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CELL BIOLOGY

ATM-SPARK: A GFP phase separation-based activity

reporter of ATM
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The kinase ataxia telangiectasia mutated (ATM) plays a key role in the DNA damage response (DDR). It is thus
essential to visualize spatiotemporal dynamics of ATM activity during DDR. Here, we designed a robust ATM
activity reporter based on phosphorylation-inducible green fluorescent protein phase separation, dubbed
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ATM-SPARK (separation of phases-based activity reporter of kinase). Upon ATM activation, it undergoes
phase separation via multivalent interactions, forming intensely bright droplets. The reporter visualizes spatio-
temporal dynamics of endogenous ATM activity in living cells, and its signal is proportional to the amount of
DNA damage. ATM-SPARK also enables high-throughput screening of biological and small-molecule regulators.
We identified the protein phosphatase 4 that blocks ATM activity. We also identified BGT226 as a potent ATM
inhibitor with a median inhibitory concentration of ~3.8 nanomolars. Furthermore, BGT226 sensitizes cancer
cells to the radiomimetic drug neocarzinostatin, suggesting that BGT226 might be combined with radiothera-
peutic treatment. ATM-SPARK achieves large dynamic range, bright fluorescence, and simple signal pattern.

INTRODUCTION

The protein kinase ataxia telangiectasia mutated (ATM) is a key reg-
ulator of the DNA damage response (DDR) (1-3). It maintains
genomic integrity in mammalian cells. The name of ATM comes
from the fact that its mutations result in ataxia telangiectasia, a
rare autosomal recessive disorder with phenotypes such as cerebel-
lar degeneration (2). To understand key roles of ATM during DDR,
it is essential to visualize the spatial and temporal dynamics of ATM
activity in living cells. Genetically encoded reporters are ideal in en-
abling spatiotemporal imaging of cell signaling. However, previous
reporters such as Forster resonance energy transfer (FRET)-based
reporters suffer from poor signal due to small changes of the donor
and acceptor fluorophores (4, 5). Furthermore, without tagging to
chromosomal proteins such as histones, FRET-based reporters
appear to have poor spatial resolution in imaging ATM activity in
the subnuclear regions.

To address these limitations of FRET-based ATM reporters, we
designed a robust ATM activity reporter by applying a different
physical principle, phosphorylation-inducible green fluorescent
protein (GFP) phase separation. The reporter is named
ATM-SPARK (separation of phases-based Activity reporter of
kinase), which contains GFP and an ATM-specific substrate
peptide that has been used and characterized in the FRET-based
ATM reporters. Upon phosphorylation by active ATM, the reporter
undergoes phase separation, forming intensely bright green drop-
lets. ATM-SPARK visualizes spatiotemporal dynamics of ATM ac-
tivity in living cells, with no requirement of tagging with
chromosomal proteins. Upon spatially localized DNA damage by
laser irradiation, the punctate signal of ATM-SPARK is localized
to the DNA damage site. Furthermore, ATM-SPARK droplets are
colocalized with known DNA damage markers including p53-
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binding protein 1 (53BP1, in nonhomologous recombination—
based DNA repair) and BReast CAncer gene 1 (BRCA1, in homol-
ogous recombination—based DNA repair). With ATM-SPARK, we
were able to show that active ATM is associated with telomere after
DNA damage induced by the radiomimetic drug neocarzinosta-
tin (NCS).

Because of large dynamic range, bright fluorescence, and simple
signal pattern, ATM-SPARK also enables high-throughput screen-
ing of its regulators in living cells, including biological regulators
and small molecules. Loss or inactive mutations of ATM have
been reported to confer radiosensitivity for tumors, in addition to
cancer predisposition (6-9). ATM inhibition has thus been pro-
posed and examined in a combination therapy with radiotherapeu-
tic treatment (7, 10). Here, we demonstrate that ATM-SPARK not
only allows us to identify biological regulators such as phosphatases
but also enables us to identify small-molecule inhibitors that may be
used as radiosensitizers in anticancer therapy.

RESULTS AND DISCUSSION

An ATM reporter is designed on the basis of
phosphorylation-inducible GFP phase separation

To develop an ATM reporter for imaging endogenous ATM activity
in living cells, we engineered GFP so that upon phosphorylation by
ATM, it undergoes phase separation forming intensely bright drop-
lets. In particular, we designed a multivalent interaction system to
drive ATM activity—dependent phase separation of GFP. First, we
fused a Checkpoint kinase 2 (Chk2) kinase—derived substrate
peptide to EGFP (enhanced GFP) (11, 12). We chose the T68-con-
taining phosphopeptide derived from Chk2 because it has been
used in previous FRET-based ATM activity reporters, and its spe-
cificity to ATM activity has been well characterized (5, 13). Next, we
fused a phosphopeptide-binding domain Forkhead-associated
protein 1 (FHA1) to a nonfluorescent GFP mutant (EGFP* contain-
ing Y66F mutation). We used the nonfluorescent EGFP* because it
ensures that the reporter’s signal only comes from the EGFP fused
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to the phosphopeptide (see below about calculation of the SPARK
signal). We did not remove EGFP because our previous work on the
SPARK-based kinase sensors suggested that EGFP acts as a linker
that improves phase separation and droplet formation of the report-
er (14, 15). Third, to introduce multivalency, we fused a multivalent
tag named homo-oligomeric tag (HOTag) to each of the above con-
structs (Fig. 1A). In particular, HOTag3, a hexameric tag, is fused to
the phosphopeptide-EGFP. In addition, HOTags6, a tetrameric tag,
is fused to the FHA1-EGFP*. Both HOTag3 and HOTag6 are de
novo designed coiled coils (14, 15). To express the reporter in the
nucleus, we also inserted a nuclear localization signal (NLS) to the
reporter. Last, the two fusions were connected by a “self-cleaving”
2A sequence. Upon activation of ATM, the phosphopeptide is phos-
phorylated, which induces its interaction with FHA1 (Fig. 1B). This,
together with HOTags, leads to multivalent interaction—driven
phase separation of EGFP. Briefly, each hexameric phosphopep-
tide-NLS-EGFP-HOTag3 recruits six FHAI1-NLS-EGFP*-
HOTag6. Then, each tetrameric FHA1-NLS-EGFP*-HOTag6 re-
cruits four phosphopeptide-NLS-EGFP-HOTag3, and so on. Even-
tually, the HOTag-introduced multivalency and the ATM activity—
dependent phosphopeptide/FHA1 interactions lead to EGFP phase
separation, forming highly fluorescent green droplets (Fig. 1B).

To demonstrate and characterize ATM-SPARK, we expressed
the reporter in human embryonic kidney (HEK) 293 cells, which
revealed punctate fluorescence in the nucleus upon DNA damage
by NCS (Fig. 1C, fig. S1, and movie S1). We also coexpressed a mo-
nomeric infrared fluorescent protein (mIFP)—fused histone 2B
(H2B) in HEK293 cells (16), which labeled the nucleus, and a red
fluorescent protein (RFP; gray pseudo-color). NCS is well known to
activate ATM by eliciting DNA damage. In contrast, a mutant re-
porter, in which the phospho—threonine (T) is mutated to alanine
(A) so that it cannot be phosphorylated by ATM, showed homoge-
neously distributed green fluorescence (Fig. 1D). Our fluorescence
imaging also showed that the ATM-SPARK signal is dependent on
the doses of NCS from 5 to 400 ng/ml (fig. S2), although the report-
er's signal is saturated when NCS is above 135 ng/ml. These data
suggest that ATM-SPARK reports ATM activity in the cells and
that its signal is proportional to the amount of DNA damage.

ATM-SPARK achieves temporal resolution, reversibility, and
specificity

To characterize the temporal resolution of ATM-SPARK, we con-
ducted time-lapse imaging of HEK293 cells expressing the reporter
after addition of NCS. Green fluorescent droplets appeared within
20 to 40 min after addition of NCS (Fig. 1E and movie S2) but not
dimethyl sulfoxide (DMSO) (fig. S3 and movie S3), indicating that
ATM-SPARK reports endogenous ATM activity. To quantitatively
analyze the data, we defined SPARK signal as the percentage of the
activated reporters over the total amount of the reporters, which is
the ratio of the substrate phosphopeptide (fused to EGFP) in the
droplets (condensed phase) over total (condensed plus dilute
phase). In particular, we determined SPARK signal by calculating
the ratio of “the sum of droplet’s pixel fluorescence intensity over
the sum of the cells’ pixel intensity.” For the "normalized
SPARK," the SPARK values at different time points were normalized
to the peak SPARK value (see details in Materials and Methods).
Our data showed that the normalized SPARK signal plateaued at
around 40 min. This is consistent with previous report using
FRET-based ATM reporter, which shows ATM activation within
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20 to 40 min upon addition of NCS, with FRET signal plateaued
at around 40 min (5). Furthermore, single-cell analysis of ATM-
SPARK signal showed that ATM was activated around 20 to
30 min after addition of NCS (fig. S4).

We also compared ATM-SPARK signal with endogenous ATM
activity upon addition of NCS. We found that ATM was activated
after addition of NCS, reaching maximal level at 20 to 30 min, based
on phosphorylation of S1981 (fig. S5). This is consistent with the
previous studies (17). Our reporter ATM-SPARK was also activated
at 20 to 30 min after addition of NCS (Fig. 1E and figs. S4 and S6).
Thus, ATM-SPARK has similar kinetics as the endogenous ATM
activity following NCS-induced DNA damage.

Furthermore, we compared ATM-SPARK signal with the endog-
enous ATM substrate Chk2 by measuring Chk2 phosphorylation at
T68 because ATM-SPARK is based on the T68-containing phos-
phopeptide derived from Chk2. We found that Chk2 was quickly
phosphorylated at T68, reaching maximum at ~10 min after addi-
tion of NCS (fig. S7), which is consistent with the previous study
(17). This is faster than ATM-SPARK that was activated at
~30 min after addition of NCS (fig. S4). Thus, our data show that
activation of ATM-SPARK is slower than phosphorylation of T68 of
Chk2, but it is similar to the endogenous ATM activation. Activa-
tion of the FRET-based ATM reporter has also been reported to be
around 30 min, which is similar to ATM-SPARK. The FRET report-
er also used the same T68-containing phosphopeptide from Chk2
as the ATM-SPARK. This suggests that the phosphorylation of T68
in both reporters is slower than that of the full-length Chk2. On the
other hand, the activation of both reporters is similar to that of en-
dogenous ATM activity.

In addition, we also found that pT68 of Chk2 was dephosphor-
ylated at around 40 to 60 min after addition of NCS, which is con-
sistent with previous studies on the kinetics of Chk2
phosphorylation and dephosphorylation after addition of NCS
(17). ATM-SPARK signal also started to decrease at ~1.5 hours
and disappeared at ~7 hours after addition of NCS (fig. S6). This
suggests that the reporter inactivation kinetics follows that of
Chk2, although it is slower than the dephosphorylation of pT68
of the full-length Chk2. Inactivation of FRET-based ATM activity
reporter after addition of NCS has also been reported previously
(4) Thus, ATM-SPARK has an activation and inactivation kinetics
that is similar to the FRET-based reporter; both reporters show
slower kinetics than that of the endogenous ATM substrate Chk2,
likely because both reporters are based on the short phosphopeptide
derived from Chk2, and lack of other motifs of Chk2 might result in
the slower kinetics of phosphorylation and dephosphorylation.

Next, we demonstrated that the reporter is reversible. We prein-
cubated the cells with NCS to activate ATM, forming ATM-SPARK
droplets. Then, we added ATM inhibitor KU-55933, followed by
time-lapse imaging. The green droplets rapidly disassembled over
time (Fig. 1F, fig. S8, and movies S4 and S5). Quantitative analysis
of SPARK signal indicated that the reporter was disassembled
within 4 min, with half-time of ~1.5 min.

We also demonstrated that this ATM reporter is applicable to
monitor ATM activity in various cancer cells (Fig. 1G). We engi-
neered ATM-SPARK into a lentiviral construct. After packaging
into the lentivirus, we infected several types of tumor cells, includ-
ing glioma cells T98G and U87, osteosarcoma cell line U20S, and
cellosaurus cell line CHLA90. Expression of ATM-SPARK in these
cell lines showed green fluorescence, which formed bright droplets
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Fig. 1. Design, demonstration, and characterization of an ATM activity reporter based on phosphorylation-inducible GFP phase separation. (A) Schematic
showing constructs of the ATM reporter ATM-SPARK. (B) Schematic showing working principles. (C) Fluorescence images of ATM-SPARK—expressing HEK293 cells
upon addition of a radiomimetic NCS. The histogram corresponds to the dashed line in the images. (D) Fluorescence images of the mutated reporter that cannot be
phosphorylated by ATM. The phospho-threonine is mutated to alanine. (E) Time-lapse images of cells expressing ATM-SPARK upon addition of NCS. (F) Reversibility of
ATM-SPARK. Cells expressing ATM-SPARK were preincubated with NCS, followed by addition of the ATM inhibitor KU-55933. (G) Application of ATM-SPARK in various
cancer cells. The images were taken 1 hour after addition of the drugs. Data in (E) and (F) are means + SE (n = 10 cells). RFP is shown in gray pseudo-color. Scale bars, 10 um
(Cto G).
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upon addition of etoposide that induces DNA damage and acti-
vates ATM.

We also used the reporter to image whether different drugs, in-
cluding camptothecin, etoposide, and NCS, could elicit same or dif-
ferent response of ATM activity in various types of cells including
HEK293, HeLa, U20S, and U87 cells (fig. S9). We found common
and differential responses. First, most drugs activated ATM in all
these cells, except that camptothecin failed to activate ATM in
U87 cells. Second, in HEK293 and HeLa cells, all the drugs exhibited
similar kinetics and amplitude in ATM activity. However, in U20S,
etoposide showed a slower kinetics in ATM activation than the
other two drugs. On the other hand, etoposide showed larger am-
plitude of ATM activity than the others. In U87 cells, etoposide
showed slower kinetics and smaller amplitude of ATM activation
than NCS. Consistently, a previous study reported that etoposide
is slower in ATM activation than NCS (4). Thus, our data indicate
that different drugs induce different responses in different types of
cells in ATM activation. These data indicate that ATM-SPARK can
be used to monitor ATM activity in various cancer cells using the
reporter-containing lentivirus, which will be useful for biological
and therapeutic studies such as drug resistance mechanisms that
may involve DNA damage and repair via ATM.

Last, we determined that ATM-SPARK specifically reports ATM
activity, and it does not respond to the closely related Ataxia telan-
giectasia and Rad3-related (ATR) or DNA-dependent protein
kinase (DNA-PK). Here, we first preincubated the cells with
various inhibitors of ATM, ATR, or DNA-PK. Then, we applied
NCS to induce DNA damage and ATM activation. Our time-
lapse imaging data showed that the ATM inhibitor blocked ATM-
SPARK droplet formation, whereas the ATR inhibitor or the DNA-
PK inhibitor had no effect (Fig. 2A). Quantitative analysis of the
time-lapse imaging data revealed that the ATM inhibitor blocked
the reporter droplet formation, while the other inhibitors showed
no difference from the DMSO control. Furthermore, we confirmed
that the AKT inhibitor triciribine did not induce droplet formation
of ATM-SPARK as expected (fig. S10). Other than the small-mole-
cule inhibitors, we also used the kinase dead and dominant negative
ATM (dnATM) or ATR (dnATR). Coexpression of dnATM blocked
the droplet formation, whereas dnATR did not inhibit the ATM-
SPARK droplet formation upon addition of NCS (Fig. 2B), indicat-
ing that ATM-SPARK reports ATM but not ATR activity. Together,
these data demonstrate that ATM-SPARK specifically reports activ-
ity of endogenous ATM in living cells.

ATM-SPARK achieves spatial resolution and visualizes ATM
activity at telomere

To demonstrate whether the ATM-SPARK has spatial resolution,
we used laser to locally damage DNA. This led to two bright GFP
droplets in the two irradiation sites (Fig. 3A). Furthermore, these
two spots also accumulated DNA damage marker DNA polymerase
0 (POLQ) that is fused to mCherry (mCherry-POLQ). In addition,
we conducted laser irradiation in cells expressing the control of the
sensor (T/A mutant) and found no formation of GFP droplets in
this control (fig. S11).

We next determined that upon DNA damage by etoposide,
ATM-SPARK droplets colocalized with 53BP1, a DNA damage
marker involved in nonhomologous recombination—based DNA
repair (Fig. 3B). We conducted time-lapse imaging and found
that many ATM-SPARK droplets colocalized with the mApple-
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fused 53BP1 foci and that when the mApple-53BP1 foci fused to-
gether, the ATM-SPARK droplets also fused together (fig. S12). A
previous study reported that upon DNA damage, 53BP1 forms
repair compartments that have liquid droplet property and that
the 53BP1 droplets can fuse together (I18). Thus, our results
suggest that the fusion of ATM-SPARK droplets is likely due to
the fusion of DNA repair foci.

In addition, we also examined whether the droplet size of ATM-
SPARK is proportional to DNA damage. We coexpressed ATM-
SPARK and mApple-53BP1, incubated the cells with NCS for 1
hour, then removed NCS, and conducted time-lapse imaging.
Our data showed that when mApple-53BP1 foci decreased in size
over time, the droplet size of ATM-SPARK also decreased (fig.
S13). This suggests that the droplet size of ATM-SPARK is propor-
tional to DNA damage. This is consistent with the laser irradiation
experiment, where less intense laser irradiation induced smaller
droplet size of ATM-SPARK, while more intense laser irradiation
led to larger droplet size of ATM-SPARK (fig. S14). This is also con-
sistent with our findings that the droplet size of ATM-SPARK
appears to be correlated with ATM activity because the reporter’s
droplet size reaches maximum at around 0.5 and 1.5 hours after ad-
dition of NCS (fig. S6), which is consistent with the activation ki-
netics of the endogenous ATM that also reaches maximum at
~30 min after addition of NCS (fig. S5). These results suggest that
the droplet size is proportional to the ATM activity and the
DNA damage.

We also found that some ATM-SPARK droplets colocalized with
BRCAL1 that is involved in homologous recombination—based DNA
repair after addition of etoposide (Fig. 3C). Therefore, our data in-
dicate that the ATM reporter achieves spatial resolution in imaging
ATM activity and DNA damage.

Last, we characterized whether ATM-SPARK droplets are asso-
ciated with DNA. It has been reported that NCS induces damages of
telomere DNA (19). Therefore, we labeled the NCS-treated cells by
DNA fluorescence in situ hybridization (FISH) of human telomere
(20). Our data revealed that ATM-SPARK droplets were indeed as-
sociated with the telomere DNA (Fig. 3D). Thus, our work suggests
that ATM is activated at the telomere DNA after NCS-induced DNA
damage and that our reporter achieves spatial resolution in
living cells.

Screening of phosphatases identifies protein phosphatase
4 that inhibits ATM activity

Because of its large dynamic range and bright fluorescence than
other genetically encoded reporters such as FRET-based ones, we
decided to apply ATM-SPARK to screen for phosphatases that
block ATM activity. Here, we cloned 156 human phosphatases
from the human ORFeome library (21) and coexpressed them
with ATM-SPARK in HEK293 cells in 96-well plates (Fig. 4A). To
ensure expression of each phosphatase, we linked the phosphatase
to mCherry via a self-cleaving 2A (T2A) peptide (phosphatase-
T2A-mCherry). Our data showed that each construct had positive
mCherry fluorescence (fig. S15), suggesting that each plasmid was
transfected and each phosphatase was transcribed. Twenty-four
hours after transfection, we added etoposide to induce DNA
damage and ATM activation. Fluorescence imaging was carried
out at ~1 hour after addition of etoposide. Quantitative analysis of
ATM-SPARK signal revealed several phosphatases that blocked
ATM activity (Fig. 4B). These include previously known

4 0f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

A Cells preincubated with inhibitors of ATM (ATMi) or others = add NCS - time-lapse imaging

ATMi (KU-55933)

DNA-PKi (NU7026)
A, )

i

ATM-SPARK + H2B-mIFP + RFP

14 Preincubate:
ATMi

‘ %ﬁ%}éf@#

%

DNA-PKi

DMSO #
l‘NCS o

/
/
/7

0.5

Norm. SPARK

v

0-925#5#!9?§:{ -9-9--0-0-0-0-0
0 20 40
Time (min)

B  Cells coexpressing dominant negative ATM (dnATM) or dnATR = add NCS = time-lapse imaging

ATM-SPARK-expressing cells: after adding NCS

Vector dnATM dnATR

17 Coexpress: [} s

x & dnATM s ?2

= -

< - dnATR I g f

“ 0.5-|-@ Vector

£ . 3

S i

> NCS " .
0-----‘2-----"

20 40
Time (min)

Fig. 2. ATM-SPARK specifically reports ATM activity but not the closely related ATR or DNA-PK. (A) Fluorescence images of cells showing that ATM-SPARK response
is blocked by inhibitors of ATM but not ATR or DNA-PK. HEK293 cells were cotransfected with ATM-SPARK and mIFP-H2B. The cells were preincubated with inhibitors of
ATM, ATR, or DNA-PK. Then, the cells were treated with NCS, followed by time-lapse imaging. (B) Fluorescence images of cells showing that ATM-SPARK response is
blocked by dnATM but not dnATR. Data are means + SE (n = 30 cells). Scale bars, 10 um.

phosphatases that inhibit ATM, such as PPP2CA, PPP2CB, and
Wipl (1, 3, 22-24).

We also identified a previously unidentified phosphatase PPP4C,
the catalytic unit of protein phosphatase 4 (PP4), which inhibited
ATM upon etoposide induction. To further verify this, we added
NCS to activate ATM. Time-lapse imaging showed that PP4
blocked ATM activity upon addition of NCS, whereas a control
vector without PPP4C did not (Fig. 4C). We also introduced an in-
active mutation D82A to PPP4C. This mutant lost its inhibitory ac-
tivity against ATM (Fig. 4D). This indicates that the phosphatase
activity is indeed required for the inhibitory activity of PPP4C
against ATM. Last, we examined whether PP4 directly dephosphor-
ylates and inactivates ATM. We conducted coimmunoprecipitation
in HEK293 cells and found that PP4 (D82A) coimmunoprecipitated
with ATM, suggesting that PP4 physically interacts with ATM (fig.
§16). Our data thus indicates that PP4 directly acts on ATM. PP4 has
been reported to play a role in DDR by dephosphorylating proteins
including 53BP1 and Phosphorylated histone H2AX (YH2AX) (25—
27). However, it was not clear whether PP4 also acts on ATM. Our
data suggest that PP4 regulates DDR by directly acting on ATM. To-
gether, our work demonstrates that ATM-SPARK enables high-
throughput screening of biological regulators of ATM and that it
can used for future studies in identifying more regulators including
the rest of the human phosphatases that are not examined in
this study.
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High-throughput screening identifies BGT226 as a potent
ATM inhibitor

Following the successful screening of biologics-based regulators of
ATM, we next decided to demonstrate whether ATM-SPARK can be
used to screen for small molecule-based regulators of ATM. We se-
lected ~5000 compounds from the Food and Drug Administration
(FDA) drug library, the kinase inhibitor library, and a natural com-
pound library. We chose the kinase inhibitor library because we rea-
soned that some kinase inhibitors might have activity against ATM
in addition to their known target. We chose the FDA drug library
because we hoped that some drugs might be repurposed against
ATM. We chose the natural compound library because we hoped
to identify previously unidentified small-molecule inhibitors
against ATM.

We first expressed the reporter in HEK293 cells. Twenty-four
hours after transfection, we added the compounds (final concentra-
tion at 1 uM) to the cells (Fig. 5A). One hour after incubation of the
small-molecule compounds, we added etoposide for 1 hour, fol-
lowed by fluorescence imaging. We demonstrated this platform
using a positive control, an inhibitor of ATM, AZD0156 and a neg-
ative control, DMSO (Fig. 5A, right). Quantitative analysis of the
SPARK signal of these 5000 compounds identified 14 hits based
on their potent effect in inhibiting ATM activity. These hits were
confirmed by a second round of imaging using newly purchased
compounds (Fig. 5B). In addition to the known ATM inhibitors,
our screening also identified several previously unknown inhibitors.
These include six mammalian target of rapamycin (mTOR)/phos-
phatidylinositol 3-kinase (PI3K) dual inhibitors, a maternal embry-
onic leucine zipper kinase (MELK) inhibitor OTSSP167, and signal
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transducers and activators of transcription 6 (STAT6) inhibitor
AS1517499. A common structural core was identified among the
hits, which suggests that they likely bind to the adenosine 5'-tri-
phosphate (ATP)-binding pocket of ATM (fig. S17).

To characterize the identified mTOR/PI3K dual inhibitors, we
also measured inhibitory activity of many other dual inhibitors of
mTOR/PI3K. While the identified six dual inhibitors showed strong
activity against ATM, no other inhibitors had activity against ATM
(Fig. 5F). This strongly suggests that the identified inhibitors do not
inhibit ATM via the mTOR/PI3K pathway. To identify the most
potent inhibitors, we measured median inhibitory concentration
(ICs) against ATM using ATM-SPARK in living cells. Our data in-
dicated that BGT226 exhibited the most potent activity with
ICs5y = 3.8 + 0.9 nM, whereas the other five inhibitors showed
ICsy one to two orders of magnitude lower (Fig. 5G). A known
ATM inhibitor AZD0156 showed similar or slightly weaker activity
with ICso = 8.9 + 1.2 nM under our experimental conditions using
etoposide and ATM-SPARK in living cells (fig. S18). This is further
confirmed by measuring the endogenous ATM activity (phosphor-
ylation at S1981) using Western blot analysis (fig. S19, A and B).
Our data showed that BGT226 inhibited ATM with ICs, similar
to that using ATM-SPARK, indicating that ATM-SPARK can be
used in measuring ICsq of ATM inhibitors. Our analysis of the
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endogenous ATM activity also revealed similar ICs, of AZD0156
to that using ATM-SPARK. Thus, our measurement indicates that
BGT?226 is similar or slightly more potent than AZD0156 in inhib-
iting ATM in the cellular context (fig. S19). Last, we confirmed that
Chk2 activity was also blocked upon inhibition of ATM by BGT226
or AZD0156 (fig. S19B).

We also characterized OTSSP167 and AS1517499, which showed
ICsy of 64 and 325 nM, respectively (Fig. 5, C and D), which is one
to two orders of magnitude lower than that of BGT226. OTSSP167
was developed as an inhibitor of MELK (28). We thus decided to
further characterize whether OTSSP167's activity against ATM is
through the MELK pathway. We used a MELK-specific inhibitor
MELK-8A (29), which showed no activity against ATM (fig. S20).
This suggests that OTSSP167's activity is not through MELK. To
further verify this, we carried out clustered regularly interspaced
short palindromic repeats (CRISPR)-based knockout of MELK in
U20S cells. In the MELK-knockout U20S cells (fig. S21), etoposide
evoked similar ATM activation (Fig. 5E), but OTSSP167 still showed
potent activity against ATM, with similar ICsq as that in the control
cells (fig. S22). These data strongly suggest that OTSSP167 inhibits
ATM not by inhibiting MELK. Using similar procedure, we also
showed that AS1517499 also blocked ATM not by the STAT6
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pathway, because STAT6 knockout had no effect on etoposide-
evoked ATM activation (Fig. 5E and figs. S21 and S22).

Recent studies showed that many kinase inhibitors including
OTSSP167 are promiscuous with several tens of kinase targets
(30), although their activity against ATM has not been reported.
Furthermore, the common structural core analysis showed that
the hits could bind to the ATP pocket of ATM. Therefore, we per-
formed molecular docking of these two inhibitors to ATM and
found that both molecules could dock to the ATP-binding pocket
of ATM with binding affinity at ~170 and 870 nM for OTSSP167
and AS1517499, respectively (fig. S23). The relative binding affinity
of the two inhibitors to ATM is consistent with their relative
potency in inhibiting ATM. Thus, our work suggests that both mol-
ecules inhibit ATM likely via direct binding to the ATP pocket
of ATM.

Our screening also identified one PI3K inhibitor, AS605240,
which blocked ATM. Thus, we measured other PI3K inhibitors’ ac-
tivity against ATM, which showed no effect (fig. S24A). This sug-
gests that AS605240 does not inhibit ATM via the PI3K pathway.
We determined ICsy, which showed two orders of magnitude
lower activity than BGT226 (fig. S24B). Last, we also determined
other mTOR inhibitors’ activity against ATM, which showed no
effect (fig. S24C). Thus, our screening identified BGT226 as a
potent ATM inhibitor with similar or slightly higher activity
than AZD0156.

Li et al., Sci. Adv. 9, eade3760 (2023) 1 March 2023

BGT226 selectively blocks ATM but not ATR

To further characterize the identified ATM inhibitor BGT226, we
determined its specificity against ATM over the closely related
ATR and DNA-PK. We induced ATM, ATR, and DNA-PK activity
using NCS-induced DNA damage. We measured their activities
using antibodies against phosphorylated ATM at residue 1981,
phosphorylated ATR at residue 1989, phosphorylated DNA-PK at
residue 2056, which have been widely used in determining activities
of these kinases (4, 5). Our characterization revealed potent activity
of BGT226 against ATM with ICs, = 3.1 + 0.8 nM (Fig. 6, A and B).
In contrast, BGT226 showed no inhibitory activity against ATR and
30-fold lower activity against DNA-PK. Structural modeling using
SwissDock (31) showed that BGT226 binds to the kinase domain of
ATM in the ATP-binding site (Fig. 6C), with large Gibbs free energy
change and an estimated dissociation constant (Kg) of ~20 nM. We
further demonstrated that BGT226 exhibited potent activity against
ATM in various cancer cells including HeLa and T98G (Fig. 6D and
fig. S25). Because ATM is a member of the PI3K-related kinase
family, which also includes PI3K and mTOR, it might be expected
that BGT226 has potent activity against ATM. BGT226 has great
selectivity for ATM over the closely related ATR and DNA-PK.

BGT226 sensitizes cancer cells to radiomimetic drugs

Blocking DDR by inhibiting, e.g., ATM/ATR has been shown to
sensitize cancer cells to radiotherapeutic treatments, because
under radiotherapy, cancer cells accumulate large DNA damage
and ATM/ATR plays an important role in DNA damage repair
(32-34). Inhibition of ATM/ATR blocks DDR and reduces survival
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of the cancer cells. For example, the ATM inhibitor AZD0156 has
been demonstrated to sensitize cancer cells for radiotherapy (35).
Here, we determined whether the identified ATM inhibitor
BGT226 is able to sensitize cancer cells to radiomimetic drug
NCS and compared it side by side with AZD0156.

Combination of BGT226 with NCS substantially sensitized HeLa
cells (Fig. 6E). BGT226 increased inhibition of the cancer cell
growth by up to ~22%. In particular, NCS itself (180 ng/ml)
blocked cancer cell proliferation by ~35%, which increased to
~57% when 11 nM BGT226 was combined. AZD0156 (11 nM)
also increased growth inhibition by ~15%, consistent with previous
reports (32, 34, 36). On the other hand, our data indicate that
BGT226 sensitizes the cancer cells to NCS more strongly than
AZDO0156, which is also true when lower concentrations of the
ATM inhibitors are combined with NCS. At 0.4 to 1.2 nM,
BGT226 increased inhibition of cancer cell growth by ~15%.
However, at these concentrations, AZD0156 did not increase inhi-
bition of cancer cell growth. Therefore, our data demonstrate that
BGT226 is able to sensitize cancer cells to the radiomimetic drug
and that it has stronger effect than AZD0156, consistent with slight-
ly more potent inhibitory activity of BGT226 than AZDO0156
against ATM.

Li et al., Sci. Adv. 9, eade3760 (2023) 1 March 2023

We next examined whether the observed effect of BGT226 is due
to its inhibitory activity against ATM or mTOR/PI3K. We com-
pared the effect of BGT226 with another PI3K/mTOR inhibitor
VS-5584 that has similar or stronger effect in inhibiting PI3K and
mTOR but no inhibition against ATM (37). We found that BGT226
but not VS-5584 sensitizes growth inhibition of cancer cells in re-
sponse to NCS treatment (fig. $26), demonstrating that the observed
effect of BGT226 is due to inhibition of ATM but not inhibition of
PI3K/mTOR. Last, to further examine whether the effect of BGT is
due to direct target engagement with ATM, we generated an ATM-
deficient cell line (fig. S27, A and B) and found that the effect of
BGT226 in growth inhibition when combined with NCS was lost
in this ATM-deficient cell line (fig. S27C). This demonstrates that
the effect of BGT226 is through direct engagement of ATM and
confirms the target specificity of BGT226 via ATM in sensitizing
cancer cells to NCS. Our results suggest that BGT226 may be com-
bined with radiotherapeutic treatment.

In summary, we have designed a GFP phase separation—based
activity reporter of ATM, which visualizes spatial and temporal dy-
namics of endogenous ATM activity in living cells. In the future, we
can apply the engineering principles used here to design reporters
of the other kinases in the DDR, including ATR, DNA-PK, Chkl,
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and Chk2. For example, we can use an ATR-specific phosphopep-
tide to sense kinase activity of ATR. Then, we can use the phospho-
peptide binding domain (e.g., FHA1) and the multivalent tags (e.g.,
HOTag3 and HOTag6) to induce GFP phase separation upon ATR
activation. Another direction in designing SPARK-based reporters
is to develop multicolor sensors using red and near-infrared fluores-
cent proteins and orthogonal HOTag pairs, which will be useful for
imaging multiple kinases in a signaling network such as in DDR.
The GFP phase separation—based SPARK represents a new class
of kinase activity reporters for robust imaging of kinase signaling
in living cells.

MATERIALS AND METHODS

Plasmid construction and lentivirus production

All plasmid constructs were created by standard molecular biology
techniques and confirmed by exhaustively sequencing the cloned
fragments. To create ATM-SPARK, DNA fragments encoding
LETVSTQELYSIP  (for ATM-SPARK) with an NLS
(PAAKRVKLD) were inserted to replace FK506 binding protein
(FKBP) in the pcDNA3 FKBP-EGFP-HOTag3 construct (15).
DNA sequence encoding FHA1 with NLS was inserted upstream
of a nonfluorescent GFP mutant (EGFP* containing Y66F muta-
tion), followed by HOTag6. A T2A sequence was further added to
3'-downstream of ATM-NLS-EGFP-HOTag3 via polymerase chain
reaction (PCR), and the resulting ATM-NLS-EGFR-HOTag3-T2A
fragment was then subcloned into 5'-upstream of FHA1-NLS-
EGFP*-HOTag6 to generate the full ATM-SPARK—-expressing
vector. The threonine was changed to alanine (LETVSAQELYSIP)
for the mutATM-SPARK via designed DNA oligonucleotide syn-
thesis. For lentiviral vector, the DNA fragment encoding ATM-
SPARK was cloned into pHR-SFFV-GFP1-10 to replace GFP1-10.
Lentivirus production followed standard protocol of “Improve Len-
tiviral Production Using Lipofectamine 3000 Reagent” from
Thermo Fisher Scientific.

Cell culture

The HEK293, Hela, U20S, T98G, and U87 cells were passaged in
Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum (FBS), nonessential amino acids, penicillin (100 U/
ml), and streptomycin (100 pg/ml). CHLA90 cells were following
similar protocol, except that FBS is 20%. All culture supplies were
obtained from the UCSF Cell Culture Facility.

Live-cell imaging
Cells were grown on Nunc Lab-Tek II chambered cover glass for
imaging experiment.

To express ATM-SPARK, HEK293 cells were transiently trans-
fected using calcium phosphate transfection reagent (15) with 300
ng of ATM-SPARK plasmid plus 50 ng of H2B-mIFP-T2A-
mCherry plasmid, 100 ng of mCherry-POLQ plasmid, or 300 ng
of dnATM (ATM kinase dead) or dnATR (ATR kinase dead).
Hela cells were transiently transfected using Lipofectamine 3000
transfection reagent with 300 ng of ATM-SPARK and 100 ng of
mApple-53BP1 or BRCA1-mCherry plasmids. HEK293 and Hela
cell were imaged 1 day after transfection. U20S, T98G, CHLA,
and U87 cells were infected with medium containing ATM-
SPARK lentivirus and imaged 3 days after infection.

Li et al., Sci. Adv. 9, eade3760 (2023) 1 March 2023

All imaging was carried out on Nikon Eclipse Ti inverted micro-
scope equipped with Yokogawa CSU-W1 confocal scanner unit
(Andor), digital complementary metal-oxide semiconductor
camera ORCA-Flash4.0 (Hamamatsu), and ASI MS-2000 XYZ au-
tomated stage (Applied Scientific Instrumentation). Imaging was
performed in environmental control unit incubation chamber (In
Vivo Scientific) maintained at 37°C and with 5% CO,. Fluorescence
images were acquired using Nikon CFI Plan Apochromatic 20x dry
[numerical aperture (NA), 0.75] objective or CFI apochromatic
TIRF 60x oil objective (NA, 1.49) against GFP, mCherry, or
mIFP per experiment settings. Imaging started before adding
NCS (500 ng/ml) or etoposide (3 uM) and continued for around
1.3 hours. For experiments with inhibitors (KU-55933, AZD6738,
and NU7026), cells were pretreated with inhibitors (20 uM) or
DMSO before NCS treatment. To demonstrate sensor reversibility,
cells were preincubated with NCS and then treated with KU-55933
or DMSO, and imaging started for several frames before adding
KU-55933 or DMSO and continued for around 1 hour.

Laser-induced DNA damage

HEK?293 cells grown on four-compartment glass-bottom dishes
were transfected with ATM-SPARK and mCherry-POLQ plasmids.
Twenty-four hours after transfection, the cells were irradiated on
two spatially localized area by General Electric DeltaVision OMX-
SR super-resolution microscope. The region of interest roughly 0.5
pum in diameter (60x 1.42 NA oil-immersion objective) was selected
and irradiated with a 405-nm argon laser at 5% power for 0.25 s.
Imaging were taken with 30-s interval for 30 min.

Telomere DNA FISH combined with immunofluorescence
Telomere DNA FISH were performed as described (20). Briefly,
Hela cells grown on eight-well chambered slide (Nunc Lab-Tek II,
155409) were transfected with ATM-SPARK plasmid. Thirty
minutes after challenged with NCS, cells were fixed in 4% (w/v)
paraformaldehyde for 10 min at room temperature. After fixation,
cells were permeabilized in 1x phosphate-buffered saline (PBS) with
0.5% Triton X-100 for 10 min at room temperature. Cells were in-
cubated in 0.1 N of HCI for 5 min and washed twice in 2x saline-
sodium citrate (SSC) with 0.1% Tween 20 (SSCT) for 2 min. After
incubated in 2x SSCT with 50% formamide for 1 hour at 60°C, the
well was loaded with 150 ul of ISH solution [2x SSCT, 50% (v/v)
formamide, 10% dextran sulfate, ribonuclease A (400 ng/ul), and
100 nM probe]. After denaturation at 80°C for 3 min, cells were in-
cubated overnight at 44°C.

After hybridization, cells were washed four times in 2x SSCT at
60°C and rinsed in 1x PBS for 1 min. Cells then incubated with 1
uM Atto 550-labeled imager in PBS and washed twice in 1x PBS.
The cells were blocked with 2% bovine serum albumin and 10% goat
serum in PBS. Then stained with anti-GFP antibody (1:200 dilution;
Abcam, Ab290) 3 hours at room temperature. After washing three
times with phosphate-buffered saline with 0.1% Tween 20 (PBST),
the cells incubated with Alexa Fluor 488—conjugated secondary an-
tibodies (1:200 dilution; Cell Signaling Technology, #4412) at room
temperature for 1 hour. The telomere probe sequence is ACATCAT-
CATGGGCCTTTTGGCCCATGATGATGTATGATGATG/
3InvdT/, and the Imager sequence is
ATGATGATGTATGATGATGT.
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Phosphatase screening

To generate the phosphatase library, cDNAs of phosphatases were
amplified from Human ORFeome cDNA clone library and cloned
into pcDNA vector (pcDNA3-phosphatases). pcDNA3-phospha-
tases were aliquoted into 96-well plate at 200 ng/ul. For screening,
HEK293 cells were seeded into 96-well plate and transfected with
100 ng of plasmid expressing ATM-SPARK and 100 ng of
plasmid expressing phosphatases on the second day. Screening
was carried out 1 day after transfection with snapshot imaging 1
hour after 3 M etoposide treatment using 20x dry objective. Pos-
itive hits were identified, and further validation was carried out with
time-lapse imaging under a 60x objective. D82A mutant PPP4C was
generated through overlapping PCR using primers containing the
mutation.

Screening small-molecule inhibitor

Inhibitor libraries were purchased from TargetMol and MedChe-
mExpress (MCE) and then aliquoted into 96-well plate at 100
uM. For screening, HEK293 cells from a 10-cm plate were suspend-
ed in 19 ml of medium. Thirty micrograms of ATM-SPARK-ex-
pressing plasmid was mixed with 1.2 ml of 1x Hanks' balanced
salt buffer and 70 pl of 2.5 M of CaCl, for 20 min in room temper-
ature. The mixture was added into the cell suspension and then ali-
quoted in 96-well plate for 100 ul per well. On the second day, 1 ul of
inhibitor (100 uM aliquots in the 96-well plate) was added into the
96-well plate with cells; 1 hour later, etoposide was further aliquoted
into each well (final concentration of 3 uM). Imaging was carried
out 1 hour after etoposide treatment under 20x objective.

Dose titration of identified hits followed similar procedures as in
screening except for that inhibitor were added as 3x dilution series
starting from 3 pM. Quantification was done by calculating ATM-
SPARK value.

Generation of knockout cells

Guide RNAs for targeting human STAT6 (AGGGAATGGCG-
CACCGTTTG) and human MELK (CTATCTGACGGAAGA-
CAACC) were designed using CHOPCHOP (http://chopchop.
cbu.uib.no/) with nontargeted short-guide RNA (sgRNA) (ACG-
GAGGCTAAGCGTCGCAA) as control. DNA oligos were
ordered, annealed, and cloned into LentiCRISPRv2 vector follow-
ing standard protocol (38). Lentivirus were produced and used to
infect U20s cell. After puromycin selection, single clones were
picked up, propagated, and then proceeded for Western blot anal-
ysis against STAT6 or MELK.

Generation of ATM knockdown cell lines

An inducible CRISPR interference (CRISPRi) system was used to
repress ATM expression in MDA-MB231 cells. The MDA-MB231
cells were transduced to express catalytically inactive cas9 (dcas9)
and Kriippel-associated box (KRAB) domain fusion protein that
was further tagged to a reporter fluorescent protein mCherry. The
expression of the dcas9-KRAB fusion protein was under the control
of inducible Tet3 system (Clonetech; inducible in the presence of
doxycycline). For the transduction of MDA-MB231 cells, lentiviral
particles were generated in HEK293T cells. Packaging plasmids
psPAX2 and envelope plasmid pMD2G were used. MDA-MB231
cells expressing dcas9-KRAB-mCherry fusion proteins were select-
ed by cell sorting (Sony SH800) for mCherry-positive cells. The
sorted cells were then further transduced with lentiviral particles
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with ATM-specific sgRNAs tagged to blue fluorescent protein
(BFP) reporter gene. The sgRNA against ATM was selected from
previously published and validated data from genome-scale libraries
for CRISPRi-mediated loss-of-function genomic screens (39). The
sgRNA was cloned into pU6-sgRNA Efla Puro-T2A-BFP vector
(reporter protein BFP). BFP-positive cells were selected by single-
cell sorting, and several cell lines were expanded from single-cell
clones. TRE3G-KRAB-dcas9-P2A-mcherry and pU6-sgRNA Efla
Puro-T2A-BFP vector plasmids were gifts from L. Gilbert and
J. Weismann laboratories.

In validation of the clones, to induce ATM repression, the clones
were cultured in the presence of doxycycline (0.5 ug/ml) for 72
hours. To validate repression of ATM, total RNA was isolated
from the control cells and the clones using a QTAGEN RNeasy
mini kit. The reverse transcription PCR (RT-PCR) assay was per-
formed with the iScript cDNA Synthesis Kit (Bio-Rad). The expres-
sion levels of ATM (Hs00175892_ml) and control gene
endogenous human B-actin (Hs1060665_g1) were determined by
quantitative RT-PCR. Each gene was tested in the clone and the
control cell line in triplicates in three independent experiments.
The relative changes in gene expression were normalized to endog-
enous human B-actin gene expression levels respectively by the
—2%4¢T method. On the basis of the results, the clone University
of California Santa Cruz (UCSC) ATM A5 was selected as a clone
that shows the repression of ATM expression.

Western blot

HEK293 cells were pretreated with BGT226 or AZD0156 for 1 hour
with titration starting from 1 uM. Then, NCS (500 ng/ml) or etopo-
side (3 uM) was added for 1 hour. After that, cells were washed three
times in cold PBS and lysed in 1x lysis buffer (with protease inhib-
itor and phosphatase inhibitor added). The lysate was further incu-
bated at 4°C for 40 min and centrifuged at 15,000g at 4°C for 20 min.
Supernatant was collected and mixed with NuPAGE LDS sample
buffer (4x). Sample was further resolved in NuPAGE 4 to 12%
bis-tris protein gels. After transferring, the membrane were
blocked in PBST containing 5% nonfat milk and incubated with
first antibodies (1:1000; except for anti—f-actin antibody at
1:5000) at 4°C overnight. On the following day, membrane was
washed three times in PBST and then incubated in horseradish per-
oxidase—conjugated second antibodies (1:3000) for 1 hour at room
temperature. After washing three times with PBST, signal was visu-
alized using standard enhanced chemiluminesence substrate on
film. Blots were quantified with Image].

Cell growth assays

HeLa cells were seeded on 384-well plate. On the second day, NCS,
BGT226, and AZDO0156 were added at dose series at 3x dilution.
NCS doses started from 180 ng/ml for five titrations, while doses
for BGT226 and AZDO0156 started from 100 nM for six titrations.
Combinations between NCS and BGT226/AZD0156 were set for
triplicates. Cell viability was tested 3 days after adding drugs with
CellTiter-Glo 2.0 Cell Viability Assay following standard protocol.
Cell growth inhibition was calculated by normalizing with DMSO-
treated cell.

Docking
Docking of BGT226, OTSSP167, and AS1517499 to ATM was per-
formed using SwissDock. The BGT226 mol2 file containing the
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atomic coordinates of BGT226 was downloaded from LigandBox
database. The kinase domain of ATM from pdb file 7ni4 was used
as the template for docking. Residues within the docking site were
set to be flexible within 5 A. K of BGT226 to the kinase domain of
ATM was derived from the free energy change, which was obtained
from SwissDock.

Image analysis

For quantitative analysis of the SPARK signal, images were pro-
cessed in Image]. The sum of droplet’s pixel fluorescence intensity
and the cells’ pixel intensity was scored using Analyze Particle func-
tion in Image]. In particular, to analyze the images, we used
“Analyze Particle” function in Image]J, which involve two "mask”
process. In the first mask, droplet’s signal was masked using high
threshold based on the distinct intensity from fluorescent signal
in the cell, while in the second mark, the fluorescent signal of the
whole cell was masked from background signal using low threshold
(slightly above background). For each mask, Analyze Particle func-
tion was applied for calculating the sum of droplet's pixel fluores-
cence intensity and the sum of the cells’ pixel intensity. Then, the
SPARK signal was determined by calculating the ratio of “the sum
of droplet’s pixel fluorescence intensity over the sum of the cells’
pixel intensity.” For the normalized SPARK value (e.g., in
Fig. 1E), the SPARK values at different time points were normalized
to the peak SPARK value.

Western blot analysis

For quantitative analysis of the Western blot signal, films were
scanned as JPEG and imported to Image]. Bands were inverted
and selected with region of interest (ROI) function. A region
without band was selected as background. Mean gray value within
each ROI was analyzed, and band signal was calculated after sub-
tracting with background. Phosphorylation level was calculated by
dividing the band value of phosphoband to total protein band. Nor-
malized phosphorylation after inhibitor treatment was calculated by
normalizing the value of phospho/total protein to that of DMSO-
treated cells.

Data quantification and plotting

All data were quantified and plotted using GraphPad Prism 8. ICs,
was calculated using nonlinear fit function. Comparison between
groups was done using Student'’s ¢ test function.
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Key Resource Table

Figs. S1 to S27
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