UC Davis
UC Davis Previously Published Works

Title

Novel sorafenib-based structural analogues

Permalink

Ihttps://escholarship.org/uc/item/1 ltlcSOd

Journal

Anti-Cancer Drugs, 25(4)

ISSN
0959-4973

Authors

Wecksler, Aaron T
Hwang, Sung Hee

Wettersten, Hiromi I

Publication Date
2014-04-01

DOI
10.1097 / cad.0000000000000079

Peer reviewed

eScholarship.org

Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/11t1c300
https://escholarship.org/uc/item/11t1c300#author
https://escholarship.org
http://www.cdlib.org/

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> % NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Anticancer Drugs. 2014 April ; 25(4): 433-446. doi:10.1097/CAD.0000000000000079.

Novel Sorafenib-Based Structural Analogues: In Vitro Anticancer
Evaluation of t-MTUCB and t-AUCMB

Aaron T. WecksleraP, Sung Hee Hwang®P, Hiromi I. Wettersten®, Jennifer E. Gildad, Amy
Pattond, Leonardo J. LeonP€, Kermit L. Carraway 1P, Aldrin V. GomesY, Keith Baard,
Robert H. WeissP.¢f and Bruce D. HammockaP.*

aDepartment of Entomology and Nematology, University of California Davis, One Shields Avenue,
Davis, CA, USA 95616

bUC Davis Comprehensive Cancer Center, Sacramento, CA, USA 95817

¢Department of Internal Medicine, Division of Nephrology, University of California, Davis Medical
Center, Sacramento, CA, USA 95817

dDepartment of Neurobiology, Physiology and Behavior, University of California Davis, Davis, CA,
USA 95616

eDepartment of Biochemistry and Molecular Medicine, University of California Davis School of
Medicine, Sacramento, CA, USA 95817

fU.S. Department of Veterans’ Affairs Medical Center, Sacramento, CA,USA 95655

Abstract

In the current study, we performed a mechanistic study on the cytotoxicity of two compounds, t-
AUCMB and t-MTUCB, that are structurally similar to sorafenib. These compounds display
strong cytotoxic responses in various cancer cell lines, despite significant differences in the
induction of apoptotic events such as caspase activation and lactate dehydrogenase release in
hepatoma cells. Both compounds induce autophagosome formation and LC3I cleavage, but there
was little observable effect on mTORC1 or the downstream targets, S6K1 and 4E-BP1. In
addition, there was an increase in activity of upstream signaling through the IRS1/PI3K/Akt
signaling pathway, suggesting that unlike sorafenib, both compounds induce mTOR-independent
autophagy. The observed autophagy correlates with mitochondrial membrane depolarization, AlF
release, and oxidative stress-induced glutathione depletion. However, there were no observable
changes in the ER-stress markers such as, Bip, IREa, p-elP2, and the lipid peroxidation marker, 4-
HNE, suggesting ER-independent oxidative stress. Finally, these compounds do not possess the
multikinase inhibitory activity of sorafenib, which may be reflected in their difference in ability to
halt cell cycle progression compared to sorafenib. Our findings indicate that both compounds have
anti-cancer effects comparable to sorafenib in multiple cell line, but they induce significant
differences in apoptotic responses and appear to induce mTOR-independent autophagy. t-tAUCMB
and t-MTUCB, represent novel chemical probes that are capable of inducing mTOR-independent
autophagy and apoptosis to differing degrees, and thus may be potential tools for further
understanding the link between these two cellular stress responses.
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Introduction

Sorafenib (Nexavar®), a novel multikinase inhibitor, is the only FDA-approved small
molecule drug to treat hepatocellular carcinoma (HCC). Our laboratory has found that
sorafenib is also a potent inhibitor of soluble epoxide hydrolase (SEH) [1], leading to the
synthesis of a series of compounds that are structurally similar to sorafenib but possess
various kinase inhibitory selectivity [2]. Among them we identified two compounds, t-
AUCMB and t-MTUCB, possessing comparable cytotoxicity to sorafenib, but without
inhibitory activity against the primary targets of sorafenib, such as C-Raf kinase and
vascular endothelial growth factor receptor 2 (VEGFR2) kinase. Thus, we were interested in
understanding the nature of this observed cytotoxicity and the effect of these compounds on
cell death.

Resistance to sorafenib has recently been attributed to its broad spectrum kinase inhibition
and the induction of mammalian target of rapamycin (mTOR)-dependent autophagy [3].
Traditionally, mechanisms leading to autophagy have been separated into two distinct
categories: mTOR-dependent autophagy and mTOR-independent autophagy. mTOR-
dependent autophagy combines both extracellular and intracellular signaling through the
mTORC1 complex, suppressing the induction of autophagy when activated [4]. Key
members of this pathway include the PI3K/PDK/AKkt signaling cassette upstream and the
downstream phosphorylation targets eukaryotic initiation factor 4E binding protein (4EBP1)
and S6K1. Sorafenib was shown to induce mTOR-independent autophagy through the
inhibition of PI3K and S6K1 [3]. mTOR-independent autophagy is less well understood and
can result from a variety of stimuli including, calcium flux [5], reduced cellular ATP (sensed
via AMPK) [6], mitochondrial depolarization (mitophagy) [7], oxidative stress [8], and
proteasome inhibition [9]. Many studies on the role of autophagy in cancer suggest this
process may contribute to tumor cell survival and chemotherapeutic resistance [10], as
proposed for sorafenib. Thus, studies involving anticancer drugs with structural similarities
to sorafenib require investigating both cytotoxic and autophagic responses.

The current work examines the kinase inhibitory profile of t-AUCMB and t-MTUCB, and
evaluates their cytotoxicity across various cancer cell lines. Extensive characterization was
performed to compare their cellular responses to sorafenib in hepatoma cell lines, including
caspase-dependent and caspase-independent apoptosis, effects on cell cycle progression,
mitochondrial depolarization and apoptosis-inducing factor (AIF) release, induction of
autophagy, endoplasmic reticulum (ER)-related oxidative stress, and effect on the ubiquitin-
proteasome system. This work demonstrates that despite similar overall observed
cytotoxicity, the distinct structural features of t-AUCMB and t-MTUCB confer unique
mechanisms of cell death in hepatoma cells.

Materials and Methods

Compounds

Sorafenib and bortezomib were purchased from LC Laboratories. Oleuropein was purchased
from Sigma-Aldrich (Worburn, MA). MG132 was purchased from EMD Millipore
(Billerica, Massachusetts). All other compounds were synthesized as previously described

[2].
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The HepG2 human cell line was obtained from American Type Culture Collection (ATCC,
Rockville, MD). The Huh-7 human cell line was provided by Dr. Jian Wu, University of
California Davis Medical Center, Sacramento, CA. The PC-3 cell line was provided by
Professor Maria Mudryj, University of California Davis, Davis, CA. The HepG2, Huh-7 and
PC-3 cell lines were cultured in Eagle’s Minimum Essential Medium containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. The T47D (Dulbecco’s Modified
Eagles Medium containing 15% fetal bovine serum (FBS) and 1% penicillin-streptomycin)
and SKBR3 (RMPI with 10% FBS, 10 mM HEPES, 1 mM Sodium Pyruvate, 14 mM
glucose, 1 mg/ml insulin, and 1% penicillin-streptomycin) cell lines were provided by
Professor Colleen Sweeney, University of California Davis Comprehensive Cancer Center,
Sacramento, CA. All cell lines were incubated in 5% CO» at 37 °C.

Cell Viability, Lactate Dehydrogenase Release, and Caspase-Induction

Cells were plated at 10,000 cells per well in 96-well plates and allowed to attach overnight
under the growth conditions described above. On the following day, sorafenib or the
synthetic analogues were added to each well and incubated for the length of time indicated.
These compounds were dissolved in DMSO and diluted with Eagle’s Minimal Essential
Medium to the desired concentration of 0.1 uM, 1.0 uM, 5.0 uM, 10 uM, and 25 uM, with a
final DMSO concentration of 0.1% for all cell-based in vitro studies. Cell viability was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
Cell Viability Assay Kit according to manufacturer’s instructions (ATCC, Rockville, MD).
The 96-well plates were measured at 570 nm using SpectroMax 190 plate reader (Molecular
Devices). The effective concentrations (ECsg) at which the cell viability is 50% as compared
to the DMSO control was calculated using nonlinear regression analysis with the
KaleidaGraph graphing program (Synergy Software). The lactate dehydrogenase (LDH)
cytotoxicity detection kit (Clontech, Mountain View, CA) was used as a marker of plasma
membrane depolarization. Measurement of LDH activity was determined by measuring the
absorbance at 490 nm using SpectroMax 190 plate reader (Molecular Devices) and the
percent cytotoxicity was determined as described by the manufacturer. Caspase 3/7
activation was determined using Caspase-Glo 3/7 Assay (Promega, Madison, WI) and
luminescent readings were performed using a SpectroFluor Plus luminescence plate reader
(Tecan). All data were plotted as difference between the DMSO control luminescence
(RLU) and the total luminescence (RLU) from each concentration of compound. Each
concentration was performed in triplicate per 96-well plate and ECgq data are presented as
the mean + standard deviation from at least three separate experiments performed on
separate days.

Apoptosis-Inducing Factor Imaging and Autophagy Detection

Caspase-independent programmed cell death responses were determined by analyzing the
mitochondrial membrane depolarization and nuclear translocation of apoptosis-inducing
factor (AIF). HepG2 cells were seeded at 200,000 cells/well in 12-well plates containing an
18 mm glass coverslip. Cells were allowed to attach overnight then incubated with various
compounds at 30 pM concentration for six hours. Mitochondrial staining was performed by
incubating cells with MitoTracker® Red CMXRos (Invitrogen, Carlsbad, CA) for 15
minutes. Cells were then rinsed with PBS and fixed in 4% paraformaldehyde/PBS solution
for 15 minutes. Fixed cells were permeabilized using 0.2% Triton X-100/PBS for 5 min,
washed and then incubated with primary rabbit antibody against AIF (Cell Signaling
Technology Inc., Beverly, MA) for 1 hour. Cells were then treated with anti-rabbit Alexa
Fluor® 488 secondary antibody (Cell Signaling Technology Inc.) and incubated for an
additional hour. Samples were then washed and placed cell-side down onto a drop of DAPI-

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.
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containing mounting solution (Vector Laboratories, Burlingame, CA) on a glass slide and
dried for 30 minutes. Confocal fluorescence microscopy was carried out with an Olympus
F\V1000 laser point microscope, and the images were analyzed using Olympus FLUOVIEW
(FV10-ASW) Software Package. Autophagy was detected using the Cyto-ID® Autophagy
Detection Kit (Enzo Life Sciences, Farmingdale, NY). Cellular assays were performed as
described for AIF except that cells were prepared for live-cell imaging. Sample preparation
and analysis was performed as described by the manufacturer. Autophagosomal vacuoles
were analyzed using a Leica DM16000 B inverted fluorescence microscope with Differential
Interference Contrast (DIC), and data were analyzed using ImageJ software package.

Cell Cycle Analysis

Cell cycle analysis was performed using the Click-it® EdU Alexa Fluor® 488 Flow
Cytometry Assay Kit (Invitrogen, Carlsbad, CA). HepG2 cells were seeded at 1 x 106 cells
per well in six-well plates in serum containing medium and allowed to recover for 8 hrs.
After 36 hours of synchronization in serum free medium, cell growth was re-initiated with
the addition of serum-containing medium for 1 hr in the presence of 10 pM EdU (5-
ethynyl-2’-deoxyuridine). Cells were then incubated with the test compounds at 30 uM for
24 hours. The cells were fixed and then incubated with the cell cycle dye 7-
aminoactinomycin D (7-AAD) for 30 minutes just prior to analysis using a Becton
Dickinson FACScan with a Cytek xP5 upgrade. Data acquisition and analysis were
performed using BD CellQuest and FlowJo software packages, respectively.

Glutathione Quantification

Quantification of reduced (GSH) and oxidized (GSSG) glutathione was performed as
described previously [42]. Briefly, HepG2 cells were plated at 500,000 cells per well in six-
well plates (EMEM 10% FBS, 1.0% penicillin-streptomycin) and allowed to recover
overnight. The media was then replaced with fresh media containing the desired
concentrations of the test compounds at 0.1% DMSO and incubated for 6 hours. Treated
cells were washed with PBS buffer and lysed using 200 uL of binary mobile phase buffer
“A” (25 mM NaH,P0,40.5 mM octane sulfonic acid in water, pH 2.7). Cell lysates were
pelleted and 10 L of supernatant was loaded onto a Synergi 4 Hydro-RP 4.6 x 250 mm
column with a corresponding 2x3 mm guard column (Phenomenex, Torrence, CA). GSH
and GSSG were eluted using isocratic flow of 100% “A” for 20 min, then 25% A, 75% “B”
(25 mM NaH,P0,40.5 mM octane sulfonic acid in 10% acetonitrile/H»0) for 45 minutes,
using Waters 510 HPL.C solvent delivery system with binary pumps with 717+
Autosampler. Detection was performed using ESA/DIONEX Coulochem |1 with at 5040
analytical cell (875 mV) and a 520 guard cell (+1400 mV) (Thermo Fisher Scientific)
Retention times were approximately 12.5-13.5 and 38-41 minutes for GSH and GSSH,
respectively. Glutathione concentrations were expressed as a ratio with respect to total
protein concentration.

Proteasome activity assays

The 26S proteasomal assays of the cell lysates were carried out in a total volume of 100 pl in
96-well plates with 100 uM ATP in 26S buffer (50 mM Tris, 1 mM EDTA, 150 mM NacCl, 5
mM MgCl,pH 7.5) using 10-20 pg of protein supernatants. Assays were initiated by
addition of succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (Suc-LLVY-AMC,
100uM final concentration). This substrate is cleaved by the chymotrypsin-like (8s) activity
of the proteasome releasing free AMC, which was then measured spectrofluorometrically
using a Fluoroskan Ascent fluorometer (Thermo Fisher Scientific) at an excitation
wavelength of 390 nm and an emission wavelength of 460 nm. Fluorescence was measured
at 15 minute intervals for 2 hours. All assays were linear in this range. Each assay was
conducted in the absence and presence of the specific proteasomal inhibitor bortezomib (5

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.
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UM). The effect of the compounds on the 20S B5 proteasomal activity of purified rabbit 20S
proteasomes was performed in 50 mM Tris, pH 7.5. Compounds were incubated with
proteasome for 20 minutes at room temperature before assaying for proteolytic activity [43].

Immunoblot Analysis

HepG2 cells were plated as similarly described above. Cells were then washed with cold
PBS and lysed using cell lysis buffer [50 mM HEPES (pH 7.4), 4 mM EDTA, 100 mM
sodium fluoride, 10 mM sodium pyrophosphate, 1% Triton X-100] containing protease and
phosphotase inhibitors [100 mM phenylmethyl sulfonylfluoride (PMSF), 100 mM sodium
orthovanadate, 1 mg/mL Aprotinin]. The cell lysates were centrifuged at 20,000 g for 15
minutes, and protein concentration was determined using BCA Protein Assay Reagent
(Thermo Fisher Scientific). Twenty micrograms of protein from each sample was separated
using SDS-PAGE gels and transferred onto P\VDF Immobilon-P transfer membrane
(Millipore). Polyubiqutination blot was performed using a combination of three antibodies:
anti-ubiquitin (Sigma), anti-polyubiquitinylated conjugates FK1 (Enzo Life Sciences), anti-
ubiquitin P4D1 (Santa Cruz Biotechnology). The following antibodies were purchase from
Cell Signaling Technology Inc.: anti-LC3B, anti-mTOR, anti-phospho-mTOR (Ser2448),
anti-phospho-S6 kinase 1 (Ser371), anti-phospho-S6 kinase 1 (Thr389), anti-phospho-Akt
(Thr308), anti-phospho-Akt (Ser473), anti-total-Akt, anti-phospho-PRAS40 (Thr246), anti-
phospho-4E-BP1 (Thr31/46), anti-total-4E-BP1, anti-phospho-elF2a (Ser51), anti-phospho-
FOXOL1 (Ser256), anti-IRE1a, anti-GADPH, anti-B-actin, anti-tubulin and horseradish
peroxidase (HRP)-conjugated secondary antibody. The following antibodies were purchased
from EMD Millipore: anti-phospho-AMPK (Thr172), anti-4-HNE. The anti-BiP/GRP78
antibody was from BD Biosciences. The Division of Signaling Transduction Therapy
(Dundee, Scotland) provided the anti-IRS1 antibodies. f-actin, Tubulin or GAPDH were
used as loading controls as indicated. Blots were then developed with ECL Plus Western
Blotting Detection System (GE Healthcare) and imaged using a Chemi Genius Bioimaging
Gel Doc System (Syngene). All experiments were performed as previously described [44].

Kinase Selectivity Profile

Kinase screening was performed by Nanosyn using Mircrofluidic Technology as described
by the company. Briefly, 0.1 mM stock solutions of the test compounds in DMSO were
prepared. The solutions were diluted to a final concentration of 10 uM and tested in
duplicate. The final concentration of DMSO in all assays was kept at 1%. Staurosporine and
SB-202190 were assayed in 8-pt concentration response format in single wells/
concentration. In all assays, ATP concentration corresponding to the Ky, of the respective
enzymes was used. Phosphorylation of substrates was detected using Caliper microfluidics
mobility shift assay technology.

Statistical Analysis

Results

Data were analyzed using One-Way Analysis of Variance (ANOVA) followed by Student-
Newman-Keuls post-hoc analysis for pairwise multiple comparison, using Sigma Plot
software suite. A p value <0.05 was considered statistically significant.

t-AUCMB and t-MTUCB do not exhibit broad spectrum kinase inhibitory activities

Our previous structure-activity relationship identified that t- AUCMB and t-MTUCB do not
inhibit the primary targets of sorafenib, C-Raf kinase and VEGFR2 kinase [2]. Thus, we
further explored their kinase inhibitory activities against a large panel of protein kinases. As
expected, the multikinase inhibitory activity of sorafenib was observed, as this compound

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.
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significantly inhibiting 32% (23 of 72) of the kinases tested (10 pM concentration). This
includes many kinases not previously shown to be inhibited by sorafenib including Aurora-b
kinase, DDR2, CSF1R, LynA, MAP4K5, MKNK?2, RIPK2. Remarkably, neither of our
analogues significantly inhibited any of the kinases tested in this panel (Figure 1). Our
previous SAR study with a library of sorafenib-like compounds demonstrated that changes
of the substituents on either side of the urea functional group in sorafenib, cause dramatic
loss of inhibitory activity towards Raf kinase and VEGFR-2 [2]. However, the complete lack
of kinase inhibitory activity against this panel of kinases was unexpected. Despite their
structural similarities to sorafenib, these data demonstrated that t-AUCMB and t-MTUCB
are highly selective compounds compared to sorafenib, and do not exhibit similar multi-
kinase inhibitory activity.

t-AUCMB and t-MTUCB exhibit cytotoxicity across various cancer cell types

Previously, t-AUCMB and t-MTUCB showed similar cytotoxicity to sorafenib on hepatoma
cells [2]. We further tested if these analogues showed conserved cytotoxicity across other
cancer cell types. t-AUCMB displayed consistent cytotoxicity across liver, kidney, prostate
and breast cancer cell lines (Table 1). In contrast, t-MTUCB displayed a significant loss in
cytotoxicity in both prostate and breast cancer lines (Table 1). Based on these data, and the
fact that sorafenib is approved for hepatocellular carcinoma, liver cells (hepatoma cells)
were chosen for further mechanistic investigations of these analogues.

t-AUCMB and t-MTUCB differentially induce caspase-dependent apoptosis and plasma
membrane depolarization

To elucidate the mechanism of cell death by t-AUCMB and t-MTUCRB, a series of cell-based
assays were performed to correlate cell viability, plasma membrane depolarization, and
caspase 3/7 induction. t-AUCMB and t-MTUCB displayed distinct cellular responses in
both hepatoma cell lines, HepG2 (Figure 2A) and Huh-7 (Figure 2B) cell lines. The
cytotoxicity from t-AUCMB and sorafenib correlated with extensive lactate dehydrogenase
(LDH) release and caspase 3/7 induction, suggestive of a late stage apoptotic event.
However, cytotoxicity from t-MTUCB treatment was not associated with either caspase
induction or LDH release. These data indicated that t-AUCMB and t-MTUCB induce two
distinct patterns of cell death.

t-AUCMB and t-MTUCB do not affect cell cycle progression

To determine whether the cell viability effects of t-AUCMB and t-MTUCB were associated
with anti-proliferative responses, we compared their effects to sorafenib on cell cycle
progression. Cell cycle analysis was performed with flow cytometry using the incorporation
of EdU (5-ethynyl-2’-deoxyuridine) as an indicator of newly synthesized DNA. As
expected, sorafenib-treated HepG2 cells showed significant arrest in GO/G1 phase after 24
hours of exposure. However, there was no significant effect of either analogue on cell cycle
distribution (Figure 3). t-AUCMB and t-MTUCB thus do not exhibit anti-proliferative
effects in hepatoma cells, which we surmise is a result from differences in kinase inhibitory
activity.

t-AUCMB and t-MTUCB elicit mitochondrial membrane depolarization and apoptosis-
inducing factor release

The observed differences in caspase induction between t-AUCMB and t-MTUCB led to the
question of whether caspase-independent events were involved in hepatoma cell death.
Investigating the time dependency of cell viability showed that both compounds induced
extensive cell death after only 6 hours of exposure (Figure 4A). We first examined the
consequence of abolishing caspase activity using the pan-caspase inhibitor, Z-VAD-FMK,

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.
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and found no significant rescuing of cell viability with either sorafenib analogue (Figure
4A). The localization of apoptosis-inducing factor (AIF) was then investigated as an
indication of mitochondrial depolarization [11; 12]. Under untreated conditions it was
observed that this pro-apoptotic protein is localized in the mitochondria, as seen by the
Alexa Fluor® 488 labeled AIF protein overlaying with the MitoTracker® Red labeled
mitochondria (Figure 4B). However, extensive mitochondrial membrane depolarization
occurred along with AIF release after exposure to both compounds. This was evidence that
the cytotoxicity of both sorafenib analogues might be linked to mitochondrial membrane
disruption.

The observation that t-MTUCB did not cause LDH release into the media of exposed cells
(Figure 2), suggested that treatment with t-MTUCB was initiating mitochondrial membrane
rupture without affecting the plasma membrane of these cells. To determine if this was an
artifact of incubation time, extended treatment with t-MTUCB (72 hours) was performed.
Interestingly, although the MTT assay [13] indicated there was little mitochondrial
respiration (30% cell viability) after 72 hours, there was no observable LDH release into the
media of t-MTUCB-treated cells (Figure 4C). Hypothesizing that t-MTUCB may be directly
affecting LDH activity or LDH expression levels, the LDH activity was measured after
washing the t-MTUCB-treated cell, followed by lysis with media containing 1% Triton
X-100. Under these conditions there was a significant release of LDH activity into the lysis
media (Figure 4C). HepG2 cell lysates were then incubated for 24 hours with both
compounds to measure direct inhibition on LDH, and no effect on LDH enzymatic activity
was observed (Figure 4C). These data indicated that t-MTUCB was not affecting LDH
activity levels, but instead this compound possesses the unique ability to affect
mitochondrial membrane disruption (thus cellular respiration and viability) without initiating
plasma membrane rupture.

t-AUCMB and t-MTUCB induce autophagy

Mitochondrial dysfunction has been shown to elicit autophagic responses [14], thus we
investigated the ability of these compounds to induce autophagy. Following 6 hours of
exposure at 30 uM of t-AUCMB and t-MTUCB, extensive autophagosome vacuole
formation was observed in HepG2 cells (Figure 5A). Autophagosome formation coincided
with cleavage of LC3I to LC3II, confirming an autophagic response (Figure 5B). To
investigate the nature of this autophagy, we first examined the effect of t-tAUCMB and t-
MTUCB on the activity of the mammalian target of rapamycin (mTOR) signaling pathway
[15]. Unlike the classical MTOR-dependent autophagy inducer, rapamycin, we were unable
to detect a decrease of phosphorylated form of mTOR, or its downstream targets, S6K1 and
4EBP1 (Figure 5C) for t-AUCMB. At the highest concentration of t-MTUCB (30 pM), there
appeared to be a reduction in the phosphorylation in mTOR and p-S6K1(371). This could be
an indication that t-AUCMB and t-MTUCB differentially inhibit mTOR activity at high
concentrations, however; t-MTUCB did not inhibit the phosphorylation of the mTOR
substrate 4EBP1, suggesting this is unlikely.

It was clear however, that both t-AUCMB and t-MTUCB significantly amplified the levels
of IRS1 protein, corresponding with an increase in phosphorylated protein kinase B (Akt)
and its respective substrates, forkhead box protein (FOXO) [16] and the proline-rich Akt
substrate 40 (PRAS40) [17]. To determine if mitochondrial dysfunction affected ATP
output, we examined the phosphorylation of the metabolic regulator AMP-activated protein
kinase (AMPK) [18], and found no observable increase in the phosphorylation of AMPK.
This was an unexpected result as AMPK is an ATP-sensor, sensitive to changes in cellular
AMP:ATP and ADP:ATP ratios. We suspect that ATP is likely predominately generated
from glycolysis in these liver cells and thus changes in mitochondrial ATP production may

Anticancer Drugs. Author manuscript; available in PMC 2015 April 01.
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not be sufficient to cause an AMPK response. Nonetheless, these data indicated that
signaling downstream of the mTORC1 pathway was unaffected by treatment with t-
AUCMB and thus the observed autophagy induced by t-AUCMB appears to be an
mTORC1-independent event. With regards to t-MTUCRB, it is unclear if at high
concentration this compound truly inhibits the phosphorylation of mTOR(2448) resulting in
differential effects on phosphorylation of the two mTORC1 substrates, S6K1 and 4EBP1.
Further binding studies are required, but the fact that there was no indication of kinase
inhibitory activity in the kinase screening panel, and both analogues exhibit similar upstream
activation, suggests this is an unlikely event.

To determine whether the autophagy induced by t-AUCMB and t-MTUCB was involved in
cell death, HepG2 cells were co-treated with a chemical inhibitor of autophagy, chloroquine
[19]. Co-treatment with chloroquine neither potentiated nor attenuated the cytotoxic
responses of these compounds at the time point of the observed autophagy induction (6
hours) (Figure 5D). Therefore, cell death does not appear to be proceeding through an
autophagic mechanism.

t-AUCMB and t-MTUCB induce endoplasmic reticulum-independent oxidative stress

To further elucidate the underlying cause of the autophagy, we examined the changes in
glutathione levels upon treatment of HepG2 cells with t-AUCMB and t-MTUCB. After 6
hours of incubation there was a significant depletion of the reduced form of glutathione
(GSH) and a nearly two-fold increase of the oxidized form (GSSG) (Figure 6A). Based the
relationship between cellular redox potential and endoplasmic reticulum stress (ER) [20],
two markers for ER stress, binding immunoglobulin protein (BiP) [21] and inositol-
requiring enzyme-la (IREla) [22; 23], were analyzed by western blot. However, there was
no observable change in the expression levels of these proteins following treatment with
either t-AUCMB or t-MTUCB (Figure 6B). We then examined changes in the
phosphorylation state of the eukaryotic initiation factor 2a (elF2a) as an indication of ER-
stress-induced PERK [PKR (double-stranded-RNA-dependent protein kinase)-like ER
kinase] activity [24]. Sorafenib significantly increased the p-elF2a levels in HepG2 cells as
seen previously in human leukemia cells [20], whereas this effect was not observed in cells
treated with either - AUCMB or t-MTUCB (Figure 6B). Finally, we performed western blot
analysis of 4-hydroxynonenal (4-HNE) as an indicator of ROS-induced lipid peroxidation
[25], and also observed no significant changes (Figure 6B). Taken together, these data
indicated that the effects of t-AUCMB and t-MTUCB on glutathione levels are independent
of ER-mediated and lipid-mediated oxidative stress.

To determine whether glutathione depletion was linked to the cytotoxicity, both t-AUCMB
and t-MTUCB were co-incubated with the two ROS scavengers, a-tocopherol (aTP) and N-
acetyl-cysteine (NAC). Consistent with our 4-HNE data, co-treatment with the lipid
peroxide scavenger, a TP, had no effect on the cell viability effects of our compounds
(Figure 6C). However, co-treatment with NAC significantly attenuated the cytotoxicity of
both compounds, and completely recovered the cell viability effects of t-AUCMB. This
provided strong evidence that the depletion of GSH levels is directly linked to the
cytotoxicity of these compounds.

Induction of autophagy by t-AUCMB and t-MTUCB is not through inhibition of proteasome

activity

Proteasome activity is known to be sensitive to oxidative stress [26], prompting the further
investigation the effects of these compounds on the ubiquitin-proteasome system. We
observed a significant decrease in the cellular beta 5 (chymotrypsin-like) proteasome
activity after 6 hours of incubation with t-AUCMB in HepG2 cells, and both compounds
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further suppressed proteasome activity after 24 hours (Figure 7A). However, incubation of
up to 25 uM of either compound failed to directly inhibit the activity of purified beta 5
proteasome (data not shown).

Since an increase in ubiquitinated proteins through proteasome inhibition can lead to
autophagy and cell death [27], we then asked whether our compounds affected the total
ubiquitinated protein levels after 6 hours of treatment (Figure 7B). Although the data was
only found to be significant for t-AUCMB, all three compounds tended to decrease, rather
than an expect increase, in polyubiquitination. This indicated that even though our
compounds indirectly suppress proteasome activity, it does not lead to an increase in
ubiquitinated protein levels in the time frame of cell death and the observed autophagy.
Thus, the indirect inhibition of proteasome activity was responsible for induction of
autophagy.

Finally, we asked whether modulation of proteasome activity with proteasome inhibitor
(MG132 [28] or bortezomib [29]) or proteasome activator (oleuropein [30]) in combination
with our compounds affected cell viability. We found that modulation of proteasome activity
with chemical mediators neither potentiated nor attenuated the cell viability responses of t-
AUCMB and t-MTUCB (Figure 7C). These data strongly indicate that the effects on the
ubiquitin-proteasome system are not linked to the cytotoxicity of these compounds, rather
likely a result from changes in the reduction potential in the cell from the glutathione
depletion.

Discussion

From a library of previously published sorafenib analogues we found two cytotoxic
compounds, t-AUCMB and t-MTUCB, which exhibited similar potency on hepatoma cells
to sorafenib, despite their differences in inhibition profiles against known sorafenib targets
[2]. Sorafenib exhibits many different cellular and programmed cell death responses
including caspase-dependent [31] and caspase-independent apoptosis [32], mitochondrial
dysfunction [33], anti-proliferation [34], mTOR-dependent autophagy [35], ER-mediated
stress [20] and oxidative stress [36]. In this report, we examined each of these cellular
responses for our two novel sorafenib analogues and found they differential affect apoptosis.

Although all compounds have similar cytotoxicity, t-AUCMB and t-MTUCB exhibit unique
hepatoma cellular responses not only when compared to sorafenib, but also between each
other. t-AUCMB is similar to sorafenib in the ability to induce caspase activation and
plasma membrane depolarization in hepatoma cells, whereas the effect on cell viability from
the treatment with t-MTUCB is independent of both these traditionally apoptotic events.
These were puzzling results since both apoptosis and necrosis typically lead to plasma
membrane depolarization and cellular content leakage in vitro [37; 38]. Incubation of cell
lysates with t-MTUCB does not affect LDH enzyme activity, and the lysis of cells pre-
treated with t-MTUCB releases significant amount of LDH into the media. Based on these
two observations it was clear that t-MTUCB does not directly inhibit LDH, nor suppresses
LDH transcriptional regulation. Thus, these observations were not an artifact of the LDH
assay. In addition, there was no observable effect on cell cycle progression with either
analogue, suggesting that senescence is not accountable. Thus, t-MTUCB appears to display
the unique ability to affect cellular respiration and cell viability, independent of plasma
membrane rupture.

The link between mitochondrial function and autophagy has been well established [39; 40].
Here we observed that both analogues significantly induced autophagy in HepG2 cells and
coinciding with mitochondrial depolarization. However, unlike sorafenib inhibition of the
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mTOR signaling pathway was not observed [35]. In addition to our western blot data, kinase
screening demonstrated that many of kinases known to be involved in mTOR signaling are
not inhibited by these analogues, providing convincing evidence these compounds are
inducing mTOR-independent autophagy.

Based on these findings, we first asked whether this autophagy affects the cytotoxicity of
these compounds as previously observed for sorafenib [35]. If the induced autophagy is
contributing to, or protecting the cells from, programmed cell death, then the inhibition of
autophagy should either attenuate or potentiate the effects on cell death, respectively. Since
the co-treatment with chloroquine did not affect cell viability, we hypothesize that the
observed autophagic response induced by our compounds is either not playing a major role
in the cell death, or that these compounds induce cellular functional alterations in which
autophagy (or the inhibition of autophagy) cannot rescue. Examining oxidative stress as
possible causes of the mTOR-independent autophagy, led to the observation that all three
compounds significantly shifted the glutathione species towards the oxidized form. The
addition of exogenous NAC rescued cell viability with both analogues, demonstrating that
the glutathione depletion may be directly linked the cell viability effects and to
mitochondrial dysfunction. However, the effect on glutathione depletion was not associated
an increase in the ER-stress related markers, BiP and IRE1a, suggesting that t-AUCMB and
t-MTUCB induce ER-independent oxidative stress. To further verify ER-independent stress
related events, we then examined the effects on p-elF2a levels as a marker of PERK-
dependent inhibition of protein synthesis [24]. Consistent with previous observations in
leukemia cells [20], sorafenib treatment significantly increased p-elF2 levels in HepG2 cells
but this was not observed for either analogue.

Finally, since the ubiquitin-proteasome system is known to be highly sensitive to oxidative
stress [26] which can lead to the induction of autophagy [41], we examined the effects of t-
AUCMB and t-MTUCB on beta 5 proteasome activity and polyubiquitination. Treatment
with our analogues indirectly suppressed cellular proteasome activity, but neither compound
affected total ubiquitinated protein at the time of autophagy induction. Therefore, cellular
stress from an excess of ubiquitinated protein was not responsible for the observed
autophagy, but rather proteasome function is most likely being modulated by the induced
oxidative stress from the treatment of these compounds.

In summary, t-AUCMB and t-MTUCB are two novel sorafenib-based analogues that induce
mTOR-independent autophagy, but result in divergent apoptotic events (caspase activation
and LDH release). The downstream responses (i.e., autophagy, cellular redox changes, and
indirect inhibition of the proteasome) are identical for these compounds, which may indicate
that the structural differences for t-AUCMB induces added conventional apoptotic responses
compared to t-MTUCB. Based on the structural similarities between these two compounds,
it is likely that the adamantyl group in t-AUCMB is the chemical moiety responsible for the
differences in their apoptotic responses. In addition, t-AUCMB showed superior cytotoxicity
on prostate and breast cancer cell lines, suggesting the lipophilic adamantyl group may be
targeting certain pathways critical for cellular survival in these cancer types. However, the
mechanism by which t-MTUCB effects mitochondrial membrane integrity (thus cellular
respiration) without plasma membrane disruption is further being investigated. t-AUCMB
and t-MTUCB are unique sorafenib-based structural analogues which exhibit strong
cytotoxicity in a variety of cancer cell lines, and potentially valuable tools for probing the
cross-talk between mitochondrial-induced apoptosis and autophagy.
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Figure 1. Selectivity profiles of ttAUCMB and t-MTUCB compared to sorafenib

Assays were performed at 10 UM test concentrations. Red > 80% inhibition (strong
inhibition), Yellow 40-80% inhibition (moderate inhibition), Green >40% inhibition (no
significant inhibition). Data was generated by Nanosyn (Santa Clara, CA).
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Figure 2. t-tAUCMB and t-MTUCB differentially induce apoptosis and plasma membrane

rupture in hepatoma cells

The effects of t-AUCMB and t-MTUCB on cytotoxicity (MTT), plasma membrane
depolarization (LDH activity), and caspase-dependent apoptosis (caspase 3/7 induction) on
HepG2 (A) and Huh-7 (B) hepatoma cells. Data were determined after a 72 hour treatment

period for each compound.
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Figure 3. ttAUCMB and t-MTUCB do not exhibit anti-proliferative activities

Cell cycle analysis comparison to sorafenib in HepG2 cells after exposure for 24 hours at 30
UM (n = 3). No significant effects on cell cycle progression were observed with t-AUCMB
or t-MTUCB treatment. *P value <0.05 as compared to DMSO control (+EdU).
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Figure 4. t-tAUCMB and t-MTUCB induce mitochondrial depolarization

(A) The effects on HepG2 cell viability by t-AUCMB or t-MTUCB co-treated with Z-VAD-
FMK (20 uM) after 6 hours treatment. (B) Mitochondrial depolarization and AlF nuclear
release after HepG2 exposure for 6 hours at 30 uM. Arrows indicating AIF accumulation.
(C) Comparison of lactate dehydrogenase release and activity in the media of treated cells
(72 hours), cell lysis of treated cells (72 hours), and cell lysates alone (24 hours incubation
in cell lysates). No direct LDH inhibition was observed by either compound. *P value <0.05
as compared to DMSO control and #P value <0.05 as compared to no cell lysis.
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Figure 5. t-tAUCMB and t-MTUCB induce mTOR-independent autophagy

(A) Fluorescence visualization of autophagosomal vacuole formation after 6 hours
treatment. (B) Western blot data of LC3 cleavage and densitometry ratios of LC3I1/LC3I.
Samples: | = DMSO, Il = t-AUCMB (30 pM), 11l =t-MTUCB (30 pM), 1V = rapamycin (1
uUM) (positive control), V = tamoxifen (1 uM) (positive control), VI = chloroquine (25 uM)
(negative control). Tubulin was used as loading control. (C) Western blot of the effects of t-
AUCMB and t-MTUCB on the mTOR-signaling pathway. All data was collected after 6
hours exposure of HepG2 cells to the indicated concentrations of t-AUCMB and t-MTUCB.
(D) Cell viability responses upon co-treatment with chloroquine (25 uM) after 6 hours
treatment. No significant differences were observed.
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Figure 6. t-tAUCMB and t-MTUCB induce ER-independent oxidative stress

(A) Effects on glutathione concentrations. *P value <0.05 as compared to DMSO (GSH). #P
value <0.05 as compared to DMSO control (GSSG). (B) Western blot analysis of ER-stress
and lipid oxidation markers. (C) HepG2 Cell viability responses upon co-treatment with
ROS scavengers, a-tocopherol (10 pM) and N-acetyl-cysteine (5 mM). GAPDH was used as
loading control. *P value <0.05 as compared t-AUCMB alone. #P value <0.05 as compared
to t-MTUCB alone, n.s. = not significant. All assays were performed using HepG2 cells.
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Figure 7. t-tAUCMB and t-MTUCB indirectly inhibit the ubiquitin proteasome system

(A) Cellular inhibition of beta 5 proteasome activity after treatment with 30 UM test
compound. *P value <0.05, n.s. = not significant (B) Polyubiquitination pattern and
densitometry quantification after 6 hours exposure with 30 UM. No increase in ubiquitinated
proteins was observed. (C) Cell viability effects upon co-treatment with proteasome
inhibitors, bortezomib (BZ) and MG132 (MG), and the proteasome activator, oleuropein
(OL), after 6 hours exposure with 30 uM of sorafenib analogues. Proteasome modulators
where tested at 10 pM. No significant differences were observed. Assays were performed
using HepG2 cells.

*P value <0.05 as compared to t-AUCMB alone. #P value <0.05 as compared to t- TMUCB
alone.
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