| MONOGRAPHS ]

Regulation of ATM/DNA-PKcs Phosphorylation

by BRCA1-Associated BAATT

Mutsuko Ouchi and Toru Ouchi

Abstract

Genes & Cancer

1(12) 1211-1214

© The Author(s) 2011

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947601911404222
http://ganc.sagepub.com

®SAGE

BRCA1 has been implicated in the DNA damage pathway and regulation of genome stability, however, it does not contain intrinsic catalytic activity
to repair the DNA lesions. Thus, a potential activity of BRCA1 is to assemble proteins that sense DNA damage and to transduce checkpoint signals
to downstream. We have recently isolated a protein termed BAAT1, which binds to BRCA1, ATM, DNA-PKcs, and SMC1. Phosphorylation of ATM/
DNA-PKcs is greatly reduced in BAAT1-knockdown cells, suggesting that sensing of DNA lesions mediated by BRCA1/BAAT1 is critical for activation

of these kinases.
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Introduction: BRCA1 Structure
and Interacting Proteins

The BRCAI gene encodes a nuclear phos-
phoprotein  of 1863 amino acids
with a predicted molecular weight of
220 kDa.' The amino terminus contains
a RING domain that has been shown
to mediate the interaction with another
RING domain—containing protein,
BARDI. The BRCAI/BARDI1 heterodi-
mer shows ubiquitin ligase activity.”
Exon 11 of Brecal encodes approximately
60% of BRCALI. The central region inter-
acts with the DNA repair protein complex
Mrel1-Rad50-NBS1, the transcriptional
repressor ZBRK 1, and transcription fac-
tors p53 and STAT1.%’ The carboxyl ter-
minus of BRCA1 contains 2 repeats of the
BRCAI1 C-terminal (BRCT) domain. This
region is highly acidic, and early studies
indicated that the BRCT domain displays
transcriptional activation when fused to
the yeast GAL4 DNA binding domain,**
establishing a potential role of BRCA1 in
regulating gene expression.”'’ Soon after
that, this BRCT region has been demon-
strated to bind to phosphopeptides,'"'* and
their in vivo recognition targets are phos-
phorylated serines in short linear motifs
present in proteins involved in cell cycle
checkpoints. Several proteins, including

BACHI, CtIP, Acetyl-CoA carboxylase,
Abraxas/CCDC98, and RAPS80, interact
with the BRCT domain of BRCA1 in a
phosphorylation-dependent manner." Our
group performed yeast two-hybrid screen
to search the BRCT-interacting proteins
and identified several proteins.'* BAATI,
BRCAI, and ATM-associated protein 1
are among them, which we found bind
to both BRCA1 and ATM."

Given this ability of BRCAL to associ-
ate with diverse cellular proteins, BRCA1
maintains genomic stability through gene
expression, DNA repair, and cell cycle
checkpoint activation by interacting these
proteins.

A Novel Protein, BAAT1

BAAT1 was isolated by the yeast
2-hybrid screen using aal314-1863 of
BRCALI as bait. More detailed biochemi-
cal analysis revealed that both aal600-
1749 and aal749-1863 of BRCA1 bind
to BAAT1 but that aal 749-1863 carrying
breast cancer—associated M1775R muta-
tion does not bind, suggesting that
BRCA1/BAATI interaction is important
for BRCA1’s tumor-suppressive activity.

The human BAAT1 gene is ~17 kb on
chromosome 7p22.3 and consists of 14
exons (www.ncrna.org). The full-length

BAATI protein consists of 8§21 amino
acids of ~88 kDa. The genome database
at www.ensembl.org (gene name
C70RF27) indicates that a total of 41
orthologs are found in the dog, chim-
panzee, mouse, chicken, zebrafish,
horse, giant panda, etc. For example,
human amino acid sequences share 74%
or 99% identity with mouse or chimpan-
zee sequences, respectively. There are
at least 8 forms of human BAATI
mRNA generated by alternative splic-
ing, and 4 of them encode proteins. As
shown in Figure 1, the C-terminal half
of the protein contains 2 HEAT (Hun-
tingtin, Elongation factor 3, A subunit
of protein phosphatase 2A, and TOR1)
repeat domains (aa495-531, aa544-576)
and a putative phosphorylation residue
of Ser’” by Akt/cdk/MAPK, which
is commonly predicted in both www
.ensembl.org and GPS2.1 programs
(Fig. 1). From the www.ensembl.org
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database, among total 767 sequence
variants identified, human BAAT1 has
52 SNP sites resulting in an amino acid
change in the encoded peptide sequence
and 5 frameshift mutations in coding
sequence resulting in truncation of the
protein, although it is not known
whether these sequence variations are
pathogenic. Interestingly, computational
alignment indicates that aa54 to aa95 of
BAATI1 are the CIDE-N domain (cell
death—inducing DFF45-like effector
[CIDE] domain),"” suggesting the possi-
ble function of the protein in apoptosis.

When BAATI is knocked down in
mouse embryonic fibroblasts (MEFs)
and human osteosarcoma cell line U20S,
constitutive levels of apoptosis are
increased, however they are not signifi-
cantly augmented when these cells are
exposed to IR." Such results support a
notion that BAAT1 may regulate the
apoptosis pathway, although the mecha-
nism of induction of apoptosis in BAAT1-
knockdown cells is not clear.

BAATI mRNA is ubiquitously
expressed,although levels in the testis,
pancreas, prostate, and salivary gland
are higher than the other tissues examined
(http://biogps.gnf.org/#goto=genereport
&id=221927; http://www.ncbintm.nih.gov)."*
Detailed immunoblot analysis using
mouse brain tissues displayed more inter-
esting distribution of the protein; BAAT1
is highly expressed in the cortex com-
pared to the hippocampus and cerebel-
lum,'® suggesting that BAAT is involved
in neuronal function, although it has not
been illustrated yet.

Roles of BAAT1 in ATM Pathway

BAAT1 was originally isolated as a
BRCAI1 interacting protein; however,
subsequent studies showed that it also
binds to ATM."* When cells are exposed
to ionizing radiation (IR), levels of
endogenous BAATT increase, and frac-
tions of BAAT1 that co-immunoprecipi-
tates with ATM also increase. YH2AX,
an indicator of the localization of DNA
double-strand breaks (DSBs),'”"* co-
localizes with BAAT1 under conditions
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Figure 1. Structure and interaction interface of BAAT1. The N-terminal CIDE-N domain (light
green) and 2 HEAT repeats (light red) are indicated. Ser742 is also indicated. BAAT1’s binding
regions for DNA-PKcs/SMC1 or ATM are demonstrated in Figure 2.
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Figure 2. Schematic model of BAAT1 function in regulating ATM/DNA-PKcs phosphorylation.
BAAT1 constitutively binds to BRCT domains of BRCA1 and stress kinases such as ATM/DNA-
PKcs. Phosphorylation of ATM at Ser1981 and DNA-PKcs at Ser2956 occurs under conditions
of DNA stress. In this model, BAAT1 potentially protects these residues from phosphatases that

dephosphorylate these residues.

of IR treatment, with all these results
supporting an idea that BAAT1 partici-
pates in the DNA damage pathway.
Phosphorylation of ATM at Ser1981 has
been implicated in activation of ATM in
response to cell stress'’; however, it is
abolished when BAAT1 was transiently
knocked down by siRNA. Phosphoryla-
tion of histone H2AX and NBSI1 that
are both well-characterized ATM sub-
strates is significantly decreased in
BAAT1 knockdown cells, although
phosphorylation of Chk2 at Thr68 is
weakly attenuated.'* More recently, the
mutant mouse ATM protein deficient
for phosphorylation of Ser1987 (equiv-
alent to human ATM Ser1981) does not
exhibit dominant-negative interfering
activity when expressed physiologically
or overexpressed in the context of ATM
heterozygous mice. These results sug-
gest an alternative mode for stimulation

of ATM by DSBs in which ATM auto-
phosphorylation at Ser 1987 is a conse-
quence rather than a cause of ATM
activation.”” Further, A. Nuzzenzweig’s
laboratory generated and characterized
a triple-negative mutant of mouse ATM
in which 3 phosphorylation sites
(Ser367, Ser1899, and Serl987) are
simultaneously mutated to Alanine, and
found that ATM autophosphorylation
correlates with the DNA damage-
induced activation of the kinase but is
not required for ATM function in vivo.>'
Of note, phosphorylation of ATM at
Ser1981 similarly occurs in normal
mammary epithelial cells, BRCAI-
mutant HCC1937 breast cancer cell
line, and BRCA 1-mutant SNU251 ovar-
ian cancer cell line."* On the basis of
these results, BAAT1 is crucial for
ATM’s autophosphorylation, rather than
activation.
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The mechanism of ATM regulation
by BAAT1 is largely unknown. Lowered
levels of ATM phosphorylation at
Ser1981 in BAAT1 knockdown cells
under conditions of IR treatment can be
recovered when these cells are simulta-
neously treated with okadaic acid, a
phosphatase inhibitor, suggesting that a
phosphatase that may be involved in
ATM dephosphorylation is activated when
BAAT! is transiently knocked down.
Biochemical studies have demonstrated
that IR-induced ATM phosphorylation at
Ser1981 is dephosphorylated by incu-
bating with purified PP2A phosphatase,
but this dephosphorylation is inhibited by
co-incubating with baculovirus-produced
BAAT!1.'"* On the other hand, overex-
pression of BAAT1 does not enhance
phosphorylation of ATM after IR (not
published). Although these results are
obtained from in vitro assay, it is sug-
gested that, when levels of BAAT1 are
reduced, a phosphatase(s) that dephos-
phorylates ATM Ser1981 could access
ATM more efficiently, providing a model
that BAAT1 modulates ATM phosphor-
ylation after IR stress rather than directly
inducing ATM’s autophosphorylation

(Fig. 2).

Roles of BAAT1 in DNA-PK and
SMC1 Pathway

Extensive studies of biochemical anal-
ysis of BAAT1 illustrated that this pro-
tein shows functional interaction with
not only ATM but also a catalytic sub-
unit of DNA-dependent kinase (DNA-
PKcs) and SMCI1 (Fig. 1).'® GST
pulldown analysis revealed that both
DNA-PKcs and SMCI bind to frag-
ment #1 (aal-123), #3 (aa302-400), #5
(aa541-700), and #6 (aa701-821) before
NCS treatment, but interaction with #1
was decreased after NCS treatment.
ATM binds to #1, #3, and #6 of BAAT,
although interaction with BAAT1 #l
was much weaker than the others. After
NCSI1 treatment, ATM binds primarily
to the BAATI #6 fragment, although
BAAT1 #3 showed weak interaction.
Interaction between ATM and BAAT!

#1 was not detected after NCS treat-
ment. These results suggest that protein
modification and/or allosteric change
of the conformation occurs in BAATI,
DNA-PKcs, ATM, and/or SMC1. Phys-
iological roles of SNPs in the BAAT1
gene in these protein-protein interac-
tions still remain to be elucidated.

Similar to the results of inhibition of
ATM  phosphorylation observed in
BAAT1 knockdown cells, autophosphor-
ylation of DNA-PKcs at Ser2056 is also
attenuated when BAAT is depleted.'® It
has been well established that catalytic
activity of DNA-PKcs is regulated pri-
marily by its physical interaction with
Ku70/80 subunits and DNA fragment™;
however, we could not detect direct inter-
action between BAATI and Ku70/80
subunits, suggesting that the mechanism
of regulation of DNA-PKcs by BAAT1
perhaps does not involve Ku subunits.
More recently, studies from Lees-Mill-
er’s laboratory demonstrated that DNA-
PKecs interacts with protein phosphatase
2A and 6.% Taken together, these studies
suggest that BAATI1 is potentially
involved in protection of phosphorylated
residues of the kinase (ATM and DNA-
PKcs) rather than directly involved in
process of their activation.

SMCI proteins play a pivotal role in
sister chromatid cohesion, chromosome
condensation, sex chromosome dosage
compensation, and DNA recombination
and repair.”*?’ Heterodimers of the
SMC1 and SMC3 proteins have been
implicated specifically in both sister
chromatid cohesion and DNA recombi-
nation. ATM phosphorylates SMC1
protein at Ser957 and Ser966 after ion-
izing irradiation, and expression of a
phospho-deficient form of SMCI1 pro-
tein mutated at these phosphorylation
sites abrogates the ionizing irradiation-
induced S phase cell cycle check-
point.”®** When cells were treated with
NCS, phosphorylation of SMCI1 at
Ser966 was significantly increased, but
this phosphorylation was reduced in
BAAT1 knockdown cells. It remains to
be elucidated how SMCI and its phos-
phorylation is important to regulate S

phase checkpoint. Although there is not
evidence that BAAT1 functions in S
phase checkpoint, these results suggest
that S phase checkpoint is abrogated in
BAAT1 knockdown cells due to lowered
phosphorylation of SMCI.

Regulation of ATM/DNA-PKcs
Activity by BAAT1

As described here, BAAT1 is essential
for the activation of ATM and DNA-
PKcs. Phosphorylation of these kinases
has been used as readout of their activa-
tion. Inhibition or decreased phosphor-
ylation of these kinases in BAATI
knockdown cells suggests BAAT’s
potential function in the pathway, not
only of phosphatases but also of some
other possibilities. For example, in
BAAT1-depleted cells, 1) ATM/DNA-
PKcs cannot relocalize to the sites of
DNA lesions; 2) kinase activities are
inhibited, although relocalization to
DNA lesions is fine; 3) phosphatase
activity is increased, leading to lower
autophosphorylation; and 4) phospha-
tase activity is not significantly
increased, although access of phospha-
tase to kinase is increased. Our prelimi-
nary data suggest a certain interaction
between BAAT1 and a phosphatase(s);
however, other possibilities raised here
also need to be examined.
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