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Abstract

Truncated APC selective inhibitor-1 (TASIN-1) is a recently
identified small molecule that selectively kills colorectal cancer
cells that express truncated adenomatous polyposis coli (APC)
by reducing cellular cholesterol levels. However, the down-
stream mechanism responsible for its cytotoxicity is not well
understood. In this study, we show that TASIN-1 leads to
apoptotic cell death via inducing ER stress-dependent JNK
activation in human truncated APC colon cancer cells, accom-
panied by production of reactive oxygen species (ROS). In

addition, TASIN-1 inhibits AKT activity through a cholester-
ol-dependent manner. Human colon tumor xenografts in
immunodeficient mice also show the same TASIN-1 induced
molecular mechanisms of tumor cell death as observed in vitro.
Taken together, cholesterol depletion by TASIN-1 treatment
induces apoptotic cell death through activating ER stress/ROS/
JNK axis and inhibiting AKT pro-survival signaling in colon
cancer cells with truncated APC both in vitro and in vivo.
Mol Cancer Ther; 17(5); 943–51. �2018 AACR.

Introduction
Colorectal cancer (CRC) is the third most commonly diag-

nosed cancer and third leading cause of cancer-related mortality
in the United States. It is estimated that nearly 134,000 new
cases of colon and rectal cancer occurred in 2016 and approx-
imately 50,000 of these will eventually result in death (1).
However, the effectiveness of treatments for advanced colorec-
tal cancer, including radiation, chemotherapy and targeted
therapies, are limited. Mutation in the adenomatous polyposis
coli (APC) tumor suppressor gene is a frequent and early, if not
initiating, event in colorectal cancer tumorigenesis (2, 3). Over
90% of these mutations generate a premature stop codon,
resulting in stable truncated gene products (4). Recently, we
identified a small molecule, truncated APC selective inhibitor-1
(TASIN-1), that is toxic to truncated APC CRC cells while
sparing normal and other cancer cells expressing wild-type
APC (5, 6). This compound induces cell death through deple-
tion of cholesterol in truncated APC cells (6). However, the
downstream mechanism in response to TASIN-1–induced cho-
lesterol depletion remains to be determined.

The endoplasmic reticulum (ER) is a central organelle involved
in protein folding, protein maturation, and lipid synthesis. Inter-
ference of ER homeostasis, resulting in an accumulation of mis-
foldedor unfoldedproteins in theER lumen, leads toER stress (7).
Ablation of sterol response element bind proteins (SREBP), the
master regulators of fatty acid and cholesterol biosynthesis, causes
ER stress through alteration of membrane lipid composition (8).
Treatment of statins, cholesterol lowering drugs that inhibit
HMG-CoA reductase, also induces ER stress via inhibition of
protein lipidation and induction of an unfolded protein response
(9). JNK is a subfamily of the mitogen-activated protein kinase
(10, 11). It is also known as a stress-activated protein kinase,
which is upregulated in response to a wide range of cellular
stresses including ER stress (12, 13). JNK functions as a pro-
apoptotic kinasem, although it remains debatable whether it is an
intrinsic component of the apoptotic machinery or a modulator
of apoptosis (10, 14, 15). Activation of JNK has been reported in
response to ER stress, which has been shown to be a critical event
leading to apoptotic cell death (13, 16).

AKT is a serine/threonine protein kinase, which is a critical
regulator of many cellular functions, including proliferation,
survival, and apoptosis (17). In response to growth factors
and other extracellular stimuli, AKT is recruited to the plasma
membrane by PIP3 where it is phosphorylated by two kinases,
pyruvate dehydrogenase kinase 1(PDK1), and mTOR complex 2
(mTORC2) for its full activation (18, 19). Changes in cholesterol
levels in lipid rafts or increases in ER stress have been shown to
affect AKT phosphorylation and cell survival in eukaryotic cells
(20, 21).

In this study, we found that TASIN-1 induces ER stress resulting
in induction of oxidative stress and activation of the JNK pathway
which are required for TASIN-10s cytotoxicity. TASIN-1–induced
cholesterol depletion and ER stress can also directly inhibit
phosphorylation of AKT and its activity. Thus, TASIN-1 induces
JNK-dependent apoptosis downstream of its effect on intracellu-
lar cholesterol levels.
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Materials and Methods
Cell culture

Human colorectal cancer cell lines (DLD1, HCT116, RKO,
and HT29) were obtained from ATCC about 20 years ago. Cell
lines were maintained in basal medium (four parts DMEM and
one part M199, Hyclone) supplemented with 10% cosmic calf
serum. These cells were also adapted to grow in low (0.2%)
serum in HCEC medium for experimental drug treatments (6).
All cell lines were expanded at low passages and preserved in
liquid nitrogen. The cells were used between 2 and 20 pas-
sages. Mycoplasma contamination was tested by the authors
using e-Myco PLUS Mycoplasma PCR Detection Kit (Fisher
Scientific).

Drug treatments
For dose–response curve analyses, cells were seeded in 96-well

plate in triplicate and treated with TASIN-1 (ref. 6; synthesized in
our institute) at 10-point three-fold dilution series for 72 hours.
Cell viability was determined using CellTiter-Glo assay (Pro-
mega). Each value was normalized to cells treated with DMSO
and the IC50 values are calculated usingGraphpadPrism software.
SP600125 (ref. 22; EMD) was used at 12.5 mmol/L. Cyclohexi-
mide (Sigma) was used at 1.5 mmol/L. N-acetyl-L-cysteine (NAC)

and 4-phenylbutyric acid (4-PBA; Sigma) were used for anti-
oxidant and ER stress-attenuation, respectively.

Western blot analysis
Total cell lysates were prepared by harvesting cells in Laemmli

buffer [50 mmol/L Tris-HCl (pH 6.8), 2% S.D.S, and 10%
glycerol], boiled and resolved on a 4% to 15% Mini-PROTEAN
TGX Precast Gel (Bio-Rad), and transferred to a PVDF membrane
using the Trans-Blot Turbo Transfer System (Bio-Rad). Tumor
tissues were homogenized using a liquid nitrogen-cooled mortar
(Bel-Art Scienceware; Fisher Scientific) and were lysed in ice-cold
lysis buffer (50mmol/L Tris pH 7.5, 120mmol/L NaCl, 0.5%NP-
40 and 1mmol/L EDTA) containing protease and phosphatase
inhibitor cocktails (Roche Molecular Biochemicals). After centri-
fugation, equal amounts of protein from the supernatant was
mixed with 5 � Laemmli buffer and boiled at 95 �C for 10min-
utes. The following antibodies were used: anti-CHOP, anti- p-
eIF2a (Ser51), anti-GRP78, anti-cleaved PARP1, anti-p-JNK, anti-
total JNK, anti-p-c-Jun, anti-total c-Jun, anti-p-AKT, anti-total AKT
(Cell Signaling), anti-b-actin (Sigma). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse or anti-rabbit (Jackson Immu-
noResearch) were used as secondary antibodies at 1:5,000 and
detected with SuperSignalWest Pico or Femto Chemiluminescent

Figure 1.

TASIN-1 induces apoptosis in a time- and dose-dependent manner. A, Growth curves of DLD1 cells treated with DMSO, 2.5 mmol/L of TASIN-1 continuously or
washed out of TASIN-1 48 hours posttreatment in HCECmediawith 0.2% serum. Cell numberswere counted at indicated time. Data representmean� SD in triplicate
experiments. B, DLD1 cells were incubated with 2.5 mmol/L of TASIN-1 for 24, 48, 60, or 72 hours in HCEC media with 0.2% serum. Caspase 3/7 activity was
determined.Data representmean�SD. ��� ,P<0.001 in Student t test.C, Immunostaining of cleaved caspase-3 (red) inDLD1 andHCT116 cells treatedwith 2.5mmol/L
of TASIN-1 for 72 hours.D,Cleaved PARPwas determined byWestern blot analysis in HCT116 andDLD1 cells treatedwith 2.5 mmol/L of TASIN-1 for 24, 48, or 60 hours
in HCEC media with 0.2% serum. b-Actin was used as loading control. E, DLD1 cells were incubated with DMSO, 0.6, 1.2, or 2.5 mmol/L of TASIN-1 for 72 hours
in HCEC medium with 0.2% serum. Caspase 3/7 activity was determined. Data represent mean � SD. �, P < 0.05, �� , P < 0.01, ��� , P < 0.001 in Student t-test.
F, Cleaved PARP was determined by Western blot analysis in HCT116 and DLD1 cells treated as described in E. b-Actin was used as loading control.
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Substrate Kit (Thermo Scientific). To detect oxidatively modified
proteins, the OxyBlot Kit was used according to the manufac-
turer's instructions (Millipore).

AP-1 reporter assay
AP-1 luciferase activity was measured using Ap-1 Luciferase Kit

(BPS Bioscience) and conducted according to manufacturer's
instructions. TASIN-1 was added 18 hours after transfection with
the reporter plasmid. Dual luciferase assay (Promega) was per-
formed 48-hour posttreatment.

AKT kinase assay
AKT kinase activity was measured using the Assay Kit (Cell

Signaling) according to themanufacturer's instructions.Briefly, after
rinsing with ice-cold PBS, cell lysis buffer (containing 1 mmol/L
PMSF) was added and cells were incubated on ice for 10 minutes.
The cells were then scraped and centrifuged at 4�C for 10 minutes.
Two hundred microliters of lysate and 20 mL of immobilized AKT
antibody slurry were mixed and incubated with gentle rocking at
4�C for 3 hours. After centrifugation, pellets were washed twice in
lysis buffer and kinase buffer, and then resuspended in 40 mL kinase
buffer containing 200 mmol/L ATP and 1 mg GSK3 fusion protein.
After incubation for 30 minutes at 30�C, the reaction was termi-
nated in SDS sample buffer and samples were analyzed by immu-
noblot using an anti–phospho-GSK3a/b antibody.

Caspase 3/7 activity
Cells were treated with vehicle control, 2.5 mmol/L of TASIN-1,

12.5 mmol/L of SP600125 or combined for 72 hours and sub-
jected to Caspase-Glo 3/7 assay according to the manufacturer's
instructions in 96-well plates (Promega).

Immunocytochemistry
Cells were fixed using 3.7% paraformaldehyde for 10 minutes,

permeabilized with 0.5% Triton X-100 in PBS for 5 minutes and
incubated with blocking solution (10% goat serum and 3% BSA
in PBS containing 0.1% Triton X-100) for 60 minutes. Cells were
then incubated with primary antibodies diluted in blocking
solution for an hour. The following antibody was used: anti-
CHOP(1:100;Cell Signaling, 2895P). After incubationusing0.05
mg/mL Filipin (Sigma) and secondary antibodies labeled with
Alexa Fluor 488 (Invitrogen) for 60minutes, slides weremounted
withMowiol (Calbiochem) solution. Cells were observed under a
fluorescence microscope, Axiovert 200M (Carl Zeiss).

ROS measurement
H2-DCFDA (20,70-dichlorofluorescein diacetate) was used to

detect the production of ROS.DLD1 cells treatedwith TASIN-1 for
32 or 56 hours were subsequently incubated with H2-DCFDA
(10 mmol/L) for 15minutes. Fluorescence intensity wasmeasured
by PHERAstar FS microplate reader (BMG LABTECH). A concen-
tration of 200 mmol/L H2O2 was used as a positive control.

Tumor xenografts
Subcutaneous xenografts were established in 5- to 6-week-old

female athymic nudemice (NCI) by inoculation of 2� 106DLD1
cells into both dorsalflanks of eachmouse.When the tumors grew
to 2 to 3 mm in diameter, the mice were injected intraperitoneal
with TASIN-1 at a dose of 40 mg/kg (dissolved in 0.2 mL solvent
containing 10% DMSO, 10% cremophor) or solvent alone twice
daily until the tumors grew to about 15 mm in diameter in the
control group. These studies were performed according to the
guidelines of the UT Southwestern Institutional Animal Care and
Use Committee.

Figure 2.

TASIN-1 induces cell death via
induction of ER stress. A, DLD1 and
HCT116 cells were incubated with 2.5
mmol/L of TASIN-1 for 24 and 48 hours
in HCEC media with 0.2% serum.
Phosphorylation of eIF2, total CHOP,
and GRP78 expression were
determined by Western blot analysis.
b-Actin was used as loading control.
B, Dose–response curves for DLD1
cells treated with TASIN-1 in the
presence or absence of 10 mmol/L
4-PBA. Data represent mean � SD.
C, DLD1 and HCT116 cells were stained
for CHOP expression with antibody
and cholesterol with Filipin 0, 24, and
48 hours post 2.5 mmol/L TASIN-1
treatment. Green and white colors
indicate CHOP and cholesterol,
respectively. Scale bar, 50 mm.
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Statistical analysis
Quantitative data are expressed as mean � SD. Statistical

significance was assessed by the Student t test. Differences were
considered to be significant when P < 0.05.

Results
TASIN-1 induces apoptosis in a time- and dose-dependent
manner

We first examined the kinetics of TASIN-1–induced apoptosis
in colorectal cancer cell lines in culture conditions as previously
described (6). TASIN-1 did not significantly affect DLD-1 (con-
taining truncated APC protein) cell proliferation during the first
48 hours of treatment but led to cell death in the vast majority of
cells after 60 hours (Fig. 1A). This induction of cell death was
reversible since washout of TASIN-1 48 hours posttreatment
restored cell proliferation (Fig. 1A). However, TASIN-1 did not
induce apoptotic cell death inHCT116 cells, whichhavewild-type
APC proteins (Supplementary Fig. S1). TASIN-1–induced activa-
tion of caspase 3/7 activity (Fig. 1B), cleaved caspase-3 (Fig. 1C),
and cleavage of PARP over 60 hours posttreatment in DLD1 cells
(indicative of apoptosis induction) but not in HCT116 cells (Fig.
1D). Moreover, TASIN-1 induced apoptosis at low (0.6 mmol/L)
TASIN-1 concentrations inDLD1cells, and this inductionof active
caspase 3/7 or cleaved PARP was dose-dependent (Fig. 1E and F).

TASIN-1 induces cell death via induction of ER stress
Depletionof cholesterol or SREBPs,which aremaster regulators

of the cholesterol synthesis pathway, has been shown to induce ER
stress (8, 9). Considering TASIN-10s effect on cholesterol biosyn-
thesis (6), we evaluated whether TASIN-1 induced ER stress in
truncated APC cells. Treatment with TASIN-1 in DLD1 cells led to
induction of eIF2a phosphorylation and upregulation of CHOP,
amarker for ER stress induced apoptosis after 24 hours' treatment.
No induction of p-eIF2a or CHOP was observed in HCT116 cells
(WT APC) even 48 hours posttreatment (Fig. 2A). Although p-
eIF2a andCHOPwere increasedwith TASIN-1 treatment inDLD1
cells, cellular level of GRP78, a major target protein for unfolded
protein response (UPR) did not changed, suggesting that TASIN-1
treatment did not enhance UPR (Fig. 2A). 4-Phenyl butyric acid
(4-PBA) is a chemical chaperone that can facilitate protein fold-
ing, thus attenuating ER stress (23). Cotreatment of 4-PBA par-
tially blocked TASIN-10s cytotoxicity in DLD1 cells (Fig. 2B),
suggesting that TASIN-1 induces cell death at least in part by
induction of ER stress in truncated APC cells. CHOP has been
reported to induce cell death through promoting protein synthe-
sis (24). We found that cotreatment of cycloheximide, a protein
translation blocker, rescued TASIN-1 induced cell death (Supple-
mentary Fig. S2). To determine whether ER stress is associated
with cholesterol depletion, we costained DLD1 cells for CHOP
expression and cholesterol (Filipin staining). Consistent with the

Figure 3.

TASIN-1 induces JNK-dependent apoptosis. A, HCT116 and DLD1 cells were incubated with 2.5 mmol/L of TASIN-1 for 24, 48, and 72 hours in HCEC media
with 0.2% serum. Phosphorylation of JNK or c-Jun and total JNK or c-Jun expressionwere determined byWestern blot analysis. GAPDHwas used as loading control.
B, DLD1 cells were incubated with 2.5 mmol/L of TASIN-1 for 24, 48, and 72 hours in the presence or absence of 12.5 mmol/L of SP600125. Cleaved PARP,
phosphorylation of JNK, total JNK, and b-actin were determined. C, Surviving fraction of DLD1 cells treated with 2.5 mmol/L of TASIN-1 or 12.5 mmol/L of SP600125 or
combined for 72 hours. Data represent mean � SD. ��, P < 0.01 in Student t test. D, Caspase 3/7 activity in cells as described in C. Data represent mean � SD.
��� , P < 0.001 in Student t test. E, Phosphorylation of JNK, total JNK, and GAPDH expression were determined in DLD1 cells treated with 2.5 mmol/L of
TASIN-1 for 48 hours in the presence or absence of 10 mmol/L 4-PBA.
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Western blot analysis result, TASIN-1 induced nuclear expression
of CHOP in cells with decreased levels of cholesterol but only in
DLD1 cells (Fig. 2C).

TASIN-1 induces JNK-dependent apoptosis downstream of ER
stress

ER stress has been shown to induce JNK phosphorylation
(13, 25, 26), which is an activator of caspase-3 (27). Here, we
found that TASIN-1 induced phosphorylation of JNK and its
downstream effector, c-Jun, 48 hours posttreatment in DLD1
cells but not inHCT116 cells (Fig. 3A). The stress-activated protein
kinase/JNK signal transduction pathway is responsible for the
activation of Jun, which in turn activates AP-1, a transcription
factor for the Jun protein family. In agreement, TASIN-1 led to
induction of AP-1 promoter activity in DLD1 cells but not
HCT116 (Supplementary Fig. S3). Cotreatment of JNK inhibitor,
SP600125, efficiently blocked JNK phosphorylation and TASIN-1
induced cleavage of PARP in DLD1 cells (Fig. 3B). Consistently,
the JNK inhibitor reversed TASIN-1 induced cell death (Fig. 3C)
and caspase 3/7 activation (Fig. 3D) in DLD1 cells. Importantly,
cotreatment with 4-PBA inhibited TASIN-1 induced JNK activa-

tion (Fig. 3E), indicating that TASIN-1 induces JNK-dependent
apoptosis through ER stress responses.

TASIN-1 induced ER stress leads to accumulation of reactive
oxygen species

ER stress and oxidative stress are intricately connected, and ER
stress can trigger reactive oxygen species (ROS) signaling (28, 29).
We therefore assessed whether TASIN-1 alters cellular oxidative
stress levels in DLD1 cells. TASIN-1 treatment increased ROS
levels as measured by cell-permeant 20,70-dichlorodihydrofluor-
escein diacetate (H2-DCFDA) fluorogenic dye 32 and 56 hours
posttreatment (Fig. 4A). TASIN-1 treatment also induced accu-
mulation of oxidized protein that was evident 32 and 56 hours
posttreatment (Fig. 4B). Supplementation of 4-PBA reversed
TASIN-1 induced ROS generation (Fig. 4C), indicating that ER
stress is required for TASIN-1 induced ROS generation. In addi-
tion, cotreatment of NAC, an antioxidant, significantly (P ¼
0.0001) reversed TASIN-1's cytotoxicity (Fig. 4D) in DLD1 cells.
Because supplementation of cholesterol or 4-PBA reduced JNK
phosphorylation induced by TASIN-1 treatment, cotreatment
with NAC also inhibited TASIN-1 induced JNK activation

Figure 4.

TASIN-1 induced ER stress leads to accumulation of ROS.A,DLD1 cellswere incubatedwith 2.5mmol/L of TASIN-1 for 32 and 56 hours in HCECmediawith 0.2% serum,
followedby incubationwithH2-DCFDAandmeasurement offluorescence signal. H2O2was used as positive control. Data representmean� SD. � ,P<0.05, �� ,P<0.01
in Student t test. B, Oxyblot analysis of DLD1 cells treated with 2.5 mmol/L of TASIN-1 for indicated time. b-Actin was used as loading control. C, H2-DCFDA
fluorescence signal in DLD1 cells treated with TASIN-1 for 56 hours in the presence or absence of 4-PBA. Data represent mean � SD. � , P < 0.05, ��, P < 0.01 in
Student t test. D, Dose response curves for DLD1 cells treated with TASIN-1 in the presence or absence of 5 mmol/L NAC. Data represent mean � SD. E,
Phosphorylation of JNK, total JNK, and GAPDH expression were determined in DLD1 cells treated with 2.5 mmol/L of TASIN-1 for 48 hours in the presence or
absence of 50 mg/mL MCD-cholesterol, 5 mmol/L 4-PBA, or 5 mmol/L NAC.
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(Fig. 4E). Therefore, the ER stress and resultant ROS induction are
important for TASIN-1's cytotoxicity.

TASIN-1 induced cholesterol depletion and ER stress inhibits
AKT activation

The AKT pathway promotes cell survival and growth in response
to extracellular signals. ER stress and cholesterol depletion can
induce cell death by inhibiting the AKT pathway (20, 21, 30). We
found that TASIN-1 inhibited phosphorylation of AKT in both
DLD1 andHT29 cells expressing truncated APC but not in HCT116
and RKO cells expressing WT APC (Fig. 5A). Consistently, phos-
phorylation of the AKT effectormTORwas also inhibited by TASIN-
1 in DLD1 cells (Supplementary Fig. S4). To test whether TASIN-1's
effect on AKT activity and apoptosis was dependent on expression
truncated APC, TASIN-1 was treated in HCT116 isogenic cells
expressing truncated APC (HCT116þAPC1309). We found that
TASIN-1 inhibited phosphorylation of AKT followed by induction
of cleaved caspase-3 in HCT116þAPC1309 cells (Supplementary
Fig. S5). To address if TASIN-1's effect on AKT activity was choles-
terol-dependent, water-soluble cholesterol (MCD-cholesterol) was
added to cells simultaneously with TASIN-1. Supplementation of
cholesterol reversed TASIN-1 induced inhibition of AKT activation
(Fig. 5B). In addition, TASIN-1decreasedAKT activity as determined
by the decrease in phosphorylation of GSK3a/b and this inhibition
was reversed by cholesterol supplementation (Fig. 5C). To further
test whether TASIN-1-mediated AKT inhibition was dependent on
ER stress or oxidative stress, 4-PBA or NAC was cotreated with
TASIN-1 to DLD1 cells. Treatment of 4-PBA but not NAC reversed

TASIN-1 induced inhibition of AKT activation (Fig. 5D), suggesting
that TASIN-1 suppresses AKT activation via cholesterol depletion
and ER stress.

TASIN-1 induces ER stress, JNK activation, and oxidative stress
in vivo

Previously, we showed that TASIN-1 inhibited tumor growth in
DLD1 xenografts through induction of apoptosis (6). Here, we
further examined the signaling pathway implicated in TASIN-1's
antitumor activity in vivo. Tumors from DLD1 xenograft mouse
models that were injected with/without TASIN-1 were dissected
and total protein lysates were extracted. Western blot analysis
showed that TASIN-1 significantly induced expression of CHOP
and phosphorylation of JNK, and decreased phosphorylation of
AKT in lysates of DLD1 xenografts (Fig. 6A and B). In addition,
increased oxidized protein was observed in TASIN-1–treated
DLD1 xenografts (Fig. 6C and D). TASIN-1 treatment also
increased cleaved caspase-3 (apoptosis marker) and 8-hydroxy-
20-deoxyguanosine (8-OHdG, oxidation marker) in DLD1 xeno-
grafts (Fig. 6E). These results support that in vivo administration of
TASIN-1 also induces ER stress, JNK activation, and oxidative
stress and inhibits AKT activation that may contribute to its
antitumor effects.

Discussion
In this study, we investigated the downstream mechanism

of TASIN-1–induced apoptotic cell death and examined the

Figure 5.

TASIN-1–induced cholesterol depletion
affects AKT activation. A, Truncated
APC (HT29 and DLL1) cells andWT APC
cells (HCT116 and RKO) were treated
with 2.5 mmol/L TASIN-1 for 24 and
48 hours. Phosphorylation of AKT or
total AKT was determined. b-Actin was
used as loading control. B, DLD1 cells
were treated with 2.5 mmol/L TASIN-1
for 24 hours in the presence or absence
of 50 mg/mL of MCD-cholesterol.
Phosphorylation of AKT, total AKT, or
GAPDH was determined. C, In vitro
AKT kinase assay was performed
using DLD1 cell lysates. The
immunoprecipitated AKT was
incubatedwith 200mmol/LATPand 1mg
GST–GSK3 fusion protein to measure
AKT kinase activity. Phosphorylation of
GST–GSK3 or total AKT was
determined. D, Phosphorylation of AKT
and total AKT expression was
determined in DLD1 cells treated with
2.5 mmol/L TASIN-1 for 48 hours in the
presence or absence of 50 mg/mL
MCD-cholesterol, 5 mmol/L 4-PBA, or
5 mmol/L NAC. a-Tubulin was used as
loading control.
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involvement of cholesterol depletion in these signaling events.
TASIN-1 is a newly identified small molecule drug that induces
apoptotic cell death in the cells having truncated APC mutations
via inhibition of cholesterol synthesis (5, 6). It binds and inhibits
emopamil binding protein (EBP), a downstream enzyme within
the cholesterol synthesis pathway and decreases cellular choles-
terol levels (6). Here, we showed that TASIN-1 induces apoptosis
in an ER stress and JNK-dependent manner but only in truncated
APC cells with the onset of apoptosis occurring after cholesterol
depletion (Fig. 7).

Reduction in cholesterol levels after chronic exposure to
palmitate has been reported to induce ER stress in pancreatic
b-cells (31). Ablation of SREBPs also causes ER stress with
resultant cell death in cancer cells cultured in lipoprotein-
deficient environment (8). ER stress leads to activation of the
unfolded protein response (UPR), which upregulates several
proteins, including p-eIF2a, PERK, IRE1a, and CHOP. Phos-
phorylation of the a-subunit of eIF2 upregulates the expres-
sion of ER chaperones, such as GRP78, to increase folding
capacity and to restore ER homeostasis (32). Therefore, high
levels of GRP78 are indicative of pro-survival signaling of ER
stress responses (33). However, when the protein machinery is

under prolonged stress (34), this pro-survival signaling can
switch to a pro-apoptotic pathway by upregulation of CHOP, a
transcriptional factor that regulates genes involved in cell
survival and apoptosis (25, 34). We found increased expres-
sion of p-eIF2a as well as CHOP with TASIN-1 treatment in
DLD1 cells but no induction of GRP78 was observed (Fig. 2A).
Upregulation of CHOP without increase in GRP78 expression
suggests that TASIN-1 induces severely disturbed ER homeo-
stasis with a resultant switch to pro-apoptotic signaling.
This induction of ER stress is required for TASIN-1's cytotox-
icity because attenuation of ER stress using 4-PBA reverses
TASIN-10s effects (Fig. 2B). Because CHOP protein is induced
in cells with reduced cholesterol (Fig. 2C), this suggests
that cholesterol depletion after TASIN-1 treatment may par-
tially contribute to the induction of severe ER stress, similar to
that suggested in an unrelated study (31). Cancer cells expres-
sing truncated APC have defects in microtubule structure (35),
which may effect on ER-Golgi trafficking and part of the
ER stress signaling pathway. CHOP has been reported to
induce cell death via promoting protein synthesis and oxida-
tion (24). Consistently, we found that a protein translation
blocker and an antioxidant rescued TASIN-1 induced cell death

Figure 6.

TASIN-1 induces ER stress, JNK activation, and oxidative stress in vivo. A, Western blot analysis for CHOP, pJNK, total JNK, pAKT, total AKT expression in tumor
lysates derived from triplicated DLD1 xenografts treated with vehicle or 40 mg/kg of TASIN-1 twice daily for 18 days. b-Actin was used as loading control.
B, Bar graphs represent the relative fold change of CHOP, pJNK, and AKT protein levels fromA. The phosphorylated protein values were normalized to b-actin, total
JNK, and total AKT, respectively. Data represent mean � SD. � , P < 0.05, �� , P < 0.01, ���� , P < 0.0001 in Student t test. C, Oxyblot analysis of tumor lysates as
described in A. b-Actin was used as loading control. D, Bar graph represents the relative fold changes of oxidized protein (C) normalized to b-actin. Data
represent mean � SD. � , P < 0.05 in Student t-test. E, Immuno-histochemical staining for cleaved caspase-3 (upper, brown) and 8-OHdG (lower, red) per
manufacturer's instructions in DLD1 tumor xenografts treated with/without TASIN-1. Scale bar, 200 mm.
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(Supplementary Fig. S2 and Fig. 4D). TASIN-1 leads to gen-
eration of ROS, which is abolished by 4-PBA, suggesting that
ER stress triggers ROS in truncated APC cells.

JNKs can function as pro-apoptotic kinases that have a critical
role in death receptor–initiated extrinsic as well as mitochondrial
intrinsic apoptotic pathways (10, 14, 36). Statins are inhibitors
of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR),
the rate-limiting enzyme of the mevalonate pathway that pro-
duces precursors for cholesterol biosynthesis. Statins have
been shown to induce apoptosis via JNK activation in several
cancer cell lines (37, 38). In addition, JNK activation has a critical
role in the induction of apoptotic cell death in response to ER
stress (13, 16). In this study, we observed that TASIN-1 induced
activation of JNK in DLD1 (truncated APC) cells but not in
HCT116 (WT APC) cells. Inhibition of JNK phosphorylation
reversed TASIN-1 induced cleavage of PARP, caspase 3/7 activa-
tion, and cell death (Fig. 3). Importantly, cotreatment with
cholesterol, 4-PBA, or NAC attenuated TASIN-1 induced JNK
phosphorylation (Fig. 3E and E), suggesting that JNK activation
is required for TASIN-1 induced apoptosis and this activation is
dependent on cholesterol, ER stress, and oxidative stress.

Lipid rafts, which are sphingolipid- and cholesterol-enriched
microdomains in plasma membranes, can mediate phosphor-
ylation cascades originating from membrane-associated pro-
teins. Alteration of cholesterol levels in lipid rafts by simvastat-
in, a cholesterol synthesis inhibitor, has been reported to affect
cell survival through altering AKT signaling pathway and its
downstream effectors (21). Similar to simvastatin's effect on

AKT activity, TASIN-1 also inhibited AKT phosphorylation, its
kinase activity as well as phosphorylation of its downstream
effector, mTOR in truncated APC cells (Fig. 5 and Supplemen-
tary Fig. S4). Supplementation of cholesterol and 4-PBA
reversed the inhibition of AKT activity induced by TASIN-1
(Fig. 5B–D). However, cotreatment of NAC did not reverse the
inhibition of AKT by TASIN-1 (Fig. 5D). Because AKT is a well-
known cell survival component (39), TASIN-1 exerts its cyto-
toxicity partially through affecting the AKT pathway via choles-
terol depletion and ER stress induction but not ROS.

Taken together, we show that TASIN-1 induces ER stress and
oxidative stress due to cholesterol depletion, leading to activation
of the pro-apoptotic JNK pathway and PARP cleavage. ER stress
followed by reduced levels of intracellular cholesterol inhibits
phosphorylation of AKT, which is important for cell survival
under low serum conditions. These downstream events contrib-
ute to TASIN-1 induced apoptotic cell death in truncated APC cells
(Fig. 7). Because WT APC cells can compensate for TASIN-1
induced cholesterol depletion via feedback activation of SREBP2,
TASIN-1 does not induce ER stress/ROS/JNK signaling or inhibit
AKT activation, thusWTAPC cells and normal cells survive. In vivo
experiments demonstrate that TASIN-1 regulates ER stress/ROS/
JNK axis aswell as AKT activation as it does in vitro (Fig. 6)without
increased tissue toxicities (6). Our results reveal the downstream
mechanism of TASIN-1 induced apoptotic cell death in truncated
APC cells. This knowledge could aid in the future clinical devel-
opment of TASIN-1 as a novel targeted therapeutic strategy for the
vast majority of colorectal cancer patients.
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