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ABSTRACT

Arrestin-related domain-containing protein-3 (ARRDC3) is one of 6 mammalian
arrestins, which suppresses metastasis by inducing degradation of phosphorylated
B2-adrenergic receptor (B2 AR) and integrin B4 (ITG B4). Our previous studies
demonstrated that expression of ARRDC3 is epigentically silenced in Triple Negative
Breast Cancer (TNBC) cells, and the forced expression of ARRDC3 significantly reduced
the invasive potential of TNBC cells. In the current study, we found that Selective
Inhibitors of Nuclear Export (SINE) compounds (KPT-185 and selinexor (KPT-330))
restore ARRDC3 expression in TNBC cell lines (MDA-MB-231 and MDA-MB-468) at
both the mRNA and protein level in a dose and time course dependent manner.
SINE compounds inhibit the proliferation, pro-invasive migration and anchorage
independent growth of the TNBC cells by restoring ARRDC3 expression. We found that
ARRDC3 expression is lower in TNBC cell lines than those of luminal breast cancer cell
lines, and inversely correlated with IC, _ of selinexor. Analysis of tissue microarray
confirmed that ARRDC3 expression in patient samples is significantly lower in the
majority of TNBC tumors relative to normal tissue. In vivo, selinexor inhibited the
tumor growth of MDA-MB-231 xenografts by nearly 100% compared with vehicle
treated animals. Furthermore, immunohistochemical analysis of TNBC tumors from
selinexor treated mice revealed increased ARRDC3 expression versus vehicle treated
animals. Our results suggest that restoration of ARRDC3 expression is an important
antineoplastic mechanism of SINE compounds in TNBC, and therefore selinexor could
be an effective treatment option for breast tumors with down-regulated ARRDC3.

INTRODUCTION sub-types (luminal A, luminal B, HER2-positive and

TNBC) classified by gene expression profiles, TNBC is

The incidence of breast cancer has increased over the
past 10 years and the survival rate of patients diagnosed
with metastatic breast cancer have been dramatically
dropping despite the significant advances in treatment and
detection of breast cancer [1, 2]. Approximately 15-20%
of metastatic breast carcinoma is defined as triple negative
breast cancer (TNBC) [1, 2]. Among the four district

the most aggressive type with the worst clinical outcome
[3-5]. Currently, there is no approved targeted therapy for
either early or late stage TNBC patients, as a majority of
TNBC lacks therapeutically targetable hormone receptors
(estrogen and progesterone) and HER2 [6-8]. Some
TNBC-targeted therapeutics including cetuximab (anti-
EGFR monoclonal antibody), imatinib (c-KIT tyrosine
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kinase inhibitor), iniparib (PARP inhibitor) and cisplatin
are currently undergoing preclinical/clinical investigation
[9-13], but clinical trials of these agents have failed to
demonstrate the therapeutic efficacy. For this reason,
discovering effective and druggable molecular targets for
TNBC is an urgent issue.

Our previous studies demonstrated that epigenetic
silencing of ARRDC3 is linked to the aggressive nature
of TNBC cells [14], suggesting that ARRDC3 could be a
novel therapeutic target for TNBC. ARRDC3 is a negative
regulator of f2-adrenergic receptor (B2 AR) and integrin
B4 (ITG p4), which mediates the ubiquitination and
subsequent degradation of the phosphorylated forms of
these receptors [15—18]. A negative regulation of B2 AR
and ITG B4, whose roles in breast cancer progression are
established, by ARRDC3 indicates its role as a potential
metastatic suppressor [14, 16]. Therefore, the identification
of small molecule based drugs that restore the expression
of ARRDC3 merit consideration as a therapeutic option for
TNBC and SINE compounds are such candidates.

SINE compounds, are small molecule inhibitors of
Exportin 1 (XPO1, chromosome region maintenance 1,
CRM1). Expression of XPOl1 is up-regulated in several
types of cancer and its overexpression is linked to cancer
cell survival, proliferation and drug resistance [19-21].
SINE compounds covalently bind to Cysteine 528 residue
in the central conserved cargo binding region of XPO1 and
inhibit its function [22]. This leads to the forced nuclear
retention of tumor suppressor proteins such as p53 [23],
IkB [24], and FOXO [25], and subsequently induces their
tumor suppressive actions leading to cell cycle arrest and
cell death [24-27]. This activity is ablated by mutating
Cysteine 528, showing the high drug-target selectivity [22].
More recent evidence demonstrated the anti-cancer effects
of SINE compounds in vitro and in vivo for hematological
and solid tumors [28-33] including phase I clinical studies
[34-37]. However, SINE compounds as a therapeutic
option for breast cancer has not been extensively studied.

In this study, we investigated the anti-cancer effects
of SINE compounds on TNBC models in vitro and in vivo
and evaluated the role of ARRDC3 in mediating anti-
cancer effects of SINE compounds. The data presented
here suggests that SINE compounds can be a promising
therapeutic option for the sub-type of TNBC with
downregulated ARRDC3 expression.

RESULTS

SINE compounds restore ARRDC3 expression in
TNBC cell lines

Our previous studies demonstrated that ARRDC3
expression is epigenetically silenced in invasive TNBC
cells [14] and the forced expression of ARRDC3 inhibited
the cell motility and proliferation of TNBC [14, 17].
Therefore, we hypothesized that small molecule

compounds restoring ARRDC3 expression in TNBC cells
could potentially be a novel therapeutic option for TNBC.
We tested KPT-185 and selinexor (KPT-330), two SINE
compounds that based on gene chip analysis, were found
to induce ARRDC3 transcript levels in the fibrosarcoma
cell line HT1080. We tested two TNBC cell lines (MDA-
MB-231 and MDA-MB-468) that have low basal levels
of ARRDC3 expression. We found that treatment of
SINE compounds for 24 hours significantly increased
the ARRDC3 protein levels in both TNBC cell lines in a
dose-dependent manner (Figure 1A). Time course studies
showed that at least 4-24 hours were required for SINE
compounds to restore the ARRDC3 protein levels in the
TNBC cell lines (Figure 1B). Quantitative PCR analysis
confirmed these findings by showing that treatment of
SINE compounds (as early as 4 hours) induced ARRDC3
mRNA levels in both MDA-MB-231 and MDA-MB-468
cells (Figure 1C). Induction of ARRDC3 expression by
SINE compounds is not due to apoptosis or cell death
(Supplementary Figure 1), and is directly related to
inhibition of XPO1 function as knocking down XPOl1
expression by siRNA results with upregulation of ARRDC3
expression (Supplementary Figure 2).

SINE compounds inhibit the tumorigenic and
metastatic potential of TNBC in an ARRDC3
dependent manner

Once we concluded that SINE compounds induced
ARRDC3 protein expression, we aimed to determine if
SINE compounds inhibit the tumorigenic and metastatic
potential of TNBC. Therefore, we started by assessing
the inhibitory effects of SINE compounds on TNBC cell
motility. We used the trans-well assay and measured cell
motility towards the chemo-attractant (lysophosphatidic
acid; LPA). LPA. Both KPT-185 and selinexor effectively
inhibited MDA-MB-231 cell motility in a dose-dependent
manner (Figure 2A). To confirm that SINE compounds-
induced-inhibition of cell motility is truly the result of
the restoration of ARRDC3 expression, we knocked
down ARRDC3 in these cells. As shown in Figure 2B,
knockdown of ARRDC3 expression by shRNA in MDA-
MB-231 cells prevented SINE compounds mediated
restoration of ARRDC3 expression and significantly
reduced the inhibitory effects of SINE compounds on
TNBC cell motility towards LPA compared to that of
the control cells (GFP shRNA cells). We then repeated
the assay and demonstrated the anti-migration effects of
SINE compounds in TNBC cells by using a different cell
motility model, namely a wound healing assay (Figure 2C).
As expected, in this system the inhibition of wound healing
by SINE compounds in MDA-MB-231 cells was not as
effective when restoration of ARRDC3 expression was
prevented by shRNA (Figure 2C).

Next, we measured the effects of forced ARRDC3
expression on the anchorage-independent growth of
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TNBC cells by performing the colony formation assay
of MDA-MB-231 cells on soft agar with or without
treatment of SINE compounds. Treatment with each
of the SINE compounds effectively blocked the
colony formation of MDA-MB-231 cells in soft agar
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Figure 1: SINE compounds restore ARRDC3 expression in TNBC cell lines. (A) MDA-MB-231 and MDA-MB-468 cells
were treated with or without various concentrations of KPT-185 and KPT-330 (selinexor) for 24 h prior to lysis by RIPA buffer. Whole cell
lysates were prepared and analyzed to measure the levels of ARRDC3, XPO1 and B-actin by western blotting. Densitometric analysis was
performed to measure the relative intensity of the bands after normalizing with p-actin. The fold changes were indicated below each lane.
(B) MAD-MB-231 cells and MDA-MB-468 cells were treated with SINE compounds (200 nM and 600 nM respectively) at the indicated
times. Protein levels of ARRDC3, XPOI and B-actin were determined by western blot analysis. (C) Cells were treated with selinexor at the
indicated concentrations for 4 h and 24 h and then RNAs were prepared as described in the Material and Methods. ARRDC3 mRNA levels
were determined by qRT-PCR. Blot images and graphs are representative data of three independent experiments.
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compounds (Figure 2D). These results indicate that SINE
compounds also require ARRDC3 expression to inhibit
anchorage independent growth of MDA-MB-231 cells.

Finally, we tested the effects of SINE
compounds on the proliferation of MDA-MB-231
and MDA-MB-468 cell lines and found that both
SINE compounds promoted effective -cytostatic
effects of both cell lines (Figure 2E). Knockdown

of ARRDC3 expression by shRNA in both cell lines
once again reduced the anti-proliferative effects of
SINE compounds (Figure 2E). Inhibition of TNBC
cell motility, anchorage independent growth, and
proliferation by SINE compounds is not due to
apoptosis or cell death (Supplementary Figure 1).
We concluded that ARRDC3 expression is central for
mediating the anti-cancer effects of SINE compounds.
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Figure 2: SINE compounds inhibit the tumorigenic and metastatic potential of TNBC in an ARRDC3 dependent
manner. (A) MDA-MB-231 cells were treated with various concentrations of KPT-185 and selinexor. The ability of cells to migrate
toward 100 nM LPA was measured using a transwell cell motility assay after 24 h treatment. Migration was quantified by counting the
cells that migrated to the lower surface of the membrane per square milliliter using bright-field optics. (B) MDA-MB-231 cells were
stably infected with either GFP (as control) or ARRDC3 shRNA. These cells were treated with 200 nM of KPT-185 and selinexor for 24 h
and subjected to transwell migration (Left panel). Equal amounts of proteins from each sample were used for western blot analysis with
antibodies against ARRDC3, XPO1 and B-actin (Right panel). The band intensities were measured by software Imagel. (C) The MDA-
MB-231 cells expressing shRNA against GFP and ARRDC3 were loaded into the chambers (Ibidi’s culture-insert in p-dish) and allowed
to adhere overnight. The chambers were removed and then SINE compounds were added to dish. Snapshots at specific time points were
used as representative image. Cells migrated into the wound area were counted by Fiji. Representative images were carried out in triplicate.
(D) MDA-MB-231 cells expressing GFP or ARRDC3 shRNA were cultured in soft agar containing growth medium with KPT-185 and
selinexor for two weeks as described in materials and methods. Left panel shows images of colony conformation, which is captured at
10x magnification. Right graph shows quantification of colony numbers. Scale bar: 100 pm. (E) MDA-MB-231 and MDA-MB-468 cells
expressing GFP or ARRDC3 shRNA were treated for 72 h and 48 h respectively with different concentrations of KPT-185 and selinexor.
Proliferation of these cells was measured by MTT assay. Column, mean from three independent experiments; bars, SD. *P < 0.01;
**P <0.001 compared with the control group.
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TNBC subtype breast cancer cells are more
sensitive to the cytotoxic effects of selinexor than
luminal subtype breast cancer cells and their
sensitivity is inversely correlated with ARRDC3
basal levels of expression

The ability of SINE compounds to induce
cytotoxicity in TNBC cells through the induction of
ARRDC3 expression suggest that in these sensitive tumor
cells, the ARRDC3 mediated pathways are fully active
downstream of this tumor suppressor protein. Therefore,
we hypothesized that the lowest levels of ARRDC3 may
indicate higher SINE compounds sensitivity. To test this
hypothesis, we measured the steady state protein levels
of ARRDC3 in 12 breast cancer cell lines with different
subtypes (4 luminal and 8 TNBC subtypes) (Figure 3A).
Based on the densitometric analysis of ARRDC3 and
beta-actin bands, we concluded that the protein levels of
ARRDC3 are largely divided into high and low groups
(Figure 3A). A majority of TNBC cell lines belong to
ARRDC3 low expression group (0.003—1.2 scale) whereas
luminal subtype of breast cancer cell lines belong to
ARRDC3 high expression group (3.4—12.1). We then
measured and compared the IC,_of selinexor in the TNBC
vs. luminal breast cancer cell lines. As shown in Figure 3B,
we found that IC, of selinexor were significantly lower
in TNBC cell lines (0.05-0.615 uM) compared to those
of luminal breast cancer cell lines (1.1- over 10 uM). The
outcome further supports our hypothesis that selinexor
works more efficiently in breast cancers with down-
regulated ARRDC3 as restoration of ARRDC3 expression
is an important therapeutic mechanism of this drug.

ARRDC3 expression is low in many TNBC
tumors and inversely correlates with the levels of
XPO1 and integrin p4

To identify the sub-population of TNBC patients
who may potentially benefit from treatment with selinexor,
we assessed the levels of ARRDC3, XPO1 and ITG 4
from normal biopsy tissue as well as in 114 biopsies of
TNBC patient tumor samples (Figure 4). Breast cancer
tissue arrays were stained with anti-ARRDC3, anti-XPO1,
and anti-ITG B4 antibodies for immunohistochemistry
analysis. The representative staining of these 3 proteins in
normal, early and late stage TNBC tumor tissues showed
that ARRDC3 expression is either very low or undetectable
in invasive stage relative to higher levels of expression in
early stage or normal tissue, and inversely correlated with
the levels of both XPO1 and ITG P4 (Figure 4A). Treatment
of KPT-185 in MDA-MB-468 cells decreased the levels of
ITG 4 in a dose and time course dependent manner, which
further confirms the inverse correlation between ARRDC3
and ITG B4 levels (Supplementary Figure 3). The staining
intensity of each tissue was scored (0—3) and categorized
into either low (0—1) or high expression groups (2-3)

(Figure 4B). We found that the majority (86.5%) of 114
TNBC patient tumors presented low ARRDC3 expression
(Figure 4B). Therefore we predict that a significant portion
of TNBC patients with low ARRDC3/high XPO-1/high
ITG B4 sub-group are likely to respond to selinexor and
therefore benefit from selinexor treatment.

Selinexor effectively inhibited TNBC cell-
derived xenograft tumors in mice while restoring
ARRDC3 expression

In order to test the effects of selinexor in vivo, MDA-
MB-231 tumor bearing mice were treated with 15 mg/kg
of selinexor on a M,W,F schedule. Tumor growth and body
weight were monitored for 54 days. Selinexor treatment
resulted in 90% tumor growth inhibition over the course
of treatment (Figure 5A). No overt evidence of toxicity
was observed during the treatment except for minimal
body weight loss. Immunohistochemical assessment of
tumor sections collected 1 week post-selinexor treatment
revealed increased numbers of apoptotic cells and increased
fibrosis (Figure 5B) as evidenced by Apoptag (staining of
apoptotic cells) and Masson’s trichrome staining (staining
of connective tissue). Consistent with in vitro findings,
the restoration of ARRDC3 expression was seen in tumor
specimens treated with selinexor. Overall, the xenograft
studies confirm the efficacy of selinexor in a TNBC model
and provide the basis for a biomarker (ARRDC3) based
clinical trial of selinexor for the treatment of TNBC.

DISCUSSION

TNBC is associated with early disease relapse and
distal metastasis that leads to an overall poor prognosis [ 1-3].
As chemotherapy is the only systemic therapeutic option
for a subset of chemotherapy sensitive TNBC patients, it is
urgent to understand the subtype specific molecular nature
that confers to chemo-resistance or sensitivity among
TNBC patients, and apply these mechanisms for TNBC
specific drug development. Our current studies highlighted
the importance of ARRDC3 in mediating therapeutic
effects of SINE compounds in a TNBC model. These
studies support the novel inhibitory mechanisms of action
of SINE compounds provide further evidence that SINE
compounds could emerge as a novel therapeutic option for
multiple cancers, including breast cancer [31-37].

Baseline expression of ARRDC3 may serve
as a predictive marker to identify potential sensitive
tumors and patients who may benefit from treatment
with selinexor, a SINE compound, which currently in
clinical trials [36, 37] (clinicaltrials.gov). Importantly, the
sensitivity of breast cancer cells to SINE compounds may
depend not only on ARRDC3 protein levels, but also on
the availability of ARRDC3 downstream substrates and
their phosphorylation status as ARRDC3 only interacts
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with phosphorylated form of their substrates [17].
MDA-MB-231 cells, a SINE compound-sensitive
cell line, indeed overexpress the signaling active and
phosphorylated form of ITG B4 [17], suggesting the
potential connection of ARRDC3/ phospho-1TG B4 levels
in the sensitivity of SINE compounds. Our TMA analysis
further supports this hypothesis by showing the inverse
correlation between ARRDC3 and ITG B4 levels among
TNBC tumor tissues. While more studies are needed to
identify the breast cancer subtypes that are sensitive to
SINE compounds, our result suggest that TNBCs that
express lower ARRDC3 levels are more sensitive and
that SINE compounds can emerge as a therapeutic option

A Luminal

for TNBC as a single agent or as part of a combination
therapy.

The mechanism by which SINE compounds restore
the expression of ARRDC3 remains to be determined.
As multiple tumor suppressors and nuclear transcription
regulators are accumulated in the nucleus as a function of
SINE compounds, it will be challenging to pinpoint out
the single mechanism by which ARRDC3 transcription is
restored in TNBC cells. It is also possible that multiple
mechanisms may synergize to enhance ARRDC3
transcription. The leading candidate to mediate ARRDC3
expression by SINE compounds is Sirt2 that plays a major
role in epigenetic silencing of ARRDC3 in TNBC cells
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Figure 3: TNBC subtype breast cancer cells are more sensitive to the cytotoxic effects of selinexor than luminal
subtype breast cancer cells and their sensitivity is inversely correlated with ARRDC3 basal levels of expression.
(A) Whole cell lysates were prepared from 4 luminal (HCC-1419, MCF-7, ZR-75-30 and BT474) and 8 TNBC cell lines (MDA-MB-453,
MDA-MB-468, HCC-1806, HCC-1187, BT549, Hs578T, MDA-MB-436 and MDA-MB-231). Equal amounts of extracts from each sample
were used for western blot analysis by using anti-ARRDC3 antibody. B-actin was used as loading control. Densitometric analysis was
performed to measure the relative intensity of the bands after normalizing with B-actin. (B) Luminal and TNBC cell lines were seeded in
96-well plates and then treated with various concentrations of KPT-185 and selinexor for 72 h. Cell viability was measured by MTT assay.

IC,, values were determined by using GraphPad Prism 6.
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[14]. Earlier studies suggest that Sirt2 is indeed an XPO1
cargo and therefore selinexor treatment is expected to
induce its nuclear localization and activate its function
[38]. Our preliminary studies did not provide evidence that
SINE compounds change the levels or nuclear localization
of Sirt2. Post-translational modifications of Sirt2 by SINE
compounds can be a potential mechanism. Therefore
additional studies of Sirt2 will be at the focus of our future
experiments.

In conclusion, the current pre-clinical studies
demonstrated the efficacy of selinexor in TNBC model
in vitro and in vivo, and will provide the basis for potential
clinical trial of SINE compounds in TNBC patients with
low ARRDC3 expression.

MATERIALS AND METHODS

Cell lines and reagents

MDA-MB-231 and MDA-MB-468  breast
adenocarcinoma cells were purchased from the American

Normal

Early stage
(Grade I)

Invasive late stage
(Grade Ill)

Type Culture Collection and cultured in DMEM 1 g/L
glucose, L-glutamine and sodium pyruvate formulation,
supplemented with 10% FBS and 1% penicillin/
streptomycin. Cells were cultured in humidified incubators
at 37°C in 5% CO,. To generate ARRDC3 knockdown
stable cell lines, cells were infected with lenti-virus
expressing shRNA targeted against either GFP (as control)
or ARRDC3 (Sigma, St. Louis, MO). The infected cells
were then selected by puromycin (20 pg/ml). SINE
compounds (KPT-185 and KPT-330; selinexor) were
provided by Karyopharm therapeutics, Inc (Natick, MA).
10 mM stocks of the inhibitors were diluted in medium to
the indicated concentrations prior to the treatment of cells.

Western blot analysis

Cells were lysed in cold RIPA-EDTA buffer [SO mM
Tris, pH 7.4; 150 mM NaCl; 1% NP-40; 0.5% sodium
deoxycholate; 0.1% SDS; and 5 mM EDTA] containing
I mM phenylmethylsulfonyl fluoride, 1 mM Na,VO,,
and protease inhibitor (Thermo Scientific, Rockford,

TNBC (n=114)

Expression degree | ARRDC3  ITGB4 XPO1
Score (0-1) 86.49% 35.96%  39.29%
Score (2-3) 13.51% 64.04% 60.71%

Figure 4: ARRDC3 expression is low in many TNBC tumors and inversely correlates with the levels of XPO1 and
integrin P4. (A) Representative images of XPO1, ARRDC3 and ITG B4 expression in normal ductal epithelium (top panel), Grade I
TNBC epithelium (middle panel), and Grade III TNBC epithelium (bottom panel), respectively. (B) The staining intensity of each tissue
was scored (0-3) and categorized into either low (0—1) or high expression group (2-3) of XPO1, ARRDC3 and ITG (4.
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Figure 5: Selinexor effectively inhibited TNBC cell-derived xenograft tumors in mice while restoring ARRDC3
expression. (A) Mice bearing MDA-MB-231 cell derived tumors were treated with vehicle or selinexor (15 mg/kg; PO, QOD: Monday,
Wednesday and Friday). Tumor size (mm?®) was measured at the indicated days for 54 days. Error bar represents SEM (P = 0.0002) (B) At
the end of treatment, tumor tissues were excised. ARRDC3 and apoptosis were analyzed by immunohistochemically and tumor stroma by
Mason’s Trichrome.
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IL). The protein concentrations were determined using
the BCA protein assay kit (Thermo Scientific). The
samples were separated on 4% to 20% gradient SDS
PAGE. The separated proteins were transferred to PVDF
transfer packs using the Trans-Blot Turbo transfer system
(Bio-Rad, Hercules, CA). The blots were incubated
with primary antibodies in TBS-T or TBS-T with 5%
w/v nonfat dry milk overnight at 4°C, and then with
appropriate secondary antibodies conjugated to IgG-
horseradish peroxidase. CRM-1 (H-300) and beta-actin
(C-11) antibodies were purchased from Santa Cruz
Biotechnology. ARRDC3 antibody was obtained from
Abcam. Proteins were detected using a Clarity Western
ECL substrate (Bio-Rad). All bands were imaged with
ChemiDoc Touch Imaging System (Bio-Rad).

Quantitative RT-PCR

The real time PCR Tagman gene assay for ARRDC3
(ID:Hs00385845 ml; ccacctctttattcagagattgatc) — and
GPADH (ID:Hs99999905 m1; gggcgectggtcaccagggcetgcett)
were purchased from Life Technologies. MDA-MB-231
and MDA-MB-468 cells were treated with various
concentrations of KPT-185 and KPT-330 for either 4 or
24 hours. RNA was extracted from cells using RNeasy
Kit (#74106, Qiagen) and reverse transcribed to cDNA
using High Capacity cDNA Reverse Transcription Kit
(#4368813, Applied Biosystems) following manufacturer’s
protocol. mRNAs for the indicated genes were quantified
using ViiA7 Real-Time PCR system and analyzed by the
V1.2 software (Life Technologies).

Cell motility assay

Cell motility assays were performed by a transwell
cell culture chamber of 8 pum pore size (Costar-Falcon)
according to the standard procedure. Transwell inserts were
coated with collagen I (15 pg/ml) overnight at 4°C. After
washing the inserts with PBS next day, cells were added to
the upper chamber of each well. LPA (Lysophosphatidic acid;
100 ng/mL) was added to the lower chambers as a
chemoattractant. The chambers were incubated for 2 h at
37°C with 10% CO,. The cells that did not migrate through
the pores were mechanically removed by cotton swab. The
migrated cells on the lower surface of the membrane were
fixed and stained with 0.2% crystal violet and counted. Assays
were performed in triplicate and repeated three times.

Cell proliferation assay

Cells (2.5 x 10%) were seeded in 96-well plates with
100 puL media in triplicate and allowed to adhere overnight.
Drug containing media was added to each well at the
concentrations indicated. After the treatment for 48 or 72 h,
viability was evaluated using the Kit-8 (CCK-8, Enzo Life
Sciences, Switzerland) according to the manufacturer’s

instructions. Absorption at 450 nm was determined using a
Perkin Elmer EnVision® Multilabel Reader.

Soft agar growth assay

ARRDC3 or control shRNA expressing MDA-
MB-231 cells were suspended in the top layer of
DMEM (1 mL) containing 0.35% low-melt agarose (ISC
Bioexpress) with or without SINE compound, and then
the top layer was overlaid on DMEM (2 mL) containing
0.75% agar in six-well plates. The cells were fed twice
per week with 0.5 mL DMEM in the presence of SINE
compound. After 3 weeks, the total number of colonies was
quantified by counting 50 fields per well by using bright-
field optics. The average number of colonies was obtained
from counting triplicate wells. The images of colonies were
acquired by a microscope and digital camera (Nikon).

Wound-healing assay

MDA-MB-231 cells were loaded into each well of
Culture-inserts (Ibidi, Bonn, Germany) at 2 x 10° cells/well
and allowed to adhere overnight. The insert was removed
and attached cells were washed twice with 1x PBS. SINE
compound was then added to the plate. The progression of
wound closure and the cells migrated into empty spaces of
wound were determined under an inverted phase-contrast
microscope with a distal camera (Nikon). Images were
captured at indicated time points. Wound-healing assays
were carried out in triplicates.

Xenograft model

Twenty (20) nu/nu mice were inoculated
subcutaneously with 2 x 107 MDA-MB-231 cells.
Treatment was initiated when the tumors reached a mean
volume of 80 mm? (standard deviation & 28.7 mm?® range
50-157 mm?®). Mice were allocated to 2 groups of ten (10)
mice such that mean tumor volume in each group was
within the range of 69 to 98 mm®. Mice were treated with
vehicle or selinexor at 15 mg/kg on a Monday, Wednesday
and Friday (MWF) schedule. Body weight and condition
of each animal were recorded daily, and tumors were
measured on MWF.

Immunohistochemistry

Formalin fixed paraffin embedded (FFPE) tissue
blocks were sectioned at 4 microns, and deparaffinized
through three changes of xylenes and a decreasing series of
ethanol. Antigen retrieval was performed in a steam cooker
for 15 minutes in Declere (Cell Marque) working solution.
Endogenous hydrogenase was blocked by incubation in 3%
Hydrogen Peroxide for five minutes. Slides were incubated
in Casein-based protein block (Biogenex) for 20 minutes
before incubation with ARRDC3 antibody (Abcam) at
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room temperature for 30 minutes. Slides were then rinsed
with buffer and incubated with Amplifier from Hi-Def
Polymer Detection Kit (Cell Marque) for 10 minutes at
room temperature. Afterwards slides were rinsed with
buffer and incubated in DAB chromogen for six minutes
at room temperature for color development. The slides
were counterstained with Hematoxylin I (Richard Allan
Scientific), rinsed in water, and dehydrated through a series of
increasing ethanol and three changes of xylenes. Slides were
then coverslipped. Digital images of slides were generated
via Aperio AT scanner at 20x. Immunohistochemistry assays
were performed on a Biogenex 16000 automated stainer.
The apoptag apoptosis assay (Millipore, Cat No. 7100)
and Masson’s Trichrome (Polyscientific) staining were
performed manually per the manufacturer’s instructions.

Tissue microarray (TMA) analysis

Commercial breast cancer TMA slides BRC964 and
BRC1021 from Pantomics were stained by IHC with XPO1
(Santa Cruz, sc-5595), AARDC3 (Abcam, ab64817) and
ITG B4 (Santa Cruz, sc-9090) antibodies. All breast cancer
cases were reviewed and scored by a pathologist.

ACKNOWLEDGMENTS

We acknowledge the biostatistical consultation and
support from Dr. Jie Yang, Lizhou Nie and the Biostatistical
Consulting Core at the School of Medicine, Stony Brook
University.

CONFLICTS OF INTEREST

The authors declare no potential conflicts of interest.

FUNDING

This study is supported by NIH-NCI (ROICA
163657: JC).

REFERENCES

1. Mayer IA, Abramson VG, Lehmann BD, Pietenpol JA. New
Strategies for Triple-Negative Breast Cancer—Deciphering
the Heterogeneity. Clin Cancer Res. 2014; 20:782-90.

2. Turner NC, Reis-Filho JS. Tackling the Diversity of Triple-
Negative Breast Cancer. Clin Cancer Res. 2013; 19:6380-8.

3. Coughlin SS, Ekwueme DU. Breast cancer as a global health
concern. Cancer Epidemiol. 2009; 33:315-8.

4. Bauer KR, Brown M, Cress RD, Parise CA, Caggiano V.
Descriptive analysis of estrogen receptor (ER)-negative,
progesterone receptor (PR)-negative, and HER2-negative
invasive breast cancer, the so-called triple-negative
phenotype: a population-based study from the California
cancer Registry. Cancer. 2007; 109:1721-8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ossovskaya V, Wang Y, Budoff A, Xu Q, Lituev A,
Potapova O, Vansan G, Monforte J, Daraselia N. Exploring
molecular pathways of triple-negative breast cancer. Genes
Cancer. 2011; 2:870-9. doi: 10.1177/1947601911432496.
Kaplan HG, Malmgren JA, Atwood M. TINO Triple
Negative Breast Cancer: Risk of Recurrence and Adjuvant
Chemotherapy. Breast J. 2009; 15:454-60.

Carey LA, Dees EC, Sawyer L, Gatti L, Moore DT,
Collichio F, Ollia DW, Sartor CI, Graham ML,
Perou CM. The triple negative paradox: primary tumor
chemosensitivity of breast cancer subtypes. Clin Cancer
Res. 2007; 13:2329-34.

de Ruijter TC, Veeck J, de Hoon JPJ, van Engeland M, Tjan-
Heijnen VC. Characteristics of triple-negative breast cancer.
J Cancer Res Clin Oncol. 2011; 137:183-92.

Cristofanilli M, Morandi P, Krishnamurthy S, Reuben JM,
Lee BN, Francis D, Booser DJ, Green MC, Arun BK,
Pusztai L, Lopez A, Islam R, Valero V, et al. Imatinib
mesylate (Gleevec®) in advanced breast cancer-expressing
C-Kit or PDGFR-B: clinical activity and biological
correlations. Ann Oncol. 2008; 19:1713-9.

O’Shaughnessy J, Osborne C, Pippen JE, Yoffe M, Patt D,
Rocha C, Koo IC, Sherman BM, Bradley C. Iniparib plus
chemotherapy in metastatic triple-negative breast cancer.
N Engl J Med. 2011; 364:205-14.

Baselga J, Gomez P, Greil R, Braga S, Climent MA,
Wardley AM, Kaufman B, Stemmmer SM, Pégo A, Chan A,
Goeminne JC, Graas MP, Kennedy MJ, et al. Randomized
Phase II Study of the Anti-Epidermal Growth Factor
Receptor Monoclonal Antibody Cetuximab With Cisplatin
Versus Cisplatin Alone in Patients With Metastatic Triple-
Negative Breast Cancer. J Clin Oncol. 2013; 31:2586-92.
Carey LA, Rugo HS, Marcom PK, Mayer EL, Esteva FJ,
Ma CX, Liu MC, Storniolo AM, Rimawi MF, Forero-
Torres A, Wolff AC, Hobday TJ, Ivanova A, et al. TBCRC
001: Randomized Phase II Study of Cetuximab in
Combination With Carboplatin in Stage IV Triple-Negative
Breast Cancer. J Clin Oncol. 2012; 30:2615-23.

Leong CO, Vidnovic N, DeYoung MP, Sgroi D, Ellisen LW.
The p63/p73 network mediates chemosensitivity to cisplatin
in a biologically defined subset of primary breast cancers.
J Clin Invest. 2007; 117:1370-80.

Soung YH, Pruitt K, Chung J. Epigenetic silencing of
ARRDC3 expression in basal-like breast cancer cells. Sci
Rep. 2014; 4:3846.

Alvarez CE. On the origins of arrestin and rhodopsin. BMC
Evol Biol. 2008; 8:222.

Nabhan JF, Pan H, Lu Q. Arrestin domain-containing protein
3 recruits the NEDD4 E3 ligase to mediate ubiquitination of
the f2-adrenergic receptor. EMBO Rep. 2010; 11:605-11.
Draheim KM, Chen HB, Tao Q, Moore N, Roche M, Lyle S.
ARRDC3 suppresses breast cancer progression by negatively
regulating integrin beta4. Oncogene. 2010; 29:5032-47.

Qi S, O’Hayre M, Gutkind JS, Hurley JH. Structural and
biochemical basis for ubiquitin ligase recruitment by

www.impactjournals.com/oncotarget

52946

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

arrestin-related domain-containing protein-3 (ARRDC3).
J Biol Chem. 2014; 289:4743-52.

Senapedis WT, Baloglu E, Landesman Y. Clinical translation
of nuclear export inhibitors in cancer. Semin Cancer Biol.
2014; 27:74-86.

Ossareh-Nazari B, Bachelerie F, Dargemont C. Evidence for
a Role of CRM1 in Signal-Mediated Nuclear Protein Export.
Science. 1997; 278:141-4.

Turner JG, Dawson J, Sullivan DM. Nuclear export of
proteins and drug resistance in cancer. Biochem Pharmacol.
2012; 83:1021-32.

Neggers JE, Vercruysse T, Jacquemyn M, Vanstreels E,
Baloglu E, Shacham S, Crochiere M, Landesman Y,
Daelemans D. Identifying drug-target selectivity of small-
molecule CRM1/XPO1 inhibitors by CRISPR/Cas9 genome
editing. Chem Biol. 2015; 22:107-16.

Kanai M, Hanashiro K, Kim SH, Hanai S, Boulares AH,
Miwa M, Fukasawa K. Inhibition of Crm1-p53 interaction
and nuclear export of p53 by poly(ADP-ribosyl)ation. Nat
Cell Biol. 2007; 9:1175-83.

Huang TT, Kudo N, Yoshida M, Miyamoto S. A nuclear
export signal in the N-terminal regulatory domain of
IkappaBalpha controls cytoplasmic localization of inactive
NF-kappaB/IkappaBalpha complexes. Proc Natl Acad Sci
USA. 2000; 97:1014-9.

Vogt PK, Jiang H, Aoki M. Triple Layer Control:
Phosphorylation, Acetylation and Ubiquitination of FOXO
Proteins. Cell Cycle. 2005; 4:908-13.

Azmi AS, Al-Katib A, Aboukameel A, McCauley D,
Kauffman M, Shacham S, Mohammad RM. Selective
inhibitors of nuclear export for the treatment of non-
Hodgkin’s lymphomas. Haematologica. 2013; 98:1098-106.
Azmi AS, Aboukameel A, Bao B, Sarkar FH, Philip PA,
Kauffman M, Shacham S, Mohammad RM. Selective
Inhibitors of Nuclear Export Block Pancreatic Cancer
Cell Proliferation and Reduce Tumor Growth in Mice.
Gastroenterology. 2013; 144:447-56.

Lapalombella R, Sun Q, Williams K, Tangeman L, Jha S,
Zhong Y, Goettl V, Mahoney E, Berglund C, Gupta S,
Farmer A, Mani R, Johnson AJ, et al. Selective inhibitors of
nuclear export show that CRM1/XPO1 is a target in chronic
lymphocytic leukemia. Blood. 2012; 120:4621-34.

Zhong Y, El-Gamal D, Dubovsky JA, Beckwith KA,
Harrington BK, Williams KE, Goettl VM, Jha S, Mo X,
Jones JA, Flynn JM, Maddocks KJ, Andritsos LA,
et al. Selinexor suppresses downstream effectors of
B-cell activation, proliferation and migration in chronic
lymphocytic leukemia cells. Leukemia. 2014; 28:1158-63.
Cheng Y, Holloway MP, Nguyen K, McCauley D,
Landesman Y, Kauffman MG, Goettl VM, Jha S, Mo X,
Jones JA, Flynn JM, Maddocks KJ, Andritsos LA, et al.

31.

32.

33.

34.

35.

36.

37.

38.

XPO1 (CRM1) inhibition represses STAT3 activation to
drive a survivin-dependent oncogenic switch in triple-
negative breast cancer. Mol Cancer Ther. 2014; 13:675-86.
Sun H, Hattori N, Chien W, Sun Q, Sudo M, E-Ling GL,
Ding L, Lim SL, Shacham S, Kauffman M, Nakamaki T,
Koeffler HP. KPT-330 has antitumour activity against non-
small cell lung cancer. Br J Cancer. 2014; 111:281-91.
Mendonca J, Sharma A, Kim HS, Hammers H, Meeker A,
De Marzo A, Carducci M, Kauffman M, Shacham S,
Kachhap S. Selective inhibitors of nuclear export (SINE)
as novel therapeutics for prostate cancer. Oncotarget. 2014;
5:6102-12. doi: 10.18632/oncotarget.2174.

Ishizawa J, Kojima K, Hail N, Tabe Y, Andreeff M.
Expression, function, and targeting of the nuclear exporter
chromosome region maintenance 1 (CRMI1) protein.
Pharmacol Ther. 2015; 153:25-35.

Savona M, Garzon R, de Nully Brown P, Yee K, Lancet JE,
Gutierrez M, Gabrail N, Mau-Sorensen M, Baz R, Byrd JC,
Kuruvilla J, Siegel DS, Shacham S, et al. Phase I Trial
of Selinexor (KPT-330), A First-In-Class Oral Selective
Inhibitor Of Nuclear Export (SINE) In Patients (pts) With
Advanced Acute Myelogenous Leukemia (AML). Blood.
2013; 122:1440-1440.

Gutierrez M, Shah BD, Gabrail NY, de Nully Brown P,
Stone RM, Garzon R, Savona M, Siegel DS, Baz R, Mau-
Sorensen M, Davids MS, Byrd JC, Shacham S, et al.
Preliminary Evidence Of Anti Tumor Activity Of Selinexor
(KPT-330) In a Phase I Trial Ofa First-In-Class Oral
Selective Inhibitor Of Nuclear Export (SINE) In Patients
(pts) With Relapsed / Refractory Non Hodgkin’s Lymphoma
(NHL) and Chronic Lymphocytic Leukemia (CLL). Blood.
2013; 122:90-90.

Gounder MM, Zer A, Tap WD, Salah S, Dickson MA,
Gupta AA, Keohan ML, Loong HH, D'Angelo SP, Baker S,
Condy M, Nyquist-Schultz K, Tanner L, et al. Phase 1B
Study of Selinexor, a First in-Class Inhibitor of Nuclear
Export, in Patients With Advanced Refractory Bone or Soft
Tissue Sarcoma. J Clin Oncol. 2016; 34:3166-74.
Alexander TB, Lacayo NJ, Choi JK, Ribeiro RC, Pui CH,
Rubnitz JE. Phase [ Study of Selinexor, a Selective Inhibitor
of Nuclear Export, in Combination With Fludarabine and
Cytarabine, in Pediatric Relapsed or Refractory Acute
Leukemia. J Clin Oncol. 2016; 34:4094—101.

Wilson JM, Le VQ, Zimmerman C, Marmorstein R, Pillus L.
Nuclear export modulates the cytoplasmic Sir2 homologue
Hst2. EMBO Rep. 2006; 7:1247-51.

WWW

.impactjournals.com/oncotarget

52947

Oncotarget



