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Abstract

Background: Spatial and temporal control of DNA damage response pathways after DNA
damage is crucial for maintenance of genomic stability. Ataxia telangiectasia mutated (ATM)
protein plays a central role in DNA damage response pathways. The chain of events
following induction of DNA damage that results in full activation of ATM are still evolving.
Here we set out to explore the role of CREB-binding protein (CBP), a histone
acetyltransferase (HAT), in DNA damage response, particularly in the ATM activation

pathway.

Results: In response to DNA damage, CBP is stabilized and is recruited at sites of DNA
double strand breaks where it acetylates ATM and promotes its kinase activity. Cells
deficient in CBP display an impairment in DNA double strand break repair and high
sensitivity to chemo- and radiotherapy. Importantly, re-expressing CBP’s HAT domain in
CBP deficient cells restores the DNA repair capability, demonstrating the essential role of

CBP’s HAT domain in repairing DNA double strand breaks.

Conclusions: Together, our findings shed the light on CBP as a key participant in the ATM
activation pathway and in the subsequent repair of DNA double strand breaks, which may
serve as a potential target to modulate the cellular response to DNA damaging agents in

cancer.
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Background

Genotoxic stress is a ubiquitous form of cellular stress that is caused by endogenous (e.g.
reactive oxygen species) and exogenous agents (e.g. chemo- and radiotherapy), inducing
DNA damage and genomic instability [1]. Cells counteract the induced DNA damage by
utilizing a highly conserved DNA damage response (DDR) pathways, which are
indispensable surveillance networks for maintaining genomic integrity and stability. DDR has
been envisioned as a cascade of signal transduction initiated by DNA damage sensors to
activate transducers that passed down the signal to the effector proteins to execute the
essential cellular functions such as cell cycle arrest, DNA repair, apoptosis or cell senescence
[2]. Among a variety of functionally diverse proteins in DDR machinery, Ataxia
telangiectasia mutated (ATM) has been well recognized as the most upstream kinase which
orchestrates a complex network of signaling events and triggers activation of several
downstream targets such as Chk2, Chk1, 53BP1 and BRCAL, in response to DNA double
strand breaks (DSBs) [3]. Indeed, DNA DSBs are extremely cytotoxic and more difficult to
repair compared to other types of DNA lesions. DSBs can be repaired by one of the two
distinct pathways, homologous recombination (HR) and non-homologous end joining (NHEJ).
HR repair pathway is highly accurate, which requires the homologous sister chromatid for
ligation of DSBs ends. It involves the MRN complex, CtIP, RAD51, and strand exchange to
restore lost information [4]. While NHEJ is an error-prone repair pathway, which involves the
joining of DSBs ends with minimal DNA processing. In NHEJ, Ku70/Ku80 heterodimers
recruit DNA-PK to process DNA ends and ligate them with the XRCC4/Ligase IV complex.
Both DSBs repair pathways are regulated by DDR kinases, including ATM, and are essential
for maintaining genome integrity [5]. Despite of the vast volume of reports about ATM

activation under DNA damage, the initiation of ATM activation after induction of DNA



DSBs is still not fully understood. In addition, the requirement of MRN complex for ATM
activation is still a matter of controversy [6, 7]. Recently, histone acetyltransferases (HATS)
and histone deacetylases (HDACSs) have been emerged as new players in ATM signaling
through regulating the level of ATM acetylation under DNA damage [8-11]. The acetylation
of ATM s required for the induction of its kinase activity and so far, Tip60 is the only
reported HAT that is involved in ATM acetylation. Later on, many studies showed that
acetylation mediated by HATSs is an important covalent modification which regulates the
activity of many other DDR proteins, highlighting the crucial role of HATs in the DDR [12,
3].

HATS represent a large group of proteins that regulate many cellular processes by modifying
the acetylation status of histone and non-histone proteins and by acting as transcriptional co-
activators [13]. Among HAT family, CREB-binding protein (CBP) is localized in the nucleus
and has been reported as an essential player in a wide array of critical processes underlying
cellular activities such as cell growth, differentiation, apoptosis, cell cycle and DNA repair.
Recent observations indicate that CBP deregulation may disrupt cellular homeostasis,
therefore, genetic alterations as well as functional dysregulation of CBP have been implicated
in the pathogenesis of many human cancers including breast cancer [14-18]. Further studies
have demonstrated the requirement of CBP for genotoxic stress response and for maintaining
genome integrity [19-21]. The acetylation of p53 by CBP in response to DNA damage is
commonly known to increase its transcriptional activity [22]. The contribution of CBP in
DNA repair has been reported through its role in the recruitment of NHEJ factors to the sites
of DNA damage and in the acetylation of PCNA to direct its degradation during nucleotide
excision repair [23, 24]. Furthermore, the transcriptional activation properties of CBP through
histone acetylation have been evolved to induce the transcription of two regulators of HR,

BRCAL and RAD51 [25]. Though previous reports have demonstrated the role of CBP in
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DNA repair pathways, the involvement of CBP in the initial events of activating DDR
pathways and the potential of targeting CBP in breast cancer therapy remains poorly
understood.

Here we show that CBP is recruited at sites of DNA damage and its stability is increased
under DNA damage. Our findings suggest that CBP is involved in ATM acetylation that
induces the activity of ATM and promotes DNA DSBs repair. We demonstrate that CBP
depletion impairs the DNA repair capacity and subsequently increases the sensitivity of
breast cancer cells to chemo- and radiotherapy. Thus, our findings reported here provide
mechanistic insights into the way by which CBP is involved in DDR pathway and define
CBP as an important player in the repair of DNA DSBs through regulating ATM activity

under DNA damage.

Results

CBP protein is stabilized upon DNA damage and is recruited at sites of DSBs

First, we sought to investigate the role of CBP in DDR in breast cancer. To that end, we
selected the luminal breast cancer cell lines (MCF7 and T47D) based on prior finding
indicating that CBP is highly expressed in luminal subtypes [14]. The selection of these two
cell lines was also based on their distinct p53 status, MCF7 cells harbour wild-type p53 while
T47D cells contain mutant p53, which is critical for DNA repair. CBP levels were
subsequently measured in these cell lines after treatment with 5uM of Doxorubicin (DOX).
Notably, CBP protein level was increased in a time-dependent manner in both MCF7 and
T47D cells post-DOX treatment (Fig. la-c). Consequently, we observed also a time-
dependent increase in the acetylation level of the CBP downstream target p53 at lysine 382.
In order to test whether this effect is DOX-specific, we analyzed the effect of other DNA

damaging agents including Cisplatin (CIS), Mitomycin C (MMC) and Etoposide (ETOP) on
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CBP protein levels. The immunoblotting analysis demonstrates a prominent increase in CBP
level after ETOP similar to that after DOX and obviously modest increase after CIS or MMC
treatment (Fig. 1d). The mRNA level of CBP didn’t increase following treatment with DOX
(Additional file 1: Fig. S1a), indicating that the DNA damage-dependent regulation of CBP
is post-transcriptional. To investigate this, we inhibited the protein synthesis in T47D cells
using the protein synthesis inhibitor cycloheximide to measure the degradation rate of CBP
after DNA damage by DOX or ionizing radiation (IR). The results revealed that, after
cycloheximide treatment, CBP degradation is less efficient following DNA damage induced
by either DOX (5uM) or IR (10Gray) compared to undamaged cells (Additional file 1: Fig.
S1b-d). These findings suggest that the degradation rate of CBP may decrease following

DNA damage, resulting in enhanced CBP stability.

Since CBP levels are increased specifically after treatment with IR, DOX and ETOP, which
mainly generate DNA DSBs, we therefore sought to test the involvement of CBP in the repair
of such DNA damage. We firstly looked for the endogenous localization of CBP at sites of
DNA DSBs in T47D cells. Similar to other DDR proteins as KU70/80, DNA-PKcs, and
ligases [26, 27], CBP doesn’t form foci upon DNA damage induction but instead displays a
pan-nuclear distribution pattern (data not shown). Therefore, we used proximity ligation
assay (PLA), which enables the in situ detection of endogenous protein interactions with
exceptional specificity and sensitivity (Additional file 1: Fig. S2a-c) [28]. Using PLA, we
reported that CBP colocalizes apparently with yH2AX, a marker for DSBs, at 5 and 30mins
after 2Gray (Gy) exposure and 4 and 8h post-ETOP treatment, however this colocalization
occurred slightly after CIS treatment (Fig. 1e). Similar results of CBP recruitment at DNA
damage sites were observed with MCF7 cells following IR (Additional file 1: Fig. S2d).

Furthermore, PLA and co-immunoprecipitation experiments demonstrated an enhanced



interaction between CBP and 53BP1, a downstream effector of yH2AX, following DNA
damage induction (Additional file 1: Fig. S2e, f), further supporting the recruitment of CBP
at DSB sites. Collectively, these results demonstrate that CBP is more stabilized upon DNA

damage and mainly recruited at DNA DSB sites.

CBP downregulation impairs DNA DSB repair

To evaluate the functional importance of CBP in DSB repair, we efficiently depleted CBP
using siRNA in both MCF7 and T47D cells (Additional file 1: Fig. S3a) and monitored the
phosphorylation of H2AX at S139 (yH2AX). CBP depletion significantly increased the
number of YH2AX foci detected at the 8h time-point after DOX treatment in both cell lines,
indicating a role for CBP in repairing DSBs (Fig. 2a). This data was recapitulated in T47D
cells after irradiation with 2Gy. We observed no change in the number of yH2AX foci at 1h
post-2Gy in CBP-depleted T47D cells compared to their wild-type counterparts. However, an
increased number of residual YH2AX foci at 24h post-2Gy was demonstrated in CBP-
knockdown cells (Additional file 1: Fig. S3b). In order to confirm that the detected YH2AX
foci represent open DNA ends rather than a delay in H2AX dephosphorylation, physically
opened DSBs were monitored using a neutral comet assay in CBP-depleted MCF7 or T47D
cells after DOX treatment. Results revealed that the tail moments of CBP-depleted cells were
markedly higher than those of control cells after 8h of DOX treatment (Fig. 2b; Additional
file 1: Fig. S3c). Additionally, the length and intensity of the comet were significantly higher
in CBP-depleted cells compared to CBP-proficient cells after 6h of drug removal and
persisting at the same level up to 12h, indicating compromised repair in CBP-deficient cells.
Consistently, the clonogenic cell survival assay showed that CBP-depleted T47D or MCF7
cells exhibited higher sensitivity to DOX than cells transfected with control siRNA (Fig. 2c;

Additional file 1: Fig. S3d).



To further support our finding, we utilized CRISPR-Cas9 technology to generate CBP
knockout (KO) cells. Six different CBP KO clones were generated, exhibiting varying levels
of DDR kinase, ATM (Additional file 1: Fig. S4). To exclude the effect of variation in ATM
levels, we selected two CBP KO cells with distinct ATM expression levels to further
recapitulated our data on CBP’s involvement in DNA repair (Additional file 1: Fig. S5a).
Although there was no difference in the number of yH2AX and 53BP1 foci (DSB marker) at
1h post-2Gy, the number of YH2AX and 53BP1 foci was significantly higher at 24h post-2Gy
in CBP KO T47D cells compared to their wild-type counterparts (Additional file 1: Fig.
S5b). Using the comet assay, the tail moments of CBP KO sublines were greater than those
of wild-type cells after 6 and 12h of DOX removal, indicating impaired DSB repair in CBP
KO cells (Additional file 1: Fig. S5c). Additionally, the clonogenic cell survival assay
showed increased sensitivity of CBP KO cells to various concentrations of DOX compared to
parental T47D cells (Additional file 1: Fig. S5d). Ultimately, impaired ATM and Chk2
phosphorylation were observed in CBP KO cells after DOX or ETOP treatment (Additional
file 1: Fig. S5e-g). Taken together, these results indicate that CBP contributes to the repair of

DNA DSBs.

CBP is involved in ATM activation in response to DNA damage

HATSs have been linked to ATM-dependent DNA damage signaling [8-10]. It is therefore
plausible to suggest that the HAT CBP might be involved in DNA DSB repair by regulating
ATM activity. To test this possibility, we first investigated the potential effect of CBP
knockdown on DOX-induced ATM phosphorylation at S1981 (Fig. 3a). SIRNA-mediated
CBP silencing decreased the level of DOX-induced p53 acetylation in MCF7 and T47D cells
(Fig. 3c, e). Strikingly, ATM phosphorylation was impaired in CBP-knockdown MCF7 and
T47D cells after DOX treatment (Fig. 3a, b, d). DNA damage-induced p-ATM foci were
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dramatically reduced in CBP-depleted MCF7 and T47D cells upon DOX treatment (Fig. 3f).
The phosphorylation of the ATM downstream proteins, Chk2 at Thr68 and p53 at S15, was
reduced in T47D cells (Fig. 3d, €) and consequently the expression of p21 was decreased.
Similar results were obtained in another breast cancer cell line, MDA-MB-231 cells
(Additional file 1: Fig. S6a, b). Surprisingly, an increase in p-Chk2 levels was observed in
CBP-depleted MCF7 cells after DOX treatment (Fig. 3b). This effect appears to be
dependent on the p53 status of breast cancer cells. MCF7 cells express wild-type p53, while
T47D and MDA-MB-231 cells harbour p53 mutations. Therefore, it seems that the level of p-
Chk2 is maintained high, independent of p-ATM, to sustain the G1 arrest in CBP-depleted
p53-wild-type MCF7 cells after DOX-indued DNA damage [29, 30]. These findings establish
the pivotal function of CBP in promoting the activation of ATM and its downstream players
in response to DNA damage in breast cancer cells. Consistent with this, further testing of the
ATR/Chk1 axis revealed no significant changes upon CBP downregulation (Additional file 1:

Fig. S6c, d).

To further substantiate the association of CBP and ATM phosphorylation, we evaluated the
levels of CBP expression and p-ATM in breast cancer tissues by immunohistochemical
staining (Fig. 3g). We observed a positive correlation between CBP expression and ATM
phosphorylation in breast cancer specimens (p=0.0007) (Fig.3h). Since our data
demonstrated that CBP expression is mainly induced by DSBs and to a lesser extent by
replication-associated damage (e.g. after CIS and MMC treatments), the correlation between
CBP and p-ATM signals in patient tissues is not a strong, as the detected p-ATM signal in
these tissues primarily reflects endogenous DNA damage arising from replication-associated

damage.



Involvement of CBP in DNA DSB repair is ATM-dependent

The above results indicate an ATM-dependent role of CBP in DSB repair. To address this
issue, ATM was inhibited by pre-treatment with the ATM inhibitor (ATMi) KU55933
(2.5uM or 5uM) for 2h before IR in CBP-depleted T47D cells and YH2AX and 53BP1 foci
were then monitored at 1 and 24h post-IR (Fig. 4a). Again, CBP-depleted cells showed more
residual yH2AX and 53BP1 foci at 24h post-IR compared to non-depleted cells. However, no
further increase in the residual foci was observed upon pre-treating CBP-depleted cells with
2.5uM or 5uM of KU55933 (Fig. 4a; Additional file 1: Fig. S7a). Consistently, no
significant differences were found in the tail moment of CBP-depleted T47D cells with and
without treatment with 5uM of ATMi 24h post-IR (Fig. 4b). This data was further
recapitulated in the previously described ATM-deficient SKX cells, which were established
from a biopsy obtained from a head and neck cancer patient [31]. CBP depletion did not
further increase the number of residual yH2AX and 53BP1 foci 24h post-2Gy in SKX cells
(Additional file 1: Fig. S7b, c). CBP-downregulated T47D cells displayed increased
sensitivity to IR compared to CBP-proficient cells. Pre-treatment with 2.5uM of KU55933
did not further increase the radiosensitivity of CBP-depleted cells (Fig. 4c); however a slight
increase was observed after treatment with 5uM of ATMi (Fig. 4c). Importantly, the
radiosensitivity of ATM-deficient SKX cells was not affected by CBP downregulation (Fig.
4d). Together, these results indicate that CBP mediates the response to DNA damage
primarily through ATM and provide evidence of an ATM deficient phenotype in CBP-

depleted cells.

The role of CBP in DNA damage response is independent on estrogen receptor status

CBP has been reported as a coactivator of estrogen receptor (ER) to induce the expression of
estrogen-response elements [32-34]. The level of CBP has recently been found to be
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positively correlated with ER status in breast cancer patients [14]. It is also known that the
sensitivity of breast cancer patients to chemo- and radiotherapy is affected by the molecular
characteristic of cancer cells, including ER status [35, 36]. Therefore, it is plausible to
suggest a scenario whereby CBP regulates ATM and, consequently, DNA DSB through the
ER. To test this hypothesis, we first treated ER-positive T47D cells with 10nM of the ER
degrader, ICI 182780, for 4h before irradiating them with 2Gy and analyzing the
colocalization of CBP with yH2AX. Results revealed that the CBP-yH2AX PLA signal
increased in T47D cells after 2Gy in a similar manner, both with and without the addition of
the ER degrader (Fig. 5a). Similarly, the CBP-yH2AX PLA signal was also increased in the
ER-negative BT549 cells 5mins post-2Gy (Fig. 5b), indicating an ER-independent
recruitment of CBP to the DSB sites. The number of residual YH2AX/53BP1 foci at 24h post-
2Gy was not changed in CBP-depleted T47D cells pretreated with the ER degrader (Fig. 5c).
Moreover, the number of yYH2AX/53BP1 foci in the ER-negative BT549 cells was
significantly higher in CBP-depleted cells compared to non-depleted cells (Fig. 5d).
Additionally, similar to what is reported for T47D cells in Fig. 4, no significant changes in
the number of residual YH2AX/53BP1 foci were found in CBP-depleted BT549 cells pre-
treated with or without the ATMi (Fig. 5d). These data were recapitulated after damaging
DNA with ETOP instead of IR (Additional file 1: Fig. S8). Further investigation
demonstrated that ER inhibition slightly radiosensitized the T47D cells. More importantly, no
further sensitization was detected in CBP-depleted T47D cells after ER degradation (Fig. 5e).
CBP depletion enhanced radiosensitivity in BT549 cells. This radiosensitization effect was
not further enhanced upon ATM inhibition (Fig. 5f), supporting the ATM-dependent function
of CBP in ER-negative cells. Similar results were also reported in the lung cancer A549 cell

line, where the ATM-dependent function of CBP in DSB repair was observed (Additional
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file 1: Fig. S9). Collectively, these results reveal that CBP regulates ATM activity in the

response to DNA damage independently of ER.

CBP interacts with ATM and regulates its recruitment at sites of DNA DSB

Next, we sought to analyze the mechanism underlying CBP’s role in ATM activation. Firstly,
we tested whether CBP is required for ATM recruitment at DSB sites. To this end, CBP was
depleted in T47D cells, and the recruitment of ATM at DSB sites was investigated by
monitoring the ATM-yH2AX PLA signals after DNA damage. A significant reduction in the
number of ATM-yH2AX PLA signals was observed 5mins post-2Gy in CBP-depleted (Fig.

6a) and CBP KO clones (Fig. 6b).

On the other hand, inhibition of ATM activity by KU55933 under DOX treatment didn’t
affect (i) the HAT activity of CBP, as indicated by the unchanged level of acetyl-p53 at
lysine 382 (Fig. 6¢), or (ii) the CBP-yH2AX co-existence, as measured by the PLA assay
(Fig. 6d). These data suggest that CBP may function upstream of ATM in response to DNA
damage. Previously, Jang et al. demonstrated that the CBP partner p300 is involved in
acetylating and controlling the stability of NBS1 [37]. Since NBS1 mediates the recruitment
of ATM to DNA damage sites [38], we investigated if CBP also modulates the stability of
NBSL1 in response to DNA damage. The time-course analysis of NBS1 expression after DOX
treatment revealed no reduction in the level of NBS1 in CBP-depleted cells compared to their
wild-type counterparts (Additional file 1: Fig. S10a). Furthermore, the recruitment of NBS1
to DNA damage sites remained unaffected by CBP loss (Additional file 1: Fig. S10b, c),

excluding the involvement of NBS1 in the CBP-ATM axis.

Based on the apparent link between CBP and ATM, we speculated that they bind directly to

each other. In line with this assumption, co-immunoprecipitation analysis revealed that CBP
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forms a complex with ATM independent of DNA. However, their interaction was further
augmented upon DNA damage induced by DOX in T47D cells (Fig. 7a, b). Reciprocal
immunoprecipitation further validated the CBP-ATM interaction (Additional file 1: Fig.
Sl1la). Similar results were observed in MCF7 cells, reinforcing the notion of a direct
association between CBP and ATM, which is strengthened upon DNA damage (Additional
file 1: Fig. S11b). Interestingly, ATM phosphorylation was increased in the CBP
immunoprecipitated samples after DNA damage (Fig. 7b). Using a PLA assay, we
recapitulated the direct association between the two proteins after IR by demonstrating higher
colocalization between CBP and ATM at 5mins, which then decreased after 30mins post-2Gy
(Fig. 7c), indicating the involvement of CBP in the early events of DDR. Supporting the data
in Fig. 1d that CBP mainly contributes to the response to DSBs, CBP-ATM colocalization
was enhanced after treatment with the DSB inducer ETOP but was clearly lower after
treatment with the DNA cross-linker CIS compared to IR exposure (Fig. 7c; Additional file
1: Fig. S11c). Again, the enhanced ATM-CBP colocalization by ETOP or IR was
independent of ER (Additional file 1: Fig. S11c-e). These data collectively reveal that CBP
regulates DDR through interaction with ATM to facilitate its recruitment and activation,

mainly upon DSBs induction.

Interestingly, PLA signals for ATM-CBP and, to a lesser extent, for ATM-yH2AX were also
observed outside of the DAPI-stained regions. These extra-DAPI PLA signals can be
attributed to the extra-chromatid role of ATM in DDR, including its cytoplasmic interactions
and responses to oxidative stress [39-41]. In the nucleus, ATM functions on chromatin by
phosphorylating H2AX and chromatin-related substrates, as well as extra-chromatin,

regulating the cell cycle through phosphorylation of Chk1/2 and related genes.
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CBP mediates ATM activity through acetylation

ATM has been reported to undergo rapid acetylation in response to DSBs, which is
demonstrated to be critical for the activation of its kinase activity [8]. Since CBP retains HAT
activity, it was rational to speculate that CBP may be involved in the acetylation of ATM
upon DNA damage. Therefore, we set out to examine the acetylation of ATM in CBP-
downregulated T47D cells following DOX treatment. The acetylation level of ATM was
measured using a previously characterized acetyl lysine-specific antibody [42]. ATM was
immunoprecipitated from CBP-depleted T47D cell lysates, followed by immunoblotting with
a pan-acetyl-lysine antibody. Notably, CBP depletion led to a reduction in the acetyl-ATM
levels upon DNA damage induced by DOX in T47D cells (Fig. 7d, e). To strengthen the
hypothesis that CBP’s HAT activity is involved in ATM acetylation, we pre-treated the cells
with 8uM of the CBP HAT inhibitor C646. This treatment resulted in a notable reduction in
ATM acetylation levels, an effect comparable to that seen with the Tip60 HAT inhibitor
NU9056 (Fig. 7f, g). Additionally, we measured the HAT activity of CBP derived from
DOX-treated T47D cells using an ATM peptide corresponding to amino acids sites 3007 to
3024, which contains the only site previously shown to be acetylated in ATM, namely lysin
3016 [43]. As shown in Fig. 7h, the immunoprecipitated CBP potently acetylates ATM
peptide containing lysine 3016 following exposure to DOX as efficiently as the positive
control p53 peptide. Pre-treating the cells with CBP HAT inhibitor prevented the DOX-
induced acetylation of the ATM peptide. A similar effect was observed when the cells were

pre-treated with the Tip60 HAT inhibitor.

In line with the idea of ATM acetylation by CBP, the number of ATM-yH2AX PLA signal at
5mins post-2Gy was significantly decreased upon inhibition of CBP HAT activity in T47D
cells using the C646 inhibitor (Additional file 1: Fig. S12a). A similar effect was observed

14



upon inhibition of Tip60 HAT activity. Furthermore, the phosphorylation of ATM and its
downstream target Chk2 were reduced after inhibition of CBP HAT activity (Additional file
1: Fig. S12b). Consequently, depletion or inhibition of CBP enhanced the sensitivity of T47D
cells to DOX (Additional file 1: Fig. S12c, d). To ensure that CBP and Tip60 are not
compensating for each other in the regulation of ATM acetylation and activation, we
measured ATM acetylation and phosphorylation under conditions where the HAT activity of
CBP and Tip60 was inhibited both individually and in combination (Additional file 1: Fig.
S12e, f). Our results demonstrate that inhibition of either CBP or Tip60 individually led to a
reduction in ATM acetylation and downstream phosphorylation of ATM, Chk2, and p53.
Notably, when both acetylases were inhibited simultaneously, the reduction in protein
activation was slightly pronounced, indicating that CBP and Tip60 do not completely

compensate for each other in regulating ATM acetylation and activation.

To further validate the critical role of CBP HAT activity in DSBs repair, we transfected CBP
KO T47D cells with a plasmid expressing GFP-CBP HAT domain. Complementation with
the HAT domain rescued DNA repair in CBP KO cells as evidenced by a significantly lower
number of YH2AX foci in GFP-positive cells compared to GFP-negative cells (Fig. 8a). Of
note, the CBP bromodomain, but not the CH3-domain could also rescue repair efficiency in
CBP KO cells (Fig. 8a), indicating a role for the bromodomain of CBP in DSB repair. These
results were further reflected in the ability of the wild-type, but not the mutant, HAT domain
of CBP to rescue DNA DSB repair efficiency in CBP KO cells (Fig. 8b). Taken together,
these results suggest that CBP contributes to ATM acetylation and activation in response to

DSBs.
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Discussion

The findings here show that CBP plays a significant role in the cellular response to DNA
damage through the acetylation and activation of ATM upon induction of DNA DSBs.

The level of CBP was found to be increased in cells undergoing DNA damage, due to
enhanced stability. This is in line with the previously reported CBP stabilization after DNA
damage induction through inhibiting its proteasomal degradation by iASPP [44]. As a
consequence of its increased stability, the CBP HAT activity was also stimulated, as
evidenced by the elevated level of p53 acetylation at lysine 382 following DNA damage.
While several acetyltransferases, including p300, pCAF, Tip60, MOF and MOZ, contribute
to the acetylation of p53 [45], CBP/p300 is the most extensively studied acetyltransferase
responsible for acetylating p53 in response to DNA damage. This was further supported by
our in vitro data showing p53 acetylation by CBP under DOX treatment. Moreover, our
findings revealed that downregulation of CBP significantly reduced acetyl-p53 levels, further
supporting CBP’s role in p53 acetylation.

In addition, the recruitment of CBP to DNA damage lesions was observed at early time
points following DNA damage induced by IR or ETOP, however to a lesser extent after
MMC or CIS, indicating CBP’s involvement in the response to DNA DSBs. Previous data
have reported that ATM is acetylated by the HAT Tip60 at lysine 3016 [43]. This acetylation
occurs concurrently with H2AX phosphorylation and ATM autophosphorylation, making
ATM acetylation at this site crucial for ATM’s kinase activity under DNA damage [43]. Our
findings demonstrate that ATM is a substrate of CBP-dependent acetylation in response to
DNA DSBs. After DOX exposure, CBP likely acetylates ATM at lysine 3016 in vitro. In
support of this, a marked reduction in the level of ATM acetylation was observed under

DOX-induced DNA damage following CBP depletion or inhibition of its HAT activity. The
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lysine 3016 residue is located in the FATC domain of ATM, which is reported to be mutated
or deleted in patients with ataxia telangiectasia (AT) and B cell chronic lymphatic leukemia
[46, 47]. Based on our data here, the ATM-deficiency phenotype in these patients could be
attributed to the absence of ATM acetylation by CBP.

The HAT Tip60 binds to and acetylates ATM at the FATC domain in response to DNA
damage. Since we have demonstrated that CBP mainly responds to DSB induction and to a
lesser extent to other forms of DNA damage, such as DNA crosslinks, we propose that both
CBP and Tip60 play critical roles in ATM acetylation. Their activation likely occurs through
a cooperative mechanism within a shared complex, suggesting that they don’t fully
compensate for each other in regulating ATM acetylation and activation. This is supported by
the observation that inhibiting either CBP or Tip60 individually reduces ATM acetylation,
while the combined inhibition of both acetylases results in a slightly greater reduction in
ATM activation and its downstream signaling proteins.

We propose that the initial step in the activation of ATM-dependent DDR is the stimulation
of CBP HAT activity. Current data indicate that CBP acts upstream of ATM, as supported by
(i) impaired phosphorylation of ATM and its downstream target Chk2 following DSB
induction after CBP depletion or inhibition, (ii) the failure of the ATM Kkinase inhibitor
KU55933 to prevent either the recruitment of CBP or the activation of CBP HAT domain
upon DNA damage. The involvement of HAT activity in the described CBP role in DNA
DSB repair was further confirmed by the rescue effect of re-introducing the wild-type, but
not the mutated, CBP HAT domain into CBP KO cells.

Although our findings suggest an upstream role for CBP in modulating ATM activation, a
recent study has highlighted that ATM-mediated CBP phosphorylation catalyzes the
lactylation of MRE11, rather than its acetylation. MRE11 lactylation is essential for DNA

end resection and, consequently, facilitates HR repair. This implies that ATM-mediated
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phosphorylation of CBP may regulate its function as a lactate transferase, without affecting
its acetyltransferase activity, thereby influencing DNA DSB repair processes [48]. Supporting
this, our findings indicate that inhibition of ATM activity does not affect CBP-mediated
acetylation of p53. Collectively, there may be an overlap in the metabolic pathways regulated
by CBP. The distinct roles of CBP as a lactyltransferase and acetyltransferase may reflect the
complexity of its function in the DDR. Future research is necessary to clarify these
mechanisms and further delineate the role of CBP in regulating DNA repair processes in
different contexts.

In addition to the HAT domain, CBP contains other highly conserved domains, including
CH3 domain, which mediates interactions with various cellular transcription factors, and the
bromodomain, which recognizes and binds acetylated histone tails. Bromodomain-containing
proteins are key regulators of the DDR, interpreting acetylation marks within chromatin to
activate DDR pathways and chromatin-related activities essential for genome-epigenome
maintenance. As a result, DDR pathways involving bromodomain proteins play a critical role
in safeguarding genome integrity and maintaining normal cellular functions [49]. This may
explain the observed restorative effect of the CBP bromodomain under DNA damage
conditions. Supporting previous findings, the CBP bromodomain plays a critical role in
preparing nucleosomes around DSBs, facilitating CBP recruitment and localization to DNA
damage sites, thereby initiating DNA repair processes [27]. Importantly, inhibition of the
CBP bromodomain has been shown to significantly impair DNA repair at damage sites [50].
These findings emphasize the importance of the CBP bromodomain in maintaining efficient
DNA repair, likely independent of its role in regulating ATM activity.

The exact mechanism of CBP recruitment to DNA damage sites still needs further
investigation. Manickavinayaham et al. showed that CBP acetylates E2F1 via its HAT

domain, facilitating E2F1 recruitment to DNA damage sites and enhancing subsequent CBP
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recruitment through its bromodomain [27]. However, previous studies reported that the
accumulation of E2F1 at DNA damage sites is dependent on ATM kinase activity [51, 52].
Notably, knock-in mutations that prevent E2F1 acetylation resulted in reduced ATM
phosphorylation, though a residual level of active ATM remained. Based on these findings
and our own data, we hypothesize that E2F1 acetylation by CBP may play a role upstream of
ATM activation and recruitment [27]. Upon enhancement of its kinase activity, ATM is
recruited at sites of DNA damage, where it undergoes autophosphorylation at serine 1981,
causing its monomerization and subsequent activation and stabilization at the DNA damage
sites [53, 54]. In contrast to a previous investigation that revealed a role for ATM upstream of
CBP paralog p300 in stabilizing NBS1 [37], our study proposes an upstream role of CBP in
ATM activation and further suggests that NBS1 is not implicated in CBP-mediated regulation
of the ATM-dependent DDR cascade.

Given the fundamental role of ATM in maintaining genomic stability, its deficiency leads to
defects in repairing DNA DSBs, resulting in enhanced radiosensitivity [55]. Consistent with
CBP’s role in regulating ATM activity, depletion or inhibition of CBP impaired DNA DSB
repair, as demonstrated by the increased accumulation of YH2AX and 53BP1 foci and the
increase in tail moment at 24h post-IR, as well as after the removal of DOX. The contribution
of CBP to efficient DNA repair was further reflected by the increased sensitivity of CBP-
depleted or knockout cells to DOX or IR, which is in line with previous studies conducted in
other cancer types like leukemia, lung and colon cancers [19-21]. We provide several pieces
of evidence supporting that CBP’s role in regulating DDR is ATM-dependent, as follows: (i)
Inhibiting ATM activity in CBP-depleted cells neither further reduce the DNA repair
efficiency after induction of DSBs by IR or ETOP nor altered the radiosensitivity of breast
cancer cells. (ii) Depletion of CBP did not further inhibit DSB repair or increase

radiosensitivity in the previously reported ATM-deficient SKX cells. Our findings suggest
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that CBP plays a role in the initial recognition of DNA DSBs by unleashing the full activity
of ATM. While ATM expression was not significantly affected in CBP knockdown models or
upon CBP HAT inhibition, it was differently downregulated in the two CBP KO clones. This
reduction may be attributed to the absence of CBP, potentially causing extensive chromatin
remodelling and leading to a more compact chromatin structure that hinders the transcription
of multiple genes, including ATM. In contrast, the residual CBP present in knockdown cells
might be sufficient to maintain chromatin relaxation, thereby preserving ATM protein levels.
However, the observed differences in ATM expression didn’t affect CBP’s role in mediating
ATM activation, as evidenced by: (i) consistent impairments in phosphorylation of ATM
across both CBP-depleted and CBP KO cells, irrespective of ATM expression levels; (ii) both
CBP KO clone, despite exhibiting differing levels of ATM expression, displayed similar
severe impairments in p-ATM signaling, downstream target activation, DSB repair efficiency,
and sensitivity to DOX treatment.

CBP/p300 has been previously associated with the DNA repair machinery. On one hand,
CBP induces histone acetylation, enhancing the transcriptional activation of HR repair genes
[25]. On the other hand, CBP/p300 associates with SWI/SNF-mediated chromatin relaxation
[23, 56, 57], leading to increased H2AX phosphorylation [56]. However, no change in ATM
expression, activation, or ATM-mediated DDR were observed. Interestingly, another study
revealed that ATM phosphorylates the catalytic subunit of SWI/SNF to fully activate DDR
after inducing DSBs [57], suggesting that ATM functions upstream of the SWI/SNF complex
in the DDR. Together, these findings indicate that the roles of CBP in DNA repair, as
previously described, occur after the recognition of DSBs, primarily by ATM [56, 57]. Based
on the current study and the previously reported role of CBP in DDR, it is tempting to assume

that the recruitment of CBP following DNA damage leads to (i) ATM acetylation, which
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facilitates the focal recruitment of downstream signalling proteins, and (ii) histone acetylation
to enhance chromatin accessibility for DNA repair proteins.

Previous data have revealed crosstalk between the DDR machinery and the ER signalling
pathway. In particular, ERa negatively regulates the expression of ATM through activating
microRNA 18a and 106a, leading to the accumulation of DNA damage [58]. Since CBP co-
activates diverse transcription factors, including the ER [59], we tested the involvement of
ER in CBP’s role in ATM-dependent DDR. Several controls were conducted to exclude this
possibility, as follows: (i) CBP depletion in ER-positive T47D cells showed similar levels of
DNA repair deficiency and radiosensitization effects, both with or without chemical
degradation of ER; (ii) ER-negative BT549 cells showed an increased number of residual
yH2AX and 53BP1 foci at 24h post-IR along with enhanced radiosensitivity upon CBP
depletion; (iii) the co-localization of CBP with either ATM or yH2AX after IR or ETOP was
similarly increased in both T47D (ER-positive) and BT549 (ER-negative) cells as well as in
T47D cells treated with or without the ER degrader; and (iii) a similar effect was observed
upon CBP depletion in lung cancer A549 cells.

Conclusions

In conclusion, we propose a previously unreported role for CBP in the early events of the
DDR pathway leading to DNA DSB repair (Fig. 9). Following the induction of DNA DSBs,
CBP becomes stabilized and directly binds to ATM. Through its HAT activity, CBP
acetylates ATM, a crucial step for ATM autophosphorylation and full activation, which
triggers the subsequent DDR cascade and DSB repair. Future investigations into the
translational significance of CBP-mediated ATM acetylation are warranted, as these may lead
to the identification of new therapeutic strategies to modulate the cellular response to DNA-

damaging agents in cancer.
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Methods

Antibodies

The following antibodies were used: CBP (Cell signaling Technology, USA, Cat # 7389),
yH2AX Ser139 (Cell signaling Technology, USA, Cat # 9718), H2AX (Cell signaling
Technology, USA, Cat # 2595), p-ATM Ser1981 (Cell signaling Technology, USA, Cat #
5883), ATM (Cell signaling Technology, USA, Cat # 2873), p-Chk2 Thr68 (Cell signaling
Technology, USA, Cat # 2197), Chk2 (BD biosciences, USA, Cat # 611570), p-ATR
Thr1989 (Cell signaling Technology, USA, Cat # 30632), ATR (Cell signaling Technology,
USA, Cat # 2790), p-Chkl Ser348 (Cell signaling Technology, USA, Cat # 2348), Chkl
(Cell signaling Technology, USA, Cat # 2360), p-p53 Serl5 (Cell signaling Technology,
USA, Cat # 9286), Acetyl-p53 Lys382 (Cell signaling Technology, USA, Cat # 2525), p53
(Santa Cruz Biotechnology, USA, Cat # S126), p21 (Cell signaling Technology, USA, Cat #
2947), Acetyl-lysine (Cell signaling Technology, USA, Cat # 9441), NBS1 (Cell signaling
Technology, USA, Cat # 14956),B-actin (Sigma-Aldrich, Germany, Cat # A5441), p-ATM
(Invitrogen, USA, Cat # MA1-2020), ATM (Invitrogen, USA, Cat # MA1-23152, 1:200), p-
H2AX S139 (Millipore, USA, Cat # 23464), 53BP1 (Novus, USA, Cat # NB100-304), Flag
(Sigma-Aldrich, Germany, Cat # F1804), CBP (Santa Cruz Biotechnology, USA, Cat# sc-
7300) and p-ATM (Abcam, UK, Cat# ab81292).

Cell culture, treatment and irradiation

MCF7 (RRID:CVCL_0031), T47D (RRID:CVCL_0553) and BT-549 (RRID:CVCL_1092)
breast cancer cell lines and A549 (RRID:CVCL_0023) lung cancer cell line (ATCC, VA.
USA) were obtained from the Radiobiology and Experimental Radio-Oncology lab,
University Medical Center, Hamburg University, Hamburg, Germany. The cells were

cultured in RPMI (Sigma Aldrich, Germany) supplemented with 10% fetal bovine serum and
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1% penicillin/streptomycin (Sigma Aldrich, Germany) at 37 °C in 5% CO2. ATM-deficient
cells (SKX) were established from biopsy obtained from head and neck cancer patient at the
University of Hamburg in 1991 [60]. SKX cells were grown in DMEM supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. All cell lines used in this study were
routinely authenticated by short tandem repeat (STR) DNA profiling using Powerplex 16HS
System (Cell line services GmbH, Eppelheim, Germany). All experiments were performed

with mycoplasma-free cells.

Cell irradiation was done at room temperature with X-rays operated at 200 kVp and 15 mA
with additional 0.5mm Cu filter at a dose rate of 0.8 Gy/min. To induce DNA damage, cells
were treated with 5uM of Doxorubicin (Sigma-Aldrich, Cat # D1515), Etoposide (Sigma-
Aldrich, Cat # E1383), Cisplatin (Sigma-Aldrich, Cat # C2210000) and Mitomycin C
(Sigma-Aldrich, Cat # M4287) for 8h. To inhibit kinase activity of ATM, 2.5 and 5uM of
KU55933 (Selleckchem, Cat # 118500) was used. To inhibit histone acetyltransferase activity
of CBP and Tip60, 8uM of C646 (Sigma Aldrich, Cat # SML0002) and 25uM of NU9056
(abcam, Cat # ab255734) were used, respectively. Estrogen receptor antagonist ICI 182780

(abcam, Cat # ab120131) was used at 10nM concentration to degrade estrogen receptor.

CRISPR/CAS9-mediated CBP knockout cells

T47D cells were transfected with pLentiCRISPR-v2 plasmids encoding two CREBBP
gRNAs and caspase 9 (GeneScript, Cat # SC1805). The transfected cells were selected with
puromycin antibiotic (Sigma-Aldrich, Cat # P7255) and single colonies were isolated and
tested by immunoblotting. CREBBP guide RNA sequences were used as follows:

Human CREBBP guide RNA 1: 5’-AGCGGCTCTAGTATCAACCC-3’

Human CREBBP guide RNA 2: 5’- GAATCACATGACGCATTGTC-3’

siRNA, Plasmids and transfection
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To transiently knockdown the expression of CBP, cells were transfected for 48h with 50nM
of siRNA for CBP (Dharmacon, Cat # L-003477-00-0005) using lipofectamine RNAIMAX
reagent (Thermo Fisher scientific, Cat # 13778) following manufacture’s recommendations.
Non-targeting siRNA (Dharmacon, Cat # D-001820-01-05) was used as negative control.

In complementation studies, T47D CBP knockout cells were transfected for 24h with
different plasmid constructs using turbofect transfection reagent (Thermo Scientific, Cat #
R0531). Expression plasmids for different CBP domains including HAT, Bromo and CH3
were generated by subcloning the coding sequences from CBP-HAT-Sp65 (Addgene, Cat #
21088), CBP-Bromo-SP65 (Addgene, Cat # 21089) and CBP-CH3-SP65 (Addgene, Cat #
21092) plasmids into pEGFP-N1 plasmid (Invitrogen, USA) to express eGFP-labeled CBP
domains in cells. Expression vectors for wild-type CBP (pcDNA3B-FLAG-CBP-HA, Cat #
32908) and mutated HAT CBP (pcDNA3B-FLAG-CBP-LD-HA, Cat # 32906) fused to

FLAG tag at N-terminus were purchased from Addgene.

Cycloheximide Chase assay

The stability of CBP protein has been measured under DNA damage by cycloheximide chase
assay. The kinetics of protein biosynthesis inhibition by cycloheximide (Cell signaling
technology, Cat # 2112) treatment was done with and without induction of DNA damage by
5uM of DOX or by irradiation with 10 Gy. The cells were collected and lysed at different
time points (4, 8, 12 and 24h). The stability of CBP was monitored by measuring its level

using immunoblotting.

Immunoprecipitation
The cells were harvested in 1X PBS after treatment and resuspended in triton lysis buffer
(25mM  Tris-HCI H 7.4, 150mM NaCl, 1% Tritonx-100, 1mM EDTA) containing

protease/phosphatase inhibitors cocktail (Sigma-Aldrich, Cat # MSSAFE). For acetylation
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measurement, sodium butyrate (Sigma-Aldrich, Cat # B5887) was added to the triton lysis
buffer. The protein A/G Sepharose (Abcam, Cat # ab193262) beads were conjugated with
IgG or CBP or ATM primary antibody and incubated on ice for 2h. After conjugation, an
equal amount of cell lysates (some amounts were saved to load as input) was added to the
beads-antibody complex and incubated at 4°C for 2h with gentle shaking. After 2h,
immunocomplexes were eluted by heating at 95°C with 1X laemmli buffer. The

immunoprecipitated and input samples were loaded in SDS-PAGE gels.

SDS PAGE and immunoblotting

Analysis of the protein level was performed as described previously [61]. The cell lysates
were harvested using lysis buffer (20% SDS, glycerol, 1MTris (pH 6.8)) containing
protease/phosphatase inhibitors cocktail (Sigma-Aldrich, Cat # MSSAFE). An equal amount
of proteins (10 or 20 pg) were separated in 8 or 12% SDS-PAGE or tris-acetate gradient gel
(3-8%) as previously described [62], and then transferred into nitrocellulose membrane (Bio-
rad, Cat # 1620115). Followed by immunoblotting with specific primary antibody overnight
at 4°C. In the next day, the membrane was incubated with secondary anti-rabbit or anti-
mouse 1gG, HRP-conjugated antibody (Cell Signaling Technology, Cat #7076 and #7074,
1:2000) for 1 hour at room temperature. The membrane was subjected to ECL (Enhanced
Chemiluminescence) detection (Biorad, Cat # 1705061) and developed using ChemiDoc™

imaging system (Biorad, USA).

HAT assay

CBP was immunoprecipitated from T47D cells and eluted from the beads using a buffer
containing 0.2M glycine pH 2.5 and subsequently neutralized with 1M Tris-base pH 10.8.
The HAT activity of CBP was measured using HAT activity colorimetric assay kit (Sigma-
Aldrich, Cat # EP1001) following the manufacturer’s protocol. Eluted CBP was incubated in
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HAT assay buffer containing 100uM of acetyl-CoA (Sigma-Aldrich, Cat # A2056) and either
ATM peptide (ERVLMRLQEKLKGVEEGT) or p53 peptide
(SHLKSKKGQSTSRHKKLMFK) (GeneScript, USA) at 37°C. Colorimetric change
representing the release of CoA was measured by plate reader Varioskan™ Flash (Thermo

Fisher scientific, USA) at 570nm.

Quantitative Real-Time PCR

The mRNA levels were analyzed by quantitative Real Time - Polymerase Chain Reaction
(RT-PCR) [63]. RNA was isolated using total RNA extraction kit (Norgen Biotek, Cat #
17200) followed by synthesizing the complementary DNA by TruScript Reverse
Transcriptase Kit (Norgen Biotek, Cat # 54420) following the manufacturer’s instructions.
cDNA samples were quantified using Nanodrop 2000 (Thermo Fisher Scientific, USA). The
RT-PCR was performed by Rotor-Gene Q (Qiagen, USA) using GoTaq gPCR master mix
(Promega, Cat # A6001) according to manufacturer’s instructions. The data was quantified
using 2 24t method after normalization to GAPDH level. The CREBBP primers sequences
(Forward: 5’- GAATCAGCTCTTCCGACTTC-3, Reverse: 5’-
TGCCAGCCTTTCCTTACA-3’). The GAPDH primers sequences (Forward: 5’-

CCTGCACCACCAACTGCTTA-3’, Reverse: 5’- GGCCATCCACAGTCTTCTGAG-3”).

Immunofluorescence

Immunofluorescence analysis of yYH2AX, 53BP1, NBS1 and p-ATM was performed as
previously described [64]. In brief, cells grown on coverslips were fixed with 4%
formaldehyde for 10mins and permeabilized with 0.2% Triton X-100/PBS for 15mins. The
coverslips were blocked with 3% BSA/PBS for 1 hour and incubated for 1 hour at room
temperature with primary antibodies. The anti-rabbit Alexa Fluor 488 and anti-mouse Alexa
Fluor 594-conjugated secondary antibodies (Cell signaling technology, Cat #4412 and #8890,
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1:1000) were added to the coverslips for 1 hour at room temperature in the dark. The nuclei
were stained with 4'-6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Cat # 28718-90-3).
The coverslips were mounted on microscopic slides using Vectashield mounting medium
(Vector Laboratories, Cat # H-1000) and were visualized by AxioObserver.Z1 fluorescence
microscope (Zeiss, Germany) using 63X oil immersion lens. The immunofluorescence signal
was quantified on 100 cells using Image J software.

In situ Proximity ligation assay

The proximity ligation assay (PLA) was performed by Duolink® In Situ Red Starter Kit
Mouse/Rabbit (Sigma-Aldrich, Cat # DU092101) following the manufacturer’s protocol.
Cells were seeded on round coverslips, fixed with 4% paraformaldehyde, permeabilized with
0.01% Triton-x and blocked with blocking buffer. The coverslips were incubated for 1 hour
with different pairs of primary antibodies. The secondary antibody-nucleic acid conjugates
PLUS and MINUS were added and were incubated for 1 hour at 37°C. The incubation with
ligation mix was done at 37°C for 30mins followed by amplification with polymerase at 37°C
for 100mins. The coverslips were washed and mounted in microscope slides using mounting
medium with DAPIL. The PLA signal was indicated as red fluorescent spots using
AxioObserver.Z1 fluorescence microscope (Zeiss, Germany). The number of PLA signal per

cell was quantified in 50 cells per sample using Image J.

Neutral comet assay

The detection of DNA double strand breaks was done using comet assay kit (Trevigen, Cat #
4250-050-K) following the manufacturer’s instructions [65]. After treatment, cells were
harvested and mixed with low-melting point agarose at 1:100 ratio and transferred to
CometSlide. After lysis, the electrophoresis was conducted at 1\V/cm for 50mins. Slides were

stained with SYBR gold (Invitrogen, Cat # S11494) for 30mins and visualized by confocal
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microscope (Nikon, Japan) using FITC filter. The length and intensity of stained DNA tails

was calculated by tail moment using Image J software.

Clonogenic cell survival assay

The cell viability after irradiation or DOX treatment was analyzed by colony formation assay.
The CBP siRNA transfected cells were seeded in 6-well plate at low density in triplicates
followed by 0.001-1 puM treatment of DOX. For irradiation, the cells were treated with
KU55933 or ICI 182780 followed by irradiation. The colonies were fixed after 3 weeks with
70% ethanol for 30mins followed by staining with 1% crystal violet for 5mins. The number
of colonies were counted for calculating the platting efficiency and surviving fraction at each

dose of irradiation or DOX.

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) specimens were obtained from breast cancer
patients primarily diagnosed with invasive breast carcinoma at the Section of Translational
Surgical Oncology and Biobanking, Department of Surgery, University Medical Center
Schleswig—Holstein-Libeck-Germany, adhering to the guidelines of the local ethical review
board (#08-012). Deparaffinization of slides was done by incubation with xylene followed by
rehydration in a series of ethanol. Subsequently, the antigen retrieval was carried out by
heating the sections in citrate buffer and the endogenous peroxidase was blocked by 3%
hydrogen peroxide. The slides were washed 3 times with PBS and blocked with goat serum
for 45mins. Anti-CBP and anti-phospho-ATM antibodies were added to tissue sections and
incubated at 4°C overnight. On the next day, the slides were incubated with secondary
antibody labeled with biotin for 30mins. After washing with PBS, the addition of
diaminobenzidine substrate in combination with avidin—peroxidase complex solution was
done. At the end, the slides were stained with hematoxylin and covered with aquatex and
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scanned by digital microscopy. Immunopositivity of CBP and p-ATM was assessed semi-
quantitatively by a consultant histopathologist. The intensity of staining was scored as
follows: 0: No staining, 1: weakly positive, 2: moderately positive and 3: strongly positive

[66].

Statistical analyses

Data are presented as the means * standard error of the mean (SEM) of at least three to four
independent experiments. The statistical significance was calculated by Mann-Whitney U
test or two-tailed unpaired student t-test using GraphPad Prism 8. The linear regression and
Pearson’s correlation coefficient (r) was calculated using GraphPad Prism 8. The statistical

significance was donated as * P < 0.05.
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Figure legends

Fig. 1 Modulation of CBP level and activity under DNA damage. a MCF7 and T47D cells
were treated with 5uM of Doxorubicin (DOX) for 4 and 8h, followed by immunoblotting
analysis for CBP, yYH2AX, H2AX, acetyl-p53 and p53 proteins. b and ¢ Graphs showing band
quantifications for the indicated proteins in ¢ MCF7 and d T47D cells, normalized to B-actin
levels. d Upper panel: Immunoblot analysis for CBP expression in MCF7 and T47D cells
treated with 5uM of Cisplatin (CIS), Mitomycin C (MMC), Doxorubicin (DOX) and
Etoposide (ETOP) for 8h. Lower panel: Band quantification of CBP expression, normalized
to B-actin levels and presented as fold change relative to control samples. e Left panel:
Proximity ligation assay (PLA) for CBP and YH2AX colocalization (red) in T47D cells after

5 and 30mins of 2Gy ionizing radiation (IR) or after 4 and 8h treatment with 5uM of ETOP
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or CIS. DAPI staining (blue) marks the nucleus. Scale bar, 100um. Right panel:
Quantification of PLA signals from 100 cells. Data are represented as mean £ SEM, n=3. P <

0.05 is considered significant, Mann-Whitney U test.

Fig. 2 CBP depletion impairs DNA double strand breaks repair in MCF7 and T47D
cells. a Left panel: Immunofluorescence of yH2AX (green), merged with DAPI staining (blue)
of nuclei, after 8h treatment with Doxorubicin (DOX) in MCF7 and T47D cells transiently
transfected with negative control (siCtrl) or CBP siRNA. Scale bar, 100pm. Right panel:
Average number of yH2AX foci per cell from 100 cells. b Left panel: Comet assay images
showing DNA double strand breaks repair kinetics following DOX removal in T47D cells
transfected with the indicated siRNAs. Scale bar, 50um. Right panel: Quantification of the
neutral comet assay by tail moment at 0, 6 and 12h post-DOX incubation in T47D cells, from
50 cells. ¢ Colony formation assay in T47D cells transfected with siCtrl or siCBP for 48h and
treated with the indicated concentrations of DOX. Data are represented as mean + SEM, n=3.

P < 0.05 is considered significant, Mann—Whitney U test.

Fig. 3 The effect of CBP depletion on the phosphorylation of ATM under DNA damage.
a Immunoblotting analysis of p-ATM, ATM, p-Chk2, Chk2, acetyl-p53, p-p53, p53 and p21.
Levels of the indicated proteins were detected in whole-cell extracts from MCF7 and T47D
cells transfected with the indicated siRNAs followed by Doxorubicin (DOX) treatment. b - e
Quantification of band intensities for indicated proteins normalized to B-actin. Values were
normalized to the corresponding untreated siCtrl condition. f Upper panel: Representative
images showing the formation of DOX-induced p-ATM foci (red) and merged with DAPI
(blue) staining of nuclei in MCF7 and T47D cells transfected with negative control (siCtrl) or
CBP siRNA. Scale bar, 100um. Lower panel: The average number of p-ATM nuclear foci

per cells from 100 cells. Data are represented as mean + SEM, n=3. P < 0.05 is considered
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significant, Mann-Whitney U test. g Representative images of CBP and p-ATM
immunohistochemical staining in breast tissues samples. Immunostaining scores in tumor
tissues are shown. Scale bar, 100um. h Correlation analysis between CBP and ATM
expression in 245 clinical breast cancer samples. Pearson’s correlation coefficient “r” with

the corresponding P value is shown.

Fig. 4 The effect of ATM inhibition on the repair of DNA double strand breaks in CBP-
depleted cells. a Left panel: Representative immunofluorescence images showing yH2AX
(red) and 53BP1 (green) foci at 24h after 2Gy ionizing radiation (IR) in T47D cells
transfected with the indicated siRNAs and incubated with 5uM of ATM inhibitor (ATMi).
Scale bar, 100um. Right panel: Quantification of YH2AX/53BP1 foci at 1 and 24h post-IR
from 100 cells. b Upper panel: Representative images of the neutral comet assay performed
after the indicated times following 40Gy IR. Scale bar, 50um. Lower panel: Fold change of
tail moment, calculated using OpenComet software, from 50 cells. ¢ IR sensitivity of T47D
cells transfected with negative control (siCtrl) or CBP (siCBP) siRNA for 48h, followed by
treatment with or without 2.5 or 5uM of ATMi for 2h prior to irradiation. d Colony formation
assay of ATM-deficient SKX cells transfected with the indicated siRNAs for 48h before
irradiation. Data are represented as mean + SEM, n=3. P < 0.05 is considered significant,

Mann-Whitney U test. ns, not significant.

Fig. 5 Role of CBP in DNA damage response is independent of ER. a Upper panel: T47D
cells were treated with estrogen receptor inhibitor (ERi) 4h before irradiation with 2Gy.
Proximity ligation assay (PLA) was performed to assess colocalization of yH2AX and CBP at
5mins post-2Gy ionizing radiation (IR). Scale bar, 100um. Lower panel: Quantification of
PLA signal for yH2AX and CBP using ImageJ software from 100 cells. b Upper panel: PLA
for yH2AX and CBP colocalization after 5mins of 2Gy IR in BT549 cells. Scale bar, 100um.
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Lower panel: Quantification of PLA signals from 100 cells. ¢, d Upper panel: Representative
images of immunofluorescence staining with anti-yH2AX (Red) and anti-53BP1 (green)
antibodies in T47D cells treated with 10nM of ERi ICI 182780 at 24h post-IR (c) and BT549
cells treated with 5uM of ATM inhibitor (ATM) at 24h after 2Gy IR (d). Scale bar, 100um.
Lower panel: Quantification data of colocalized yH2AX and 53BP1 at 1h and 24h of IR in
T47D cells (c) and BT549 cells (d). e and f IR sensitivity of T47D cells (e) and BT549 cells
(F) transfected with negative control (siCtrl) or CBP (siCBP) siRNA for 48h, followed by
treatment with and without ERi or ATMi before irradiation with the indicated doses. Data are
represented as mean + SEM, n=3. P < 0.05 is considered significant, Mann-Whitney U test.

ns, not significant.

Fig. 6 CBP is required for recruitment and activation of ATM at sites of DNA double
strand breaks. a Upper panel: Proximity ligation assay (PLA) analysis for yH2AX and ATM
colocalization after 5mins of 2Gy IR in T47D cells transfected with the indicated siRNAs.
Scale bar, 100pum. Lower panel: Quantification of PLA signals from 100 cells. b Left panel:
T47D wild-type (WT) and CBP knockout (KO) clones 1(ClI #1) and 2 (CI #2) irradiated with
2Gy. PLA analysis was performed 5mins post-irradiation using anti-yH2AX and anti-ATM
antibodies. Scale bar, 100um. Right panel: Graph depicting PLA signal quantification from
100 cells. ¢ Left panel: Representative immunoblot images for CBP, acetyl-p53 and p53 in
T47D cells after incubation with ATM inhibitor (ATMi) for 2h followed by Doxorubicin
(DOX) exposure for 8h. Right panel: Quantification of the band intensities for the indicated
proteins, normalized to B-actin. d Left panel: T47D cells treated with ATMi 2h before
irradiation. PLA was performed using anti-yH2AX and anti-CBP antibodies. Scale bar,

100um. Right panel: Quantification of PLA signals using ImageJ software from 100 cells.
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Data are represented as mean + SEM, n=3. P < 0.05 is considered significant, Mann—Whitney

U test. ns, not significant.

Fig. 7 CBP binds to and acetylates ATM in response to DNA damage. a
Immunoprecipitation (IP) of CBP from T47D cells treated with Doxorubicin (DOX) for 8h.
The cell extracts were pretreated with and without ethidium bromide (EtBr).
Immunocomplexes were analyzed by immunoblotting using the indicated antibodies. b Band
quantification of CBP, ATM and p-ATM levels in both immunoprecipitated and input
samples. ¢ Left panel: Proximity ligation assay (PLA) for CBP and ATM colocalization (red)
in T47D cells after ionizing radiation (IR) or after incubation with 5uM Cisplatin (CIS).
DAPI staining (blue) shows the nucleus. Scale bar, 100um. Right panel: Bar graphs
representing the quantification of PLA signals from 100 cells. d T47D cells transfected with
the indicated siRNAs for 48h were incubated with DOX. Cell lysates were subjected to
immunoprecipitation using ATM antibody. The acetylation level was determined by
immunoblotting using anti-acetyl lysine (anti-acK) antibody. e Band intensities for acetyl
lysine in ATM-immunoprecipitated samples, and for ATM and CBP in input samples,
normalized to B-actin. f T47D cells were incubated with CBP HAT or Tip60 HAT inhibitors,
followed by DOX treatment. After 8h, the cells were collected, and immunoprecipitation was
performed using anti-ATM antibody followed by immunoblotting with anti-acetyl lysine
(anti-acK) antibody. g Densitometric quantification of acetyl-ATM levels in T47D cells
treated with the indicated inhibitors and DOX. h CBP was immunopurified from T47D cells
treated with 8uM of CBP HAT inhibitor or 25uM of Tip60 HAT inhibitor, followed by DOX
treatment. ATM acetylation activity was assessed by measuring the release of free CoA via
absorbance at 570nm in the presence of tetrazolium dye. Data are represented as mean *

SEM, n=3. P < 0.05 is considered significant, Mann—-Whitney U test.
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Fig. 8 Complementation with CBP restores DNA damage repair in irradiated-CBP
knockout T47D cells. a, b Upper panel: T47D CBP knockout (KO) cells were transfected
with the indicated plasmids and irradiated with 2Gy. Immunofluorescence analysis was
performed for yH2AX (red) (a), 53BP1(green) and Flag (red) (b) after 24h of ionizing
radiation (IR). Scale bar, 100um. Lower panel: Quantification of yH2AX foci (red) per cell
was done in green fluorescence protein (GFP)-positive cells versus GFP-negative cells for (a).
Quantification of 53BP1 (green) foci per cell was done in Flag-positive cells (red) versus
Flag-negative cells for (b). Data are represented as mean + SEM from 20 cells, n=3. P < 0.05

is considered significant, Mann—Whitney U test.

Figure 9. Proposed model of the involvement of CBP in DNA damage response pathway

[48].
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