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Introduction: Peptides can be rationally designed as non-covalent inhibitors for molecu-
larly targeted therapy. However, it remains challenging to efficiently deliver the peptides into 
the targeted cells, which often severely affects their therapeutic efficiency.
Methods: Herein, we created a novel non-covalent peptide inhibitor against nuclear export 
factor CRM1 by a structure-guided drug design method and targetedly delivered the peptide 
into cancer cells by a nanoparticle-mediated gene expression system for use as a cancer 
therapy.
Results: The nuclear export signal (NES)-optimized CRM1 peptide inhibitor colocalized 
with CRM1 to the nuclear envelope and inhibited nuclear export in cancer cell lines in vitro. 
The crystal structures of the inhibitors complexed with CRM1 were solved. In contrast to the 
covalent inhibitors, the peptides were similarly effective against cells harboring the CRM1 
C528S mutation. Moreover, a plasmid encoding the peptides was delivered by a iRGD- 
modified nanoparticle to efficiently target and transfect the cancer cells in vivo after 
intravenous administration. The peptides could be selectively expressed in the tumor, result-
ing in the efficient inhibition of subcutaneous melanoma xenografts without obvious sys-
temic toxicity.
Discussion: This work provides an effective strategy to design peptide-based molecularly 
targeted therapeutics, which could lead to the development of future targeted therapy.
Keywords: CRM1, non-covalent inhibitor, crystal structures, DNA nanocomplex, protein 
engineering

Introduction
Molecularly targeted therapy has been used extensively in cancer therapy. 
Structure-guided drug design is an important area of targeted therapy.1 Compared 
to small molecules, peptides often have the advantages of being more specific and 
potent in binding to a target, and able to bind to relatively flat surfaces of a target.2,3 

The huge and ever-growing number of protein-protein interface structures provides 
enormous opportunities for peptide-based inhibitor design.4

CRM1 (chromosomal region maintenance 1, a.k.a. exportin-1, XPO1) is an 
essential and versatile nuclear export factor that binds and exports nuclear export 
signal (NES)-containing cargoes from the nucleus to the cytoplasm.5,6 CRM1- 
dependent nuclear export is implicated in various diseases, including cancer, viral 
infection, inflammation, and wound healing.7,8 Notably, CRM1 is overexpressed in 
a broad spectrum of cancers, and its overexpression is often an indicator of poor 
prognosis.8–10 CRM1 is additionally reported to mediate drug resistance in various 
contexts.11,12 We have proposed that CRM1 overexpression promotes nine out of 
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the ten hallmarks of cancer, thereby explaining its onco-
genic properties in a variety of cancers.13 Both knock 
down of CRM1 and use of CRM1 inhibitors have shown 
selective potency against a large panel of cancer cells.14–16 

Leptomycin B, the most well-known CRM1 inhibitor, 
binds covalently to a cysteine residue (C528) in CRM1’s 
NES binding groove, unfortunately, it was very toxic in 
a clinical trial.17 The later-developed synthetic CRM1 
inhibitors (including KPT-330, CBS9106, and S109) are 
reversible covalent inhibitors and much less toxic.18–20 

KPT-330 was recently approved by the FDA to treat triple- 
class refractory multiple myeloma, despite an advisory 
panel’s concerns about its toxicity.21

We hypothesized that non-covalent inhibitors of CRM1 
might also function as covalent inhibitors, but with further 
reduced toxicity, better efficacy, and resistance to C528 
mutation of CRM1.13 It has been reported that the NS2 
protein of the parvovirus Minute Virus of Mice (MVM) 
contains a supra-physiological NES that binds CRM1 with 
very high affinity, even in the absence of RanGTP.22 This 
might be exploited to design peptide inhibitors for non- 
covalent CRM1-targeted cancer therapy.

It remains challenging to efficiently deliver the pep-
tides into the target cells, which often severely affects 
therapeutic efficiency. Targeted delivery of peptides into 
tumor cells could enhance anticancer activity in vivo.23 

Nanoparticles provide a means for targeted delivery of 
biodrugs.24,25 Conventionally, the peptide would be 
directly loaded into a nanoparticulate delivery system 
before administration.26 However, this nanoparticle- 
mediated peptide delivery often elicits an immune 
response against the delivered peptide, limiting drug 
efficacy.27 Nanoparticle-mediated plasmid delivery to 
express the peptide in cells could effectively resolve the 
immune rejection problem and provide a versatile platform 
for intracellular delivery of peptides. Recently, many 
attempts have been performed to use nanoparticle- 
mediated gene therapy for multiple cancer treatments 
through intracellular expression of the encoded peptide 
or protein.28 Some gene therapy products have been 
approved for clinical study and clinical use.29 In our pre-
vious work, we developed an iDPP gene delivery system 
that could selectively deliver the DNAs into the tumor 
cells after intravenous administration.30 This platform 
could provide a tool for intracellular expression of 
a peptide discovered through structure-guided drug design.

In this work, we designed several high-affinity NESs as 
non-covalent CRM1 inhibitors and illustrated their mode 

of binding using crystal structures. The best peptides 
showed CRM1-binding affinities in the middle nM range 
in the presence of RanGTP/RanBP1. Cellular studies 
showed that the peptides were more potent than the wild- 
type (WT) peptide in binding to cellular CRM1, nuclear 
export inhibition, and the ability to kill cancer cells. We 
further generated an iDPP nanoparticle to selectively 
express the peptide inhibitor in tumors in vivo. Our results 
indicated that the DNA nano-complex significantly inhib-
ited melanoma growth without observable toxicity.

Materials and Methods
Cloning, Protein Expression, and 
Purification
The NS2 NES (or its mutants) was cloned into a pGEX- 
4T1-based expression vector incorporating a TEV- 
cleavable N-terminal GST-tag fusion. The plasmid was 
transformed into E. coli BL-21 (DE3) and grown in LB 
Broth medium. Expression of protein was induced by the 
addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG), and the culture was grown overnight at 37°C. 
Cells were harvested and sonicated in lysis buffer (50 
mM Tris pH 8.0, 200 mM NaCl, 10% glycerol, 2 mM 
DTT, 1 mM EDTA and 1 mM PMSF). GST-tagged NS2 
NES was eluted with 20 mM Tris pH8.0, 200 mM NaCl, 1 
mM EDTA, 2 mM DTT, 10 mM reduced glutathione and 
purified by Superdex 200 increase column. His-tagged 
human CRM1 (hCRM1) was expressed in E.coli grown 
in TB Broth medium. The protein was induced in the 
presence of 0.5 mM IPTG overnight at 25°C and purified 
by nickel beads. His-tagged hCRM1 were eluted with 300 
mM imidazole 7.5, 300 mM NaCl, 10% glycerol and 
2 mM BME. Saccharomyces cerevisiae CRM1 (yCRM1) 
was purified as previously described.31

Pull-Down Assay
All proteins used were purified by S200 prior to pull- 
down. To assess different interactions, we immobilized 
GST-tagged proteins (0.5 n mol) on GSH beads. Soluble 
proteins at indicated concentrations were incubated with 
the immobilized proteins in a total volume of 1 mL for 
2 h at 4 °C. After two washing steps, bound proteins were 
separated by SDS/PAGE and visualized by Coomassie 
Blue staining. Each experiment was repeated at least 
twice and checked for consistency. Pull-down buffer con-
tains 20 mM Tris pH 7.5, 200 mM NaCl, 10% glycerol, 
2 mM MgCl2, 0.005% Triton-X100 and 2 mM DTT.
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Isothermal Titration Calorimetry (ITC)
ITC experiments were conducted at 20°C using ITC200 
(Microcal) in buffer containing 20 mM Tris pH 8.0, 
200 mM NaCl, and 2 mM MgCl2. 125 µM GST-NES 
mutant was titrated into the sample cell containing 
12 µM yRanBP1, 8 µM hCRM1, and 10 µM RanM189D. 
Each experiment was repeated at least twice. Data were 
processed by NITPIC and fitted by SEDPHAT.32,33

Crystallization of Peptides with yRanBP1- 
yCRM1ΔH9-RanY197A
Untagged RanY197A, GST-NESMVM (or mutants), GST- 
yRanBP1, and GST-yCRM1ΔH9 were expressed in E. coli 
separately and mixed, sonicated in lysis buffer (50 mM 
Tris pH 8.0, 200 mM NaCl,10% glycerol, 2 mM DTT, 
5 mM MgCl2 and 1 mM PMSF). The complex was pur-
ified by GSH beads, cleaved off from beads by incubating 
the TEV enzyme overnight. The complex was further 
purified by gel filtration Superdex200 (GE Healthcare) 
column in buffer D (10 mM Tris 7.5, 100 mM NaCl, 5 
mM Mg(OAc)2, 0.1 mM GTP, 2 mM BME). The complex 
was concentrated to 6 mg/mL using a Millipore spin con-
centrator (M.W. cutoff 10, 000). Crystals of different com-
plexes were grown at room temperature by hanging drop 
vapor diffusion against 0.1 M Bis-Tris (pH 6.6), 0.2 
M NH4NO3, and 18% PEG3350. Crystallization condition 
supplemented with glycerol (12% v/v) was used the as the 
cryoprotectant. X-ray diffraction data were collected at 
Shanghai Synchrotron Radiation Facility (SSRF) beamline 
BL17U1 and BL19U1.34 Coordinates of yCRM1-hRan- 
yRanBP1 (PDB code: 4HAT) were used as the search 
model and refined with rigid body refinement briefly then 
restrained refinement using the program Refmac5.35 

Translation/Libration/Screw (TLS) refinement36 was used 
in the refinement process. The data collection and refine-
ment statistics are provided in Table S1.

Cellular Nuclear Export Inhibition
Cells were maintained in Dulbecco’s modified Eagle’s 
medium (Hyclone) supplemented with 10% (v/v) fetal 
bovine serum (Biological Industries). Plasmids (2 µg 
each) encoding cytoplasm-localized mCherry-NES-MBP- 
NLS or either GFP-N1, GFP-WT, GFP-Nm15, GFP-Nm42 
were co-transfected into cells (HeLa or A549 or 293T), 
followed by treatment with DMSO or KPT-330 (1 µM) for 
10 hours. After 24 hours of transfection, cells were fixed 
and stained with Hoechst. Images were acquired by 

Olympus FV-1000 confocal microscope and analyzed 
using NIH ImageJ software.

Western Blot and Confocal Microscopy
HeLa cells were maintained and analyzed as previously 
described.37 Briefly, cells were maintained in Dulbecco’s 
modified Eagle’s medium (Hyclone) supplemented with 
10% (v/v) fetal bovine serum (Biological Industries), and 
transfected with TurboFect transfection reagent (Thermo 
Scientific). GAPDH (ProteinTech) and mCherry 
(ProteinTech) antibodies were used at 1:5000 and 1:1000 
dilution, respectively. Images were acquired by Olympus 
FV-1000 confocal microscope and analyzed using NIH 
ImageJ and Graphpad software.

Cell Culture and Animals
Mouse melanoma cell line B16-F10 was obtained from 
American Tissue Culture Collection and cultured in RPMI- 
1640 basal medium supplemented with 10% fetal bovine 
serum (FBS), 100 μg/mL streptomycin, 2 mM L-glutamine, 
and 100 U/mL penicillin at 37°C with 5% CO2 humidified air 
atmosphere. Female C57BL/6 mice (6–8 weeks) were 
obtained from the Laboratory Animal Center of Sichuan 
University (Chengdu, China). All the cell lines used has 
been approved by Sichuan University ethical review board. 
All animal procedures were performed according to the 
guidelines of Sichuan University and approved by the 
Animal Care Committee of Sichuan University.

Preparation and Characterization of 
iDPP/DNA Nanocomplex
iDPP was prepared by the previously described method.30 

To prepare the iDPP/DNA nanocomplex, we mixed the 
iDPP nanoparticle with plasmid DNA at a mass ratio of 
25:1 by gentle pipetting and then incubated at room tem-
perature for 30 min. Particle size and zeta potential of the 
nanocomplex were determined by a dynamic light scatter-
ing detector (Malvern Nano-ZS90, UK) with a 2 min of 
equilibration time at 25 °C. The results were the mean of 
three test runs. The morphology of the nanocomplex was 
characterized by transmission electron microscopy (TEM, 
H-600, Hitachi, Japan).

In vitro Gene Transfection Efficiency
To determine the transfection efficiency of the iDPP nano-
particles in vitro, we seeded the B16-F10 cells into 6-well 
plates (2×105 cells per well) in 2 mL of 1640 medium 

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
2835

Dovepress                                                                                                                                                               Sui et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=266398.docx
http://www.dovepress.com
http://www.dovepress.com


containing 10% FBS. After 24 h of incubation, the medium 
in each well was replaced with fresh serum-free medium. 
The nanoparticles loaded with 2 μg of pGFP-N1 plasmid at 
the mass ratio of 25:1 were added to each well and incubated 
with cells for 6 h. Afterward, the serum-free medium was 
aspirated and replaced with the medium containing 10% 
FBS. Then, the cells were incubated at 37°C for another 
24 h. The cell images were obtained using a fluorescence 
microscope (Olympus, Corp., Tokyo, Japan).

Cell Viability Assay
MTT assay was carried out to determine the cell viability of 
B16-F10 cells after treated with iDPP/DNA nanocomplexes. 
Cells were seeded in 96-well plates (5000 cells/well) and 
incubated for 24 h. Cells were then incubated with iDPP/ 
DNA nanocomplex in a serum-free medium. After 6 h, the 
medium was replaced by complete medium and incubated at 
37°C. After another 48 h, 20 µL of MTT was added into each 
well and reacted in the dark for 4 h. The absorbance value 
was determined by using a microplate reader at a wavelength 
of 570 nm, and the rate of viable cells was calculated.

Imaging of the Activity of the Luciferase 
in vivo
To investigate the in vivo gene transfection ability of iDPP, 
we used luciferase-encoding pGL6 (Beyotime 
Biotechnology, China) as a reporter plasmid. The B16- 
F10 melanoma tumor model was established in female 
C57BL/6 mice by subcutaneously injecting 5×105 B16- 
F10 cells. After the tumor diameter was about 1 cm, 
images of luciferase activity were taken by using the 
IVIS Lumia (Caliper Life Sciences, Mainz, Germany). 
The operation was as follows: 5 μg of pGL6 and iDPP at 
the mass ratio of 1:25 was incubated to form the iDPP/ 
pGL6 nanocomplex and was subsequently injected intra-
venously into the mice. Seventy-two hours after the iDPP/ 
pGL6 nanocomplex was administered, the mice were 
intravenously injected with 150 mg D-luciferin per kg 
body weight. Imaging data were obtained 20 min after 
D-luciferin injection from mice anesthetized with 2% iso-
flurane. Data were analyzed via Living Image Software.

Anticancer Efficacy of iDPP/DNA 
Nanocomplex in vivo
The mouse melanoma model was established by subcuta-
neous injection of B16-F10 cells at a dose of 5x105 per 
mouse (in 100 μL serum-free 1640 medium). Six days after 

inoculation, mice were randomly divided into three groups 
and then treated with NS (100 μL of 5% glucose solution) 
and iDPP/Nm42 nanocomplex (125 μg iDPP/5 μg pNm42) 
by intravenous injection once every two days for five times. 
The tumor volume and body weight of mice were recorded 
each other day. All mice were sacrificed by cervical disloca-
tion on day 15. The tumor tissues were photographed and 
weighed. Vital organs were fixed in 4% paraformaldehyde.

Safety Evaluation
After received different treatments, the levels of alanine 
transaminase (ALT), aspartate transaminase (AST), and 
creatinine (CREA) of mice serum were acquired by ser-
ologic biochemical analyses. Histological analyses on the 
vital organs, including heart, liver, spleen, lung, and kid-
ney, were performed using hematoxylin-eosin staining.

Results
Crystal Structure of NS2 NES in 
Complex with CRM1/Ran/RanBP1
Our initial work showed that WT MVM NS2 NES dis-
played little anti-cancer activity. In order to enhance the 
anti-cancer activity, a structure-based peptide design 
approach was taken. To view the mode of binding between 
NS2 NES and CRM1, we obtained the crystal structure of 
their complex in the presence of RanGTP/RanBP1. The 
H9 loop (residues 406–426) of CRM1 was deleted so that 
the NES groove was opened up for NS2 NES binding. The 
overall structure of the RanBP1-Ran-CRM1-MVM com-
plex is highly similar to the previously reported RanBP1- 
Ran-CRM1 structure and the recently reported MVM 
complex structure (Figure 1A).38 NS2 NES follows the 
class 1a NES type and binds CRM1 similarly to the NES 
of PKI and hRio reversed (Figure 1B). The interaction 
between MVM and CRM1 is mainly hydrophobic, as 
expected. Of the five inter-molecular hydrogen bonds 
formed, two (between L89/G87MVM and K579CRM1) are 
strictly conserved by different NESs.39 The other three 
hydrogen bonds formed between H92/D93MVM and 
E586/G544CRM1 are not observed in other NESs (Figure 
1C). The existence of new hydrogen bonds may explain 
why NS2 NES is the tightest-binding NES known.

Structure-Guided Design of MVM 
Mutants
Closer examination of the structure shows that the distance 
between D80/E81MVM and K533/N571CRM1 is slightly 
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sub-optimal (Figure 1D), and that switching to E80/D81 
could optimize their interactions. We named this NS2 NES 
mutant as Nm2 (NS2 mutant 2, Figure 1E). Previously, 
Guttler et al reported that L is most preferred at the Φ1 
position.40 Therefore M82L (Φ1) was designed and named 

Nm3. We also made a mutation combining Nm2 and Nm3 
and named this construct as Nm4. Since the two ends of 
NS2 NES are adjacent to highly basic CRM1 electrostatic 
potential surfaces (Figure 1F), adding acidic residues on 
either end of NS2 NES may increase binding. Nm12 and 

Figure 1 Crystal structure of NS2 NES in complex with CRM1/Ran/RanBP1 and the sequences of designed peptides. (A) The overall structure of NS2 NES in complex with 
CRM1/Ran/RanBP1. NS2 NES is shown as a ball and sticks representation. (B) Structural comparison of NS2 NES with that of PKI (pink, PDB 3NBY) and hRio reversed 
(blue, PDB 5DI9). (C) Hydrogen bonds formed between NS2 NES and yCRM1. (D) D80 and E81 contact distances with CRM1. The distances between opposite charges 
(labeled with dashes) could possibly be optimized by mutating to E80/D81. (E) List of mutations that were designed and discussed in the text. (F) The electrostatic surface 
potential map of CRM1. N and C terminuses of NS2 NES are surrounded by highly basic (circled) CRM1 surfaces.
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Nm13 were designed by adding residues DD at C terminus 
and N terminus, respectively. Nm15-17 is similar to Nm2- 
4, except that they have DD at both termini. More mutants 
were designed than listed in Figure 1F (see Figure S1 for 
all of the other mutants).

CRM1-Binding Affinities of Designed 
Mutants
The binding potency of these peptides to CRM1 was first 
compared using a GST pull-down assay (Figure 2A). 
Since MVM WT NES already binds CRM1 tightly in the 
absence of Ran, incubation with competitor MBP- 
NESMVM was necessary in order to distinguish the 
increase in affinity. Indeed, either M82L or adding DD at 
the N or C terminus could increase the binding, comparing 
Nm3/Nm12/Nm13 with WT. Mutating 80DE81 to 80ED81 

seemed to slightly decreased the binding between MVM 
and CRM1, judging by comparing Nm2 with WT, Nm3 
with Nm4, and Nm15 with Nm17. Combining M82L with 
adding DD at both termini (Nm15) produced the greatest 
improvement of binding.

These peptides’ affinities to CRM1 were further quan-
tified by isothermal titration (ITC). The reported affinity of 
NS2 NES WT binding to CRM1 in the presence of Ran is 
beyond the measurement limit of ITC (10nM).38 In the 
absence of RanGTP, the affinity should decrease about 500 
times41,42 to allow affinity measurement; however, that 
caused CRM1 precipitation and noisy isotherms in prac-
tice. We succeeded by adding a slight excess of RanGTP 
and yeast RanBP1 (yRanBP1) in the sample cell, which 
increased CRM1 stability probably by forming a loose 
inhibitory complex with CRM1.43 Under this condition, 
the WT peptide showed a 278 nM affinity to CRM1 
(Figure 2B). Either M82L or adding DD at N or 
C terminus increased binding slightly, and altogether 
Nm15 displayed an affinity of 32 nM (9-fold higher than 
WT) (Figure 2C and D). Overall, ITC agreed well with 
pull-down, except that ITC showed a slight increase of 
binding affinity for 80DE81 to 80ED81 (Figure S2, 
Figure 2D).

Crystal Structures of Several Mutants in 
Complex with CRM1
We crystallized Nm2, Nm12, Nm13, and Nm15 in com-
plex with CRM1/Ran/RanBP1 to visualize their mode of 
binding to CRM1. These structures were solved at 2.30– 
2.74 Å resolution, and the omit map electron densities are 

well defined (Figure S3). The crystal structure of Nm2 
compared with WT shows that the dipole distances are 
indeed optimized: from 4.8 Å to 3.4 Å for D80E mutation, 
and from 5.3 Å to 4.4 Å for E81D mutation (Figures 1D 
and 3A). An extra electron density for D94 is observed in 
the crystal structure of Nm12, which forms electrostatic 
interaction with R543 of CRM1 (Figure 3B). Similarly, an 
extra electron density for D76 is observed in the crystal 
structure of Nm13, which forms electrostatic interaction 
with K525 of CRM1 (Figure 3C). These new interactions 
may enhance the binding between NES and CRM1. The 
crystal structure of Nm15 not only confirms what is 
observed with Nm12 and Nm14 but also shows the muta-
tion of M82L, which may improve binding by interacting 
with more residues in the pocket (Figure 3D, S4). 
Altogether, these structures agree very well with our 
hypothesis, and with the observed higher affinities by pull- 
down and ITC.

Tighter Association with CRM1 in Cells
We next fused WT or Nm15 to the C terminus of GFP 
to allow easy detection by western and florescent ima-
ging, and compared the their cellular localization and 
association with CRM1 in cells. Both GFP-WT and 
GFP-Nm15 were strongly co-localized with CRM1 in 
contrast to GFP in 293T cells (Figure 4A, top panel), 
suggesting that they formed a complex in cells. 
Additionally, a fraction of CRM1 was delocalized from 
the nucleus to the nuclear envelope for GFP-WT and 
GFP-Nm15 (Figure 4A, white arrows), but not for 
untransfected (yellow arrows) cells nor cells transfected 
with GFP-N1 (coding only GFP). Re-localization of 
CRM1 was possibly due to the formation of a tight 
complex with NS2 NESs, which stuck at the cargo 
dissociation stage at the cytoplasmic rim of the nuclear 
pore complex.22 Statistical analysis showed that the 
level of CRM1 co-localization was significantly stronger 
(p<0.0001) for GFP-Nm15 than GFP-WT (correlation 
coefficient 0.67 vs 0.36, Figure 4A, middle and bottom 
panel), most likely due to higher binding affinity with 
CRM1. Immunoprecipitation using anti-GFP or IgG 
showed that GFP-Nm15 was more associated with 
CRM1 than GFP-WT or GFP-N1 (Figure 4B), consistent 
with earlier results. We performed the above experi-
ments in HeLa cells, and the results were similar 
(Figure 4C,D), suggesting that the stronger association 
with CRM1 for Nm15 is not cell-line specific.
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Figure 2 Comparing mutants’ affinities to CRM1 by pull-down and ITC experiments. (A) Top: pull-down analysis of different GST-MVM mutants in binding to CRM1 in the 
presence of competitor MBP-WT (MBP-tagged MVM WT NES). Bottom: quantification of CRM1 binding normalized by GST-NES bands and setting WT as 1. The error bars 
represent the standard deviation (SD) of three quantifications on the gel shown above. (B and C) ITC analysis of WT and Nm15 binding to CRM1. Error bars represent 
68.3% confidence interval of measurements. (D) Affinity (Kd) and enthalpy change (ΔH) of different NES peptides binding to CRM1. Please refer to Figure S2 for isotherms 
and fitting for Nm2, Nm3, Nm4, Nm12, Nm13, and Nm16.
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Stronger Inhibition of Nuclear Export and 
Cell Growth
We then tested cellular inhibition of nuclear export by 
Nm15 in HeLa and A549 cells. As expected, KPT-330 
relocated the mCherry-NES-NLS into the nucleus but not 
the GFP-N1 transfection (Figure 5A and B). GFP-WT 
transfection slightly increased the nuclear mCherry signal 
in both cells. In contrast, GFP-Nm15 markedly promoted 
nuclear localization of mCherry-NES-NLS, probably due 
to its higher affinity to CRM1. Similar results were 
observed in 293T (Figure S5), suggesting that GFP- 
Nm15 may function as a nuclear export inhibitor in 
a wide range of cell types.

Further, we showed that transfection of GFP-WT or 
GFP-Nm15 inhibited HeLa and A549 cell survival, with 
GFP-Nm15 notably stronger than GFP-WT (Figure 5C 
and D). KPT-330 exhibited the most potent growth inhibi-
tion to HeLa and A549 cells, consistent with its highest 
activity in nuclear export inhibition. When the nuclear 
cargo ratio and cell survival were plotted together, excel-
lent correlations were observed: a lower ratio of nuclear 
cargo correlates with higher cell survival (Figure 5E and 
F). In other words, better nuclear export inhibition 

translates into better inhibition of cell growth. In the 
midst of our work, two high-affinity peptides of CRM1 
were reported.38 Our pull-down, cellular nuclear export 
inhibition and cell survival inhibition assays showed that 
Nm15 was stronger than those peptides in binding to 
CRM1 and cell growth inhibition (Figure S6).

Further Optimization and Formation of 
the iDPP/DNA Nanocomplex
Direct addition of Nm15 peptide to cell culture medium was 
not effective in killing cancer cells at 100 µM concentration, 
even after different ways were employed to improve the net 
positive charge of the peptides, and/or to limit their cellular 
digestion (Figure S7). Meanwhile, we tried to further 
improve CRM1 binding affinity by virtually mutating each 
residue to all possible residues and calculating binding 
energy change through the Mutabind program,44 followed 
by testing some of mutants by pull-down. One of the new 
peptides, Nm42, consistently showed slightly tighter binding 
affinity than Nm15 (Figure 6A and B). ITC showed that 
Nm42 bound to CRM1 with a 22 nM affinity, which is 13- 
fold relative to WT (Figure 6C). The complex crystal struc-
ture shows that this peptide has substantially more 

Figure 3 Crystal structures of MVM mutant peptides binding to CRM1. (A–D) the structure of Nm2 (grey), Nm12 (magenta), Nm13 (yellow), and Nm15 (cyan) stick 
structures with CRM1 shown as a cartoon. WT MVM is superimposed in each figure for comparison. Hydrogen bonds and electrostatic interactions are represented as dash 
lines. The angle of viewing is slightly adjusted for different figures to show the changes.
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Figure 4 Stronger co-localization with CRM1 by Nm15 in 293T and HeLa cells. (A) Colocalization of CRM1 with GFP-N1, GFP-WT, or GFP-Nm15 in 293T cells. Confocal 
images in the top panel show the localization of endogenous CRM1 and transfected GFP proteins. White and yellow arrows represent transfected and untransfected cells, 
respectively. Scale bars represent 10 µm. The middle panel shows the GFP (green) and CRM1 (red) intensities of pixels for the co-responding white lines in the top panel. 
The bottom panel shows the dot plots for Pearson’s correlation coefficient calculated from at least 30 cells for each sample and the one-way ANOVA statistical analysis. Each 
dot represents a correlation coefficient calculated from one cell as done in the middle panel. *** denotes p<0.001. Error bars represent the standard deviation (SD) of each 
sample. (B) Immunoprecipitation to analyze cellular CRM1 binding strength. Transfected 293T cell lysates were immunoprecipitated using GFP or IgG antibodies and blotted 
for CRM1 and GFP. The bottom band is a proteolyzed fragment of full length GFP-Nm15 (the top band). (C and D) Performed the same as in (A and B), except using HeLa 
cells.
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Figure 5 Nuclear export and cell survival inhibition by transfected GFP-Nm15. (A and B) Confocal images on nuclear export cargo (mCherry-NES-MBP-NLS, labeled as 
NES) transfected HeLa (A) or A549 (B) cells treated by KPT-330 or listed transfections. Bottom panels show the quantification and statistical analysis of nuclear cargo 
percentages on images collected in the top panels. Error bars represent the standard error of measurements. Scale bars represent 10 µm. (C and D) Cell survival and 
statistical analysis for HeLa (C) and A549 (D) cells under different transfection treatments. Error bars represent the standard deviation (SD) of each sample. (E and F) 
Negative correlations between the percent of nuclear cargo (Y-axis) and cell survival (X-axis) in HeLa (E) and A549 (F) cells. Average values from nuclear export (A and B) 
and cell survival (C and D) experiments were plotted and fitted using non-linear regression (four variables) in Graphpad software.
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hydrophobic interaction with CRM1 (Figure 6A, Figure S8), 
which might explain the much lower ΔH observed (water 
molecules that are squeezed out of the binding site could 
form more hydrogen bonds) (Figure 6C).

Plasmids encoding Nm15 and Nm42 peptides were then 
incubated with the iDPP delivery system to form the iDPP/ 
DNA nanocomplexes according to our previously reported 
method.30 As shown in Figure 6D, the iDPP/DNA nano-
complex was formed by electrostatically combining iDPP 
and plasmid DNA at a ratio of 25:1. The prepared iDPP/ 
DNA nanocomplex exhibited a monodisperse and spherical 
appearance as seen by transmission electron microscopy 
(Figure 6E). The iDPP/DNA nanocomplex displayed an 
average diameter of 193 ± 5 nm with a PDI of 0.217, and 
a zeta potential of 2.12 ± 0.27 mV (Figure S9). Judging by 
the green fluorescence, there was a high transfection effi-
ciency towards B16-F10 cells by iDPP/pEGFP-N1 (Figure 
S10). Further, MTT assay showed the lowest cell viability 
for the iDPP/Nm42 group (Figure 6F), indicating that it 
might inhibit B16-F10 cell growth in vivo. While KPT- 
330’s potency against the C528-mutated HeLa stable cell 
line was substantially reduced, Nm42 plasmid demonstrated 
similar anti-cancer potency on WT and C528S cells (Figure 
6G and H). The IC50 for Nm42 plasmid was not measured 

since its concentration is not linearly correlated with cellular 
protein level nor with transfection efficiency.

Anti-Melanoma Activity and Safety 
Evaluation of iDPP/Nm42 Nanocomplex
To determine the targeting ability of iDPP/DNA nano-
complex in vivo, we used pGL-6 as a luciferase reporter 
gene. When iDPP/pGL-6 nanocomplex (125 µg iDPP/5 
µg pGL-6) was administered through the tail vein, luci-
ferase only accumulated in mouse tumor site (Figure 
7A), demonstrating that iDPP had good targeting ability 
in vivo. Next, iDPP/Nm 42x5, iDPP/EM (empty vector) 
and NS (5% glucose) were used to study the anticancer 
ability in vivo. The growth curve of B16-F10 subcuta-
neous tumors under each treatment are displayed in 
Figure 7B, in which iDPP/Nm42x5 nanocomplex signif-
icantly inhibited the tumor growth when compared with 
NS (p = 0.0004) and iDPP/N1 (p = 0.022). Compared 
with the NS group (1.369 ± 0.362 g) and the iDPP/EM 
group (0.851 ± 0.131 g), there was a significant reduc-
tion of tumor size and weight of mice in iDPP/Nm 42x5 
group (0.684 ± 0.104 g) (Figure 7C, Figure S11). During 
the treatment, the body weight of mice in each group did 
not significantly change (Figure 7D). All mice were 

Figure 6 Design of Nm42 and nano-packaging of the Nm42 plasmid. (A) The sequence and crystal structure of Nm42 (cartoon) in complex with CRM1 (electrostatic 
surface potential map). The residues that increased hydrophobic interactions with CRM1 are shown as sticks. (B) SDS-PAGE of pull-down performed using Nm15 and Nm42 
in the presence of competitor MBP-MVM WT NES (3 µM). (C) ITC analysis of Nm42 binding to CRM1, performed as in Figure 2. Error bars represent the 68.3% confidence 
interval of measurements. (D) Schematic illustration of iDPP/DNA nanocomplex. C18-PEG-iRGD, tumor-targeting peptide; DOTAP, cationic N-[1-(2, 3-Dioleoyloxy)propyl]- 
N,N,N-trimethylammonium chloride; mPEG-PLA, block copolymer monomethoxy poly(ethylene glycol)-poly(d,l-lactide). (E) Morphology of iDPP/DNA nanocomplex 
determined by TEM. Scale bar, 200 nm. (F) Cell viability of B16-F10 cells after treated with different iDPP/DNA nanocomplexes (2 µg DNA). (G) HeLa stable cell lines 
(CRM1 WT or C528S) in the presence or absence of variable KPT-330 concentrations. Each concentration is performed with 6 repeats and normalized by the average 
reading of DMSO-treated samples. IC50s are 36 nM and 432 nM for WT and C528S mutant, respectively. Error bars represent the standard error of measurement. *** 
denotes p < 0.001. (H) Similar potency against WT and C528S HeLa cells by Nm42 plasmid transfection (2 µg). OD readings are normalized by non-transfected samples for 
both WT and C528S.
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sacrificed by cervical dislocation when the mice in the 
NS group became significantly weak. H&E staining ana-
lysis of vital organs, including heart, liver, spleen, lung, 
and kidney, showed that iDPP/Nm42 nanocomplex did 
not cause visible pathological changes (Figure 7E). The 
serum alanine aminotransferase (ALT), glutamate amino-
transferase (AST), and creatinine (CREA) levels showed 
no significant difference from normal mice after iDPP/ 
Nm42 treatment (Figure S12). These results suggested 
that iDPP/Nm42 nanocomplex was effective against mel-
anoma cells and non-toxic to mice.

Discussion
In this study, we improved the CRM1 binding affinity of 
a naturally existing NES and created several higher affi-
nity NESs. The affinity between WT and CRM1 in the 
presence of Ran-yRanBP1 is 278 nM, which agrees well 
with previous literature.22,39,41,42 Under the same condi-
tion, Nm15 and Nm42 showed affinities of 32 nM and 22 
nM, respectively. Since Ran-yRanBP1 is slightly inhibi-
tory to NES binding,43 the real binary affinities might be 
slightly stronger than the measured values. In human 
cells, the environment on the cytoplasmic side of the 
nuclear pore complex (where the complex is stuck) is 

rich in RanBP1 and low in RanGTP.45 High affinity in 
the absence of RanGTP by Nm15 and Nm42 ensures 
CRM1 being sequestered and not recycled for further 
rounds of transport, possibly explaining their mechanism 
of action in cancer cells.

Our high-affinity NESs were shown to be useful to 
competitively inhibit CRM1 in molecular, cellular, and 
animal studies. Crystal structures showed that our 
designed peptides formed more electrostatic or hydropho-
bic interactions with CRM1. The increase in affinity was 
readily observable by pull-down, ITC, cellular co- 
localization with CRM1, nuclear export inhibition assay, 
and anti-cancer potency. The direct correlation between 
the level of nuclear export inhibition and the level of cell 
growth inhibition concurs with the importance of CRM1 in 
cancer. Though two other high affinity NESs were recently 
reported,38 their anti-tumor activities were never tested. 
Our designed peptides showed greater binding affinities 
and anti-cancer activities than those reported peptides 
(Figure S6).

The fact that non-covalent inhibitors of CRM1 were 
not discovered in different drug screen projects46,47 sug-
gests that either non-covalent inhibitors may not bind to 
the NES groove sufficiently tightly to inhibit nuclear 

Figure 7 Anti-tumor activities and toxicity evaluation of iDPP/Nm42 nanocomplex on B16-F10 tumor in vivo. (A) In vivo imaging of luciferase activity, which indicated that 
iDPP/DNA nanocomplex possessed high tumor-targeting efficiency in vivo. (B) Tumor volumes (TV) of mice in each group, calculated according to the formula TV=1/2 × 
length × (width)2 (n = 5, mean ± SD). NS: treated with 5% glucose. EM, empty vector. (C) Weight of xenograft tumors of each treatment group (n = 5, mean ± SD). *p < 0.05 
and ***p < 0.001. (D) Mouse body weight during the treatment. (E) No significant pathological changes from H&E staining of vital organ sections. Scale bar, 100 μm. 
Abbreviation: n.s., non-significant.
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export of NES cargoes, or that covalent binding is essen-
tial for all CRM1 inhibitors. Since Nm42 does not form 
covalent bonds with CRM1 yet still inhibits cancer cells, it 
is clear that the covalent binding feature of CRM1 inhibi-
tors is not essential, and that non-covalent CRM1 inhibi-
tors should be pursued in future drug discovery.

C528T mutation has been found in majority of fungal 
CRM1, which provides resistance to the anti-fungal agent 
LMB.48 Likewise, treatment with KPT-330 may induce the 
evolution of C528 mutations. Compared to the covalent 
inhibitor KPT-330, we also showed that the peptide did not 
lose potency against CRM1 C528S-mutated cells. It 
should be noted that KPT-330’s IC50 towards CRM1- 
C528S HeLa cells was still very low (432 nM). This off- 
target effect might relate to KPT-330’s covalent binding 
nature and clinical toxicity. However, this type of off- 
target toxicity is likely not applicable to the peptide.

We showed for the first time that CRM1-targeted gene 
therapy against melanoma is feasible. As is well-known, 
peptides are limited in clinical application due to their 
high molecular weight, susceptibility to enzymatic 
decomposition, and low bioavailability. The nanotechno-
logical delivery of peptide drugs often encounters pro-
blems such as low loading rates, insufficient 
encapsulation, and poor stability. In this work, we suc-
ceeded using a gene-therapy strategy to deliver the gene 
encoding the peptide of interest instead of the peptide 
itself into the target cells. The gene delivery system 
iDPP displayed a very high target site enrichment which 
enabled tumor-specific inhibition. Meanwhile, this deliv-
ery system does not contain positive charges, and did not 
induce obvious side effects following intravenous injec-
tion. In contrast to nano-packaging of peptides, the pre-
paration of the DNA-nano complex is simple, requiring 
only mixing DNA and nanocarrier together. The current 
work provides technological support for CRM1-targeted 
peptide therapy against melanoma and other CRM1 over-
expression diseases.

Using peptides to target a specific molecule’s structure 
is an important strategy in drug design.2 The approach to 
express peptides in cancer cells to inhibit the target protein 
is potentially applicable in cancer treatment. Previously, 
RNA interference was often used to achieve target protein 
inhibition.49 Proteins usually have several interaction sur-
faces, involved in different or related functions.2 RNA 
interference would inhibit all the interactions and func-
tions of a protein. Our alternative strategy has the potential 
to selectively and desirably inhibit only one of the 

interactions, which might be beneficial in some cases. 
This work may enlighten future design of cancer gene 
therapy.

Conclusion
Through structure-guided protein engineering, we 
designed the first series of peptide-based non-covalent 
CRM1 inhibitors. Biochemical, cellular, and animal stu-
dies demonstrated that 1) non-covalent CRM1 inhibitors 
were effective to treat cancers, and 2) the potency of non- 
covalent inhibitors depended on their high CRM1-binding 
affinities. Superior to covalent CRM1 inhibitors, the pep-
tide inhibitors were not sensitive to cysteine (528) muta-
tion. Whether the non-covalent inhibitors are less toxic 
and/or more effective warrants further study. Our gene 
therapy approach offers a plausible strategy for structure- 
guided peptide therapy for cancers.
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