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SUMMARY

Ataxia-Telangiectasia Mutated (ATM) regulates the DNA damage response as well as DNA
double-strand break repair through homologous recombination. Here we show that ATM is
hyperactive when the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) is
chemically inhibited or when the DNA-PKcs gene is deleted in human cells. Pre-incubation of
ATM protein with active DNA-PKcs also significantly reduces ATM activity in vitro. We
characterize several phosphorylation sites in ATM that are targets of DNA-PKcs and show that
phospho-mimetic mutations at these residues significantly inhibit ATM activity and impair ATM
signaling upon DNA damage. In contrast, phospho-blocking mutations at one cluster of sites
increase the frequency of apoptosis during normal cell growth. DNA-PKcs, which is integral to the
non-homologous end joining pathway, thus negatively regulates ATM activity through
phosphorylation of ATM. These observations illuminate an important regulatory mechanism for
ATM that also controls DNA repair pathway choice.
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INTRODUCTION

DNA double-strand breaks (DSBs) are the most deleterious genetic lesions as failure of
repair may lead to cell death, genomic instability or tumorigenesis (Ciccia and Elledge,
2010). Eukaryatic cells utilize two major DSB repair pathways, non-homologous end
joining (NHEJ) and homologous recombination (HR). DSBs also activate a complex
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signaling network called the DNA damage response, which coordinates cell cycle
checkpoint activation and repair of DSBs (Shiloh and Ziv, 2013).

ATM is a serine/threonine protein kinase belonging to the phosphatidylinositol-3-kinase like
kinase (PIKK) family and is a master regulator of the DNA damage response (Paull, 2015).
Another member of the PIKK family, DNA-dependent protein kinase catalytic subunit
(DNA-PKCcs), associates with the Ku70/80 heterodimer (Ku) to form the DNA-PK
holoenzyme (Jette and Lees-Miller, 2015). DNA-PKcs and ATM are both actively involved
in DSB repair: DNA-PKcs plays a key role in NHEJ, the predominant pathway for repair of
DSBs in human cells, while ATM promotes the HR pathway (Shrivastav et al., 2008). The
Mrel1-Rad5-Nbsl (MRN) complex acts as a DSB sensor and is essential for ATM
recruitment to DSB ends and for ATM activation (Paull, 2015). Similarly, DNA-PKcs is
recruited to DSBs and activated by Ku (Jette and Lees-Miller, 2015). However, it is not well
understood how cells make choices between the ATM/MRN-dependent HR pathway and the
DNA-PKcs/Ku-dependent NHEJ pathway in S/G, phase when both pathways are active.

Recent evidence shows that cross-talk occurs between DNA-PKcs and ATM and that they
may cooperatively initiate DSB repair signaling and regulate DSB repair pathway choice.
DNA-PKcs is known to undergo autophosphorylation that regulates the maintenance of its
association with Ku-bound DNA ends and is required for DNA end processing and end
joining (Jette and Lees-Miller, 2015). DNA-PKcs is also phosphorylated by ATM at residues
T2609 and T2647 in response to DNA damage, which is essential for the repair of DSBs by
NHEJ (Chen et al., 2007). ATM phosphorylation of DNA-PKcs has been shown to overcome
Ku/DNA-PKcs inhibition of resection in vitro (Zhou and Paull, 2013) and plays an
important role in end-processing mediated by DNA-PKcs and Artemis endonucleases (Jette
and Lees-Miller, 2015). Lastly, the expression of ATM is regulated by DNA-PKcs such that
ATM protein levels are decreased in DNA-PKcs-deficient human cells (Peng et al., 2005).

Autophosphorylation of ATM has been shown to be essential for ATM activation and
function in response to DNA damage in human cells (Bakkenist and Kastan, 2003; Kozlov et
al., 2011; Kozlov et al., 2006). However, phospho-blocking mutations at these four
autophosphorylation sites do not affect ATM kinase activity in vitro or in mouse models
(Daniel et al., 2008; Guo et al., 2010; Lee and Paull, 2005; Pellegrini et al., 2006),
suggesting that there are other mechanisms for regulation of ATM activity.

In this study, we show that DNA-PKcs negatively regulates ATM activity through
phosphorylation of ATM at multiple sites. We characterize DNA-PKcs phosphorylation sites
that repress ATM activation both in vitro and in cells. Overexpression of ATM with
phospho-mimetic mutations at the identified sites in ATM-deficient cells fails to restore cell
survival, DSB end resection, or intra-S-phase checkpoint activation in response to DNA
damage. Our data suggests that the NHEJ factor DNA-PKcs suppresses the catalytic activity
of ATM through phosphorylation and that these modifications negatively regulate ATM
signaling and DNA repair upon DNA damage. Since ATM is known to promote the HR
pathway, this may provide an important mechanism for DNA repair pathway choice upon
DNA damage as well as for ATM inactivation after DNA repair.
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RESULTS

ATM is hyperactive in the absence of DNA-PKcs kinase activity in human cells

To assess the effect of PIKK enzymes on DSB signaling, we used the ER-AsiSI system in
which DSBs can be induced by the AsiSI restriction enzyme that is induced to translocate to
the nucleus upon hydroxytamoxifen (4-OHT) treatment (lacovoni et al., 2010). We found
that the formation of -yH2AX foci at AsiSl-induced DSBs is dependent on ATM but not on
DNA-PKcs or ATR in human U20S cells. As shown in Figure 1A, while yH2AX foci
formation is blocked by the ATM inhibitor KU-55933 (ATMi), it is not affected by the ATR
inhibitor AZ20 (ATRI). Interestingly, yH2AX foci signal is significantly enhanced by the
DNA-PK inhibitor NU7026 (DNA-PKi) (Figure 1A and Figure S1A). A combination of
DNA-PKi and ATRIi also leads to elevated yH2AX signal, similar to the effect observed with
DNA-PKi alone. These data suggest that ATM, but not DNA-PKcs or ATR, mediates
YH2AX foci formation at AsiSI-induced DSBs. This conclusion is further confirmed by
combinational treatments of cells with DNA-PKi/ATMi or ATRi/ATMi, which both lead to
attenuated -yH2AX foci signal.

The intriguing observation that DNA-PKcs inhibition leads to ATM hyperactivation upon
DNA damage may be explained by DNA-PKi-mediated inhibition of the NHEJ DSB repair
pathway, which may lead to elevated accumulation of DSBs and thus increased ATM
activation. However, we noticed that inhibition of NHEJ with a DNA Ligase 1V specific
inhibitor SCR7 (LiglVi) fails to stimulates ATM activation as DNA-PKi does, and that a
combination of DNA-PKi and LiglVi does not cause an additive effect (Figure 1A),
suggesting that the stimulatory effect of DNA-PKi on ATM activation is not simply due to
inhibition of the NHEJ pathway. In addition, we did not observe altered accumulation of
DSBs after 4-OHT induction in the presence of DNA-PKi (data not shown), likely due to the
fact that the AsiSI enzyme stays in the nucleus during 4-OHT induction, where it can induce
DSBs constitutively. Because of this characteristic of the system, we are not measuring
repair but simply the signaling efficiency at sites of DSBs. We further depleted DNA Ligase
IV and XRCC4 by siRNA and examined yH2AX foci and phospho-ATM S1981foci
formation at AsiSl-induced DSBs in ER-AsiSI U20S cells. Consistent with inhibition of
Ligase IV (Figure 1A), depletion of Ligase 1V/XRCC4 alone does not affect ATM activity,
while further treatment with DNA-PKi again leads to ATM hyperactivation, as shown by
elevated yH2AX and phospho-ATM S1981foci signal (Figure 1B-D).

In agreement with these findings, higher levels of ATM phospho-S1981 signal and yH2AX
signal are also observed at AsiSl-induced DSBs in DNA-PKcs—/— HCT116 cells compared
with wild-type (WT) cells (Figure 1E, F). The phosphorylation levels of ATM targets,
including p53, Chk2 and KAPL1, are also increased in the absence of DNA-PKcs when the
cells are treated with ionizing radiation (IR) (Figure S1B). In mouse cells, loss of DNA-
PKcs also increases IR-induced ATM autophosphorylation, phosphorylation of ATM
substrates KAP1, RPA, and H2AX, as well as the phosphorylation of Akt at S473 which has
been shown to be dependent on ATM activity (Viniegra et al., 2005) (Figure S1C).
Consistent with our observations, increased global phosphorylation of H2AX as well as
higher enrichment of yH2AX at AsiSl-induced DSBs have been observed in U20S cells
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upon DNA-PKi treatment (Caron et al., 2015). Hyperactivation of ATM upon DNA-PKcs
inhibition is also reported in A549 and MCF10A cells after IR treatment (Finzel et al.,
2016). Notably, this effect was not observed when the NHEJ pathway was inhibited by DNA
Ligase 1V inhibitor, suggesting that an increase in DSBs alone is not sufficient for ATM
hyperactivation upon DNA-PKGcs inhibition (Finzel et al., 2016). Taken together, these
results suggest that DNA-PKcs negatively regulates ATM activation upon DNA damage in
mammalian cells.

DNA-PKcs Phosphorylates ATM and MRN in Vitro

To test the hypothesis that DNA-PKcs may regulate ATM kinase activity through
phosphorylation, we performed an in vitro kinase assay with [y-32P]-ATP. As shown in
Figure 2A, ATM is autophosphorylated in the presence of MRN/DNA, which is increased by
the addition of Ku/DNA-PKcs (compare lanes 3 and 4). Addition of ATM inhibitor to the
reaction completely blocks ATM phosphorylation, while DNA-PKcs can restore the
phosphorylation of ATM (lanes 5 and 6). However, ATM is poorly phosphorylated by DNA-
PKcs in the absence of MRN, likely due to the low DNA-binding affinity of ATM (Lee and
Paull, 2005). In addition, the MRN complex is also strongly phosphorylated by both ATM
and DNA-PKGcs in vitro. These results suggest that ATM is phosphorylated by DNA-PKcs in
vitro and that MRN promotes this phosphorylation event, presumably by recruiting ATM to
DNA ends where DNA-PKGcs is located.

DNA-PKcs Inhibits the Activation of ATM by MRN/DNA in Vitro

To determine the effect of DNA-PKcs mediated phosphorylation of ATM and MRN has any
effect on ATM kinase activity, we performed in vitro kinase assays using GST-p53 as a
substrate (Lee and Paull, 2005). Because p53 can be phosphorylated by both ATM and
DNA-PKGcs in vitro, we used a two-step procedure in which the phosphorylation of ATM and
MRN by DNA-PKGcs and the phosphorylation of p53 substrate by ATM were separated into
two incubations. During the first incubation, ATM was incubated with Ku/DNA-PKcs, MRN
and DNA in the presence or absence of DNA-PK:i. In reactions where DNA-PKi was added,
DNA-PKcs-mediated phosphorylation of the p53 substrate was blocked (Figure 2B, lanes 5
and 6). During the second incubation, p53 substrate was added to all reactions and DNA-PKi
was added to those reactions where it was absent in the first incubation, ensuring that p53
substrate could only be phosphorylated by ATM. Notably, pre-incubation of ATM with
active DNA-PK complex in the first step impairs ATM activation, as shown by the decreased
phosphorylation level of p53 substrate compared with the reaction in which DNA-PKcs
kinase activity is blocked by DNA-PKi during the first incubation (lanes 2 and 3). This
effect is most likely to be mediated by active DNA-PK complex, as pre-incubation of ATM
with DNA-PKi itself, Ku or DNA-PKcs alone does not affect ATM activity (Figure 2C, D).

The inhibitory effect of DNA-PKcs on ATM activity was further confirmed by using the
ATP analog-sensitive ATM mutant Y2755A, which has a cavity within the ATP-binding
pocket and can utilize bulky ATP analog N6-(furfuryl)-ATP for phosphorylation of p53
substrate (Figure 2E)(Kodama et al., 2010; Lee et al., 2013). Since the ATP analog is labeled
with 32P, ATM-mediated phosphorylation of p53 can be observed directly by
phosphorimaging while p53 phosphorylation by DNA-PKcs will not be 32P-labeled.
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ATM(Y2755A) strongly phosphorylates p53 using the radioactive bulky ATP analog as a
phosphate donor (Figure 2F, lane 1), while DNA-PKGcs activity with this analog is minimal
(lane 5). Consistent with results obtained from two-step kinase assays (Figure 2B), active
DNA-PK complex reduces ATM(Y2755A)-mediated phosphorylation of p53 substrate in a
dose-dependent manner (Figure 2F, lane 2 and 3). Taken together, these results demonstrate
that DNA-PKcs inhibits ATM kinase activity in vitro.

DNA-PKcs Inhibits ATM Kinase Activity through Phosphorylation of ATM

We further examined if the inhibitory effect of DNA-PKcs on ATM is mediated by
phosphorylation. A two-step kinase assay was performed with ATP either being added to the
first incubation or to the second incubation. Elimination of ATP during the first incubation
overcomes the inhibitory effect of DNA-PKcs on ATM (Figure 3A), suggesting that this
effect is indeed related to DNA-PKcs-mediated phosphorylation events occurring in the first
incubation.

Since both MRN and ATM can be phosphorylated by DNA-PKcs (Figure 2A), we asked
which phosphorylation event actually leads to the DNA-PKcs inhibition of ATM activity. To
answer this question, DNA-PKcs, MRN or ATM was eliminated from the first incubation.
As expected, DNA-PKcs does not show any effect on ATM activity when it is only added to
the second incubation in the presence of DNA-PK inhibitor (Figure 3B, lane 12). No
decrease in ATM activation is observed when ATM protein is absent from the first
incubation (Figure 3B, lane 9), suggesting that the inhibitory effect of DNA-PKcs on ATM
is not caused by DNA-PKcs-mediated phosphorylation of MRN. Interestingly, inhibition of
ATM activity is also not observed when MRN is absent from the first incubation (lane 6),
likely due to the fact that ATM is poorly phosphorylated by DNA-PKcs in the absence of
MRN (Figure 2A, lane 7).

To determine conclusively whether the presence of MRN is essential for the inhibitory
effects of DNA-PKcs on ATM, we made use of the fact that high levels of ATM kinase by
itself yield some basal activity in vitro when the substrate concentration is also high (data
not shown). A kinase assay was performed with high concentrations of ATM and GST-p53
substrate in the absence of MRN. The result clearly shows that DNA-PKcs is still able to
inhibit ATM activity without MRN (Figure 3C), suggesting that the inhibitory effect of
DNA-PKcs on ATM is caused by DNA-PKcs phosphorylation of ATM, although MRN
strongly promotes this effect in a dose-dependent manner (Figure 3D). The nuclease activity
of MRN is not required for DNA-PKGcs inhibition of ATM, because a nuclease-deficient
mutant M(H129N)RN shows a similar effect as WT MRN (Figure 3E).

In resting cells, ATM exists as an inactive non-covalent dimer which is recruited to DNA
ends by the MRN complex and converted to active monomers (Bakkenist and Kastan, 2003;
Lee and Paull, 2005). We examined whether DNA-PKcs can affect the activity of pre-
activated ATM monomers using a three-step procedure. ATM is pre-incubated with MRN
and DNA, where ATM undergoes monomerization and activation, before proceeding to the
two-step kinase assay. Incubation of the pre-activated ATM with DNA-PKcs still leads to
impaired ATM activation (Figure 3F), suggesting that DNA-PKcs can inactivate the kinase
activity of ATM monomers through phosphorylation.
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We also performed a DNA titration experiment and found that the decrease in ATM kinase
activity is less pronounced with increased levels of linearized DNA in the reaction (Figure
3G), likely because ATM and DNA-PKcs are binding to different DNA molecules and are
less likely to contact each other in the presence of more DNA ends.

The role of ATM autophosphorylation in ATM function has remained controversial (Paull,
2015). We hypothesized that autophosphorylation of ATM might repress DNA-PKcs-
mediated phosphorylation and hence overcome DNA-PKcs inhibition of ATM, as it is not a
rare case that one phosphorylation event inhibits further phosphorylation of the same protein
in the cellular signaling network. An autophosphorylation-mimetic ATM mutant (S367D/
S1893D/S1981D/S2996D) was purified and tested in the in vitro kinase assay in comparison
with WT ATM protein. The results clearly show that DNA-PKcs can still phosphorylate this
mutant and inhibit its kinase activity (Figure S2A), suggesting that ATM
autophosphorylation at the four identified sites does not affect DNA-PKcs phosphorylation
or inhibition of ATM. In addition, this ATM mutant (S367D/S1893D/S1981D/S2996D) can
still undergo autophosphorylation in vitro (Figure S2B), suggesting the existence of other
uncharacterized autophosphorylation sites in ATM.

Identification of target site(s) responsible for the inhibitory effect of DNA-PKcs on ATM
kinase activity

To identify target ATM site(s) responsible for DNA-PKcs inhibition of ATM, purified ATM
protein was incubated with MRN and DNA in the presence or absence of DNA-PKcs and
subjected to mass spectrometry analysis (Table S1). Based on these results and the known
preference of DNA-PKcs for phosphorylation of S/TQ sites, we made a series of phospho-
blocking (S/T—A) and phospho-mimetic (S—D, T—E) ATM mutants and tested their
kinase activities in vitro (summarized in Table S2).

The screening led to the identification of three clusters of sites of potential interest: S85/T86,
T372/T373 and S1985/T1987/T1988, all of which are conserved in mammalian species
(Figure 4A). Phospho-mimetic mutations at these sites all result in decreased ATM kinase
activity in the presence of MRN/DNA, while phospho-blocking mutations (alanine
substitutions) at the same sites do not affect ATM activation (Figure S3A-E, Table S2).
Interestingly, combinations of adjacent phospho-mimetic mutations render ATM more
severely impaired in MRN/DNA-dependent activation (Table S2, Figure 4B—E). Both the
S85D/T86E mutant and the S1985D/T1987E/T1988E mutant are kinase-deficient (Figure
4B and E). In contrast, the activation of the T372E/T373E mutant is less severely impaired
(Figure 4C). Considering the similar amino acid sequence pattern of the S85/T86 cluster and
the T372/T373 cluster (ST/Q and TT/Q, respectively), we also introduced S85/T372 and
T86/T373 combined mutations into ATM. As expected, the MRN/DNA-dependent activity
of both S85D/T372E and T86E/T373E mutants are much lower than WT ATM or
corresponding phospho-blocking mutants (Figure S3F and Figure 4D).

Another important pathway of ATM activation is dependent on oxidative stress (Guo et al.,
2010). We also examined H,0,-induced ATM activation for the mutants mentioned above.
Interestingly, the S85D/T86E, T372E/T373E and T86E/373E ATM mutants are all activated
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normally by H,O,, whereas the T1985E/S1987D/S1988D mutant is deficient in the presence
of H,0, in vitro (Figure 4B-E).

The regulation of ATM activation by phosphorylation at these sites was further examined in
human HEK-293T cells in which the endogenous ATM was partially depleted by shRNA
while shRNA-resistant WT or mutant ATM alleles were transiently over-expressed. The
cells were treated with bleomycin to induce DSBs or H,0O5 to induce oxidative stress,
followed by detection of the phosphorylation levels of ATM targets (KAP1, Chk2 and p53).
Cells expressing the phospho-mimetic mutants (S85D/T86E, T86E/T373E, or T1985E/
S1987D/S1988D) clearly show decreased phosphorylation of ATM substrates as well as
S1981 ATM autophosphorylation upon bleomycin treatment, while the activity of T372E/
T373E is only slightly decreased (Figure S4). These data suggest that ATM activation is
impaired by phosphorylation of the identified sites upon DNA damage in cells. With H,0,
treatment, S85D/T86E, T372E/T373E and T86E/T373E mutants are all similar to WT ATM
(Figure S5). In contrast to the in vitro result (Figure 4E), the T1985E/S1987D/S1988D ATM
mutant could be normally activated by H,O, in cells (Figure S5B), possibly because of the
action of other ATM stimulators such as ATMIN and NKX3.1 (Bowen et al., 2013; Kanu
and Behrens, 2007).

DNA-PKcs Phosphorylation of ATM Inhibits MRN Binding

Since the ATM S85D/T86E mutant fails to be activated by MRN, we speculated that the
ATM-MRN interaction, which is essential for ATM activation (Lee and Paull, 2004), might
be impaired by the phospho-mimetic mutations. To test this idea, we performed a protein-
protein interaction assay using purified biotinylated MRN complex (Biotin-MRN).
Surprisingly, the ATMS85D/T86E mutant can interact normally with MRN (Figure 4F).
ATM has been shown to interact with both MR and Nbs1 in vitro (Lee and Paull, 2004).
Therefore, we performed protein interaction assays with biotinylated MR (Biotin-MR) and
found that the interaction between ATM S85D/T86E mutant and MR is significantly
impaired (Figure 4G), suggesting that the ATM-MR interaction and the ATM-Nbs1
interaction are both essential for ATM activation. We also examined the interaction between
biotin-MRN and other ATM mutants and found that the T86A/T373A mutant binds to MRN
normally while the kinase-deficient T86E/T373E mutant shows decreased affinity to MRN
(Figure 4H). Lastly, the ATM T1985E/S1987D/S1988D mutant exhibits essentially no
binding to MRN (Figure 4H, lane 10). Similar results were observed in a binding assay
using Biotin-MR as bait (Figure 41), suggesting that phosphorylation of ATM at these sites
may cause a conformational change of the protein and hence lead to decreased affinity to
MR in the MRN complex.

Kinase-deficient Phospho-mimetic ATM Mutants Fail to Support Cell Survival upon DNA
Damage in Human Cells

To examine the effects of ATM phosphorylation in human cells, we utilized U20S cells
containing the mutant or wild-type ATM alleles under doxycycline control (Flp-In™ T-Rex™
system, Invitrogen). Endogenous ATM was depleted using ShRNA, and shRNA-resistant
wild-type ATM or mutant ATM was induced to express from a single genomic locus upon
doxycycline treatment (Figure 5A, B). In agreement with observations in vitro and in 293T
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cells (Figure 4 and Figure S4), the activation of ATM S85D/T86E, T86E/T373E and
T1985E/S1987D/S1988D by camptothecin (CPT)-induced DNA damage is deficient in
comparison to WT ATM, as shown by the reduced phosphorylation of ATM targets (KAP1
and Chk2) and by ATM autophosphorylation (Figure 5A, B).

Consistent with the critical regulatory roles of ATM in DNA damage repair and oxidative
stress responses, we found that depletion of ATM leads to decreased cell survival when cells
are treated with CPT, IR or H,O, (Figure 5C-E). With CPT or IR treatment, the phospho-
mimetic S85D/T86E and T1985E/S1987D/S1988D mutants both fail to restore cell survival
as wild-type ATM does, while the corresponding phospho-blocking ATM mutants (S85A/
T86A and T1985A/S1987A/ S1988A) can efficiently support cell survival upon DNA
damage (Figure 5C, D). In contrast, the S85D/T86E and T1985E/S1987D/S1988D alleles
both rescue cell survival upon H,0, treatment (Figure 5E), suggesting that ATM
phosphorylation at these sites does not affect ATM function in oxidative stress responses.
Similar effects on cell survival are also observed for the combined ATM mutants T86A/
T373A and T86E/T373E (Figure 5F—H).

To determine the effect of DNA-PKcs phosphorylation on endogenous ATM activity, we
introduced T1991E/S1993D/S1994D mutations, which correspond to the T1985E/S1987D/
$1988D mutations in human ATM, into the A#m gene in mouse cells. The mutations were
targeted to the WT ATM allele in ROSA26*/CT¢-ERT2ZATMC/* murine embryonic stem (ES)
cells along with a Neo resistant cassette flanking by FRT sequences (Figure S6A-C). After
expression of FLP recombinase, we obtained several independent clones of the
R0sa26Cre-ERT2 A 4 CI(T1991E/S1993D/S1994D) ES cells. The Rosa26+/Cre-ERT2glele
expresses a Cre recombinase fused with estrogen receptor ligand binding domain, which
mediates effective 4-OHT induced nuclear translocation of the Cre recombinase. 4-OHT
treatment generated several Ay /(T1991E/S1993D/S1994D) ¢lones, The ATM T1985E/51987D/
S1988D mutant protein was expressed at a similar level as the WT protein in both clones
(Figure S6E). However, IR-induced phosphorylation of Kapl was lower in

Aty /(T1991E/S1993D/S1994D) ce||s than A+ controls (Figure S6E), consistent with
observations in human cells.

Phosphorylation of ATM T86 occurs in human cells

To better understand the function of ATM phosphorylation at the defined sites, we developed
a polyclonal phospho-specific antibody against an ATM peptide containing pS85pT86. As
side products, ATM pS85 and ATM pT86 antibodies were also obtained and affinity purified
using pS85 and pT86 peptides, respectively. The pS85pT86, pS85 and pT86 antibodies had
reasonable specificity, as they could recognize exogenous WT ATM, but not S85A/T86A or
S85D/T86E ATM mutants in 293T cells (Figure S7A). Since the ATM pT86 antibody
seemed to work best, we focused on this antibody for further study. We then treated 293T
cells with bleomycin and harvested cells at various time points after bleomycin treatment.
Interestingly, we saw an obvious increase of ATM pT86 signal at 2 h and 4 h of recovery,
which was largely blocked by the pT86 peptide but not by the pS85 peptide (Figure S7B),
suggesting that the antibody was indeed against the ATM pT86 site. However, the
phosphorylation signal was only partially removed by phosphatase treatment (Figure S7C),
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thus the antibody can also recognize non-phophorylated ATM. Despite this, background
issue, it is still clear that ATM T86 phosphorylation increased 2—4 h after DNA damage and
then decreased to the background level (Figure S7D, E). We also observed that the increase
in phospho-ATM T86 correlated with a decrease in KAP1 phosphorylation (Figure S7B, E).
Overall, results with the T86 antibody indicate that the phosphorylation of ATM does occur
in human cells and that the phosphorylation peaks at 2 to 4 h after DNA damage.

The ATM phospho-blocking mutants T86A/T373A and T1985A/S1987A/S1988A are resistant
to DNA-PKcs inhibition

Based on our in vitro results, the potential sites that are responsible for the inhibitory effect
of DNA-PKcs on ATM kinase activity should meet two criteria: 1) phospho-mimetic
mutations at these sites should decrease kinase activity, and 2) phospho-blocking mutations
at these sites should render ATM resistant to DNA-PKcs inhibition. Therefore, we further
tested the phospho-blocking ATM mutants in the two-step kinase assay described above.
Neither the S85A/T86A mutant nor the T372A/T373A mutant shows complete resistance to
DNA-PKGcs inhibition (Figure 6A, B). However, the combined T86A/T373A mutant is
clearly resistant to DNA-PKGcs inhibition, while the S85A/T372A mutant is not (Figure 6C,
Table S2). In addition, the triple ATM mutant T1985A/S1987A/S1988A is also completely
resistant to DNA-PKGcs inhibition in vitro (Figure 6D).

We further tested whether the T86A/T373A andT1985A/S1987A/S1988A ATM mutants are
resistant to DNA-PKcs inhibition in human cells. We used yH2AX and phospho-ATM
$1981 foci as readouts of ATM activation upon DNA damage in the presence or absence of
DNA-PK inhibitor. Unlike cells expressing WT ATM which show elevated yH2AX signal
and phospho-ATM S1981 signal when DNA-PKcs kinase activity is inhibited, cells
expressing the T86A/T373A or T1985A/S1987A/S1988A ATM mutants fail to respond to
inhibition of DNA-PKcs activity (Figure 6E, F), confirming that these sites are indeed
responsible for DNA-PKcs inhibition of ATM kinase activity.

DSB end resection and cell cycle checkpoint activation upon DNA damage are impaired by
the phospho-mimetic mutations of ATM in human cells

ATM activity is required for efficient use of the HR pathway, primarily because of its effects
on DSB resection. ATM phosphorylates DNA end resection factors and modulates their
activities, including CtIP and hSSB1 (Makharashvili et al., 2014; Richard et al., 2008). The
effect of the phospho-blocking/mimetic ATM mutations on DSB end resection was
examined using a quantitative PCR-based method described previously (Zhou et al., 2014).
Consistent with the effect of ATM inhibition on resection (Zhou and Paull, 2013), depletion
of ATM leads to decreased resection, which can be rescued by expression of WT ATM
(Figure 7A, B). The phospho-blocking ATM mutants (S85A/T86A, T86A/T373A and
T1985A/S1987A/S1988A) rescued resection similar to WT ATM, but the phospho-mimetic
ATM mutants (S85D/T86E, T86E/T373E and T1985E/S1987D/S1988D) did not (Figure 7A,
B), indicating that phosphorylation of ATM at these sites leads to reduced end resection and
may in this way inhibit HR.
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ATM activation is also essential for cell cycle checkpoint activation upon DNA damage. We
examined the effects of the ATM mutants on checkpoint activation by exposing the cells to
CPT during S phase and measuring the percentage of cells that bypass the intra-S phase
checkpoint and traverse into G,/M phase. As expected, depletion of ATM leads to deficient
intra-S-phase checkpoint activation, as a higher percentage of cells proceed to G,/M phase
in the presence of DNA damage compared to WT cells (Figure 7C). Checkpoint activation is
rescued by the expression of wild-type ATM, or the phospho-blocking ATM mutants (S85A/
T86A, T86A/T373A and T1985A/S1987A/S1988A). However, cells expressing the kinase-
deficient phospho-mimetic ATM mutants (S85D/T86E, T86E/T373E and T1985E/S1987D/
$1988D) fail to activate the intra-S-phase checkpoint (Figure 7C), likely due to the
deficiency of these ATM mutants in activation upon DNA damage.

The ATM T1985A/S1987A/S1988A mutations lead to reduced growth and elevated
apoptosis in human cells

We further investigated whether the expression of these ATM mutants affects normal growth
of cells (Figure 7D). Interestingly, while most ATM mutants do not significantly affect cell
growth, cells expressing the ATM T1985A/S1987A/S1988A mutant show a reduced rate of
cell proliferation (Figure 7D). We also observed a clear increase in the percentage of
extremely small cells that is normally consistent with cell death, a change that is only
observed with the T1985A/S1987A/S1988A mutant and not the phospho-mimeticT1985E/
$1987D/S1988D allele or the other mutant alleles, and is dependent on doxycycline
induction (Figure 7E and data not shown). To determine if this shift is due to programmed
cell death responses, we measured apoptosis and found that expression of the T1985A/
S1987A/S1988A allele in cells with no other perturbation exhibit high levels of apoptosis
(Figure 7F). These results suggest that an inability to restrain ATM activity through DNA-
PKcs results in a significantly higher frequency of cell death in every cell cycle.

DISCUSSION

ATM is a central player in the DNA damage response, but the mechanisms regulating ATM
activity are still being elucidated. Numerous studies have shown the involvement of
phosphorylation in ATM activation (Paull, 2015). Although the functional importance of
ATM autophosphorylation remains controversial, phosphorylation of ATM by other kinases,
including CDK5, EGFR and Aurora B, has been implicated in the regulation of ATM
activation upon DNA damage or mitosis (Lee et al., 2015; Tian et al., 2009; Yang et al.,
2011). However, no phosphorylation events that negatively regulate ATM kinase activity
have been reported so far.

DNA-PKGcs has been shown to be a phosphorylation target of ATM, and ATM-mediated
phosphorylation of DNA-PKcs at Thr2609 is critical for DNA-PKcs function in DNA repair
(Chen et al., 2007). Our study shows that DNA-PKcs also phosphorylates ATM and inhibits
ATM Kinase activity. It should be noted that the inhibitory effect of DNA-PKcs on ATM
kinase activity is stronger with a limited amount of DNA ends than with excess DNA ends,
presumably because the presence of excess DNA substrate is likely to reduce the co-
localization of DNA-PKcs and ATM on DNA ends. A widely accepted model suggests that
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Ku and MRN, which recruit DNA-PKcs and ATM respectively, compete with each other for
DSB end binding (Paull, 2010). However, our study indicates that DNA-PKcs and ATM are
simultaneously recruited and activated at the same DSB ends. Surprisingly, pre-incubation of
ATM with chemically inhibited DNA-PKcs results in normal ATM activation, suggesting
that the presence of Ku/DNA-PKGcs protein per se does not affect the recruitment of
MRN/ATM to DNA ends and that the inhibition of ATM kinase activity by active DNA-
PKcs is not simply an issue of DNA end competition between Ku/DNA-PKcs and MRN/
ATM. This conclusion is supported by a recent study showing that MRN and Ku do not
affect the recruitment of each other to DSBs (Hartlerode et al., 2015). ChIP-chip profiles
also show that activated ATM and DNA-PKcs are similarly enriched at AsiSI-induced DSBs
in U20S cells (Caron et al., 2015). Therefore, it is possible that Ku/DNA-PKcs and
MRN/ATM could form a large complex at DSB ends in which DNA-PKcs and ATM can
contact and phosphorylate each other.

The mechanisms for choice between NHEJ and HR in S/G, phase in mammalian cells are
not fully understood. Previous studies suggest that the NHEJ factor DNA-PKcs and HR
factor ATM may coordinate with one another to regulate the choice of DSB repair pathways.
ATM has been implicated in the regulation of NHEJ through phosphorylation of DNA-PKcs
and Artemis (Chen et al., 2007; Riballo et al., 2004). DNA-PKGcs is involved in inhibitition
of DSB end resection while ATM overcomes this inhibition by phosphorylating DNA-PKcs
and promoting DNA-PKcs dissociation from DNA ends (Zhou and Paull, 2013). The current
study demonstrates that DNA-PKcs can also directly phosphorylate ATM at multiple sites
and hence inhibit ATM kinase activity, which provides an important regulatory mechanism
for pathway choice as inhibition of ATM kinase activity impairs DSB end resection and HR
(Zhou and Paull, 2013).

DNA-PKcs Inhibition of ATM Activity through Phosphorylation

Seven sites of interest are identified in ATM in the current study, including S85, T86, T372,
T373, T1985, S1987 and S1988. Phospho-mimetic mutations at these sites all reduce ATM
catalytic activity by varying degrees, and hence lead to impaired DNA damage responses in
cells. Notably, the S85D/T86E mutant, which is kinase-deficient in the presence of MRN/
DNA, binds normally to the intact MRN complex but shows decreased affinity to MR,
suggesting that ATM must interact with both Nbs1 and MR to achieve activation. In contrast,
the T86E/T373E and T1985E/S1987D/S1988D mutants show decreased binding to both
MRN and MR. This can also explain why the phospho-mimetic mutants are deficient in the
MRN/DNA pathway in vitro. Previous mass spectrometry analysis has identified
phosphorylation of ATM at S85, T86, T373 and S1985 upon DNA damage in human cells
(Kettenbach et al., 2011; Lee et al., 2015; Matsuoka et al., 2007; Sharma et al., 2014),
suggesting that ATM is indeed phosphorylated at these sites in cells.

Our study reveals a complex mechanism for regulation of ATM activation by DNA-PKcs.
The single T86A and T373A mutants are not resistant to DNA-PKcs inhibition while the
T86A/T373A double mutant is, suggesting the necessity of phosphorylation at both sites for
DNA-PKGcs regulation of ATM activity. In addition, TB6A/T373A and T1985A/S1987A/
S1988A both show resistance to DNA-PKcs inhibition, suggesting that phosphorylation of
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these two clusters can regulate ATM activity independently from each other. The S85/T86
and T372/T373 sites in ATM are both located in N-terminal HEAT repeats, and they share a
similar amino acid pattern: STQ and TTQ. Several other phosphorylation sites that are
involved in ATM activation, including T370, S794 and S1403, are also located in the HEAT
repeats, suggesting the importance of this region for regulation of ATM activity. We have
also tested another two clusters of sites with a similar pattern: S474/S475(Q) and S2591/
$2592(Q) (Table S2). Phospho-mimetic mutations at S475 and S2592 have no effect on
ATM activation, although phosphorylation of both sites has been identified (this study and
(Lee et al., 2015)). The cluster of T1985/S1987/51988 sites is localized in the FAT domain
and sits very close to the ATM autophosphorylation site S1981, but mutations at these three
sites do not affect ATM S1981 autophosphorylation in vitro (data not shown). In cells
expressing the phospho-mimetic T1985E/S1987D/S1988D allele there is reduced S1981
phosphorylation in the presence of DNA damage. But it remains to be investigated whether
the phospho-mimetic mutations directly inhibit S1981 phosphorylation and hence repress
ATM activation. The fact that mutations in all of the autophosphorylation sites fail to affect
DNA-PKGcs inhibition of ATM activity suggests that these autophosphorylation sites act
independently from the sites identified in this work.

Compared with cells expressing WT ATM, cells expressing the phospho-mimetic ATM
mutants S85D/T86E, T1985E/S1987D/S1988D and T86E/T373E show decreased ATM
activation and DNA resection at DSBs, impaired checkpoint activation, and increased
sensitivity to DNA damage, suggesting that the phosphorylation of ATM at these sites plays
an important role in regulation of DNA damage response. The observation that alanine
mutations at T1985/S1987/S1988 and T86/T373 block the inhibitory effect of DNA-PKcs on
ATM Kinase activity in vitro and in human cells strongly suggests that DNA-PKcs regulates
all of these cellular responses to DNA damage indirectly through its control of ATM.

Previous studies have shown that several phosphatases associate with ATM: PP2A and Wipl
prior to DNA damage and PP5 after DNA damage (Ali et al., 2004; Goodarzi et al., 2004;
Shreeram et al., 2006). It was proposed that, in resting cells, ATM kinase activity is inhibited
by serine/threonine phosphorylation of certain sites, while PP5 phosphatase binds to ATM
and removes these inhibitory phosphates from ATM upon DNA damage, leading to ATM
activation (Ali et al., 2004). There is also evidence showing that some ATM phosphorylation
sites are dephosphorylated in response to DNA damage (Kozlov et al., 2003). Therefore, it is
possible that some of the sites identified in this study are constitutively phosphorylated in
undamaged cells, but dephosphorylated by PP5 or other phosphatases in order to activate
ATM in response to DNA damage. By developing phospho-specific antibodies, we showed
that ATM phosphorylation at T86 peaks at 2—4 h after DNA damage, which correlates well
with the decrease of ATM activity, suggesting that T86 phosphorylation may serve as a
critical mechanism to inactivate ATM after DSB repair.

A requirement for DNA-PKcs regulation of ATM during normal cell growth

Unlike the T1985E/S1987D/S1988D allele of ATM, expression of the T1985A/S1987A/
S1988A allele produces normal ATM activation in vitro and WT levels of activity in
response to DSBs and oxidative stress in human cells. These observations show that the
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regulation of ATM by DNA-PKcs is not essential for the activation of ATM through either
pathway. However, we also found that the phospho-blocking allele induced cell death
through apoptosis at a significantly higher rate than with the phospho-mimetic allele or the
WT allele. The simplest interpretation of this result is that spontaneous activation of ATM
occurs under conditions of normal growth, and that the inhibitory effect of DNA-PKGcs is
necessary to restrain this activation. In addition to being activated by DSBs, both ATM and
DNA-PK(cs have been shown to be activated in mitosis (Lee et al., 2011; Yang et al., 2011).
Therefore, the regulatory effect of DNA-PKcs on ATM activity might be critical for the
DNA damage response as well as for normal cell growth. From this point of view, it is
perhaps significant that no patients with deletions or complete loss of DNA-PKcs have ever
been identified, although patients with missense mutations and varying levels of DNA-PKcs
protein have been identified with immunodeficiency and in some cases profound
neurological impairment (Mathieu et al., 2015; van der Burg et al., 2009; Woodbine et al.,
2013). It is possible that the dysregulation of ATM, which would occur in the absence of
DNA-PKcs, is responsible for the severe phenotype in humans.

In summary, our study shows that DNA-PKcs, a key NHEJ factor, negatively regulates ATM
activity upon DNA damage through phosphorylation of ATM. This function of DNA-PKcs
is not essential for the basic mechanisms of ATM activation but plays important roles in
regulating ATM under physiological conditions. Considering the critical role of ATM in HR,
this study also provides an important mechanism for DNA repair pathway choice upon DNA
damage as well as for ATM inactivation after DNA repair.

EXPERIMENTAL PROCEDURES

See also Supplemental Experimental Procedures for details about mutagenesis, cell culture,
protein purification, protein-protein interaction assay, reagents, resection, western blotting,
clonogenic assays, and immunofluorescence

In Vitro ATM Kinase Assay

To examine the activation of purified recombinant ATM protein by MRN and DNA, ATM
protein(0.05 nM to 0.2 nM) was incubated at 37°C for 1 h in reaction buffer containing 25
mM MOPS, 1 mM DTT, 5 mM MgCl,, 1 mM ATP, 70 mM NacCl, 50 ug/ml BSA and 1 ng
4.4 kb linearized DNA substrate (37 pM) in the presence of 20 nM MRN and 100 nM GST-
p53 substrate. To examine the activation of ATM by H,O,, ATM protein was incubated with
817 uM H,05, at 37°C for 1 h in reaction buffer except without additional DTT. For the two-
step kinase assay, the first incubation was performed at 37 °C for 45 min, followed by a 1 hr
second incubation at 37°C. 3.5 nM DNA-PKcs, 7 nM Ku and 200 uM DNA-PK inhibitor
NU7026 (DNA-PKi) were used to examine the effect of Ku/DNA-PKcs on ATM activity in
these reactions. The reaction mixture was mixed with 5X SDS loading buffer and boiled for
5 min. The reaction products were detected by Western blotting using phospho-p53 (S15)
antibody (see Supp. Exp. Procedures) and imaged using the Licor Odyssey system.
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Intra-S-phase Checkpoint Assay

U20S cells (~50% confluency) were treated with 2 pg/ml aphidicolin overnight in order to
be synchronized in Gy/early S phase. DNA damage was induced with 1 uM CPT for 1 h or
with mock treatment. After treatment, cells were incubated with 400 ng/ml nocodazole for
17 h, followed by fixation with 75% cold ethanol for > 24 h. Cells were washed with PBS
twice and stained with 40 ug/ml propidium iodide solution at 4 °C overnight. The intra-S-
phase checkpoint efficiency was determined by calculating the ratio between the percentage
of cells in G,/M phase with CPT treatment and the percentage of cells in Go/M phase
without CPT treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ATM is Hyperactive When DNA-PK cs Kinase Activity | s Blocked by DNA-PK
Inhibitor or When the DNA-PK cs Gene | s Deleted in Human Cells

(A) ER-AsiSI U20S cells were pre-treated with 10 uM ATM inhibitor KU55933 (ATMi), 10
uM DNA-PK inhibitor NU7026 (DNA-PKi), 10 uM ATR inhibitor AZ20 (ATRi), and 100
UM DNA Ligase IV inhibitor SCR7 (LiglVi) as indicated for 1 h, followed by 4 h of 4-OHT
(600 nM) treatment. Cells were fixed and stained with yH2AX antibody. The intensity of
nuclear yH2AX foci signal per cell was quantitated from at least 200 cells for each cell line
with the value of DMSO-treated cells being normalized to 1. Error bars: S.E.M. (B) ER-
AsiSI U20S cells were transfected with control siRNA (siCtrl), sSiRNA against DNA Ligase
IV (siLiglV) or XRCC4 (siXRCC4), or siRNAs against both Ligase IV and XRCC4
(siLiglV/siXRCC4). After 48 h, cells were lysed and subjected to western blotting analysis
for DNA Ligase 1V and XRCC4. PARP1 was used as a loading control. (C, D) Cells from
(B) were pre-treated or mock treated with 10 uM DNA-PK:i for 1 h. After 4 h of 4-OHT
induction, cells were fixed and stained with yH2AX and phospho-ATM S1981 antibodies.
The intensities of nuclear yH2AX foci signal (C) and phospho-ATM S1981 foci signal (D)
per cell were quantitated from at least 200 cells for each cell line with the value of control
cells (siCtrl + DMSO) being normalized to 1. Error bars: S.E.M. (E, F) WT and DNA-PKcs
—/- ER-AsiSI HCT116 cells (Zhou et al., 2014) were treated with various concentrations of
4-OHT for 4 h as indicated in the presence or absence of 10 uM DNA-PK:i. Cells were fixed
and stained with phospho-ATM S1981 antibody and yH2AX antibody. The intensities of
nuclear yH2AX foci signal (E) and phospho-ATM S1981 foci signal (F) per cell were
quantitated from at least 200 cells for each cell line. The value for WT cells without 4-OHT
treatment was normalized to 1. Error bars: S.E.M.
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Figure 2. DNA-PKcs Inhibits ATM Kinase Activity in Vitro
(A) Purified recombinant ATM protein was incubated with Ku/DNA-PKcs, MRN, linearized

DNA, [y-32P]-ATP at 37 °C for 1 h in the presence or absence of 20 uM KU55933 (ATMi).
The proteins were separated by SDS-PAGE and visualized by phosphorimaging. (B) A two-
step in vitro ATM kinase assay was performed in the presence of Ku/DNA-PKcs with DNA-
PK inhibitor (DNA-PKi) added in the first or second incubation as indicated. DNA-PKcs-
mediated phosphorylation events (Incubation 1, Inc. 1) and the phosphorylation of p53
substrate by ATM (Incubation 2, Inc. 2) were separated in two different incubations (Inc.).
(C) A two-step ATM kinase assay was performed with DNA-PKi added in the first or second
incubation as indicated. (D) A two-step ATM kinase assay as in (B) was performed with Ku
or DNA-PKcs alone. (E) Schematic diagram of the ATM Y2755A analog-sensitive ATM
mutant that accepts the bulky ATP analog N6-Fu-ATP. (F) An in vitro kinase assay with
analog-sensitive ATM mutant (Y2755A) in the presence of [y-32P]-labeled bulky ATP
analog y-N6-Fu-ATP was performed. The protein products were separated by SDS-PAGE
and visualized by phosphorimaging.
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Figure 3. DNA-PKcs Inhibits ATM Kinase Activity by Phosphorylating ATM in Vitro
(A) A two-step ATM kinase assay was performed as in Fig. 2B, with ATP added at the 15t

incubation (reactions 1, 2 and 3) or the 2"dincubation (reaction 4). (B) A two-step ATM
kinase assay was performed as in Fig. 2B, with various components added as indicated. (C)
The basal activity of ATM was examined with high levels of ATM protein (2 nM) and GST-
p53 substrate (250 nM) in the absence of MRN. (D) Two-step in vitro ATM kinase assays as
in Figure 2B, with a titration of purified recombinant MRN (5 nM, 10 nM and 20 nM) in the
assay. (E) Two-step in vitro ATM kinase assays as in Fig. 2B, using 20 nM purified
recombinant wild-type MRN complex (WT) or nuclease-deficient MRN mutant (H129N) in
the assay. (F) ATM was pre-activated by MRN and DNA (Inc. 1) and then subjected to the
two-step kinase assay. (G) A two-step ATM kinase assay was performed as in (A) but with a
titration of linearized DNA (moles of DNA molecules, as indicated).
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Figure 4. Characterization of ATM Phosphorylation Site Mutants | dentifies Candidates With
Reduced Affinity for MRN

(A) Alignment of ATM sequences from mammalian species. The highlighted residues which
are mutated in this study are conserved. (B) In vitro kinase assays were performed with
recombinant wild-type ATM (WT), phospho-mimetic ATM mutant S85D/T86E, or phospho-
blocking ATM mutant S85A/T86A, in the presence of MRN/DNA or H,0,. (C) In vitro
kinase assays were performed with wild-type ATM (WT), T372E/T373E ATM, or T372A/
T373A ATM, in the presence of MRN/DNA or H,0,. (D) In vitro kinase assays were
performed with wild-type ATM (WT), T86E/T373E ATM, or TB6A/T373A ATM, in the
presence of MRN/DNA or H,0,. (E) In vitro kinase assays were performed with wild-type
ATM (WT), T1985E/S1987D/S1988D ATM, or T1985A/S1987A/S1988A ATM, in the
presence of MRN/DNA or H,0,. (F) In vitro assay for ATM-MRN association with
biotinylated MRN (Biotin-MRN), wild-type ATM (WT), ATM S85AT86A and ATM
S85DT86E mutant proteins. Streptavidin beads were used to isolate Biotin-MRN and
associated ATM protein. Proteins on the beads were eluted and analyzed by western blotting.
(G) A similar experiment was performed as in (F), using Biotin-MR instead of Biotin-MRN.
(H) Similar experiment was performed as in (F) for other ATM mutants: T86A/T373A,
T86E/T373E, T1985A/S1987A/S1988A and T1985E/S1987D/S1988D. (1) A similar
experiment was performed as in (H), using Biotin-MR instead of Biotin-MRN.
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Figure 5. Kinase-deficient Phospho-mimetic ATM Mutants Fail to Support Cell Survival upon

DNA Damagein Human Cells

(A) Expression of WT ATM and ATM mutants, including S85A/T86A, S85D/T86E,

T1985A/S1987A/ S1988A and T1985E/S1987D/S1988D, were induced by doxycycline in
U20S Flp-In T-Rex cells in which endogenous ATM was depleted by shRNA. Cells were
treated with 10 uM camptothecin (CPT) for 1 h and the phosphorylation KAP1 and Chk2
was examined by western blotting. (B) Expression of WT ATM and ATM mutants were

induced by doxycycline in U20S Flp-In T-Rex cells depleted for endogenous ATM by

shRNA. Cells were treated with 10 uM camptothecin (CPT) for 1 h and the phosphorylation

of KAP1 and Chk2 was examined by western blotting. (C) Cells grown as in (A) were

subjected to survival analysis (clonogenic assay) after 1 h treatment with various
concentrations of CPT. (D) Cells grown as in (A) were subjected to survival analysis after
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various doses of ionizing radiation (IR) treatment. (E) Cells grown as in (A) were subjected
to survival analysis after various doses of H,O treatment. (F) Cells grown as in (B) were
subjected to survival analysis after 1 h treatment with various concentrations of CPT. (G)
Cells grown as in (B) were subjected to survival analysis after various doses of ionizing
radiation (IR) treatment. (H) Cells grown as in (B) were subjected to survival analysis after
various doses of H,O, treatment.
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Figure 6. | dentification of Sites Responsible for the Inhibitory Effect of DNA-PKcson ATM

Kinase Activity

(A) A two-step in vitro ATM kinase assay was performed as in Fig. 2B, using purified
recombinant wild-type ATM (WT) or S85A/T86A ATM. (B) A two-step in vitro ATM

kinase assay was performed using wild-type ATM or T372A/T373A ATM. (C) A two-step in
vitro ATM kinase assay was performed using purified recombinant wild-type ATM orT86A/
T373A ATM. (D) A two-step in vitro ATM kinase assay was performed using wild-type
ATM orT1985A/S1987A/S1988A ATM. (E, F) Expression of WT ATM and ATM mutants
as indicated were induced by doxycycline treatment in FIp-In T-Rex U20S cells expressing
ER-AsiSI (Zhou et al., 2014). Cells were treated with 600 nM 4-OHT for 4 h, fixed and

stained with phospho-ATM S1981 and yH2AX antibodies. The intensities of nuclear

YH2AX foci signal (E) and phospho-ATM S1981 foci signal (F) per cell were quantitated
from at least 200 cells for each cell line with the value of control cells (Vector + shCtrl +
DMSO) normalized to 1. Error bars: S.E.M.
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Figure 7. The Effects of ATM Phosphorylation Site Mutants on Cellular Responsesto DNA

damage and nor mal growth

(A, B) The effects of ATM mutations on DSB end resection were examined by measuring
ssDNA intermediates of resection at various locations adjacent to two DSBs generated by
AsiSl in U20S Flp-In T-Rex cells. (C) Cell lines were synchronized by aphidicolin and
analyzed for intra-S-phase checkpoint activation after 1 uM CPT treatment for 1 h. Error
bars indicates standard deviation from three independent experiments. (D) Growth of U20S
FIp-In T-Rex cell lines expressing ATM mutants were analyzed with the MTT cell
proliferation assay. Error bars indicate standard deviation from three independent

experiments. (E)U20S cell lines were trypsinized and the size distribution of cells was

determined using Scepter™ 2.0 Handheld Automated Cell Counter. (F) U20S Flp-In T-Rex
cell lines expressing ATM mutants as indicated were tested for apoptosis using a fluorescent

Annexin V conjugate. Error bars indicate standard deviation from three independent

experiments.
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Table 1 related to Figures 4to 7

Summary of all ATM mutants regarding kinase activity and resistance to DNA-PKcs

ATM mutants® Kinase activity (M RN/DNA)* Activity repressed by DNA-PK cs?#

1 | S367D/S1893D/S1981D/S2996D = Yes
2 | sssA/T372A/51885A = Yes
3 | S85D/T372E/S1885D Wi

4 S85A = Yes
5 | s85D W

6 T372A = Yes
7 | T372E 0

8 S85A/T372A = Yes
9 | s85D/T372A Wi

10 | S1885A = Yes
11 | $1885D =

12 | T86A = Yes
13 W

15 J

16 | TB6A/T373A = No
17 T86E/T373E Wi

18 | S85A/T86A = Yes
19 S85D/T86E Wi

20 S86A/TS6E 2 Yes
21 | s8sDiTe6A W Yes
22 | T372A/T373A = Yes
23 T372E/T373E W

24 | SATAAISATS5A = Yes
25 | s475A/52592A = Yes
26 S475D/82592D =

27 | T86A/T373AIS475A/S2592A = No
28 | TS6E/T373E/S475D/S2592D W

29 | S440A = Yes
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ATM mutants® Kinase activity (MRN/DNA)* | Activity repressed by DNA-PK cs?#

33 =

34 | SB5A/TB6A/SA40A = Yes

35 S85D/T86E/S440D Wi

36 | T1985E J

37 | s1987D J

38 | S1988D J

39 | T1985A/S1987A/S1988A = No

40 | T1985E/51987D/S1988D Wi

*
The kinase activity of each ATM mutants in the presence of MRN/DNA was tested in comparison to the activity of wild-type (WT) ATM. “="

activity similar to WT; “\” decreased activity compared with WT.

The effect of DNA-PKcs on the kinase activity of ATM mutants is tested in vitro using recombinant proteins and summarized here as “Yes” for

repression and “No” for no detectable inhibitory effect.

$Phosph0-mimetic mutations at SQ/TQ sites are highlighted in red.
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