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Abstract

Chromosomal region maintenance 1 (CRM1 also known as Xpo1 and exportin-1) is

the receptor for the nuclear export controlling the intracellular localization and func-

tion of many cellular and viral proteins that play a crucial role in viral infections and

cancer. The inhibition of CRM1 has emerged as a promising therapeutic approach to

interfere with the lifecycle of many viruses, for the treatment of cancer, and to over-

come therapy resistance. Recently, selinexor has been approved as the first CRM1

inhibitor for the treatment of multiple myeloma, providing proof of concept for this

therapeutic option with a new mode of action. However, selinexor is associated

with dose-limiting toxicity and hence, the discovery of alternative small molecule

leads that could be developed as less toxic anticancer and antiviral therapeutics will

have a significant impact in the clinic. Here, we report a CRM1 inhibitor discovery

platform. The development of this platform includes reporter cell lines that monitor

CRM1 activity by using red fluorescent protein or green fluorescent protein-labeled

HIV-1 Rev protein with a strong heterologous nuclear export signal. Simulta-

neously, the intracellular localization of other proteins, to be interrogated for their

capacity to undergo CRM1-mediated export, can be followed by co-culturing stable

cell lines expressing fluorescent fusion proteins. We used this platform to interro-

gate the mode of nuclear export of several proteins, including PDK1, p110α,

STAT5A, FOXO1, 3, 4 and TRIB2, and to screen a compound collection. We show

that while p110α partially relies on CRM1-dependent nuclear export, TRIB2 is

exported from the nucleus in a CRM1-independent manner. Compound screening

revealed the striking activity of an organoselenium compound on the CRM1 nuclear

export receptor.
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1 | INTRODUCTION

The intracellular localization of proteins is often crucial for their func-

tions.1 Proteins larger than 40 kDa are transported through the

nuclear pore complex by soluble nuclear transport receptors such as

chromosomal region maintenance 1 (CRM1).2 CRM1 is expressed in

all eukaryotic cells, and an ever-growing number of proteins have

been verified as cargoes of CRM1.3 These proteins generally contain a

nuclear export signal (NES) that binds to CRM1.4 CRM1-mediated

nuclear export of viral components is crucial in various stages of the

lifecycle and assembly of HIV, human T-cell leukemia virus-1, respira-

tory syncytial virus, human cytomegalovirus, coronaviruses, influenza,

dengue and rabies virus.5 Accordingly, CRM1 inhibitors have demon-

strated activity against over 20 different viruses.6 The CRM1-assisted

export of the HIV-1 Rev protein is crucial for viral RNA transport, and

its interruption inhibits the production of new virions and reduces

HIV-1 levels.7 Inhibition of CRM1-mediated export of the influenza

viral ribonucleoprotein reduced viral replication, lung viral load and

proinflammatory cytokine expression.8 Similarly, CRM1 is responsible

for the nuclear export of several SARS-CoV proteins, including

ORF3b,9,10 ORF9b11–14 and nucleocapsid N protein,15,16 and there-

fore affects SARS-CoV replication and pathogenesis. CRM1 also

mediates the nuclear export of a large number of tumor suppressor

and oncogenic proteins whose mislocalization drives tumor formation

and progression,17 including p53, FOXO proteins, p27, BCRA1, APC,

nucleophosmin and retinoblastoma (Rb), β-catenin, NF-κB, survivin

and cyclin D1. Somatic mutations in CRM1 have been identified in

human cancer, most of them affecting a single amino acid at position

571.18 The E571K mutation leads to an increased affinity for NES.

The expression of CRM1 is increased in a broad variety of cancer

types.19 High CRM1 expression is correlated with tumor size, metas-

tasis, poor prognosis and drug resistance in many cancer types.20

Several different CRM1 inhibitors have been shown to sensitize drug-

resistant cancer cells to anticancer drugs.21 Leptomycin B (LMB), a

potent antifungal antibiotic from Streptomyces sp. was identified as

the first CRM1 inhibitor.22 LMB covalently binds to a cysteine residue

at position 528 within the human CRM1 protein and prevents the for-

mation of the cargo-CRM1 complex. Unfortunately, LMB failed in

phase I clinical trials because of its high systemic toxicity. The recent

clinical approval of selinexor (Xpovio) is proof of concept for the ther-

apeutic utility of manipulating the nuclear export.23 Despite these

encouraging results, selinexor is associated with serious risks, includ-

ing cytopenias and gastrointestinal toxicity.24 These side effects limit

the dose of selinexor that can be given to patients, which therefore

affects the efficacy of the treatment in cancer patients and precludes its

development as an antiviral drug. The only known CRM1 inhibitor capa-

ble of non-covalent binding to the NES-binding groove is the recently

discovered NCI-1.25 However, in the wild-type form of CRM1, a cova-

lent bond with Cys-528 is still established, resulting in NCI-1 toxicity

being similar to other known CRM1 inhibitors. To identify agents capa-

ble of inhibiting the CRM1-mediated nuclear export process with less

toxicity, screening campaigns using complex collections of diverse small

chemical compounds are warranted. There are clear advantages for a

screening approach to complement the CRM1 activity analysis with an

intracellular localization assessment of other proteins, including known

CRM1 substrates, candidate substrates, NES bearing proteins and

exported proteins, without an obvious NES or any protein to be ana-

lyzed for its capacity to be exported by CRM1. Here, we report the

development of a multiplexed CRM1 inhibitor discovery platform that

simultaneously monitors the intracellular localization of different

reporter proteins. Using this platform, we screened a compound collec-

tion of 262 small chemical molecules and identified a selenazole com-

pound as an inhibitor of CRM1-mediated nuclear export, which was

also evaluated using molecular docking calculations.

2 | RESULTS

2.1 | Generation and validation of U2redNES
reporter cells

We have previously established U2nesRELOC, a screening/counter-

screening system that has been successfully used to identify CRM1

inhibitors.26–29 Based on this reporter system, we developed U2red-

NES, a stable cell system capable of monitoring CRM1-mediated

nuclear export by using the HIV-1 protein Rev30 with a strong heter-

ologous NES31 fused to red fluorescent protein (RFP). The generated

RFP fusion construct was transfected into osteosarcoma U2OS cells,

the genome integration was achieved by antibiotic selection, and

resistant cell clones were isolated. Cell clones were amplified, and the

distribution of red fluorescence was analyzed in several clones. Cell

clones with an exclusive cytoplasmic red fluorescent signal were

selected, and the shift of fluorescence into the cell nucleus was con-

firmed. Since the reporter cell lines will be exposed to chemical com-

pounds dissolved in DMSO, we set out to assess the sensitivity of the

generated U2redNES cells to DMSO. U2redNES cells were seeded in

96-well plates and treated with different concentrations of DMSO.

Cell toxicity was monitored by visual inspection after 1 h of incuba-

tion and cell fixation. This period was chosen as the shift of the fluo-

rescent signal into the cell nucleus is a fast event. As Figure 1 shows,

U2redNES displayed no signs of cell toxicity upon exposure to DMSO

at concentrations between 0.01% and 0.5% (Figure 1A–E). Nuclear

shrinkage and changes in cytoplasmic morphology became visible with

DMSO concentrations above 1% (Figure 1F–I). Accordingly, we

defined 1% DMSO as the maximum concentration to be used in the

U2redNES reporter cells. Next, we determined the kinetics of nuclear

accumulation of red reporter protein upon LMB treatment. Cells were

seeded at a density of 20 000 cells per well in 96-well plates and

exposed to 20 nM LMB for different time points between 10 min and

1 h. LMB failed to affect the subcellular localization of the reporter

protein at time points between 10 and 30 min (Figure 1J–M). Red

fluorescence started to accumulate in the cell nucleus as a conse-

quence of CRM-1 inhibition after 45 min (Figure 1N). Further nuclear

translocation of the fluorescent signal was observed after an incuba-

tion period of 1 h (Figure 1O). Based on these results, we decided to

carry out all the treatments described in this work for 1 h.
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2.2 | Co-culture of U2nesRELOC and U2redNES
cells

Multiplexed cellular assays can improve the drug discovery process by

simultaneously assessing different molecular events. In order, to

determine whether U2nesRELOC and U2redNES can be monitored

simultaneously, both cell lines were co-cultured in 96-well plates

(10 000 cells of each cell line per well) and treated with LMB concen-

trations from 0.39 to 100 nM for 1 h. As Figure 2 shows, exposure to

LMB at 0.78 nM results in a slight nuclear accumulation of the protein

F IGURE 1 Evaluation of reporter cell line sensibility to different DMSO concentrations and time-course of LMB-induced nuclear
accumulation of reporter protein. U2redNES cells were (A) untreated or treated with DMSO at (B) 0.01%, (C) 0.05%, (D) 0.1%, (E) 0.5%, (F) 1%,
(G) 1.5%, (H) 2% and (I) 2.5%. Kinetics of nuclear accumulation was measured by exposing cells to 20 nM LMB during
(J) 0 min, (K) 10 min, (L) 20 min, (M) 30 min, (N) 45 min and (O) 60 min. After 1 h of treatment, cells were fixed with paraformaldehyde, and
images were acquired by fluorescent microscopy as detailed in Section 4.
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in both cell lines, which reached its maximum at 25 nM (Figure 2A–I).

We use the clinically approved CRM1 inhibitor selinexor to deter-

mine whether a different chemical compound with a similar mode

of action induced a comparable nuclear translocation of the

reporter proteins in both cell lines. After 1 h of exposure to differ-

ent concentrations of selinexor, the RFP and green fluorescent

protein (GFP) fusion proteins shifted to the cell nucleus at 50 and

100 nM (Figure 2J–L). These results indicate that both the red and

the green reporter cell lines exhibit similar kinetics and sensitivity

to CRM1 inhibition and can be co-cultured to multiplex the assay.

Importantly, these features allow us to multiplex the assays with

cell lines that express reporter proteins that monitor independent

molecular events.

2.3 | Co-culture of U2redNES with green reporter
cells

As many as 200 CRM1 substrates have been identified; most of them

are proteins that contain a leucine-rich nuclear NES.4 However, not all

NES-containing proteins undergo CRM1-mediated nuclear export,

and not all proteins exported by CRM1 possess an obvious NES.

As our reporter cell lines can be co-cultured, they have the poten-

tial to be multiplexed with other readouts that can monitor the

intracellular localization of proteins to be interrogated for their

capacity to undergo CRM1-mediated export. To generate compati-

ble assay cell lines, we transfect U2OS and HEK293T cells with dif-

ferent GFP-fusion proteins with known and unexplored

F IGURE 2 Dose–response of LMB and selinexor-induced nuclear translocation of RFP and GFP reporter proteins. U2redNES and
U2nesRELOC were co-cultured in 96-well plates and exposed for 1 h to LMB at (A) 0.39 nM, (B) 0.78 nM, (C) 1.56 nM, (D) 3.12 nM, (E) 6.25 nM,
(F) 12.5 nM, (G) 25 nM, (H) 50 nM and (I) 100 nM. The clinically approved CRM1 inhibitor selinexor also was tested for 1 h at (J) 10 nM,
(K) 50 nM and (L) 100 nM. After compound incubation, cells were fixed, and reporter protein nuclear translocation was quantified by fluorescent
microscopy. The ratio of nuclear translocations and (M) EC50 values were calculated compared to control cells treated with DMSO
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mechanisms of their nuclear export. The green reporter proteins

included 3-phosphoinositide-dependent kinase 1 (PDK1), catalytic

p110α subunit of PI3K (p110α), signal transducer and activator of

transcription 5A (STAT5A), forkhead box class O transcription fac-

tor isoforms FOXO1, 3 and 4 as well as the pseudokinase Tribbles

homolog 2 (TRIB2). We co-cultured the resulting green reporter

cell lines with U2redNES cells in 96-well plates. Then, cells were

exposed to 20 nM LMB, 50 nM selinexor or the vehicle DMSO for

1 h and analyzed by fluorescence microscopy. As Figure 3 shows,

these multiplexed assays can be useful to study simultaneously

whether a compound of interest acts as a CRM-1 inhibitor, like

LMB or selinexor. Furthermore, this multiplexed assay allows for

evaluating if the protein fused to GFP is a substrate of

CRM1-mediated nuclear export. We observed that known CRM1

substrates, such as PDK1 and the FOXO isoforms FOXO1, FOXO3

and FOXO4, accumulated in the cell nucleus upon CRM1 inhibition

with LMB and selinexor in both U2OS and HEK293T cell lines

(Figure S1). Conversely, CRM1 inhibition upon LMB and selinexor

treatment, monitored by the nuclear accumulation of a red fluores-

cent signal in U2redNES reporter cells, failed to exert an effect on

the subcellular distribution of TRIB2 (Figure 4J–L). This result sug-

gests that the nuclear export of TRIB2 is mediated by a mechanism

independent of CRM1. Furthermore, we show that the basal

expression of p110α was localized both in the cytoplasm and

nucleus of U2OS and HEK293T cells (Figure 4A,D). Treatment with

LMB and selinexor enhanced their accumulation in the cell nucleus

F IGURE 3 Images of multiplexed assay of U2redNES and U2OS transfected with PDK1 and FOXO isoforms fused to GFP and treated with
CRM-1 inhibitors. U2redNES were co-cultured with: U2OS cells that expressed PDK1-GFP (A–C), FOXO3a (D–F), FOXO1 (G–I) or FOXO4 (J–L)
and were exposed to 1% DMSO (A, D, G and J), 20 nM LMB (B, E, H and K) or 50 nM selinexor (C, F, I and L) for 1 h. After compound exposure,
cells were fixed, and images were acquired by fluorescent microscopy.

JIMENEZ ET AL. 591

 16000854, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tra.12872 by U

niversidade D
o A

lgarve, W
iley O

nline L
ibrary on [10/02/2023]. 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



(Figure 4B,C,E,F). In line with other studies,32 the STAT5A tran-

scription factor is ubiquitously expressed in both cytoplasm and

nucleus (Figure 4G), and its nuclear export is mediated by both

CRM1-dependent and independent mechanisms since export

occurs in the presence of LMB and selinexor (Figure 4H,I).

2.4 | Compound screening

In order to explore if the multiplexed U2redNES is suitable for high-

throughput compound screening, we performed a limited screening

campaign. We used a collection of 262 small chemical compounds

available through several collaborations with chemistry labs all over

Europe in the context of several COST actions, namely, CM1407 and

CA17104. This COST collection contains compounds with significant

structural diversity that have not been previously reported to exert

effects on the subcellular localization of FOXO3 or CRM1-mediated

nuclear export. The compounds were sent as powders to our lab, dis-

solved in DMSO as 10 mM stocks, and plated in 96-well compound

mother plates at 5 mM. From the compound mother plates, 2 μl of

each compound was transferred to the co-cultured U2redNES and

U2foxRELOC cells in 96-well assay plates. U2foxRELOC is a previ-

ously established reporter cell line based on U2OS cells that stably

overexpress FOXO3-GFP.26,33 The final volume of 200 μl of culture

F IGURE 4 Images of the multiplexed assay of U2redNES and U2OS or HEK293T transfected with the catalytic p110α subunit of PI3K,
STAT5 and TRIB2 fused to GFP and treated with CRM-1 inhibitors. U2redNES were co-cultured with: U2OS cells that expressed p110α-GFP
(A–C), HEK293T transfected with p110α (D–F), STAT5 (G–I) or TRIB2 (J–L) and were exposed to 1% DMSO (A, D, G, and J), 20 nM LMB (B, E, H
and K) or 50 nM selinexor (C, F, I and L) for 1 h.

592 JIMENEZ ET AL.
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F IGURE 5 The compound screening revealed a selenazole compound with CRM-1 inhibitory activity. U2redNES and U2foxRELOC cells were
treated with (A) DMSO, (B) LY294002 at 25 μM, (C) LMB at 20 nM, (D) CMPD23 at 1 μM, (E) CMPD23 at 10 μM, (F) CMPD23 at 25 μM,
(G) CMPD23 at 50 μM, (H) CMPD23 at 100 μM and (I) CMPD23 at 200 μM. After incubation time, cells were fixed, and images were acquired by
fluorescent microscopy. (J) Chemical structure of CMPD23

JIMENEZ ET AL. 593
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medium in each well resulted in a final compound concentration of

50 μM. Cells were exposed to the compounds for 1 h, then fixed and

the cell nuclei were stained using Hoechst 33342. The primary

screening assay revealed the higher activity of the selenazole

compound (CMPD23). We performed confirmation screening under

identical conditions and validated the activity of the hit compound.

We then tested 10 different concentrations of CMPD23 using the

procedure described above. Briefly, we co-cultured U2OS with

F IGURE 6 Images of U2OS cells treated with vehicle control (DMSO, A–C) 20 nM LMB (D–F), 50 nM selinexor (SEL, G–I) and CMPD23 (J–
L). After incubation, cells were fixed, stained and images were acquired by fluorescent microscopy. Cells were stained using a specific antibody
against RanBP1 (A, D, G and J), DAPI (B, E, H and K) or merged (C, F, I and L). **, p < 0.001.

594 JIMENEZ ET AL.
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FOXO3-GFP expression and U2redNES in 96-well plates and treated

the cells for 1 h with CMPD23, DMSO as a negative control, the PI3K

inhibitor LY294002 at 25 μM as a positive control for FOXO3 translo-

cation and LMB and Selinexor also in dose–response as a positive

control for CRM-1 inhibition (Figure 5A–I). Dose–response evaluation

showed that LMB has a minimal effect in CRM-1 inhibition at 3 nM

(Figure 5A) and reaches its maximum at 25 nM (Figure 5G). Selinexor

showed an effect at 6 nM (Figure 5B) with a maximum of inhibition at

50 nM (Figure 5E). EC50 values for nuclear accumulation of the red

fluorescent signal upon LMB and selinexor treatment of U2redNES cells

were 5.166 nM and 12.86 nM, respectively (Figure 5K). CMPD23 exerts

its effect on CRM-1 at concentrations of 20 μM and above with an

EC50 of 53.02 μM (Figure 5L). CMPD23 as well as LMB and selinexor

induced the nuclear translocation of FOXO3 at very similar concentra-

tion (49.85 nM, 6.255 nM and 12.69 nM, respectively), suggesting that

CMPD23-mediated nuclear accumulation of FOXO3 depends on the

inhibition of CRM1 (Figure 5K,L). Figure 5J shows the chemical structure

of CMPD23. In order to assess whether CMPD23 also affects other

known CRM1 substrates and to confirm that the effect is not limited to

ectopically expressed reporter proteins, we used immunocytochemistry

to monitor the subcellular localization of endogenous RanBP1 and Cop1.

These proteins are well-established CRM1 substrates and have been

used to demonstrate the inhibition of CRM1-mediated nuclear export

previously.34,35 As shown in Figure 6, RanBP is exclusively localized in

the cytoplasm of untreated U2OS cells. Upon treatment with LMB,

endogenous RanBP1 proteins completely shift into the cell nucleus.

Exposure to selinexor, but also to CMPD23 induce a significant nuclear

accumulation of RanBP1 proteins. Similar results were obtained using a

specific antibody against the endogenous Cop1 protein (Figure S2).

Molecular docking calculations of CMPD23 in the CRM1 NES-binding

groove resulted in a binding mode with a free energy of �6.4 kcal/mol

(Figure 7), which is very similar to what was observed for NCI-1

(�6.6 kcal/mol) and selinexor (�6.6 kcal/mol), two known CRM1 inhibi-

tors that bind covalently to Cys-528. Interestingly, other selenazole com-

pounds present in the compound collection failed to exert an effect on

CRM1-mediated nuclear export. However, more analogs of CMPD23

need to be evaluated to establish a structure–activity relationship (SAR).

A solid SAR could guide medicinal chemistry efforts to optimize

CMPD23 and translate our results into useful clinical tools.

3 | DISCUSSION

CRM1 has emerged as a druggable, therapeutic target for the treat-

ment of viral infections and several types of cancer.20 The current

study reports the development of a screening platform to multiplex

F IGURE 7 CRM1 structure
representation and the molecular docking
binding modes for CMPD23 (A), NCI-1
(B) and Selinexor (C). CRM1 is
represented as a surface colored in white,
salmon (NES-binding groove) or yellow
(Cys-528). All docked molecules are
depicted as sticks with carbon atoms
colored in light green
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the discovery of CRM1 inhibitors with simultaneously monitoring the

effect on other related molecular events. We use a stable expression

of the HIV-1 protein Rev with a strong heterologous NES fused to

either GFP or RFP in the osteosarcoma cell line U2OS. These fluores-

cent reporter proteins undergo export from the nucleus to the cyto-

plasm by interacting with the export receptor CRM1 via their NES

sequences. Therefore, inhibition of the CRM1 receptor leads to the

accumulation of red or green fluorescent signals, which can be

detected by a high-content analysis in a high-throughput manner. The

design of the assay enables us to multiplex the readout by co-

culturing one of these red or green CRM1 reporter cell lines with each

other and with other stable cell lines expressing fluorescent fusions of

proteins to be interrogated for their capacity to undergo

CRM1-mediated nuclear export. To show this capacity of the multi-

plexed assay, we generated reporter cell lines with proteins known to

undergo CRM1-dependent nuclear export like the PDK136 and FOXO

proteins,37 as well as proteins known to use several independent

mechanisms of nuclear export such as STAT5,32 and proteins whose

mechanism of nuclear export has not been determined such as

TRIB2.38 Our results confirm the CRM1-dependence of PDK1 and

FOXO translocation, validating the capacity of our multiplexed

reporter assay to provide insights into the molecular mechanisms

involved in subcellular protein localization. We observed that STAT5

does not depend on CRM1 for its nuclear export or at least other

mechanisms might be able to compensate for the inhibition of CRM1.

Conversely, we observed an increased nuclear localization of p110α

upon CRM1 inhibition. p110α is the catalytic subunit of the oncogenic

lipid kinase PI3Kα, which is the most frequently mutated kinase in

human cancer and a major therapeutic target for the development of

targeted anticancer drugs.39 FOXO proteins have been identified as

the major transcriptional effectors of PI3K signaling.40 In agreement

with our results, p110α has been reported to exclusively localize in

the cell cytoplasm in HEK293 cells.41 The authors also show a signifi-

cant nuclear subpopulation of p110α in MCF breast cancer and

HCT-116 colon cancer cells. Taken together, these observations and

our data suggest that the subcellular localization of p110α is regulated

in a cell-specific manner. Importantly, we did not observe any effect

of LMB treatment on the subcellular localization of p110α. Interest-

ingly, for the time being, no NES consensus sequences have been

identified in the p110α protein. Our data warrant further investigation

in assessing the molecular mechanisms of subcellular translocation of

this extremely important kinase. In contrast, the subcellular localiza-

tion of TRIB2 protein present in the cytoplasm, and cell nucleus was

not affected by the treatment with LMB or selinexor, which induced a

robust nuclear accumulation in the co-cultured CRM1 reporter cells.

TRIB2 is a pseudokinase42 that has been identified as a FOXO repres-

sor protein43 involved in tumor progression and drug resistance.44,45

As subcellular localization is the major mechanism to regulate the

activity of FOXO transcription factors, understanding the mechanisms

underlying the subcellular translocation of the FOXO repressor TRIB2

is of critical interest. Our data suggest that the nuclear export of

TRIB2 is CRM1-independent. Accordingly, TRIB2 lacks a NES consen-

sus sequence, and the nuclear export receptor responsible for the

TRIB2 nuclear export remains to be identified. As ectopic expression

can potentially affect the subcellular localization of proteins, we used

immunocytochemistry to show that FOXO3 does not behave differ-

ently upon LMB treatment depending on whether it is expressed

endogenously or ectopically. Our study also suggests that the experi-

mental design allows for the multiplexed interrogation of any protein

of choice, enabling systematic studies of proteins whose nuclear

export mechanism is unknown. Multiplexing of green U2nesRELOC

and red U2redNES cells could also be used to assess CRM1 function

by genetic interrogation in one cell line and using the other cell lines

as a control in the same experiment or well. Importantly, we showed

that our multiplexed assay system is suitable for large-scale analysis of

chemical compounds. Out of a collection of 262 small compounds, we

identified the selenazole compound CMPD23 as a CRM1 inhibitor

capable of trapping the NES-bearing tumor suppressor protein FOXO3

into the cell nucleus. The relatively modest docking binding energy of

CMPD23 in the NES-binding groove of the CRM1 crystal structure indi-

cates that it may bind significantly different from leptomycin B (it was

bound to Cys528 in the original crystal structure) or its inhibitory activ-

ity may be exerted in a different CRM1 pocket. Therefore, further in

silico studies exploring different NES-binding groove conformations are

required to fully evaluate the potential of CMPD23 as a non-covalent

CRM1 inhibitor. Organoselenium compounds have been extensively

studied for their pharmacological properties as antitumor, antiviral, anti-

microbial and antihypertensive agents, as well as antioxidants.46 Inhibi-

tory action of these compounds has been reported for several enzymes,

including carbonic anhydrase,47 nitric oxide synthase48 and lipoxygen-

ase.49 The current study is the first, to the best of our knowledge, to

reveal a striking activity of an organoselenium compound on the CRM1

nuclear export receptor. Further investigations will elucidate whether

this is a common feature of this compound class and what is the real

contribution of CMPD23 CRM1 inhibition activity to its antitumor and

antiviral properties.

4 | MATERIALS AND METHODS

4.1 | Compounds

Selinexor and LY294002 were purchased from Selleck Chemicals.

CMPD23 was part of a collection of 262 small chemical compounds

available through several collaborations with chemistry labs all over

Europe in the context of several COST actions, namely, CM1407 and

CA17104. Leptomycin B was purchased from Alamone labs. CMPD23

was obtained as reported previously.50

4.2 | Plasmids

To generate the red fluorescent reporter cell line, we based it

on the reporter cell line U2nesRELOC that expresses the construct

pRevMAPKKGFP, which has been described earlier.26–29 pRevMAPK-

KnesGFP carries the NES from MAPK kinase (MAPKK) cloned in
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pRev(1.4)-GFP, sandwiched between the Rev and the GFP coding

sequences. We exchanged the GFP protein for monomeric RFP by

cloning the mRFP from a pmRFP-N1 between AgeI and NotI

restriction sites, obtaining the pRevMAPKKRFP construct.

4.3 | Cell culture and stable transfections

The stable reporter cell lines U2foxRELOC27,29 and U2nesRELOC26–29

were generated previously. These cell lines, as well as U2OS parental

cells and HEK293T2 cells, were maintained in DMEM supplemented

with 10% FBS (Sigma) and antibiotics (Gibco). Cell cultures were main-

tained in a humified incubator at 37�C with 5% CO2 and passaged

when confluent using trypsin/EDTA. Transfection of pRevMAPKKRFP

was performed using Lipofectamine 2000 transfection reagent

(Invitrogen) according to the manufacturer's instructions. Forty-eight

hours after transfection, cells were selected with 800 μl/ml G418 for

10 days. After antibiotic selection, cell clones with an exclusive cyto-

plasmic red fluorescent signal were isolated, and the shift of fluores-

cent signals into the cell nucleus was confirmed by using LMB 20 nM.

4.4 | Co-culture of cell lines

U2OS and HEK293T were transiently transfected with reporter plas-

mids expressing PDK1, p110α, STAT5, TRIB2 or FOXO isoforms using

Lipofectamine 2000 (Invitrogen) according to the manufacturer's

instructions. Forty-eight hours after transfection, GFP expression was

confirmed by fluorescent microscopy. U2redNES and transiently

transfected U2OS/HEK cells were seeded at a density of 104 cells/

well for each cell type into black, clear-bottom 96-well microplates

(BD Biosciences). After 24 h of incubation, 2 μl of each compound

(100� concentrated) were added in quadruplicated, and cells were

incubated for 1 h (except for the time course assay, where cells were

incubated from 10 min to 1 h). Then cells were fixed with 4% parafor-

maldehyde. Finally, the plates were washed with 1� phosphate-

buffered saline and stored at 4�C before analysis.

4.5 | Image analysis and EC50 calculation

Cells images were taken in DMIL LED FLUO inverted microscope

(Leica) at 40-fold magnification.

The effective concentration (EC50) value of LMB represents the

concentration of LMB that exerts 50% of its maximal response. It was

determined by regression analysis, using a Quest Graph™ EC50 Calcu-

lator (www.aatbio.com). For fluorescent translocation analysis, images

were acquired with a Leica Thunder Imager (DMI-8, Leica Microsys-

tems) using a 20� PLAPO 0.8 NA dry objective. Images were analyzed

by using Cell Profiler,51 analysis pipeline identified the nucleus in the

blue channel (DNA), and cytoplasms using green or red fluorescent

channels, the ratio between the nucleus and cytoplasm was calcu-

lated. The translocation cell phenotype percentage is calculated first

by discarding possible negative cells and then by setting up two

thresholds (one for green cells and another for red positive cells).

4.6 | Molecular docking

All molecular docking calculations were performed with AutoDock

4,52 which has a detailed scoring function with a high correlation to

experimental binding affinities.53 We used the human CRM1 crystal

structure (PDB ID: 6TVO54), which was cocrystallized with a bound

leptomycin B molecule, which was stripped. The CMPD23, selinexor

and NCI-1 structures were optimized (energy-minimized) using

Gaussian 09,55 at the B3LYP56–58 level of theory and the 6-31G* basis

set. The NCI-1 compound is a Lewis base; hence, the adopted proton-

ated secondary amine should be the most representative state at

physiological pH. AutoDock Tools2 was used to set the torsion in all

ligands, resulting in four rotatable bonds for CMPD23, five for seli-

nexor and nine for NCI-1.

All interactions between ligand and receptor were explored by

the AutoDock Lamarckian Genetic (LGA) algorithm. The hydrogen

bonding and Van der Waals terms were calculated using AutoDock

default parameters, while the electrostatic interactions were com-

puted using the dielectric function of Mehler and Solmajer.59 A total

of 1000 LGA runs (docking solutions) were performed for each ligand

using standard AutoDock parameters except for the number of indi-

viduals in the population (300) and the maximum number of energy

evaluations (3.5 � 107). In the clustering procedure, an RMS tolerance

of 1.5 Å was adopted for all ligands.
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