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Nacre, 14032 Caen Cedex, France

Tel: +33 2 3156 8210

E-mail: brigitte.sola@unicaen.fr

M�elody Caillot and Hadjer Miloudi

contributed equally to this article

(Received 6 April 2022, revised 22

December 2022, accepted 1 February 2023,

available online 21 April 2023)

doi:10.1002/1878-0261.13386

Exportin 1 (XPO1) is the main nuclear export receptor that controls the

subcellular trafficking and the functions of major regulatory proteins.

XPO1 is overexpressed in various cancers and small inhibitors of nuclear

export (SINEs) have been developed to inhibit XPO1. In primary mediasti-

nal B-cell lymphoma (PMBL) and classical Hodgkin’s lymphoma (cHL),

the XPO1 gene may be mutated on one nucleotide and encodes the mutant

XPO1E571K. To understand the impact of mutation on protein function, we

studied the response of PMBL and cHL cells to selinexor, a SINE, and

ibrutinib, an inhibitor of Bruton tyrosine kinase. XPO1 mutation renders

lymphoma cells more sensitive to selinexor due to a faster degradation of

mutant XPO1 compared to the wild-type. We further showed that a mis-

trafficking of p65 (RELA) and p52 (NFjB2) transcription factors between

the nuclear and cytoplasmic compartments accounts for the response

toward ibrutinib. XPO1 mutation may be envisaged as a biomarker of the

response of PMBL and cHL cells and other B-cell hemopathies to SINEs

and drugs that target even indirectly the NFjB signaling pathway.

1. Introduction

Exportin 1 (XPO1 or CRM1 for chromosomal mainte-

nance 1) is the major nuclear export receptor that

mediates the cytoplasmic translocation of various

RNA species (miRNA, rRNA, snRNA, tRNA) and

hundreds of protein cargos [1,2]. The nuclear export

necessitates the binding of XPO1 to a nuclear export
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signal (NES) present within the cargos. Increased

expression of XPO1 has been described in various

solid and hematologic cancers. In turn, selective inhibi-

tors of nuclear export (SINEs), including selinexor, are

efficient for inducing tumor cell death. In malignant

hemopathies, XPO1 may be overexpressed and/or

mutated [1,2]. In B-cell diseases, the most frequent

missense substitution (NM_003400; chr2:

g6179472C>T) changes the glutamic acid (E) of the

codon 571 into a lysine (K) [3]. This change occurs

within the hydrophobic groove of the protein responsi-

ble for cargo binding and nuclear export. XPO1 muta-

tion is found in almost 15–25% of primary

mediastinal B-cell lymphoma (PMBL) and classical

Hodgkin’s lymphoma (cHL) [4,5], and with a lower

frequency in chronic lymphocytic leukemia (CLL) [6].

The functional impacts of the E571K mutation in B-

cell lymphomagenesis are still mostly unknown. The

mutation modifies XPO1 interactome [3,7,8]. More-

over, when expressed in the NALM6 pre-B cell line,

the E571K mutation confers a proliferative advantage

in vitro and in vivo [3]. In an El-XPO1 mouse model,

mutant XPO1 is not oncogenic per se but primes pre-

neoplastic lymphocytes for the acquisition of genetic

and/or epigenetic abnormalities [6]. Finally, the E571K

mutation impacts the apoptotic response, conferring a

higher sensitivity to selinexor for cHL cells [9]. In

chronic lymphocytic leukemia (CLL) cells, the situa-

tion is more complex since the mutation does not

change SINE efficacy [6] but reverses the resistance to

selinexor and ibrutinib imposed by the overexpression

of XPO1 [10].

In order to clarify the role of wild-type (wt) and

mutant proteins in the response toward selinexor and

ibrutinib, we analyzed a series of cell lines (PMBL,

cHL, and CRISPRed cells) with various XPO1 sta-

tuses. We confirmed, in vitro, that the E571K mutation

was associated with a higher sensitivity of cHL cells to

selinexor and described the same effect for PMBL cells.

Moreover, the E571K mutation also enhanced the sen-

sitivity of PMBL as well as cHL cells to ibrutinib both

in vitro and in vivo in the chorioallantoic membrane

(CAM) assay as well as in immunocompromised mice.

We further described that the E571K mutation

imposed the cytoplasmic retention of two NFjB tran-

scription factors, p65 (RELA) and p52 (NFjB2). This
modified localization of p52 and p65 together with an

exacerbated degradation of XPO1 are the molecular

basis of drug response. Our data highlight the great

interest of targeting the nuclear/cytoplasmic trafficking

in cHL cells as suggested previously for hematological

malignancies including leukemia, non-Hodgkin’s lym-

phoma, and multiple myeloma [11,12].

2. Materials and methods

2.1. Drugs and antibodies

Selinexor (S7252) and ibrutinib (S2680) were pur-

chased from SelleckChem (Houston, TX, USA),

whereas MG132 (M7449), a proteasome inhibitor, was

purchased from Sigma-Aldrich (Saint-Louis, MO,

USA). Stock solutions were made using dimethyl sulf-

oxide (DMSO) as solvent. Either a 0.01 or a 0.1%

solution was used as a vehicle in the in vitro or in vivo

experiments, respectively. The list of antibodies (Abs),

their origin, and the concentration used in the various

assays described below are presented in the Table S1.

2.2. Cell line culture and genome editing

PMBL cell lines, Karpas 1106-P (thereafter referred to

as K1106, PRID:CVCL_1821), MedB1 (PRID:

CVCL_A649), U2940 (PRID:CVCL_1897), as well as

cHL cell lines, KMH2 (PRID:CVCL_1330), L428

(PRID:CVCL_1361), L1236 (PRID:CVCL_2096),

SUPHD1 (PRID:CVCL_2208), and UHO1 (PRID:

CVCL_2220) have been described previously [13,14].

Their XPO1 status are reported in the Table S2. cHL

and PMBL cells were purchased from DSMZ (Leibniz

Institute, Braunschweig, Germany) except K1106 and

MedB1, a generous gift of Karen Leroy (Institut

Cochin, Paris, France). Cells were authenticated by

STR profiling (DSMZ). Cell lines were cultured in

RPMI 1640 with glutagroTM️ (Corning, Manassas,

VA, USA) supplemented with 10–20% fetal calf serum

(PAA Laboratories, Pasching, Austria), and antibiotics

(Lonza, Basel, Switzerland), under a humid atmo-

sphere at 37 °C. Cells were regularly checked for

mycoplasma contamination. Each batch of cells was

maintained in culture <3 months. All experiments were

performed with mycoplasma-free cells.

For generating the K and E series from the parental

U2940 cells and deleting the mutant allele in UHO1

cells we used two CRIPSR-Cas9 methods previously

described [8]. We followed a CRISPR-Cas9-mediated

knock-out strategy for deleting the wild-type (wt) allele

in MedB1 cells (Fig. S1). Briefly, we used ribonucleo-

protein (RNP) consisting in the Alt-R S.p. Cas 9

recombinant nickase (Alt-R S.p. Cas9 V3, Integrated

DNA Technologies, IDT, M€unchen Flughafen, Ger-

many) in complex with crRNA:tracrRNA duplex

(Table S3). Single-guide (sg)RNA target sequence was

designed using the CRISPR design tool hosted by the

MIT (//crispr.mit.edu) to minimize potential off-target

effects. As recommended by the manufacturer, sgRNA

template was assembled in vitro by mixing equimolar
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concentrations of crRNA and tracrRNA. Then, RNP

complexes were formed by mixing the Alt-R S.p. Cas

9 enzyme with the sgRNA. The Alt-R Cas9 Electropo-

ration Enhancer (IDT) was added to the mixture to

ensure an optimal delivery of the RNP/Cas9 complex

during the transfection step. MedB1 cell transfections

were performed by nucleofection (4D-Nucleofector,

Lonza). We used the Cell Line Optimization 4D-

Nucleofector X kit and the pmaxGFP vector as posi-

tive control. The NucleoCounter NC-3000 (ChemoMe-

tec, Allerød, Denmark) was used to determine viability

and transfection efficiency and to select the best condi-

tions for nucleofection (SF solution, DN100 program).

Transfected MedB1 cells were then cultured for

2 days. At that time, cells were harvested and used to

prepare slides for indirect immunofluorescence (IF)

analyses and to purify genomic (g)DNA. gDNA was

PCR-amplified (Table S4) and sequenced by the

Sanger technique (Eurofins Europe, Ebersberg, Ger-

many). In agreement with the reported necessity of a

correct XPO1 gene dosage for cell survival [15,16],

MedB1Dwt cells having only one mutant XPO1 allele

grew slowly and we were unable to maintain them in

culture after the experiments presented here.

2.3. Cell viability assay

Cell viability was quantified using a 3-(4,5-

dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assay (CellTiter 96

AQueous One Solution Cell Proliferation Assay, Pro-

mega, Madison, WI, USA) according to the manufac-

turer’s instructions. cHL cells were seeded at the

density of 5 9 104 (KMH2, L428, L1236, SUPHD1)

or 7.5 9 104 (UHO1) cells per well in 96-well plates

and treated for 72 h with various concentrations of

selinexor (0.1 nM-10 lM) or ibrutinib (1 nM-100 lM).
PMBL cells were seeded at the density of 5 9 104 cells

per well in 96-well plates and treated for 48 h with

various concentrations of ibrutinib (1 nM-100 lM).
IC50 (index for 50% cytotoxicity) was calculated with

the PRISM software (v8.0, GraphPad, San Diego, CA,

USA) and verified with the COMPUSYN software

(https://www.combosyn.org). This software was also

used to calculate the Chou–Talalay combination index

(CI) [17].

2.4. Indirect immunofluorescence and proximity

ligation assay

Indirect immunofluorescence (IF) and confocal micros-

copy analyses were performed as described previously

as well as the quantification of nuclear and

cytoplasmic distribution of XPO1 or IPO1 cargos and

the calculation of the Fn/c ratio [8]. Briefly, cells were

cytospun on superfrost glass slides, fixed in 4% para-

formaldehyde, and permeabilized in 0.5% Triton-

X100. The slides were then stained with primary Abs

(Table S1), and with Alexa Fluor 488- (in green) or

633- (in red) conjugated goat anti-mouse or -rabbit

IgG as secondary Abs (Invitrogen, Carlsbad, CA,

USA), and counterstained with 40,6-diamidino-2-

phenylindole (DAPI, in blue, Molecular Probes,

Eugene, OR, USA). The slides were observed with a

confocal microscope (Fluoview FV100, Olympus,

Rungis, France). The fluorescence intensity (FI, in

arbitrary units) of each fluorophore was estimated with

the IMAGEJ software (available from https://imagej.net/

ij/index.html). For the quantification of nuclear and

cytoplasmic distribution of cargo proteins, we used the

IMAGEJ software. Three fluorescence intensities: Fc, for

cytoplasmic fluorescence; Fn for nuclear fluorescence,

and Fb for background fluorescence were determined

by drawing a region of interest of 30 arbitrary units in

each compartment of each analyzed cell. The ratio of

nuclear to cytoplasmic fluorescence Fn/c was deter-

mined according to the formula: Fn/c = (Fn � Fb)/

(Fc � Fb). The values of each experimental condition

were used to draw the histograms with the PRISM soft-

ware and for statistical analyses.

Proximity ligation assay was used to detect NFjB/
IPO1 and XPO1/IPO1 protein interactions in situ as

described previously [8]. We used the Duolink In Situ

Red Starter Kit (Sigma-Aldrich) according to the man-

ufacturer’ instructions, using primary Abs (Table S1)

and as secondary Abs the PLUS and MINUS probes.

Ligation and amplification steps were next performed.

As a negative control, no primary Ab was added in

the reaction mixture. The slides were counterstained

with DAPI and observed with a confocal microscope

(Fluoview FV 100, Olympus).

2.5. Protein purification and western blot

analyses

Whole-cell extracts were prepared from exponentially

growing cells. Cells were lysed with a lysis buffer con-

taining 1% NP40, 10% glycerol, 0.05 M Tris pH7.5,

0.15 M NaCl, and a cocktail of inhibitors (Halt Prote-

ase and Phosphatase Cocktail-EDTA-free, Thermo

Fisher Scientific, Waltham, MA, USA). Insoluble

material was discarded and soluble proteins were

recovered and quantified by the Bio-Rad Protein

Assay (Hercules, CA, USA) and the Nanodrop Drop

One Spectrophotometer (Thermo Fisher Scientific).

Cytoplasmic and nuclear extracts were obtained using

2548 Molecular Oncology 17 (2023) 2546–2564 � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Mutant XPO1 controls drug response M. Caillot et al.

 18780261, 2023, 12, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13386 by U

niversite D
e C

aen N
orm

andie, W
iley O

nline L
ibrary on [03/06/2024]. 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

https://www.combosyn.org
https://imagej.net/ij/index.html
https://imagej.net/ij/index.html


the NE-PER Nuclear and Cytoplasmic Extraction

reagent kit (Thermo Fisher Scientific). Purified pro-

teins were quantified by the Pierce BCA Protein Assay

Kit (Thermo Fisher Scientific) and the Nanodrop. The

enrichment of nuclear and cytosolic proteins was

checked by western blotting (WB) with anti-poly

(ADP-ribose) polymerase 1 (PARP1, nuclear) and

anti-a-enolase (ENO1, cytosolic) Abs (Fig. S2). WBs

were performed using standard methods as previously

described [8,18] with specific Abs (Table S1).

2.6. Chorioallantoic membrane assay

The CAM assay was used as an in vivo preclinical model

to confirm the responses to drugs observed in vitro.

According to the European (2010/63/EU) and the

French directives (Code rural R214-89 to R214-137,

modified in 2013) on laboratory animals care, we had

no ethic constraints. Briefly, fertilized chick eggs (EARL

Les Bruy�eres, Dangers, France) were incubated at

37.5 °C and 55% humidity for 9 days. At that time, egg

shells were opened and tumor cells inoculated directly

on the CAM. Twenty-five microliters of culture medium

containing 106 cells was mixed with 25 lL of Matrigel

(Corning, Corning, NY, USA), incubated for 15 min at

37 °C and then engrafted. Treatments started 2 days

postengraftment (D11) with 0.1% DMSO in the control

arm, ibrutinib (50 lM for KMH2, L428 and SUPHD1

cells, 20 or 50 lM for UHO1 cells), or selinexor (5 lM
for KMH2 and L428 cells, 50 or 100 nM for SUPHD1

cells and 20 or 100 nM for UHO1 cells) each 2 days until

D15 by direct dropping (50 lL). We also treated two

groups of CAM engrafted with either KMH2 or UHO1

cells, with ibrutinib/selinexor combinations (50 lM/
5 lM for KMH2 and 50 lM/100 nM FOR UHO1, respec-

tively). We stopped the experiment at day 16. Tumors

were carefully removed and weighted to evaluate the

impact of drugs on tumor growth. Tumors were then

fixed in formalin and embedded in paraffin according to

standard protocols. Then, consecutive 3 lm paraffin

sections were processed, stained with hematoxylin–eosin
(H&E), or incubated with anti-Ki67 (as a marker of

proliferation) or anti-cleaved (Cl.) caspase 3 (as a

marker of caspase-dependent apoptosis activation) Abs

(Table S1). Slides were examined under an Olympus

BX53 microscope (Tokyo, Japan) and images were pro-

cessed with the software platform Leica Application

Suite v4.9 (Weitzlar, Germany).

2.7. Xenograft mouse model and IHC staining

Experiments were conducted in accordance with the

recommendations of EU (2010/63/EU) and were

approved by the Animal Ethics Committee of the

autonomous University of Barcelona (registry number

38/18). Mice were housed in the animal care facility,

under a 12/12 h light/dark cycle at 22 °C, and they

received a standard diet and acidified water ad libitum.

L428, SUPHD1, and UHO1 xenograft models were

generated by inoculating subcutaneously 107 cells per

animal (vol/vol in matrigel in a 200 lL final volume)

into 8 week old female CB-17/lcr-Prkdscid/scid/Rj

(SCID) immunodeficient mice (Janvier Labs, Saint

Berthevin, France). Mice were weekly carefully

checked for tumor growth by palpation. Tumors were

detected only for the L428 series 2 months after cell

engraftment. L428 tumors were heterogeneous with

volumes comprised between 17.71 and 420.57 mm3

with V = 1/2(length 9 width2) as measured by external

calipers. No tumor was detected in five animals that

were discarded. Animals were randomized into four

groups of four (vehicle) or five animals dosed with

selinexor (10 mg�kg�1, twice a week), ibrutinib

(25 mg�kg�1, three times per week) or the combination

of both drugs, for 5 weeks. During the course of the

experiment, two mice died for unknown reasons in the

ibrutinib group. After mice euthanasia, tumors were

recovered, measured, weighted, then fixed in formalin,

and embedded in paraffin. Immunohistochemical

(IHC) analyses were carried out as before and stained

slides were observed with an Olympus microscope and

the MICROMANAGER software (v2.0, https://micro-

manager.org).

2.8. Quantitative RT-PCR analyses

Cultured cells were used for RNA isolation with TRI-

zol reagent (Invitrogen, Waltham, MA), according to

the manufacturer’s instructions. RNA samples were

subjected to reverse transcription (RT) with the

GoScript reverse transcriptase (Promega). The result-

ing cDNAs were used for quantitative (q) real-time

PCR (qRT-PCR). PCR primers were designed with

the tools of the Primer 3 web site (//primer3.ut.ee/,

Table S5) and used to amplify cDNAs generated by

RT. PCR was performed in GoTaq Master Mix (Pro-

mega) according to standard procedures, with a Ste-

pOnePlus real-time PCR system (Thermo Fisher

Scientific). Both RPLP0 and GAPDH were used as

internal standards for normalization of the results.

Each reaction was conducted in triplicate.

2.9. Docking of selinexor

The crystal structure of XPO1 (CRM1)/snurportin 1

(SNP1) complex was retrieved from the pdb (Protein
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Data Bank, www.rcsb.org, pdbid: 4GMX and 3GB8).

The conformation of the side chain of XPO1, using

the 3GB8 for the backbone, was optimized with the

software Scwrl4 (ref. 19). Scwrl4 was also used to

introduce the E571K mutation. The resulting pdb files

of the wt and the E571K variant were converted to

pdbqt files with OPEN BABEL v2.4.1 (ref. 20). The 3D

structure of selinexor was retrieved from Pubchem

(71481097, NIH, Bethesda, MD, USA) as an sdf file

and converted to a pdbqt file with Open babel v2.4.1.

The docking of selinexor to both proteins was con-

ducted with the software smina with default parame-

ters except for the flexible residues (residues 537, 568,

and 571) and exhaustiveness of 16. A custom scoring

function allowed to perform a covalent docking [21],

in which the position of selinexor’s reactive carbon is

constrained to be in direct contact to the Cys-528’s

sulfur atom. The position of SPN1 in the structure

4gmx was taken to construct the docking box auto-

matically using the autobox command and increasing

the box by 8 �A. The complexes were analyzed and fig-

ures generated with PYMOL 1.8.x (the PyMOL Molecu-

lar Graphics System, version 2.0, Schr€odinger, LLC,

New York, NY, USA).

2.10. Modeling of the XPO1/NES interaction

The model was prepared by homology modeling using

MODELER version 10.2 (ref. 22) using the structure of

XPO1 in complex with the NES of MEK1 as a tem-

plate (PDB code 6X2X). Default settings were used

and the fast protocol chosen. Ten models were pre-

pared, and the best one according to the Discrete

Optimized Protein Energy function (DOPE) was

selected.

2.11. Statistical analysis

The Student’s t-test was used to determine the signifi-

cance between two experimental groups. Data were

analyzed in two-tailed test with P < 0.05 considered to

be significant.

3. Results

3.1. The E571K mutation confers selinexor

sensitivity to cHL cells in vitro

Using the currently available crystal structure of XPO1,

we predicted the structure of XPO1wt- and XPO1E571K-

selinexor complexes (Fig. 1A). Interestingly, when seli-

nexor was bound to C528 as known experimentally [23],

it was in proximity to residue E571, which is consistent

with an influence of the E571K mutation on selinexor

binding to XPO1 and in turn, sensitivity. The viability

of cHL cell lines was assessed by an MTS assay

(Fig. 1B). SUPDH1 and UHO1, two cHL cell lines

bearing the mutant XPO1E571K, had the highest sensi-

tivity to selinexor (IC50 = 13.24 and 14.91 nM for cells,

respectively, IC50 being the index of cytotoxicity).

L1236 cells in which the mutant XPO1 allele is present

along with amplified wt alleles showed an intermediate

response (IC50 = 198.50 nM). The two cell lines having

wild-type (wt) XPO1 alleles were the most resistant

(IC50 = 0.35 and 6.66 lM for KMH2 and L428, respec-

tively) (Fig. 1B). In turn, cell viability was correlated

with both the presence of the mutation and the number

of XPO1 copies. To confirm these initial data, we gener-

ated UHO1 cells with deletion of the mutant E571K

allele using the CRISPR-Cas9 technology (UHO1Dmut

cells) as described previously [8]. As shown by IF and

images processing, edited UHO1Dmut cells synthesized

XPO1 protein (Fig. 1C). Whereas XPO1 was perinuc-

lear in parental (p) cells, XPO1 relocalized into the

nucleus in edited (Dmut) cells. Assessing selinexor sensi-

tivity, UHO1Dmut cells showed a significant higher

resistance than parental cells (67.5% vs. 32.5%, respec-

tively, P = 0.0182) (Fig. 1D). These data confirmed that

the mutant XPO1E571K protein sensitizes cHL cells to

selinexor. Selinexor treatment imposed the degradation

of XPO1 protein [14]. We analyzed the level of XPO1 in

four selected cHL cells (two resistant and two sensitive)

treated with two concentrations of selinexor (10 and

100 nM) for 8 or 24 h by WB. We observed that the

time- and dose-dependent degradation of XPO1 was

faster in cell lines expressing the E571K mutant protein

compared to cells carrying wt alleles (Fig. 1E, Fig. S3).

This preferential degradation of mutant XPO1 is likely

the molecular basis of sensitivity to selinexor.

3.2. The E571K mutation confers ibrutinib and

selinexor sensitivity to cHL and PMBL cells

in vitro

XPO1 controls the response of CLL cells to ibrutinib,

an inhibitor of BTK that blocks the B-cell receptor

signaling pathway [10,24,25]. Genes affecting the BCR

pathway may be mutated in cHL patients leading to

vulnerability to BTK inhibition [26–29]. We confirmed

BTK expression and activation in the cHL cell lines

tested (Fig. S4). We then analyzed the response of

cHL cells to ibrutinib and showed that cells carrying

the wt alleles were resistant to ibrutinib while those

having the mutant E571K allele displayed a reduced

resistance (IC50 = 14.59 and 9.47 lM for SUPHD1 and

UHO1, respectively) (Fig. 2A).
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To exclude the possibility that these data are a pecu-

liarity of cHL cells, we analyzed the response of

PMBL cells to ibrutinib. K1106 and U2940 PMBL cell

lines that harbor wt alleles, displayed a similar

response (Fig. 2B, IC50 = 19.23 and 17.33 lM, respec-
tively). Unexpectedly, MedB1 cells carrying a mutant

E571K allele, were even more resistant to ibrutinib

treatment (IC50 = 30.29 lM). To understand this dis-

crepancy, we next analyzed the response of U2940

derivatives generated by CRISPR-Cas9 editing [8].

Using a megamer strategy, we introduced the C528S

mutation that confers selinexor resistance [23], associ-

ated with the E571K mutation (clones KAS and KS)

or the E571E substitution as a control (clones EAS

and ES) then selected clones through selinexor pres-

sure. U2940 and derivatives expressed the XPO1 pro-

tein (Fig. 2C) and proliferated with the same rate

(Fig. S5). KAS and KS clones having the mutant

E571K allele were more sensitive to ibrutinib than the

parental cells or the E series (Fig. 2D). Interestingly,

the two clones EAS/ES selected to resist selinexor were

also more resistant to ibrutinib than the parental cells

(IC50 = 22.42 and 25.88 vs. 17.33 lM). We next used a

CRISPR-Cas9-mediated knock-out strategy to delete

the wt allele in MedB1 cells (Fig. S1). We confirmed

by IF that the mutant protein was expressed in the

edited (Dwt) cells (Fig. 2E). Compared to the parental

(p) MedB1 cells, the deletion of the wt allele led to a

strong decrease of XPO1 nuclear staining, whereas the

perinuclear staining remained intense. As shown

Fig. 2F, the deletion of the wt allele rendered MedB1

cells more sensitive to ibrutinib (cell viability of 36%

vs. 8%, P = 0.0016). Analyzing previously the response

of PMBL cells to selinexor or KPT-185, another

SINE, we did not find any difference of sensitivity

among them [8,18]. But, importantly, the deletion of

the wt allele rendered MedB1 cells more sensitive to

selinexor (cell viability of 41% vs. 27%, P = 0.0010).

Collectively, we concluded that XPO1 mutation con-

ferred both selinexor and ibrutinib sensitivity to cHL

cells and PMBL cells. The intrinsic resistance of

MedB1 cells to selinexor and ibrutinib is probably due

to multiple complex genetic alterations activating sur-

vival and/or antiapoptotic signaling pathways.

The sensitivity of cHL cells carrying the mutant

allele to selinexor and ibrutinib prompted us to evalu-

ate the effects of the compounds in vivo.

3.3. The cHL responses toward selinexor and

ibrutinib are recapitulated in vivo

The CAM assay is an alternative and potent model for

evaluating drug efficiency [30]. To our knowledge, the

xenograft of cHL cell lines on CAM of fertilized eggs

has not been reported yet. We set up a first series of

experiments to optimize the experimental protocol

(Fig. S6). We next transplanted SUPHD1 and UHO1

selinexor-sensitive and KMH2 and L428-resistant cells.

Tumors were visible as soon as 2 days postengraftment.

At that time, they were then treated by direct drug

Fig. 1. The E571K mutation confers selinexor sensitivity in cHL cells in vitro. (A) Docking of selinexor on XPO1wt and XPO1E571K proteins.

The protein is represented in the cartoon presentation except for C528, used as anchor, and the three residues made flexible during

docking, that are shown as sticks and its distance to the side chain of residue 571 is reported. The figure was generated with the PYMOL

1.8.X software. (B) Classical Hodgkin’s lymphoma (cHL) cell lines were seeded and treated with various concentrations of selinexor. Cell

viability was measured using an 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. On the

graph are presented the means � standard deviation (SD) of one representative experiment performed with triplicate samples; they were

calculated using the Microsoft Excel software. The index of cytotoxicity for 50% of cell death (IC50) was calculated with the PRISM software

(v8.0) and verified with the COMPUSYN software. The experiment was performed three times with similar results. (C) XPO1 expression was

analyzed by immunofluorescence (IF) in parental (p) and CRIPSR Cas9-edited (Dmut) UHO1 cells. We used a primary antibody (Ab) against

XPO1 (Table S1) and a goat Alexa Fluor 488-conjugated anti-rabbit IgG as secondary Ab. Slides were counterstained with 40,6-diamidino-2-

phenylindole (DAPI) and analyzed with a confocal microscope (bar scale = 2 lm, Fluoview FV100, Olympus). Images were processed with

the IMAGEJ software and the curves of fluorescence intensity (FI) in arbitrary units, as a function of distance (in pixels) along the white line

crossing one representative cell were exported. Due to the limited number of UHO1Dmut cells, the experiment has been done twice. (D)

UHO1 parental (p) and edited (Dmut) cells were treated with selinexor (40 nM) for 48 h and cell viability was assessed with an MTS assay

as described in B. Due to the limited number of edited cells, the experiment was performed only once with triplicate samples. The

means � SD calculated using the Microsoft software are indicated on the histograms. *P = 0.0182 with the t-test. (E) cHL cells lines were

treated with vehicle (V) for 24 h or selinexor (S, 10 or 100 nM) for 8 or 24 h. Whole-cell proteins were purified, separated on SDS/PAGE,

and transferred onto nitrocellulose sheets. Membranes were incubated with an anti-XPO1 Ab (Table S1). Three independent experiments

were run (Fig. S3) and the levels of XPO1 and b-actin (as an internal control) proteins estimated by densitometry (ChemiDoc XRS+, Image-

Lab software, Bio-Rad, Hercules, CA, USA). For each cell line and each culture condition, the level of XPO1 was calculated relative to the

control condition (V) defined as 1. The corresponding values (means � SD) were used to draw the histograms. ns, not significant;

**P = 0.084; ***P = 0.003 with the t-test.
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dropping, every 2 days with vehicle, ibrutinib, selinexor,

or ibrutinib/selinexor combination according to the

schedule presented in Fig. S7. At the end of the experi-

ments, tumors were removed and weighted. Selinexor

efficiently inhibited SUPHD1 and UHO1 cells growth

in a dose-dependent manner and impacted KMH2 and

L428 cell growth when using high concentrations of the

drug (Fig. 3A, Table S6). According to in vitro data,

high concentrations of ibrutinib were necessary to trig-

ger a significant tumor growth inhibition in all xenograft

models. IHC analyses of fixed and paraffined tumors

further revealed a decrease of the tumor mitotic index

evaluated by Ki67 staining and the accumulation of

apoptotic cells characterized by activated cleaved (Cl.)

caspase 3 staining in the ibrutinib- and selinexor- versus

vehicle-treated series (Fig. 3B). Most importantly, the

selinexor/ibrutinib combination showed a higher anti-

proliferative and pro-apoptotic effect than each drug

used as monotherapy, in both sensitive (UHO1) and

resistant (KMH2) cells engrafted on CAM (Fig. 3A). Of

note, regarding chick embryonic development, no signif-

icant toxicity was observed for any treatment arm.

We then confirmed in ovo results by using L428 cells

xenografted in immunodeficient SCID mice. Cells were

injected s.c., and 8 weeks after cell engraftment,

tumor-bearing mice were separated into four groups

that received either vehicle (0.01% DMSO), selinexor

or ibrutinib alone, or the combination of the two

drugs for five more weeks (n = 3–5 in each arm). At

the end of the experiment, mice were sacrificed, tumors

recovered, and weighted. Their volumes were evaluated

by external calipers. Although the number of mice was

low and the values heterogeneous, both the weight and

the volume of tumors were weaker in the selinexor and

ibrutinib treatment groups than in the control group,

although not statistically different (Fig. 3C, Fig. S8,

Tables S7 and S8). Conversely, the tumor growth inhi-

bition became significant in the combo group

(P < 0.05; Fig. 3C, Fig. S8). Representative tumors

were then fixed in formalin, embedded in paraffin, and

analyzed by IHC. Compared to the control group, in

which most tumor cells were Ki67-positive and cleaved

caspase 3-negative, the number of Ki67-stained cells

decreased notably, whereas the number of cleaved cas-

pase 3-stained cells increased slightly in the ibrutinib

and selinexor single-agent arms (Fig. 3D). Altogether,

these data confirmed the modest activity of both

drugs, as compared with the significant antitumor

activity achieved by the drug combination in the L428-

resistant cell model.

Finally, the effect of the combo was quantified

in vitro on the model cell lines. Compared to each

treatment alone, the selinexor/ibrutinib combination

decreased cell viability of all cHL cells (Fig. S9). From

these data, we calculated the Chou–Talalay combina-

tion index and observed, as indicated, a synergistic

effect whatever the cell line considered and the concen-

tration of drugs (Fig. 3E).

3.4. Both canonical and alternative NFjB
pathways are activated in cHL but p65 and p52

proteins are missing in the nucleus of cells

expressing mutant XPO1

cHL cells engage multiple proliferative and survival

signaling pathways but a high constitutive activity of

Fig. 2. The E571K mutation confers ibrutinib sensitivity in cHL and PMBL cells in vitro. (A) cHL cell lines were seeded and treated with

various concentrations of ibrutinib. Cell viability was measured using an MTS assay. On the graph are presented the means � SD of one

representative experiment performed with triplicate samples. Means and SD were calculated with Microsoft Excel software. IC50 were

calculated with the PRISM software and confirmed with the COMPUSYN software. The experiment was performed three times with similar

results. (B) Primary mediastinal B-cell lymphoma (PMBL) cell lines were seeded and treated with various concentrations of ibrutinib. Cell via-

bility was measured using an MTS assay. On the graph are presented the means � SD of one representative experiment performed with

triplicate samples; they were calculated as in A. IC50 were calculated with the PRISM and the COMPUSYN softwares. The experiment was per-

formed twice with similar results. (C) XPO1 expression was analyzed by western blot (WB) in the parental (p) U2940 cells along with edited

KAS/KS and EAS/ES clones. The anti-XPO1 Ab is directed against the C-terminal part of the XPO1 protein (residues 772–1071) and detects

both the wt and the mutant protein (Table S1). An anti-b-actin Ab served as a control of charge and transfer. The original blots are presented

Fig. S13. (D) U2940 parental cells and derivatives (K and E series) were seeded and treated with various concentrations of ibrutinib. Cell via-

bility was measured using an MTS assay. On the graph are presented the means � SD of one representative experiment performed with

triplicate samples; they were calculated as in A. IC50 were calculated with the PRISM and COMPUSYN softwares. The experiment was performed

twice with similar results. (E) MedB1 cells were edited with a CRISPR-Cas9 strategy to knock-out the wt allele (Fig. S1). The expression

and localization of XPO1 were analyzed by IF as described in the legend of Fig. 1C. Three slides for parental and edited cells were pro-

cessed. A representative image of each cell line is shown. Bar scale = 2 lm. (F) Parental and edited MedB1 cells were assayed for selinexor

or ibrutinib sensitivity with an MTS assay. Cells were seeded and incubated with selinexor (3 lM) or ibrutinib (50 lM) for 48 h. Due to the

limited number of edited cells the experiment was performed once with triplicate sample. The means � SD calculated as in A, are indicated

on the histograms. **P = 0.0016; ***P = 0.0010 with the t-test.
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both canonical and alternative NFjB pathways is a

hallmark of cHL cells [31]. The NFjB family includes

five members: p65 (RELA), RELB, cREL, p50, and

p52 that are the cleavage product of NFjB1 (p105)

and NFjB2 (p100), respectively. Although p50/p65

dimers signal the canonical pathway, p52/RELB

dimers signal the alternative one. We observed a con-

stitutive DNA-binding activity of all members of the

NFjB family in the cHL cell lines tested (Fig. S10). In

cHL, the cytotoxic activity of ibrutinib is mediated via

an inhibitory effect on the NFjB pathways [32]. We

hypothesized that the activity or the localization of

Fig. 3. The E571K mutation is associated with an improved antitumor activity of ibrutinib and selinexor in in vitro and in vivo models of cHL.

(A) KMH2, L428, SUPHD1, and UHO1 cells were engrafted on the chorioallantoic membrane (CAM) of fertilized eggs at D9. At D11,

xenografts were treated with vehicle (V), selinexor, ibrutinib, or both drugs at the indicated concentrations each 2 days until D15. At the end

of experiments (D16), tumors were harvested and weighted. Tumor weights, as well as means � SD, for each cell line and each treatment

are reported in the graph. The number of engrafted eggs for each cell line and each treatment is indicated in the Table S6. Statistical

analyses were done with the PRISM software. *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001 with the Student’s t-test. (B) Tumors

were fixed and embedded in paraffin. Paraffin sections were either stained with hematoxylin and eosin (H&E) or analyzed by immunohisto-

chemistry (IHC). Sequential sections were incubated with anti-Ki67 or cleaved (Cl.) caspase 3 Abs (Table S1). Three slides were processed

for each cell line and each treatment. Representative fields of each series are presented. Bar scale = 50 lm. (C) Ten millions of L428 cells

mixed in matrigel were engrafted s.c. onto the flank of severe combined immunodeficiency (SCID) mice (n = 24). Eight weeks after the

graft, tumor-free mice (n = 5) were discarded, while tumor-bearing mice (n = 19) were separated into four groups, receiving either vehicle

(n = 4), ibrutinib (I), selinexor (S), or the combination of drugs (C) (n = 5, in each arm). Two mice died in the ibrutinib group. Thirty-five days

after the beginning of the treatments, mice were sacrificed and the tumors were recovered, weighted, and measured with external calipers

to estimate the volume, prior fixation. The volume of each tumor in each treatment arm, as well as mean � SD, are reported in the graph

together with the statistical analysis. *P = 0.024 with the t-test. A similar graph was drawn using the tumor weights (Fig. S8). (D) Fixed

tumors were embedded in paraffin. Sequential sections were either H&E stained or incubated with anti-Ki67 or anti-cleaved caspase 3 Abs

(Table S1) and processed as described previously. Bar scale = 50 lm. (E) cHL cells were assayed for selinexor sensitivity alone, ibrutinib

alone, or selinexor/ibrutinib combinations with an MTS assay after a 72 h period (Fig. S9). MTS data were then analyzed with the with the

COMPUSYN software for the calculation of the Chou–Talalay combination index (CI). CI offers a quantitative definition for additive effects

(0.9 < CI < 1.1), synergism (CI < 0.9), and antagonism (CI > 1.1) for drug combinations.
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NFjB proteins, that are XPO1 cargos [1,2], may be

altered in cHL cell lines expressing the mutant

XPO1E571K protein.

In cHL, NFjB proteins associate within the nucleus

to form hetero- and homodimers that possess redun-

dant or specific transcriptional activities [33,34]. In a

first set of experiments, we analyzed the expression of

a subset of target genes known to be regulated by spe-

cific p50- or p52-containing heterodimers and control-

ling cell cycle (CDKs) or apoptosis (BCL2 family)

members (Fig. 4A). We observed that the targets of

NFjB transcription factors were actively transcribed

at various levels in all cHL cells, irrespectively of the

XPO1 status (Fig. 4B).

To analyze the subcellular localization of NFjB
proteins and quantify their level in each compartment,

we used indirect IF. The mature p50 and p52 proteins

as well as p65, RELB, and cREL transcription factors

were present in the nucleus of cHL cells although with

various levels (Fig. 4C, Fig. S11). The quantification

of nuclear FI indicated that cREL and p50 were little

expressed, whereas p52, p65, and RELB were more

abundant within the nucleus (Fig. 4D, Table S9).

Although p50, RELB, and cREL proteins were

expressed at the same level in the four cHL cells lines,

the nuclear level of p52 and p65 was higher in L428

and L1236 compared to SUPHD1 and UHO1 cells

(P < 0.0001) (Fig. 4D). These data showed that the

nuclear distribution of p52 and p65 proteins is affected

in cHL cells expressing the mutant XPO1.

3.5. The trafficking of p52 and p65 transcription

factors between the nucleus and the cytoplasm

is disrupted in XPO1E571K-expressing cells

For studying the efficacy of XPO1 as an export recep-

tor, we treated cHL cells with selinexor (100 nM for

6 h) or vehicle (Fig. S4). We next compared, by indi-

rect IF, the levels of NFjB1/p50 (as an internal con-

trol), NFjB2/p52, and p65 proteins in the nuclear (n)

and the cytoplasmic (c) compartments. We individually

calculated the ratio Fn/c in one cell for each cell line

and condition (Fig. 5A, Table S10). An increased Fn/c

ratio indicated that the protein accumulated within the

nucleus, whereas an unchanged ratio indicated that no

such accumulation occurred. As expected, selinexor

treatment had no effect on the main cytoplasmic local-

ization of NFjB1/p50 in the four cell lines tested. In

sharp contrast, it imposed the nuclear retention of p52

and p65 in L428, and p65 in L1236 cells. There was

no such accumulation in SUPHD1 and UHO1 cells.

L1236 cells possess both amplified wt and one mutant

XPO1 alleles, therefore, we assumed that the lack of

p52 nuclear retention after the inhibition of XPO1 was

due to the presence of the mutant allele. In turn, the

nuclear/cytoplasmic trafficking of p65 and p52 pro-

teins was impaired in cells having the mutant E571K

allele.

We next assessed the subcellular localization of two

other XPO1 cargos, survivin (BIRC5) and nucleophos-

min (NPM) in SUPHD1 and UHO1 cells [8]. The

staining of BIRC5 and NPM by fluorescent probes,

their analysis, and the processing of images showed

that both proteins accumulated in the nucleus after

selinexor treatment (Fig. 5B, Table S11). These data

indicated that the status of XPO1 modified the subcel-

lular localization of p65 and p52 but not all XPO1

cargos. Even though the XPO1 interactome is modified

in XPO1E571K-expressing cells [3,7,8], the nuclear

export driven by the mutant XPO1 protein is largely

maintained.

The defect in the nuclear localization of p52 and

p65 proteins in SUPHD1 and UHO1 cells could be

due to an abnormal nuclear import. We set up similar

IF experiments and analyzed the subcellular localiza-

tion of NFjB2/p52, p65, and RELB (as an internal

control, RELB being mostly cytoplasmic) in cells trea-

ted with importazole (IPZ, 4 lM for 24 h) (Fig. 5C).

IPZ is a small inhibitor of importin b1 (IPO1), the

major nuclear import receptor. It blocks IPO1-

mediated nuclear import without disrupting XPO1-

mediated nuclear export [35]. We calculated the Fn/c

for each cell line, and NFjB2, p65, and RELB pro-

teins (Table S12). In all cases, we observed a decreased

Fn/c values showing the cytoplasmic retention of

NFjB proteins after an IPZ treatment (P < 0.001 with

the t-test). In turn, IPO1-mediated nuclear import is

fully functional in cHL cells and the altered distribu-

tion of NFjB proteins is only dependent on the XPO1

status.

3.6. The lack of nuclear p52 and p65 proteins

relies on their binding to mutant XPO1

Previous studies using engineered cell models expres-

sing ectopic wt or mutant XPO1 proteins and mass

spectrometry [3,36] have shown that proteins that are

depleted in the nuclear fraction are not necessarily

enriched in the cytoplasmic fraction. Accordingly, we

did not observe any enrichment of p65 in the cyto-

plasm of XPO1E571K-expressing cHL cells confirming

the absence of reciprocal changes between the nuclear

and cytoplasmic compartments (Fig. 6A, Table S13).

One explanation is that exported proteins are rapidly

degraded by the ubiquitin/proteasome system (UPS).

p65 is known to be phosphorylated on the Ser536
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residue by bTrCP1, an E3-ubiquitin ligase, and han-

dled by the ubiquitin/proteasome system (UPS) [37].

We then determined the level of pSer536 (p)-p65 in the

cytoplasm of cHL cells treated with vehicle as a

control, or treated with 10 lM MG132, an inhibitor of

the UPS, for 24 h. p65 was little or not phosphory-

lated in basal conditions, whereas the MG132-induced

blockade of UPS led to the accumulation of p-p65 in

Fig. 4. The subcellular localization of p52 and p65 proteins depends on XPO1 status. (A) Some relevant target genes of p65, RELB, cREL

transcription factors in heterodimers with either p50 or p52 are indicated in the table; they were chosen from published data [33,34]. (B)

The basal activity of NFjB proteins was assessed by qRT-PCR with the primers described Table S5. For each primer, the specificity and the

efficacy of amplification was optimized. The expression level of each target gene was compared among the various cHL cell lines. The

results were normalized to standard endogenous references (GAPDH and RPLP0) and presented as DCt = Ct target � Ct reference (in tripli-

cate, data are expressed as means � SD). The experiments were run twice or three times (CCND2) with two batches of RNA. (C) cHL cell

lines were stained using the indicated Abs (Table S1), counterstained with DAPI and analyzed by confocal microscopy. Representative

enlarged images of each staining are shown, including a bar scale in each one (bar scale = 5–8 lm depending on the image). (D) IF images

were processed with the IMAGEJ software to quantify the nuclear FI of each NFjB protein. Pixels were recorded from manually cropped

areas of uniform intensity in the nucleus after subtraction of background fluorescence from at least 50 independent cells for each culture

condition (Table S9). Data for each cell (as well as mean � SD) are presented in the boxplots together with the stats. ****P < 0.0001 with

the t-test.

Fig. 5. The subcellular localization of p52 and p65 proteins depends on XPO1. (A) Vehicle- (V) and selinexor (S)-treated cHL cells (100 nM for

6 h) were assessed for NFjB1, NFjB2, and p65 proteins localization by IF with specific Abs (Table S1). Images were processed as

described in the legend of Fig. 4D. The nuclear accumulation of NFjB proteins was revealed by an increased Fc/n calculated from indepen-

dent fields covering each slide. At least 100 cells were recorded for each condition and each cell line (Table S10). Each individual value as

well as mean � SD are reported on the graph. (B) SUPHD1 and UHO1 cells were treated with vehicle or selinexor as before and the subcel-

lular localization of survivin (BIRC5) and nucleophosmin (NPM) was assayed by indirect IF. Slides were counterstained with DAPI and ana-

lyzed by confocal microscopy. Bar scale = 5 lm. The FI of each protein within the nucleus was quantified with the IMAGEJ software as

explained in the legend of Fig. 4D. At least 50 independent cells were analyzed for each condition (Table S11). Data were exported to draw

the boxplots for each value as well as the means � SD with the PRISM software. (C) Vehicle (V) or importazole (I)-treated cHL cells (4 lM for

24 h) were assessed for NFjB2, p65 and RELB proteins localization by IF and images were processed as described in the legend of

Fig. 4C. The cytoplasmic accumulation of NFjB proteins was revealed by a decreased Fc/n calculated from independent fields covering each

slide. At least 100 cells were recorded for each condition and each cell line (Table S12). ns, not significant; ***P < 0.001; ****P < 0.0001

with the t-test.
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cHL cell lines expressing wt or mutant XPO1 (Fig. 6B,

Fig. S12). Neither the basal expression of p-p65 nor its

stabilization upon MG132-treatment were related to

the E571K mutation. In turn, there is no evidence that

the turn-over of p65 is modified in XPO1E571K-

expressing cHL cells.

We previously showed and confirmed here that the

mutant XPO1E571K protein is localized at the

cytoplasmic face of the nuclear membrane due to its

binding to IPO1 (ref. 8 and Figs 1C and 2E). IPO1 is

the major nuclear import receptor and a component of

nuclear pore complex that lays at the outer membrane

[38]. We assessed the binding of p52 and p65 to IPO1

in SUPHD1 and UHO1 cells by the proximity ligation

assay. In the negative control, no red dots were

detected, whereas in the positive control (IPO1/XPO1

Fig. 6. Two cellular mechanisms account for p65 cytoplasmic retention. (A) cHL cell lines were cytospun on glass slides then stained for IF

using anti-NFjB Abs (Table S1), counterstained with DAPI, and analyzed by confocal microscopy. To quantify the cytoplasmic FI of p65 pro-

tein, IF images were processed with the IMAGEJ software as described (Table S13). Data for each cell, as well as mean � SD, are presented

in the boxplots together with the stats. ns, not significant with the t-test. (B) Cytoplasmic extracts were purified from vehicle- or MG132-

treated (1 lM for 24 h) cultured cHL cells. Proteins (30 lg) were separated by SDS/PAGE, transferred onto nitrocellulose membranes, then

incubated with an anti-p-p65 Ab (Table S1). An anti-b-actin Ab served as a control of gel loading and transfer. Three independent experi-

ments were run (Fig. S11) and the levels of p-p65 and b-actin proteins estimated by densitometry (ChemiDoc XRS+, ImageLab software,

Bio-Rad). The corresponding values were used to draw the histograms and to calculate the statistics. **P < 0.01; ***P < 0.001;

****P < 0.0001 with the t-test. (C) SUPHD1 and UHO1 slides were incubated with primary Abs (Table S1), except for the negative control

(Ctrl-), and with the secondary Abs conjugated with the PLUS and MINUS probes. Positive slides are shown. Bar scale = 3 lm. Red dots

(arrowed in white) were counted in 100 cells from each slide. For each experiment, three slides were set up. The means and SD, calculated

with the Microsoft Excel software, of red dots for each analysis are presented in the histogram and in the Table S14. (D) nuclear export sig-

nal (NES) sequences of NFjB2 (UniProt, ID: Q00653) and p65 (ID: Q04206) are presented with the five hydrophobic residues (Φ) in red, the

Xb residue located between Φ3 and Φ4 in bold, and the negatively charged amino acids beyond Φ4 in blue. They have been downloaded

from the pCRM1exportome database. The p65NES in interaction with XPO1 is modeled. Residues 571 K from XPO1 and Xb from p65NES are

shown in stick representation and the distance separating them is shown.
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dimers), red dots were observed (Fig. 6C, Table S14).

The binding of IPO1 to p52 or p65 proteins was also

observed in SUPHD1 and UHO1 cells, although to a

lower extent. This low number of interaction probably

reflects the low expression of NFjB proteins found in

the cytoplasmic compartment of UHO1 cells (Fig. 4D,

Fig. S11). Importantly, p52/ and p65/IPO1 dimers

localized outside the nucleus. In turn, mutant XPO1

bound to IPO1 modified the export/import dynamics of

NFjB proteins.

XPO1 mutation alters NES recognition of cargos in

a sequence-specific manner. Baumhardt and coworkers

reported that almost all NESs bind mutant or wt

XPO1 proteins with the same affinity, only a few bind

the two forms of the protein very differently [39].

According to the pCRM1exportome database, the

NESs of p52 and p65 belong to the class 1a (http://pro

data.swmed.edu/pCRM1exportome/Human-NES.html).

Both possess the sequence Φ0XXΦ1XXXΦ2XXΦ3XbΦ4

(with Φ: L, I, V, M or F and X: any amino acid). A

positive or negative charge of the Xb residue affects

the NES structure and its interactions with mutant or

wt XPO1 protein [40]. The NFjB2 and p65 Xb resi-

dues are uncharged being either a glycine (G) or a glu-

tamine (Q), respectively (Fig. 6D). However, the

glutamine of p65NES might be able to interact with the

residue 571 of XPO1 as suggested by the 3D structure

(Fig. 6D). Moreover, beyond the Φ4 position, both

NESs harbor polar and hydrophilic residues (glutamic

acid, E, and aspartic acid, D, for NFjB2 and p65,

respectively) that contribute to favored interactions

with XPO1E571K as reported previously [3,7,39]. As a

whole, the preferential cytoplasmic localization of

mutant XPO1 together with a possible enhanced affin-

ity for p52 and p65 NESs profoundly change the

nuclear/cytoplasmic machinery and the response to

two drugs targeting indirectly the NFjB pathways.

4. Discussion

The present work focused on the understanding of the

functional impact of the hotspot heterozygous

XPO1E571K mutation in two B-cell lymphomas, PMBL

and cHL, two entities that share genetic similarities

[41]. The recurrence of the E571K mutation evokes a

gain-of-function and a mechanism of oncogenic driver.

However, we never observed any effect of the muta-

tion on PMBL and cHL cell proliferation (ref. 8 and

Fig. S5). In contrast, we found that the export recep-

tor modulates the apoptotic response to selinexor and

ibrutinib, two drugs targeting indirectly the NFjB sig-

naling pathway. Indeed, the nuclear/cytoplasmic traf-

ficking of two main actors of the NFjB signalization,

namely p52 (NFjB2) and p65 are dependent on the

status of XPO1, opening new perspectives for targeted

therapies. Importantly also, the presence of XPO1

mutation may be a biomarker of the response of

PMBL and cHL cells, and possibly other B-cell hemo-

pathies, to selinexor and SINEs of the new generation

that share the same mechanism of action. Addition-

ally, the XPO1 mutation could also inform on the cell

response to drugs targeting even indirectly both the

canonical and alternative NFjB pathways.

We report here, that, both in vitro and in vivo, the

sensitivity of PMBL and cHL cells toward selinexor

depends on the E571K mutation. SINEs occupy the

NES-binding pocket of XPO1 thereby inhibiting its

functions by impairing the nuclear export of essential

cargo proteins. In that context, the E571K mutation is

in close proximity to the C528 residues and influences

the binding affinity of the inhibitor [23]. It has been

demonstrated that KPT-185 has a higher affinity for

XPO1E571K than XPO1wt [3]. This is also highly sug-

gested by the docking experiments we designed

(Fig. 1A). Indeed, we modeled the binding of selinexor

into the hydrophobic groove of mutant and wt XPO1

proteins in 3D structures. We observed that the dis-

tance between the side chain of residue 571 and seli-

nexor is approximatively 6 �A when the latter is bound

to C528. The substitution at position 571 can, there-

fore, be expected to have an effect on selinexor affin-

ity. This hypothesis was verified in vitro using a panel

of PMBL and cHL cell lines with well-defined XPO1

gene status and their derivatives generated by

CRISPR-mediated gene editing and in vivo using the

CAM assay and immunocompromised mice (Figs 1–3).
In agreement with a previous report [9], we reported

here that the response of cHL cells toward selinexor

depends on the ratio of mutant versus wt XPO1 alleles

with an enhanced sensitivity according to the number

of mutant alleles. The low number of PMBL cell lines

studied here prevented us to conclude for the PMBL

disease. However, two other B-cell lines (RS4;11,

SUDHL16) expressing the mutant XPO1E571K protein

are also preferentially sensitive to selinexor [3]. More-

over, although parental MedB1 cells were resistant to

selinexor, the CRISPR-Cas9-mediated knockout of its

wt allele sensitizes them to the drug (Fig. 2E). Alto-

gether, these data demonstrate that B cells expressing

the mutant form of XPO1 display a preferential sensi-

tivity to XPO1 inhibition.

Two molecular mechanisms could confer selinexor

sensitivity: XPO1 abundance and nuclear/cytoplasmic

compartmentalization of XPO1 cargos [3]. We

observed a dose- and time-dependent degradation of

XPO1 protein that arises faster in XPO1E571K-bearing
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cHL cells relative to wt cells (Fig. 1E). These data con-

firm that selinexor targets differently the wt and

mutant XPO1 proteins in cHL (and possibly other

malignant B-cells), modifying their turn-over and thus,

their main function as a nuclear export receptor. A

simple explanation is that XPO1E571K protein being

cytoplasmic, is ready to be phosphorylated and

degraded by the UPS machinery. This may have a pro-

found impact on XPO1 cargos that function within

the nucleus such as transcription factors including the

NFjB family.

The E571K mutation affects the NES recognition of

cargos in a sequence-specific manner and modifies the

nuclear/cytoplasmic compartmentalization of the cor-

responding proteins [39]. In particular, NFjB and

NFAT signaling proteins are under-represented in the

nucleus of ectopic XPO1E571K-expressing cells versus

XPO1wt [3]. cHL cells display canonical and alterna-

tive NFjB signaling pathways activation due to

genetic lesions, viral infection, soluble factors secre-

tion, and interactions with the tumoral microenviron-

ment [42]. In agreement with previous studies, our

data confirmed that NFjB-mediated gene expression is

largely driven by the alternative pathway and the p52/

p65 or p52/RELB dimers [33,34]. We report that, in

the two cell lines expressing the endogenous mutant

XPO1 protein, p65 and p52 are missing in the nucleus

(Fig. 4D) and do not accumulate in the nuclear com-

partment following a selinexor treatment (Fig. 5A).

The XPO1-mediated cellular compartmentalization of

p52 and p65, could be the basis of sensitivity toward

ibrutinib. The abnormal nuclear/cytoplasmic distribu-

tion of p52 and p65 may be due to two concomitant

mechanisms. First, p52 and p65 possess negatively

charged NES C terminus (Fig. 6D) that may bind

XPO1E571K with a higher affinity. Moreover, both

transcription factors interact with IPO1, a nuclear pore

component, located at the cytoplasmic face of the

nuclear membrane (Fig. 6C). We report here for the

first time that IPO1 is the import receptor of NFjB
proteins in cHL cells as described previously for multi-

ple myeloma cells [43]. In turn, mutant XPO1 bound

to IPO1 likely modifies the export/import dynamics of

NFjB proteins.

Since the 90s, SINEs are emerging as efficient drugs

for overcoming resistance to conventional chemother-

apy in hematological malignancies including B-cell

lymphoma [12]. More recently, the targeting of impor-

tins has been envisaged as novel strategies [44,45].

IPO1 is overexpressed in solid cancers and hematologi-

cal malignancies including diffuse large B-cell lym-

phoma (DLBCL), chronic and acute myeloid

leukemia, and multiple myeloma [11,43,46,47], and

associated with shorter overall survival for DLBCL

patients [46]. Mirroring the effects of XPO1 inhibition,

a defective nuclear transport leads to the alteration of

temporal and spatial localization of tumor suppressors,

oncogenes, and other key proteins that control the

tumorigenic process and drug sensitivity. IPO1 is func-

tional in cHL cells (Fig. 5C) and could be targeted by

IPZ or molecules newly described in the literature both

in in vitro and in vivo settings (Fig. 3). Interestingly,

INI-43 and INI-60 (INI for inhibitor of nuclear

import) alter the localization of p65 and NFAT tran-

scription factors, and are highly effective in solid

tumors [48,49]. Importantly, these drugs display a min-

imum effect on the proliferation of noncancer cells

[50]. We, therefore, hypothesize that the blockade of

p65 and p52 in the cytoplasm through the inhibition

of IPO1 may trigger apoptosis. Furthermore, besides

assayed alone, IPO1 inhibitors could be combined with

drug targeting either the NFjB pathway or other rele-

vant drugs. Considering the importance of a correct

cellular localization of key proteins, as described for

XPO1, IPO1 may play a major role in the physiopa-

thology of cHL, opening new perspectives for the

treatment of refractory/relapsed cHL patients.

5. Conclusions

With the use of several in vitro and in vivo cell models,

we report that the E571K mutation renders PMBL and

cHL cells more sensitive to selinexor and ibrutinib. Fol-

lowing a selinexor treatment, the faster degradation of

mutant XPO1 relative to wt may have a profound

impact on the function of nuclear proteins and, in par-

ticular, of transcription factors including those of the

NFjB family. Moreover, the nuclear/cytoplasmic traf-

ficking of two main actors of NFjB signalization (p52

and p65) is modified according to XPO1 status. Indeed,

p52 and p65 could possess an enhanced binding affinity

for mutant XPO1 and bind IPO1 at the outer nuclear

membrane. In turn, as described for XPO1, IPO1 may

play a key role in the physiopathology of cHL. More-

over, the selinexor/ibrutinib combination showed a syn-

ergistic effect on cHL cells whatever the XPO1 status.

The combination has demonstrated tolerability and

efficacy for patients with relapsed/refractory CLL and

non-Hodgkin’s lymphoma [51], opening new perspec-

tives for the development of second-line treatment for

the corresponding cHL patients.
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