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Abstract

TRAIL has been shown to induce apoptosis in cancer cells, but in some cases certain cancer cells
are resistant to this ligand. In this study, we explored the ability of representative HSP90 (heat
shock protein 90) inhibitor NVP-AUY922 to overcome TRAIL resistance by increasing apoptosis
in colorectal cancer (CRC) cells. The combination of TRAIL and NVP-AUY922 induced
synergistic cytotoxicity and apoptosis, which was mediated through an increase in caspase
activation. The treatment of NVP-AUY922 dephosphorylated JAK2 and STAT3 and decreased
Mcl-1 which resulted in facilitating cytochrome c release. NVP-AUY922-mediated inhibition of
JAK2/STAT3 signaling and down-regulation of their target gene, Mcl-1, occurred in a dose and
time-dependent manner. Knock down of Mcl-1, STAT3 inhibitor or JAK2 inhibitor synergistically
enhanced TRAIL-induced apoptosis. Taken together, our results suggest the involvement of the
JAK2-STAT3-Mcl-1 signal transduction pathway in response to NVP-AUY922 treatment, which
may play a key role in NVP-AUY922-mediated sensitization to TRAIL. In contrast, the effect of
the combination treatments in non-transformed colon cells was minimal. We provide a clinical
rationale that combining HSP90 inhibitor with TRAIL enhances therapeutic efficacy without
increasing normal tissue toxicity in CRC patients.
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1. Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related death in the West [1].
The current standard treatment for patients with CRC is surgical resection followed by
chemotherapy, e.g., the combination of 5-fluorouracil, oxaliplatin and irinotecan for those
patients; however, resistance to chemotherapy remains a major problem in the treatment of
this disease because continuous chemotherapy with or without a targeting drug inevitably
induces toxicity to normal tissues [2-4]. Despite considerable advances in the treatment of
CRC, substantial changes in treatment strategies are required to overcome these problems of
drug resistance and toxicity.

TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) is a member of the tumor
necrosis factor (TNF) - a family, which induces apoptosis via the extrinsic cell death
pathway in a variety of cancer cells, but it is non-toxic to normal tissue cells [5, 6]. A
relatively high proportion of tumor cell lines tested to date have been found to be sensitive
to the cytotoxic effects of TRAIL, and there is evidence for the safety and potential efficacy
of TRAIL therapy [4, 7]. Recently, some groups have reported that combinations of TRAIL
and potential chemotherapeutic agents can increase TRAIL-induced apoptosis in several
types of solid tumor cells [8-12].

Heat shock protein (HSP90) functions as a molecular chaperone of oncoproteins, by which it
regulates cellular homeostasis, cell survival and transcriptional regulation [13, 14]. Unlike
normal cells, HSP90 in cancer cells is frequently up-regulated upon exposure to various
types of stress, e.g., acidosis, low oxygen tension, or nutrient deprivation [15].
Overexpression of HSP90 plays an important role in protection from therapeutic agent-
induced apoptosis and signals a poor prognosis and malignancy [16-20]. By contrast,
inhibition of HSP90 leads to the degradation of HSP9O0 client proteins, including oncogenic
proteins, and consequently suppresses tumor growth and eventually causes cancer cells’
apoptosis. Over the past several years, the dozens of HSP90 inhibitors developed to treat
cancer include geldanamycin (GA). However, the use of GA as a chemotherapeutic agent
has not proceeded because it causes liver damage at effective concentrations. Then, second-
generation HSP90 inhibitors have been developed, such as ganetespib and NVP-AUY922,
which are considerably more powerful and less toxic. Recent strategy in treatment for cancer
patients is combination therapies in which HSP90 inhibitors are combined with other
chemotherapeutic agents [21-26]. In this study, we investigated whether NVP-AUY922 can
enhance sensitivity to TRAIL in CRC cells by modulating antiapoptotic signaling pathway.

In earlier reports, combinations of HSP90 inhibitor and TRAIL were found to demonstrate
synergistic activity against leukemia and glioma cells [27, 28]. In this study, we studied the
novel HSP90 inhibitor, NVP-AUY922, in combination with TRAIL in CRCs. Our aims
were to explore the ability of NVP-AUY922 to reverse resistance or increase sensitivity to
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TRAIL-induced apoptosis. We demonstrated that combinations of TRAIL and NVP-
AUY922 are synergistic and induce increased apoptosis in CRCs with the simultaneous
inhibition of the JAK2-STAT3-Mcl-1 signaling pathway. In contrast, this effect is minimal
in non-transformed FHC human colon epithelial cells, indicating the potential for
differential therapeutic selectivity. Our results indicate the therapeutic potential of
combinatorial therapy TRAIL with HSP90 inhibitors in CRCs.

2. Materials and Methods

2.1. Cell culture

Human cancer HCT116, Caco-2, SW480, HT-29 and LS174T cells were purchased from
American Tissue Type Culture Collection (ATCC) (Manassas, VA, USA). Human
colorectal carcinoma CX-1 cells were obtained from Dr. JM Jessup (National Cancer
Institute). Human colon cancer stem cells, Tu-12, were established by Dr. E. Lagasse
(University of Pittsburgh). Cells were cultured in McCoy’s 5A, DMEM and RPMI 1640
medium (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (HyClone, Logan,
UT, USA), 1 mM L-glutamine, and 26 mM sodium bicarbonate for monolayer cell culture.
Primary cultures of human normal colon cells (FHC) and their corresponding growth
medium (DMEM:F12) were purchased from ATCC (Manassas, VA, USA). The dishes
containing cells were kept in a 37°C humidified incubator with 5% CO2.

2.2. Reagents and antibodies

NVP-AUY922 and S31-201 were purchased from Selleck Chemicals (Houston, TX, USA).
Niclosamide (5-chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide) and LLL12 (5-
hydroxy-9,10-dioxo-9,10-dihydroanthracene-1-sulfonamide) were purchased from Biovision
(Milpitas, CA, USA). Treatments of drugs were accomplished by aspirating the medium and
replacing it with medium containing these drugs. For production of TRAIL, a human TRAIL
cDNA fragment (amino acids 114-281) obtained by RT-PCR was cloned into a pET-23d
(Novagen, Madison, WI, USA) plasmid, and His-tagged TRAIL protein was purified using
the Qiagen express protein purification system (Qiagen, Valencia, CA, USA). Interleukin-6
(1L-6) growth factor was purchased from R&D Systems (Plymouth Meeting, PA, USA).
Anti-Bax, anti-Bcl-2, and anti-Bcl-xL were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-XIAP, anti-clAP1, anti-clAP2, anti-Bid, anti-Mcl-1, anti-
cleaved caspase-3, anti-cleaved caspase-8, anti-cleaved caspase-9, anti-His tag, anti-phospho
JAK2, anti-JAK2, anti-phospho STATS3, anti-STAT3, and anti-PARP-1 were purchased
from Cell Signaling (Beverly, MA, USA). Anti-cytochrome c antibody from PharMingen
(San Diego, CA, USA) and anti-actin antibody was purchased from MP Biomedicals (Solon,
OH, USA). For the secondary antibodies, anti-mouse-1gG-HRP and anti-rabbit-1gG-HRP
were purchased from Santa Cruz Biotechnology.

2.3. Western blotting

Western blotting was carried out as previously described [12]. Immunoreactive proteins
were visualized by the chemiluminescence protocol (ECL, Amersham, Arlington Heights,
IL, USA). ImageJ software (NIH) was used for quantification of intensities of western blot
bands.
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2.4. Transient and stable transfection

JAK2 expression plasmids (pcDNA3.1-JAK2-HA and pcDNA3.1-JAK2(V617F)-HA) were
kindly provided by Dr. Lily-shen Huang (University of Texas Southwestern Medical Center,
Dallas, TX, USA). To evaluate the effect of Mcl-1 overexpression on its own antiapoptotic
activity, we established HCT116-derived cell lines. Cells were transfected with human
Mcl-1 tagged with His in pCDNA3.1 vector or the corresponding empty vector (0)CDNA).
Cells were selected with 1 mg/ml G418 for 2 weeks and five clones were pooled and then
maintained in 500 pg/ml G418.

2.5. Small interfering RNA (siRNA)

STAT3 siRNA (Cat. No. SC-29493), Mcl-1 siRNA (Cat. No. SC-35877), and negative
control siRNA (Cat. No. SC-37007) were obtained from SantaCruz Biotechnology. Cells
were transfected with siRNA oligonucleotides using Lipofect AMINE RNAIi Max reagents
(Invitrogen) according to the manufacturer’s introductions. After 24 hours of transfection,
cells were treated with TRAIL for further analysis.

2.6. Real-time reverse transcription PCR

Total RNA was isolated from untreated or drug-treated cells using the RNAeasy Kit
(Qiagen) according to the manufacturer’s protocol. Total RNA (2 ug) was used to generate
complementary DNA using SuperScript I11 reverse transcriptase (Invitrogen). The following
primers were used for Mcl-1: Forward: 5-GACCGGCTCCAAGGACTC-3/, Reverse: 5'-
TGTCCAGTTTCCGGAGCAT-3, p-Actin: Forward: 5'-
GACCTCACAGACTACCTCAT-3/, Reverse: 5-AGACAGCACTGTGTTGGCTA-3'.
Amplification and data collection were performed in accordance with the manufacturer’s
instructions (Applied Biosystems 7500 real-time PCR system). The relative Mcl-1
expression levels were calculated using actin as an internal reference, and normalized to
Mcl-1 expression in non-treated cells. All experiments were performed in duplicate.

2.7. Survival assay

MTS studies were carried out using the Promega CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega). Cells were grown in tissue culture-coated 96-well plates and
treated as described in Results. Cells were then treated with MTS/phenazine methosulfate
solution for 2 h at 37°C. Absorbance at 490 nm was determined using an enzyme-linked
immunosorbent assay plate reader.

2.8. Apoptosis assay

The translocation of phosphatidylserine, one of the markers of apoptosis, from the inner to
the outer leaflet of plasma membrane was detected by binding of allophycocyanin (APC)-
conjugated Annexin V. Briefly, HCT116 cells untreated or treated with NVP-AUY922,
TRAIL, or a combination of the two agents were resuspended for 24 hr in the binding buffer
provided in the Annexin V-FITC Detection Kit Il (BD Biosciences Pharmingen, San Diego,
CA, USA). Cells were mixed with 5 pL. Annexin V-FITC reagent and incubated for 30 min
at room temperature in the dark. The staining was terminated and cells were immediately
analyzed by flow cytometry.
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2.9. Cytochrome c release assay

To determine the release of cytochrome ¢ from the mitochondria, HCT116 cells growing in
100 mm dishes were used. After drug treatment, mitochondrial and cytosol fractions were
prepared by using Mitochondrial Fractionation Kit (Active Motif, Carlsbad, CA, USA) from
treated cells following company instructions and reagents included in the kit. Cytosolic
fractions were subjected to SDS-PAGE gel electrophoresis and analyzed by immunoblotting
using anti-cytochrome c antibody. Equal loading of the mitochondrial pellets was confirmed
with anti-COX 1V antibody.

2.10. Caspase-3/7 assay

Caspase 3/7 activities were measured on untreated and drug-treated cells using the caspase
Glo-3/7 assay kit (Promega). Briefly, 5 x 103 cells were plated in a white-walled 96-well
plate, and the Z-DEVD reagent, the luminogenic caspase 3/7 substrate containing a
tetrapeptide Asp-Glu-Val-Asp, was added in a 1:1 ratio of reagent to sample. After 60 min at
room temperature, the substrate cleavage by activated caspase-3 and -7 was measured by
determining the intensity of the luminescent signal using a Fusion-a plate reader (Perkin-
Elmer). Differences in caspase-3/7 activity in drug-treated cells compared with untreated
cells are expressed as fold-change in luminescence.

2.11. Statistical analysis

Statistical analysis was carried out using Graphpad Prism6 software (GraphPad Software,
Inc., San Diego, CA, USA). The results were expressed as the mean of arbitrary values +
SEM. All results were evaluated using an unpaired Student’s t test, where a p-value of less
than 0.05 was considered significant.

3. Results

3.1. Combined treatment with NVP-AUY922 and TRAIL synergistically induces cytotoxicity
in CRC cells, but not normal colon cells

Previously, NVP-AUY922 has been reported to induce apoptosis of several cell types such
as human oral squamous carcinoma cells, human melanoma cells, human neuroendocrine
cancer cells, human prostate cancer cells, and human colorectal carcinoma cells [29-33].
Prior to investigating the effect of combined treatment with NVP-AUY922 (Fig. 1A) and
TRAIL on cell viability in CRC cells, we examined whether NVP-AUY922 alone induces
cytotoxicity. Cells were treated with various concentrations (10-100 nM) of NVP-AUY922
for 20 hr. As shown in Fig 1B, NVP-AUY922 induced cytotoxicity in a dose-dependent
manner. Drug sensitivity varied among cancer cell lines but normal FHC colon cells were
resistant to the drug. There was a minimal cytotoxicity (9% killing) at high dose (100 nM) of
NVP-AUY922 in FHC, while the cancer cells displayed sensitivity even at 5 nM (Fig. 1B).
Next, we investigated the effect of combined treatment with NVP-AUY922 and TRAIL on
several CRC cell lines as well as FHC cells. TRAIL alone induced cytotoxicity in a dose-
dependent manner in FHC cells (Fig. 2A). TRAIL-induced cytotoxicity was associated with
apoptosis as shown by PARP-1 cleavage, the hallmark feature of apoptosis (Fig. 2B).
Similar results were observed in CRC cell lines (data not shown). Combined treatment with
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NVP-AUY922 and TRAIL significantly enhanced cytotoxicity in TRAIL-sensitive HCT116
cells as well as TRAIL-resistant HT29 and CX-1 cells, but not FHC cells (Figs. 2C and 2D).
These results suggest that the sensitizing regimen of NVP-AUY922 plus TRAIL may be
preferentially toxic to CRC cells. The combinatorial treatment-enhanced cytotoxicity was
probably due to an increase in caspase 3/7 activity (Fig. 2E).

3.2. NVP-AUY922 potentiates TRAIL-mediated apoptosis via the activation of caspases

We further examined the mechanism of synergistic interaction between NVP-AUY922 and
TRAIL. First, we examined and photographed the effect of 50 nM NVP-AUY922 in
combination with 2.5 ng/ml TRAIL on HCT116 cell morphology under a light microscope
(Fig. 3A). Observations made under the microscope showed that, after application of TRAIL
or NVP-AUY922 in combination with TRAIL, the shape of the cells significantly changed
in comparison to control cells or NVP-VUY922 only treated cells (Fig. 3A). Apoptotic cell
death, which is associated with typical morphological features like cell shrinkage and
cytoplasmic membrane blebbing, was observed. Morphologically changed cells were
counted and statistical significance was analyzed (Fig. 3A). We further examined the effect
of NVP-AUY922 on TRAIL-induced cytotoxicity by using MTS assay. Figure 3B shows
that combined treatment with NVP-AUY922 and TRAIL synergistically induced
cytotoxicity in comparison to NVP-AUY922 or TRAIL alone. To clarify whether the effect
of NVP-AUY922 on TRAIL-induced cytotoxicity is associated with apoptosis, we
employed the Annexin V assay (Fig. 3C), PARP-1 cleavage assay (Fig. 3E), and cleavage of
caspase 8/9/3 (Fig. 3E) and their activities assay (Fig. 3F). Data from flow cytometric assay
clearly show that TRAIL induced apoptosis and NVP-AUY922 enhanced TRAIL-induced
apoptosis (Figs. 3C and 3D). Data from biochemical analysis show that NVP-AUY 922
substantially promoted TRAIL-induced activation of caspases-3, -8 and -9, which led to an
increase in PARP cleavage in HCT116 cells (Figs. 3E and 3F). Combined treatment with
NVP-AUY922 and TRAIL markedly enhanced cytochrome c release and pretreatment with
pan-caspase inhibitor z-VAD-fmk significantly attenuated TRAIL + NVP-AUY922-induced
cytochrome c release from the mitochondria into the cytosol (Fig. 3G) and TRAIL + NVP-
AUY922-induced cytotoxicity (Fig. 3H). These results suggest that the combinatorial
treatment-enhanced apoptosis was mediated through an increase in caspase activation.

3.3. Anti-apoptotic protein Mcl-1 is important for the sensitizing effect of NVP-AUY922 in
TRAIL-induced apoptosis of HCT116 cells

Binding of TRAIL to death receptors (DRs) has been known to lead to the activation of the
apoptotic signaling pathway through cleavage of caspases and activation of pro-apoptotic
proteins [34]. Therefore, we investigated whether NVP-AUY922 could affect the apoptotic
pathway which transmits the sensitizing effect for apoptosis. As shown in Fig. 4A, there was
no change during NVP-AUY922 treatment in caspase inhibitor protein family members such
as c-1AP-1, c-1AP-2 and XIAP, and Bcl-2 family members such as Bcl-2 and Bax. The level
of death receptors such as DR4 and DR5 was also not affected (Data not shown). However,
unlike these proteins, Mcl-1 was down-regulated in a dose-dependent manner by NVP-
AUY922 treatment in HCT 116 cells (Fig. 4A). Similar results were observed in CX-1,
LS174T, Caco-2, and SW480 colon cancer cell lines (Fig. 4B). NVP-AUY922-induced
down-regulation of Mcl-1 protein was probably due to the reduction of Mcl-1 mRNA in
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these cell lines (Fig. 4C). These results suggest that the sensitizing effect of NVP-AUY922
is exerted by down-regulating the expression of anti-apoptotic molecule Mcl-1 in CRC cells.
We further investigated the role of Mcl-1 in the sensitizing effect of NVP-AUY922 on
TRAIL-induced apoptosis by using recombinant DNA technology. HCT116 cells were
stably transfected with expression vector containing Mcl-1 cDNA. As shown in Fig. 4D,
NVP-AUY922 potentiated TRAIL-mediated apoptotic death in control cells. However,
over-expression of Mcl-1 prevented the sensitizing effect of NVP-AUY922 on TRAIL-
induced apoptosis. Furthermore, silencing of Mcl-1 by siRNA increased TRAIL-induced
apoptosis (Fig. 4E). These data indicate that down-regulation of anti-apoptotic protein Mcl-1
by NVP-AUY922 is responsible for the sensitizing effect of NVP-AUY922 on TRAIL-
induced apoptosis.

3.4. NVP-AUY922 potentiates TRAIL-induced apoptosis by inhibiting the Jak2-Stat3-Mcl-1
signal transduction pathway

Once we observed that the combination of NVP-AUY922 with TRAIL synergistically
enhances cell death by down-regulating Mcl-1, we further investigated the underlying
mechanism. As shown in Figures 5A and 5B, NVP-AUY922 dephosphorylated (inactivated)
STAT3 without altering the level of these proteins in dose- and time-dependent manner in
HCT116 cells. Similar results were observed in CX-1 and HT-29 cells (Figs. 5C and 5D).
Because the active form of STAT3 was inhibited, we further analyzed the upstream and
downstream pathway of STAT3. STAT3 is phosphorylated at residue Tyr705 as well as
Ser727. This phosphorylation is mediated by receptor-associated tyrosine kinases, such as
JAKSs [35, 36]. Indeed, NVP-AUY922 dephosphorylated JAK2 residue Tyr1007 and
Tyr1008 (Fig. 5A). We also confirmed that Mcl-1, a downstream molecule of STAT3, was
down-regulated in dose- and time-dependent manner in HCT116 cells (Figs. 5A and 5B).
We further investigated the STAT3-Mcl-1 pathway by using STAT3 siRNA. As shown in
Figure 5E, expression of STAT3 and Mcl-1 was reduced by STAT3 siRNA. Moreover,
silencing STAT3 by siRNA made HCT116 cells more sensitive to TRAIL (Fig. 5F). We
also investigated the STAT3-Mcl-1 pathway by using STAT3 inhibitors (S31-201,
Niclosamide and LLL12). S31-201 inhibited activation of STAT3 and down-regulated
Mcl-1 in a dose-dependent manner and enhanced TRAIL cytotoxicity (Figs. 5G and 5H).
Similar results were observed by other STAT3 inhibitors (Niclosamide and LLL12) (Figs. 51
and 5J). Next, we examined the role of the JAK2-STAT3-Mcl-1 pathway in the mechanisms
underlying NVP-AUY922-induced sensitization. HCT116 cells were stably transfected with
pcDNA3.1 containing JAK2-WT or JAK2-V617F (a change of valine to phenylalanine at
the 617 position; dominant-positive mutant) cDNA. Figure 6A shows that over-expression
of JAK2-WT and JAK2-V617F increased phosphorylation of JAK2 and STAT3 and the
level of Mcl-1. Over-expression of JAK2-WT and JAK2-V617F subsequently induced
resistance to NVP-AUY922 + TRAIL treatment (Fig. 6B). Previous studies have shown that
JAK2 is a non-receptor tyrosine kinase and that IL-6 exerts its effects through the JAK2-
STAT3 signal transduction pathway [37]. We examined whether NVP-AUY922 can inhibit
the IL-6 activated JAK2-STAT3 signal transduction pathway. Figure 6C shows that I1L-6
activated JAK2 and STATS3, and NVP-AUP922 inhibited the IL-6-activated JAK2-STAT3
signal transduction pathway in a dose-dependent manner. We further investigated the JAK2-
STAT3-Mcl-1 pathway by using JAK2 inhibitor AT9283. AT9283 inhibited activation of
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JAK2 and STAT3 and down-regulated Mcl-1 in a dose-dependent manner and enhanced
TRAIL cytotoxicity (Figs. 6D and 6E). Taken together, NVP-AUY922 potentiates TRAIL-
induced apoptosis by inhibiting the Jak2-Stat3-Mcl-1 signal transduction pathway (Fig. 7).

4. Discussion

Although NVP-AUY922 has recently been shown to induce apoptosis in different types of
solid tumors, we report here that low dose of NVP-AUY922 also effectively sensitizes CRC
cells to TRAIL-induced apoptosis by increasing caspase activation which occurs at least in
part by down-regulation of antiapoptotic protein Mcl-1. Our studies also suggest that the
down-regulation of Mcl-1 is due to inhibition of the JAK2-STATS3 signal transduction
pathway during treatment with NVP-AUY922.

The JAK-STATS3 signaling pathway can be activated by several cytokines including IL-6
[37-39]. IL-6-mediated activation of JAK-STAT3 signals is known to increase proliferation
of CRC [37, 40]. In addition, our studies suggest that IL6-JAK-STAT3 signals may activate
anti-apoptotic pathways. Therefore, modulation of the IL-6-JAK-STATS3 signaling pathway
can be a novel strategy to treat CRC patients [41]. Our studies explain a possible mechanism
and role of the IL-6-JAK2-STAT3 pathway in CRC and propose a novel therapeutic strategy
to treat CRC.

During NVP-AUY922 treatment, dysfunction of HSP90 may lead to inactivity and
degradation of client proteins, among which are key components of the JAK2 signaling
pathway that includes STAT3 and Mcl-1. Abnormalities of the JAK-STAT pathway are
reported to be involved in the pathogenesis of several solid tumors [42-44]. However, the
molecular mechanism by which disrupted JAK2-STATS3 signaling contributes to apoptosis
has not been clarified. Therefore, understanding the mechanisms of apoptosis during NVP-
AUY922 treatment is crucial to comprehending the role of the JAK2-STAT3 pathway in
cancer therapies. Recently Xiong et al. reported that inhibition of JAK2-STAT3 signaling
induced apoptosis in CRC cells [45]. However, the exact mechanisms are still not well
understood. Recent data demonstrated that STAT3 was highly activated in LGL leukemic
cells, and inhibition of STAT3 by antisense oligonucleotides and AG490, a specific inhibitor
of JAK2, resulted in down-regulation of Mcl-1 and apoptotic cell death [46]. Similar results
were observed in Figure 6D. In this study, the role of the JAK2-STAT3 pathway in the
regulation of Mcl-1 gene expression and TRAIL-induced apoptosis were observed by
inhibiting JAK2 and STAT3 with NVP-AUY922 (Figs. 5A and 5B). As the result of our
studies, we propose a novel combination treatment of biotherapeutic agent TRAIL and
HSP90 inhibitor AUY922 on CRC. We believe that understanding the mechanisms involved
in this combination treatment is important not only to predict and interpret the responses but
also to enhance the efficacy of this combination.

In this study, we observed that NVP-AUY922 effectively down-regulates expression of the
caspase-9 inhibitor Mcl-1. Furthermore, we showed that over-expression of Mcl-1 protects
CRC from TRAIL-induced apoptotic death. This is an important observation, especially
since the study by Peddaboina et al. revealed that Mcl-1 is commonly over-expressed in
CRC [47]. Most significantly, we found that down-regulation of Mcl-1 sensitizes CRC cells
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to TRAIL-induced apoptosis. In conclusion, we present evidence that NVP-AUY922, which
directly or indirectly inhibits upstream signals of Mcl-1, may become a likely candidate
when treating Mcl-1 over-expressing CRC with therapeutic agents is considered.

Previous studies showed that inhibition of the JAK2-STAT3 pathway by sorafenib
(multikinase inhibitor) and natural compounds synergistically enhances TRAIL-induced
apoptosis of cancer cells [48]. This is probably due to the inhibition of STAT3-mediated
Mcl-1 expression [49]. To examine whether similar synergistic effects could be observed in
HCT116 cells expressing JAK2-WT or JAK2-V617F, we treated these cells with NVP-
AUY922 and then added TRAIL. We found that combination NVP-AUY922 and TRAIL
treatment significantly reduces apoptosis induction in both JAK2-WT and JAK2-V617F
expressing cells compared to empty vector (EV) transfected cells (Fig. 6B). These data
indicate that inactivation of the JAK2/STAT3 pathway may play a critical role in inhibition
of Mcl-1 expression by combined treatment with NVP-AUY922 and TRAIL.

Current treatment trends for inoperable or recurrent CRC favor continuous chemotherapy
with or without targeting drugs until the disease progresses. Thus intractable drug toxicity
and resistance are major treatment obstacles. Several studies have reported that NVP-
AUY922 can induce apoptosis through reduction of anti-apoptotic proteins and increase in
pro-apoptotic proteins [26,27]. In the present study, we show for the first time that sublethal
doses of NVP-AUY922 effectively sensitize TRAIL-induced apoptosis in a variety of CRC
cell lines. This finding provides initial evidence regarding the potential effectiveness, with
minimal toxicity to normal tissues, of TRAIL plus low-dose NVP-AUY922 for the treatment
of patients with metastatic CRC. In addition, our findings show that JAK2 inactivation is an
initial event during NVP-AUY 922 mediated augmentation of or NVP-AUY922-mediated
sensitization to TRAIL-induced apoptosis.
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PBS phosphate-buffered saline solution

Pl propidium iodide

RPMI Roswell Park Memorial Institute medium

SDS sodium dodecyl sulfate

PAGE polyacrylamide gel electrophoresis

TNF tumor necrosis factor

TRAIL tumor necrosis factor-related apoptosis-inducing ligand
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Fig. 1. NVP-AUY922 induces cytotoxicity in human colon cancer cells
(A) The structure of NVP-AUY922. (B) Cells were treated with various concentrations of

NVP-AUY922 (1-100 nM) for 20 hr before being subject to the MTS assay. Error bars
represent standard error of the mean (SEM) from three separate experiments. Some error
bars are too small to be seen. Asterisk * or ** represents a statistically significant difference
between FHC and cancer cells at p<0.05 or p<0.01, respectively.
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Fig. 2. NVP-AUY922 markedly sensitizes various human colon cancer cells, but not normal colon
cells, to TRAIL-induced apoptosis

(A and B) FHC cells were treated with various concentrations (1-500 ng/ml) of TRAIL for 4
hr. (A) Cytotoxic effect of TRAIL was determined using the MTS assay. Error bars
represent standard error of the mean (SEM) from three separate experiments. Asterisk * or
** represents a statistically significant difference between TRAIL treated FTC cells and
untreated FTC cells at p<0.05 or p<0.01, respectively. (B) Equal amounts of protein (20 ug)
from cell lysates were separated by SDS-PAGE and immunoblotted with anti-PARP-1.
Actin was shown as an internal standard. Densitometry analysis of the bands from the
cleaved form of PARP-1 was performed (right panel). Error bars represent standard error of
the mean (SEM) from three separate experiments. Asterisk * or ** represents a statistically
significant difference between TRAIL treated FTC cells and untreated FTC cells at p<0.05
or p<0.01, respectively. (C) Three different human colon cancer cells (HCT116, HT-29 and
CX-1) and normal colon FHC cells were untreated or pretreated with NVP-AUY 922 for 20
hr and then treated with TRAIL for 4 hr at the indicated concentration. Cellular viability was
assessed using MTS assay. Error bars represent standard error of the mean (SEM) from three
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separate experiments. Asterisk * represents a statistically significant difference between
NVP-AUY922 treated cells and untreated cells at p<0.05. (D) HCT116 and FHC cells were
treated with various concentrations (0-100 nM) of NVP-AUY 922 for 20 hr, and then added
TRAIL for 4 hr. Cellular viability was assessed using MTS assay. Error bars represent
standard error of the mean (SEM) from three separate experiments. Asterisk * represents a
statistically significant difference between FHC cells and HCT116 cells at p<0.05. (E)
HCT116 cells treated with 50 nM NVP-AUY922 alone (24 hr), 2.5 ng/ml TRAIL alone (4
hr), or NVP-AUY922 (20 hr) + TRAIL (4 h) for 24 h. Relative caspase activity was
determined by the manufacturer’s protocol. Columns indicate average of three individual
experiments; bars represents £SD; *p < 0.05, compared with TRAIL-treated cells.

Cell Sgnal. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Leeetal.

Morphologylcal changes

Control NVP-AUY922 B
N Tt G TG

Page 19

¥k

+  NVP-AUY922 (50 nM)
+ TRAIL2.5ng/mL

NVP-AUY922

w do 2

o o o o o
FLIH: Ansin ¥

TRAIL+NVP-AUY922

NVP-AUY922 (50 nM)
- - + + TRAIL25ngmL

Annexin-V

Cell Sgnal. Author manuscript; available in PMC 2016 February 01.

FLI-HC Acnsin ¥



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

D

|

Relative caspase activity
(folds)

0
+ - + NVP-AUY922 (50 nM) 0
- + + TRAIL 2.5 ng/imL
-+ - o+ NVP-AUY922 {50 nM)
- - + + TRAIL 2.5 ng/mL
4
-—aee

s

% @ Cleaved Caspase-8

%= 8% (Cleaved Caspase-9

-
M

- . Cleaved Caspase-3

Relatlve area Integration of
optical density (fold)
N

—
.~ = PARP-1 - +

- D GED e Actin

Cell Sgnal. Author manuscript; available in PMC 2016 February 01.

50

Page 20

[ Cas-3

MR Cas-8

2 Cas9
0 50 NVP-AUYS22 (nM)

TRAIL 2.5 ng/mL

Hl Cleaved Caspase-8

x x
* I Il Cleaved Caspase-9
3 Cleaved Caspase-3
[ Cleaved PARP-1

+  NVP-AUY922 (nM)
+  TRAIL 50 ng/mL



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

Page 21

#
%  10-
- 4+ - + 4+ NVP-AUY922(50 §T
nM) 58 ¥
- - 4+ 4+ + TRAIL25ng/ml g2 6. ra
' £ 2 o
S - -+ __ zVAD-fmk (25 pM) 38 4.
— - cytochrome ¢ o8
28 2
® O
TP TS IS TS WP Actin & 0
- + - 4+ + NVP-AUY922 (50
nM)
- - + + + TRAIL 2.5 ng/ml
H - - - - +
#
1004
g 75 ‘
S
S 504
=]
(7]
254
0+
- - + + TRAIL 2.5 ng/ml
- + - +  z-VAD-fmk (25 pM)
- . + + NVP-AUY922 (50

nM)

Fig. 3. Sensitizing effect of NVP-AUY922 on TRAIL-induced apoptosis in HCT116 cells
(A-F) Cells were treated with DMSO (sham control), 50 nM NVP-AUY922 only for 24 hr,

or 50 nM NVP-AUY 922 only for 20 hr and then incubated in the presence or absence of
TRAIL (2.5 ng/ml) for 4 hr. (A) Microscopic cell morphologies. Scale bar: 100 pm.
Morphologically changed cells were counted and analyzed. Error bars represent standard
error of the mean (SEM) from three separate experiments. Asterisk * or ** represents a
statistically significant difference between treated cells and untreated control cells at p<0.05
or p<0.01, respectively. (B) Cellular viability was assessed using MTS assay. Error bars
represent standard error of the mean (SEM) from three separate experiments. Asterisk * or
** represents a statistically significant difference between treated cells and untreated control
cells at p<0.05 or p<0.01, respectively. (C and D) The cells were stained with annexin V and
propidium iodide (PI), followed by FACS analysis. Error bars represent standard error of the
mean (SEM) from three separate experiments. Asterisk * or ** represents a statistically
significant difference between treated cells and untreated control cells at p<0.05 or p<0.01,
respectively. (E) Lysates containing equal amounts of protein (20 ug) were separated by
SDS-PAGE and immunoblotted with anti-PARP-1, anti-caspase-8, anti-caspase-9, or anti-
caspase-3 antibody. Densitometry analysis of the bands from the cleaved forms of
caspase-8, -9, -3 or PARP-1 was performed (right panel). Error bars represent standard error
of the mean (SEM) from three separate experiments. Asterisk * represents a statistically
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significant difference between treated cells and untreated control cells at p<0.01. (F)
Relative caspase activity was determined by the manufacturer’s protocol. Error bars
represent standard error of the mean (SEM) from three separate experiments. Asterisk *
represents a statistically significant difference between NVP-AUP922 + TRAIL treated cells
and TRAIL alone treated cells at p<0.05. (G and H) Cells were pretreated with 25 pM z-
VAD-fmk for 30 min and further treated with NVP-AUY922 (20 hr) + TRAIL (4 hr) for 24
hr. (G) Lysates from cytosolic fractions containing equal amounts of protein (20 ug) were
separated by SDS-PAGE and immunoblotted with anti-cytochrome c¢ antibody. Actin was
used to confirm the equal amount of proteins loaded in each lane. Densitometry analysis of
the bands from the cytochrome ¢ was performed (right panel). Error bars represent standard
error of the mean (SEM) from three separate experiments. Asterisk * represents a
statistically significant difference between NVP-AUY922/TRAIL treated cells and untreated
control cells at p<0.01. Hashtag # represents a statistically significant difference between z-
VAD-fmk + NVP-AUY922 + TRAIL treated cells and NVP-AUY922 + TRAIL treated
cells at p<0.01. (H) Cellular viability was assessed using an MTS assay. Error bars represent
standard error of the mean (SEM) from three separate experiments. Hashtag # represents a
statistically significant difference between z-VAD-fmk + NVP-AUY922 + TRAIL treated
cells and NVP-AUY922 + TRAIL treated cells at p<0.01.
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Fig. 4. Role of Mcl-1 in the sensitizing function of NVP-AUY922
(A) HCT116 cells were treated with indicated NVP-AUY922 doses (0, 10, 50, 100 nM) for

20 hr. Western blotting analysis was done by using indicated antibodies (clAP1, clAP2,
XIAP, Mcl-1, Bcl-2, and Bax). Densitometry analysis of the bands from each protein was
performed (right panel). Error bars represent standard error of the mean (SEM) from three
separate experiments. Asterisk * represents a statistically significant difference between
NVP-AUY922 treated cells and untreated control cells at p<0.01. (B) CX-1, LS174T,
Caco-2, and SW480 cells were treated with indicated NVP-AUY922 doses (0, 10, 50, 100
nM) for 20 hr. Cell lysates were analyzed by western blotting using anti-Mcl-1 antibody.
Densitometry analysis of the bands from Mcl-1 was performed (lower panel). Error bars
represent standard error of the mean (SEM) from three separate experiments. Asterisk *
represents a statistically significant difference between NVP-AUY922 treated cells and
untreated control cells at p<0.05. (C) Various colon cancer cells were treated with 50 nM
NVP-AUY922 for 20 hr. Mcl-1 mRNA expression was determined by RT-PCR. Error bars
represent standard error of the mean (SEM) from three separate experiments. Asterisk *
represents a statistically significant difference between NVP-AUY922 treated cells and
untreated control cells at p<0.05. (D) Empty vector (control) or Mcl-1 stably over-
expressing HCT116 cells (lower panel) were treated with TRAIL for 4 hr. Survival was
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analyzed by MTS assay (upper panel). Densitometry analysis of the bands from cleaved
PARP-1 or Mcl-1 was performed (lower panel). Error bars represent standard error of the
mean (SEM) from three separate experiments. Asterisk * represents a statistically significant
difference between TRAIL treated on empty vector transfected cells and TRAIL treated on
Mcl-1-His vector transfected cells at p<0.05. (E) Mcl-1 was silenced by Mcl-1 siRNA in
HCT116 cells (lower panel). The cells were then treated with TRAIL for 4 hr followed by
MTS analysis (upper panel). Results shown are representative of three independent
experiments. Densitometry analysis of the bands from cleaved PARP-1 or Mcl-1 was
performed (lowest panel). Error bars represent standard error of the mean (SEM) from three
separate experiments. Asterisk * represents a statistically significant difference between
TRAIL + siScramble treated cells and TRAIL + siMcl-1 treated cells at p<0.05.
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Fig. 5. Effects of NVP-AUY922 on the JAK2-STAT3-Mcl-1 pathway
(A and B) (A) HCT116 cells were treated with indicated NVP-AUY922 doses (0, 10, 50,

100 nM) for 20 hr. Densitometry analysis of the bands from p-JAK2, p-STAT3 or Mcl-1
was performed (right panel). Error bars represent standard error of the mean (SEM) from
three separate experiments. Asterisk * represents a statistically significant difference
between NVP-AUY992 treated cells and untreated control cells at p<0.05. (B) HCT116 cells
were treated with 50 nM NVP-AUY922 for various times (4-24 hr). Lysates containing
equal amounts of protein (20 pg) were separated by SDS-PAGE and immunoblotted with
anti-phospho-JAK2, anti-JAK2, anti-phospho-STATS3, anti-STAT3, or anti-Mcl-1 antibody.
Actin was shown as an internal standard. Densitometry analysis of the bands from p-JAK2,
p-STAT3 or Mcl-1 was performed (right panel). Error bars represent standard error of the
mean (SEM) from three separate experiments. Asterisk * represents a statistically significant
difference between NVP-AUY992 treated cells and untreated control cells at p<0.05. (C and
D) CX-1 and HT-29 cells were treated with indicated NVP-AUY922 doses (0, 10, 50, 100
nM) for 20 hr followed by western blotting using anti-phospho-STATS3, anti-STATS3, or
anti-Mcl-1 antibody (left panels). Actin was shown as an internal standard. Densitometry
analysis of the bands from p-STAT3 or Mcl-1 was performed (right panels). Error bars
represent standard error of the mean (SEM) from three separate experiments. Asterisk *
represents a statistically significant difference between NVP-AUY992 treated cells and
untreated control cells at p<0.05. (E and F) STAT3 was silenced by STAT3 siRNA in
HCT116 cells. The cells were then treated with TRAIL for 4 hr followed by MTS analysis.
Densitometry analysis of the bands from STAT3 or Mcl-1 was performed (right panel).
Error bars represent standard error of the mean (SEM) from three separate experiments.
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Asterisk * represents a statistically significant difference between siSTATS3 treated cells and
siControl treated cells at p<0.05. (G and H) HCT116 cells were treated with various
concentrations of S31-201 (10, 25, 50, 100 uM) for 20 hr, and then added TRAIL for 4 hr.
Lysates containing equal amounts of protein were separated by SDS-PAGE and
immunoblotted with anti-phospho-STAT3, anti-STATS3, or anti-Mcl-1 antibody. Actin was
shown as an internal standard. Three independent experiments were carried out and cellular
viability was assessed using an MTS assay. Densitometry analysis of the bands from p-
STAT3 or Mcl-1 was performed (right panel). Error bars represent standard error of the
mean (SEM) from three separate experiments. Asterisk * or ** represents a statistically
significant difference between treated cells and untreated control cells at p<0.05 or p<0.01,
respectively. (I and J) HCT116 cells were treated with S31-201 (25, 50 uM), niclosamide
(0.5, 1 uM) or LLL12 (5, 10 uM) for 20 hr, and then added TRAIL for 4 hr. Three
independent experiments were carried out and cellular viability was assessed using an MTS
assay. Densitometry analysis of the bands from p-STAT3 or Mcl-1 was performed (lower
panel). Error bars represent standard error of the mean (SEM) from three separate
experiments. Asterisk * represents a statistically significant difference between control and
drug treated cells at p<0.05.
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Fig. 6. NVP-AUY922 inhibits the IL-6-JAK2-STAT3-Mcl-1 pathway in HCT116 cells
(A and B) Cells were transfected with empty vector (EV), HA-JAK2-WT or HA-JAK2-

V617F. (A) Lysates containing equal amounts of protein were separated by SDS-PAGE and
immunoblotted with anti-phospho-JAK2, anti-JAK2, anti-phospho-STAT3, anti-STATS3,
anti-HA (exogenous JAK), or anti-Mcl-1 antibody. Actin was shown as an internal standard.
Densitometry analysis of the bands from p-JAK2, JAK2, p-STAT3 or Mcl-1 was performed
(right panel). Error bars represent standard error of the mean (SEM) from three separate
experiments. Asterisk * represents a statistically significant difference between JAK2 WT or
JAK?2 V617F vector transfected cells and empty vector transfected cells at p<0.05. (B)
Transfected cells were treated with TRAIL for 4 hr and cellular viability was assessed using
an MTS assay. Error bars represent the mean + S.E from three separate experiments.
Asterisk * represents a statistically significant difference between NVP-AUY 922 or NVP-
AUY922 + TRAIL treated cells and untreated control cells at p<0.05. (C) Cells were
pretreated with 50 ng IL-6 for 30 min and further treated with NVP-AUY922 for 4 hr.
Lysates containing equal amounts of protein were separated by SDS-PAGE and
immunoblotted with anti-phospho-JAK2, anti-JAK2, anti-phospho-STATS3, or anti-STAT3
antibody. Actin was shown as an internal standard. Densitometry analysis of the bands from
p-STAT3 or Mcl-1 was performed (lower panel). Error bars represent standard error of the
mean (SEM) from three separate experiments. Asterisk * represents a statistically significant
difference between IL-6 + NVP-AUY922 treated cells and IL-6 alone treated cells at
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p<0.05. ((D and E) Cells were treated with AT9283 (5, 10, 25, 50, 100 nM) for 20 hr, and
then added TRAIL for 4 hr. (D) Lysates containing equal amounts of protein were separated
by SDS-PAGE and immunoblotted with anti-phospho-JAK2, anti-JAK2, anti-phospho-
STATS3, anti-STATS3, or anti-Mcl-1 antibody. Actin was shown as an internal standard.
Densitometry analysis of the bands from p-JAK2, p-STAT3 or Mcl-1 was performed (right
panel). Error bars represent standard error of the mean (SEM) from three separate
experiments. Asterisk * represents a statistically significant difference between drug treated
cells and untreated control cells at p<0.05. (E) Cellular viability was assessed using an MTS
assay. Error bars represent the mean + S.E from three separate experiments. Asterisk *
represents a statistically significant difference between control and drug treated cells at
p<0.05.
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Figure 7. Schematic diagram for working model of NVP-AUY922 sensitizing TRAIL-induced
apoptosis
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