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Colorectal cancer arises via a multistep carcinogenic process and the deregulation of multiple pathways. Thus, the
simultaneous targeting of multiple pathways may be a promising therapeutic approach for colorectal treatment. CRM1
is an attractive cancer drug target, because it can regulate multiple pathways and tumor suppressor proteins. In this
study, we investigated the anti-tumor activity of a novel reversible CRM1 inhibitor S109 in colorectal cancer. Our data
demonstrate that S109 inhibits proliferation and induces cell cycle arrest in colorectal cancer cells. Mechanistically, we
demonstrate that the activity of S109 is associated with the nuclear retention of major tumor suppress proteins.
Furthermore, the Cys528 mutation of CRM1 prevented the ability of S109 to block nuclear export and inhibit the
proliferation of colorectal cancer cells. Interestingly, S109 decreased the CRM1 protein level via proteasomal pathway.
We argue that reversible CRM1 inhibitors but not irreversible inhibitors can induce the degradation of CRM1, because
the dissociation of reversible inhibitors of CRM1 changes the conformation of CRM1. Taken together, these findings
demonstrate that CRM1 is a valid target for the treatment of colorectal cancer and provide a basis for the development

of $S109 therapies for colorectal cancer.

Introduction

Colorectal cancer is the third most frequently diagnosed malig-
nant disease and the fourth highest cause of cancer death world-
wide.! Every year, over one million new cases are diagnosed and
more than 600,000 patients die from this disease.” The standard
treatment for colorectal cancer is surgical resection, followed by
external radiation and chemotherapy. However, a considerable
proportion of patients (40%—-50%) experience disease recurrence
after surgical resection or develop metastatic disease.” Chemother-
apy is not very effective in the treatment of metastatic colorectal
cancer, with 5-year overall survival rates of less than 10%.% Thus,
improved molecular targeted therapies are urgently needed.

Colorectal cancer arises via a multistep carcinogenic process
within colon epithelial cells, driving the cells toward immortal-
ity.” This deregulation is caused by genetic and epigenetic altera-
tions that impair essential pathways involving p53,° epidermal
growth factor receptor (EGFR) and PI3K” signaling pathway. In

addition, the mislocalization of tumor suppressor proteins is a
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driver of colorectal cancer initiation and progression. The nega-
tive cell cycle regulator p27 is found in the cytosol of colorectal
cancer cells. Patients whose colorectal cancer cells presented an
accumulation of cytoplasmic p27 show poorer outcomes for can-
cer-related relapse and survival.*” The mislocalization of p27
may contribute to colorectal tumorigenesis and metastasis. Given
the complexity and redundancy of the signaling network, target-
ing multiple pathways simultancously may be a promising
approach to treat colorectal cancer.

Chromosomal region maintenance 1 (CRM1) is an attractive
cancer drug target, because it can regulate multiple pathways and
tumor suppressor proteins.'” CRM1 belongs to the karyopherin
B superfamily of transport receptors and it is the chief mediator
of protein export from the nucleus to the cytoplasm in eukaryotic
cells. Protein shuttling between the nucleus and the cytoplasm
plays an important role in cell proliferation and survival."' Many
types of proteins, including cell cycle inhibitors and tumor sup-
pressors must localize in the nucleus to perform their functions.
The over-expression of CRM1 protein has been found in various
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Figure 1. S109 suppresses cell proliferation and colony formation of colorectal cells. (A) Chemical
structure of $S109. (B) Cell growth inhibition curves of S109 treatment. HCT-15 and HT-29 cells were
treated with vehicle (0.1% DMSO) or different concentrations of S109 for 72 hours. Cell viability was
measured by CCK-8 assay. (C) Representative EdU analysis of cell proliferation after S109 treatment.
(E) S109 inhibits the colony formation of HCT-15 cells. (G) Representative photographs of invading
HCT-15 cells during a 36-hour incubation with S109. (D, F and H) Quantitative results of EdU incorpo-
ration assay, clonogenic assay and invading cell numbers, respectively. The percentage of proliferative
cells or colony formation were normalized to that of the control group. All data are presented as the
mean =+ SEM of 3 replicates (*P < 0.05, **P < 0.01).

proteins and transport over 200 pro-
teins, including transcription factors,
tumor suppressor proteins and cell cycle
regulators such as p53, p21, p27, and
Foxos." The inhibition of CRM1 func-
tion could retain tumor suppressor pro-
teins in the nucleus to induce cancer cell
apoptosis or cell cycle arrest. Conse-
quently, CRM1 is deemed to be a
promising therapeutic target for anti-
cancer drug development.

Currently, an increasing number of
drug-like  compounds that rtarget
CRM1 have been isolated or synthe-
sized."®"® Leptomycin B (LMB) was
the first CRM1 inhibitor to be identi-
fied. The clinical applicabilicy of LMB
is limited due to associated toxicity and
minimal efficacy.'” However, this limi-
tation did not deter the search for novel
low toxicity CRM1 inhibitors. More
recently, SINE compounds have
recently been reported as novel irrevers-
ible inhibitors of CRMI1 that can be
developed for clinical use.'® The SINE
inhibitor KPT-330 is generally well tol-
erated and can be administered over
prolonged periods, as demonstrated in
phase I/II clinical trials for several
tumors, 292! including breast, pancre-
atic, and renal cancer as well as acute
myeloid leukemia. The preliminary sig-
nals of antitumor activity in colorectal
cancer patients were observed in a
phase I trial of KPT-330.*> We believe
that reversible CRM1 inhibitors may
be better tolerated and associated with
fewer side effects.  Furthermore,
CBS9106, a novel reversible CRM1
inhibitor, was recently identified and
reported to have anti-tumor activity
against multiple myeloma.> However,
the effect of CRM1 inhibitors on colo-
rectal cancer cell growth iz vitro has
not yet been investigated.

For the first time, we herein report
our investigation of the effect of a
novel reversible CRMI1 inhibitor,
S109, on colorectal cancer. S109, a
derivative of CBS9106, could block
the function of CRM1 followed by the
degradation of CRMI. Furthermore,

tumors, including ovarian cancers,'? gliomas,'” and multiple ~we also found that $109 inhibits cell proliferation and invasion

myeloma14 and is closely associated with poor prognosis. Many and induces cell cycle arrest in colon cancer cells. These data
studies have demonstrated that CRM1 can recognize the hydro- indicate that S109 is a promising drug for the treatment of

phobic, leucine-rich nuclear export signal (NES) of cargo colorectal cancer.
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elucidate the long-term effects of S109 DMSO or S109 for 24 h using the indicated antibodies.

on cell proliferation. Fig. 1E and 1F

show the dose dependent inhibition of clonogenic potential by
S109 in HCT-15 cells. Compared with the control group, the
colony formation markedly decreased by 58.46%, 83.15% and
91.41% in response 1, 2, and 4 wM treatment, respectively.
Taken together, these results provide unequivocal proof of the
potential of S109 as a new anticancer drug.

To examine the ability of S109 to prevent the invasion of
colorectal cancer cells, we conducted invasion assay. The results
showed that S109 induced a dose-dependent decrease in invasion
(Fig. 1G and 1H). Exposure of HCT-15 cells to 0.5 and 1 uM
S109 decreased the fraction of invading cells by 44.58% and
67.24%, respectively. The results clearly show that S109 treat-
ment decreases the invasiveness of cancer cells compared to the
untreated control.

§109-induced G1 arrest is associated with a change in the
expression of multiple cell cycle regulators

We then analyzed the cell cycle to examine the effect of S109
on colorectal cancer cell cycle progression. The cell cycle distribu-
tion of HCT-15 cells was determined by propidium iodide stain-
ing after treating cells with either DMSO control or S109 for
24 h. As shown in Fig. 2A and 2B, the HCT-15 cells were
arrested at G1 phase of the cell cycle in response to treatment
with §109, as evidenced by an increase in the G1 fraction from
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46.1% in the control cells to 71.3% in S109-treated cells. In
addition, a significant decrease in the S phase populations com-
pared with the control group was also observed. We next exam-
ined whether S109 modulates cell cycle regulatory proteins to
induce G1 arrest. Treatment with S109 enhanced the expression
levels of cell cycle inhibitory proteins p27 and p53. Moreover,
the expression levels of Cyclin B1, Cyclin D1 and CDK4 were
dose-dependently reduced (Fig. 2C). Taken together, these
results suggest that S109 induces cell cycle arrest by regulating
multiple cell cycle regulatory proteins.

$109 inhibits CRM1 function and induces nuclear retention
of tumor suppress proteins

To delineate the molecular mechanisms by which $109 indu-
ces cell cycle arrest, we tested the ability of S109 to block CRM1
function. RanBP1, a Ran-binding protein, shuttles between the
nucleus and cytoplasm. Previous studies have suggested that the
nuclear accumulation of RanBP1 protein is a canonical marker
of CRMI1 inhibition.”* As shown in Fig. 3A, endogenous
RanBP1 localized to the cytopasm in DMSO-treated HCT-15
cells. However, S109 treatment induced a clear and rapid shift of
RanBP1 from a cytoplasmic localization to the nucleus in a dose-
dependent manner. These results indicate that S109 can func-
tionally inhibit CRM1 in colorectal cancer cells. Next, we
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LMB and S109 led to a strong accu-
mulation of RanBP1 in the nucleus.

Figure 3. S109 inhibits CRM1-dependent nuclear export. (A) S109 induces nuclear accumulation of
RanBP1 protein. HCT-15 cells were treated with vehicle (0.1% DMSO) and S109 (0.5-4 M) for 2 hours.
Fixed cells were stained for RanBP1 (green) and DAPI (blue) and analyzed by fluorescence microscopy.
(B and €) S109 induces nuclear retention of tumor suppressor proteins. HCT-15 and HT-29 cells were
treated with S109 at the indicated concentrations for 24 h. Nuclear proteins were then extracted and

subjected to Western blot analysis.

investigated the ability of S109 treatment to induce the nuclear
accumulation of tumor suppressor proteins by subjecting nuclear
extracts from S109-treated colorectal cancer cells to Western
blotting. As shown in Fig. 3B and 3C, S109 treatment resulted
in the progressive nuclear accumulation of p21, p27 and Foxol
in HCT-15 and HT-29 cells compared with the control. These
results suggest that S109 can induce the nuclear retention of mul-
tiple tumor suppressor proteins and result in the functional inac-
tivation of cell cycle progression.

$109 decreases CRM1 protein expression via proteasomal-
mediated degradation

The effects of S109 on the expression of CRM1 protein in
colorectal cancer cells were examined by Western blot analysis.
As shown in Figs. 4A, 4B and 4D, S109 dose- and time-depen-
dently reduced the levels of CRM1 protein expression. However,
LMB treatment did not lead decrease the CRM1 protein levels,
indicating that CRMI1 is functionally inactivated by LMB

www.tandfonline.com
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After 2 hours of incubation, S109-con-
taining medium was removed, and
fresh medium was added to the wells
for another 2 hours. Strikingly,
RanBP1 in cells incubated with S109
almost completely translocated to the
cytoplasm. However, in the LMB-
treated group, RanBP1 remained pri-
marily localized in the nucleus after
exchanging the medium (Fig. 5B). We then investigated the role
of CRM1 degradation in the reversible effect of S109. As shown
in Fig. 5C, neither S109 nor LMB treatment affected the levels
of CRM1 protein. These results preliminarily indicate that S109
can reversibly inhibit the nuclear protein export mediated by

CRML.

Cys528 mutation of CRM1 abrogates S109 activity in
colorectal cancer cells

LMB well known to very selectively bind to Cys528 resi-
due of CRM1.?> Based on these findings, we investigated the
ability of CRMI1 mutation to abrogate S109 activity. We
transiently transfected HCT-15 cells with wild type and
Cys528 mutant CRM1 and tested the effect of S109 on
RanBP1 nuclear export. Transfection with wild type or
mutant CRM1 did not alter the subcellular localization of
RanBP1 in control cells. Consistent with our previous results,
S109 treatment resulted in the clear nuclear accumulation of
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Discussion

Colorectal cancer continues to have
the highest incidence and mortality rate
among cancers.” Thus, more effective
colorectal cancer therapies are urgently
needed. In this study, we report that the
novel compound S109, a derivative of

Western blot analyses.

Figure 4. S109 induces proteasomal degradation of CRM1 protein. (A and B) HCT-15 and HT-29 cells
were treated with S109 at the indicated concentrations for 24 h, and then subjected to Western blot
analyses using anti-CRM1 antibody. (C) HCT-15 cells were treated with LMB at the indicated concen-
trations for 24 h, and then subjected to Western blot analyses using anti-CRM1 antibody. (D) HCT-15
cells were treated with S109 (2 M) for the indicated time, and then subjected to Western blot analy-
ses. (E and F) HCT-15 and HT-29 cells were treated with S109 (2 wM) alone, in combination with the
proteasomal inhibitor MG132 (10 M), or with MG132 (10 M) alone for 12 h and then subjected to

CBS9106, could reversibly block
CRM1-mediated nuclear export. Fur-
thermore, our data show that S109 sig-
nificantly inhibits colorectal cells proliferation and invasion and
concomitantly induces cell cycle arrest. Most importantly, S109
more easily and cost-effectively synthesized than CBS9106.

The development of colorectal cancer is a multi-step process
and that involves the deregulation of multiple pathways.”® Thus,
targeting multiple pathways simultaneously may be an effective
therapeutic approach for colorectal cancer treatment. Overex-
pression of CRM1 protein has been observed and correlated with
poor prognosis in several cancer types.'® Most importantly, this
increased expression of CRM1 leads to mislocalization of major
tumor suppressor proteins and deregulation of multiple growth-
regulatory pathways. Therefore, inhibiting CRM1 may be a
potential treatment option. For example, the PI3K/AKT onco-
genic signaling pathway is activated in colorectal cancer cells,
resulting in the inhibition of apoptosis and promotion of cell
proliferation.” Foxol, a key downstream target gene of PI3K/
AKT pathway, is inactivated by cytoplasmic mislocalization in
cancer cells.”” Our data show that CRM1 inhibition can induce
nuclear retention of Foxol. A Recent study reported that cyto-
plasmic localization inactivated the negative cell cycle regulator
p27 in colorectal cancer.® Our results show that S109 increases
the expression of p27 and blocks its nuclear export. Given the
key roles of CRM1 in the proliferation and survival of cancer
cells, CRM1 may be a novel therapeutic target in colorectal can-
cer treatment.
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An increasing number of CRM1 inhibitors have been isolated
or synthesized over the past 2 decades. Although the canonical
CRM1 inhibitor LMB shows strong antitumor activity iz vitro,
phase 1 trials of LMB were discontinued due to its toxicity."”
Recently, several novel inhibitors of CRM1, known as SINE
compounds, have been developed.'® Of these compounds, KPT-
330 has been administered to patients with several tumors in
phase I/II clinical trials. The phase I clinical trial of KPT-330 on
colorectal cancer patients showed that most patients had stable
disease and KPT-330 is well tolerated.*” Further evaluations are
ongoing; however, the effects of CRM1 inhibitors on the prolif-
eration of colorectal cancer cells 7z vitro have not yet been
reported. CBS9106, a small molecule reversible inhibitor of
CRMI, can induce cell cycle arrest in various cancer cell types.*
S109 is more easily and cost-effectively synthesized derivative of
CBS9106. Thus, it should be more suitable for commercial pro-
duction. Our results demonstrate that S109 is also a reversible
inhibitor of CRM1. We believe that the future development of
low toxicity, small molecule CRM1 inhibitors may provide a
new approach to treat colorectal cancer.

Our results demonstrate that S109 significantly inhibits the
proliferation and invasion of colorectal cancer cells. Colorectal
cancer development primarily results in the deregulation of cell
cycle control and/or suppressed apoptosis.” Our results show sig-
nificant G1-phase arrest in the S109-treated group. Cyclin D1
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In this study, we investigated the
effect of a novel reversible CRMI
inhibitor S109 on colorectal cancer.
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Figure 5. The inhibitory effect of CRM1 by S109 is reversible. (A) HCT-15 cells were treated with 0.1%
DMSO, LMB or S109 for 2 h, followed by fixation and an immunofluorescence analysis. The localization
of RanBP1 was observed. (B) Reversible effect of S109 on the localization of RanBP1. Cells were incu-

clusion, our study identifies CRM1 as
a novel target in colorectal cancer and
demonstrates that S109 can act as a
promising anti-tumor agents.

bated with the indicated doses of S109 or LMB. After 2 h, the drugs were washed out and fresh
medium was added. The cells were further incubated for 2 h and then analyzed by fluorescence

microscopy. (C) HCT-15 cells were treated with LMB or S109 at the indicated concentrations for 2 h
(left panel). After incubation, the drugs were washed out and fresh medium was added. The cells were

Materials and Methods

further incubated for 2 h (right panel) and then subjected to a Western blot analysis using anti-CRM1

antibody.

and CDK4 are well known key negative regulatory proteins for
cell cycle progression in G1.*® In our study, we also observed a
marked reduction in the levels of Cyclin D1 and CDK4 in S109-
treated colorectal cancer cells. These results strongly correlated
with the altered cell cycle distribution phenotype.

Our results indicate that S109 can induce the proteasome-
mediated degradation of CRMI. Interestingly, only the SINE

www.tandfonline.com
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Cell culture, antibodies and
reagents

The human colon cancer cell lines
HCT-15 and HT-29 were cultured in RPMI-1640 medium sup-
plemented with 10% FBS and grown in a humidified incubator
containing 5% CO, at 37°C. The antibodies to CRM1 and
RanBP1 were purchased from Santa Cruz Biotechnology. Anti-
bodies against Cyclin D1, Cyclin B1, CDK4, p27, foxol and
Histone-H3 were obtained from Cell Signaling Technology.
Mouse anti-p53 was obtained from Becton, Dickinson and

1115
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Cell viability assay
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S109 (0.04, 0.2, 1, 5, 25 and 50 pM)
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liters of CCKS8 was added to each well,
and the 96-well plates were then incu-
bated for 3 hours at 37 °C. The absor-

bance was measured using a microplate
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EdU cell proliferation assay
Cell proliferation was assessed with 20
5-ethynyl-2’-deoxyuridine (EdU) fluo-
rescence  staining using the Cell-

D

[ CRM1-WT

I CRM1-C5288 Flag-CRM1-WT
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Actin

Flag-CRM1-C5288
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Kit (Ruibo Biotech,
China) according to the manufacturer’s
instructions. The HCT-15 cells were
seeded in 96-well culture plates and

Guangzhou,

incubated overnight. The cells were
then treated with 0.1% DMSO (vehi-
cle) or various concentrations of S109
(1, 2 and 4 wM) for 12 h and incu-
bated with 50 uM EdU for 4 h at
37 °C. Subsequently, the cells were fixed with 4% paraformalde-
hyde for 15 min and then treated with 0.5% Triton X-100 for
20 min. The cells were then incubated with 100 pL of 1 x
Apollo® reaction cocktail for 30 min and then stained with
DAPI for 15 min. After three washs with phosphate-buffered
saline (PBS), the cells were examined with fluorescence micros-
copy and photographed (Olympus, Japan).

Cell clonogenic assay

To determine long-term effects, HCT-15 cells seeded in 6-
well plates (600 cells/well) were treated with 0.1% DMSO (vehi-
cle) or S109 (1, 2 and 4 pM) for 12 h. After treatment, the
drug-containing medium was removed, and fresh medium was
added to the wells. The medium was exchanged every 4 d for
10-14 d to allow for colony formation. The cells were then fixed
with 4% formaldehyde and stained with 0.1% crystal violet solu-
tion. Finally, colony formation was confirmed by manual
counting.
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Figure 6. S109 is ineffective in cells expressing Cys528 mutant CRM1. (A and B) HCT-15 cells were tran-
siently transfected with plasmids coding for Flag-tagged wild or C528S mutant CRM1 as indicated.
After treatment with 2 uM S109 for 2 h, the cells were fixed and stained with antibodies against
RanBP1 and the Flag tag. (C) HCT-15 cells that stably expressed wild type or C528S mutant CRM1 were
seeded in 96-well plates and incubated with S109 at the indicated concentrations for 72 h. Growth
inhibition was analyzed with the CCK-8 assay. (D) HCT-15 cells stably expressing wild type or C528S
mutant CRM1 were treated with S109 at the indicated concentrations for 12 h, and then subjected to
a Western blot analyses using anti-Flag antibody

Cell cycle analysis

HCT-15 cells were seeded in 6-well plates at a density of 2 x
10° cells per well and treated with S109 for 24 h. After treat-
ment, the cells were collected, fixed in 70% ethanol, and incu-
bated overnight. The cells were then washed twice with PBS and
stained in the dark for 30 min with PI solution that contained
50 pwg/mL PtdIns and 25 pg/mL Rnase. Subsequently, the cells
were analyzed by flow cytometry (FACSCalibur, Becton-Dickin-
son) and the CellQuest Pro software (Becton-Dickinson).

Invasion assay

Cell invasion assays were performed using a transwell system
(Corning, NY) as described previously.”’ Approximately, 2 x
10* HCT-15 cells in serum-free RPMI-1640 media with 0.1%
DMSO and different concentrations of S109 (0.5 and 1 uM)
were added to the top chamber, and the bottom chamber was
filled with RPMI-1640 containing 10% FBS. After 36 hours of
incubation, invading cells were fixed with 4% paraformaldehyde
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and stained with 1% crystal violet. Five fields of adherent cells in
each well were randomly photographed under an inverted micro-
scope and counted.

Immunofluorescence microscopy

Approximately 1 x 10* cells were seeded onto 96-well culture
plates and grown overnight at 37 °C. The cells were treated with
S$109 or 0.1% DMSO (vehicle) for 2 hours. The cells were then
fixed with 4% paraformaldehyde in PBS for 20 minutes at room
temperature and permeabilized with 0.3% Triton X-100 in PBS
for 20 minutes. After blocking with 1% bovine serum albumin
(BSA) in PBS for 1 h, the cells were treated with primary and
fluorescent secondary antibody. The cellular nucleus was stained
with DAPI. The stained cells were visualized using fluorescence
microscopy and photographed (Olympus, Japan).

‘Western blot analysis

Cells were seeded into 6-well plates and then treated with dif-
ferent concentrations of S109. After incubation, whole or nuclear
cell extracts from treated or untreated cells were subjected to
Western blot analyses as described previously.*?

Production of lentiviral vector and establishment of stable
cell lines

The wild type or C528S mutant human CRM1 was cloned
into a pWPXL lentiviral vector containing a sequence that codes
for a flag tag. The overexpression lentiviral vector constructs were

co-transfected with pSPXA2 and pMD2.G plasmids into 293FT
packaging cells using lipofectamine 2000 and a standard protocol
(Invitrogen). Forty-eight hours after transfection, the superna-
tants were harvested and filtered through a 0.45-pm filter. The
supernatants were then concentrated using ultracentrifugation.
The cells were seeded into 6-well plates and infected with
CRM1-WT or CRM1-C528S lentivirus. Forty-eight hours after
infection, the cells were continuously cultured in selecting
medium containing 2.5 pg/mL puromycin. The surviving cells
were then cultured to generate cell lines that stably expressed

CRM1-WT or CRM1-C528S.

Statistical analysis

Data are expressed as the mean £+ SEM. Comparisons
between untreated and S109-treated groups were evaluated with
Student’s # test. P < 0.05 was considered statistically significant.
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