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ABSTRACT

Therapeutic resistance developed after chemotherapy and
aggressive metastasis are the major causes of cancer-related
death in patients with triple-negative breast cancer (TNBC).
Survivin is the smallest member of the inhibitor-of-apoptosis
proteins (IAPs) family, which plays critical roles in cell division
and cell survival. High expression levels of survivin have been
associated with therapeutic resistance in various cancers. We
recently developed a novel small-molecule survivin inhibitor
mimicking the IAP-binding motif of second mitochondria-
derived activator of caspase, which showed high potency in
promoting survivin degradation. Here, we show that survivin
inhibitor MX106/MX107 suppresses TNBC cell proliferation. More-
over, MX106/MX107 synergized with chemotherapeutic drugs
or radiation and significantly enhanced tumoricidal efficacy of

genotoxic treatments. Mechanistically, MX106/MX107 induced
degradation of XIAP and/or clAP1, which inhibited nuclear factor
kB (NF-kB) activation by genotoxic agents. Treatment with
MX106/MX107 alone did not activate alternative NF-«B signaling
in breast cancer cells, which is likely attributable to their selective
potency in degrading survivin in these cells. In addition, survivin
degradation by MX106/MX107 dramatically increased abnormal
mitotic spindle formation and cell division failure, which led to
cell cycle arrest in breast cancer cells. Overall, our study
suggests that combination treatment of TNBC using survivin
inhibitors MX106/MX107 with cytotoxic chemotherapeutic drugs
can achieve significantly improved therapeutic efficacy, which
depends on MX106/MX107-mediated inhibition of genotoxic
NF-«B activation.

Introduction

Triple-negative breast cancer (TNBC) is a heterogenic
breast cancer subtype that lacks hormone receptors (estrogen
receptor/progesterone receptor) and human epidermal growth
factor receptor 2. In the absence of approved molecular
targeted therapy, cytotoxic chemotherapy remains the stan-
dard of care for treating patients with TNBC (Bianchini et al.,
2016). Although most patients with TNBC respond to chemo-
therapy initially, many develop drug resistance and suffer
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rapid relapse within 2 to 3 years after the initial treatment.
Moreover, TNBC is characterized by aggressive invasion and a
unique pattern of metastases, which may further contribute to
the drug resistance developed in these patients (Foulkes et al.,
2010). More effective treatments and novel approaches to
mitigate drug resistance are urgently needed to improve the
clinical outcome of these patients.

A variety of molecular mechanisms have been demonstrated
to promote therapeutic resistance, among which transcription
factor nuclear factor kB (NF-kB) was found to play critical
roles in mediating both intrinsic and acquired therapeutic
resistance in cancer cells (Nakanishi and Toi, 2005; Baldwin,
2012; Holohan et al., 2013). Activation of NF-«xB promotes cell
proliferation, inhibits apoptosis, and drives the inflammatory
microenvironment, which all could contribute to cancer pro-
gression and therapeutic resistance. In addition, crosstalk
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between NF-«B with other signaling cascades, including the
Janus kinase/signal transducer and activator of transcription
proteins, Wnt/B-catenin, and transforming growth factor 8
pathways, further facilitates the development of drug re-
sistance by promoting epithelial-mesenchymal transition
and self-renewal of the tumor-initiating cell/cancer stem-like
cell population (Singh and Settleman, 2010; Mitra et al., 2015;
Zheng, 2017). Our previous studies revealed a retrograde
nuclear-to-cytoplasmic signaling cascade that mediates DNA
damaging agent—induced NF-«kB activation (Wu and Miya-
moto, 2007; McCool and Miyamoto, 2012). In this genotoxic
NF-«kB signaling pathway, the NF-«B essential modulator
NEMO (also known as IkB kinase/IKKy) functions as the
messenger to relay nuclear DNA damage signaling into
cytoplasmic NF-«B/IKK machinery through its sequential
modification such as sumoylation, phosphorylation, and ubiqg-
uitylation (Huang et al., 2003; Wu et al., 2006, 2010). More-
over, we and other laboratories also identified a number of
critical regulators, such as Ataxia Telangiectasia Mutated
(ATM), Protein inhibitor of activated STAT y (PIASy), cIAP1,
poly(ADP-ribose) polymerase 1 (PARP1), TNF receptor asso-
ciated factor 6 (TRAF6), XIAP1, ELKS (protein rich in the
amino acids E, L, K and S), and SAM68 (the Src-Associated
substrate in Mitosis of 68 kDa), which play essential roles in
modulating this genotoxic NF-«B signaling pathway (Mabb
et al., 2006; Jin et al., 2009; Stilmann et al., 2009; Hinz et al.,
2010; Wu et al., 2010; Fu et al., 2016). In response to
chemotherapeutic treatments or radiation, this atypical
NF-«B signaling cascade is activated in cancer cells, which
enhances the transcription of a variety of protein-coding genes
and microRNAs, promoting drug resistance and invasiveness
of cancer cells (McCool and Miyamoto, 2012; Niu et al., 2012,
2013, 2016).

Survivin (BIRC5) is the smallest member of the inhibitor-of-
apoptosis proteins (IAPs) family, which also includes cIAP1/2
and XIAP. Survivin expression is frequently increased in
various cancers and has been associated with chemoresistance
and poor prognosis in patients with cancer (Altieri, 2015;
Peery et al., 2017). The oncogenic roles of survivin mainly
depend on its function in inhibiting apoptosis and as a key
mitotic regulator (Altieri, 2015; Garg et al., 2016). In normal
cells, survivin expression is abundant during the embryonic
and fetal development stages. In contrast, the survivin level
becomes almost undetectable in terminally differentiated
adult cells (Altieri, 2015). Therefore, the increased expression
of survivin in most cancer cells makes it an attractive cancer-
specific target for cancer treatment. We recently developed
and optimized a potent small-molecule inhibitor of survivin
based on a tetrapeptide motif (AVPI) harbored in the endog-
enous IAP antagonist, second mitochondria-derived activator
of caspases (SMAC) (Wang and Li, 2014, Xiao and Li, 2015; Xiao
et al., 2015). We found that this small-molecule inhibitor, UC-112
(5-[(phenylmethoxy)methyl]-7-(1-pyrrolidinylmethyl)-8-quinolinol),
and its derivatives, MX106 (5-(((4-iospropylbenzyl)oxy)methyl)-7-
(pyrrolidin-1-ylmethyl)quinolin-8-ol) and MX107 (5-((4-ethylbenzyl)
oxy)methyl)-7-(pyrrolidin-1-ylmethyl)quinolin-8-ol), efficiently in-
duced proteasome-dependent degradation of survivin in a number
of cancer cell lines. In addition to survivin, these small molecules also
promoted degradation of other IAPs, such as cIAP1/2 and XIAP, with
reduced potency and in a cell type—dependent manner. Moreover, we
showed that our survivin inhibitors significantly reduced
melanoma cell growth in vitro and in a xenograft mouse
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model, suggesting their potential antimelanoma efficacy
(Wang and Li, 2014; Xiao et al., 2015).

Here we show that survivin inhibitor MX106/MX107 sup-
presses TNBC cell growth in vitro and in an orthotopic
xenograft model. Moreover, MX106 showed robust synergism
with chemotherapeutics and ionizing radiation (IR) in inhib-
iting proliferation and promoting apoptosis in cancer
cells. Mechanistically, MX106/MX107 suppressed DNA
damage—-induced NF-«kB activation, which depends on degra-
dation of cIAP1 and XIAP. In contrast, survivin is not required
for genotoxic NF-«B activation, whereas its depletion leads to
cell cycle arrest and mitotic catastrophe in TNBC cells. We
further found that the combination treatment of a survivin
inhibitor with doxorubicin (Dox) efficiently reduced TNBC
xenograft tumor growth with significantly increased tumor-
suppressive efficacy compared with either drug alone. Our
results suggest that a small-molecule survivin inhibitor may
also be used for treating TNBC, especially in combination with
cytotoxic chemotherapeutics. This combinatory regimen re-
markably reduced drug resistance developed in TNBC cells by
inhibiting NF-«B, which sensitized TNBC cells to a lower dose
of Dox treatment with improved efficacy.

Materials and Methods

Cells, Plasmids, and Regents. Human embryonic kidney
293 (HEK293) T cells, human breast cancer MDA-MB-231 cells, and
human bone osteosarcoma U20S cells were obtained from American
Type Culture Collection (Manassas, VA) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum.
Both MDA-MB-231 and U20S cells were derived from females. Cells
resuscitated from the original passage and passaged within 6 months
were used in all experiments. The cell lines from American Type
Culture Collection were characterized by short tandem repeat pro-
filing. The Myc-NEMO plasmid was generated by cloning the human
NEMO coding sequence into the pcDNAS3 vector as reported pre-
viously (Wu et al., 2006). Compounds MX106 and MX107 (previously
denoted as compounds 4g and 4f, respectively) were synthesized and
characterized as previously reported (Xiao et al., 2015). Etoposide
[VP16; (5S,5aR,8aR,9R)-5-[[(2R,4aR,6R, 7R 8R,8aS)-7,8-dihydroxy-2-
methyl-4,4a,6,7,8,8a-hexahydropyrano[3,2-d][1,3]dioxin-6-yl]oxy]-9-(4-
hydroxy-3,5-dimethoxyphenyl)-5a,6,8a,9-tetrahydro-5H-[2]benzofuro
[6,5-1[1,3]benzodioxol-8-one] and Dox were purchased from Sigma-
Aldrich (St. Louis, MO).

Combination Index Calculation. The effect of the combination
of Dox with MX106 was determined by the CompuSyn program
(ComboSyn). Drug concentrations were designed based on the ICsq
value of each drug tested. Synergism, additive activity, or antagonism
was determined by the Chou-Talalay method (Chou, 2010) and
calculated with a combination index (CI) using CompuSyn software.

Immunofluorescence. Cells were seeded on glass coverslips and
treated with MX106 or dimethylsulfoxide for 24 hours. Then treated
cells were fixed with 4% paraformaldehyde for 15 minutes, followed by
permeabilization with 0.2% Triton X-100 for 5 minutes. Cells then
were blocked with 3% bovine serum albumin for 15 minutes, incubated
with the primary antibody (@-tubulin) for 1 hour, and then incubated
with fluorescence-conjugated secondary antibody for 1 hour. Finally,
cells were imaged with a fluorescent microscope (Invitrogen, Carls-
bad, CA). Nuclei were visualized by 4’',6-diamidino-2-phenylindole
staining.

Immunoprecipitation and Detection of Ubiquitylation.
Briefly, cells were lysed with 1% SDS in immunoprecipitation (IP) lysis
buffer [20 mm Tris, pH 7.0, 250 mm NaCl, 3 mm EDTA, 3 mm EGTA,
0.5% Nonidet P-40, 2 mm dithiothreitol (DTT), 0.5 mm phenylmet-
hylsulfonyl fluoride, 20 mm pB-glycerol phosphate, 1 mm sodium
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Fig. 1. Survivin inhibitors MX106 and MX107 synergize with genotoxic treatments in suppressing tumor cell growth. (A) High survivin levels are
associated with poor prognosis in patients with breast cancer. Data were retrieved from KMplot.com. (Left) Kaplan—Meier analyses of overall survival in
patients with breast cancer stratified by BIRC5 levels. (Right) Kaplan—Meier analyses of recurrence-free survival in TNBC patients based on BIRC5 levels.
(B) MDA-MB-231 cells were treated with varying doses of MX106 or MX107 for 24 hours. Cell viability was determined by the CCK-8 assay. The ICs, values
of MX106 and MX107 were 2.2 and 3.1 uM, respectively. (C) MDA-MB-231 cells were treated with Dox alone or in combination with MX106 for 24 hours. Cell
viability was analyzed as in (B). (D) CI values of combination treatment of MX106 and Dox in MDA-MB-231 cells were calculated and plotted using
CompuSyn. (E) The combination effect of MX106 with Dox in U20S cells was analyzed as in (C). The ICso value of Dox alone was 3.4 ng/ml and decreased to
0.6 ng/ml when combined with MX106 treatment. (F) MDA-MB-231 cells were treated with IR alone or in combination with pretreatment of MX106 (1 xM)
for 12 hours. Cell viability was determined at 48 hours after radiation. CCK-8, Cell Counting Kit 8; HR, hazard ratio; OS, overall survival; RFS, relapse-free

survival.

orthovanadate, 1 ug/ml leupeptin, 1 ug/ml aprotinin, 10 mm p-nitro-
phenyl phosphate, and 10 mm sodium fluoride] at 95°C for 30 minutes.
The cell lysates were then diluted with IP lysis buffer to reduce SDS to
0.1% and were mixed with primary antibodies and protein G-Sepharose
for incubation at 4°C overnight. The precipitated proteins were resolved
on SDA-PAGE and the ubiquitylation of precipitated proteins was
examined by immunoblotting.

In Vitro Kinase Assay. A total of 2 x 10° cells were treated as
indicated. Cell pellets were lysed in 10% phosphate-buffered saline and
90% IP lysis buffer (20 mM Tris, pH 7.0, 250 mM NaCl, 3 mM EDTA, 3 mM
EGTA, 0.5% NP-40, 2 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride,
20 mM B-glycerol phosphate, 1 mM sodium orthovanadate, 1 ug leupep-
tin/ml, 1 pug aprotinin/ml, 10 mM p-nitrophenyl phosphate, and 10 mM
sodium fluoride). Supernatants were diluted further in lysis buffer, and
1 ug a-TAB2 antibody (TAK1 KA) or o-IKKy antibody (IKK KA) was
added to each tube. Protein G-Sepharose—enriched IP samples were
washed three times in lysis buffer and three times in TAK1 kinase buffer
(50 mM Tris-HC], pH 7.5, 0.5 mM DTT, 5 mM MgCl,, 50 uM ATP) or IKK
kinase buffer (20 mM HEPES, pH 7.7, 2 mM MgCly, 2 mM MnCl;, 1 mM
DTT, and 10 uM ATP) supplemented with the panel of inhibitors as above.
Kinase activity was assayed in the respective kinase buffer with 1 ug
substrate (glutathione S-transferase/IKKB8166-197 for TAK1 KA, and
glutathione S-transferase/IxBa1-56 for IKK KA) and 1 uCi [y-32P] ATP
for 45 minutes at 30°C. The samples were boiled in 2x SDS loading buffer,
separated by SDS-PAGE, and transferred to polyvinylidene fluoride
membranes. Radioactive signals were captured by Phosphoimage screen-
ing and analyzed by ImageQuant software (GE Healthcare Life Sciences,
Pittsburgh, PA). The membranes were subjected to Western blotting.

In Vivo Xenograft Model. Female NOD scid y mice (aged
6 weeks) from Jackson Laboratory (Bar Harbor, ME) were maintained
at the University of Tennessee Health Science Center animal facility.

All animal studies were conducted in accordance with National
Institutes of Health animal use guidelines and were approved by the
University of Tennessee Health Science Center Institutional Animal
Care and Use Committee. 1 x 10° MDA-MB-231 LM2 cells were
injected into the mouse mammary fat pad (two/each mouse). Tumor
growth was monitored by caliper measurement using the following
formula: (width® x length/2) (cubic millimeter). When the tumor
volume reached approximately 100 mm?®, tumor-bearing mice were
randomly divided into four groups and treated with intraperitoneal
injection of phosphate-buffered saline vehicle, Dox (1.5 mg/kg, once a
week, every Monday), MX106 (20 mg/kg per day, 5 days per week,
Monday through Friday), or a combination of Dox and MX106 (same
dosage and schedule as the single treatment). At the end point, the
mice were sacrificed and primary tumors were isolated for further
analyses. Group assignment and tumor monitoring were carried out
double blinded. Mice were also imaged by the Xenogen IVIS system
(PerkinElmer, Waltham, MA) to visualize primary tumors and lung
metastases.

Statistical Analysis. The results are presented as means + S.D. and
were analyzed with one-way analysis of variance or the ¢ test. Disease-free
survival/overall survival analysis was estimated by the Kaplan—Meier
method. All statistical analyses were performed using SPSS 22.0 software
(SPSS Inc., Chicago, IL). P < 0.05 was denoted as statistically significant.

Results

Survivin Inhibitors Sensitize Cancer Cells to Geno-
toxic Treatments. Increased survivin expression was found
in various stages of breast cancer tissues compared with
normal breast tissues (Ryan et al., 2005). Higher survivin
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Fig. 2. MX106/MX107 significantly enhances genotoxic

drug-induced apoptosis. (A) MDA-MB-231 cells were treat-
ed with Dox (2 pg/ml), MX106 (3 uM), or in combination.
Crystal violet staining was used to determine cell survival

at 2 days after treatment. (B) MDA-MB-231 cells were
treated with Dox (0.5 pug/ml) and/or MX106 (2 uM) and
analyzed by flow cytometry after Annexin V-FITC/PI
staining. (C and D) HEK293 (C) and MDA-MB-231 (D)
cells were treated with etoposide (VP16, 10 uM) or Dox

» (2 ug/ml) alone or in combination with MX106 (3 uM) or
MX107 (3 uM). Then cells were harvested for immunoblot-
ting with the indicated antibodies. FITC, fluorescein
isothiocyanate; PI, propidium iodide.
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levels also correlated with more advanced breast cancers and
metastasis (Li et al., 2017). Using KM-Plotter (Lanczky et al.,
2016), we determined the correlation between survivin ex-
pression levels with overall survival in 1402 patients with
breast cancer. High survivin levels were significantly associ-
ated with poor overall survival in patients with breast cancer
(hazard ratio, 2.58; 95% confidence interval, 1.94-3.44; P =
1.9e—11; Fig. 1A, left). In patients with TNBC, higher survivin
expression strongly correlated with shorter relapse-free sur-
vival (hazard ratio, 2.19; 95% confidence interval, 1.34—3.59;
P = 0.0014; Fig. 1A, right). These data suggest that increased
survivin plays critical roles in promoting breast cancer pro-
gression and relapse.

To determine whether survivin inhibition decreases TNBC
cell viability, we treated MDA-MB-231 cells with varying
doses of MX106 or MX107 for 24 hours. Both MX106 and
MX107 effectively suppressed MDA-MB-231 cell proliferation,
with ICs¢ values around 2 to 3 uM (Fig. 1B). Moreover,
combining MX106 with Dox significantly enhanced the tumor-
icidal efficacy of Dox in TNBC cells, compared with Dox
treatment alone (Fig. 1C). The ICsq value of Dox to MDA-
MB-231 cells decreased from 31.95 to 1.62 ng/ml, a decrease of
almost 20-fold, suggesting a synergistic effect between these
two drugs. To validate this synergism, we determined the CI
value for the combination of MX106 and Dox following the
reported algorithm (Chou, 2010). We found that the CI of this
two-drug combination in MDA-MB-231 cells was 0.016 at
EDj5o (Fig. 1D; Supplemental Table 1), suggesting a strong
synergistic effect between MX106 and Dox. Interestingly,
although another survivin inhibitor, YM155 [1-(2-methoxyethyl)-
2-methyl-3-(pyrazin-2-ylmethyl)-2H-benzolflbenzimidazole-4,9-
dione;bromide], showed higher potency in inhibiting MDA-MB-231
cell growth (IC5y = 3.7 nM; Supplemental Fig. 1A), MX106 showed
a substantially enhanced CI when combined with Dox compared
with YM155, suggesting a robust synergism between MX106 and
Dox in inhibiting MDA-MB-231 cell proliferation (Supplemental

Fig. 1B; Supplemental Table 1). In addition, combination treat-
ment with MX106 also substantially enhanced the tumoricidal
effect of Dox in osteosarcoma U20S cells (Fig. 1E). Moreover, when
we combined MX106 with IR for treating MDA-MB-231 cells, an
enhanced tumoricidal effect was also observed with the combina-
tory treatment compared with IR alone (Fig. 1F). All of these
results strongly suggest that survivin inhibitors MX106/MX107
could synergize with genotoxic drugs and radiation, resulting
in significantly improved antitumor efficacy of these cytotoxic
treatments.

Survivin Inhibitors Enhance Genotoxic Treatment-
Induced Apoptosis. We found that the combination treat-
ment of MX106 and Dox substantially decreased MDA-MB-231
cell survival, compared with treatment with either MX106 or
Dox (Fig. 2A). To determine whether survivin inhibition en-
hances Dox-induced cancer cell apoptosis, we carried out flow
cytometry analysis with propidium iodide/Annexin V staining in
MDA-MB-231 cells treated with MX106, Dox, or in combination.
Interestingly, treatment with MX106 alone (2 uM) did not
significantly increase apoptosis in MDA-MB-231 cells. In con-
trast, the combination treatment of MX106 with Dox doubled
the apoptotic population compared with that by Dox alone (Fig.
2B). Consistent with the flow cytometry data, we also detected
significantly increased PARP1 cleavage and caspase 3 activation
in cells treated with chemodrug etoposide (VP16) or Dox in
combination with either MX106 or MX107, compared with cells
treated with Dox alone (Fig. 2, C and D). Meanwhile, we did not
observe strong activation of caspase 3 and PARP1 cleavage in
cells treated with MX106 or MX107, suggesting that the tumor-
suppressive effect of MX106/MX107 on MDA-MB-231 cells we
observed likely depends on proliferation inhibition.

MX106/MX107 Diminishes Genotoxic Agent-Induced
NF-«B Activation. Our previous studies demonstrated that
genotoxic agents, such as Dox and IR, could activate NF-«B,
which inhibits genotoxic treatment-induced apoptosis in
cancer cells (McCool and Miyamoto, 2012; Wang et al.,
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Fig. 3. MX106/MX107 inhibits NF-«B activation by genotoxic agents. (A) MDA-MB-231 cells pretreated with dimethylsulfoxide or increasing doses of
MX106 for 12 hours were exposed to Dox (2 ug/ml) for 2 hours as indicated. NF-«B activity was examined by EMSA. Whole cell extracts were analyzed by
Western blotting with the indicated antibodies. (B) HEK293 cells were pretreated with dimethylsulfoxide, MX106 (3 uM), or MX107 (3 uM) for 12 hours.
Cells were then exposed to IR (10 Gy) and harvested at 2 hours after treatment. Whole cell extracts were analyzed as in (A). (C) U20S cells were treated
with Dox (2 pug/ml) with or without MX106/MX107 pretreatment as in (B) and analyzed by immunoblotting as indicated. (D) HEK293 cells were treated
with TNFa (10 ng/ml, 15 minutes) or VP16 (10 uM, 2 hours) in a setting similar to (B). Whole cell lysates were analyzed accordingly. (E) The transactivity
of NF-kB was monitored with NF-«B Luciferase reporter in MDA-MB-231 cells after the indicated treatment. (F) The mRNA levels of IL-6, IL-8, and
IkBa (NFKBIA) were analyzed by quantitative polymerase chain reaction in MDA-MB-231 cells treated with Dox (2 pg/ml), MX106 (3 uM), or MX107
(3 uM) alone or in combination as indicated. EMSA, Electrophoretic Mobility Shift Assay; RLU, relative light unit.

2017). We found that cotreatment of MX106 with Dox sub-
stantially decreased Dox-induced NF-«B activation (Fig. 3A).
This inhibition of genotoxic stress-induced NF-«xB is not
limited to MDA-MB-231 cells or Dox treatment, since we
observed similar inhibition of NF-«B signaling in HEK293
cells treated with IR and in U20S cells exposed to Dox (Fig. 3,
B and C). In these cells, we noticed that along with a dramatic
decrease of survivin expression upon MX106/MX107 treat-
ment, the expression of other IAPs, such as cIAP1 and XIAP,
also decreased to a varying extent depending on the cell type

(Fig. 3, A-C). XIAP and cIAP1 have been shown to be
required for genotoxic NF-«kB signaling in various cancer
cells (Jin et al., 2009; Hinz et al., 2010; Wu et al., 2010).
Consistent with this, we observed inhibition of NF-«B
activation by pretreatment with MX106/MX107 in
HEK293 cells stimulated by VP16, which correlated
with significantly ;decreased expression of cIAP1, XIAP,
and survivin Fig. 3D). In contrast, YM155 treatment did
not decrease cIAP1 and XIAP levels in MDA-MB-231
cells, although survivin was substantially suppressed
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(Supplemental Fig. 1C). Meanwhile, Dox-induced NF-«B
activation was not inhibited by YM155.

Previous reports showed that SMAC mimetics such as BV6
[(2S)-1-[(2S)-2-cyclohexyl-2-[[(2S)-2-(methylamino)propanoyl]
amino]acetyl]-N-[(2S5)-1-[6-[[(2S)-2-[[(2S5)-1-[(2S)-2-cyclo-
hexyl-2-[[(2S5)-2-(methylamino)propanoyl]amino]acetyl]
pyrrolidine-2-carbonyl]amino]-3,3-diphenylpropanoyl]amino]-
hexylamino]-1-0x0-3,3-diphenylpropan-2-yl]pyrrolidine-2-
carboxamide] and compound A (Varfolomeev et al., 2007;
Vince et al., 2007), which both induce rapid cIAP1 degra-
dation, activate alternative NF-«B signaling pathways. We
found that treatment with MX106 up to 24 hours did not
substantially increase p52 processing, which correlates
with incomplete cIAP1 depletion in cells treated with
MX106 (Supplemental Fig. 2A). Furthermore, we did not
observe an obvious change in classic NF-«B activation by
tumor necrosis factor « (TNFa) in cells treated with MX106
or MX107 (Fig. 3D). These data suggest that survivin
inhibitor MX106/MX107 predominantly suppresses geno-
toxic NF-«B signaling.

We further validated the impact of survivin inhibitors on
genotoxic NF-«kB activation by a reporter assay. Accordingly,

induj

MX106/MX107 significantly inhibited the transactivity of
NF-«kB in MDA-MB-231 cells treated with Dox (Fig. 3E).
Moreover, Dox-induced upregulation of canonical NF-«B-
target genes, such as IkBa (NFKBIA), interleukin (IL)-6
(IL6), and IL-8 (CXCLS8), was substantially suppressed by
MX106/MX107 (Fig. 3F). All of these data strongly support
that survivin inhibitor MX106/MX107 could diminish geno-
toxic agent-induced NF-«B activation and suppress its down-
stream target gene transcription, which may play a role in
enhancing cancer cell sensitivity to genotoxic treatments and
promoting apoptosis.

MX106/MX107 Interferes with Genotoxic NF-«xB
Signaling by Suppressing cIAP1/XIAP-Mediated Ubiq-
uitylation. We previously showed that NEMO monoubiquity-
lation is essential for NEMO export from the nucleus and
subsequent IKK activation in the cytoplasm (Huang et al.,
2003; Wu et al., 2006). Further studies showed that cIAP1 is an
essential ubiquitin E3 ligase for mediating NEMO monoubiqui-
tylation (McCool and Miyamoto, 2012; Holohan et al., 2013). Since
our survivin inhibitors also decreased levels of cIAP1 in cells, we
examined whether MX106/MX107 also affects NEMO
monoubiquitylation upon genotoxic treatment. Indeed,
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NEMO monoubiquitylation was decreased in HEK293 cells
treated with VP16 in combination with MX106 or MX107
(Fig. 4A). Consistent with this, we found that VP16-
induced K63-linked polyubiquitylation of ELKS, another
key modulator of genotoxic NF-«B signaling (Wang et al.,
2017), was also diminished by MX106/MX107 (Fig. 4B).
This inhibition of ELKS K63-ubiquitylation is likely due to
MX106/MX107-induced downregulation of XIAP, which is
also required for ELKS ubiquitylation upon genotoxic
stress.

Previous reports have shown that NEMO monoubiquitylation
and ELKS K63-ubiquitiylation are essential for TAKI/IKK
kinase cascade activation upon genotoxic treatments (Wu
et al., 2006; McCool and Miyamoto, 2012; Wang et al., 2017).
As shown in Fig. 4, C and D, we observed a dramatically
decreased activation of TAK1 and IKK by VP16 in cells
cotreated with MX106 or MX107 using in vitro kinase assays.
Altogether, these results indicate that the survivin inhibitor
MX106/MX107 could suppress DNA damage—induced NF-«xB
kinase cascade activation by attenuating essential upstream
ubiquitylation events.

Survivin Is Dispensable for Genotoxic NF-«B Acti-
vation, But Is Essential for Cell Cycle Progression in
Cancer Cells. Since it is unclear whether survivin plays a
role in mediating NF-«B activation by genotoxic treatment, we
knocked down survivin with specific small interfering RNA in
HEK293 cells and examined NF-«xB activation by genotoxic
drug VP16. Depletion of survivin had little effect on VP16-
induced NF-«B activation (Fig. 5A). Similar results were also
observed in MDA-MB-231 cells treated with Dox (data not
shown). These observations indicate that survivin is not
required for effective NF-«kB activation by genotoxic
treatments.

Survivin is a member of the chromosomal passenger
complex along with Aurora B, Borealin, and INCEP, which
play an essential role in regulating chromosome-microtubule
attachment, spindle assembly checkpoint, and cytokinesis
during mitosis and cell division (Carmena et al., 2012).
Depletion of survivin has been shown to lead to abnormal cell
division and mitotic catastrophe (Altieri, 2015). We treated
MDA-MB-231 cells with MX106 for 48 hours. In accordance

Fig. 5. Antagonizing survivin by MX106 leads to cell cycle
arrest and abnormal cell division. (A) Survivin was de-
pleted by small interfering RNA in HEK293T cells. NF-«B
activation upon VP16 treatment (10 uM, 2 hours) was
examined by EMSA as indicated. (B) Cell cycle in control or
MX106 treated (3 uM, 48 hours) MDA-MB-231 cells was
examined by flow cytometry. (C and D) Mitotic cells and cell
division were visualized by immunofluorescence staining
with anti-a-tubulin and 4’,6-diamidino-2-phenylindole in
control or MX106-treated (2 uM, 48 hours) MDA-MB-231
cells. Representative abnormal microtubule spindles and
aberrant cell division upon MX106 treatment are shown in
(C) and are quantified as abnormal nuclear events in (D).
EMSA, Electrophoretic Mobility Shift Assay.

Control MX106

with previous reports (Pennati et al., 2004; Kedinger et al.,
2013), depletion of survivin led to cell cycle arrest at the G2/M
phase (Fig. 5B). Moreover, aberrant mitotic progression in-
dicated by an increased fraction of polyploid cells with more
than 4 N DNA content was observed in MDA-MB-231 cells
treated with MX106. This observation is consistent with the
essential role of survivin in proper completion of mitosis and
cell division. Accordingly, we observed significantly increased
abnormal nuclear events, such as enlarged nuclei, mis-
arranged chromosome alignment, failed chromosome seg-
regation, and disrupted microtubule polymerization, in
MX106-treated cells (Fig. 5, C and D). All of these data
suggest that inhibition of survivin by MX106 directly
promotes cell cycle arrest and mitotic catastrophe, which
may eventually lead to necrotic and apoptotic cell death in
cancer cells (Vitale et al., 2011).

Survivin Inhibitor Sensitize TNBC Tumors to Che-
motherapy In Vivo. To determine whether survivin in-
hibitor can synergize with cytotoxic chemotherapeutics to
suppress tumor growth in vivo, we generated an orthotopic
TNBC xenograft model by injecting MDA-MB-231LM2 cells
into mouse mammary fat pads as we reported previously (Niu
et al., 2016). Tumor growth was monitored and tumor-bearing
mice were randomly separated into four treatment groups as
indicated in Fig. 6A. We found that MX106 alone was able to
reduce xenograft tumor progression. Dox treatment led to
decreased tumor growth, whereas xenograft tumors soon
adapted to the Dox treatment and regained the growth
potential after the third injection. Combination treatment of
Dox with MX106 showed significantly enhanced tumor-
suppressive efficacy than treatment with either agent alone
(Fig. 6, A and B). Importantly, no regaining of tumor growth
potential was observed after combinatory treatment until the
end point, suggesting potential mitigation of acquired re-
sistance to Dox in xenograft tumors. We also observed further
decreased lung metastasis in the combination treatment
group, compared with the single-agent groups (Fig. 6C).

To validate the efficacy of MX106 in promoting degradation
of survivin and other IAPs, we examined the protein lysates
extracted from xenograft tumors. As expected, the survivin
level was significantly decreased in tumors treated with
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Fig. 6. Survivin inhibitor MX106 shows synergism with Dox treatment in suppressing tumor growth and metastasis in vivo. (A) NSG mice transplanted
with MDA-MB-231 LM2 cells (n = 5) were treated with phosphate-buffered saline, Dox (2 mg/kg), MX106 (20 mg/kg), or in combination when xenograft
tumor volume reached approximately 100 mm? as shown. Xenograft tumor growth was monitored and showed as the tumor volume. Red arrows indicate
Dox or N.S. treatment; purple arrows indicate MX106 injection. *P < 0.05. (B) Bioluminescence imaging was performed at the experiment end point to
visualize tumor size. (C) Pulmonary tumor outgrowth was monitored by bioluminescent imaging as in (B). (D) Protein samples extracted from xenograft
tumors (two/group) were immunoblotted by antibodies against p-P65, p65, cleaved PARP, XIAP, survivin, and tubulin. (E) RNA samples were extracted
from tumors and analyzed by quantitative polymerase chain reaction. **P < 0.01. N.S., Natural Saline; NSG, NOD scid 7y.

MX106 (Fig. 6D). In parallel, XIAP expression was also
decreased in response to MX106 treatment, whereas the
change in cIAP1 expression was negligible. Consistent with
our observation in vitro, Dox treatment induced robust
NF-«B activation in tumors, which was substantially de-
creased in tumors cotreated with MX106. We also observed
no substantial increase in NIK level and p52 processing in
tumors treated with MX106 (Supplemental Fig. 2B), sug-
gesting that the alternative NF-«B signaling was not
activated in these tumors. Along with decreased genotoxic
NF-«B activation, we found increased PARP cleavage in
tumors treated with the combination of Dox with MX106,
compared with those treated with Dox alone, suggesting
increased tumor cell apoptosis (Fig. 6D). In addition,

Dox-induced transcriptional upregulation of IL-6 and IL-8
in TNBC tumors was also significantly decreased by cotreat-
ment with MX106, likely due to suppression of genotoxic
NF-«B activation (Fig. 6E).

Discussion

Increased survivin levels have been associated with chemo-
resistance in a variety of malignancies (Coumar et al., 2013;
Zheng, 2017). The functions of survivin in regulating apopto-
sis, autophagy, mitosis, and DNA repair are considered to
play major roles in promoting cancer cell survival and eva-
sion from tumoricidal effects of chemotherapeutics and radi-
ation (Grdina et al., 2013). Therefore, survivin has drawn
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significant attention as a target of anticancer agents mitigat-
ing drug resistance (Xiao and Li, 2015; Peery et al., 2017). We
recently developed both a novel compound with similarity to
the SMAC AVPI domain (UC-112) as well as its more potent
derivatives (MX106/MX107), which showed high efficiency in
promoting survivin degradation and inducing apoptosis in
melanoma cells (Chen, 2012; Coumar et al., 2013). Here, we
found that the MX106/MX107 suppressed TNBC cell growth
and inhibited TNBC xenograft tumor progression in vivo.
Although the low dose of MX106/MX107 did not significantly
increase apoptosis directly in cancer cells, it effectively
arrested cell cycle progression and interrupted cell division,
eventually leading to mitotic catastrophe. Furthermore, the
survivin inhibitors synergized with genotoxic drugs or IR and
dramatically enhanced cancer cell apoptosis in response to
cytotoxic treatments. We further showed that degradation of
XIAP and/or cIAP1 by MX106/MX107 diminished NF-«B
activation induced by these genotoxic agents, which may be
responsible, at least in part, for increased drug sensitivity and
apoptosis in cancer cells and TNBC xenograft tumors treated
with Dox. In line with this notion, survivin inhibitor YM155
failed to decrease cIAP1/XIAP expression and genotoxic
NF-«B activation in TNBC cells, which may explain its lower
synergism with Dox treatment in inhibiting TNBC cell pro-
liferation compared with MX106. These results strongly
suggest that the survivin inhibitors MX106 and MX107 may
be used in combination with chemotherapeutics, such as Dox,
to achieve synergistic tumoricidal effects in treating TNBC.

Anthracycline drugs, such as Dox and epirubicin, are a
leading cause of heart failure and irreversible cardiovascular
damage in cancer patients after chemotherapy (Brown et al.,
2015). The high cardiotoxicity of anthracycline drugs is a
major limitation when considering chemotherapeutic regi-
mens for cancer patients with high cardiovascular risk. We
found that MX106/MX107 significantly reduced the IC5, value
of Dox in cancer cells, which indicates that combining MX106/
MX107 with Dox could substantially reduce the drug dose
with comparable efficacy, resulting in a reduced risk of
cardiotoxicity in patients. We also observed a similar effect
in cancer cells treated with IR in combination of MX106,
suggesting their potential application in reducing the radia-
tion dose to treat breast cancer.

Genotoxic treatment-induced NF-«B activation has been
considered as a major mechanism by which cancer cells
acquire drug resistance (Zheng, 2017). Our previous studies
showed that, in addition to antiapoptotic genes induced by
NF-«B, upregulation and secretion of inflammatory cytokines
(i.e., IL-6 and IL-8) may also contribute to a chronic in-
flammatory microenvironment that enhances the survival
and increased invasiveness in cancer cells (Niu et al., 2012,
2016; Wanget al., 2017). MX106/MX107 substantially reduced
induction of inflammatory cytokine IL-6 and IL-8 in vitro and
in xenograft tumors after Dox treatment. Moreover, the lung
metastasis of xenograft tumors was also significantly reduced
in xenografted mice treated with Dox in combination with
MX106, compared with that in mice treated with Dox or
MX106 alone. These data suggest that MX106/MX107-
mediated suppression of NF-«B activation by chemotherapeu-
tic drugs not only sensitizes TNBC cells to chemotherapy but
could also reduce their metastatic potential.

Previous studies have demonstrated that treatment with
SMAC-mimetic compounds with high potency in degrading

cIAP1/2 proteins, such as BV6 and compound A, could
stabilize NIK and activate alternative NF-«B signaling,
thereby upregulating TNFa (Varfolomeev et al., 2007; Vince
et al., 2007). Autocrine and/or paracrine of TNFa stimulate
cancer cell apoptosis in the absence of cIAP1l-mediated
prosurvival branch of TNF« signaling, which could be further
reinforced by increased complex II (RIP1/FADD/caspase 8)
formation due to decreased RIP1 ubiquitylation by cIAP1
(Fulda, 2015b). We did not observed alternative NF-«xB
activation and induction of apoptosis by MX106/MX107
treatment alone in breast cancer cells, which may be attribut-
able to the relatively low dose we used for combination
treatment. High basal p52 levels in MDA-MB-231 cells may
also increase the threshold for further enhancing alternative
NF-«B signaling. Furthermore, MX106 and MX107 and their
precursor compound UC-112 have been shown to induce
survivin degradation with high potency, although they are
less effective in inducing cIAP1/2 and XTAP degradation (Xiao
et al., 2015). Nevertheless, the tumoricidal effect and caspase
activation in melanoma cells by MX106/MX107 and their
precursor UC-112 may involve alternative NF-«B activation
and TNFa«/RIP1-induced apoptotic signaling (Wang and Li,
2014; Xiao et al., 2015), which warrants further investigation.

Survivin expression is abundant in embryonic stem cells
during fetal development. It also plays critical roles in the
homeostasis of adult stem/progenitor cells, such as hemato-
poietic stem cells and neuronal stem cells (Altieri, 2015).
Moreover, previous reports showed that survivin overexpres-
sion initiated hematopoietic stem cell-driven malignancies in
mice (Small et al.,, 2010) and promoted survival of glioma
stem-like cells during gliomagenesis (Guvenc et al., 2013). In
accordance, high survivin levels are associated with poor
survival in stem cell-driven tumors, such as acute leukemia
and gliomas. Therefore, it is plausible that survivin has
important roles in regulating cancer stem-like cell/cancer-
initiating cell behavior. In addition to their importance in
cancer initiation and relapse, cancer stem-like cells are also a
major source of drug resistance (Oskarsson et al., 2014). Our
data indicate that degradation of cIAP1/XIAP by MX106/
MX107 could suppress genotoxic NF-«B activation, resulting
in reduced drug resistance. Meanwhile, directly targeting
survivin by MX106/MX107 may decrease the cancer stem-
like cell population, which could also contribute to increased
drug sensitivity and mitigation of drug resistance.

In summary, we found that survivin inhibitor MX106/
MX107 significantly increased the therapeutic potency of
Dox in treating TNBC cells. Combined treatment with Dox
and MX106 showed superior tumor-suppressive efficacy,
compared with Dox or MX106 alone, in a TNBC MDA-MB-
231 xenograft model. Mechanistically, MX106/MX107-
induced degradation of cIAP1 and/or XIAP attenuated
NF-«B activation by chemotherapeutic drugs and radiation,
which sensitized cancer cells to cytotoxic treatment. Combin-
ing MX106/MX107 or other SMAC-mimetic compounds with
anthracycline drugs may significantly improve their thera-
peutic efficacy, which may enable physicians to treat cancer
patients with a lower dose of anthracycline and thereby reduce
treatment-associated cardiotoxicity. Inhibiting survivin by a
variety of approaches has been shown to induce apoptosis in
cancer cells (Altieri, 2015; Xiao and Li, 2015; Peery et al.,
2017). Although the lower dose of MX106/MX107 did not
directly induce apoptosis, it is sufficient for causing cell cycle
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arrest and promoting mitotic catastrophe. Moreover, the
MX106/MX107-dependent inhibition of genotoxic NF-«B acti-
vation could further enhance cytotoxic treatment-induced
apoptosis. Several SMAC mimetics, predominantly antago-
nizing cIAP1, cIAP2, and XIAP, are under evaluation in
clinical trials (Fulda, 2015a,b). Meanwhile, survivin inhibitor
YM155 has also been tested as a single agent or in combina-
tion with other anticancer agents for treating various solid
tumors and blood cancers (Peery et al., 2017). Unlike YM 155,
MX106/MX107 is not sensitive to P-glycoprotein pump-
mediated drug efflux (Xiao et al., 2015), indicating a reduced
drug resistance prospect in cancer cells. Therefore, our novel
survivin inhibitor MX106/MX107 may be able to harness the
therapeutic benefit from inhibiting oncogenic activity of
survivin in promoting cancer cell survival and mitosis, as well
as cIAP1/XIAP-facilitated genotoxic NF-«B activation, lead-
ing to synergistic tumor-suppressive efficacy when used to in
combination with genotoxic agents.
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