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Specific C-terminal nucleophosmin (NPM) mutations are related to the

acute myeloid leukaemia and cause mistargeting of mutated NPM

(NPMmut) to the cytoplasm. Consequently, multiple NPM-interacting

partners, e.g., the tumour suppressor p53, become also mislocalized. We

found that ubiquitin ligase Mdm2 mislocalizes to the cytoplasm in the pres-

ence of NPMmut as well. Since p53 interacts with Mdm2, we searched for

the NPMmut-p53-Mdm2 complex and interactions of its constituents in

live cells and cell lysates using fluorescently tagged proteins, fluorescence

lifetime imaging and immunoprecipitation. We proved existence of the ter-

nary complex, which likely adopts a chain-like configuration. Interaction

between Mdm2 and NPMmut was not detected, even under conditions of

upregulated Mdm2 and p53 induced by Actinomycin D. We assume that

p53 serves in the complex as a bridging link between Mdm2 and NPMmut.

This conclusion was supported by disruption of the Mdm2–p53 interaction

by Nutlin-3A, which resulted in relocalization of Mdm2 to the nucleus,

while both NPMmut and p53 remained in the cytoplasm. Importantly,

silencing of p53 also prevented mislocalization of Mdm2 in the presence of

NPMmut.

Introduction

Specific C-terminal nucleophosmin (NPM) mutations

are the most frequent acute myeloid leukaemia

(AML)-related mutations [1]. AML patients with iso-

lated NPM mutation and normal karyotype belong to

the group with good prognosis of standard intensive

treatment protocol [2]. However, these mutations are

frequently accompanied by other mutations worsening

the prognosis, e.g., Flt3-ITD and/or DNMT3A. The

NPM mutations affect the wild-type (NPMwt) C-

terminal sequence containing the nucleolar localization

signal and cause aberrant localization of mutated

NPM (NPMmut) to the cytoplasm [1]. Consequently,

multiple NPMmut-interacting partners are targeted to

the cytoplasm [3,4]. Among these, tumour suppressor
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p53 has recently been proven to interact with both wt

and mutated NPM and is consequently found in the

cytoplasm of NPMmut-expressing cells [5]. This proba-

bly causes impaired p53 signalization and delayed/

inhibited p53-dependent apoptosis [6]. Drugs prevent-

ing the cytoplasmic p53 localization may, therefore,

help to cure AML with NPM mutation. In our previ-

ous work, we tested specific effect of the putative

NPM-oligomerization inhibitor, NSC348884, as well

as the inhibitor of the nuclear exporter Crm1, Seli-

nexor, exerted on apoptosis of the cells with NPM

mutation [5,7]. However, NSC348884 was found inef-

fective as the NPM-oligomerization inhibitor. Instead,

it caused apoptosis by affecting mechanisms of cell

adhesion. Similarly, Selinexor targets NPMmut and

p53 to the nucleus and causes apoptosis; however, this

process is not NPMmut specific. In this work, we

focused on the p53-interacting partner and its negative

regulator, the human E3-ubiquitin ligase Mdm2

(hdm2), regulating p53 degradation.

Mdm2 tightly interacts with p53 in mouse fibroblasts

and in many human cancer-derived cell lines [8–11]. This
interaction mediates stepwise p53 ubiquitinylation. Sub-

sequently, Mdm2 with Mdm4 facilitates degradation of

polyubiquitinylated p53 by proteasome [12–14]. The

interaction between N termini of Mdm2 and p53 is

accompanied by inhibition of p53 transcriptional activ-

ity [15]. Interaction of their central parts allows nuclear

association of ubiquitin to p53 [8,9,16,17]. The latter

modification is followed by partial relocalization of the

ubiquitinylated p53 to the cytoplasm and its recognition

by the proteasome [18]. Simultaneously, p53 binding to

the Mdm2 promoter activates Mdm2 transcription

which represents a negative feedback loop in the regula-

tion of both proteins [13]. Dynamic regulation of p53

occurs mainly at the protein level without correlation

between its mRNA and the protein expression [19]. p53

is rather unstable with half-life ranging from 5 to 30min

in normal cells [20]. Its stabilization and activation after

a genotoxic stress frequently induced by cytotoxic

drugs results in a significant increase of p53 levels.

Importantly, oligomeric state of p53 is critical for its

Mdm2-induced degradation [16] as well as for its

transcription-regulating association with DNA [21].

Mdm2 is often overexpressed in many cancers, including

leukaemias. This leads to massive p53 degradation and

extremely low p53 levels resulting in impaired apoptosis

and deregulated proliferation [22–24].
Formation of the Mdm2-p53 complex is affected by

many interactions, especially by interactions with

tumour suppressor p19Arf/p14Arf and NPM [25].

p19Arf sequestered by NPM in nucleoli of intact cells

is released to bind Mdm2 under stress conditions. As a

consequence, p53 is stabilized, its activity increases

and cells are driven to apoptosis [25]. AML-related

NPM mutation targets p19Arf in the cytoplasm, where

p19Arf is not protected from degradation and cannot

initiate the p53-dependent response to stress [25]. Reg-

ulation of p53 and Mdm2 levels by NPM has been

widely described and includes both direct protein inter-

actions and regulation of transcription facilitated by

NPM interaction with transcription factors [3,26].

Enhanced Mdm2 and p53 expression was found in

NPM overexpressing cells. Silencing of NPM led to

decreased p53 activity and stability [10,11].

Nucleoplasmic relocalization of NPM was detected

after UV-induced stress. Under these conditions, NPM

transiently binds Mdm2, thus releasing p53 from its

interaction with Mdm2 [27–29]. UV-induced Mdm2–
NPM interaction was found to be associated with a

specific SIRT7-mediated NPM deacetylation followed

by the p53 stabilization [28]. The Mdm2–NPM interac-

tion was reported also in cells treated with proteasome

inhibitor MG132 [27]. Increased Mdm2 transcript level

correlated with NPMmut presence in AML cell lines

as well as in blasts of AML patients [26]. Higher

Mdm2 transcription was accompanied by a higher

expression of the Mdm2-binding transcription factor

MEF/Elf4, which interacted with NPMwt but it did

not interact with NPMmut. This indicates competitive

binding of NPMwt to the MEF/Elf4 [26].

Altogether, mutual interactions have been detected

between all proteins of Mdm2–p53–NPM complex, at

least under specific conditions. To the best of our

knowledge, nothing is known about the potential role

of NPM mutation in the modulation of the p53–
Mdm2 interaction and its possible consequences in leu-

kemogenesis. The existence of the ternary Mdm2–p53–
NPM complex with a dynamic exchange of its constit-

uents and its role in the regulation network is

completely elusive. We, therefore, established a Fluo-

rescence lifetime imaging (FLIM)-based approach for

detection of all three protein constituents within the

Mdm2–p53–NPM complex in live cells and for charac-

terization of their mutual proximity.

In cells with NPM mutation, the signalization path-

ways based on the NPM–p53–Mdm2 axis are deregu-

lated by the cytoplasmic delocalization of p53 [5], which

might contribute to the NPMmut-induced leukemogen-

esis. Impairment of the complex stability by proper

inhibitors could, therefore, release p53 for the induction

of apoptosis and restoration of the Mdm2 nuclear local-

ization. We, therefore, analysed interactions within the

NPM–p53–Mdm2 complex related to the NPM muta-

tion in cell lysates and live HEK-293T cells. Effect of

the Mdm2–p53 interaction inhibitor Nutlin-3A, and the
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genotoxic stress inductor Actinomycin D (ActD) on the

interactions between each pair of the proteins in the

complex was investigated. Results were verified on a

panel of AML cell lines.

Results

Mdm2 localizes to the cytoplasm together with

NPMmut

We assume that the complex signalization pathways

based on the NPM–p53–Mdm2 axis are seriously dysre-

gulated in cells with the AML-related NPM mutation.

In order to evaluate the impact of NPMmut on all mem-

bers of the regulation axis, we performed comparative

cellular localization experiment on HEK-293T cells

transfected with plasmids for expression of mVenus-

labelled NPMwt and NPMmut (V_NPMwt and

V_NPMmut). The cells were further cotransfected with

mRFP1-tagged p53 (R_p53) and Cerulean-labelled

Mdm2 (C_Mdm2). All three fluorescent tags are spec-

trally well separated and their subcellular colocalization

can be examined by fluorescence microscopy. The result

is shown in Fig. 1. In Fig. 1A, we can see that while in

the presence of nucleoli-localized V_NPMwt both

R_p53 and C_Mdm2 stay correctly mainly in the cell

nuclei [30], the localization pattern in the presence of

V_NPMmut is clearly different. Both C_Mdm2 and

R_p53 are relocalized to the cytoplasm. As we have

reported earlier [5], the cytoplasmic mislocalization of

NPMmut causes extensive relocalization of its binding

partner p53. Figure 1A documents similar delocaliza-

tion of C_Mdm2 in the presence of V_NPMmut. To

check for a potential bias caused by the extrinsic label

and overexpression of exogenous p53, we repeated the

experiment relying on endogenous p53 in cells cotrans-

fected with only C_Mdm2 and V_NPMmut. The locali-

zation of endogenous p53 was visualized by

AlexaFluor555 immunostaining after fixation of the

transfected cells. As seen in Fig. 1B, for cells expressing

V_NPMmut, we obtained essentially the same result as

in Fig. 1A, that is, cytoplasmic relocalization of Mdm2.

We can see that endogenous p53 accompanies both

NPMmut and Mdm2 to the cytoplasm in samples

expressing NPMmut. Labelling of NPMmut by differ-

ent fluorescent tags neither changed the observed pat-

tern (data not shown).

The localization experiments suggest a tight correla-

tion between the cellular expression of NPMmut and

the cytoplasmic mislocalization of Mdm2. It is, there-

fore, important to search for the mechanism of the

Mdm2 relocalization. This process could be facilitated

by the interaction of Mdm2 with NPMmut, similarly as

NPMmut was found to translocate both NPMwt and

p53 to the cytoplasm [5,31]. Since the interaction

between p53 and both NPMwt and NPMmut was docu-

mented [5,32], it seems reasonable to search for the exis-

tence of the direct NPM–Mdm2 interaction and the

NPM–p53–Mdm2 complex, with the emphasis on the

role of the NPM mutation. Answers to these questions

could identify potential targets for reverting the regula-

tion misbalance and pave the road for AML treatment.

Three-colour FRET-FLIM can detect ternary

complexes in live cells

In order to search for the NPM–p53–Mdm2 ternary com-

plex in live cells, we have chosen three-colour labelling

scheme where different constituents of the ternary com-

plex are each labelled with a specific spectrally separable

fluorescent protein (FP). Then, mutual interactions within

the complex can be simultaneously determined by FRET-

FLIM using three different donor–acceptor pairs (Fig. 2).
We call the method three-colour-FRET-FLIM (3FF).

Similar approaches have been successfully used for detec-

tion of multimolecular complexes and monitoring of their

conformational changes [33–35]. In Fig. 2A, we can see

that the cyan label serves as a FRET donor for the yellow

and red acceptor. The yellow label has a dual role of being

the acceptor for the cyan tag and the donor for the

red one. The red FP is a common acceptor for the two

other tags. Since the presence of FRET reflecting donor–
acceptor proximity demonstrates itself by a decreased

donor fluorescence lifetime, the photobleaching of the red

acceptor should affect both the cyan and the yellow donor

(Fig. 2A,B). Consequently, their lifetimes should increase

[36]. Similarly, photobleaching of the yellow tag closes the

FRET channel between the cyan and the yellow FPs and

the lifetime of the cyan donor further increases (Fig. 2C).

The outlined scenario can prove interaction among all

three constituents of the ternary complex.

We validated the method on the well-characterized

system consisting of NPM variants labelled with three

different FPs and coexpressed in cells. NPM molecules

are known to form higher oligomers, pentamers or deca-

mers [37]. Using FRET-FLIM, we have previously con-

firmed a formation of mixed NPM complexes both for

wild type (NPMwt) and the mutated form NPMmut

[7,38]. The 3FF experiment with NPMwt labelled by

Cerulean (C_NPMwt), mVenus (V_NPMwt) and

mRFP1 (R_NPMwt) is shown in Fig. 2D–H.

As expected, all variants of NPMwt are colocalized

mainly in nucleoli where they are supposed to form

three-colour oligomeric NPM complex containing ran-

dom mix of the “colored” monomers [7]. Indeed, we

clearly detect FRET among all three donor–acceptor
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pairs. Specifically, fluorescence lifetime of C_NPMwt

significantly increases after photodestruction of mRFP1

acceptor (Bleach1, R_NPMwt). Similar effect exerts the

Bleach1 on the second donor mVenus. Additional

bleach of V_NPMwt (Bleach2), which serves as a second

acceptor of C_NPMwt, causes further increase of the

R_p53 MergeC _Mdm2

C _Mdm2

V_NPMwt

V_NPMmut R_p53 Merge

Alexa555_p53 MergeC_Mdm2V_NPMmut

N/A

(A)

(B)

Fig. 1. Cellular localization of Mdm2 and p53 in the presence of exogenous variants of NPM in live HEK-293T cells. (A) Cells cotrans-

fected with exogenous V_NPM, C_Mdm2 and R_p53. (1st row) – Localization of C_Mdm2 and R_p53 in the presence of V_NPMwt.

(2nd row) – localization of C_Mdm2 and R_p53 in the presence of V_NPMmut. Bar is 20 μm, (N= 5). (B) Effect of endogenous p53.

(1st row) – Cells transfected with C_Mdm2 only, (2nd row) – cells cotransfected with C_Mdm2 and V_NPMmut. Endogenous p53 is

visualized by immunostaining with AlexaFluor555. Cytoplasmic localization of Mdm2 and p53 in the presence of NPMmut is marked by

arrows. Bar is 10 μm (N= 3).

Fig. 2. Design and validation of the three-colour-FRET-FLIM (3FF) experiment. (A) Scheme of the experiment. Coloured circles represent pro-

teins tagged with a specific FP, and grey circles are the proteins after photobleaching. FRET between each donor–acceptor pair is evaluated

from the increase of the donor fluorescence lifetime upon the acceptor photodestruction. (B) Donor Cerulean or mVenus, acceptor mRFP1.

(C) Donor Cerulean, acceptor mVenus. (D, E) Molecular proximity in the NPMwt multimer in live HEK-293T cells cotransfected with

C_NPMwt, V_NPMwt and R_NPMwt. (D) Intensity images. Columns from left to right represent cyan, yellow and red spectral channels for

detection of C_NPMwt, V_NPMwt and R_NPMwt fluorescence. Rows from top to bottom represent images of the initial triple-stained sam-

ple, images after mRFP1 photodestruction by 561 nm light and the images after additional photobleaching of mVenus by 514 nm radiation

respectively. The photobleached areas are marked by the dashed line, bar is 10 μm. (E) FLIM images of C_NPMwt donor (the cyan spectral

channel) in the presence of both V_NPMwt and R_NPMwt acceptors and after subsequent photodestruction of mRFP1 and mVenus,

Bleach1 and Bleach2 respectively. (F) FLIM images of V_NPMwt donor (the yellow spectral channel) in the presence of the R_NPMwt

acceptor and after its photobleaching (Bleach1). (G, H) Fluorescence lifetime distributions corresponding to the panels E and F respectively.

Nucleolar areas for the histogram construction are marked by dashed lines. Experiments were performed in triplicates.
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C_NPMwt lifetime. The results, therefore, clearly prove

the presence of three opened FRET channels in the

NPMwt oligomers, which documents simultaneous

presence of all three colour variants of NPMwt in the

complexes. Similar results were obtained for different

combinations of cytoplasm-localized NPMmut colour

variants (data not shown). The chosen labelling system

is, therefore, well suited for the detection of ternary

complexes by the 3FF method.

Complex NPMmut–p53–Mdm2 forms chain-like

structure

Next, we applied the 3FF method for probing the sug-

gested NPMmut–p53–Mdm2 complex and for searching

for the direct Mdm2–NPMmut interaction. Figure 3 pre-

sents the 3FF experiment with HEK-293T cells cotrans-

fected with Cerulean-labelled NPMmut (C_NPMmut),

mVenus-labelled Mdm2 (V_Mdm2) and R_p53. Consis-

tent with Fig. 1, the three proteins colocalize in the cyto-

plasm in the presence of NPMmut. We can see that after

photodestruction of the mRFP1 acceptor, the emission

lifetime of both Cerulean and mVenus donor increases

(Fig. 3B–D). Statistical evaluation of repeats performed

with several cell samples is shown in Fig. 3E. The observa-

tion witnesses for FRET between R_p53 and both

C_NPMmut and V_Mdm2. Interaction between p53 and

NPMmut detected by FRET has been already documen-

ted in vivo [5]. Nevertheless, despite expectations, we do

not see any signs of NPMmut–Mdm2 interaction since

the lifetime τC1 of the C_NPMmut donor does not change

upon photodestruction of the V_Mdm2 acceptor

(Fig. 3B,D). Varied content of the exogenous Mdm2 and

permutated three-colour labelling did not change this

finding (data not shown). Therefore, we attempted

to search for the Mdm2–NPMmut interaction in a

double-labelled C_NPMmut-V_Mdm2 system (Fig. 3F-

H). We can see that the lifetime histograms of

C_NPMmut shown in Fig. 3H are independent of the

presence or absence of V_Mdm2 and the result is, there-

fore, inconsistent with the close proximity of the donor

and acceptor molecules required for the direct interaction.

Statistical evaluation of repeats obtained with several

independent cell samples and different protein tagging

supports the conclusion (Fig. 3I).

The absence of FRET does not necessarily mean the

absence of the short-range interaction, because under

rather specific donor–acceptor orientation, the FRET

could be weak or absent [36]. We, therefore, performed

immunoprecipitation experiments to support the FLIM

findings and mutual interactions of Mdm2, p53 and

NPMwt/mut variants were searched in cell lysates.

HEK-293T cells were transfected with C_Mdm2 and

cotransfected either with mRFP1_p53 or with the

mRFP1-labelled variants of NPM. Then, the cell lysates

were analysed. Results are presented in Fig. 4. As sug-

gested by our in vivo FLIM experiments, the interaction

of exogenous Mdm2 with p53 was clearly detected in all

samples (Fig. 4A). p53 also co-precipitated with both

exogenous NPMwt and exogenous NPMmut (Fig. 4B).

p53 was found to co-precipitate more with Mdm2 than

with examined NPM variants, which confirms strong

association between p53 and Mdm2 (Fig. 4B). Impor-

tantly, no signs of interaction between Mdm2 and

NPMmut were detected (Fig. 4A), which fully supports

our FLIM conclusions. In addition, neither endogenous

NPMwt co-precipitated with Mdm2 (Fig. 4C) suggest-

ing that absence of NPMmut–Mdm2 interaction is not

caused by the mutation. The ability of Mdm2 to interact

with p53 as well as its inability to interact with NPM

was found independent of the used fluorescent tag as

well (Fig. 4D). Consistent with literature, the Mdm2–

Fig. 3. Mutual interactions of Mdm2, NPMmut and p53 in live HEK-293T cells cotransfected by C_NPMmut, V_Mdm2 and R_p53. (A) Inten-

sity images. Columns from left to right represent cyan, yellow and red fluorescence of C_NPMmut, V_Mdm2 and R_p53. Rows from top to

bottom are images of the initial triple-labelled sample, images after mRFP1 photodestruction and images after additional photobleaching of

mVenus. The bleached area is marked by the dashed line, bar is 20 μm. (B) FLIM images of C_NPMmut donor in the presence of both

V_Mdm2 and R_p53 acceptors (left), after photodestruction of mRFP1 by 561 nm light (middle, Bleach1) and mVenus by 514 nm light (right,

Bleach2). (C) Fluorescence lifetime images of V_Mdm2 donor in the presence of R_p53 acceptor (left) and after mRFP1 photobleaching

(right, Bleach1). (D) Fluorescence lifetime histograms corresponding to the bleached area in panels B and C respectively. (E) Paired t-test for

independent repeats of FRET-FLIM experiments comparing fluorescence lifetimes before and after the acceptor photobleaching. The graph

contains data from different cell samples and three different donor–acceptor pairs. Lifetime changes are significant compared to the control.

(F) Intensity images of C_NPMmut and V_Mdm2 before and after photobleaching of V_Mdm2. The bleached area is marked by the dashed

line, bar is 10 μm. (G) FLIM images of the C_NPMmut before (left) and after (right) photodestruction of mVenus. (H) Lifetime histograms of

the area marked in panel G before (black line) and after (red line) the photobleaching. Schematic representations refer to Fig. 2. (I) Paired t-

test for independent repeats of FRET-FLIM experiments comparing fluorescence lifetimes before and after acceptor photobleaching. The

graph contains data from different cell samples and two different donor–acceptor pairs. The observed changes are insignificant. (****P<

0.0001, **P= 0.0053, not significant – ns: P> 0.05).
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(C)
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IB: NPM endo

IP: RFP
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Cerulean
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(B)
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X
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IB: NPM

C V Ch

Input

C V Ch

IP:FP_Mdm2(D)
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(A)

IB: Mdm2

IB: NPM (37 kDa)

IB: RFP

IP: Mdm2Input IP:RFP
R_p53
R_NPMmut

+
+
–

–
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–
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+
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–

Input IP: C_Mdm2

IB: Mdm2

IB: p53
IB: NPM
IB: γH2A.X

0 1 2 0 1 2 Time after UV (h)

IB: β-Actin

(E)

Fig. 4. Interaction of Mdm2, p53 and NPMwt/mut in lysates of double- and single-transfected HEK-293T cells. (A) Cells transfected with

C_Mdm2 and cotransfected with R_p53 or R_NPMmut. Mdm2 interacts with p53 in all samples. Endogenous NPM co-precipitates with both

R_p53 and R_NPMmut. Neither exogenous nor endogenous NPM co-precipitate with C_Mdm2 and, vice versa, C_Mdm2 does not co-

precipitate R_NPMmut. Identical results were obtained with R_NPMwt (data not shown). (B) p53 co-precipitates with Mdm2 more than with

NPM variants. (C) Endogenous NPM co-precipitates with p53 and NPMwt. It does not precipitate with Mdm2. (D) Single transfection with

C_Mdm2 (C), V_Mdm2 (V) and mCherry_Mdm2 (Ch). Endogenous p53 co-precipitates with all variants of Mdm2. Endogenous NPM is not

found in any precipitate. Cerulean- and mVenus-fused proteins were immunoprecipitated with GFP-Trap and mCherry-fused proteins with

RFP-Trap. (E) Interaction of Mdm2 with NPM after UV irradiation. HEK-293T cells transfected with C_Mdm2 were UVC-irradiated (800 J�m-2

@ 254 nm) and lysed at indicated times. C_Mdm2 immunoprecipitation was performed and level of co-precipitated p53 and NPM was

detected by WB. γH2A.X expression was evaluated to estimate the extent of DNA damage. (F) Scheme of the chain-like ternary complex

based on the 3FF and immunoprecipitation experiments. Experiments were performed in triplicates.
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NPM interaction was found only in cells exposed to UV

irradiation [27,28], where the delayed onset of the inter-

action is clearly seen (Fig. 4E). The figure also docu-

ments that the immunoprecipitation is sensitive enough

to detect the interaction, if it is present.

In summary, we have unambiguously confirmed the

Mdm2–p53 interaction, as well as interaction between

p53 and both NPMmut and NPMwt variants. Localiza-

tion experiments have shown explicit correlation

between cytoplasmic localization of Mdm2 and the

presence of NPMmut that is mislocalized to the cyto-

plasm due to the mutation introducing nuclear export

signal [1]. All these evidences suggest NPMmut-induced

cotransport of Mdm2 to the cytoplasm in some form of

the NPMmut–p53–Mdm2 ternary complex. Neverthe-

less, despite all experimental efforts, we were unable to

detect direct interaction between Mdm2 and NPM vari-

ants neither in vivo by FRET-FLIM nor in cell lysates

by the immunochemical methods. The model of a com-

pact “triangular” ternary complex schematically

Co
nt

ro
l

R_p53 V_Mdm2 C_NPMmut Merge

p5
3 

siR
N

A
N

on
-ta

rg
et

in
g

siR
N

A

(A)

(B)
C_Mdm2 + C_Mdm2 + V_p53 +

C_Mdm2 + V_p53 + R_NPMmut C_Mdm2 + V_p53 + R_NPMmut

IB: β-Actin
IB: p53

IB: β-Actin
IB: GFP (exo-p53)

IB: β-Actin

IB: GFP (exo-p53)

IB: β-Actin

IB: GFP (exo-p53)

siRNANone nt p53 nt
1×

p53
2×

p53 siRNA
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nt siRNA

p53 siRNA

nt siRNA+ – + –

+ – +–

+ – + –

+ – +–

R_NPMwt  R_NPMmut R_NPMwt  R_NPMmut

Fig. 5. p53 silencing. (A) Effect of p53 silencing on the cellular localization of V_Mdm2 and C_NPMmut in live HEK-293T cells. (1st row) –
Cells transfected with p53-targeting siRNA. p53 is silenced, Mdm2 and NPMmut anti-colocalize in the nucleus and cytoplasm respectively.

(2nd row) – Control cells transfected with non-targeting siRNA. NPMmut, p53 and Mdm2 colocalize in the cytoplasm. (3rd row) – Control

cells without siRNA. Bar is 10 μm (N= 5). (B) Effect of p53 silencing on the p53 expression level. Upper left: level of endogenous p53 in

C_Mdm2 and R_NPMwt/mut transfected cells with non-targeting (nt) and p53-targeting (p53) siRNA. Upper right: level of exogenous p53 in

C_Mdm2, V_p53 and R_NPMwt/mut transfected cells with either non-targeting or p53-targeting siRNA. Lower left: level of exogenous p53

in C_Mdm2, V_p53 and R_NPMmut transfected cells with and without siRNA. Lower right: level of exogenous p53 in C_Mdm2, V_p53 and

R_NPMwt/mut transfected cells in the presence of 50 nM (1×) and 100 nM (2×) siRNA concentrations. Exogenous p53 was detected with α-
GFP antibody recognizing the Venus tag. β-Actin serves as a loading control, N= 3.
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depicted in Fig. 2 is, therefore, inconsistent with the

experimental data, since it requires mutual interaction

or close proximity of all three protein constituents. The

direct interaction should be visible in the immunopre-

cipitation data, and the close proximity of Mdm2 and

NPM should be detectable by FRET. Because none of

the methods gave positive answer, we conclude that the

NPMmut and Mdm2 separation is likely larger than the

Cerulean-mRFP1 FRET pair can detect ( ∼ 70 Å)

[36,39]. Based on the results, it is legitimate to suggest

that the cytoplasmic cotransport of Mdm2 and

NPMmut is mediated by p53, which bridges NPMmut

and Mdm2 in the chain-like NPMmut–p53–Mdm2

structure schematically depicted in Fig. 4F.

To challenge the above-outlined hypothesis, we

silenced p53 in cells co-transfected with R_p53

V_Mdm2 and C_NPMmut (Fig. 5). Typical protein

localization images of the p53-silenced cells and two

different control samples are shown in Fig. 5A. We

can see that p53-targeting siRNA causes uncoupling of

V_Mdm2 from C_NPMmut. As a result, Mdm2

remains in the nucleus while NPMmut is exported to

the cytoplasm. Without silencing, all three proteins

colocalize in the cytoplasm of both control samples.

Figure 5B demonstrates reduced levels of both endoge-

nous and exogenous p53 after its silencing by targeting

siRNA. The residual p53 expression was not inhibited

even with using a higher siRNA concentration (lower

right panel in Fig. 5B). The suppressed p53 levels can

be detected both in cells with and without NPMmut.

Altogether, results in Fig. 5 strongly point to p53

being a linker in the NPMmut–p53–Mdm2 complex.

Nutlin-3A breaks the NPMmut–p53–Mdm2 chain

Nutlin-3A is supposed to disrupt or compromise inter-

action between Mdm2 and p53 by blocking the main

binding site for p53 on Mdm2 [8,9]. In this case,

Nutlin-3A is also expected to disrupt the NPMmut–
p53–Mdm2 complex similar to p53 silencing. As a con-

sequence, Mdm2 should shuttle back to its regular

nuclear location [40], not being exported by NPMmut–
p53 complex. First, we examined the effect of Nutlin-

3A on lysates of cells co-transfected with V_Mdm2

and R_p53. Immunoblots from immunoprecipitation

in Fig. 6 document that within 2 h after its addition

Nutlin-3A weakens the Mdm2–p53 interaction. The

residual interaction sustains for at least 24 h. The full

inhibition was not observed, which is consistent with a

reported secondary binding site for p53 in the acidic

domain of Mdm2 [9]. The interaction between p53 and

NPM seems not to be significantly affected. Next, we

tested the effect of Nutlin-3A in live cells by the 3FF.

As seen in Fig. 7A, V_Mdm2 relocalizes from the

cytoplasm back to the nucleus. The relocalization is

clearly observable in 25min and highly progresses in

85 min after the Nutlin-3A addition. The relocalization

is accompanied by gradual increase of the V_Mdm2

fluorescence lifetime in the nucleus (Fig. 7B). This

implies separation of V_Mdm2 and R_p53 and weak-

ening of FRET between them. Importantly, both

C_NPMmut and R_p53 stay localized in the cyto-

plasm. The results further support our hypothesis that

the presence of Mdm2 in the cytoplasm of NPMmut-

containing cells depends on its interaction with deloca-

lized p53 (Fig. 7D).

The relocalization seems to be finished within 2 h, as

documented by the time evolution of the intensities in

the nucleus and the cytoplasm in Fig. 7E. The time

scale of the process is consistent with the immunopre-

cipitation data in Fig. 6. We conclude that several lines

of experimental evidence speak for the chain-like

model of the NPMmut–p53–Mdm2 complex, where

p53 is a crucial central-bridging element.

IB: NPM (37 kDa)

IB: Mdm2

IB: p53

Input IP: V_Mdm2 IP: R_p53

0 2 24 0 2 24 0 2 24 Time after 
Nutlin-3A (h)

Fig. 6. Mdm2–p53 interaction in lysates of HEK-293T cells cotransfected with mVenus_Mdm2 (V_Mdm2) and mRFP1_p53 (R_p53). The cell

lysis and immunoprecipitation were done at 0, 2 and 24 h after the addition of 10 μM Nutlin-3A to the live cell culture. It is seen that Nutlin-

3A weakens the Mdm2-p53 interaction within 2 hours after the addition, full inhibition of the Mdm2–p53 interaction is not observed. Experi-

ments were performed in triplicates.
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(A)

(C)

(D)

(E)

(B)

Fig. 7. Effect of Nutlin-3A on the Mdm2–p53 interaction in HEK-293T cells cotransfected with C_NPMmut, V_Mdm2 and R_p53. (A) Col-

umns from left to right are fluorescence intensities of C_NPMmut, V_Mdm2 and R_p53. Rows represent situation before and after the addi-

tion of 10 μM Nutlin-3A. (B) Fluorescence lifetime images of V_Mdm2 before and after addition of Nutlin-3A. Mean lifetime values in the

cytoplasm and in the nucleus are indicated in the images. (C) Fluorescence lifetime distributions corresponding to the panel B (N= 5 for A,

B). (D) Disruption of the NPMmut–p53–Mdm2 complex by Nutlin-3A. Coloured circles represent protein tagging. Disruption of the Mdm2–
p53 interaction is evaluated from the increase in the C_Mdm2 fluorescence lifetime upon the Nutlin-3A addition. (E) Time dependence of

the ratio of emission intensities in the nucleus and in the cytoplasm averaged over the ensemble of Nutlin-3A-treated cells (N= 10). Error

bars represent 95% confidence limit of the average and reflect variation in the cell response to the Nutlin-3A treatment. The red line serves

merely as a guide for the eye. Bar is 10 μm.
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Interactions in the NPMmut–p53–Mdm2 complex

are not affected by Actinomycin D

UV radiation was reported to induce transient NPM/

Mdm2 interaction [27,28] mediated by SIRT7-driven

NPM acetylation [28]. We, therefore, tested, whether

the AML-relevant genotoxic drug ActD [41,42], which

upregulates both p53 and Mdm2 [6,43] without SIRT7

amplification [28], can affect interactions within the

complex. Despite upregulated Mdm2 and its better

colocalization with NPM in the nucleoplasm

(Fig. 8A), we did not detect any interaction between

Mdm2 and NPM variants (Fig. 8B,C). It has to be

mentioned that we were able to reproduce and detect

the UV-induced interaction of NPM with Mdm2,

which proves that the interaction is detectable

(Fig. 4E). Interaction of Mdm2 and NPMwt/mut with

p53 persisted in ActD-treated cells (Fig. 8B,C). The

presence of p53 in NPM-precipitates of Nutlin-3A-

treated cells fully agrees with the localization results

(Fig. 7A) and demonstrates persisting p53–NPM inter-

action in the presence of Nutlin-3A (Fig. 8C). Accord-

ing to previous findings [44], loss of NPM interaction

with nucleolin (NCL) due to the NPM mutation

remained unaffected after the Nutlin-3A or ActD

treatment (Fig. 8C).

Endogenous proteins in AML cell lines behave

similar to fluorescently labelled proteins in HEK-

293T model system

To validate our results in relevant system, we evalu-

ated Mdm2–p53–NPM interactions in AML cell lines.

Due to very low concentrations of p53 and Mdm2 in

IB: Mdm2

IB: NPM (37 kDa)
IB: p53

IB: β-Ac�n

Input IP: C_Mdm2 IP: p53

C N A C N A C N A

IP:G_NPMInput
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IB:NCL

IB: p53
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C N A C N A
mutwt
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mutwt

(C)
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W
ith

Ac
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Fig. 8. Effect of Actinomycin D and Nutlin-3A on the Mdm2–p53 interaction in HEK-293T cells. (A) Localization of C_NPMwt, V_Mdm2 and

R_p53 in live HEK-293T cells in the presence of ActD. (1st row) – Cells without ActD, (2nd row) – cells treated with 10 nM ActD for 24 h.

Better colocalization of NPMwt and Mdm2 is clearly visible in the presence of ActD. Bar is 10 μm. (B, C) Immunoprecipitation of Cerulean/

GFP by GFP-Trap. (B) Single transfection with C_Mdm2. Nutlin-3A attenuates Mdm2–p53 interaction, NPM does not precipitate with Mdm2

in any sample. Lane legend: C – control, N – 10 μM Nutlin-3A, A – 10 nM ActD. (C) Single transfection with eGFP-tagged NPM variants,

G_NPM (wt/mut). NPM–p53 interaction is unaffected by Nutlin-3A (lane legends same as in B). Experiments were performed in triplicates.
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intact cells, we first searched for conditions inducing

detectable levels of these two proteins. As seen in

Fig. 9, screening of clinically relevant cytotoxic drugs

revealed only Nutlin-3A and ActD to systematically

increase p53 and Mdm2 levels in our panel of AML

cell lines. ActD-treated cells, therefore, represented

positive control in subsequent p53- and Mdm2-

immunoprecipitation experiments. Results from the

AML cell line with NPM mutation (OCI-AML3) and

from the line containing wild-type NPM only

(MOLM-13) are presented in Fig. 9B,C. Similar to

HEK-293T cells, evaluation of co-immunoprecipitated

Mdm2 in p53 immunoprecipitates confirmed weaken-

ing of the Mdm2–p53 interaction in Nutlin-3A-treated

samples (Fig. 9B). Decreased NPM level in Nutlin-3A

and ActD-treated samples, likely induced by a lower

demand on the ribosome synthesis, is also mirrored in

p53 precipitates. Similarly, Mdm2 immunoprecipitates

also contained less p53 in the samples treated with

Nutlin-3A (Fig. 9C). Despite the increased Mdm2

levels, NPM was not found in Mdm2 immunoprecipi-

tates. This fully supports conclusions made with fluo-

rescently labelled proteins in HEK-293T cells.

Discussion

Several research groups searched for the interaction

between NPM and Mdm2 with ambiguous results.

While Bertwistle et al. [45] did not find the interaction

and claimed its existence unlikely, others [10,28] found

NPM in Mdm2 precipitates of cancer cells treated by

UV light or proteasome inhibitor MG132 [46]. The in

vitro NPM–Mdm2 interaction was reported to be

modulated by amount of in vitro-translated p53 added

to the suspension [10].

We have recently shown that the AML-associated

NPM mutation causes aberrant p53 localization [5].

Here, we document that NPMmut affects also the cel-

lular localization of Mdm2. The presence of Mdm2 in

the cytoplasm is strongly NPMmut dependent, i.e., it

was not observed in cells transfected with NPMwt

instead of NPMmut. Our results imply that NPM

mutation plays an important role in the regulation of

the NPM–p53–Mdm2 interaction network with high

relevance to AML pathogenesis.

FRET-FLIM and immunoprecipitation experiments

have previously proved that the behaviour of

IB: NPM
IB: β-Ac�n

IB: Mdm2

Ctrl N A D I C S

OCI-AML3 MV4-11OCI-AML2 MOLM-13

Ctrl N A D I C S Ctrl N A D I C S Ctrl N A D I C S
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Fig. 9. Effect of cytostatics in AML cell lines. (A) Mdm2, p53 and NPM expression after 24-h treatment with cytostatics. Ctrl – Untreated

control, N – 5 μM Nutlin-3A, A – 2 nM ActD, D – 1 μM doxorubicin, I – 200 Nm idarubicin, C – 5 μM Cytarabine, S – 0.5 μM Selinexor. Level of

β-actin served as a loading control (N= 3). (B, C) Effect of Nutlin-3A and ActD on the Mdm2–p53–NPM interaction complex in OCI-AML3

(with NPMmut) and MOLM-13 (NPMwt only) cell lines respectively. (B) p53 immunoprecipitation (N= 4), (C) Mdm2 immunoprecipitation

(N= 2).
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fluorescently labelled exogenous NPM and p53 well

describes interaction between the endogenous protein

forms in live cells [5]. In this work, we performed

experiments with a triad of tagged model proteins in

order to establish a platform for detection of ternary

complexes by 3FF measurements. Highly oligomeriz-

ing NPMwt and NPMmut variants [7,37,38] were

fused to Cerulean, mVenus and mRFP1, produced in

live cells and utilized for detection of the ternary com-

plexes. The experiments proved that the choice of

fluorophores constitutes a suitable set of donor–accep-
tor pairs for 3FF measurements. In order to match

emission characteristics and FRET efficiencies of the

fluorophores with different expression levels of NPM,

p53 and Mdm2, we performed permutations of the

fluorescent tagging. The procedure yielded an optimal

labelling scheme further used for the 3FF experiments.

Despite our localization experiments clearly

revealed tight correlation between expression of

NPMmut and the cytoplasmic localization of both

Mdm2 and p53 in transfected cells, we were unable to

detect interaction between Mdm2 and NPMmut that

could explain the protein cotransport to the cyto-

plasm. Neither labelled nor endogenous NPMwt was

found to interact with Mdm2 in intact cells. The

absence of NPMmut–Mdm2 interaction is, thus, not

related to the NPM mutation. Nevertheless, we

clearly detected the interaction between the p53–
NPMmut and the p53–Mdm2 protein pairs. We,

therefore, suggest that Mdm2–p53–NPMmut complex

adopts a chain-like structure, which facilitates the

observed cotransport of Mdm2 from the nucleus to the

cytoplasm together with NPMmut. p53 serves as a

bridging element there and mediates formation of such

complex (Fig. 4F). We cannot predict geometry of the

complex more accurately from our experiments. Never-

theless, the absence of FRET between Cerulean and

mVenus with the critical Förster distance of R0 ∼ 55 Å

[39] suggests separation of the donor and acceptor larger

than about 2R0, i.e., ∼ 100 Å [36].

The p53 protein has an intrinsically flexible struc-

ture [47], which self-associates to structurally plastic oligo-

mers [48]. Based on in vitro measurements of the Kd [49]

and p53 basal concentration in cells [50], it was suggested

that p53 assumes predominantly dimeric structure under

normal conditions [49,50]. However, recent in vivo experi-

ments revealed a broader oligomer representation, p53

being distributed among significant populations of mono-

mers, dimers and tetramers. The equilibrium between the

states is regulated by protein–protein interactions [51].

We do not know, which oligomeric state is bound in the

suggested Mdm2–p53–NPMmut complex. Nevertheless,

monomeric p53 (p53L344P mutant) displayed reduced

ability to bind Mdm2 [52]. On the contrary, tetrameriza-

tion was shown to be important for p53 to bind Mdm2,

since the loss of the quaternary structure severely

impaired the p53 binding [53]. Interacting regions between

dimeric p53 and Mdm2 have also been found [54]. We,

therefore, speculate that the Mdm2–p53–NPMmut com-

plex should likely accommodate tetrameric or dimeric

p53. The shape of tetrameric p53 (Mw ∼ 180 kDa [55]) is

a skewed cube of 66 Å × 82 Å × 85 Å in size. Its overall

volume corresponds to a 400 kDa globular protein [48].

The p53 dimer would be similarly bulky. We assume that

such “spacer” between Cerulean_NPMmut and mVe-

nus_Mdm2 easily prevents FRET between those mole-

cules (Fig. 4F).

To verify the proposed model, we targeted p53 with

siRNA and indeed, p53 silencing led to the exclusively

nuclear localization of Mdm2 in the presence of

NPMmut. Further, we investigated disruption of

Mdm2–p53 interaction by Nutlin-3A. Substantial weak-

ening of the Mdm2–p53 interaction was observed in pre-

cipitates of Nutlin-3A-treated cells. Nevertheless, the

interaction partially persisted regardless of the treatment

duration. This is in full agreement with reported multi-

ple binding sites of Mdm2 for the p53 molecule [8].

Interaction of p53 with NPM remains almost unaffected

[32]. Importantly, in the live-cell experiments, Nutlin-3A

caused significant relocalization of V_Mdm2 to the

nucleus, while R_p53 and C_NPMmut stayed in the

cytoplasm (Fig. 7). The relocalization was accompanied

by the loss of FRET between V_Mdm2 and R_p53 after

the release of Mdm2 from the NPMmut–p53–Mdm2

complex. All these results strongly support our hypothe-

sis of Mdm2 being driven into the cytoplasm of

NPMmut-expressing cells by its tight association with

p53.

The NPM–Mdm2 interaction was previously found

under genotoxic conditions. Specifically, under UV-

induced stress, NPM is transiently bound to Mdm2

causing a release of p53 from its interaction with

Mdm2 and also increase in p53 activity and stability

[27–29]. Due to the ability to induce genotoxic stress,

we expected similar effect with DNA-damaging ActD,

which has a potential for AML treatment, too [41].

Nevertheless, ActD did not induce interaction between

Mdm2 and any variant of NPM. The UV-induced

NPM–Mdm2 interaction was reportedly associated

with SIRT7-mediated NPM acetylation, which was not

detected after the ActD treatment [28]. As concerns

the participation of NPM, we speculate that mecha-

nisms of the DNA-damage repair likely differ in

ActD- and UV-treated cells.

Immunoprecipitation experiments with AML cell

lines proved partial inhibition of the Mdm2–p53
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interaction by Nutlin-3A and the absence of the inter-

action between NPM and Mdm2. These results

obtained on a relevant system of endogenous proteins

confirmed our findings from HEK-293T cells.

In conclusion, we have shown that in the context of

AML, the cytoplasmic mislocalization of Mdm2 asso-

ciated with the presence of NPMmut is mediated by

p53. Several lines of evidence witness the existence of

the chain-like NPMmut–p53-Mdm2 complex, where

p53 constitutes a central-bridging element. There are

no signs of direct NPM–Mdm2 interaction under the

native conditions. The stability of the complex is com-

promised in the presence of Nutlin-3A, which causes

partial inhibition of the Mdm2–p53 interaction and

results in Mdm2 nuclear relocalization and p53 stabili-

zation. This could certainly contribute to the restora-

tion of regulatory functions in cells with NPMmut.

Materials and methods

Cell cultivation

Adherent cell line HEK-293T was kindly provided by Š.

Němečková (Department of Immunology, Institute of Hema-

tology and Blood Transfusion). Leukaemia cell lines OCI-

AML2, OCI-AML3, MV4-11 and MOLM-13 were obtained

from DSMZ (Braunschweig, Germany). The cells were culti-

vated according to the manufacturer’s recommendations.

Specifically, HEK-293T were cultivated in DMEM growth

media (Merck, Darmstadt, Germany) with 10% FBS (Bio-

sera, Cholet, France) and antibiotics (100U�mL-1 penicillin,

100 μg�mL-1 streptomycin; Merck). OCI-AML2 and OCI-

AML3 grew in α-MEM (Merck) supplemented with 20%

FBS, L-glutamine (Merck) and antibiotics. MV4-11 and

MOLM-13 were cultivated in RPMI-1640, with 10% FBS, L-

glutamine and antibiotics. Nutlin-3A (Selleckchem, Planegg,

Germany) and Actinomycin D (Merck) were injected into

the cell culture from the 10mM and 10 μM stock solution,

respectively, to the final concentrations specified in the text.

For UV treatment, cells were exposed to 800 J�m-2 of

UVC, 254 nm (Crosslinker ULTRA-LUM Inc., Claremont,

CA, USA). The medium was taken away prior to the irra-

diation to re-supplement the cells afterwards. Then, the

cells were incubated for 1 or 2 h at 37 °C (5% CO2) and

analysed subsequently.

Plasmid construction and cell transfection

Plasmids for expression of fluorescently tagged proteins were

constructed by standard techniques of molecular cloning.

Construction of plasmids for expression of NPM variants

(NPMwt and NPMmut) fused with mRFP1 was described in

Ref. [6] and for expression of p53 fused with mRFP1 in [5].

For cloning Cerulean-labelled NPM variants, DNA

fragments corresponding to the NPM variants were excised

by XhoI and BamHI restrictases (Thermo Scientific, Wal-

tham, MA, USA) from the plasmids expressing mRFP1-

fusion constructs. Then, they were ligated into vector

Cerulean-C1 (Plasmid #54604; Addgene [56]) with T4 DNA

ligase (NEB) using XhoI and BamHI unique restriction sites.

The Cerulean-C1 plasmid was a gift from Davidson and Pis-

ton [57]. Sequence for Cerulean was replaced in these plas-

mids with mVenus to prepare plasmids for mVenus-tagged

expression. In detail, DNA fragments of mVenus were PCR-

amplified from mVenus N1 (Plasmid #27793; Addgene [58])

using extended primers containing XbaI and XhoI (Thermo

Scientific) restriction sites. The fragments were then sub-

cloned to the plasmids for tagging with Cerulean, where

Cerulean sequence was excised with NheI and XhoI restric-

tion enzymes (Thermo Scientific). The mVenus N1 plasmid

was a gift from Vogel [59]. For cloning MDM2 containing

constructs, DNA fragments corresponding to specific MDM2

transcript isoform (RefSeq. NM_002392.6 from NCBI data-

base) were PCR-amplified from plasmid MDM2p-Mdm2-

YFP (Plasmid # 53962; Addgene [60]) using extended primers

and subsequently they were subcloned to vectors Cerulean-

N1 and mVenus N1 (Plasmids #54742 and #27793, respec-

tively; Addgene [56,58]) using unique sites for XhoI and

BamHI restrictases (Thermo Scientific) and T4 DNA ligase

(NEB). The MDM2p-Mdm2-YFP plasmid was a gift from

Alon and Lahav [61]. The Cerulean-N1 was a gift from

Davidson and Piston [62].

The constructed plasmids were amplified in Escherichia

coli competent cells and purified with the PureYield Plas-

mid Miniprep System (Promega, Madison, WI, USA).

Twenty-four hours prior to transfection, HEK-293T cells

were seeded to the cell density of 1 × 105 mL-1 and then

transfected with jetPrime transfection reagent (Polyplus

Transfection, Illkirch-Graffenstaden, France) according to

the manufacturer’s protocol. Growth medium was replaced

4 h after the transfection and cells were further grown for

20–40 h prior to analysis. All protein constructs except

Mdm2 ones were tagged on their N terminus.

ON-TARGETplus siRNA (Dharmacon, Lafayette, CO,

USA) targeting TP53 (#L-003329) was used for silencing the

TP53 expression. Non-targeting siRNA (#D-001810) served

as the control. siRNAs were co-transfected together with

appropriate DNA plasmids using the jetPRIME transfection

reagent (Polyplus Transfection) according to the manufac-

turer’s instructions. The siRNA concentration ranged from

50 nM to 100 nM (final concentration in the jetPRIME buffer

prior to transfection). The growth medium was replaced 24 h

after the transfection and cells were further grown for 20–40
h prior to measurement.

Live-cell imaging

Cells were grown on glass bottom Petri dish (Cellvis,

Mountain View, CA, USA). Fluorescence experiments were
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carried out at 37 °C after sealing the Petri dish with paraf-

ilm to prevent CO2 leakage. The subcellular distribution

and co-localization of FP-fused protein variants were

observed under the confocal laser scanning microscope

FV1000 (Olympus Corporation, Hamburg, Germany) with

UPLSAPO 60× NA 1.35 oil immersion objective (Olym-

pus). If not specified differently, a Petri dish was typically

imaged for 1 h and data were processed by the FluoView

FV10-ASW 3.1. Cerulean, mVenus and mRFP1 emission

was sequentially excited at 405, 488 and 543 nm, respec-

tively, using DM405/488/543/647 at the excitation path.

For the detection of Cerulean, emitted light was collected

with BA430-490 bandpass filter. For mVenus and mRFP1

detection, the emitted light passed through FV12-MHBY

filter cube and was detected with high sensitivity GaAsP

detectors (Olympus). All live-cell imaging including FLIM

experiments were done in several multiplicates, typically on

different days with different cell cultures.

FLIM – data acquisition and analysis

Fluorescence lifetime imaging was performed on the appara-

tus described previously [63]. Briefly, FLIM was carried out

on the inverted IX83 microscope with FV1200 confocal scan-

ner (Olympus). The microscope was equipped with cell-

cultivation chamber (Okolab, Naples, Italy) and FLIM add-

on comprising picosecond semiconductor lasers, GaAsP

hybrid detectors and TimeHarp 260PICO TCSPC detection

electronics (all PicoQuant, Berlin, Germany). Cellular FLIM

experiments were performed with the UPLSAPO 60× NA

1.2 water immersion objective (Olympus). Cerulean fluores-

cence was excited at 405 nm by the picosecond LDH-DC-405

laser (PicoQuant) with the dual-band 405/488 dichroic in the

excitation path and the Semrock 470/24 bandpass filter in the

detection channel. mVenus fluorescence was excited at 485

nm by the picosecond LDH-DC-485 laser (PicoQuant) with

the dual-band 405/488 dichroic in the excitation path and the

Semrock 534/30 bandpass filter in the detection path. To

avoid pile-up, the data collection rate at the brightest pixels

was kept below 5% of the laser repetition rate, which was

kept at 20MHz. mVenus and mRFP1 photobleaching of

selected ROIs was done by the 514.5 nm and 562 nm cw laser

respectively (Olympus).

Fluorescence lifetime imaging data were analysed using

the SYMPHOTIME64 software (PicoQuant). The lifetime

images were generated in the SYMPHOTIME64 by the “fast-

FLIM” approach when mean pixel lifetimes were calculated

by a method of moments [48]. Specifically, the lifetime τfast
was determined as the difference between the barycentre of

the fluorescence decay and the time-offset toffset at the stee-

pest growth of the decay curve at each pixel:

τfast ¼ ∑Iiti
∑Ii

�toffset, (1)

where Ii stands for the emission intensity at time ti. A least-

squares reconvolution was applied for accurate analysis of

cumulative decays from ROIs (e.g. cell, nucleus and nucleo-

lus). Emission of fluorescence proteins was typically

assumed to decay bi-exponentially according to the follow-

ing formula:

I tð Þ ¼ a1 � e�t=τ1 þ a2 � e�t=τ2 , (2)

where τi and ai are lifetime components and corresponding

amplitudes respectively. The intensity-weighted mean fluo-

rescence lifetime was calculated as:

τmean ¼ ∑fi � τi, fi ¼ aiτi=∑aiτi, (3)

where fi are intensity fractions of the i-th lifetime compo-

nent. Standard deviations of τmean were determined by the

statistical bootstrap method [64] and were always lower

than �0.02 ns.

Immunofluorescence

Cells transfected with Cerulean_NPMmut and mVe-

nus_Mdm2 were fixed with 4% paraformaldehyde and per-

meabilized with 0.5% Triton-X100. Then, the samples were

sequentially incubated with mouse monoclonal anti-p53

antibody (Santa Cruz Biotechnology, Dallas, TX, USA)

and anti-mouse AlexaFluor555-conjugated secondary anti-

body (ThermoFisher Scientific). Immunofluorescence was

collected together with Cerulean and mVenus fluorescence

similarly as for Live Cell Imaging.

Co-immunoprecipitation and trap assay

Transfected cells expressing FPs were processed after 40-h

incubation. GFP-, RFP- and p53-Trap_A system (Protein-

tech, Planegg-Martinsried, Germany) were used following

the manufacturer’s instructions as described in Ref. [31].

Due to the structural similarity of Cerulean, mVenus and

GFP, the GFP-Trap system was used for precipitation of

both Cerulean and mVenus. mRFP1- and mCherry-labelled

proteins were precipitated by the RFP-Trap. The p53-Trap

system was used for precipitation of endogenous p53 from

cells untransfected with fluorescently-labelled p53. Briefly,

FP-expressing adherent cells were washed with ice-cold

PBS and scrapped from dish. The cell pellet was lysed in

the lysis buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5

mM EDTA, 0.5% NP-40, protease and phosphatase inhibi-

tors) on ice for 30min and centrifuged at 20 000 g / 10min /

4 °C. The lysate was applied to the Trap_A beads and

rotated for 1 h at 4 °C. Then, the beads were pelleted and

extensively washed in the diluting buffer (10 mM Tris/Cl

pH 7.5, 150 mM NaCl, 0.5 mM EDTA), resuspended in

2×SDS sample buffer (100 mM Tris pH 6.8, 4% SDS, 200

mM DTT, 20% glycerol), boiled for 10 min and centrifuged
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at 2500 g / 2 min / 4 °C. Supernatant was stored at -20 °C
until used for SDS/PAGE. We performed at least three

replicates per experiment.

For precipitation of the p53 from lysates of leukaemia

cell lines, the protocol was identical as for the endogenous

p53-Trap from adherent cells (see above). To precipitate

the Mdm2, we mixed cell lysate with rabbit monoclonal

anti-Mdm2 antibody (Abcam, Cambridge, UK) and the

mixture was rotated for 2 h/4 °C. Then, A/G-agarose beads

(Santa Cruz Biotechnology) were added, the samples were

rotated for additional 1 h/4 °C and immunoprecipitates

were handled identically as in the Trap protocol.

Western blotting

Five to ten microliters of each sample were subjected to

SDS/PAGE and transferred into PVDF membrane (BioRad,

Hercules, CA, USA). Mouse monoclonal antibodies against

β-Actin, p53, dsRed, GFP, NCL and NPM (clone 3F291, for

endogenous NPM), were from Santa Cruz Biotechnology.

All mouse primary antibodies were used at a dilution of 1 :

100–1 : 500. Rabbit monoclonal antibodies against Mdm2

and H2A.X phosphorylated at Ser139 (γH2A.X; Abcam)

were used at 1 : 1000 dilution. Anti-mouse and anti-rabbit

HRP-conjugated secondary antibodies were purchased from

Thermo Scientific and used at concentrations 1 : 10 000–1 :
50 000. ECL Plus Western Blotting Detection System (GE

Healthcare, Chicago, IL, USA) was used for chemilumines-

cence visualization and evaluation by G-box iChemi XT4

digital imaging device (Syngene Europe, Cambridge, UK).

Alternatively, SuperSignal West Atto Ultimate Sensitivity

Substrate (ThermoFisher Scientific) was used for highly sen-

sitive detection of co-immunoprecipitated proteins. Images

included in Figures are always representative of at least three

independent experiments.
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