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Abstract

Targeting of extrinsic apoptosis pathway by TNF related apoptosis-inducing ligand (TRAIL) is an
attractive approach for cancer therapy. However, two TRAIL drug candidates failed in clinical
trials due to lack of efficacy. We identified 17-hydroxy wortmannin (17-HW) in a drug
repurposing screen that re-sensitized TRAIL’s response in the resistant colon cancer cells. The
deficiency of caspase-8 in drug-resistant cells along with defects in apoptotic cell death was
corrected by 17-HW, an inhibitor of PIK3C3-beclin 1 (BECN1) complex and autophagy activity.
Further study found that BECNL significantly increased in the TRAIL-resistant cells, resulting in
increased autophagosome formation and enhanced autophagy flux. The extracellular domain
(ECD) of BECNL1 directly bound to the caspase-8 catalytic subunit (p10), leading to sequestration
of caspase-8 in the autophagosome and its subsequent degradation. Inhibition of BECN1 restored
the caspase-8 level and TRAIL’s apoptotic response in the resistant colon cancer cells. An analysis
of 120 colon cancer patient tissues revealed a correlation of a subgroup of patients (30.8%,
37/120) who have high BECN1 level and low caspase-8 level with a poor survival rate. Our study
demonstrates that the increased BECN1 accompanied by enhanced autophagy activity is
responsible for the TRAIL resistance, and a combination of TRAIL with a PIK3C3-BECN1
inhibitor is a promising therapeutic approach for the treatment of colon cancer.
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Introduction

Colorectal cancer (CRC) is the third most common cancer in the United States. It is the
second most common cause of cancer-related death in males and the third most common in
females, with 135,430 new cancer cases and 50,260 deaths in both sexes estimated to have
occurred in 2017 (1). While surgery is the main therapeutic approach, chemotherapy and
targeted therapy are also used in more advanced stages of CRC. Although the overall
survival rate of CRC patients has been significantly improved in the last decade, drug
resistance occurs in many patients. New therapies to overcome drug-resistant CRC is an
unmet need.

Abnormality in apoptosis not only contributes significantly to tumorigenesis but also plays
an important role in cancer drug resistance. Induction of tumor cell apoptosis is the basis of
conventional chemotherapy. Apoptosis is initiated by either an intrinsic or an extrinsic
pathway. The intrinsic pathway is controlled by the mitochondria through the pro- and anti-
apoptotic Bcl-2 family proteins, which can be triggered by cancer chemotherapies (2). The
extrinsic pathway is initiated by binding of transmembrane death receptors (DRs) with
specific extracellular ligands, including tumor necrosis factor (TNF), Fas ligand (FASLG),
and TNF related apoptosis-inducing ligand (TRAIL), resulting in sequential activation of the
caspase cascade (3).

TRAIL belongs to the TNF ligand family. The binding of TRAIL to the TNF receptor
superfamily member 10a (TNFRSF10A) and TNFRSF10B, also known as DR4 and DR5,
selectively activates caspase-8, initiating the apoptotic pathway leading to cell death (4). The
TRAIL apoptotic pathway has been targeted for drug development in the last two decades
since the discovery of the death receptors and ligands. Agonist antibodies and recombinant
TRAIL proteins have been used to activate the TRAIL signaling pathway. This approach had
been used in several clinical trials (5). However, the majority of human cancers were
resistant to these TRAIL agonists, and no survival benefit was found in these clinical trials.

To identify the mechanism of TRAIL resistance and new therapeutics to restore TRAIL
response, we employed a quantitative high throughput screen (QHTS) with bioactive
compound and approved drug collections in a TRAIL-resistant colon cancer cell line. We
identified 17-hydroxywortmannin (17-HW) as a drug which re-sensitized TRAIL-resistant
cancer cells. Further studies revealed an increased BECN1 protein level accompanied by a
deficiency of caspase-8 protein in TRAIL-resistant colon cancer cells. The increased
BECNL1 directly binds to caspase-8 which is subsequently degraded by the enhanced
autophagy in the TRAIL-resistant cells. The results indicated that BECN1 is a potential co-
target for development of the next generation of TRAIL therapies for colon cancer.

Materials and Methods

Compounds and antibodies

Recombinant human TRAIL protein was purchased from Thermo Fisher Scientific
(PHC1634). FasL was purchased from Enzo Life Sciences (ALX-522-020). 17-HW and
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bafilomycin Al (Baf.Al) were obtained from Cayman Chemical. The antibodies used in
experiments are listed in Supplementary Table S1.

All the human colon cancer cell lines were purchased from American Type Culture
Collection. Cells were cultured in medium with 10% fetal bovine serum (FBS) and
100U/mL penicillin-streptomycin at 37 °C with 5% CO-, for less than 20 passages after
thawing to conduct described experiments, tested negative for Mycoplasma contamination
and validated for species and unique DNA profile by the provider. The DLD1 cell line
(CCL-221) was cultured in RPMI-1640 medium. The TRAIL-resistant sub-line (DLD1-R)
was derived from the parental DLD1 cells with selection by gradual exposure to TRAIL as
described previously (6,7). HCT-116 (CCL-247) and HT-29 (HTB-38) were cultured in
McCoy’s 5A medium; T84 (CCL-248) in DMEM: F-12 medium; LS180 (CL-187), LS174T
(CL-188), Caco-2 (HTB-37), RKO (CRL-2577) and LS123 (CCL-255) in EMEM; SW403
(CCL-230), SW1417 (CCL-238) and SW620 (CCL-227) in Leibovitz’s L-15 medium; and
SNU-C2B (CCL-250), HCT-15 (CCL-225), COL0320 (CCL-220) and NCI-H508
(CCL-253) in RPMI-1640 medium.

Quantitative high throughput screening (QHTS)

Caspase-8 assay (Caspase-Glo, Promega) was conducted according to the manufacturer’s
protocols. DLD1-R cells were plated at 3000 cells/well in 5 uL of RPMI-1640 medium with
or without 10 ng/mL TRAIL with 10% FBS and 100 U/mL penicillin-streptomycin in 1536-
well, white, solid bottom plates and incubated 4 hours at 37 °C. Four concentrations of
compounds from the library of pharmacologically active compounds (LOPAC, Sigma-
Aldrich), the NIH Chemical Genomics Center Pharmaceutical collection (NPC) (8), and
Mechanism Interrogation Plate (MIPE) were added to the plates at 23 nL/well using a
pintool station (WAKO Scientific Solutions, San Diego, CA). After 8 hours incubation at
37 °C with 5% CO,, the caspase-8 assay reagents were added to the plates at 5 pL/well.
After incubation for the indicated time, the luminescence signals were detected using a
Viewlux plate reader (PerkinElmer). A total of 12 compounds were selected and confirmed
as the primary hits from this screening (Supplementary Table S2).

Cell transfection and generation of stable cell lines

BECNZ1 short hairpin RNA (shRNA) lentiviral particles gene silencer system (sc-29797-V
and sc-72578-V, Santa Cruz Biotechnology) was used to generate stable BECN1 silenced
cell lines. Briefly, cells were seeded in 6-well plates (0.5 to 1.0x108 cells/well) and
incubated overnight. Before infection, cells were treated with the medium containing 5
ug/mL polybrene (sc-134220, Santa Cruz Biotechnology). The lentiviral particles were
added to each well at the multiplicity of infection (MOI) of 2 to 10. After 48 hours
incubation, cells were washed and split at 1:3 ratio, then cultured for another 48 hours.
Stable clones expressing BECN1 shRNA were selected by 8 pg/mL puromycin
dihydrochloride (sc-108071, Santa Cruz Biotechnology).
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Transfection of BECN1 truncated variants

All the BECNL1 truncated variants plasmid, including pcDNA4-beclinl (FL), pcDNA4-
beclinl 1-242, pcDNA4-beclinl 243-450, pcDNA4-beclinl-(A151-241), pcDNA4-beclinl
1-150 and pcDNA4-beclinl 151-241 were gifts from professor Qing Zhong (Addgene
plasmid # 24388, 24391, 24392, 24393, 24389 and 24390) (9). Cell transfection was
performed with TurboFectin 8.0 (Origene) according to the manufacturer’s protocol. After
48 hours transfection, DLD1 cells were lysed in tandem affinity purification buffer
containing 20 mM Tris HCI (pH 7.5), 150 mM NacCl, 0.5% Nonidet P-40, 1 mM NaF, 1 mM
NazVOy4, 1 MM EDTA, and protease and phosphatase inhibitor mixture (Roche). The whole-
cell lysates were used for immunoprecipitation and immunoblotting as input sample control.

Caspase activity assays and ATP content cell viability assay

Caspase-8, caspase-3/7 activity assays (Caspase-Glo, Promega), and ATP content cell
viability assay (CellTiter-Glo, Promega) were conducted according to the manufacturer’s
protocols. Cells were plated at 2,000 to 4,000 cells/well in 25 pL of complete culture
medium in 384-well, solid white plates and incubated overnight at 37 °C with 5% CO5.
Compounds (25 pL/well) were added to each assay plate at indicated concentrations. After 8
hours (caspase-8 assay) or 16 hours (caspase 3/7 assay and ATP content cell viability assay)
incubation, the assay reagents (50 pL/well) were added to the plates. After incubation of
indicated time of each assay, the luminescence signals were detected in the ViewLux plate
reader.

Quantitative PCR (qPCR)

Total RNA was extracted using RNeasy Plus kit (Qiagen). Total RNA (2 ug) was reverse
transcribed into cDNA using High-Capacity RNA-to-cDNA™ reverse transcription kit
(Applied Biosystems). Messenger-RNAs of CASP8and BECNI were quantified using
TagMan® PreAmp Master Mix Kit with ABI ViiA 7 system (Applied Biosystems). The
gPCR reactions were performed in a final volume of 20 puL and with an initial incubation at
95°C for 10 min followed by 40 cycles of 95°C for 10 s and 60°C for 60 s. The relative
expression level of each MRNA was normalized to the level of GAPDH mRNA and
calculated using the AACt method. The CASP8 primer (Hs01018151_m1) and BECNI
primer (Hs00186838_m1) were purchased from Thermo Fisher Scientific.

Immunocytochemistry

Cells were grown and stained in black, clear-bottomed 96-well plates. Briefly, 4%
paraformaldehyde was dispensed into each well and cells were fixed for 30 min, which was
aspirated out and 50 pL 0.1% Triton X-100 was then added for cell permeabilization for 15
min, followed by 1-hour blocking. The cells were incubated overnight at 4 °C with primary
antibodies at the optimized concentration. After rinsing 3 times with phosphate buffered
saline (PBS), secondary antibodies of correlated species were added. The nucleus was
stained with Hoechst 33342 (H1399, Life Technologies) for 30 min. After rinsing with PBS
three times, cells were imaged in the INCell2200 imaging system (GE Healthcare Life
Sciences) with a 20 or 40 X objective lens. Image analysis was conducted using the INCell
Analyzer software.
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Western blotting and immunoprecipitation

The cell lysates were centrifuged at 16,000 rpm for 15 min, and the protein concentration
was quantified with BCA assay kit (Pierce BCA Protein Assay Kit, Thermo Fisher
Scientific). The protein was separated by Bis-Tris or Tris-Acetate gels and transferred to
polyvinylidene difluoride (PVDF) membrane by dry transfer (iBlot 2 Gel Transfer Device,
Thermo Fisher Scientific) or tank wet transfer. Immunoblot analysis was performed with an
antibody, and the chemiluminescence signal was visualized with Luminata Forte Western
HRP substrate (EMD Millipore) in the BioSpectrum system (UVP, LLC). The
chemiluminescence intensities of the bands were quantified in the VisionWorks LS software
(UVP, LLC).

For the immunoprecipitation, the Pierce direct magnetic IP/Co-IP kit (Thermo Fisher
Scientific) was used. The antibodies were purified to remove BSA and gelatin, and
preservative using the Pierce Antibody Clean-up Kit (Thermo Fisher Scientific), followed by
coupling the purified antibodies to the activated N-hydroxysuccinimide magnetic beads. Cell
lysates were subjected to immunoprecipitation by incubation with the antibody-coupled
beads, followed by washing to remove non-bound proteins. The samples were then eluted in
a low-pH elution buffer to dissociate the co-precipitated proteins that were analyzed by
Western blotting. For the immunoprecipitation of FLAG-tagged BECNL1 truncated variants,
the FLAG® Immunoprecipitation kit (Sigma) was used according to the manufacturer’s
instructions.

Human colon cancer tissue array and immunohistochemistry

A human colon cancer tissue array, which had 120 cases of colon adenocarcinoma with
tumor and normal adjacent tissue, as well as survival and tumor staging (TNM) information
data, was purchased from US Biomax (Rockville, MD). The slides were stained with anti-
caspase 8 and anti-BECN1 antibodies and then were scored by three independent
pathologists.

Data analysis

Results

The primary screen data were analyzed using customized software developed internally (10).
All data from the cell-based assays were presented as the mean + standard error of the mean
(SEM). Half-maximal inhibitory (ICsp) or activating (ECg) concentrations were calculated
using Prism software (GraphPad Software, San Diego, CA). The cell lines with 1C5y more
than 200 ng/mL were defined as TRAIL-resistant. The two-tailed unpaired Student’s test of
the mean was used for single comparisons of statistical significance between experimental
groups. One-way analysis of variance (ANOVA) with the Bonferroni test was used for
multiple comparisons. Bliss independence with Prism was used to define synergistic or
additive effects.

17-HW restores the apoptotic response to TRAIL-resistant colon cancer cells

A drug repurposing screen was performed in a TRAIL-resistant DLD1-R cell line using a
cell viability assay that identified 17-HW as a lead compound to overcome TRAIL
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resistance in DLD-R (Table S2). The DLD1-R cells were highly resistant to TRAIL which
did not activate caspase-8, caspase-3, and caspase-7, nor cell death at concentrations up to 1
mg/mL. In the sensitive parental DLD1 cells, TRAIL concentration-dependently activated
caspase-8 (ECsq of 2.6 ng/mL) and caspase 3/7 (ECsq of 3.0 ng/mL), and caused apoptotic
cell death with ICsg of 2.3 ng/mL (Fig 1A-C). Treatment of the resistant DLD-R cells with
0.5 uM 17-HW restored TRAIL’s apoptotic response as evidenced by the activation of
caspases and induction of apoptotic cell death (Fig 1A-C). The ECsq of TRAIL for
caspase-8 and caspase-3/7 were 8.31 and 2.47 ng/mL, respectively, and the ICs for cell
death was 2.57 ng/mL, similar to those observed in the sensitive DLD1 cells. The results
indicated that 17-HW treatment restored the apoptotic response to TRAIL in the resistant
DLD1-R cells.

Restoration of full-length caspase-8 in DLD1-R cells by 17-HW in TRAIL-resistant cells

We then examined the protein levels of caspases-8, —3, and —7 in the resistant DLD1-R cells
with and without 17-HW. Consistent with the previous report (11), the full-length caspase-8
level was dramatically reduced in the resistant cells (Fig 1D and Supplementary Figure S1).
Caspase-8 is the first enzyme activated by TRAIL in the extrinsic apoptotic pathway in
which the full-length caspase-8 is cleaved to form an activated caspase 8. In addition to the
absence of the full-length caspase-8 protein, the cleaved caspases-8, —3, and —7 (the active
forms of these caspases) were all absent in the drug-resistant cells compared to the drug-
sensitive DLD1 cells (Fig 1D). The ubiquitinated caspase-8 level in the resistant DLD1-R
cells was not changed (Supplementary Figure S1), eliminating the possibility of
ubiquitinated caspase-8 as a cause of decreased full-length caspase-8 proteins (12). The
CASP8transcription level did not change after 17-HW treatment in these cells, suggesting a
post-translational regulation of caspase-8 protein (Fig 1E and Supplementary Figure S1).
Expression of TNFRSF10A, TNFRSF10B, and CFLAR in the TRAIL-resistant cells did not
change either (Supplementary Figure S1). In the extrinsic apoptosis pathway, TRAIL binds
to death receptors that then sequentially activates caspase-8, —3, and —7. Thus, the absences
of active (cleaved) caspase-3 and -7 in the TRAIL-resistant cells should be caused by the
loss of caspase-8 and its activation in the DLD1-R cells.

Treatment of DLD1-R cells with 17-HW restored full-length caspase-8 protein level (Fig
1D), and cleaved caspase-8, —3, =7, and PARP in response to TRAIL treatment were also
recovered in DLD1-R cells (Fig 1D). In the sensitive DLD1 cells, 17-HW did not
significantly affect caspases and PARP protein expression (Fig 1D). The CASP8 gene
transcription did not change after 17-HW treatment in both cell lines (Fig 1E). Together, the
results demonstrate that the reduced full-length caspase-8 protein in the TRAIL-resistant
DLD1-R cells can be restored by 17-HW resulting in restoration of TRAIL’s apoptotic
response.

Overexpression of BECN1 significantly enhances autophagy and autophagy flux in TRAIL
resistance cells

17-HW has been reported to inhibit autophagy induction and autophagosome formation
through inhibition of the BECN1-PIK3C3 complex (13). To determine whether the
autophagy inhibition by 17-HW is responsible for resensitization of resistant cells to TRAIL,
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two autophagy markers, the microtubule-associated protein 1 light chain 3 beta
(MAP1LC3B) and sequestosome 1 (SQSTM1)/p62, were measured. The MAP1LC3 has two
forms including MAP1LC3B-1 in the cytosol and MAP1LC3B-I1I conjugated with
phosphatidylethanolamine predominantly in autophagosomes and autolysosomes (14). We
found that the levels of MAP1LC3B-1, MAP1LC3B-Il, and SQSTM1 were extremely low in
the DLD1-R cells compared to DLD1 cells (Fig 2A), which were increased dramatically
upon Baf.A1 treatment (vacuolar H*-ATPase inhibitor that increases autophagosomes due to
an inhibition of autophagosome-lysosome fusion resulting in retardation of autophagy flux)
(Fig 2A) (14). The results revealed the overactive autophagy and enhanced autophagy flux in
TRAIL-resistant cells which can be ameliorated by 17-HW (Fig 2A and Supplementary
Figure S2).

To further explore the overactive autophagy in the TRAIL-resistant cells, we measured the
inhibitory effect of 17-HW on BECN1 and PIK3C3 complex. BECN1 expression and
phosphorylation at Ser15 and Ser93 significantly increased in DLD1-R cells at both the
mRNA and protein levels (Fig 2B—C and Supplementary Figure S2). Although PIK3C3
levels were similar in both cell types, the BECN1-PIK3C3 complex markedly increased in
the DLD1-R cells (Fig 2D and Supplementary Figure S2). However, the amount of total and
phosphorylated ULK1 and MTOR, two upstream kinases of BECN1, did not change in the
resistant cells (Supplementary Figure S2). Together, these results suggested that the
overexpression of BECN1 in TRAIL-resistant DLD1-R cells augmented binding of BECN1
to the PIK3C3 complex, contributing to enhanced autophagy that was inhibited by 17-HW.

Increased BECNL1 level sequestrates full-length caspase-8 in autophagosomes for
degradation in TRAIL-resistant cells

To determine the role of enhanced autophagy induced by increased BECN1 on the
degradation of full-length caspase-8 in TRAIL-resistant DLD1-R cells (15), the turnover of
full-length caspase-8 was studied. After treatment with 17-HW or Baf.A1, the level of full-
length caspase-8 was restored in the resistant DLD1-R cells (Fig 2E-G and Fig 3A-C).
However, after Baf. Al treatment, the increased caspase-8 co-localized with the MAP1LC3
puncta (Fig 2F-H), indicating that the full-length caspase-8 proteins were sequestered in the
autophagosomes in the resistant cells. However, Baf.A1 could not sensitize DLD1-R cells to
TRAIL (Supplementary Figure S2) due to the unavailability of full-length caspase-8 proteins
in the cytosol. In 17-HW treated-cells, the increased caspase-8 did not co-localize with the
MAP1LC3 puncta, suggesting that caspase-8 proteins, not sequestered in autophagosomes,
can be activated by TRAIL (Fig 2F-H). Hence, the full-length caspase-8 proteins increased
by 17-HW restored the apoptotic response in the DLD1-R cells. After a combination
treatment of 17-HW with TRAIL, the level of BECNL1 protein was remarkably reduced in
the resistant cells because the BECN1 was cleaved by the activated caspases (Fig 3D) (16).
Together, the results indicated that the increased BECN1 proteins in the TRAIL-resistant
cells led to the sequestration of full-length caspase-8 proteins in autophagosomes that were
subsequently degraded by the overactive autophagy flux. Treatment of the TRAIL-resistant
cells with 17-HW decreased the overactive autophagy, restored full-length caspase-8 level,
and resensitized the apoptotic response of TRAIL in the resistant colon cancer cells.
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Direct binding of BECNL1 to full-length caspase-8

We hypothesized that increased BECN1 might bind to caspase-8 triggering its autophagic
degradation in the TRAIL-resistant cells. To examine the direct binding of BECNL to full-
length caspase-8, a specific antibody recognizing the carboxyl terminus of full-length
caspase-8 was used to detect the binding with BECN1 and its truncated variants. We found
that after treatment with 17-HW the restored full-length caspase-8 remained in the cytosol
and its interactions with BECN1 were inhibited (Fig 3A-C). In addition, the interaction of
BECNL1 with the small catalytic subunit (p10) of caspase-8 was detected upon treatment
with TRAIL (Fig 3D). However, this interaction was not found after the treatment with
Baf.A1 which sequestrated caspase-8 to autophagosomes (Fig 3A-C). Using truncated
variants of BECN1, we then determined the domain of BECNL1 responsible for binding with
full-length caspase-8. We found that the evolutionarily conserved domain (ECD) of BECN1
mediated its interaction with full-length caspase-8 (Fig 4A).

To further understand how BECN1 interacts with full-length caspase-8, we performed
computational modeling to probe the protein-protein interactions between the ECD domain
of BECNL1 and full-length caspase-8. The binding model was predicted from the existing
crystal structure of the ECD domain of BECN1 (17) and caspase-8 (18) using a protein
docking program ZDOCK, which utilizes a pairwise statistical potential energy to optimize a
large ensemble of docking complexes and the best model is generated from the most
energetically stable one (19). The predicted binding model analysis showed that BECN1
preferentially binds to the p10 subunit of caspase-8 by forming a trimeric complex together
with the p18 domain of caspase-8 (Fig 4B). A cluster of aromatic residues from BECN1
including Tyr333, Tyr352, Phe359, and Phe360 are involved in an extensive hydrophobic
and aromatic stacking interaction with caspase-8 at the protein binding interface (Fig 4C). A
previously reported mutagenesis study showed that the aromatic finger residues Phe359 and
Phe360 in BECN1 played an important role in protein-protein binding interaction (17). On
the other hand, studies showed that caspase-8 binds to the regulatory protein CFLAR at the
same binding interface of p10 subunit, which is an inhibitor of initiator caspase activation
and cell death (20). Together, these findings suggested that ECD domain of BECN1 binds to
the p10 subunit of full-length caspase-8 which led to the sequestration of the full-length
caspase-8 in autophagosomes for subsequent autophagic degradation.

Knockdown of BECNL1 expression prevents degradation of full-length caspase-8 and
restores the response to TRAIL in resistant DLD1-R cells

To further confirm that increased BECN1 causes autophagic degradation of full-length
caspase-8 resulting in TRAIL resistance, we carried out a BECNI knockdown experiment.
In the resistant DLD1-R cells, both BECNI mRNA and BECNL1 protein were significantly
reduced by the BECNI shRNA (Fig 5A and Supplementary Figure S3). The CASPE mRNA
level was increased by the BECNI shRNA (Supplementary Figure S3). Similar to the
treatment with 17-HW, the BECN1 knockdown restored the levels of caspases-8, -3, and =7
and TRAIL’s response (Fig 5B-D, Supplementary Figure S3, and Supplementary Table S3).
The potency of TRAIL in the resistant DLD1-R cells after the BECNI knockdown was
similar to that in the sensitive DLD1 cells. The BECNI knockdown increased MAP1LC3B-I
and SQSTML1 to the levels similar to the sensitive cells (Fig 5A), an indication of reductions
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in autophagosome formation and autophagy flux. Similarly, the full-length caspase-8 level
was recovered in the resistant cells after the BECNI knockdown (Fig 5A). The restored full-
length caspase-8 protein remained in the cytosol, even after Baf.Al treatment (Fig 5E), due
to the reduction of autophagosome formation and decreased autophagy flux after the
BECNI knockdown. Together, the results further confirmed that the increased BECNL1 level
in TRAIL-resistant cells is responsible for the deficiency of full-length caspase-8 and
TRAIL resistance.

To determine whether this mechanism of increased BECN1 that subsequently decreased the
full-length caspase-8 level was present in other colon cancer cell lines, a panel of 15 other
colon cancer cell lines were examined (Supplementary Table S4 and Supplementary Figure
S4). We found that 11 of these 15 cell lines (IC5¢ > 200 ng/mL) exhibited significant
resistance to TRAIL (Supplementary Figure S4). The TRAIL resistance was overcome by
either 17-HW treatment or BECNI knockdown in three of them (Caco-2, LS174T, and
LS180 cell lines), similar to that in the DLD1-R cells described above (Fig 5G-L and
Supplementary Table S5 and S6). The results indicated that TRAIL resistance is present in
many colon cancer cell lines (11 out of 15). However, only a portion (3 out of 15) are
mediated by the mechanism of increased BECN1 and enhanced autophagy among the 15
cell lines examined. It also suggests that the combination therapy of TRAIL with a BECN1-
PIK3C3 complex inhibitor such as 17-HW may improve the therapeutic efficacy for a
subpopulation of colon cancer patients with this type of TRAIL resistance.

Increased BECNL1 levels plus reduced caspase-8 levels in colon cancer patient tissues
correlates with a poor patient survival rate

To determine the clinical relevance of our above finding, we next examined BECN1 and full-
length caspase-8 levels in a human colon cancer tissue array with samples from 120 patients
including 90 of them with matched adjacent normal colon tissue (Supplementary Table S7).
All patients whose tumor samples were included in this array suffered from adenocarcinoma
of the colon. Associations of BECN1 and caspase-8 with clinicopathological features
(including pathological tumor stage, lymph node metastases, and histological grade) were
examined, respectively (Supplementary Table S8). Neither BECN1 nor caspase-8 protein
levels, as a single factor, correlated with any of these clinicopathological features (p> 0.05,
chi-squared test). Examining two factors together, high BECNL1 levels and low full-length
caspase-8 levels, yielded a subpopulation with significant correlation to more advanced
pathological T stage (T3 and T4, p = 0.005, chi-squared test), and poor histologic
differentiation of the tumor (p = 0.023, chi-squared test). Additionally, BECN1 or full-length
caspase-8 levels showed no significant association to survival rate in Kaplan-Meier survival
curves individually (p=0.2392 and p = 0.3054, respectively; Fig. 6A-B). After combining
two factors (high BECNL1 and low full-length caspase-8 levels), it showed a significant
correlation with the low survival rate (p < 0.0001; Fig 6C). In this cohort of patients, it
revealed a statistically negative correlation between BECN1 and full-length caspase-8 in the
Spearman’s r-coefficient test (Fig. 6D). Decreased levels of full-length caspase-8 tended to
present in tumor tissues with increased BECN1 (Fig. 6E). These findings concord well with
the model which predicted an increased BECNL1 level leading to a decreased full-length
caspase-8 level in a subgroup of patients (Fig. 6F). Taken together, the results showed that
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patients with high BECNL1 level and low caspase-8 level clinically correlates with high
cancer progression and low survival rate, implying the poor prognosis of the patients with
potential TRAIL-resistance.

Discussion

Development of resistance to therapeutics, either intrinsic or acquired, is a major challenge
in colon cancer treatments. Abnormality in the apoptotic cell death signaling pathway has
been implicated in CRC, which conduces to the survival of cancer cells and is a leading
cause of resistance to current therapeutic approaches (21). Since the extrinsic pathway
activates apoptosis independently, a potential therapeutic development for CRC has been
explored by targeting FASLG and TRAIL. FASLG was shown to strongly induce apoptosis
in a wide range of cancer cells including CRC (22), but it is not clinically useful due to its
lethal hepatotoxicity (23). Similar to FASLG, TRAIL-induced apoptosis in cancer cells. In
contrast to FASLG, TRAIL spared most normal cells with only marginal cytotoxicity (24),
an attractive quality for cancer therapy. TRAIL has been shown to induce apoptosis in
malignant cells both in vitro and in pre-clinical models of CRC (22,25). However, a large
number of cancer patients including those with CRC became resistant to TRAIL treatment in
phase 11/111 clinical trials (22,25). Defects in the TRAIL signaling pathway have been
reported that confer resistance to TRAIL in CRC including down-regulation and/or impaired
functionality of TNFRSF10A and TNFRSF10B, inhibition of caspase-8 activation, decrease
of pro or activated caspase-8 level, and increased level of anti-apoptotic proteins, such as
BCL2, Bcl-xL and inhibitor of apoptosis proteins (IAPs) (11,22).

Caspase-8 plays a central role in the extrinsic apoptosis pathway since it is the primary
caspase which initiates the death signal transduction after the binding of TRAIL to DRs
(26). It has been reported that caspase-8 protein expression was decreased in CRC (27). The
loss of caspase-8 compromises extrinsic apoptotic cell death that has been reported in
neuroendocrine tumors such as neuroblastoma (28) and small cell lung carcinoma (29).
Reduction of caspase-8 expression in about 10% of CRC patients was reported (30). The
silence of CASP8 expression has been linked to the promoter methylation or gene deletion
(31). It has been reported that caspase-8 protein expression was absent in multiple lung and
breast carcinoma cell lines without a significant change of CASP8 mRNA level (32).
Despite these findings, the precise reasons for decreased caspase-8 protein expression have
not been well elucidated (26).

Autophagy is a degradation pathway for long-lived proteins and organelles, which usually
functions to maintain normal cell survival but can mediate cell death in certain conditions
(15). Autophagy flux starts from autophagosome formation, moves to fusion with lysosomes
to form autolysosomes, and ends in a sequential degradation of contents in autolysosomes
(14). Although autophagy interplays with apoptosis, their crosstalk is complicated and many
details remain unresolved (33). It has been reported that activated caspase-3, =7, and —8 can
mediate cleavage of BECN1 or ATG13, resulting in autophagy inhibition and enhancing
apoptosis (16). Conversely, inhibition of autophagy could block active caspase-3 or -8 by
autophagic degradation of these proteins (34,35). However, whether the full-length
caspase-8 is reduced by autophagic degradation has not been reported previously.
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Wortmannin was a pan-PI3K inhibitor, which forms a covalent bond with a conserved lysine
residue involved in the phosphate-binding reaction to prevent its interaction with beclin 1
and the subsequent autophagy activation (36). 17-HW was an analog of wortmannin with
modification at position 17 remote from its furan ring and was the most potent inhibitor in
its class (37,38). Moreover, 17-HW was more stable than wortmannin /n vivo which
remained detectable after 30 min, and the pegylated 17-HW remained detectable after 60
min, whereas wortmannin had been reported to be undetectable after intravenous
administration to mice (37,39). In addition, PX-866, another structure-modified compound
based on wortmannin, exhibits remarkable /7 vivo antitumor efficacy via both oral and
intravenous administrations (39,40). It has been evaluated for the treatment of recurrent
glioblastoma and metastatic castration-resistant prostate cancer in phase Il clinical trial.

The flux dual contrasting roles of autophagy flux have been linked to both tumor promotion
and tumor suppression (41). A high level of autophagy activity has been considered as the
resistance mechanism for drug-resistant mediated extrinsic apoptosis in several cancer types
including CRC (34), breast cancer (42), leukemia (43), hepatocellular carcinoma (44), lung
cancer (35), and prostate cancer (45). Inhibition of autophagy with small molecule inhibitors
or by silencing of autophagy-associated genes such as BECN1, ATG5, ATG7, or ATG12 has
been shown to sensitize cancer cells to TRAIL (42-45). The autophagic degradation of
active caspase-8 (34) or TNFRSF10A and TNFRSF10B (42) has been reported as possible
mechanisms involved in TRAIL resistance. However, the activation of autophagy flux has
been reported to enhance TRAIL-induced extrinsic apoptosis through downregulation of
CFLAR (46), and upregulation of TNFRSF10B (47), which are very different from what we
have observed in the subpopulation of cell lines and patient samples.

Downregulation of active caspase-8 has been linked to TRAIL resistance (34) and
proteasome degradation (48). The degradation of full-length caspase-8 is unclear. In this
study, we demonstrate that the increased BECNL1 level in the TRAIL-resistant cells causes
inclusion of full-length caspase-8 proteins into autophagosomes through the direct binding
of BECNL1 to full-length caspase-8 and the full-length caspase-8 proteins in autophagosomes
are then degraded by the enhanced autophagy flux in the TRAIL-resistant cells.
Overexpressed BECNL levels were reported in 44.5% of CRC (49). In the tissue array of
120 CRC patient samples, we also found the increased BECNL1 level plus reduced full-length
caspase-8 level correlated with the poor patient survival rate in approximately 30.8% of
patient tissues (37 out of 120 patients). These data also implied a subpopulation of potential
TRAIL-resistant patients would have the poor prognosis in clinical.

CRC is a heterogeneous disease in accordance with its molecular profiles and clinical
presentations (50). We found that the increased BECN1 level and BECN1 mediated
autophagy degradation of full-length caspase-8 are present in a subgroup of colon cancer
cell lines and patients. Therefore, a combination therapy of TRAIL with a BECN1-PIK3C3
complex inhibitor has potential as a new therapeutic approach for the subgroup of colon
cancer patients with an increased BECNL1 level plus a reduced full-length caspase-8 level.
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TRAIL resistance in the DLD1-R cells that was overcome by treatment with 17-HW.

(A-C) Dose-response curves of TRAIL in the presence or absence of 0.5 uM 17-HW on the
activities of caspase-8 (A), caspase-3/7 (B), and ATP content of cell viability (C) in TRAIL-
sensitive colon cancer DLD1 cells and TRAIL-resistant DLD1-R cells. (D) Western blot of
CASPS8 full-length (FL), cleaved CASP8, CASP3, cleaved CASP3, CASP7, cleaved CASP7,
and PARP after treatment of DLD1 and DLD1-R cells with 20 ng/mL TRAIL in the
presence or absence of 0.5 uM 17-HW for 8 hours. ACTB (beta-actin) acts as the loading
control. (E) Real-time PCR is showing the CASP8 mRNA expression in DLD1 and DLD1-R
cells treated with 20 ng/mL TRAIL in the presence or absence of 0.5 uM 17-HW for 8
hours. The data ware normalized to the GAPDH mRNA level of each sample. All curves
represent best fits for calculating the IC50 and EC50 values, and all values represent the
mean + SEM (n = 3 replicates). Western blot picture was shown as one of three repeated
experiments. Statistical analysis was performed using two-tailed t-test.
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Figure2.
Increased BECNL1 leads to CASP8 degradation in TRAIL-resistant cells.

(A) Western blot of MAP1LC3B and SQSTML1 after treatment of DLD1 and DLD1-R cells
with 100 nM Baf.Al or 0.5 pM 17-HW for 24 hours and ACTB was used as the loading
control. (B) Western blot showing the increases of BECN1, phosphorylated BECN1 (Serl5),
and phosphorylated BECN1 (Ser93) in DLD1 and DLD1-R cells with the ACTB as the
loading control. (C) Real-time PCR is showing the BECN1 mRNA expression in DLD1 and
DLD1-R cells. The data were normalized to the GAPDH mRNA level of each sample. (D)
Immunoprecipitation and western blot of BECN1 and PIK3C3 in DLD1 and DLD1-R cells.
Cells were lysed and immunoprecipitated with anti-BECN1 antibody followed by western
blot analysis with the indicated antibodies. (E) Western blot of CASP8 full-length (FL),
cleaved CASP8, CASP3, cleaved CASP3, CASP7, cleaved CASP7 and PARP after
treatment of DLD1 and DLD1-R cells with 20 ng/mL TRAIL and/or 100 nM Baf.A1 for 8
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hours. (F) Immunofluorescent images of DLD1 and DLD1-R cells treated with 100 nM
Baf.Al or 0.5 uM 17-HW for 24 hours followed by staining of CASP8 (red), MAP1LC3B
(green) and nuclei (blue) (scale bar, 10 um). (G) Quantification of the average of CASP8
intensity (left panel) and the number of the CASP8 puncta merge with MAP1LC3B in F
(right panel). (H) Proposed model for drug-resistance in DLD1-R cells in which BECN1
binds to CASP8 to enclose it into autophagosome for degradation in autolysosome and the
acting points of 17-HW and Baf.Al. All values represent the mean £ SEM (n = 3 replicates)
with a representative western blot shown. Statistical analysis was performed using two-tailed
t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 3.

BECNL1 binds to the p10 subunit of CASP8

(A) Immunoprecipitation and western blot of CASP8 and BECN1 of DLD1-R cells treated
with 100 nM Baf.Al and/or 0.5 pM 17-HW for 24 hours. Cells were lysed and
immunoprecipitated with anti-BECN1 antibody followed by western blot analysis with the
indicated antibodies. (B) Immunofluorescent images of DLD1-R cells treatment with 100
nM Baf.Al or 0.5 uM 17-HW for 24 hours followed by staining for CASP8 (red), BECN1
(green), and nuclei (blue) (scale bar, 10 ym). (C) Quantification of the number of CASP8
puncta merged with BECNL1 in B. (D) Schematic structure of caspase-8 and its cleavage
products (top panel). Immunoprecipitation and western blot of CASP8 (FL = full length),
cleaved CASP8 (C-CASP8), PIK3C3, and BECN1 of DLD1-R cells treated with 20 ng/mL
TRAIL, combine with 100 nM Baf.A1 and/or 0.5 pM 17-HW for 24 hours. Cells were lysed
and immunoprecipitated with anti-BECN1 antibody followed by western blot analysis with
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the indicated antibodies (bottom panel). All values represent the mean + SEM (h =3
replicates) with a representative western blot. Statistical analysis was carried out using two-
tailed t-test (***, p < 0.001).
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Figure 4.
CASP8 binds to the evolutionarily conserved domain (ECD) of BECNL1.

(A) Schematic structures of truncated BECN1 variants used in the experiment (top panel).
Immunoprecipitation and western blot of CASP8 binding to FLAG-linked BECN1 variants
in DLD1-R cells after transfections with individual plasmids containing BECN1 truncated
variants for 48 hours. Cells were lysed and immunoprecipitated with anti-FLAG antibody
followed by western blot analysis with the indicated antibodies (bottom panel). (B) Binding
model of BECN1 with CASP8. Surface representation of the ECD domain of BECN1 (blue)
interacting mainly with subunit p10 (green) of CASP8. The p18 subunit of CASP8 is shown
in cyan. (C) Protein-protein interactions at the binding interface. Key residues of BECN1
represented by orange sticks and the p10 subunit of CASP8 represented by yellow sticks are
shown in the sticks in brown and yellow, respectively.
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Figureb.

TRAIL response is restored by the ShBECN1 knockdown in the DLDR-1 cells.

(A) Western blot of BECN1, MAP1LC3B, SQSTM1, CASP8 full-length (FL), cleaved
CASP8, CASP3, cleaved CASP3, CASP7, cleaved CASP7, and PARP after DLD1-R cells
were treated with 20 ng/mL TRAIL for 8 hours. Cells were infected with shCTL (negative
control) or shBECNL1 lentiviral particles to generate stable knockdown cell lines before
treatment with TRAIL. (B-D) Dose-response curves of TRAIL on the activities of caspase-8

(B), caspase-3/7 (C) and ATP content of cell viability (D) in the DLD1 cells, DLD1-R
with BECN1 knockdown, and/or control DLD1-R cells treated with TRAIL. (E)
Immunofluorescent images of BECN1 knockdown or control DLD1-R cells treatment

cells

with

100 nM Baf.Al for 24 hours followed by staining for CASP8 (red), MAP1LC3B (green),

and nuclei (blue). Scale bar, 10 um. (F) Quantification of the average intensity of CAS

P8

(top panel), the average of MAP1LC3B intensity (middle panel), and the number of the
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CASP8 puncta merge with MAP1LC3B (bottom panel) in E, separately. (G-I, left panels)
Dose-response curves of TRAIL in the absence or presence of 0.5/1 uM 17-HW on cell
viability of Caco-2 cells (G), LS174T cells (H), and LS180 cells (I). Western blot of CASP8
and cleaved CASP8 after treatment of Caco-2 (G), LS174T (H) and LS180 (1) cells with 20
ng/mL TRAIL in the absence or presence of 0.5 uM 17-HW for 8 hours (right panels). (J-L,
left panels) Dose-response curves of TRAIL on cell viability in the cells after the BECN1
knockdown compared to control Caco-2 cells (J), LS174T cells (K) and LS180 cells (L).
Western blot of CASP8, cleaved CASP8 and BECNL in the cells after the BECN1
knockdown or in control Caco-2 cells (G), LS174T cells (H) and LS180 cells (1) treated with
20 ng/mL TRAIL for 8 hours (right panels). ACTB was used as a loading control in the
Western blot experiments. All values represent the mean £ SEM (n = 3 replicates) with a
representative western blot shown. Statistical analysis was performed using two-tailed t-test
(no significance, ns, p > 0.05; p < 0.01, **; p < 0.001, ***).
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Figure®6.

Correlation of poor survival rate with high BECNL1 level plus low CASP8 level in colon

cancer patient samples

(A) The Kaplan-Meier survival curve is showing the difference between colon cancer

patients with high BECN1 expression (61 out of 120, black) and low BECN1 expression (59
out of 120, blue). (B) The Kaplan-Meier survival curve is showing the difference between
colon cancer patients with high CASP8 expression (51 out of 120, black) and low CASP8

expression (69 out of 120, green). (C) The Kaplan-Meier survival curve is showing the

difference between colon cancer patients with high BECN1 plus low CASP8 (37 out of 120,
red) and other patients (83 out of 120, black). (D) A chi-squared test is showing the
correlation of BECNL1 expression and CASP8 expression in 120 colon cancer patients. (E)

Immunohistochemistry staining for BECN1 and CASP8 in two representative colon cancer
biopsies (Tumor) and matched normal adjacent colon tissues (NAT) (scale bar, 20 uM). The
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significance of the Kaplan-Meier survival rate was analyzed by log-rank (Mantel-Cox) test,
and the pvalues were inserted in graphs. (F) Graphical illustration of resensitization of
TRAIL response by 17-HW. In sensitive cells (DLD1), TRAIL activates caspase-8,
triggering the extrinsic apoptotic cascade and cell death. In TRAIL-resistant cells (DLD1-
R), overexpressed BECN1 causes inclusion of caspase-8 into class 111 PI3K complexes that
sequester caspase-8 into autophagosomes for degradation in autolysosomes. 17-HW blocks
the formation of the Class 111 PI3K complex that reduces the degradation of caspase-8,
resulting in the restoration of TRAIL’s response in the drug-resistant DLD1-R cells.
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