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The molecular chaperone heat shock protein 90 (Hsp90a) regulates cell

proteostasis and mitigates the harmful effects of endogenous and exoge-

nous stressors on the proteome. Indeed, the inhibition of Hsp90a ATPase

activity affects the cellular response to ionizing radiation (IR). Although

the interplay between Hsp90a and several DNA damage response (DDR)

proteins has been reported, its role in the DDR is still unclear. Here, we

show that ataxia-telangiectasia-mutated kinase (ATM) and nibrin (NBN),

but not 53BP1, RAD50, and MRE11, are Hsp90a clients as the Hsp90a
inhibitor 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) induces

ATM and NBN polyubiquitination and proteosomal degradation in nor-

mal fibroblasts and lymphoblastoid cell lines. Hsp90a-ATM and Hsp90a-
NBN complexes are present in unstressed and irradiated cells, allowing the

maintenance of ATM and NBN stability that is required for the MRE11/

RAD50/NBN complex-dependent ATM activation and the ATM-

dependent phosphorylation of both NBN and Hsp90a in response to

IR-induced DNA double-strand breaks (DSBs). Hsp90a forms a complex

also with ph-Ser1981-ATM following IR. Upon phosphorylation, NBN

dissociates from Hsp90a and translocates at the DSBs, while phThr5/7-

Hsp90a is not recruited at the damaged sites. The inhibition of Hsp90a
affects nuclear localization of MRE11 and RAD50, impairs DDR signaling

(e.g., BRCA1 and CHK2 phosphorylation), and slows down DSBs repair.

Hsp90a inhibition does not affect DNA-dependent protein kinase (DNA-

PK) activity, which possibly phosphorylates Hsp90a and H2AX after IR.

Notably, Hsp90a inhibition causes H2AX phosphorylation in proliferating

cells, this possibly indicating replication stress events. Overall, present data

shed light on the regulatory role of Hsp90a on the DDR, controlling ATM

and NBN stability and influencing the DSBs signaling and repair.

Introduction

Cells respond to the spontaneous and induced DNA

damage through the activation of a complex DNA

damage response (DDR) pathway that includes cell

cycle arrest, transcriptional and post-translational
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activation of genes involved in the DNA repair, and,

eventually, in the induction of apoptosis [1–3]. The

DNA double-strand break (DSB) represents one of the

most harmful DNA lesion and DSBs repair requires

the expression and activity of damage sensors like the

phosphatidylinositol-3-kinase protein kinase-like

(PIKK) family members. This family includes the atax-

ia-telangiectasia-mutated (ATM) kinase, the ataxia-

telangiectasia and Rad3-related (ATR) kinase, and the

DNA-dependent protein kinase (DNA-PK) [4,5].

While ATM and DNA-PK are activated in response

to ionizing radiation (IR) [6], ATR is activated by

UV-induced replication fork stalling [7,8]. ATM sig-

naling is a finely tuned mechanism that regulates the

DSBs response [9,10]. Indeed, ATM phosphorylates

more than 700 target proteins in human cells, includ-

ing DNA damage sensor and repair proteins (e.g.,

53BP1 [11], BRCA1 [12], H2AX [13], MDC1 [14],

MRE11 [15], nibrin (also known as NBN) [16], and

RAD50 [17]), cell cycle regulators (e.g., p53 [18] and

RAD9A [19]), and kinases (e.g., CHK2 [20], DNA-PK

[21], and AKT [22]).

The MRE11/RAD50/NBN (MRN) trimer is one of

the first complexes recruited to the DSB sites where it

bridges the DSB ends and contributes to the recruit-

ment of ATM molecules through a direct interaction

with the C terminus of NBN [23]. The ATM–NBN

interaction and the ATM-dependent phosphorylation

of NBN [16,24,25] are pivotal for ATM and NBN

recruitment and retention at the DSB sites [26,27]. Fur-

thermore, the MRN complex is required for the DSBs

repair that can take place by either the nonhomologous

end-joining (NHEJ) or the homologous recombination

(HR) repair mechanisms [23,28]. This implies the exis-

tence of an important and finely regulated crosstalk

between ATM and the MRN complex in order to

properly respond, signal, and repair the DSBs [5].

Overall, the efficacy of the DDR is influenced by the

nuclear levels of the DNA repair proteins, which are

regulated by balancing between protein synthesis and

degradation, and by the control of the nuclear protein

import and export [29]. Molecular chaperones play a

key role in protein homeostasis (also termed proteosta-

sis), regulate protein folding and functions, and miti-

gate the harmful effects of endogenous and exogenous

stressors on the proteome [30–33]. Heat shock protein

90a (Hsp90a) represents a proteostasis hub that coor-

dinates both protein assembly and degradation. In par-

ticular, Hsp90a is not required for the de novo protein

folding, but rather facilitates the final maturation of

proteins to allow their interaction with binding part-

ners. This highlights the pivotal role of Hsp90a in

orchestrating the spatial and temporal order of

protein–protein interactions [33–35] and in regulating

several signaling pathways in eukaryotic cells such as

the DDR (see refs in [29]). Hsp90a regulates the stabil-

ity of several DDR proteins (e.g., ATR, BRCA1,

BRCA2, CHK1, the MRN complex, and RAD51)

[29], and, in response to DNA damage, it is phospho-

rylated by PIKK family members at the Thr5 and

Thr7 residues (i.e., DNA-PK and ATM, depending on

the DNA damage inducer) [36].

Here, we show that ATM and NBN are clients of

Hsp90a and that Hsp90a-ATM and Hsp90a-NBN

complexes are present both in unstressed and irradiated

cells. This allows the maintenance of ATM and NBN

stability that is required for MRN-dependent ATM

activation and ATM-dependent phosphorylation of

both NBN and Hsp90a in response to IR-induced

DNA damage. However, while phosphorylated NBN

dissociates from Hsp90a and translocates at the DSBs,

Hsp90a phosphorylated at the Thr5 and Thr7 residues

partially colocalizes with c-H2AX at the DSB sites.

Furthermore, the inhibition of Hsp90a ATPase activity

affects the nuclear localization of MRE11 and RAD50,

impairs the activation of the DDR signaling pathway,

and slows down the DSBs repair. Overall, the present

data shed light on the regulatory role of Hsp90a in the

DDR, by controlling ATM and NBN stability and

influencing the overall DSBs signaling and repair.

Results

ATM and NBN are Hsp90a clients

Although Hsp90a has been reported to facilitate the

ATM–NBN interaction [37], the regulatory role of

Hsp90a in the very early phases of DSBs sensing is

unclear. To pursue this issue, the effect of the 17-(ally-

lamino)-17-demethoxygeldanamycin (17-AAG), an

inhibitor of the ATPase activity of Hsp90a [29,38], on

the expression of ATM, 53BP1, RAD50, MRE11, and

NBN was evaluated in human MRC5-SV40 immortal-

ized fibroblasts and in human normal lymphoblastoid

cell lines (LCL).

In both MRC5-SV40 and LCL the dose-dependent

reduction in ATM and NBN levels was observed after

8 h of treatment with 17-AAG (Fig. 1A). Time-

dependent experiments indicated that the treatment

with 1 lM 17-AAG caused the decrease in ATM and

NBN levels over time, with a significant reduction in

their levels starting at 8 h from the treatment, both in

MRC5-SV40 and LCL (Fig. 1B). Of note, the inhibi-

tion of the ATPase activity of Hsp90a by 17-AAG did

not alter the expression of either 53BP1 or of the other

two members of the MRN complex, that are RAD50
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and MRE11 (Fig. 1A). A dose- and time-dependent

evaluation of ATM and NBN levels has been per-

formed also using radicicol, a structurally unrelated

Hsp90a inhibitor. While the treatment of MRC5-SV40

cells with 1 lM of radicicol did not affect ATM and

NBN expression (data not shown), cell exposure to

2 lM radicicol resulted in the almost complete degra-

dation of ATM and NBN within 4 h (Fig. 1C).

The inhibition of Hsp90a induces the proteasomal

degradation of its clients [39], therefore we evaluated

the role of the proteasome on the 17-AAG-induced

degradation of ATM and NBN. MRC5-SV40 cells

were pretreated for 2 h with 1 nM MG-132, a potent

proteasome inhibitor, and then exposed for further

14 h to 1 lM 17-AAG. We observed that MG-132

induced an increase in the total amount of polyubiqui-

tinated (poly-Ub) proteins, indicating the efficient pro-

teasome inhibition. When cells were treated with MG-

132 and then exposed to 17-AAG, the degradation of

ATM and NBN was partially reversed, suggesting that

the inhibition of Hsp90a activity induces the proteaso-

mal degradation of ATM and NBN (Fig. 1D).

Since Hsp90a inhibition may affect overall cell pro-

liferation [40], we evaluated whether ATM and NBN

degradation may be due to 17-AAG-induced cytotoxic

effects. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) assay showed that the expo-

sure to increasing doses of 17-AAG caused a mild
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Fig. 1. The inhibition of the Hsp90a ATPase activity by 17-AAG induces the dose- and time-dependent degradation of ATM and NBN in

MRC5-SV40 and LCL cells. (A) Dose-dependent experiments and relative densitometric analyses performed in cells treated with 0, 0.01,

0.05, 0.25, 0.5, and 1 lM 17-AAG for 8 h. (B) Time-dependent experiments performed in cells treated with 1 lM 17-AAG for 2, 4, 6, 8, and

16 h. Immunoblots were performed using anti-ATM, anti-NBN, anti-Hsp90a, anti-53BP1, anti-RAD50, and anti-MRE11 antibodies; actin and

vinculin were used as loading controls. Graphs represent the fold induction of ATM and NBN levels in treated versus untreated cells,

normalized to actin or vinculin � SD (Student’s t-test, *P < 0.05 and **P < 0.01, with respect to relative controls; a.d.u., arbitrary

densitometric unit), derived from three independent experiments. (C) Time-dependent experiments performed in MRC5-SV40 cells treated

with 2 lM radicicol for 2 and 4 h. Immunoblots were performed using anti-ATM and anti-NBN antibodies; actin was used as loading control.

(D) Western blot analysis of MRC5-SV40 cells pretreated for 2 h with 1 nM of the proteasome inhibitor MG-132 and then exposed to 1 lM

17-AAG for further 14 h. Immunoblots were performed using anti-ATM, anti-NBN, and anti-Ub antibodies. The graph represents the fold

induction of ATM and NBN levels in treated versus untreated cells, normalized to vinculin � SD (Student’s t-test, *P < 0.05 and **P < 0.01,

with respect to relative controls; °°P < 0.01 with respect to MG-132-treated cells; a.d.u., arbitrary densitometric unit), derived from two

independent experiments. (E) MRC5-SV40 cells were treated for 24 and 48 h with 0.125, 0.250, 0.5, and 1 lM 17-AAG and cytotoxic effects

were determined by MTT assay. The graph represents the percentage of viable cells normalized to solvent (DMSO)-treated cells � SD

(Student’s t-test, *P < 0.05 and **P < 0.01, with respect to DMSO-treated cells fixed at 24 h; °P < 0.05 and °°P < 0.01, with respect to

DMSO-treated cells fixed at 48 h), derived from three replicates.
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cytotoxicity in MRC5-SV40 cells, with a 85.5% of cell

survival after 24 and 48 h exposure to 1 lM 17-AAG

(Fig. 1E). This indicates that the 17-AAG-dependent

degradation of ATM and NBN after 8 h of exposure

to the drug is directly associated with the inhibition of

Hsp90a ATPase activity rather than caused by 17-

AAG-induced cytotoxic effects.

Hsp90a interacts with ATM and NBN both in

unstressed cells and following IR-induced DNA

damage

Previous data from our lab demonstrated that Hsp90a
and NBN interact both in unstressed condition and

following IR-induced damage in HEK293 cells [41].

To clarify the role of Hsp90a in the interaction

between ATM and NBN during the DDR, co-

immunoprecipitation (IP) experiments were performed

in cells exposed to 4 Gy of X-rays and harvested after

0.5, 3, and 6 h.

The anti-Hsp90a antibody coprecipitated ATM and

NBN in unstressed MRC5-SV40 cells, the level of

Hsp90a-ATM and Hsp90a-NBN complexes increasing

following IR. In particular, while Hsp90a-ATM levels

significantly increased at 0.5 and 3 h from IR

(P < 0.05) and returned to basal levels after 6 h from

IR (Fig. 2A,B), Hsp90a-NBN levels reached a peak at

0.5 h from IR (P < 0.001) and returned to basal levels

after 3 h from DSBs induction (Fig. 2A,B). Of note,

Hsp90a interacted also with phSer1981-ATM, but not

with phSer343-NBN, the complex reaching a peak at

0.5 h from IR and persisting after 3 and 6 h from IR

(P < 0.001 with respect to untreated cells; Fig. 2A,C).

As expected [42], in the whole-cell extracts (input) the

total levels of ATM and NBN were unchanged before

and after irradiation, whereas phSer1981-ATM levels

increased after 0.5 h from IR and persisted at 3 and

6 h from IR, and phSer343-NBN levels progressively

increased after 0.5, 3, and 6 h from IR (Fig. 2A). The

total levels of Hsp90a and phThr5/7-Hsp90a did not

change following IR compared to basal levels

(Fig. 2A).

The Hsp90a–NBN interaction requires the integrity

of the NBN protein, as suggested by the lack of inter-

action in cells established from a Nijmegen breakage

syndrome (NBS) patient (here named NBN657del5;

Fig. 2D,E), homozygous for the 657del5 mutation that

causes the expression of two truncated isoforms par-

tially retaining the NBN full-length functions [42–44].
The interaction between Hsp90a and NBN was also

evaluated in the NBS-derived cell line ectopically

expressing an NBN protein carrying the point muta-

tion Ser343Ala (here named 343S), which prevents the

ATM-dependent phosphorylation of the Ser343 resi-

due of NBN following IR [16]. As shown in Fig. 2D,

E, the level of the Hsp90a-NBN complex increased by

2.8-folds (P < 0.05) in 343S-irradiated cells compared

to control. This suggests that in normal cells the inter-

action between Hsp90a and NBN is reduced following

the ATM-dependent phosphorylation of the Ser343

residue of NBN following IR.

The reverse co-IP experiment performed with the

anti-NBN antibody confirmed the increase in NBN

total levels and in the ATM-NBN complex levels after

0.5 h from IR compared to the relative controls, and

the existence of an Hsp90a-NBN complex in untreated

cells, whose level increased after 0.5 h from IR

(Fig. 3A). Although both MRE11 and RAD50 copre-

cipitated with NBN in untreated cells and even more

after IR (Fig. 3A), neither MRE11 nor RAD50 copre-

cipitated with Hsp90a, although both proteins were

detected in the input of untreated and irradiated cells

(Fig. 2A).

The interaction between Hsp90a and NBN is

regulated by ATM kinase activity

To prove the hypothesis that the interaction between

Hsp90a and NBN is regulated by the ATM kinase

activity, we evaluated the levels of the Hsp90a-NBN

complex in the absence of ATM or by inhibiting its

kinase activity. The increase of the Hsp90a-NBN com-

plex levels was detected following IR in cells estab-

lished from an ataxia-telangiectasia patient (here

named ATM�/�; 1.8-fold, P < 0.05; Fig. 2D,E), in

ATM-silenced MRC5-SV40 fibroblasts (Fig. 3B), and

in MRC5-SV40 cells treated with the ATM kinase

inhibitor KU60019, compared to their relative controls

(Fig. 3C).

The co-IP experiment performed using the anti-

ATM antibody resulted in the coprecipitation of

NBN, Hsp90a, and of its phosphorylated form in

untreated cells, the levels of all these complexes

increasing after 0.5 h from IR (Fig. 3D). Of note,

ATM phosphoryated Hsp90a at the Thr5/7 residues,

as demonstrated by the reduction in the phThr5/7-

Hsp90a levels in MRC5-SV40 cells treated with the

KU60019 ATM inhibitor (Fig. 3E) [45].

The phosphorylated Hsp90a is not recruited at

the DSBs following IR

c-H2AX and 53BP1 are well-known markers of the

DSBs that mediate the accumulation of various signal-

ing and repair proteins to the damaged sites to form

the so-called IR-induced foci (IRIF) [46,47]. Although
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Hsp90a was phosphorylated at the Thr5/7 residues

both in untreated and irradiated cells (see Fig. 2A),

the half-time of the IR-induced phThr5/7-Hsp90a foci

formation was much higher than that of c-H2AX and

53BP1 (Fig. 4A). In fact, double immunofluorescence

staining showed that phThr5/7-Hsp90a was diffusely

distributed within the nuclei after 0.5 h from the expo-

sure to 5 Gy of X-rays, small foci being fairly visible

after 3 and 6 h although only partially colocalizing

with c-H2AX at 3 h from IR (10% of cells with partially

colocalizing foci, on a total number of 100 cells counted;

Fig. 4A), and not colocalizing with 53BP1 (Fig. 4B) and

phSer343-NBN foci (Fig. 4C). However, we observed

that Hsp90a failed to co-immunoprecipitate with

c-H2AX after 3 h from the exposure to 4 Gy of X-rays,

both in MRC5-SV40 and LCL (Fig. 4D). In contrast to

a previous study [36], these data indicate that phThr5/7-

Hsp90a is not significantly recruited at the DSBs within

6 h from the exposure to X-rays, colocalizing signals

possibly being determined by the high number of small

phThr5/7-Hsp90a foci visible in the nuclei of irradiated

cells rather than repair foci.

Hsp90a modulates the NBN-dependent MRE11

and RAD50 nuclear localization and the DDR

signaling

Given the central role played by NBN in promoting

the nuclear localization of MRE11 and RAD50 to

allow the MRN complex formation required for the
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Fig. 2. Hsp90a interacts with ATM and NBN in unstressed cells and in response to IR-induced DNA damage. (A) MRC5-SV40 cells were

irradiated with 4 Gy of X-rays and harvested after 0.5, 3, and 6 h. Five hundred micrograms of total protein extracts were

immunoprecipitated with anti-Hsp90a antibody, and 10 lg of total protein lysate were loaded as input. Membranes were probed with anti-

phSer1981-ATM, anti-ATM, anti-phSer343-NBN, anti-NBN, anti-phThr5/7-Hsp90a, and anti-Hsp90a, anti-RAD50, and anti-MRE11 antibodies.

(B) Graphs represent the fold induction of ATM and NBN levels immunoprecipitated with Hsp90a in treated versus untreated cells,

normalized to IgG � SD (Student’s t-test, *P < 0.05 and ***P < 0.001, with respect to the relative control; a.d.u., arbitrary densitometric

unit), derived from two independent experiments. (C) Graphs represent the levels of phSer1981-ATM co-immunoprecipitated with Hsp90a in

untreated and irradiated cells, normalized to IgG � SD (Student’s t-test, ***P < 0.001 with respect to untreated cells; a.d.u., arbitrary

densitometric unit) derived from two independent experiments. (D) The 343S, NBN657del5, and ATM�/� cells were irradiated with 4 Gy of X-

rays and fixed after 0.5 h. Five hundred micrograms of total protein extracts were immunoprecipitated with anti-Hsp90a antibody, and 10 lg

of total protein lysate were loaded as input. Filters were probed with anti-ATM, anti-NBN, and anti-Hsp90a antibodies. Tubulin and total IgG

levels were used as loading control for input and immunoprecipitates, respectively. Blots presented are exemplificative of at least two

independent experiments. (E) Graphs represent the fold induction of ATM and NBN levels immunoprecipitated with Hsp90a in treated

versus untreated cells, normalized to IgG � SD (Student’s t-test, *P < 0.05 and ***P < 0.001, with respect to the relative control; a.d.u.,

arbitrary densitometric unit), derived from two independent experiments.
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DDR [48], we evaluated the subcellular localization of

MRE11 and RAD50 in MRC5-SV40 cells treated with

1 lM 17-AAG for 8 h, then irradiated with 5 Gy of X-

rays, and finally fixed after 3 h. Double immunofluo-

rescence staining of NBN and MRE11 (Fig. 5A) or

NBN and RAD50 (Fig. 5B) showed that in 17-AAG-

untreated cells NBN, MRE11, and RAD50 were dif-

fused within the nuclei and were also localized in the

cytosol. After 3 h from IR, the MRN complex local-

ized within the nuclei forming visible colocalizing foci.

On the contrary, the treatment with 17-AAG, besides

causing a reduced nuclear signal corresponding to

NBN, affected the nuclear localization of both

MRE11 and RAD50 following irradiation, the signal

of both proteins remaining also strongly citoplasmatic

as in controls (Fig. 5A,B).

Next, we evaluated the effect of Hsp90a inhibition

on the DSBs signaling. In particular, we analyzed the

effects of Hsp90a inhibition on the IR-induced acti-

vation of three members of the PIKK family (i.e.,

ATM, ATR, and DNA-PK). As expected, MRC5-

SV40 cells treated with 1 lM 17-AAG and irradiated

with 5 Gy of X-rays were characterized by reduced

levels of total ATM and ATR, as well as of
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Fig. 3. The interaction between Hsp90a and NBN is regulated by ATM kinase activity. Cells were irradiated with 4 Gy of X-rays and lysed

after 0.5 h. (A) MRC5-SV40 cells were immunoprecipitated using an anti-NBN an antibody. Before irradiation, (B) ATM-silenced MRC5-SV40

cells (siATM) and (C) MRC5-SV40 cells treated for 16 h with 1 lM of the ATM kinase inhibitor KU60019 were immunoprecipitated using an

anti-Hsp90a antibody. (D) MRC5-SV40 cells were immunoprecipitated using an anti-ATM antibody. For IP experiments, 500 lg of total

protein extracts were used, and 10 lg of total protein lysate were loaded as input. Vinculin or actin and total IgG levels were used as

loading controls for input and immunoprecipitates, respectively. (E) Before irradiation, MRC5-SV40 cells were treated for 16 h with 1 lM

KU60019 or with the vehicle. Filters were probed with the indicated antibodies. All the blots presented are exemplificative of at least two

independent experiments.
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phSer1981-ATM and phSer428-ATR, compared to

17-AAG-untreated and irradiated cells (Fig. 5C). Of

note, while ATM autophosphorylated at the Ser1981

residue following IR-induced DSBs [49], the Ser428

residue of ATR appeared to be phosphorylated by

the CDK1 kinase in response to DNA damage

in vitro, this phosphorylation being required for the

DDR activation [50]. The treatment with 17-AAG

did not alter the total levels of the DNA-PK and its

phosphorylation at the Ser2056 residue after 0.5 h

from irradiation, although in 17-AAG-treated cells

the phosphorylation levels remained high up to 2 h

from IR. As the phosphorylation of Hsp90a at the

Thr5/7 residues was observed both in the absence and

presence of IR-induced damage, results support the

notion that besides ATM also DNA-PK phosphorylates

Hsp90a [36,51], ATM, ATR, and DNA-PK sharing

overlapping substrate specificities [4].

We next evaluated the effects of Hsp90a ATPase

inhibition on the IR-induced phosphorylation kinetics

of DDR proteins required for the DSBs repair. Con-

sistently with the 17-AAG-dependent degradation of

ATM and NBN, we observed that NBN, BRCA1 and

CHK2 failed to be phosphorylated and RAD51 failed

to be induced after 0.5 and 2 h from IR in 17-AAG-

treated cells compared to 17-AAG-untreated and irra-

diated cells, in which BRCA1 and CHK2 were rapidly

phosphorylated within 0.5 h from IR (Fig. 5C).
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Fig. 4. The phThr5/7-Hsp90a is not recruited at the IR-induced DSBs. MRC5-SV40 cells were irradiated with 5 Gy of X-rays and fixed at the

indicated time points. (A) Representative images of c-H2AX (Alexa Fluor 488, green fluorophore) and phThr5/7-Hsp90a (pHsp90a; Alexa

Fluor 610, red fluorophore) foci formation (cell image, bright field; magnification 988; scale bar: 25 lm). (B) Representative images of 53BP1

(Alexa Fluor 488, green fluorophore) and phThr5/7-Hsp90a (pHsp90a; Alexa Fluor 610, red fluorophore) foci formation (cell image, bright

field; magnification 988; scale bar: 25 lm). (C) Representative images of phSer343-NBN (pNBN; Alexa Fluor 488, green fluorophore) and

phThr5/7-Hsp90a (pHsp90a; Alexa Fluor 610, red fluorophore) foci formation (cell image, bright field; magnification 988; scale bar: 25 lm).

(D) MRC5-SV40 and LCL cells were irradiated with 4 Gy of X-rays and lysed after 3 h. Five hundred micrograms of total protein extracts

were immunoprecipitated with an anti-Hsp90a an antibody and 10 lg of total protein lysate were loaded as input. Filters were checked with

anti-c-H2AX and anti-Hsp90a antibodies. Actin and total IgG levels were used as loading controls for input and immunoprecipitates,

respectively. Blots presented are exemplificative of two independent experiments.
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Hsp90a inhibition by 17-AAG causes high levels

of basal and IR-induced DSBs

Although we observed that phThr5/7-Hsp90 was not

recruited at the DSBs, we aimed at investigating the

role of Hsp90a in the DSBs sensing and repair. To

pursue this issue, the levels of c-H2AX protein were

analyzed by immunoblotting. We observed that cells

treated with 17-AAG showed higher basal levels of c-
H2AX compared to 17-AAG-untreated cells, the levels

of c-H2AX remaining very high after 0.5 and 2 h from

the exposure to 5 Gy of X-rays in 17-AAG-treated

cells (Fig. 6A).
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Fig. 5. Hsp90a inhibition affects the NBN-dependent MRE11 and RAD50 nuclear localization and impairs the DDR signaling. Representative

images of (A) NBN (Alexa Fluor 488, green fluorophore) and MRE11 (Alexa Fluor 610, red fluorophore) foci formation and (B) NBN (Alexa

Fluor 488, green fluorophore) and RAD50 (Alexa Fluor 610, red fluorophore) foci formation in MRC5-SV40 cells untreated (� 17-AAG) or

exposed to 1 lM 17-AAG for 8 h (+ 17-AAG), irradiated with 5 Gy of X-rays, and fixed after 3 h (cell image, bright field; confocal microscopy

images, magnification 988; scale bar: 25 lm). (C) MRC5-SV40 cells were treated with 1 lM 17-AAG for 8 h, then irradiated with 5 Gy of X-

rays, and finally harvested after 0.5 and 2 h. Ten micrograms of total protein lysates were used to perform immunoblot experiments; filters

were blotted against all the indicated antibodies. The expression levels of actin, tubulin, and vinculin served as loading controls. All the blots

presented are exemplificative of two independent experiments.

2385The FEBS Journal 284 (2017) 2378–2395 ª 2017 Federation of European Biochemical Societies

R. Pennisi et al. Hsp90a and the DSBs response

 17424658, 2017, 15, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.14145, W

iley O
nline L

ibrary on [15/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The double immunofluorescence staining with anti-

c-H2AX and anti-53BP1 antibodies confirmed that

the inhibition of Hsp90a induced a higher number of

c-H2AX foci compared to 17-AAG-untreated MRC5-

SV40 cells, while it did not influence the basal num-

ber of 53BP1 foci (Fig. 6B). Moreover, the inhibition

of Hsp90a by 17-AAG caused a significant slowing

down of H2AX dephosphorylation kinetics and a sig-

nificant reduction in 53BP1 recruitment at the DSBs

following cells exposure to 1 Gy of X-rays (Fig. 6B,

C). Indeed, the mean number of c-H2AX foci/cell in

100 cells/experimental point was significantly higher

in control and irradiated 17-AAG-treated cells com-

pared to control and irradiated 17-AAG-untreated

cells, at all the time points analyzed (i.e., 0.5, 2, 6,

and 24 h). On the contrary, the mean number of

53BP1 foci/cell in 100 cells/experimental point was

significantly lower in the 17-AAG-treated cells than

in untreated ones, at all the time points analyzed. The

quantitation of the mean number of both c-H2AX

and 53BP1 foci indicated a residual damage after

24 h from IR in 17-AAG-treated cells (P < 0.01;

Fig. 6C).

Hsp90a inhibition is known to affect cell cycle dis-

tribution [52,53]. Therefore, we wonder whether the

high levels of H2AX phosphorylation caused by

Hsp90a inhibition may be related to an effect of the

17-AAG treatment on the cell cycle distribution. To

pursue this issue, MRC5 primary fibroblast were trea-

ted with 1 lM 17-AAG for 8 h either at a subconfluent

or confluent stage, and a biparametric analysis was

performed (Fig. 7). The cell cycle profiles showed that

in subconfluent MRC5 primary cells, as well as in

MRC5-SV40 cells (data not shown), 17-AAG caused a

A

γ-H2AX 53BP1 Merge

C
tr

l
0.

5 
h

C
tr

l
0.

5 
h

−1
7-

A
A

G
+

17
-A

A
G

Bright field
B

0 0.5 2 6 24 0 0.5 2 6 24
0

10

20

30

40

50

Time (h)

-H
2A

X
 fo

ci
/c

el
(m

ea
n 

va
lu

e)
0 0.5 2 6 24 0 0.5 2 6 24

0

10

20

30

40

50

1 Gy 
1 Gy + 1 µM 17-AAG

Time (h)

53
B

P1
 fo

ci
/c

el
l

(m
ea

n 
va

lu
e)

**
**

**

*
*

*

**
*

C

0 0.5 2 0        0.5        2 

+ 17-AAG− 17-AAG

γH2AX
Actin

IR : 5 Gy

Fig. 6. Hsp90a inhibition causes high levels of basal and IR-induced DSBs. (A) MRC5-SV40 cells were treated with 1 lM 17-AAG for 8 h,

then irradiated with 5 Gy of X-rays, and finally harvested after 0.5 and 2 h. Ten micrograms of total protein lysates were used to perform

immunoblot experiments; filters were blotted with the anti-c-H2AX antibody and actin was used as loading control. (B) DSBs repair kinetics

evaluated by double immunofluorescence experimens. Representative images of c-H2AX (Alexa Fluor 488, green fluorophore) and 53BP1

(Alexa Fluor 610, red fluorophore) foci formation in MRC5-SV40 cells untreated (� 17-AAG) or exposed to 1 lM 17-AAG for 8 h (+ 17-AAG),

and then irradiated with 1 Gy of X-rays and fixed after 0.5 h (cell image, bright field; confocal microscopy images, magnification 988; scale

bar: 25-lm). (C) Quantitation of c-H2AX and 53BP1 foci/cell in cells either untreated or exposed to 1 lM 17-AAG for 8 h, then irradiated with

1 Gy of X-rays, and fixed after 0.5, 2, 6, and 24 h. Graphs express the mean number of foci/cell derived from the analysis of 100 cells/

experimental point, in three independent experiments � SD (Student’s t-test, *P < 0.05 and **P < 0.01 indicate significant differences with

respect to the corresponding untreated and irradiated samples not exposed to 1 lM 17-AAG).
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Fig. 7. The 17-AAG-induced H2AX phosphorylation arises during the S-phase of the cell cycle in proliferating cells. (A) Cell cycle profile of

subconfluent and confluent primary MRC5 cells, untreated or treated with 1 lM 17-AAG for 8 h. After treatment, cells were fixed and

stained with PI solution; cell cycle analysis was carried out by flow cytometry. The blue lines used as a reference represent the modal

channel of G1 and G2/M populations. (B) Cell cycle distribution of subconfluent and confluent primary MRC5 cells untreated or treated with

1 lM 17-AAG for 8 h. The percentage of cells in each phase of the cell cycle has been obtained from 20 000 total events. (C) Biparametric

analysis of c-H2AX fluorescence (green) related to the cell cycle phase in subconfluent and confluent MRC5 primary cells untreated or

treated with 1 lM 17-AAG for 8 h. The black signal represents the secondary antibody auto-fluorescence signal, used as control. (D)

Quantitation of c-H2AX mean fluorescence intensity (MFI) with respect to the cell cycle phase. The MFI values were obtained from 20 000

total events. (E) Subconfluent and confluent MRC5 primary cells were treated with 1 lM 17-AAG for 8 h. Cell lysates were prepared and

immunoblot analyses were carried out for ATR, CHK1, and c-H2AX; actin levels were used as loading control.
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1.4-fold decrease in the percentage of G1-phase cells

and a 1.8-fold increase in the percentage of S-phase

cells compared to subconfluent control cells (Fig. 7A,

B). The percentage of cells in the G2/M phase was

not altered by the treatment with 17-AAG (Fig. 7A,

B). In this context, untreated MRC5 subconfluent

cells were characterized by a high basal c-H2AX

median fluorescence intensity (MFI) value in the S-

phase, indicating that the breaks marked by the phos-

phorylated H2AX protein are associated with cell

replication. The treatment of subconfluent cells with

17-AAG caused a 1.3-fold increase in the c-H2AX

MFI value in S-phase cells compared to untreated

cells (Fig. 7C,D). When we analyzed confluent MRC5

cells that were mainly arrested in the G1 phase (1.3-

and 1.8-fold increase in control and 17-AAG-treated

confluent cells compared to control and 17-AAG-

treated subconfluent cells, respectively; Fig. 7B), we

observed that the treatment with 17-AAG did not

cause any variation in the percentage of cells in the S

and G2/M phases compared to controls (Fig. 7B),

the c-H2AX MFI values in the S-phase cells being

almost close to zero compared to sub-confluent cells

(Fig. 7C,D). Both in subconfluent and confluent

MRC5 primary cells the c-H2AX MFI values in the

G1 and G2/M phases remained unvaried following

17-AAG treatment, indicating that the increased c-
H2AX levels observed following Hsp90a inhibition

might be caused by replication stress [52,53].

Hsp90a regulates the stability of both ATR [53]

and CHK1 [54], which are activated when stalled

replication forks result from the replication of dam-

aged DNA [7]. To further evaluate the correlation

between the cell proliferation status and the capacity

of Hsp90a to induce damage, the expression levels

of ATR, CHK1, and c-H2AX were evaluated by

immunoblotting in both subconfluent and confluent

MRC5 primary cells. As shown in Fig. 6E, the treat-

ment of subconfluent MRC5 primary cells with 1 lM
17-AAG caused the reduction in ATR and CHK1

levels and the increase in c-H2AX levels compared

to untreated cells. Confluent MRC5 primary cells

showed reduced basal levels of ATR and CHK1

compared to subconfluent cells, and the treatment

with 17-AAG did not cause any increase in c-H2AX

levels (Fig. 7E).

Discussion

The better understanding of Hsp90a clients specificity

and regulation under stress conditions is relevant to

identify novel-targeted approaches to prevent cancer

cell proliferation. Hsp90a inhibition, by causing the

degradation of its client proteins, interferes with multi-

ple cellular signaling pathways. Indeed, targeting the

heat shock response in combination with radiotherapy

sensitizes cancer cells to the IR-induced cell death [55].

In particular, quantitative phospho-proteome analyses

revealed that proteins involved in the DDR, and par-

ticularly kinases, are the most susceptible targets of

Hsp90a inhibition [56]. Although the interaction

between Hsp90a and some DDR proteins (e.g., ATR,

BRCA1, BRCA2, CHK1, the MRN complex, and

RAD51) has been reported (see refs in [29]), the role

of Hsp90a in the DSBs repair is still unclear. Both

ATM and the MRN complex seem to depend some-

how on Hsp90a, although it is controversially dis-

cussed whether ATM requires Hsp90a for its stability

and/or activation via the MRN complex-dependent

phosphorylation [37,53]. Here, we show that both

ATM and NBN are Hsp90a clients and form a com-

plex with the chaperone both in unstressed and irradi-

ated cells. Indeed, the inhibition of Hsp90a activity

by 17-AAG, a competitive inhibitor of ATP binding

to Hsp90a that prevents its clamping around a client

protein [29,38], causes the ubiquitin-mediated protea-

somal degradation of ATM and NBN, affects the

DDR signaling, and impairs DSBs repair. Moreover,

Hsp90a inhibition induces DNA damage in prolifer-

ating cells, possibly indicating replication stress

events.

According to previous data obtained in our labora-

tory [41], we observed that Hsp90a interacts with

NBN in unstressed cells, the Hsp90a-NBN complex

levels increasing at 0.5 h and returning to basal levels

at 3 h from IR-induced DSBs. This indicates that

Hsp90a and NBN form a complex in which Hsp90a
may act as a reservoir of NBN molecules allowing

their stabilization, availability, and functions during

the first phases of the DDR. Upon DSBs induction,

the MRN complex senses the breaks and promotes

ATM autophosphorylation at the Ser1981 residue,

which in turn phosphorylates NBN at the Ser343 resi-

due [16,24,25]. Our data indicate that Hsp90a does not

interact with the phosphorylated form of NBN. In

fact, either the ectopic expression of a mutant NBN

protein lacking the Ser343 residue phosphorylated by

ATM or the lack of ATM expression or the inhibition

of its kinase activity by the KU60019 inhibitor causes

a marked increase in Hsp90a-NBN complex following

IR, compared to cells expressing the wild-type NBN

or physiological levels of the ATM kinase. Our results

indicate also the existence of an Hsp90a-ATM com-

plex in which Hsp90a acts as a reservoir of ATM and

phSer1981-ATM, both in unstressed and irradiated

cells. Also Hsp90a-ATM and Hsp90a-phSer1981-
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ATM complex levels increase at 0.5 and 3 h from IR,

phSer1981-ATM coprecipitating with Hsp90a until 6 h

from IR. It can be speculated that following IR-

induced DSBs, a fraction of the phosphorylated ATM

dissociates from Hsp90a and re-localizes at the dam-

aged sites, whereas a part remains in complex with the

chaperone possibly allowing the phosphorylation of

further nuclear substrates. Of note, Hsp90a and ATM

have been described to form a complex also with the

human epidermal growth factor receptor 2 (HER2), in

which the inhibition of the ATM kinase activity regu-

lates the dissociation of HER2 from Hsp90a [57]. The

existence of the Hsp90a-ATM and Hsp90a-NBN com-

plexes in unstressed cells allows the maintenance of

ATM and NBN stability that is required for the rapid

ATM-dependent phosphorylation of NBN in response

to DNA damage. In the presence of DSBs, NBN shut-

tles from a complex with Hsp90a to a complex with

ATM, whose kinase activity regulates NBN dissocia-

tion from Hsp90a. This allows NBN relocalization at

the DSBs together with MRE11 and RAD50, where it

promotes the activation of further ATM molecules

[28,58,59] (Fig. 8). The treatment with 17-AAG, by

causing NBN degradation and affecting the nuclear

translocation of MRE11 and RAD50, impairs the sig-

nal required for the proper and rapid DSBs sensing, as

demonstrated by the delayed recruitment of 53BP1 at

the damaged sites.

According to a previous report [45], we observed

that ATM phosphorylates Hsp90a at the Thr5 and

Thr7 residues following IR. However, Hsp90a
phosphorylation was still visible in cells treated with

17-AAG, possibly thanks to the kinase activity of

DNA-PK [36,51]. This is in line with our data report-

ing that DNA-PK activity is not affected by the treat-

ment with 17-AAG and supports the notion that

redundant Hsp90a phosphorylation mechanisms may

exist thanks to the overlapping substrate specificities of

ATM, ATR, and DNA-PK, the source of the stimuli

or of the DNA damage being determinant in the acti-

vation of a specific kinase [4].

Although it has been previously reported that

phThr5/7-Hsp90a forms foci colocalizing with c-
H2AX within 3 h from the DSBs induction [36], here

we have observed a very mild colocalization of

phThr5/7-Hsp90a with c-H2AX after 3 h from IR,

and a complete lack of colocalization with 53BP1 foci

after 0.5, 3, and 6 h from IR. The very high number

of small phThr5/7-Hsp90a foci visible in the nuclei

of irradiated cells and the colocalization of phThr5/

7-Hsp90a with c-H2AX only in 10% of the total

cells counted, suggest that phThr5/7-Hsp90a foci do

not correspond to DSB sites. The discrepancy with

previous published results [36] may be ascribed to

the different source and dose of irradiation used,

which may influence the kinetics of phThr5/7-

Hsp90a foci formation as well as their dimension.

Moreover, Hsp90a does not co-immunoprecipitate

with c-H2AX following DSBs induction. Overall, the

fact that Hsp90a is phosphorylated in untreated cells

(present data and [36]) and does not fully localize at

the IR-induced DSBs supports the hypothesis that

this redundantly regulated post-translational modifi-

cation (PTM) involving the ATPase region of

Hsp90a is not required for the DDR but rather regu-

lates the role of Hsp90a as a proteostasis hub, being

required for the recognition of specific clients within

the nucleus.

Hsp90a regulates also 53BP1 recruitment at the

DSBs. We showed that in 17-AAG-treated cells the

mean number of IR-induced 53BP1 foci is significantly

lower compared to 17-AAG-untreated and irradiated

cells, suggesting a defective recruitment of 53BP1 at

the DSBs, as also reported in cells treated with

AUY922, a further Hsp90a inhibitor [53]. Besides

ATM and NBN, other important proteins involved in

Fig. 8. Proposed model depicting the interplay between Hsp90a, ATM, and NBN. Hsp90a-ATM and Hsp90a-NBN form two complexes in

unstressed cells. Upon IR-induced DSBs, ATM becomes phosphorylated and active, and in turn it rapidly phosphorylates NBN and Hsp90a

molecules present within the nucleus. The phSer343-NBN form dissociates from Hsp90a and relocalizes to the DSBs together with MRE11

and RAD50, where it promotes the DDR.
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the early phases of the DNA sensing, as the RING fin-

ger E3 ubiquitin ligases RNF8 and RNF168, may be

dependent upon Hsp90a activity. Indeed, RNF8 and

RNF168 triggers 53BP1 recruitment to DNA damage

sites by regulating the degradation of the histone

demethylase KDM4A-B [60], which is also regulated

by the Hsp90a activity [61]. Of note, RNF8 ubiquiti-

nates NBN at DSBs, this PTM being required for pro-

moting stable NBN interactions with DSBs and to

allow DNA repair by HR [62]. So, Hsp90a indirectly

regulates 53BP1 recruitment at the DSBs, although

not influencing its stability.

Therefore, Hsp90a appears to play a regulatory

role on the stability of the DDR proteins rather than

having a direct role in the DSBs repair. After sensing

the damage, IR-induced DSBs trigger a myriad of

PTMs depending on PIKK activity. These PTMs

modulate the catalytic activities of many enzymes and

the specificity of protein–protein and protein–DNA

interactions [5]. The inhibition of Hsp90a ATPase

activity, by causing the degradation of the sensing

proteins ATM and NBN, affects the DSBs sensing,

signaling and repair as demonstrated by: (a) the

defective nuclear localization of MRE11 and RAD50,

which are required for the proper DSBs sensing

together with NBN; (b) the defective phosphorylation

of the Ser1524 residue of BRCA1 and of the Thr68

residue of CHK2, (c) the down-regulation of the

DSBs repair protein RAD51 (data here reported and

[1]), (d) the DSBs repair slowdown, as marked by the

kinetics of c-H2AX de-phosphorylation and 53BP1

recruitment and disappearance, and (e) the persistence

of a high number of c-H2AX and 53BP1 foci after

24 h from IR. Since ATM and NBN cooperation is

crucial for the rapid activation of CHK2 checkpoint

kinase in response to IR-induced DNA damage

[20,26,63], our data indicate that Hsp90a acts

upstream of the ATM-NBN-CHK2 signaling axis,

regulating its function(s). This model is supported by

previous data reporting that 17-DMAG, a further

ATPase inhibitor of Hsp90a ([29]), although not caus-

ing ATM and NBN degradation, induces a marked

reduction in the amount of Hsp90a and ATM copre-

cipitating with NBN and of NBN coprecipitating with

ATM [37].

Hsp90a inhibition causes DNA damage [36,37], as

revealed by the high levels of c-H2AX protein and by

the high number of c-H2AX and 53BP1 foci detected

in 17-AAG-treated cells. The biparametric analysis of

H2AX phosphorylation revealed that Hsp90a inhibi-

tion induces high levels of c-H2AX only in highly pro-

liferating MRC5 primary cells, in which 17-AAG

causes an increase in the percentage of S-phase cells.

The fact that H2AX phosphorylation has not been

observed in G1 resting cells, leads to hypothesize that

Hsp90a inhibition causes DNA damage in S-phase

cells. Therefore, the increased c-H2AX levels induced

by 17-AAG may represent DNA breaks arising from

replication stress, as a consequence of the 17-AAG-

dependent degradation of ATR and CHK1, similarly

to the AUY922 Hsp90a inhibitor [53]. Indeed, ATR is

essential for the viability of replicating human and

mouse cells since it is required to resolve stalled repli-

cation forks that form during the replication of dam-

aged DNA [7]. Since we observed that Hsp90a
inhibition by 17-AAG causes the degradation of ATM

and ATR but does not affect DNA-PK levels and its

phosphorylation following IR-induced damage, we

suggest that this kinase is responsible for the observed

H2AX phosphorylation (present data and [64]). It has

been reported that besides H2AX phosphorylation,

also the recruitment of several proteins forming DSB

foci (e.g., 53BP1, MRN, and BRCA1) appears to be

redundantly regulated and mediated by DNA-PK in

the absence of ATM [64]. Remarkably, DNA-PK

plays a key role in the NHEJ repair process that is

active throughout the cell cycle, the HR-mediated

DSBs repair being restricted to the late S and G2

phases of the cell cycle [46].

Overall, our data indicate that the Hsp90a-
dependent regulation of ATM-NBN-CHK2 and ATR-

CHK1 axes strongly influences cells capability to face

the DNA damage. This confirms the existence of a

direct link between Hsp90a functions in the nucleus

and the DDR and accounts for the radiosensitizing

effects of Hsp90a inhibitors. Of note, Hsp90a is spon-

taneously phosphorylated in various human tumors

[65], but the role of its phosphorylation in the DDR

remains still to be clarified.

Materials and methods

Reagents

The Hsp90a inhibitors 17-(allylamino)-17-demethoxygelda-

namycin (17-AAG; Sigma-Aldrich, Saint Louis, USA) and

radicicol (Sigma Aldrich) were dissolved in DMSO and

ethanol, respectively, at the stock concentration of 1 mM.

The 26S proteasome inhibitor carbobenzoxy-L-leucyl-L-leu-

cyl-L-leucinal (MG-132; Calbiochem, San Diego, CA, USA)

was dissolved in DMSO at the stock concentration of

50 mM. The ATM inhibitor KU60019 (Sigma Aldrich) was

dissolved in DMSO at the stock concentration of 10 mM.

The oligonucleotide sequence for ATM silencing (Mission�
esiRNA oligos; Sigma Aldrich) was dissolved in deionized

sterile water at the stock concentration of 0.02 mM.
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Bradford protein assay was from Bio-Rad (Hercules, CA,

USA). Protein A-Agarose and protein G PLUS-Agarose

were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Anti-actin antibody was from Sigma

Aldrich. Anti-ATM, anti-ATR, anti-CHK2, anti-c-H2AX,

anti-Hsp90a, anti-MRE11, anti-RAD50, anti-RAD51, anti-

ubiquitin, and anti-vinculin antibodies were from Santa

Cruz Biotechnology. Anti-pSer1981-ATM, anti-pSer428-

ATR, anti-pSer1524-BRCA1, anti-pThr68-CHK2,

anti-pThr5/7-Hsp90a antibodies were from Cell Signaling

Technology (Danvers, MA, USA). Anti-DNA-PK,

anti-pSer2056-DNA-PK, anti-CHK1, and anti-BRCA1

antibodies were purchased from Abcam (Cambridge, UK).

Anti-NBN antibody was from GeneTex (Alton Pkwy Irvine,

CA, USA). Anti-53BP1 and anti-c-H2AX were from

Millipore (Billerica, MA, USA). The Alexa Fluor

488-conjugated goat anti-(mouse IgG) and Alexa Fluor 610-

conjugated goat anti-rabbit antibodies were from Immuno-

logical Sciences (Rome, Italy). The HRP-conjugated

secondary antibodies and chemiluminescence reagent were

from Bio-Rad.

Cell lines and culture conditions

Adherent cells [i.e., SV40-immortalized MRC5 cells (here

named MRC5-SV40); MRC5 primary cells; SV40-immor-

talized fibroblasts established from a patient affected by

NBS (OMIM #2512609), homozygous for the 657del5

mutation in the NBN gene (here named NBN657del5; [66]);

NBS-derived cells carrying the point mutation Ser343Ala

at the ATM phosphorylation site within NBN (here

named 343S, kindly provided by K. Komatsu); [67]] were

grown in Dulbecco Modified Eagle’s medium (DMEM;

Biowest, Nuaill�e, France) supplemented with 10% FBS

(Corning, NY, USA), 2 mM L-glutamine (Biowest),

100 mg�mL�1 penicillin, and 100 mg�mL�1 streptomycin

(Sigma Aldrich). Cells established from a normal donor

(here named LCL) and from a patient affected by ataxia-

telangiectasia (OMIM #208900; here named ATM�/�;
[68]) were maintained in RPMI 1640 medium (GIBCO

Life Technologies, Monza, Italy) supplemented with 10%

heat-inactivated FBS, 2 mM L-glutamine, 100 mg�mL�1

penicillin, and 100 mg�mL�1 streptomycin. In all the

experiments in which cells were treated with 17-AAG and/

or MG-132, DMSO was used as a control vehicle (final

concentration 1%).

Ionizing radiation treatment

Cells were irradiated with a dose of 1–5 Gy depending on

the endpoint analyzed, using a MGL 300/6-D X-ray appa-

ratus (Gilardoni S.P.A., Mandello del Lario (LC), Italy;

250 kV, 6 mA, Cu filter) operating at a dose rate of

0.53 Gy�min�1. Cells were harvested after IR according to

the experimental plan.

siRNA transfection

The transient silencing of ATM in MRC5-SV40 cells was

performed by double transfection [69] using 5 nM of siRNA

and Lipofectamine RNAiMAX transfection reagent (Invit-

rogen, Waltham, MA, USA), according to the manufac-

turer’s instructions. Control cells were transfected with the

Mission� siRNA Universal Negative Controls, using the

same amount of the transfection medium. Cells were ana-

lyzed 48 h after the second transfection by immunoblot

experiments.

Immunoprecipitation

Cells were lysed using the NP-40 lysis buffer (20 mM Tris-

HCl pH 8.0, 137 mM NaCl, 10% glycerol (v/v), 1% NP-40

(v/v), 10 mM EDTA, 1 mg�mL�1 aprotinin, 1 mg�mL�1 leu-

peptin, 1 mg�mL�1 pepstatin, 1 mM orthovanadate, and

2 mM PMSF). Five hundred micrograms of whole cell

lysates were precleared using 30 lL of protein A-agarose or

protein G PLUS-agarose beads for 1 h at 4 °C, and then

incubated with the primary antibody for 4 h at 4 °C.
Finally, 30 lL of protein A-agarose or protein G PLUS-

agarose beads were added to the mixture and incubated

over night (ON) at 4 °C. Immunoprecipitates were washed

with lysis buffer and loaded on an SDS/PAGE. Experi-

ments were repeated at least three times.

Western blot

Proteins were loaded on an SDS/PAGE and transferred on

a polyvinylidene fluoride (PVDF) membrane (Bio-Rad).

Membranes were blocked for 1 h at room temperature

(RT) with either 3% BSA/PBS (w/v) or 0.1% Tween-20 (v/

v) or with 3% nonfat dry milk/PBS (w/v) and 0.1%

Tween-20 (v/v), and then incubated with primary antibod-

ies for either 2 h at RT or ON at 4 °C. Finally, membranes

were incubated for 1 h at RT with the secondary antibod-

ies. Proteins were visualized by the enhanced chemilumines-

cence detection system. Experiments were repeated at least

three times.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde (w/v) for 10 min

on ice. After permeabilization with PBS/0.2% Triton X-100

(v/v), cells were blocked in 10% BSA/PBS (w/v) for 1 h at

RT. Following incubation with primary antibodies diluted

in 1% BSA/PBS ON at 4 °C, slides were incubated for 1 h

at 37 °C with 10 lg�mL�1 of secondary antibodies. Confo-

cal analysis was performed using the LCS Leica confocal

microscope (Leica Microsystems, Heidelberg, Germany).

Quantitative analysis was carried out by counting foci in

100 cells/experimental point, in three independent experi-

ments.
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MTT assay

MRC5-SV40 cells were seeded in 96-well plates at a con-

centration of 1 9 105 cells per well. After 24 h, the cell

monolayers were exposed to either DMSO or 0.125, 0.25,

0.5, 1 lM 17-AAG for 24, 48 and 72 h. A MTT solution (s-

tock solution of 0.5 mg�mL�1) was then added to the cell

culture and incubated for 2.5 h at 37 °C. Formazan crys-

tals were then dissolved in lysis buffer (4 mM HCl, 0.1%

NP40 (v/v) in isopropanol). The plates were analyzed using

a microplate reader at 570 nm (BioTek ELx800 Absor-

bance Microplate Reader, Winooski, VT, USA). As con-

trols, untreated cultures were performed under identical

conditions.

Flow cytometric analysis of c-H2AX and cell cycle

analysis

The MRC5 primary cells were treated with 1 lM 17-AAG

for 8 h and next 1 9 106 cells were fixed on ice for 15 min

with PBS/1% paraformaldehyde (w/v), washed with PBS,

permeabilized with ice-cold 70%, and stored for 24 h at

�20 °C. After rehydration with PBS/0.2% Triton X-100 (v/

v)/1% BSA (w/v), cells were incubated for 2 h at 37 °C with

anti-c-H2AX antibody and for 1 h at 37 °C with the anti-

mouse Alexa488-conjugated secondary antibody. After that,

cells were resuspended in PBS containing 0.18 mg�mL�1

propidium iodide (PI; Sigma) and 0.4 mg�mL�1 DNase-free

RNase (type 1-A; Sigma Aldrich), incubated for 0.5 h at

37 °C, and analyzed. To better define the fluorescence due

to the phosphorylation of H2AX related to the cell cycle

phases, three electronic polygonal gates were designed on

G1/G0, S and G2/M in biparametric DNA content/c-
H2AX dot plot, and a mean fluorescence intensity (MFI)

was measured in each of them. The analyses were performed

on 20 000 total events (CytoFLEX Beckman Coulter, Brea,

CA, USA), and data were analyzed using the CYTEXPERT

Software (version 1.2; Beckman Coulter).

Statistical analysis

Densitometric analyses were performed using the freeware

software IMAGEJ (https://imagej.nih.gov/ij) by quantifying

the band intensity of the protein of interest with respect to

the relative loading control band (i.e., vinculin, actin, or

total IgG) intensity. Data were expressed as mean val-

ues � standard deviation (SD). Statistical analysis was per-

formed using the Student’s t-test. The P values < 0.05 were

considered significant and the P values < 0.01 were

assigned highly significant.
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