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Summary

ETAAL (Ewing tumor-associated antigen 1), also known as ETAA16, was identified as a tumor-
specific antigen in the Ewing family of tumors. However, the biological function of this protein
remains unknown. Here, we report the identification of ETAAL as a DNA replication stress
response protein. ETAA1L specifically interacts with RPA via two conserved RPA-binding domains
and is therefore recruited to stalled replication forks. Interestingly, further analysis of ETAAL
function revealed that ETAAL participates in the activation of ATR signaling pathway via a
conserved ATR-activating domain (AAD) located near its N-terminus. Importantly, we
demonstrate that both RPA binding and ATR activation are required for ETAA1 function at stalled
replication forks to maintain genome stability. Therefore, our data suggest that ETAAL is a new
ATR activator involved in replication checkpoint control.

eTOC Blurb

Lee et al. report the identification of a DNA damage sensor protein ETAAL which is recruited to
the sites of DNA damage via specific interaction with single stranded DNA-binding protein RPA.
They further demonstrate that ETAAL is a new ATR kinase activator involved in replication and
DNA damage checkpoint control.
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Introduction

The human genome is continuously challenged by genotoxic pressure from both endogenous
and exogenous sources. A variety of DNA lesions resulting from these insults must be
properly repaired for the maintenance of genomic integrity. Cells have evolved a coordinated
network of DNA damage response (DDR) involving multiple cellular processes, such as
cell-cycle checkpoint control, DNA replication, DNA repair and chromosome segregation, to
maintain genome stability.

DNA damage response is orchestrated by two major damage-induced protein kinases, the
ataxia-telangiectasia mutated (ATM) and the ataxia telangiectasia mutated and Rad3-related
(ATR). ATM and ATR share a lot of biochemical and functional similarities. These two
kinases target overlapping sets of substrates involved in numerous cellular processes.
However, while ATM-depleted cells are viable, ATR is essential for the viability of
replicating cells [1-3]. ATM functions predominantly in response to double-strand breaks
(DSBs), and ATR, in a complex with its functional partner ATRIP, is activated by a broad
spectrum of DNA damage and replication stress that involves the exposure of RPA-coated
single stranded DNA (ssDNA) together with adjacent stretch of double-stranded DNA
(dsDNA) that presents a 5" junction [4-6]. Once activated, ATR phosphorylates a variety of
substrates including CHKZ1 in order to promote cell cycle arrest, DNA repair, and recovery
from replication stress [6]. ATR activation depends on the temporal and spatial interactions
between ATR/ATRIP complex and its associated proteins containing ATR-activating
domains (AAD). In budding yeast, three proteins, Dpb11ToPBP1 Ddc1Rad9 and Dna2, can
interact with and activate Mec1ATR[7-9]. Each of these proteins contains an AAD that binds
directly to Mec1ATR:Ddc2ATRIP complex and any of these AADs is sufficient to activate
Mec1ATR jn vitro [8-11]. However, TOPBP1 is so far the only protein reported containing
an AAD that interacts with and activates ATR/ATRIP complex in Xenopus and humans [12].
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In the ATR-dependent replication checkpoint pathway, the key sensor protein is RPA, which
efficiently binds to and protects sSDNA generated during replication fork stalling and
recruits factors such as ATRIP, RAD17, and RAD9 to promote ATR activation. Human RPA
is a stable heterotrimer composed of three subunits, RPA70, RPA32 and RPA14 (also named
as RPA1, 2 and 3) that are conserved among eukaryotes. RPA is essential in eukaryotic cells
and is involved in a number of key cellular activities including DNA replication, repait,
recombination and DNA damage signaling pathways. RPA is a ssDNA-binding and scaffold
protein complex that interacts with multiple proteins and facilitates various biochemical
reactions that occur at or involve ssSDNA. Recent studies have revealed a number of novel
RPA-binding proteins that play important roles in DNA replication and/or replication
checkpoint control. For example, PRP19/PSO4 directly binds RPA and localizes to DNA
damage sites via RPA, where it acts as a ubiquitin ligase for RPA and facilitates the
accumulation of ATR/ATRIP at DNA damage sites [13, 14]. Another E3 ligase RFWD3 is
also reported to bind to and ubiquitinate RPA in response to replication fork stalling,
therefore promoting replication fork restart and homologous recombination at stalled forks
[15-17]. Schlafen 11 (SLFN11) was shown to interact directly with RPAL and is recruited to
sites of DNA damage in an RPA1-dependent manner [18]. SLFN11 inhibits checkpoint
maintenance and homologous recombination repair by promoting the destabilization of the
RPA-ssDNA complex [18]. Another RPA-binding protein helicase B (HELB) was recently
published by two different groups [19-21]. While HELB was proposed in one study to play
an inhibitory role for DNA end resection in G1 phase and is exported to the cytoplasm to
allow efficient DNA end resection in S/G2 phase [21], in another study, HELB was reported
to promote homologous recombination [20].

In this study, we report the identification of a previously uncharacterized protein ETAAL
(Ewing Tumor-Associated Antigen 1) as a novel DNA damage sensor. We showed that
ETAAL is recruited to stalled replication forks in an RPA-dependent manner. We further
demonstrate that ETAA1 is the second identified ATR activator in humans. In addition, we
were able to identify a conserved ATR-activating domain in ETAA1L, which, together with its
RPA-binding domains, is critically important for ETAAL function at stalled replication
forks.

RPA-interacting protein involved in cellular response to DNA damage

Our tandem affinity purification (TAP) of RPA protein complex repeatedly revealed Ewing
Tumor-Associated Antigen 1 (ETAAL) as a candidate RPA-binding protein (Figure S1A).
When our manuscript was under preparation, ETAA1 was also found in a list of potential
RPA-associated proteins from a proteomics study [21]. To ensure that ETAAL indeed
associates with RPA, we performed reverse TAP using whole cell lysate prepared from 293T
cells stably expressing triple-epitope (S-protein, FLAG and streptavidin binding peptide)
tagged ETAAL (SFB-ETAAL). Mass spectrometry analysis revealed RPA1/2/3 as major
ETAA1-associated proteins (Figure 1A). We also found several known RPA-binding proteins
in this list of ETAAl-associated proteins (Figure 1A), which include HARP/SMARCAL1
previously identified by us and others [22-26], PRPF19/PSO4 [13, 14], and BLM/TOP3A/
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RMI1 [27]. These data strongly suggest that ETAAL is a bona fide RPA-binding protein. We
confirmed the /in vivo interaction of SFB-tagged ETAA1 with myc-tagged RPA1 (Figure
1B). HARP and AH2 were included respectively as positive and negative controls in this
experiment. While HARP associated with RPA complex, AH2 did not bind to RPA (Figure
1B), but instead AH2 predominantly binds to PCNA as we and others reported previously
[28, 29]. To further confirm the endogenous interaction between ETAAL and RPA, we raised
two ETAAL antibodies against residues 1-300 and residues 626-926 of ETAA1 respectively.
Using these ETAAL antibodies, we verified the /n vivo interaction between endogenous
ETAAL and RPA complex (Figure 1C).

Since quite a few RPA-binding proteins are recruited to stalled replication forks or resected
DSB ends, we first tested whether ETAAL would also participate in cellular response to
replication stress and/or other types of DNA damage. As shown in Figure 1D and Figure
S1B, discrete foci of FLAG-tagged ETAAL, which partially co-localized with y H2AX,
were readily detected in HeLa cells following hydroxyurea (HU), camptothecin (CPT), and
ionizing radiation (IR) treatment, indicating that ETAAL is involved in DNA damage
response. Similarly, we detected the co-localization of ETAAL and RPA foci in U20S cells
following HU, CPT, and IR treatment (Figure S1C), indicating that ETAAL is recruited to
RPA-bound ssDNA regions in response to DNA damage. Thus, we further examined the
effect of ETAAL depletion on cell survival following DNA damage. We generated two
ETAAL knockout HeL a cell lines using CRISPR-cas9 mediated gene editing (Figures 1E
and S2A). HU treatment reduces the production of deoxyribonucleotides via inhibition of
ribonucleotide reductase, therefore causing replication stress. Although cells with ETAAL
depletion had relatively normal cell cycle distribution (Figure S2B), ETAAL knockout cells
showed a marked hypersensitivity to HU treatment (Figure 1F). We also observed increased
sensitivity of ETAA1 depleted cells to the topoisomerase | inhibitor CPT which also induces
replication stress (Figure 1G).

Together, these data suggest that ETAAL is an RPA-interacting protein located at stalled
replication forks upon DNA replication stress to maintain cell viability.

Multiple binding surfaces on ETAAL1 tether it to stalled replication forks

We were interested in how ETAA1 and RPA interact and how ETAAL is recruited to sites of
DNA damage. We already showed that ETAAL foci co-localized with RPA foci following
DNA damage (Figure S1C). To further confirm that RPA-bound ssDNA regions are required
for ETAAL recruitment to sites of DNA damage, we examined the foci formation of ETAA1
in CtIP-depleted cells following DNA damage. As shown in Figure S3A, two gRNAS were
designed for a lentiviral CRISPR/Cas9 system and could be used to efficiently deplete CtIP
in these cells. We found that RPA and ETAA1 foci were dramatically reduced in CtIP-
depleted cells following CPT treatment (Figures S3B and S3C), suggesting that ETAAL is
recruited by RPA-bound ssDNA generated by DNA end resection mediated by CtIP.

In the initial experiments, we found that the C-terminal half of ETAAL (500C) is sufficient
to bind to RPA and localizes to stalled replication forks induced by HU (Figures 2A and
2B). When aligning human ETAAL protein sequence with its orthologs from different
species, we found that ETAAL has four distinct and conserved regions (Figure S4).
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However, none of them is related to domains or motifs with known function. To further
determine which region is required for the recruitment of ETAAL to DNA damage sites, we
generated a serious of truncation and internal deletion mutants of ETAAL based on the
conserved regions revealed by the alignment (Figure 2C). Interestingly, all the ETAA1
mutants formed clear foci after HU treatment (Figure 2D), suggesting that there are more
than one RPA-binding surface on the C-terminal half of ETAAL, which have redundant roles
in tethering ETAAL to stalled replication forks.

Two distinct RPA-binding domains contribute to the function of ETAAL at stalled
replication forks

Our alignment of different ETAA1 orthologs revealed two conserved regions within the C-
terminal half of ETAAL (Figure S4). To test whether these regions are required for the RPA
binding and foci formation of ETAAL, we generated mutants lacking single or both regions
(Figure 3A). Co-precipitation assays were performed to test the interaction between mutant
ETAAL and RPAL or RPA2. Our results clearly showed that deletion of the first region
(D572-700) disrupted the binding between ETAAL and RPAL, while deletion of the second
region (1-872, which is D873-926) abolished its interaction with RPA2 (Figures 3B and
3C). As expected, the ETAAL mutant lacking both regions (DD) totally lost the ability to
bind RPA complex (Figures 3B and 3C). We further introduced these mutants into HeLa
cells and tested the foci formation of these mutants after HU treatment. Our results showed
that either of the RPA-binding domains is sufficient to guide ETAAL to stalled replication
forks, and disruption of both RPA-binding domains from ETAAL abolished its localization
at stalled replication forks (Figures 3D). We further tested whether the binding of ETAAL to
RPA is required for its function /in vivo. As shown in Figures 3E and 3F, the expression of
wild-type ETAAL rescued HU hypersensitivity in ETAAL knockout cells. However, the
mutant lacking both RPA1 and RPA2-binding domains (DD) failed to do so. These data
indicate that the RPA-binding ability is required for ETAAL function at stalled replication
forks in vivo. Therefore, we concluded that ETAAL has two distinct RPA-binding domains,
RBD1 and RBD2 (Figure 3A), which are responsible for binding to RPA1 and RPA2
respectively, and either RBD1 or RBD?2 is sufficient for tethering ETAAL at stalled
replication forks and contributes to ETAAL function in response to replication stress.

ETAAL participates in the activation of ATR signhaling pathway

To further understand how ETAAL may participate in DNA replication stress response, we
first checked the ETAAL TAP results (Figure 1A). Besides some known RPA-binding
proteins, we noticed that ATR, the master regulator of genome integrity, is a putative
ETAA1-binding protein. ATR is activated in response to a variety of DNA lesions that
induce the formation of sSDNA [6, 30]. One of the best characterized ATR substrates is the
checkpoint kinase 1 (CHK1), an effector kinase of ATR in the ATR-mediated DNA damage
checkpoint pathway [31]. CHK1 is not only important for the checkpoint response during S
phase but is also crucial for maintaining the stability of DNA replication forks. Activation of
CHK1 after DNA replication stress is known to require the phosphorylation of two C-
terminal residues by ATR kinase at Ser317 and Ser345, which is a reliable indicator of
CHK1 activation [32-34]. We speculated that ETAAL might have a role in the activation of
ATR signaling pathway. Therefore, we tested CHK1 phosphorylation at Ser317 in wild-type
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and ETAA1 knockout cells following replication stress. As shown in Figure 4A, CHK1
phosphorylation at Ser317 is impaired in ETAAL knockout cells following HU treatment.
We further tested other ATR phosphorylation sites: CHK1 Ser345 and RPA2 Ser33. As
shown in Figure 4B, after CPT treatment, both CHK1 Ser317 and 345 phosphorylation as
well as RPA2 Ser33 phosphorylation were diminished in ETAAL depleted cells. However,
we did not detect any difference in CHK2 Thr68 phosphorylation, an ATM-dependent event,
in wild-type and ETAA1 depleted cells following CPT treatment. These results suggest that
ETAAL is specifically required for the activation of ATR signaling pathway following
replication stress.

We further explored mechanistically how ETAAL may activate the ATR/CHK1 pathway. An
early study demonstrated that TOPBP1 contains an ATR-activating domain (AAD), which
interacts with and activates ATR/ATRIP complex /in vitro [12]. Indeed, overexpression of
this domain by itself could lead to ATR activation [12]. We cloned TOPBP1-AAD (residues
978-1286) and confirmed that overexpression of TOPBP1-AAD triggered robust CHK1
phosphorylation at Ser317 (Figure 4C). Interestingly, in ETAAL-overexpressing cells, we
also observed clear CHK1 phosphorylation (Figure 4C), indicating that ETAAL may activate
ATR kinase. As a negative control, we showed that we could not detect CHK1
phosphorylation in HARP-overexpressing cells (Figure 4C). These observations provided
the first evidence that ETAAL participates in the activation of ATR signaling pathway.

Defining a conserved ATR-activating domain in ETAAL

In budding yeast, three proteins, Dpb11ToPBP1 Ddc1Rad9 and Dna2, interact with and
independently activate Mec1ATR, Each contains an ADD that interacts directly with the
Mec1ATR:Ddc2ATRIP complex [8-11]. In human, only TOPBP1 has been identified as a
direct ATR activator, and TOPBP1-AAD is both sufficient and necessary for ATR activation.
Since we observed that ETAA1L could participate in the activation of ATR signaling pathway,
we asked whether there is a potential AAD in ETAAL. We found that while the N-terminal
half of ETAAL (500N) is sufficient to stimulate CHK1 phosphorylation at Ser317, the C-
terminal half of ETAAL (500C) failed to do so (Figure 5A). We further narrowed down this
potential AAD to a conserved region (residues 77-238) of ETAA1L (Figure S4). As shown in
Figure 5B, similar to TOPBP1-AAD, ETAA1-AAD (1-238/D10-76) overexpression
triggered robust CHK1 phosphorylation at Ser317. Further deletion of ETAAL-AAD
(D77-238) disrupted the ability of ETAAL to induce CHK1 phosphorylation (Figures 5C and
5D). To test whether ETAAL can directly activate ATR in vitro, we performed ATR kinase
assays. As shown in Figure S5A, like TOPBP1-AAD, ETAAL-AAD stimulated ATR kinase
activity. We then tested whether this ETAAL-AAD is required for its function /n vivo. As
shown in Figures 5E and 5F, the expression of wild-type ETAAL rescued HU
hypersensitivity in ETAAL knockout cells. However, the mutant lacking ETAAL1-AAD failed
to do so. Therefore, we identified an AAD in ETAAL, which is required for activating ATR
signaling in human cells.

Identification of a point mutation in the ATR-activating domain of ETAA1

It has been established that the ATR activation by TOPBP1 can be disrupted via introducing
a point mutation that removes a key aromatic residue in AAD (W1138R in Xenopus,
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W1147R in Mouse and W1145R in Human) [12, 35]. Since we located an AAD in ETAAL,
we are wondering whether we can identify a point mutation, which would similarly disrupt
the ATR activation by ETAAL. We first aligned the residues 77-238 from human ETAA1
with corresponding segments from different species (Figure 6A, see also Figure S4). We
were able to locate a conserved tryptophan (W107 in human ETAAL, Figure 6A). Further
alignment of TOPBP1-AAD and ETAA1-AAD, and the residues surrounding W1145 from
TOPBP1-AAD and W107 from ETAA1-AAD revealed a conserved sequence (IF/I/VWD)
(Figure 6B, see also Figure S5B). To test whether W107 is the key residue required for ATR
activation, we generated W107R mutation in both full-length ETAA1 and ETAA1-AAD
(Figure 6C). Overexpression of those mutants in HeLa cell clearly revealed that W107R
mutation abolished the CHK1 phosphorylation at Ser317 (Figure 6D) and the induction of y
H2AX (Figure S5C) by full-length ETAA1 and ETAAL1-AAD. Taken together, these results
indicate that, similar to TOPBP1, ETAA1 must have an intact AAD in order to support the
ATR-dependent phosphorylation of CHK1 or other ATR substrates including H2AX that
normally occurs in the presence of stalled replication forks.

The current model of ATR activation indicates that ATR activation occurs in a manner that
depends on RAD9-RAD1-HUSL1 (the 9-1-1 complex) and TOPBP1. Therefore, we decided
to further evaluate the relationship between ETAAL and 9-1-1 complex/TOPBP1. First, we
designed two gRNAs targeting RAD?9, a subunit of the 9-1-1 complex. As shown in Figures
S6A, S6B, and S6C, while depletion of RAD9 dramatically reduced TOPBP1 recruitment to
stalled replication forks following CPT treatment, the ETAAL recruitment was not affected
and we observed clear foci formation of ETAAL in RAD9-depleted cells which failed to
induce TOPBP1 recruitment. Second, to test whether ETAA1 and TOPBP1 would compete
for loading onto stalled replication forks, we overexpressed ETAAL in cells, but did not
observe its competition with TOPBP1 loading (Figure S6D). Finally, as shown in Figures
S6E and S6F, cells co-depleted with TOPBP1 and ETAA1L showed more severe defects in
checkpoint signaling and cell survival upon replication stress. These data suggest that
ETAAL is located in a parallel pathway and plays a role in ATR activation independent of
9-1-1 complex and TOPBP1 (Figure 6E).

Discussion

In this study, we demonstrate that 1) ETAAL is an RPA-interacting protein that participates
in cellular response to replication stress; 2) ETAA1L is recruited to DNA damage sites upon
replication stress via two RPA-binding domains, RBD1 and RBD2; 3) In humans, ETAAL is
a novel ATR activator in addition to and independent of TOPBP1; 4) ETAAL activates ATR
via a conserved AAD located at its N-terminus, and a single mutation at W107 in this AAD
can abolish ATR activation by ETAAL. Thus, ETAAL is a new ATR activator and plays a
role in replication checkpoint control (Figure 6E).

As a master kinase in the DDR pathway, ATR responds to a broad spectrum of DNA damage
that leads to replication stress. ATR is essential for cell survival even in the absence of
extrinsic DNA damage, underscoring the critical function of ATR in coping with intrinsic
genomic stress. Although the mechanism underlying ATR activation is well studied and
widely discussed, how ATR is activated by different types of DNA damage and replication
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stress in human is largely unknown. A single DNA structure containing ssSDNA is proposed
to be required for ATR activation in response to many different types of DNA damage,
including DSBs, base adducts, crosslinks and replication stress [36, 37]. RPA coats most
forms of ssDNA in the cell, including the ssDNA that is formed during DNA replication and
DNA repair [38]. ATRIP, the regulatory partner of ATR, binds directly to RPA-coated
ssSDNA (RPA-ssDNA) and thereby enables the ATR/ATRIP complex to localize to sites of
DNA damage [37, 39, 40]. The localization of ATR/ATRIP to sites of DNA damage,
however, is not sufficient to fully activate ATR at the sites of DNA damage. Instead, it
requires the functions of additional ATR regulators, including RAD17 and RAD9-RAD1-
HUS1 (the 9-1-1 complex) which recognize DNA damage independently [6] (see also
Figure 6E). ATR activation also requires TOPBP1, which is recruited to sites of DNA
damage via RAD9 C-terminal phosphorylation at Ser387 [41, 42], or by MRE11-RAD50-
NBS1 complex as published recently [43].

ATR-activating domains (AAD) play a key role in activating ATR kinase activity. Depleting
wild type TopBP1 from Xenopus and replacing it with recombinant protein with a single
aromatic residue mutation in its AAD (W1138R) totally abolished ATR activation in
response to replication stress [12, 35]. The W1145R mutant of human TOPBP1 (analogous
to the W1138R mutant of TopBP1 from Xenopus) also lost its ability to promote the
phosphorylation of downstream targets of ATR. Similarly, analyzing a TopBP1-W1147R
knock-in mouse model revealed the essential function for TopBP1 AAD in mouse
development and cellular senescence [12, 35]. However, in the model organisms such as S.
cerevisiae and S. pombe, while the AAD domain of the TopBP1 homologs was similarly
sufficient to activate ATR, TopBP1 itself plays a relatively minor role in ATR signaling
activation in response to DNA damage or replication stress. Recent studies from S.
cerevisiae identified two further AADs which play partially redundant roles in ATR
checkpoint activation: one is contained within the C-terminus of Ddc1Rad9 a 9-1-1 clamp
subunit [8], while the other is found in the Dna2 replication protein [9]. Interestingly,
disrupting the function of all three AAD domains from Dpb11T°PBP1 Ddc1Rad9 and Dna2 in
the same cells largely abolished the activation of ATR pathway in S. cerevisiae. These
results indicate that multiple AADs promote ATR activation above basal level and that ATR
activation is mediated by one or more AAD domains in yeasts [11].

Whether there are other ATR activators in humans other than TOPBP1 has been a long-
standing question in the field. Our study uncovered ETAAL as another ATR activator in
humans. ETAAL is not a very conserved protein, and we can only trace ETAA1 homologs to
Xenopus (Figure S4), but not to yeast, suggesting that in higher eukaryotes, ETAA1 has
evolved as an alternative ATR activator, similar to Ddc1R249 or Dna2 in yeast. Interestingly,
TOPBP1-AAD, and now ETAA1-AAD, can trigger ATR activation in the absence of DNA
damage [8-11]. Therefore, it is assumed that ATR activation by TOPBP1 should be tightly
regulated, but the detailed mechanism remains to be determined. In humans, the AAD of
TOPBP1 interacts with the ATR/ATRIP complex via an internal region of ATRIP and the
PIKK regulatory domain (PRD) near the C-terminus of ATR [44]. Further studies are needed
to characterize the detailed interaction between ETAAL-AAD and ATR/ATRIP complex and
how this interaction may be regulated following DNA damage.
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ETAAL was first noticed and named in a study working on Ewing’s family of tumors [45].
By immunoscreening of an Ewing’s family of tumor (EFT)-derived cDNA library using 16
EFT-specific antibodies, Borowski and colleagues isolated a 3.5 kb cDNA, named Ewing’s
tumour-associated antigen 16 (ETAALS, also known as ETAAL) [45]. As demonstrated by
flow cytometry, the cell surface expression of ETAAL antigen is restricted to Ewing tumor
cell lines, suggesting that ETAA1 may function as a tumor-specific cell surface antigen in
EFTs. However, our results showed that overexpressed FLAG-tagged ETAAL is
predominantly located in the nucleus, and we did not observe cell surface expression or even
cytoplasmic staining of FLAG-tagged ETAAL in HeLa cells (Figure 1D). Further studies
should be conducted to detect the endogenous expression of ETAAL and its cellular
localization in both EFT and non-EFT cells.

More recently, a genome-wide association study (GWAS) of pancreatic cancer revealed
significant association at 2p13.3 (ETAAL, rs1486134) with susceptibility to pancreatic
cancer [46]. As a matter of fact, this ETAAL locus has also been implicated in another
GWAS study of pancreatic cancer in Han Chinese [47]. While it remains to be determined
whether or not ETAA1 expression would be altered in pancreatic cancers, it is worthwhile to
point out that inherited high-penetrance mutations in a number of DDR genes, including
BRCA2, ATM, PALB2, and BRCAL, have been reported to be associated with increased risk
for pancreatic cancer. As a novel ATR activator in humans, ETAAL deregulation may also
contribute to cancer development, which warrants further experimentation.

Experimental Procedures

Antibodies

Anti-ETAA1 antibodies were raised by immunizing rabbits with GST-ETAAL fusion
proteins containing residues 1-300 and residues 626-926 of human ETAAL proteins
respectively. Antisera were affinity-purified using AminoLink plus Immobilization and
purification kit (Pierce). Antibody against y H2AX was previously described [28, 48]. The
anti-myc and anti-CHK1 were obtained from Santa Cruz Biotechnology. Anti-p-CHK1
(Ser317 and Ser345) and anti-p-CHK2 (Thr68) antibodies were purchased from Cell
Signaling. Anti-p-RPA2 (Ser33) was obtained from Bethyl Laboratories. Anti-RPA2
antibody was obtained from Abcam. Anti-p-actin and anti-FLAG were obtained from
Sigma.

Other Methods

See the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. ETAAL participates in cellular response to replication stress

. ETAAL is recruited to the sites of DNA damage via two RPA-binding
domains

. In humans, ETAAL is a novel ATR activator in addition to and
independent of TOPBP1

. ETAAL activates ATR kinase via a conserved ATR-activating domain
(AAD)
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Figure 1. ETAAL is an RPA-interacting protein involved in cellular response to DNA damage
(A) Tandem affinity purification was performed using 293T cells stably expressing tagged

ETAAL. The results from the mass spectrometry analysis are shown in the table. Unique:
number of unique peptides; Total: number of total peptides. (B) ETAAL specifically interacts
with RPA. 293T cells were transfected with plasmids encoding SFB-tagged HARP, AH2 or
ETAAL together with plasmids encoding myc-tagged RPAL. Co-precipitation was carried
out using S-protein beads and immunoblotting was performed using antibodies as indicated.
(C) Association of endogenous ETAAL with RPA in 293T cells was analyzed by co-
immunoprecipitation using two anti-ETAAL antibodies and immunoblotting using
antibodies as indicated. Anti-ETAAL antibodies were raised by immunizing rabbits with
GST-ETAAL fusion proteins containing residues 1-300 and residues 626-926 of human
ETAAL proteins. (D) HeLa cells were transfected with the plasmid encoding SFB-tagged
ETAAL. Immunostaining experiments were performed 6 hr after HU, CPT, or IR treatment
using indicated antibodies. (E) ETAAL depletion in ETAAL knockout HeL a cells was
confirmed by immunoblotting. (F and G) Survival curves in response to increasing doses of
HU (F) and CPT (G) for indicated cell lines are presented. Cell survival assays were
performed as described in the Materials and methods. Data are presented as mean + s.d.
from three different experiments. See also Figure S1 and S2.
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Figure 2. Multiple binding surfaces on ETAAL tether it to stalled replication forks
(A) C-terminal half of ETAA1 binds to RPA. Co-precipitation was performed as described in

Figure 1B. 500N: N-terminal half of ETAAL; 500C: C-terminal half of ETAAL. (B) C-
terminal half of ETAAL is sufficient to locate at stalled replication forks upon replication
stress. HeL a cells were transfected with indicated plasmids. Immunostaining experiments
were performed 6 hr after HU treatment using indicated antibodies. (C) Diagram of internal
deletion mutants of ETAAL used in this study. Conserved regions are highlighted in different
colors. (D) A series of deletion mutations did not affect the foci formation of ETAAL at
DNA damage sites. Plasmids encoding ETAAL deletion mutants were transfected into HeLa
cells. Immunostaining experiments were performed 6 hr after HU treatment. See also Figure
S3and S4.
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Figure 3. Two distinct RPA-binding domains contribute to the function of ETAAL at stalled
replication forks
(A) Schematic representation of wild-type ETAAL and the mutants used in the following

study. (B and C) The interaction between wild-type or mutant ETAAL and RPA was tested
by co-precipitation assays as described in Figure 1B. (D) Disrupting both C-terminal
domains in ETAAL disables its localization at stalled replication forks. DD: double deletion
mutant (deleted with amino acids 572—-700 and 873-926). (E) The exogenous ETAA1
expression in ETAAL KO1 cells was confirmed by immunoblotting. (F) The ETAAL mutant
deleted of both RPA-binding domains failed to rescue HU hypersensitivity in cells with
ETAA1 depletion. The empty vector was included as a control. Survival curves are shown
for indicated cell lines in response to increasing doses of HU. Data are presented as mean +
s.d. from three different experiments.
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Figure 4. ETAAL participates in the activation of ATR signaling pathway
(A) ETAA1L depletion impairs CHK1 phosphorylation upon replication stress induced by HU

treatment. Parental and ETAAL KO cells were treated with HU (2 mM or 10 mM), and cell
lysates were collected one hour after treatment. Immunoblotting was performed using
antibodies as indicated. (B) ETAAL depletion impairs CHK1 and RPA2 phosphorylation
upon replication stress induced by CPT treatment. Parental and ETAAL KO cells were
treated with CPT (1 pM), and the cell lysates were collected one hour after treatment. (C)
Exogenous expression of ETAAL activates ATR-CHK1 signaling. HelLa cells were
transfected with indicated plasmids. Immunostaining experiments were performed using
indicated antibodies. NLS-AAD: the AAD from TOPBP1 with an N-terminal nuclear
localization sequence (NLS).
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Figure 5. Defining a conserved ATR-activating domain in ETAA1
(A) N-terminal half of ETAAL is sufficient to activate ATR-CHK1 signaling. HeLa cells

were transfected with indicated plasmids. Immunostaining was performed using indicated
antibodies. (B) Narrowing down the potential ETAAL AAD to an N-terminal conserved
domain (amino acids 77-238). We retained the native NLS (within amino acids 1-10) in
these ETAAL deletion mutants. (C and D) A deletion mutant lacking amino acids 77-238
(D77-238) failed to activate ATR-CHKZ1 signaling and lost the ability to rescue HU
hypersensitivity in cells with ETAAL depletion (E and F). The empty vector was included as
a control. Survival curves are shown for indicated cell lines in response to increasing doses
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of HU. Data are presented as mean + s.d. from three different experiments. See also Figure
S5.
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Figure 6. Identification of a point mutation in the ATR-activating domain of ETAAL
(A) Alignment of residues 77-238 from the ATR-activating domain of human ETAA1 with

corresponding segments from different species. A conserved sequence (IF/I/VWD) is
marked with a red box, and a conserved tryptophan (W107 in human ETAAL) is denoted
with an asterisk. (B) Alignment of residues surrounding the conserved sequence IF/I/VWD
from ETAA1-AAD and TOPBP1-AAD. Two essential tryptophans (W1145 in TOPBP1 and
W107 in ETAAL) are denoted with asterisks. (C) Schematic representation of wild-type
ETAAL and the W107R mutants used in the following study. (D) W107R mutation disrupts
the ability of ETAAL in activation of ATR-CHK1 signaling. HeLa cells were transfected
with indicated plasmids. Immunostaining experiments were performed using indicated
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antibodies. (E) A proposed model for ETAAL in DNA replication stress response. Please
refer to the text for details. See also Figure S5 and S6.

Curr Biol. Author manuscript; available in PMC 2017 December 19.



	Summary
	eTOC Blurb
	Introduction
	Results
	ETAA1 is an RPA-interacting protein involved in cellular response to DNA damage
	Multiple binding surfaces on ETAA1 tether it to stalled replication forks
	Two distinct RPA-binding domains contribute to the function of ETAA1 at stalled replication forks
	ETAA1 participates in the activation of ATR signaling pathway
	Defining a conserved ATR-activating domain in ETAA1
	Identification of a point mutation in the ATR-activating domain of ETAA1

	Discussion
	Experimental Procedures
	Antibodies
	Other Methods

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

