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Abstract  

Primary mediastinal B-cell lymphoma (PMBL) is a distinct B-cell lymphoma subtype with 

unique clinicopathological and molecular features. PMBL cells are characterised by several 

genetic abnormalities that conduct to the constitutive activation of the Janus kinase 2/signal 

transducer and activator of transcription 6 (JAK2/STAT6) signalling pathway. Among 

recurrent genetic changes in PMBL, we previously reported that the XPO1 gene encoding 

exportin 1 that controls the nuclear export of cargo proteins and RNAs, is mutated (p.E571K) 

in about 25% of PMBL cases. We therefore hypothesized that STAT6 could be a cargo of 

XPO1 and that STAT6 cytoplasm/nucleus shuttle could be altered in a subset of PMBL cells. 

Using immunocytochemistry techniques as well as the proximity ligation assay, we showed 

that STAT6 bound XPO1 in PBML cell lines and in HEK-293 cells genetically engineered to 

produce STAT6. Moreover, XPO1-mediated export of STAT6 occurs in cells expressing either 

a wild-type or the E571K mutated XPO1 protein.  

 
Keywords : B lymphoma, CRM1, SINE, STAT, PLA technology, XPO1 mutation 
 
 
Abbreviations : DAPI, 4',6-diamidino-2-phénylindole ; DMSO, dimethylsulfoxide ; FCS, foetal 

calf serum; HSP, heat shock protein; IB, immunoblotting; IF, immunofluorescence; IL, 

interleukin; JAK, Janus kinase; NES, nuclear export signal; NLS, nuclear localisation signal; p-, 

phosphorylated; PARP, poly(ADP-ribose) polymerase; PLA, proximity ligation assay; PMBL, 

primary mediastinal B-cell lymphoma; STAT, signal transducer and activator of transcription; 

u-, unphosphorylated; XPO1, exportin 1 
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1. Introduction 

Primary mediastinal B-cell lymphoma (PMBL) is a subtype of diffuse large B-cell lymphoma 

(DLBCL) which displays recurrent alterations of the Janus kinase-signal transducer and 

activator of transcription (JAK-STAT) survival pathway leading to its constitutive activation 

[1]. Moreover, in almost 35% of the cases, PMBL cells harbour mutations within the DNA 

binding domain of STAT6 [2]. The functional consequences of such mutations are still 

unknown in PMBL [3] but are supposed to be activating in follicular lymphoma [4]. PMBL 

cells exhibit also a recurrent (25% of the cases) mutation of the XPO1 (or CRM1) gene [5]. 

This gene encodes exportin 1 (XPO1), a member of the karyopherin β family, which mediates 

the nuclear export of various RNAs and cargo proteins possessing a leucine-rich nuclear 

export signal (NES) [6]. Several transcription factors are cargos of XPO1 including STAT1 [7] 

and STAT3 [8] among the STAT family. Given the crucial role of STAT6 and XPO1 proteins in 

the physiopathology of the disease and their potential as targets for personalized medicine 

[3,5], we thought to identify STAT6 as a new cargo for XPO1. Moreover, we analysed the 

potential effects of XPO1/STAT6 mutations on STAT6 export.  

 

2. Materials and Methods 

2.1. Cells culture  

The HEK-293 STAT6-deficient cell line was stably transfected with an expression vector 

coding for STAT6 and hereafter referred to as 293-S6 [2]. The PMBL cell lines MedB1, Karpas 

1106 (hereafter referred to as K1106), and U2940 have been described elsewhere [5]. PMBL 

cells harbour mutations of XPO1 or/and STAT6 (Table 1). Cell lines were cultured in RPMI 

1640 medium (Lonza) supplemented with 10-20% foetal calf serum (FCS, PAA Laboratories), 
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2 mM L-glutamine and antibiotics (Lonza), under a humid atmosphere at 37°C. 293-S6 cells 

were maintained in DMEM medium (Lonza) supplemented with 10% FCS, L-glutamine, 

geneticin (500 μg/ml, Gibco) and antibiotics. In some experiments, cells were incubated with 

1 μM KPT-330 (Selinexor, Sigma-Aldrich) for 4 h. 

 

2.2. Indirect immunofluorescence and confocal microscopy analysis 

For the indirect immunofluorescence (IF) analyses, 293-S6 cells were grown directly onto 

poly-L-lysine-coated coverslips. Cultured PMBL cells were cytospun on Superfrost glass 

slides. Cells were then fixed in 4% paraformaldehyde and permeabilised in 0.5% Triton-X100. 

The slides were then stained with primary antibodies (Abs), and then with Alexa Fluor 488- 

(in red) or Alexa Fluor 546- (in green) conjugated goat anti-mouse or -rabbit IgG, 

respectively, and counterstained with DAPI (4',6-diamidino-2-phenylindole dihydrochloride, 

Molecular Probes, in blue). Primary Abs against XPO1 (sc-74454) and RanBP1 (ab97659) 

were purchased from Santa Cruz Biotechnologies and abcam, respectively. Abs against 

STAT6 (HPA001861) and p-Tyr641-STAT6 (SAB4504546) were purchased from Sigma-Aldrich. 

Slides were observed with a confocal fluorescence microscope (Fluoview FV 100, Olympus). 

The colocalisation of XPO1 and STAT6 proteins was investigated with the ImageJ software as 

described previously [9].  

 

2.3. Proximity ligation assay 

The proximity ligation assay (PLA) technology [10] was used to detect in situ XPO1-STAT6 

proteins interaction. We used the Duolink® In Situ Red Starter Kit  (DUO92101, Sigma-

Aldrich) according to the supplier’s instructions. Cells were fixed, permeabilised, and 

incubated with the primary Abs as described for IF. Duolink® secondary Abs were then 
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added. These secondary Abs are conjugated to oligonucleotides able to form a closed circle 

via base pairing and ligation using the Duolink ligation solution. This occurs only when the 

Abs are in close proximity (less than 40 nm). The detection of signals is conducted by rolling 

circle amplification using DNA polymerase incorporating fluorescent labelled nucleotides 

into the amplification products. The resulting positive signals are visualized as red 

fluorescent dots; each dot represents one interaction event. We used an Ab against XPO1 

(sc-74454) and as a positive control, an anti-RanBP1 (ab97659, abcam), RanBP1 being a well-

known partner of XPO1 [11]. As a negative control, no primary Ab was added in the reaction 

mixture. Slides were observed with a confocal fluorescence microscope (Fluoview FV 100, 

Olympus). 

 

2.4. Proliferation assay  

PMBL cells were seeded in 96-well plates in complete medium (2 x 105 cells/200 μl) and 

treated for 48 h with vehicle (0.01% dimethylsulfoxide, DMSO) or various concentrations of 

KPT-330  (selinexor, 0.1-20 nM). Cell viability was quantified using an MTS assay (CellTiter 

96AQueous One Solution Cell Proliferation Assay, Promega) according to the manufacturer’s 

instructions.  

 

2.5. Proteins purification and immunoblotting 

Cytoplasmic and nuclear extracts were prepared with the Cell fractionation kit (#9038, Cell 

Signaling Technology) from cultured cells. The purity of extracts was checked by 

immunoblotting (IB) with Abs directed against the strictly nuclear poly-(ADP-ribose) 

polymerase protein (PARP, clone 4F10, sc-69703, Santa Cruz Biotech.), and the heat shock 

protein (HSP) 90 cytosolic protein (clone F-2, sc-8007, Santa Cruz Biotech.). The method used 
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for IB has been described elsewhere [12]. Abs against STAT6 (#9362) and p-Tyr641-STAT6 

(#9361) were purchased from Cell Signaling Technology. 

  

3. Results  

3.1. The JAK2/STAT6 pathway is constitutively activated in PMBL cell lines 

We previously stably transfected the HEK-293 STAT6-deficient fibroblastic cell line with an 

expression vector coding for STAT6 [2]. The stimulation of 293-S6 cells with interleukin 4 

(IL4) led to the activation of the JAK-STAT6 pathway and the phosphorylation of STAT6 on 

Tyr641 residues (Fig. 1a). As soon as 30 min after IL4 stimulation, the phosphorylated (p-) 

form of STAT6 was detected in the nucleus and the cytoplasm of 293-S6 cells. It has been 

described that STAT6 shuttles between the cytoplasm and the nucleus continually. However, 

only the phosphorylated form accumulates in the nucleus as the result of its ability to bind 

DNA [13]. This was observed in IL4-stimulated 293-S6 cells. Indeed, the level of p-Tyr641-

STAT6 remained high in the nucleus and decreased in the cytoplasm between 4h- and 6 h-

post-treatment. 

The localization of STAT6 and p-Tyr641-STAT6 was next assessed by IF studies for IL4-

stimulated/unstimulated 293-S6 cells and unstimulated PBML cells (Fig. 1b, c). In 

unstimulated 293-S6 cells,  a typical STAT6 cytoplasmic immunostaining was observed. After 

IL4-stimulation, STAT6 was both cytoplasmic and nuclear, and its phosphorylated form was 

mainly nuclear (Fig. 1b). In the  three PMBL cell lines analysed, STAT6 was localised both in 

the cytoplasmic and nuclear compartments, and p-STAT6 was mainly nuclear (Fig. 1c). We 

confirmed that the JAK2/STAT6 pathway is constitutively activated in PMBL cells and that 

STAT6 shuttles between the cytoplasm and the nucleus. Moreover, In PMBL cells, this 

occurred whatever the mutated/unmutated XPO1 and STAT6 status (Table 1).  
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3.2. A NES signal is present in human STAT6  

Because the structure of STAT family members is highly conserved among the proteins and 

along the evolution  [14], we suspected that STAT6 could possess a NES. We analysed the 

protein sequence with LocNes, a computational tool for locating NES in proteins [15]. As 

shown Table 2, STAT6 displayed two NES putative binding sites that fit with the consensus 

sequences defined by Xu and colleagues [16].  

 

3.3. XPO1 and STAT6 colocalise in 293-S6 and PMBL cells 

The colocalisation of STAT6 and XPO1 in 293-S6 was analysed by indirect confocal IF and 

image analysis. As shown Fig. 2a, XPO1 and STAT6 colocalised in 293-S6 cells. Indeed, an 

orange staining appeared when the red XPO1 staining and the green STAT6 staining were 

merged. This was confirmed when images were processed with the ImageJ software. When 

the fluorescence intensity of each fluorophore was plotted along a line crossing one 

representative cell, the red and the green signals peaked together in the nuclear 

compartment (Fig. 2a). Moreover, cytoplasmic STAT6 was free of XPO1 in agreement with 

the  mechanism of XPO1-mediated export. Indeed, once in the cytoplasm, XPO1/cargos 

dimers disassemble and XPO1 shuttles back to the nucleus [6]. 

We next analysed the localization of XPO1 and STAT6 in PBML cell lines harbouring (MedB1) 

or not (U2940) a mutated XPO1 gene with the same tools. Whatever the XPO1 status, we 

found that STAT6 and XPO1 colocalised in the nuclear compartment (Fig. 2b). Free STAT6 

was detected in the cytoplasm (Fig. 2b, black box) and XPO1 accumulated mainly at 

perinuclear sites, again in agreement with the export mechanism [17].  
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3.4. XPO1 and STAT6 interact in 293-S6 and PMBL cells 

We further used the DUOLink® PLA technology for identifying in situ interactions of XPO1 

and STAT6. As shown Fig. 3, in the negative control, no red fluorescent signal was detected. 

In the positive control, each interaction of XPO1 with RanBP1 was revealed by a single red 

dot. We observed such interactions of XPO1 with STAT6 in the 293-S6 cells and in the two 

PMBL cell lines tested despite the presence of the XPO1 E571K and STAT6 N417Y/N430T 

mutations in MedB1 cells.  

 

3.5. STAT6 is a cargo of XPO1 

KPT-330 (or Selinexor) is a selective inhibitor of nuclear export (SINE) that inhibits XPO1 

function by binding to its hydrophobic groove on the cysteine 528 [17]. XPO1 inhibition leads 

to the accumulation of cargo proteins within the nucleus. We first explored the sensitivity of 

PMBL cell lines to Selinexor with the MTS proliferation assay. As shown Fig. 4a, the three cell 

lines are sensitive to Selinexor and exhibited similar sensitivities (see the calculated IC50). 

Moreover, in keeping with previous results [5], mutated and unmutated XPO1 proteins were 

similarly inhibited in Selinexor-treated PMBL cell lines. As expected, Selinexor induced 

RanBP1 (as a control) and STAT6 sequestration into the nucleus in both K1106 and MedB1 

cell lines (Fig. 4b).  

 

4. Discussion 

STAT6 belongs to the STAT family of both adaptor proteins and transcription factors. STAT 

family members display a similar protein structure that is instrumental for their activation 

and functions. Moreover, they possess regulatory signals that ensure their distribution to 

the right cellular location at the right time. The canonical signalling is initiated by the binding 
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of an extracellular ligand to its cognate transmembrane receptor. This binding induces the 

dimerization and activation of JAKs. Activated JAKs phosphorylate tyrosine residues on the 

cytoplasmic part of the receptor that serve as docking sites for STAT factors. Phosphorylated 

STATs dimerize and translocate to the nucleus to activate or repress their target genes. 

However, non-canonical JAK/STAT pathways exist and play a pivotal role in heterochromatin 

maintenance and tumour suppression [18,19]. In particular, nuclear unphosphorylated (u-) 

STAT1, STAT3 and STAT5A proteins are capable to activate a subset of specific target genes.  

The JAK2/STAT6 signalling pathway is a survival pathway involved in the proliferation and 

differentiation of B cells.  Deregulated JAK2/STAT6 signalling participates the pathogenesis 

of subtypes of lymphoma [20]. In PMBL cells, the presence of nuclear phosphorylated STAT6 

indicates a constitutive activated JAK2/STAT6 signalling pathway [21]. This can be the 

consequence of an amplification of the JAK2 gene [22], recurrent mutations of SOCS1 or 

PTPN1 genes [23-25]. In agreement with previous studies, we observed that p-Tyr641-STAT6 

is present in the nucleus of unstimulated PMBL cells confirming that the JAK2/STAT6 

pathway is constitutively activated. However, despite this continuous activation, STAT6 

shuttles between the nucleus and the cytoplasm suggesting that import/export mechanisms 

are correctly regulated.  

XPO1 mediates the nuclear export of more than 200 proteins [6]. We recently identified a 

recurrent mutation of XPO1 gene (p.E571K) in 25% of PMBL or Hodgkin lymphoma patients 

[5, 26]. The mutation is located close to the hydrophobic groove of XPO1 which is 

responsible of cargo recognition. The functional consequences of this mutation are still 

unknown, but could influence the interactions of XPO1 with a subset of cargo proteins.  

Indeed, the change from a negatively charged (glutamate) to a positively charged (lysine) 

residue could modify the affinity of XPO1 for NESs bearing negative charges [27]. 
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Alternatively, XPO1 mutation could have no effect on cargos recognition and binding and be 

involved in other biological function such as spindle formation control. Here we 

demonstrated that XPO1 and STAT6 colocalise in the nucleus and bound each other in PMBL 

cell lines. Moreover, the nuclear export of STAT6 is inhibited by Selinexor, confirming that 

STAT6 is a cargo of XPO1 even in MedB1 cells harbouring both STAT6 and XPO1 mutations. 

However, both wt and mutated XPO1 alleles are transcribed in MedB1 cells (data not 

shown). Although, we cannot exclude formally that only the wild-type fraction of the XPO1 

protein is fully capable of export, this hypothesis seems unlikely. Indeed, using the PLA 

technology, we observed the same number of spots, indicative of XPO1-cargos interactions, 

in the mutated vs. unmutated XPO1-harbouring cell lines and for RanBP1 and STAT6 

proteins.  

Regarding STATs signalization from the cell surface to the nucleus, their distribution inside 

the cell compartments must be tightly regulated. The most obvious regulation for STATs 

localization is the recognition of NLS (nuclear localization sequence) for nuclear import and 

NES for nuclear export by importin/exportin, respectively. However, two mechanisms 

regulate STAT3 and STAT1 transport into the nucleus [7,8]. The first one is the canonical 

ligand-dependent activation pathway and the second is active in unstimulated quiescent 

cells. This last mechanism allows the nuclear import u-STAT3 and -STAT1. The regulation of 

STAT3 nuclear export is under the control of three NESs, two of them (404-414 and 524-535) 

regulate the “basal” nuclear export for u-STAT3, the third one (306-318) is implicated in the 

post-stimulation canonical response. Using the LocNES computational tool, we were able to 

identify two potential NESs in STAT6. The first NES is located within the coiled-coil domain of 

STAT6 at the same position than the NES of STAT1 necessary for nuclear export [28]. The 

other one is located in the DNA binding domain, at the same position than the second NES of 
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STAT3 involved in the basal response [8] (Fig. 5). Thus, we can speculate that the first STAT6 

NES is involved in the ligand-dependent response whereas the second one is ligand-

independent. In agreement with this statement, Chen and colleagues showed that u-STAT6 

can continuously shuttle between the nucleus and the cytoplasm [13]. Since u-STAT and p-

STAT proteins may target  different sets of genes coding for proteins involved in distinct cell 

processes [29], further studies are necessary to confirm this point for PMBL cells.  

 

5. Conclusions 

We report in this study that STAT6 is a cargo of XPO1 in normal (293-S6) and tumour (PMBL) 

cells. STAT6 recognition and binding occur in cells having a constitutive activation of the 

JAK2/STAT6 pathway (PMBL cells) and in IL4-stimulated cells (293-S6).  Although PMBL cells 

display STAT6 and/or XPO1 genetic alterations (they are not mutually exclusive), both 

proteins maintain their cellular functions. This is particularly important since both STAT6 and 

XPO1 proteins are potential targets for PBML therapies [3,5]. The additive/synergistic 

efficacy of SINEs together with JAK2 inhibitors (unless STAT6 inhibitors are available) should 

be tested in preclinical models. Our findings highlight novel therapeutic potentials for PMBL 

disease.  
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Figure legends 

Fig. 1. STAT6 shuttles between the cytoplasm and the nucleus in IL4-stimulated 293-S6 

cells and in unstimulated PMBL cells  

(a) 293-S6 cultured cells were stimulated with IL4 (10 ng/ml). Cells were then harvested at 

the indicated times. Fractionated cytoplasmic and nuclear extracts were prepared from 107 

cells. Proteins were separated by SDS-PAGE, transferred onto nitrocellulose membranes and 

IB was done using Abs against STAT6 or p-Tyr641-STAT6 and then, as secondary Ab, a 

peroxidase-conjugated anti-rabbit IgG from abcam (ab6721). (b) 293-S6 cells were cultured 

on poly-L-lysine-coated coverslips and treated (or not for control) with IL4 (25 ng/ml) for 1 h. 

STAT6 and p-Tyr641-STAT6 were stained as described in the Methods section. Slides were 

counterstained with DAPI and then observed with a confocal microscope (x 180, 

magnification). Zoomed images (x 6) of p-STAT6 staining from other fields. (c) Untreated 

PMBL cells were analysed for STAT6 and p-Tyr641-STAT6 localization by IF as described in 

(b).  

Fig. 2. XPO1 and STAT6 colocalise in 293-S6 and PMBL cells 

 (a) 293-S6 cells were cultured on poly-L-lysine-coated coverslips and slides were processed 

for XPO1 (in red), STAT6 (in green), and DAPI staining as described previously. 

Representative images are shown. In the merged image, the fluorescence intensity (in 

arbitrary units) of each fluorophore was estimated with the ImageJ software (available from 

https://imagej.nih.gov/il/) along a line (in yellow) crossing a representative cell. Data were 

exported from ImageJ to generate the curves of fluorescence intensity (in arbitrary units, 

AU) as a function of the distance (left to right, in nm). The experiment has been carried out 

twice. (b) MedB1 and U2940 PMBL cells were cytospun and stained as described previously. 

The fluorescence intensity of each fluorophore was estimated along a line crossing one or 
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two representative cell(s) in the merged image and reported on the graphs. Representative 

images are shown. The experiment has been carried out three times.  

Fig. 3. XPO1 interacts with STAT6 

The Duolink® PLA was used on 293-S6, U2940 (wt/wt) and MedB1 (wt ampl./E571K) cells to 

investigate XPO1/STAT6 interactions. Slides were incubated with the primary Abs except for 

the negative control (Ctrl) and then with the secondary Abs conjugated to the MINUS and 

PLUS probes. The ligation and amplification steps were next performed. Slides were 

counterstained with DAPI and then observed with the confocal microscope (x180, 

magnification). Each red dot (some are arrowed in white) is representative of one protein-

protein interaction. Representative images from three independent experiments are shown. 

On the right are zoomed images (x 3) from the corresponding white squared fields.  

Fig. 4. STAT6 is a cargo of XPO1 

(a) PMBL cells were seeded at a density of 3 x 105 cells/ well in 96-well plates and treated 

with the indicated concentrations of KPT-330 (0.1-20 nM). Cell viability was analysed using 

an MTS assay (CellTiter 96AQueous One Solution Cell Proliferation Assay, Promega). The 

mean of the background (absorbance of three wells with no cells) was deduced from each 

absorbance (OD at 490 nM) value of each clone treated with the drug. For each set of 

culture conditions, the means ± SD of triplicate values are indicated on the graph. The 

experiment has been carried out twice with similar results. (b) Cells were left untreated (nt) 

or treated with 1μM KPT-330 for 4 h before STAT6 and XPO1 staining and IF analysis as 

described previously. Representative images are shown.  

Fig. 5. Structural similarities and differences for STAT proteins 

The functional domains of STAT1, STAT3 and STAT6 proteins are schematized. Abbreviations 

: N, terminal domain involved in dimerization; CC, coiled-coil interacting domain; DNA, DNA 
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binding domain; LK, linker domain; SH2, SH2 dimerization domain; Y, phosphorylated 

tyrosine; TA, transactivation domain; NES, nuclear export signal. 
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Table 1. Mutational status of XPO1 and STAT6 in PMBL cell lines 

Cell lines XPO1a STAT6 

K1106 wt ampl./wt wtb 

MedB1 wt ampl./E571K wt/N417Y and N430Tb 

U2940 wt/wt wtc 

Data were obtained from a[5], b[2], c[30]. Abbreviations: wt, wild-type; ampl., amplified. 
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Table 2. Putative NES domains in STAT6 

Protein name Position Sequence Score 

STAT6_HUMAN 105-119 GEKKAVMEQFRHLPM 0.047 

STAT6_HUMAN 130-144 FKTGLRRLQHRVGEI 0.020 

STAT6_HUMAN 132-146 TGLRRLQHRVGEIHL 0.080 

STAT6_HUMAN 184-198 QETTGELEAAKALVL 0.750 

STAT6_HUMAN 189-203 ELEAAKALVLKRIQI 0.205 

STAT6_HUMAN 394-408 LGPGKLPIQLQALSL 0.548 

STAT6_HUMAN 396-410 PGKLPIQLQALSLPL 0.432 

STAT6_HUMAN 398-412 KLPIQLQALSLPLVV 0.086 

STAT6_HUMAN 399-413 LPIQLQALSLPLVVI 0.121 

STAT6_HUMAN 400-414 PIQLQALSLPLVVIV 0.052 

STAT6_HUMAN 649-663 TVERDQPLPTPELQM 0.175 

STAT6_HUMAN 720-734 EPHLQMPPSLGQMSL 0.178 

STAT6_HUMAN 791-805 FPPLLPPTEQDLTKL   0.129 

STAT6_HUMAN 793-807 PLLPPTEQDLTKLLL 0.144 

STAT6_HUMAN 827-841 SHYGQSGISMSHMDL 0.059 

Data were obtained with the LocNES computational tool 
(http://prodata.swmed.edu/LocNES/LocNES.php). The two sequences in bold, having a high 
confidence score were identified as putative NES. 
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Highlights 

 STAT6 is a cargo of XPO1 

 Selinexor inhibits STAT6 nuclear export 

 The E571K XPO1 recurrent mutation has no impact on STAT6 nuclear export 

 XPO1 and STAT6 are potent targets for PMBL therapy 
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