immunoreactive protein band by SDS-PAGE and immunoblot-
ting may be due to either poor immunoreactivity or to a low level
of RHINO protein expression in human cells.

To clarify the expression of RHINO in human cells and its
interaction with the DNA damage checkpoint clamp, we

therefore generated cell lines that expressed either FLAG-tagged
Rad9 or RHINO under the control of a tetracycline-inducible
promoter and then isolated co-precipitating proteins by anti-
FLAG immunoprecipitation. As expected, both Rad1, which
forms a stable heterotrimeric complex with Rad9 and Hus1, and
TopBP1, which interacts with the C-terminal tail of Rad9 to
mediate ATR kinase activation at sites of DNA damage,22,23

were observed in the anti-FLAG-Rad9 immunoprecipitate
(Fig. 1A, lane 2). We also probed the Rad9 IP with our anti-
RHINO antisera, and we detected a protein that was slightly
larger than the expected molecular weight for RHINO and
slightly smaller than a FLAG-tagged RHINO protein that was
produced in a similar tetracycline-inducible cell line. Transfec-
tion with RHINO siRNAs verified that this band was indeed
RHINO (see below). We conclude that endogenous, full-length
RHINO protein is indeed expressed in human cells but that its
immunodetection may require enrichment through isolation of
the 9-1-1 checkpoint clamp.

Figure 1. RHINO interacts with the 9-1-1 clamp and TopBP1 in human
cells in the absence of DNA damage. (A) Flp-In T-REx 293 cells expressing
the indicated construct were induced with tetracycline for 2 days, and
cell lysates were subjected to anti-FLAG immunoprecipitation. Vector
indicates an empty vector that does not express a FLAG-tagged protein.
IPs were immunoblotted with the indicated antibodies. Antibody heavy
chain was detected by staining the membrane with Ponceau S prior to
immunoblotting. Molecular weight markers show the approximate
molecular weight of the proteins that were detected with the indicated
antibodies. (B) FLAG-Rad9 was immunoprecipitated from cells 1 hr
following mock irradiation or irradiation with 20 J/m2 of UV-C, and then
co-precipitating proteins were examined by immunoblotting. (C) FLAG-
RHINO-expressing cells were examined as in (B).

100 Volume 14 Issue 1Cell Cycle



We next used cells expressing FLAG-
RHINO to verify RHINO’s protein-protein
interactions. As shown in Fig. 1A (lane 3),
we observed that endogenous TopBP1,
Rad9, and Rad1 proteins were present in the
anti-FLAG-RHINO immunoprecipitate.
These results indicate that RHINO forms
one or more complexes with TopBP1 and
with the 9-1-1 checkpoint clamp in human
cells in the absence of overt DNA damage.
Though these protein-protein interactions
were observed in whole cell lysates prepared
from sonicated cells, the addition of Benzo-
nase nuclease to the lysates did not abrogate
the interactions (data not shown). These
results indicate that RHINO’s interactions
with checkpoint proteins are not mediated
through non-specific interactions with DNA
or RNA.

A previous report characterized
RHINO’s association with DNA damage
checkpoint proteins in cells exposed to ioniz-
ing radiation but did not examine these
interactions in the absence of genotoxins.30

To determine whether the interactions of
RHINO with 9-1-1 and TopBP1 are
impacted by the presence of DNA damage
in the cell, we exposed FLAG-Rad9 and
FLAG-RHINO expressing cells to UV radi-
ation and then isolated the FLAG-tagged
protein complexes by immunoprecipitation.
As shown in Figure 1B and C, the interac-
tions of RHINO with Rad9, Rad1, and
TopBP1 were not affected by UV irradiation.
These findings suggest that the interactions of
RHINO with the 9-1-1 complex and with TopBP1 occur consti-
tutively in human cells in the absence of DNA damage.

RHINO directly binds to TopBP1
To determine whether RHINO’s interactions with 9-1-1 and

TopBP1 are direct or are instead mediated by additional factors
in human cells, we generated baculoviruses to express RHINO in
insect cells and then examined the ability of RHINO to co-
immunoprecipitate with TopBP1 and the 9-1-1 clamp subunits.
As shown in Figure 2A, we observed that His-tagged RHINO
co-immunoprecipitated with FLAG-TopBP1 but not with
FLAG-Rad17, which is required to load the 9-1-1 clamp on
primer-template junctions.19-21 We conclude that RHINO is
capable of directly binding to TopBP1 in the absence of the 9-1-
1 complex.

RHINO directly binds the Rad9 and Rad1 subunits of the 9-
1-1 complex

RHINO likely associates with the 9-1-1 checkpoint clamp
through direct interactions with specific subunits of the 9-1-1
complex. We therefore co-infected insect cells with His-tagged

RHINO and either FLAG-tagged Hus1, Rad1, Rad9, or
RHINO and then isolated the various protein complexes with
anti-FLAG affinity resin. As shown in Figure 2B, RHINO stably
co-immunoprecipitated with Rad1 and Rad9. However, His-
RHINO did not interact significantly with either FLAG-Hus1 or
with a FLAG-tagged RHINO protein. We conclude that
RHINO makes direct contacts with the Rad9 and Rad1 subunits
of the 9-1-1 complex.

Rad9 contains both a PCNA-like region and an unstructured,
C-terminal tail that undergoes phosphorylation, which is impor-
tant in binding to the ATR-activating protein TopBP1
(Fig. 2C). To examine the domains of Rad9 that bind to
RHINO, we used a series of baculoviruses encoding various
FLAG-tagged fragments of Rad9 and then co-infected insect cells
with these viruses in conjunction with the His-tagged RHINO
virus. As shown in Figure 2D, the His-tagged RHINO stably co-
immunoprecipitated with both the full-length Rad9 construct
and the PCNA-like segment of Rad9 but interacted only weakly
with the other fragments of Rad9. Though RHINO interacted
with the PCNA-like region of Rad9, it did not bind to FLAG-
tagged PCNA (Fig. 2D, lane 7).

Figure 2. RHINO directly binds to Rad9, Rad1, and TopBP1. (A) Insect cells were infected with His-
RHINO baculovirus in the presence of either FLAG-Rad17 or FLAG-TopBP1 baculovirus. Cell
lysates were subjected to anti-FLAG immunoprecipitation, and the IPs were examined by immu-
noblotting with anti-FLAG or anti-His antibodies. (B) Insect cells were co-infected with baculovi-
ruses expressing the indicated FLAG-tagged protein in the absence or presence of His-RHINO
baculovirus. Cell lysates were immunoprecipitated with anti-FLAG affinity resin and examined by
immunoblotting. (C) Schematic of Rad9 domains. (D) Insect cells were infected with baculovi-
ruses expressing the indicated FLAG-tagged fragment of Rad9 along with His-RHINO baculovirus.
Cell lysates were examined as described in (B).
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RHINO forms a stoichiometric complex with the 9-1-1
checkpoint clamp

To examine the functional significance of RHINO’s interac-
tions with Rad9 and Rad1, we co-infected Sf21 insect cells with
baculoviruses encoding FLAG-tagged Rad9, His-tagged
RHINO, and untagged Rad1 and Hus1 and then subjected the
cell lysates to sequential affinity purification with Ni-NTA aga-
rose and anti-FLAG affinity resin. As shown in Figure 3, follow-
ing this 2-step purification scheme, we were able to isolate a
stable, heterotetrameric RHINO-Rad9-Hus1-Rad1 (RHINO-9-
1-1) complex. Quantification of 4 independent preparations of
the RHINO-Rad9-Hus1-Rad1 complex showed an average stoi-
chiometry of 1:1.6:1:0.7 (RHINO:Rad9:Hus1:Rad1; standard
deviations 0:0.4:0.3:0.1). We conclude that RHINO forms a sta-
ble, near stoichiometric complex with the 9-1-1 checkpoint
clamp.

Though RHINO binds to both the 9-1-1 complex and
TopBP1 (Fig. 2A and E), attempts to purify a stable, heteropen-
tameric RHINO-9-1-1-TopBP1 complex in baculovirus-infected
insect cells were not successful. However, we have similarly been
unable to purify a stable TopBP1-9-1-1 complex in this expres-
sion system, which indicates that the interaction of TopBP1 with
these factors is dynamic or that post-translational modifications
may be necessary to form a stable intermediate complex during
ATR activation.

Having purified the RHINO-9-1-1 complex, we wished to
test its interaction with various DNA substrates and its effect on
ATR kinase activity in the in vitro system developed in our
lab.25,26,32-36 However, we observed that though the complex is

stable in buffers of high ionic strength, it
precipitated under reaction conditions nec-
essary to measure kinase activity. Thus we
were unable to test the contribution of
RHINO to ATR-Chk1 signaling in vitro.
We therefore performed experiments in
vivo to address this issue. Furthermore, we
attempted to study the DNA binding and
DNA loading properties of RHINO and
the RHINO-9-1-1 clamp in vitro but were
hampered by the observation that significant
amounts of RHINO precipitated out of
solution when the proteins were incubated
in buffers containing divalent cations (data
not shown). Thus, although we were able to
isolate a stable, stoichiometric RHINO-9-1-
1 complex in vitro, we have thus far been
unable to study its biochemical properties
in vitro.

RHINO localizes to chromatin in
human cells

In an attempt to characterize the bio-
chemical properties of RHINO and the
RHINO-9-1-1 complex in vivo, we made
use of the FLAG-RHINO-inducible cells
described in Figure 1. Because proteins

Figure 4. RHINO associates with chromatin. (A) FLAG-RHINO-expressing Flp-In T-REx 293 cells
were fractionated to yield a Triton-soluble fraction (Sol1). The chromatin pellet was then incu-
bated or not with Benzonase to separate soluble DNA/nucleic acid-bound proteins (Sol2) from
insoluble material (Pel). Fractions from equivalent numbers of cells were examined by immuno-
blotting with antibodies against the indicated proteins. Core histones were visualized by staining
the membrane with Ponceau S. (B) FLAG-RHINO-expressing cells were exposed to UV in the pres-
ence of HU/AraC to block gap filling DNA synthesis, and then the chromatin fraction of the cells
were examined by immunoblotting. (C) The Triton-soluble and chromatin fraction of FLAG-
RHINO-expressing cells were subjected to anti-FLAG immunoprecipitation and then examined by
immunoblotting.

Figure 3. RHINO forms a stoichiometric complex with the 9-1-1 clamp.
Insect cells were infected with FLAG-Rad9, His-RHINO, and untagged
Rad1 and Hus baculoviruses, and then the cell lysates were subjected to
Ni-NTA and FLAG affinity purification. The soluble, flow-through, wash,
and elution fractions from these steps were subjected to SDS-PAGE, coo-
massie staining, and immunoblotting with anti-FLAG and anti-RHINO
antibodies.
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involved in DNA damage responses, such as TopBP1 and the
9-1-1 clamp, are often found enriched in the chromatin frac-
tion of cells, we first examined whether RHINO similarly
localized to chromatin. We therefore fractionated FLAG-
RHINO-expressing cells to yield a Triton-soluble fraction
(containing cytosolic and soluble nuclear proteins) and a Tri-
ton-resistant, chromatin-enriched fraction, which was then
treated with the nuclease Benzonase to solubilize proteins that
associate with DNA or other nucleic acids within chromatin.
As shown in Figure 4A, this fractionation method led to a
clear separation of the cytosolic protein MEK2 from the chro-
matin-associated proteins in the Triton-resistant pellet. More-
over, treatment of the Triton-resistant chromatin fraction with
Benzonase readily solubilized most of the RHINO, 9-1-1, and
TopBP1 proteins from the chromatin pellet. These findings
indicate that these proteins associate directly or indirectly with
nucleic acid components of chromatin and not with the
nuclear matrix. Quantification of these experiments showed
that approximately 40–50% of the total cellular RHINO asso-
ciates with the chromatin fraction in asynchronously growing
cells. We therefore conclude that RHINO associates with
chromatin in human cells even in the absence of exogenous
DNA damage.

We next exposed cells to UV radiation and then repeated the
fractionation procedure. As shown in Figure 4B, like TopBP1
and the 9-1-1 complex, the level of RHINO protein on chroma-
tin increased following exposure to UV, which indicates that the
presence of DNA damage leads to the increased association of
RHINO with chromatin.

Our previous data that TopBP1 and the 9-1-1 complex co-
immunoprecipitate with RHINO in whole cell lysates from
human cells (see Fig. 1) did not differentiate between soluble
complexes or interactions that take place on chromatin. We
therefore repeated the immunoprecipitation of FLAG-RHINO
but from the soluble and chromatin fraction of cells shown in
Figure 4A. As shown in Figure 4C, though TopBP1 and Rad1
were found in anti-FLAG-RHINO immunoprecipitates from
both the soluble and chromatin fractions, Rad9 was only present
in anti-FLAG-RHINO immunoprecipitates from the chromatin
fraction of cells. These results indicate that functional RHINO-
9-1-1 complexes likely only exist within the chromatin fraction
of human cells.

Knockdown of RHINO partially abrogates ATR-Chk1
signaling

The increased association of RHINO with UV-damaged
chromatin suggests that RHINO may play a role in the DNA
damage checkpoint response to UV. Notably, siRNA-mediated
knockdown of RHINO was recently shown to lead to a partial
abrogation of IR-induced checkpoint response and a modest
reduction in Chk1 phosphorylation.30 To determine whether
RHINO mediates Chk1 phosphorylation in response to UV irra-
diation, we transfected cells with RHINO siRNAs and then
exposed cells to UV radiation. As shown in Figure 5A, cells trans-
fected with RHINO siRNAs showed a substantial reduction in
the level Chk1 phosphorylation following UV irradiation.

It has been suggested that because RHINO co-immunopreci-
pitates with both TopBP1 and the 9-1-1 complex,30 the function
of RHINO in IR-induced checkpoint signaling may be to bridge
these proteins and help to recruit TopBP1 to the 9-1-1 complex.
However, our baculovirus co-infection and protein purification
approaches failed to produce evidence that RHINO stabilizes an
interaction of TopBP1 with the 9-1-1 clamp (data not shown).
Furthermore, when we examined the association of TopBP1

Figure 5. Knockdown of RHINO partially abrogates UV-induced ATR-
Chk1 signaling but does not impact 9-1-1 complex association with
TopBP1 or 9-1-1 loading on chromatin. A, Flp-In T-REx 293 cells were
transfected with control or RHINO siRNAs and then exposed to 10 J/m2

of UV-C radiation. Cell lysates were examined by immunoblotting with
anti-phospho-Chk1 (Ser345) or anti-Chk1 antibodies. The graph shows
the average and standard deviation from 3 independent experiments. B,
FLAG-Rad9-expressing cells transfected with control or RHINO siRNAs
and were exposed to UV prior to preparation of whole cell lysates. The
lysates were subjected to immunoprecipitation with anti-FLAG agarose
and then examined by immnoblotting with the indicated antibodies. C
The chromatin fraction of Flp-In T-REx 293 cells transfected with control
or RHINO siRNAs and exposed to UV-C were examined by immunoblot-
ting with antibodies against the indicated proteins. Core histones were
visualized by staining the membrane with Ponceau S.
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with Rad9 in human cells transfected with either control or
RHINO siRNAs, we observed similar levels of TopBP1 in the
Rad9 immunoprecipitates (Fig. 5B). These results indicate that
RHINO likely mediates Chk1 phosphorylation by ATR by a

mechanism other than through facilitating interactions between
the ATR activator TopBP1 and the 9-1-1 checkpoint clamp.

It was also formally possible that RHINO is required to load
the 9-1-1 clamp at sites of DNA damage. However, we observed

Figure 6. Artificial tethering of RHINO to chromatin induces Chk1 phosphorylation in a Claspin- and Rad9-dependent manner. (A) NIH2/4 cells containing
the LacO array were transfected with the indicated combinations of plasmids encoding LacR-Claspin, LacR-RHINO, or LacR-FLAG fusion proteins. Cell
lysates were examined by immunoblotting with anti-phospho-Chk1 (Ser345) and anti-Chk1 antibodies. The arrow indicates the specific phospho-Chk1
signal, which migrates slightly above a non-specific band that is present in NIH2/4 cell lysates. The strength of the specific phospho-Chk1 signal relative
to the non-specific band varied depending on the cell transfection efficiency. The graph shows the average and standard deviation from 3 independent
experiments, in which the maximum phospho-Chk1 signal for each experiment was set to a value of 100. (B) Cells were transfected and analyzed as
described in (A). (C) Cells were transfected with the indicated LacR-fusion construct in the absence or presence of LacR-Claspin. (D) Cells were transfected
or not with Rad9 siRNA and were then transfected with the indicated LacR-fusion constructs.
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similar levels of Rad9 and Rad1 on chromatin following transfec-
tion with either control or RHINO siRNAs (Fig. 5C). Though
knockdown of RHINO did not impact RPA association with
chromatin, we did observe a small, approximately 60% increase
in TopBP1 levels on chromatin (Fig. 5C) when RHINO was
depleted from cells. This increase may indicate that other factors
and DNA damage response pathways that facilitate TopBP1
association with chromatin following DNA damage, including
the MRN complex37,38 and MDC1,39 may be stimulated when
RHINO is unable to carry out its function in ATR-Chk1 signal-
ing. Nonetheless, our results demonstrate that RHINO is neither
required for 9-1-1 association with chromatin (Fig. 5C) nor for
the interaction of 9-1-1 with TopBP1 (Fig. 5B).

Tethering of RHINO to chromatin activates ATR-Chk1
signaling

We and others have used an E. coli LacR-LacO system to target
and tether proteins to chromatin in mammalian cells to study the
mechanism of DNA damage checkpoint signaling.33,40,41 We
therefore made use of this methodology to further validate RHINO
as a bona fide mediator of ATR-Chk1 signaling in human cells. We
thus fused the cDNA encoding the Lac repressor (LacR) to the
RHINO cDNA and then introduced the construct into NIH3T3
cells containing hundreds of repeats of the LacO DNA sequence.40

A schematic of this approach is shown in Figure 7.
As shown in Fig. 6A (lane 3), the targeting of LacR-RHINO

alone to the LacO array yielded only background levels of Chk1
phosphorylation, which were similar to that observed when cells
were transfected with LacR-Rad9 or LacR-TopBP1 constructs
(lanes 5 and 7). However, when these proteins were targeted to
the LacO array in combination with Claspin, which directly
binds Chk1 and serves as an adaptor to mediate the phosphoryla-
tion of Chk1 by ATR, robust phosphorylation of Chk1 was
observed (Fig. 6A, lanes 4, 6, and 8). We conclude that like
Rad9 and TopBP1, the accumulation of RHINO at LacO
repeats within chromatin is capable of inducing Chk1 phosphor-
ylation in the absence of overt DNA damage.

To further characterize this response, we transfected cells with
increasing amounts of the LacR-RHINO construct in the
absence or presence of LacR-Claspin. As shown in Figure 6B,
the level of Chk1 phosphorylation was highly dependent on the
amount of LacR-RHINO construct that was transfected and was
completely dependent upon the co-transfection with the LacR-
Claspin construct.

Similarly, when we used a fixed amount of LacR-RHINO
construct with increasing amounts of the LacR-Claspin con-
struct, we observed that the level of Chk1 phosphorylation was
highly correlated with the amount of LacR-Claspin that was
expressed in cells containing the LacO array (Fig. 6C).

Based on the known network of protein-protein interactions
that constitute the ATR-Chk1 signaling event (Fig. 7), we pre-
dicted that the ability of RHINO to stimulate Chk1 phosphory-
lation was dependent on its interaction with Rad9. We therefore
repeated the LacO targeting experiments in the absence or pres-
ence of Rad9 siRNA to reduce the expression of Rad9 in the cells.
As shown in Fig. 6D (lanes 5 and 6), knockdown of Rad9 lead to

a significant abrogation of RHINO-dependent Chk1 phosphory-
lation with the LacR-LacO tethering system. As expected, the
tethering of TopBP1, which directly activates ATR and is the
sole ATR-activating protein in mammalian cells,42 was not
affected by Rad9 siRNA because the direct tethering is expected
to bypass the function of Rad9 in ATR-Chk1 signaling (Fig. 6D
lanes 7 and 8).

We conclude from our studies using the LacR-LacO tethering
and enrichment approach that RHINO is a genuine regulator of
ATR-Chk1 signaling in mammalian cells.

Discussion

The core molecular mechanism of ATR-Chk1 signaling is rea-
sonably well-established and is based on studies using a wide
range of model eukaryotic organisms and systems. However, the
recent identification of RHINO as a novel ATR-Chk1 pathway
gene30 that is apparently only found in vertebrates indicates the
existence of unique regulators of the ATR kinase in higher eukar-
yotes. Though RHINO was demonstrated to interact with the 9-
1-1 checkpoint clamp and the ATR kinase activator TopBP1 and
to mediate ATR-dependent DNA damage signaling in cells
exposed to IR and other double-strand break-inducing genotox-
ins,30 the expression of RHINO protein in undamaged cells, the
relative stability of its association with checkpoint proteins, and
its role in ATR-Chk1 signaling in response to other genotoxins
that induce base damage remained unknown.

Figure 7. Model for the role of RHINO in ATR-Chk1 signaling following
DNA damage or artificial tethering to chromatin. Following the induction
of DNA damage, DNA repair processing events and/or replication fork
stalling leads to the generation of stretches of ssDNA that become
bound by RPA and to the formation of primer-template junctions onto
which the 9-1-1 checkpoint clamp is loaded. The RPA-coated ssDNA is
recognized by the ATR-ATRIP complex and by the Timeless-Tipin com-
plex, which interacts with the Chk1-binding and mediator protein Clas-
pin. TopBP1, which serves to activate ATR, binds to the C-terminal tail of
Rad9. Recruitment of RHINO requires the prior recruitment of the 9-1-1
complex. RHINO directly binds to Rad9, Rad1, and TopBP1 and may alter
the topology of these checkpoint proteins to facilitate efficient check-
point signaling. In the absence of overt DNA damage, the targeting of
RHINO to chromatin through fusion to LacR and recruitment to the LacO
array mediates Chk1 phosphorylation by ATR when Claspin is also tar-
geted to the LacO array.
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In this report, we have demonstrated that full-length RHINO
protein is expressed in human cells and localizes to chromatin
even in the absence of overt DNA damage (Fig. 1). In both
human cells and baculovirus-infected insect cells, we found that
RHINO interacted with TopBP1 and subunits of the 9-1-1
checkpoint clamp (Figs. 1 and 2). Our ability to purify a stable,
stoichiometric RHINO-9-1-1 complex (Fig. 3) indicates that the
checkpoint clamp may function not as a heterotrimer but instead
as a heterotetramer. Interestingly, we observed that the loss of
RHINO neither impacted 9-1-1 loading onto chromatin nor the
interaction between 9-1-1 and the ATR-activating protein
TopBP1 (Fig. 5). In contrast, the recruitment of RHINO to sites
of DNA damage required the 9-1-1 complex.30

A schematic summarizing our findings and our current under-
standing of RHINO’s role in ATR DNA damage checkpoint sig-
naling is shown in Figure 7. According to the standard model for
ATR activation, the stalling of DNA polymerases by DNA
lesions and the processing of DNA damage by DNA repair sys-
tems lead to the formation of regions of ssDNA and to the gener-
ation of primer-template junctions.1,27,36 9-1-1, which exists in a
heterotetrameric complex with RHINO, is loaded onto the
primer-template junctions by Rad17-RFC.19-21 This loading
then facilitates the stable association of TopBP1 with the damage
site.22,23,28 RPA coats the ssDNA and recruits the ATR kinase
through an interaction with ATRIP (ATR-interacting pro-
tein).32,35,43,44 Through a network of protein-protein interac-
tions involving the Chk1-binding protein Claspin and the
Timeless-Tipin complex,34,45-48 RPA also recruits the ATR sub-
strate Chk1 to the damage site.

We also showed that many of the protein-protein and protein-
DNA interactions shown in the canonical ATR checkpoint
model in Fig. 7 (left panel) can be bypassed by fusing RHINO
and Claspin to the LacR to target these factors to LacO sequences
within chromatin (right panel). Thus, the co-tethering of
RHINO (or Rad9 or TopBP1) with Claspin is sufficient to
induce Chk1 phosphorylation in the absence of direct DNA
damage (Fig. 6). However, RHINO’s ability to mediate ATR
activation in this system is dependent upon Rad9 (Fig. 6D),
which highlights non-redundant roles for RHINO and Rad9 in
ATR activation.

It was also recently suggested that RHINO may help to stabi-
lize checkpoint proteins at sites of DNA damage or to allosteri-
cally regulate specific factors such TopBP1 during the activation
of ATR.30 Such a function is consistent with existing data and
the model shown in Figure 7. However, additional biochemical
studies using purified components and reaction conditions that
are favorable for RHINO stability will therefore be necessary to
fully elucidate the function of RHINO in ATR-mediated DNA
damage checkpoint signaling in human cells.

Materials and Methods

Cell lines—Human Flp-In T-REx 293 (Invitrogen) and
mouse NIH2/4 (NIH3T3 cells containing LacO arrays)40 were
cultured at 37�C in a 5% CO2 humidified incubator in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin/streptomycin
as previously described.40,41 Flp-In T-REx 293 cell lines express-
ing FLAG-Rad9 and FLAG-RHINO were generated using pro-
tocols provided by the manufacturer (Invitrogen). FLAG-Rad9
and FLAG-RHINO expression was induced by addition of tetra-
cycline (1 mg/ml) to the medium for 2 d prior to experimenta-
tion. To expose cells to UV radiation, cells were placed under
a GE germicidal lamp that emits primarily 254-nm UV light
(UV-C) connected to a digital timer. Following irradiation, the
cells were incubated for the indicated periods of time before
harvesting.

Plasmid constructs—RHINO cDNA was obtained from the
Human ORFeome clone set and PCR sub-cloned into pFastBac1
and pcDNA3 for expression in insect and mammalian cells. For
generation of Flp-In T-REx 293 cell lines, the Rad9 and RHINO
cDNAs were sub-cloned into pcDNA5/FRT/TO (Invitrogen).

Chemicals and antibodies—Hydroxyurea (HU; 10 mM) and
cytosine b-D-arabinofuranoside (AraC; 100 mM) were pur-
chased from Sigma and were added to cell culture medium,
where indicated, 30 min prior to UV irradiation. Anti-FLAG
affinity gel (Sigma A2220) was used to immunoprecipitate
FLAG-Rad9 and FLAG-RHINO. Custom anti-RHINO antisera
was generated by injecting rabbits with 6xHis-tagged RHINO
produced in E. coli (Cocalico Biologicals Inc.) and was used to
detect RHINO expression by immunoblotting. Additional anti-
bodies used for immunoblotting included anti-MEK2 (catalog
no. 610235) from BD Transduction Laboratories; anti-RPA70
(catalog no. A300-241A) from Bethyl Laboratories; anti-TopBP1
(catalog no. AB3245) from Millipore; anti-FLAG (catalog no.
F-3165) from Sigma; anti-His antibody (catalog no. AM1010a)
from Abgent; anti-Rad9 (catalog no. sc-8324), anti-Rad1 (cata-
log no. sc-22783), and anti-Chk1 (catalog no. sc-8408) from
Santa Cruz Biotechnology; and anti-phospho-Chk1 (Ser345)
(catalog no. 2348) from Cell Signaling Technology. Secondary
antibodies included horseradish peroxidase-linked anti-mouse
and anti-rabbit IgG (catalog nos. NA931V and NA934V) from
GE Healthcare.

Human cell extracts and fractionation-—Following UV irra-
diation or other treatments, cells were harvested by scraping the
cells from the plate into cold PBS. Cells were then pelleted by
gentle centrifugation (800 £ g, 5 min, 4�C) and washed twice
with cold PBS. Cells were then either frozen on dry ice and stored
at ¡80£C or directly used for preparation of cell extracts. Whole
cell lysates for immunoprecipitation were prepared by lysing the
cells in TBS (50 mM Tris pH 7.4, 150 mM NaCl) containing
0.5% NP-40 substitute Igepal CA-630, 0.1 mM PMSF
and phosphatase inhibitors (10 mM NaF, 1 mM Na2VO3, and
10 mM glycerophosphate), sonication to shear chromatin, and
centrifugation at maximum speed in a microcentrifuge for
15 min at 4�C. For preparation of soluble and insoluble chroma-
tin fractions, cells were resuspended in Buffer A (10 mM HEPES
pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 10% glycerol, 0.34 M
sucrose, 1 mM DTT, 0.1 mM PMSF) containing 0.1% Triton
X-100 and phosphatase inhibitors. Cells were extracted 3 times
with Buffer A containing Triton X-100 to separate the soluble
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cytosolic and nuclear material from the chromatin faction. Solu-
ble cytosolic extracts were centrifuged for 15 min at maximum
speed in a microcentrifuge at 4�C to remove any contaminating
nuclei. DNA/nucleic acid-associated proteins were solubilized by
a 5 min incubation with Benzonase (250 U; Sigma) at 37�C in
Buffer A containing 5 mM MgCl2. The remaining chromatin
pellet was solubilized by sonication in 1X SDS-PAGE sample
buffer (50 mM Tris pH 6.8, 100 mM DTT, 1% SDS, 5% glyc-
erol, and 0.005% bromophenol blue).

Immunoprecipitation—Cell extracts were incubated on a
rotary device at 4�C with anti-FLAG agarose (Sigma) for 2–4 hr
to immunoprecipitate (IP) the indicated FLAG-tagged proteins.
IPs were washed 3 times with TBS containing 0.5% Igepal CA-
630. To elute immunoprecipitated proteins, the immunocom-
plexes were incubated for 2 hr at 4�C in TBS containing
200 mg/ml FLAG peptide (Sigma F-3290) or were boiled for
5 min in 1X SDS-PAGE sample buffer.

Baculovirus vectors and expression—Baculoviruses expressing
Rad9 (full-length and fragments), Rad1, Hus1, and Rad17 were
previously described.5,19,49 Baculoviruses for expressing FLAG-
RHINO, His-RHINO, FLAG-PCNA, and FLAG-TopBP1 were
generated using the Bac-to-Bac expression system (Invitrogen).

Purification of RHINO-9-1-1 complex—Insect cells were
infected with baculoviruses expressing FLAG-Rad9, His-
RHINO, and untagged Rad1 and Hus1. Infected cells were lysed
in Buffer B (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10%
glycerol, 0.1% NP-40, 1% Tween-20, and 2.5 mM b-mercap-
toethanol) and centrifuged to pellet insoluble material. The cell
lysate was then incubated and rotated with Ni-NTA agarose
(Qiagen) overnight at 4�C, washed extensively with Nickel Wash
Buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10% glycerol,
10 mM imidazole, and 2.5 mM b-mercaptoethanol), and then
bound proteins were eluted with Nickel Elution Buffer (50 mM

Tris-HCl pH 7.5, 100 mM NaCl, 10% glycerol, 400 mM imid-
azole, and 2.5 mM b-mercaptoethanol). The elution fractions
were then incubated with anti-FLAG affinity gel for 3 hr at 4�C,
washed with FLAG wash buffer (50 mM Tris-HCl, 100 mM
NaCl, 10% glycerol, and 5 mM b-mercaptoethanol), and eluted
with the same buffer containing 250 mg/ml FLAG peptide.

Plasmid and siRNA transfection—Control (sc-37007),
RHINO (sc-95847), and Rad9 (sc-36365) siRNAs were
obtained from Santa Cruz Biotechnology and were transfected
with Lipofectamine RNAiMax according to the manufacturer’s
recommendations (Invitrogen). Cell lines were transfected twice
(16 and 40 hr after plating) with siRNAs at a concentration of
40 nM and were analyzed approximately 24 hr after the second
transfection.

Plasmid constructs expressing LacR-fusion proteins were
transfected into NIH2/4 cells with Lipofectamine 2000 as previ-
ously described.41

Immunoblotting—Proteins from immunoprecipitations and
cell lysates were subjected to SDS-PAGE and then transferred to
Hybond ECL membranes (GE Healthcare). The blots were
probed with the indicated antibodies and incubated with Clarity
Western ECL Substrate (Bio-Rad) before exposure to X-ray film
or visualization with a Molecular Imager Chemi-Doc XRSC sys-
tem (Bio-Rad).
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