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Inhibitors of isoprenylcysteine carboxylmethyltransferase (Icmt) are promising anti-cancer agents, as modification
by Icmt is an essential component of the protein prenylation pathway for a group of proteins that includes Ras GTPases.
Cysmethynil, a prototypical indole-based inhibitor of Icmt, effectively inhibits tumor cell growth. However, the physi-
cal properties of cysmethynil, such as its low aqueous solubility, make it a poor candidate for clinical development. A
novel amino-derivative of cysmethynil with superior physical properties and marked improvement in efficacy, termed
compound 8.12, has recently been reported. We report here that Icmt 7~ mouse embryonic fibroblasts (MEFs) are much
more resistant to compound 8.12-induced cell death than their wild-type counterparts, providing evidence that the anti-
proliferative effects of this compound are mediated through an lcmt specific mechanism. Treatment of PC3 prostate
and HepG2 liver cancer cells with compound 8.12 resulted in pre-lamin A accumulation and Ras delocalization from
the plasma membrane, both expected outcomes from inhibition of the lcmt-catalyzed carboxylmethylation. Treatment
with compound 8.12 induced cell cycle arrest, autophagy and cell death, and abolished anchorage-independent colony
formation. Consistent with its greater in vitro efficacy, compound 8.12 inhibited tumor growth with greater potency than
cysmethynil in a xenograft mouse model. Further, a drug combination study identified synergistic antitumor efficacy of
compound 8.12 and the epithelial growth factor receptor (EGFR)-inhibitor gefitinib, possibly through enhancement of
autophagy. This study establishes compound 8.12 as a pharmacological inhibitor of Icmt that is an attractive candidate

for further preclinical and clinical development.

Introduction

Protein prenylation has been known for many years as an
important post-translational processing event for proteins con-
taining a so-called CaaX motif at their C-terminus (CaaX-
proteins).! The CaaX motif can be found in a wide variety of
proteins, ranging from small G proteins such as members of the
Ras, Rho, and Rac families to structural proteins such as nuclear
lamins.? The CaaX motif consists of a cysteine residue fourth
from the C-terminus, followed by two generally aliphatic amino
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acids; the last position can accommodate a wide range of amino
acids.? Protein prenylation is a three-step process that often tar-
gets CaaX proteins to cellular membranes where they function.
The first step involves the addition of an isoprenyl group to the
cysteine residue in the CaaX motif. This cytoplasmic process
can either be farnesylation or geranylgeranylation, catalyzed by
protein farnesyltransferase (FTase) or protein geranylgeranyl-
transferase-1 (GGTase-1), respectively.® This prenylation step is
crucial for the function of CaaX proteins.? The second step of
this pathway, which takes place in the endoplasmic reticulum,
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involves the cleavage of the C-terminal tripeptide aaX by the
CaaX endoprotease Reel, exposing the isoprenylated cysteine at
the C-terminal’

Ieme is a highly-conserved endoplasmic reticulum-resident
protein consisting of 8 transmembrane domains and a cyto-
plasmic catalytic domain.®” Iemt catalyzes the last step of the
prenylation pathway for CaaX-proteins, where it uses S-adenosyl-
L-methionine (AdoMet) as the methyl donor for the carboxylate
group at the exposed C-terminal cysteine through an esterifica-
tion reaction.® For membrane-targeted CaaX-proteins such as the
Ras-family of proteins, the methyl group at the C-terminal neu-
tralizes the negative charge on the cysteine residue and increases
its hydrophobicity, thus increasing its affinity to the plasma mem-
brane.?” In mice, disruption of the Iemt gene is embryonically
lethal at embryonic day 10.5-11.5.° Mouse embryonic fibroblasts
(MEFs) derived from conditional Icmt knockout mice are resis-
tant to oncogenic transformation by activated forms of Kras and
Braf,'* and conditional deletion of Icmt ameliorated myeloprolif-
eration phenotypes in a mouse model of Kras-induced cancer."

Several CaaX-proteins, such as members of the Ras and Rho
families, among others, have been implicated in tumorigenesis
and tumor progression. Activating Ras mutations can be found
in a third of all human cancers and more in some cancer types,'>"
making the Ras pathway an attractive target for cancer therapy
development. Direct Ras inhibition has been a difficult task pri-
marily due to the biochemical properties of the GTPase," and
any inhibitor identified may only be limited to one subtype of
Ras (e.g., Kras) and one specific type of activating mutation (e.g.,
G12C)." To circumvent this challenge, much effort has been
put into the development of molecules that target tumorigenic
CaaX proteins, particularly Ras, through the inhibition of their
posttranslational prenylation process.'? Inhibitors targeting the
enzyme required for the first step of Ras prenylation, FTase, has
proceeded to clinical trials with only limited success; one poten-
tial reason being that geranylgeranylation can replace farne-
sylation to activate some forms of Ras in the absence of FTase
activity.'®"” Thus, Icmt has emerged as an anticancer target, since
both farnesylated and geranylgeranylated CaaX-proteins, includ-
ing the Ras and Rho family proteins, are processed by the same
enzyme.

An indole-based inhibitor of Icmt, cysmethynil, was dis-
covered via an in vitro screening of a diverse chemical library.”®
Cysmethynil treatment has been shown to inhibit growth and
induce cell cycle arrest in cancer cells of different tumor origins,
including colon, liver and prostate, and elicit cell death in a pro-
cess that involves autophagy induction.’®* Cysmethynil treat-
ment has also been shown to induce Ras mislocalization from the
plasma membrane.'® The functions of RhoA and Racl, which are
CaaX-proteins involved in cytoskeletal reorganization and cell
migration, were also attenuated in cells after treatment with cys-
methynil, suggesting that Icmt inhibition could also negatively
impact cancer metastasis.”>?' Despite its specificity and effective-
ness in affecting tumor cell growth and biological functions in
cells, cysmethynil may not be a good candidate for drug develop-
ment because of its high lipophilicity, low water solubility, and
affinity to plasma proteins.?
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In studies aimed at modifying the indole core of cysmethynil
to improve its “drug-likeness” while retaining its activity against
Iemt, we found that amino-substituents at position 3 of the
indole ring produced analogs with improved activities in Icmt
inhibition and cell growth inhibition.?* By making further modi-
fications to the functional group at position 5 of the indole ring,
compound 8.12 was discovered which exhibits superior physical
properties compared with cysmethynil. Compound 8.12 is more
water soluble and has better cell permeability (Scheme 1).% Most
notably, IC, values for inhibition of both HepG2 and PC3 cell
growth for compound 8.12 are almost 10-fold lower than that of
cysmethynil (Scheme 1).%

In the current study, we further investigated the biological
consequences of treating cancer cells with compound 8.12, and
determined its pharmacokinetic parameters as well as anti-tumor
effects in vivo. In cell-based systems, compound 8.12 has similar
biological activity to cysmethynil in terms of Ras mislocalization
and pre-lamin A accumulation, as well as cell cycle arrest induc-
tion and autophagy initiation. Additionally, compound 8.12 was
also much more effective than cysmethynil in inhibiting tumor
growth in vivo, and displayed promising synergistic activity with
approved anti-tumor agent gefitinib in multiple cancer cell lines.
The pharmacokinetic parameters of compound 8.12 suggested
that it can be given in vivo with realistic dosing regimens and
without significant toxicity, and its synergistic interaction with
gefitinib suggests that compound 8.12 can potentially be devel-
oped together with tyrosine kinase-inhibitors as novel drug com-
binations in cancer therapy.

Results

Compound 8.12 negatively affects cellular processes that
require carboxylmethylation of prenylated CaaX-proteins

One of the major effects of pharmacological inhibition of
Icmt is the mislocalization of Ras from the plasma membrane,'
as carboxylmethylation of the prenylated cysteine is important
for proper plasma membrane localization of Ras.!®** Indeed,
compound 8.12 was found to cause Ras mislocalization. PC3
cells expressing cyan fluorescent protein (CFP)-tagged Hras
were treated with either compound 8.12 or dimethyl sulfoxide
(DMSO) control. In DMSO-treated cells, CFP fluorescence
was readily observed at the periphery of the cells, indicating
plasma membrane localization of the CFP-tagged Hras. In
contrast, in compound 8.12-treated cells, CFP fluorescence
in the cell periphery diminished, indicating mislocalization
of CFP-Hras (Fig. 1A, left). Image analysis of populations of
control and compound 8.12-treated cells provided quantita-
tive data showing that plasma membrane to cytoplasmic ratio
for CFP fluorescence was significantly reduced by compound
8.12 treatment (Fig. 1A, right). In addition, treating PC3 cells
with increasing concentrations of compound 8.12 resulted in a
dose-dependent reduction in the level of endogenous Ras in the
plasma membrane fraction (Fig. 1B). Since proper Ras localiza-
tion is required for downstream signaling, we investigated the
impact of compound 8.12 on phosphoinositide-3-kinase (PI3K)
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Cysmethynil Compound 8.12
Chemical Structure®
CHs,
HoN N //
O CONH, R N
\ .
CsHq7 CgH17
Solubility (uM)" 114+0.1 1559+ 6.4
PAMPA effective
permeability (P.) Nil® 142+ 1.4
(x10° cm/s)*
Dynamic light scattering
count rate (kcps)®
at 10 mM 164.0 53.3
at | mM 22.6 24.5
ICso (PC3) (UM)" 213+0.8 330+ 0.40°
IC5o (HepG2) (UM) 193£0.5 219+ 0.42°

Scheme 1. Chemical structures and physical properties of cysmethynil and compound 8.12. “These values are obtained from our previous report,?
unless otherwise indicated. *Value could not be determined due to cysmethynil’s low water solubility. These IC,; values are determined with the condi-
tions described in Materials and Methods in this study. PC3, n = 16; HepG2, n = 12. PAMPA, parallel artificial membrane permeability assay.

signaling stimulated by fetal bovine serum (FBS) after serum
starvation. Compound 8.12 treatment resulted in decreased
Akt activation in response to serum, indicating that signal-
ing downstream of Ras was negatively regulated by compound
8.12 (Fig. 1C). Icmt loss-of-function will interfere with pre-
lamin A’s proteolytic cleavage to mature lamin A, resulting in
the accumulation of pre-lamin A.*?¢ In Icmt”~ MEFs, level of
pre-lamin A is higher compared with Iem¢** MEFs, indicating
accumulation of pre-lamin A (Fig. 1D). Notably, compound
8.12 treatment also resulted in a dose-dependent pre-lamin A
accumulation in HepG2 cells (Fig. 1E). This provided further
evidence supporting the impact of compound 8.12 on Icmt-
mediated processes.

The impact of compound 8.12 on cell viability is specifically
due to Icmt inhibition

To assess whether the impact of compound 8.12 on cell via-
bility is Icmt-dependent, we treated Iecmt”* and Iemt’~ MEFs

e

with various concentrations of the drug. Icmt** MEFs were sig-
nificantly more sensitive to compound 8.12 treatment compared
with Iemt”’~ MEFs. The viability of Icmt*’* MEFs was markedly
reduced with compound 8.12 treatment, whereas that of Icmt”/-
MEFs treated with the same concentrations of compound 8.12
decreased only slightly (Fig. 1F). These data indicate that the
primary target of compound 8.12 in MEFs is indeed Icmt, and
that the pharmacological impact of the inhibitor on cell viability
is Iemt-dependent.

Compound 8.12 induces cell cycle arrest and inhibits
anchorage-independent growth in HepG2 and PC3 cells

We previously reported that Iemt inhibition can induce cell
cycle arrest, cell death and loss of anchorage-independent growth

in a number of cancer cell lines.'®"* Therefore, compound 8.12
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was evaluated for its anti-proliferative property. DNA content
analysis, by flow cytometry, of HepG2 and PC3 cells showed an
increased proportion of cells in the G, phase of the cell cycle after
compound 8.12 treatment (Fig. 2A). Consistently, immunoblot
analysis of the level of cyclin D1, a marker for cell proliferation,
decreased with compound 8.12 treatment while the level of p21/
Cipl, a marker of G, -arrest, correspondingly increased (Fig. 2B).
To evaluate compound 8.12’s ability in attenuating tumorigen-
esis, HepG2 and PC3 cells were suspended in agar and cultured
under anchorage-independent conditions. Cells treated with
increasing concentrations of compound 8.12 formed fewer and
smaller colonies, and no colony could be observed at 0.8 WM and
1.6 pM of compound 8.12 treatment for HepG2 and PC3 cells,
respectively (Fig. 2C).

Compound 8.12 induces autophagy, reducing cancer cell
viability

Autophagy induction is one of the major effects of pharma-
cological Iemt inhibition.”?” This can be readily detected as
an increase in the level of LC3-II, which is the lipidated form
of LC3 localized to autophagosomes. Following compound
8.12 treatment, HepG2 and PC3 cells showed a dose-depen-
dent increase in LC3-1II levels, indicative of autophagy induc-
tion (Fig. 3A). Increased autophagosomes were also observed
in HelLa cells stably transfected with green fluorescent pro-
tein (GFP)-tagged LC3,% wherein compound 8.12 treatment
resulted in a dose-dependent increase in GFP-positive puncta in
the cells (Fig. 3B).

The increase in LC3-1I and the accumulation of autophago-
somes could be explained by either an increase in autophagy ini-
tiation or a reduction of autophagic flux. To evaluate whether
compound 8.12 impacts on autophagic flux, MDA-MB-231
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Figure 1. Compound 8.12 negatively affects cellular processes that require carboxylmethylation of a prenylated CaaX-protein. (A) CFP-tagged Hras
was introduced into PC3 cells by electroporation; 48 h after transfection, the cells were treated with 1.6 .M compound 8.12 for 24 h. CFP fluorescence
in transfected cells was observed using confocal microscopy, and all pictures were taken using a 63X oil immersion lens with identical optical settings
throughout a single experiment. The ratio of plasma membrane: cytoplasmic CFP-tagged Hras was calculated using ImageJ (NIH), and the results plot-
ted as mean + SD. Control: n = 68; compound 8.12 treated: n = 50; P < 0.001 (***). (B) Compound 8.12 treatment reduces plasma membrane-associated
endogenous Ras. PC3 cells were treated with either DMSO control or increasing concentrations of compound 8.12 (2.0, 2.4, and 2.8 uM for 48 h, 2.4,
3.2, and 3.6 M for 72 h). The membrane fraction was isolated and analyzed for total endogenous Ras using pan-Ras antibody; pan-cadherin was used
as a loading control. The values below the immunoblots represent the ratios of total Ras to pan-cadherin in the samples. (C) Impact of compound 8.12
treatment on Akt activation. MEFs were maintained in 1% FBS together with either vehicle (-), 1.6 or 1.8 WM compound 8.12 for 72 h before stimulation
with 10% FBS for 15 min. Immunoblot analysis was performed using antibodies to total AKT and phospho-AKT (S473); GAPDH expression was probed as
a loading control. (D) lcmt** and lcmt~~ MEFs are harvested and analyzed for pre-lamin A levels. (E) Impact of compound 8.12 treatment on pre-lamin A
processing. HepG2 cells were treated with vehicle only, 18 or 21 wM cysmethynil, or 1.6, 2.4, or 3.2 .M of compound 8.12 for 48 h. Cells were harvested
and processed for immunoblot analysis using antibodies against pre-lamin A; GAPDH was probed as a loading control. All data shown above are from
a single experiment that has been repeated at least twice with similar results. (F) To demonstrate Icmt specificity of compound 8.12, lcmt** MEFs (white
bars) and lcmt”~ MEFs (gray bars) were treated with vehicle only (=), 2.0 or 4.0 nM of compound 8.12 for 48 h. Cell viability was determined as described
in Materials and Methods. Viability of each cell type is reported relative to that treated with vehicle only (cell viability = 1) and is plotted as mean + nor-
malized SD P < 0.001 (***). Data shown are from a single experiment that has been repeated three times with similar results.
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Figure 2. Treatment with compound 8.12 induces G,-arrest in HepG2 and PC3 cells. (A) HepG2 and PC3 cells were treated for 24 h with 1.6 or 3.6 uM com-
pound 8.12, respectively, and subjected to DNA content analysis by flow cytometry (left panel). The right panel presents quantification in percentages of
the cells in different stages of the cell cycle in both cell lines. (B) HepG2 and PC3 cells were treated with vehicle only, 1.2, 1.6, and 2.0 uM (HepG2) or 1.2,
2.4, and 3.6 .M (PC3) of compound 8.12 for 24 h, and the cell lysates were subjected to immunoblot analysis using antibodies to cyclin D1 and p21/Cip1.
GAPDH expression was probed as a loading control. Data shown are from a single experiment that has been repeated four times with similar results.
(C) Proliferative potential of HepG2 and PC3 cells in the absence or presence of compound 8.12 (HepG2, 0.8 wM; PC3, 1.6 M) was assessed by the soft
agar anchorage-independent clonogenic assay as described in Materials and Methods. Pictures were taken using an Olympus SZX16° Research Stereo
Microscope with 10x magnification. Data shown are from a single experiment that has been repeated twice with similar results.

cells stably expressing LC3 tandem-tagged with mouse red fluo-
rescent protein (mRFP) and GFP were treated with compound
8.12. As autophagy is initiated and LC3-II becomes integrated
onto autophagosomes, the mRFP and GFP signals colocalizes
in the autophagosomes. However, as acidic autophagolysosomes
form when autophagy progresses, the GFP signal is quenched
by the acidic environment, while the more stable mRFP signal
remains.” Therefore the intensity and quantity of the fluorescent
vesicles and the colocalization status of the green and red fluores-
cence measures both the initiation and progression of autophagy
process. Treatment of the cells expressing the tandem-tagged
LC3 with compound 8.12 for 48 h resulted in an increase in the
total area of red-only puncta in cells, indicating that autophagy
was driven to completion upon drug treatment, whereas treat-
ment with proton pump inhibitor bafilomycin Al resulted in
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perfect colocalization of red and green signals (Fig. 3C and D).
Consistent with imaging study, when cells were subjected to con-
comitant treatment with compound 8.12 and bafilomycin Al,
more LC3-II accumulation was observed compared with either
compound 8.12 or bafilomycin treatment alone as shown by
western blot (Fig. 3E), suggesting that compound 8.12 treatment
increases both autophagy initiation and flux.

Our previous studies have provided evidence that Icmt
inhibition could induce persistent autophagy that leads to cell
demise. To investigate whether the induction of autophagy by
compound 8.12 indeed impacted cell viability, HepG2 cells were
transfected with small interfering ribonucleic acids (siRNAs)
against an essential autophagy gene Az¢5* and then subjected
to compound 8.12 treatment. Azg5 knock-down in HepG2 cells
resulted in a decrease in both the endogenous levels of LC3-11
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Figure 3. Compound 8.12 increases cellular autophagy. (A) HepG2 and PC3 cells were treated with either vehicle only, 0.2, 0.4, 0.8, and 1.6 .M (HepG2)
or 0.4, 0.8, 1.6, and 2.0 uM (PC3) of compound 8.12 for 48 h, whereupon cells were harvested and lysates subject to immunoblot analysis for LC3-II
levels to detect autophagy induction. (B) HelLa cells stably expressing GFP-tagged LC3 were treated with vehicle only or 1.6 .M of compound 8.12 for
48 h, whereupon green fluorescent puncta were visualized by confocal microscopy. (C) MDA-MB-231 cells stably expressing tandem-tagged mCherry-
GFP-LC3 were treated with vehicle only, 1.6 uM of compound 8.12 or with 25 nM of bafilomycin A1, for 48 h. The extent of colocalization of red and
green puncta was analyzed by confocal microscopy. (D) Quantification of the area of red-only puncta in MDA-MB-231 cells expressing tandem-tagged
mCherry-GFP-LC3 after treatment with vehicle only, 0.8 wM or 1.6 .M compound 8.12 was performed using ImageJ software as described in Materials
and Methods. P < 0.001 (***). All pictures were taken using a 63x oil immersion lens with identical optical settings throughout a single experiment.
(E) PC3 cells were treated with 1.6 wM of compound 8.12, 25 nM of bafilomycin A1, or both, for 48 h, whereupon the cells were harvested and lysates were
subjected to immunoblotting using an antibody against LC3. (F) HepG2 cells were transfected with siRNA targeting ATG5 (siATG5) or control siRNA and
then treated with 1.2 wM compound 8.12 for 48 h. Cells were harvested and lysates subject to immunoblot analysis using an antibody to LC3. (G) The
viability of HepG2 cells subjected to ATG5 knockdown was assessed with treatment using vehicle only or 2.4 uM compound 8.12 for 48 h using the MTS
assay as described in Materials and Methods. P < 0.05 (¥). White bars: control siRNA; gray bars: siATG5. Relative cell viability was calculated as described
in Figure 1. All data shown are from single experiments that have been repeated at least twice with similar results.

as well as the LC3-1II upregulation induced by compound 8.12
treatment (Fig. 3F). Azg5 knock-down also partially rescued
cell death induced by compound 8.12 treatment in HepG2 cells
(Fig. 3G), suggesting that autophagy likely plays an impor-
tant role in mediating compound 8.12-induced cell death. The
incomplete extent of autophagy inhibition and rescuing by
concurrent Azg5 knockdown is likely due to incomplete Azg5
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knockdown in HepG2 cells, which proved to be variable in
transfection efficiency.
Compound 8.12 effectively attenuates tumor growth in vivo
To determine the in vivo efficacy of compound 8.12, a HepG2
xenograft mouse model was employed. In preliminary studies, 6-
to 8-wk-old Balb/c mice were dosed intraperitoneally in groups
of two with compound 8.12 to determine its maximum tolerated
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Figure 4. Compound 8.12 displays higher potency than cysmethynil in tumor growth inhibition in vivo. (A) Plasma concentrations of compound 8.12 in
treated mice. Left: Compound 8.12 was administered at 10mg/kg (®) and 25 mg/kg (M) intraperitoneally, and plasma drug concentrations at time points
up to 8 h were determined as described in Materials and Methods. The horizontal line indicates the plasma drug concentration that is approximately
equivalent to the in vitro IC, of compound 8.12 for HepG2 cells. Each data point was obtained from 3 animals (n = 3). Right: Table shows the pharmaco-
kinetic parameters of compound 8.12. AUC, area under the time-concentration curve. (B) Mice bearing tumor xenografts were treated with: @, vehicle
only; A, cysmethynil 75 mg/kg; ¥, compound 8.12 30 mg/kg, and the volumes of the tumors were measured as described in Materials and Methods. The
volumes of the tumors up to 24 d post-treatment were plotted as mean = SEM P < 0.05 (*). Each treatment group consists of 8 animals (n = 8). (C) The
tumors from the study in (B) were harvested and weighed at the end of the study period; the mean + SD is plotted as shown. P < 0.05 (*). Similar experi-

ments were conducted three times with similar results.

dose (MTD). Cysmethynil has been reported to be well-tolerated
up to 300 mg/kg'; in this study, compound 8.12 was found to
be well-tolerated up to 50 mg/kg at 24 h without any morbidity.
A pharmacokinetic study suggested that compound 8.12 requires
a more frequent dosing regimen compared with cysmethynil to
maintain a steady effective serum concentration, due to its shorter
half-life (Fig. 4A).%!

To determine the ability of compound 8.12 to impact tumor
growth in vivo, compound 8.12 and cysmethynil were delivered
intraperitoneally to the immunodeficient (SCID) mice bearing
HepG2 xenografts on both flanks once a day and once every 2 d,
respectively, for 24 d. Compared with mice treated with vehi-
cle only, compound 8.12 given at 30 mg/kg markedly attenu-
ated tumor growth throughout the experiment, with the average
tumor volumes remain close to that at the beginning of the treat-
ment course, while the control tumors grew rapidly (Fig. 4B).
Compound 8.12 at 30 mg/kg was more effective in attenuat-
ing tumor growth than cysmethynil dosed at 75 mg/kg, how-
ever the difference was not significant (Fig. 4B). The weights of
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individual tumors harvested at the end of the experiment support
a similar conclusion (Fig. 4C).

Compound. 8.12 synergizes with gefitinib to reduce viabil-
ity of some cancer cells

To further explore Icmt as a therapeutic target for cancer, we
investigated whether Iecmt inhibitors such as compound 8.12 are
able to act synergistically with other agents used in cancer treat-
ment. Such information could potentially allow future investiga-
tors to develop combination therapies with compound 8.12 that
have increased efficacy with acceptable toxicity. Gefitinib, an
EGFR-inhibitor currently used mainly in the treatment of non-
small cell lung cancer,® emerged from a screen of a small panel
of drugs tested in combination with compound 8.12 in HepG2
cells. The combination of gefitinib with compound 8.12 was then
tested in HepG2, A549 and U87 cell lines; for each of these lines
the IC, | for gefitinib is above 10M, a level characteristic of gefi-
tinib resistance.? Cells were treated with fixed concentrations of
compound 8.12 that had no impact on viability as a single agent,
combined with a wide range of gefitinib concentrations. The
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Figure 5. Compound 8.12 synergizes with gefitinib in cell killing in vitro. (A) HepG2, A549, and U87 cells were treated with the indicated range of con-
centrations of gefitinib in the presence of fixed concentrations of compound 8.12 that are unable to impact on the viability as a single agent. Relative cell
viability was plotted against the log of gefitinib concentration, and combination indices (Cl) were also plotted against the fraction affected (Fa) value.
Details of experimental methods and Cl calculation are described in Materials and Methods. ®, DMSO; B, 0.8 uM compound 8.12; A, 1.2 .M compound
8.12. (B) HepG2 cells were treated with either vehicle only, 1.2 uM compound 8.12, 4 uM gefitinib, or both, for 48 h, whereupon cells were harvested and
lysates subjected to immunoblot analysis using a LC3 antibody. Data shown are from a single experiment that has been repeated at least twice with

similar results.

results were plotted in viability curves, and the combinational
indexes (Cls) were calculated using CompuSync software.’* In
the cell lines tested, compound 8.12 was able to synergize with
gefitinib in reducing cell viability, as indicated by the left-ward
shifts of the viability curves when the cells were treated with a
range of gefitinib concentrations in a background concentra-
tion of compound 8.12 that alone had no impact on cell via-
bility (Fig. 5A). Consistently, the Cls calculated from the cell
viability data were mostly below 1.0 across all effect levels, sup-
porting a synergistic relationship between compound 8.12 and
gefitinib (Fig. 5A). Both Icmt inhibitors®? and gefitinib have
been reported to induce autophagy in multiple cell lines,?>” and
our previous studies have established that autophagy induction
mediated by Icmt inhibitors can lead to cell death.”?” Therefore,
we proceeded to investigate whether the combination of com-
pound 8.12 and gefitinib would result in more autophagy induc-
tion than either agent alone. Indeed, LC3-II levels significantly

www.landesbioscience.com

increased in HepG2 cells treated with both compound 8.12 and
gefitinib compared with the sum of the levels induced by either
drug alone, suggesting a synergistic relationship in autophagy
induction between compound 8.12 and gefitinib in HepG2 cells
(Fig. 5B).

Discussion

Accumulating evidence on the biological effects of suppres-
sion of Icmt activity has supported the notion that this enzyme
is a prime candidate for cancer therapy development. Inhibition
of Iemt attracted attention initially as a way to reduce the activ-
ity of mutant Ras, infamous for its role in multiple human
cancers. It is now recognized that multiple Icmt substrates are
involved in tumorigenesis. The potential beneficial consequences
of Iemt inhibition extend beyond cancer, as a recent study has
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demonstrated that reduction of Icmt activity rescues mice from
symptomatic progression of progeria by inhibiting prelamin A
26 This study highlights the utility of target-
ing Icmt as a means to manipulate the functions of its substrates

carboxylmethylation.

involved in pathological processes. Here, we report that com-
pound 8.12, an amino-derivative of the prototypical indole-based
Ieme inhibitor, cysmethynil, possesses significantly improved
pharmacological properties and in vivo potency compared with
the parent compound. As expected, treatment of cancer cells with
compound 8.12 inhibits cell proliferation and induces autophagy
and cell death in an Icmt-dependent fashion. Given its favorable
pharmacokinetics profile, low toxicity and higher potency in
tumor growth attenuation, compound 8.12 has the best overall
properties among current lemt inhibitors, and therefore holds sig-
nificant promise as a potential candidate for drug development.

A subject of major interest in drug development is combina-
tion therapy. Cancer treatment regimens often consist of a com-
bination of drugs.®® In principle, as drugs used in combination
allow targeting of multiple molecular mechanisms within the
tumor, they could produce higher rates of treatment response and
lower rates of drug resistance, and potentially allow lower doses
of each drug to reduce toxicity.** In this study, compound 8.12
was found to act synergistically with gefitinib, an EGFR inhibi-
tor, in inhibiting growth of multiple cancer cell lines. Gefitinib
is indicated for non-small cell lung cancer as first-line therapy in
patients with known EGFR-activating mutations; it has also been
employed as a second-line agent for patients who have failed che-
motherapy, albeit with limited efficacy.’? Interestingly, gefitinib
had been reported to induce autophagy in breast cancer cells.”
A recent finding also suggested that non-small cell lung cancer
cells with activating EGFR mutations that have acquired resis-
tance to gefitinib harbored higher basal autophagy,” providing
additional evidence that autophagy plays a role in the antitumor
effect of gefitinib. As Icmt inhibitors reduce cell viability via
an autophagy-dependent mechanism, it is perhaps not surpris-
ing that compound 8.12 was able to synergize with gefitinib to
enhance cell death in gefitinib-resistant cell lines such as HepG2.
The combination of compound 8.12 and gefitinib may be able
to promote autophagy to the point where the balance is tipped
toward autophagic cell death.*> We observed synergistic enhance-
ment of autophagy in HepG2 cells treated with low doses of both
compound 8.12 and gefitinib, suggesting that detrimental levels
of autophagy may indeed be the mechanism of synergy between
these two drugs. Further, the synergy between compound 8.12
and gefitinib was not limited to HepG2 cells, as multiple cancer
cell lines responded to the combination in a synergistic manner.
Further delineation of mechanisms of synergy will be helpful
both in the clinical application of gefitinib and in the develop-
ment of Iemt inhibitors.

Although both genetic and pharmacologic suppression of
Iemt has now been shown to impact on proliferation, autophagy
and survival,'*"®" the molecular mechanisms responsible for the
biological effects observed have not been fully elucidated. The
difficulty is in part due to the fact that Icmt acts on multiple
CaaX-motif containing proteins that are implicated in cancer,
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and the exact contributions of these proteins in the tumorigenesis
process have not been thoroughly defined. We have previously
established that induction of autophagy occurs in multiple cancer
cell lines treated with Icmt inhibitors; in addition, we have dem-
onstrated that persistent autophagy induction from Icmt inhibi-
tion reduces cell survival."? Similarly, compound 8.12-induced
autophagy also detrimentally impacts on cell survival, as sup-
pression of the autophagic process through ATG5 knockdown
provided partial rescue from compound 8.12 treatment. The
molecular mechanism(s) behind this phenomenon warrant addi-
tional study in the future; such information could provide addi-
tional insight into the mechanism of action of Icmt inhibitors in
cancer cells, as well as potential clinical applications of not just
Icmt inhibitors but also EGFR inhibitors.

Similar to other targeted therapies, Iemt targeted therapy will
likely not be equally effective against all cancers. Therefore strati-
fication of Icmt-sensitive and Icmt-resistant cancers will be criti-
cally important for clinical development of these compounds.
Genetic deletion of Zemtz obliterated the ability of oncogenic Kras-
G12V and Braf-V599E to transform MEF cells,'’ and reduced the
tumorigenicity of oncogenic Kras-G12D-driven myeloprolifera-
tive disease in mice."! Pharmacological inhibition of Icmt with
small molecule inhibitors, including cysmethynil and compound
8.12, led to inhibition of proliferation, tumorigencity, and cell
death in multiple cancer cell lines and xenograft models.!®'*3
Despite these promising results, Icmt inhibition showed no effi-
cacy in a mouse model of Kras-G12D driven pancreatic cancer.*
The divergent responses to Icmt suppression further underscore
the importance of understanding the molecular signaling cir-
cuitry of different cancer cells and molecular stratification of
responsive and resistant cells. Icmt functions and the effects of
Ieme inhibition will almost assuredly be dependent on cellular
contexts, which clearly require further delineation in order to
uncover the full potential of Icmt inhibition as a cancer thera-
peutic strategy. Careful study of the differences in the molecu-
lar signatures between resistant and sensitive cells may not only
shed light on Icmt function in cancer cells and the molecular
mechanisms behind the effects caused by Iemt inhibition, but
also enable future investigations to identify patient populations
suitable for Icmt inhibitor therapy.

Materials and Methods

Materials and cell culture

Cells (HepG2, PC3, A549, and U87) were obtained from
American Type Culture Collection. HeLa cells stably express-
ing GFP-tagged LC3, MDA-MB-231 cells stably expressing tan-
dem tagged mRFP-GFP-LC3 as well as wild-type and Iemt-null
MEFs were previously described.”'#%#° Cells were maintained in
Dulbecco’s minimal essential medium (DMEM) with 5 or 10%
FBS (v/v) and penicillin (100 U/mL)/streptomycin (100 wg/
mL), all obtained from GIBCO/Life Technologies, under stan-
dard conditions. Cysmethynil was prepared by the Duke Small
Molecule Synthesis Facility; compound 8.12 was synthesized as
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described previously? and gefitnib (G-4408) was obtained from
LC Laboratories. Antibodies for pan-cadherin (4068), Cyclin
D1 (DCS6, 2926), p21 Wafl/Cipl (12D1, 2947), LC3B (2775),
GAPDH (14C10, 2118), and Atg5 (2630), were all from Cell
Signaling Technology. The antibody for Ras (Ras10, MA1-012)
was from Pierce Scientific; this antibody is able to recognize
H-, N-, and Kras.* The antibody for lamin A (C20; sc-6214)
obtained from Santa Cruz Biotechnology has been validated
for the specific detection of pre-lamin A.* Plasmids expressing
CFP-tagged Hras (pECFP-Hras) were kind gifts from Dr Won
Do Heo; siATG5 and control siRNA were obtained from
Sigma-Aldrich.

Cell fractionation and plasma membrane protein isolation

Plasma membrane fraction was isolated from PC3 cells using
the Plasma Membrane Protein Extraction Kit (K268-50) from
BioVision according to the manufacturer’s protocol.

Transient transfection and immunoblot analysis

pECFDP-Hras was electroporated into PC3 cells with
300 V/1000 pF using a Gene Pulser Xcell™ (Bio-Rad), and
control siRNA/siATGS were transfected into HepG2 cells using
Lipofectamine 2000 (Invitrogen). For immunoblot analysis, cells
were harvested and lysed by sonication in RIPA buffer (Pierce)
supplemented with phosphatase and protease inhibitors (Roche).
Lysates were resolved by sodium dodecyl sulfate-PAGE (SDS-
PAGE) and immunoblot analysis performed using standard
protocols.

Cell viability assay

Cells were seeded in 96-well culture plates at a density of 2500
cells per well and allowed to settle overnight. Cells were then
incubated in 200 pL of drug- or vehicle-containing 5% FBS
supplemented DMEM for a further 48 h. A tetrazolium-based
colorimetric cell viability assay was used to measure cell viability
(CellTiter 96® AQueous One Solution Cell Proliferation Assay,
Promega) per manufacturer’s protocol. Cell viability data was
analyzed using the GraphPad Prism software; combinational
index for each combinational treatment was calculated from the
fraction-affected value using Compusyn software (ComboSyn,
Inc.), with an index value smaller than 1.0 indicating synergism.**

Anchorage-independent clonogenic assay

A bottom layer of 1% noble agar (Sigma-Aldrich) in 5% FBS-
supplemented DMEM with the appropriate drug concentra-
tions was placed in each well of a 24-well culture plate. PC3 and
HepG2 wells were suspended in a mixture of 0.4% noble agar in
DMEM with 5% FBS and the appropriate drug concentrations
at a final density of 5000 cells per 400 pL. This mixture was
placed over the bottom agar layer. After setting at room tempera-
ture, 5% FBS-supplemented DMEM with the appropriate drug
concentrations was added to each well. The drug-containing cell
culture media was changed every 2 d, and the cultures were incu-
bated for 3—4 wk before fixing with 4% paraformaldehyde and
staining using 0.5% crystal violet.

Flow cytometry and cell cycle analysis

PC3 and HepG2 cells were seeded at 75000 cells per well
in a 6-well culture plate and allowed to settle overnight, and
cells were treated with either DMSO-only or appropriate
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concentrations of compound 8.12 for 24 h. Both the culture
media and cells for each condition were collected and cells pel-
leted by centrifugation. Seventy percent ethanol was added
drop-wise to the resultant cell pellet with gentle vortexing,
and cells were fixed at 4 °C overnight. Fixed cells were stained
with 100 wg/mL propidium iodide + 100 wg/mL ribonucle-
ase A in the dark for at least 30 min at room temperature.
Flow Cytometry was performed using a BD LSRFortessa Cell
Analyzer (BD BioSciences) and cell cycle analysis performed
using Flow]Jo software (Tree Star Inc.).

Confocal microscopy and image analysis

Cells were seeded at 30 000 cells per well directly on glass cov-
erslips placed in each well of a 24-well culture plate and allowed to
settle overnight in 10% FBS-supplemented DMEM. Cells were
then treated with the appropriate concentrations of compound
8.12 or DMSO-only, fixed with 4% paraformaldehyde and the
coverslips mounted onto glass slides. Confocal microscopy was
performed using a Zeiss LSM 710 Confocal Microscope and the
resultant images analyzed using Image] (NIH). The total area of
red puncta in mRFP-GFP-LC3- expressing MDA-MB-231 cells
was calculated using the Green and Red Puncta Colocalization
Macro for the modified version of Image ] designed for the
purpose of this kind of analysis (Shiwarski et al.“*; Pampliega,
et al.v).

Determination of maximum tolerated dose and pharmaco-
kinetic parameters of compound 8.12 and cysmethynil

Animal studies were performed with compliance to protocols
approved by the Institutional Animal Care and Use Committee.
To determine the MTD of compound 8.12, pairs of 6- to 8-wk-
old wild-type Balb/c mice were given either vehicle (ethanol,
PEG 400 and 5% dextrose [Sigma-Aldrich] in the ratio 1:6:3) or
the test drug dissolved in vehicle intraperitoneally and observed
for 45 min for signs of acute toxicity. If no sign of acute toxicity
was observed for a particular dosage, a higher dosage was given
to the next pair of mice. Compound 8.12 was tested for toxic-
ity up to 100 mg/kg. Mice were observed for any sign of tox-
icity for a further 24 h. Pharmacokinetic parameters were then
determined for compound 8.12 up to 48 h. Compound 8.12 was
administered intraperitoneally to 12 Balb/c mice, and blood was
collected for analysis from 3 mice at each time point up to 48 h.
Blood was collected twice from each group of animals; the first
collection was done from the submandibular vein, while the sec-
ond collection was performed through terminal cardiac puncture
following anesthesia. Plasma prepared from the blood samples
were analyzed for compound 8.12 using the Prominence UFLC
high-speed liquid chromatography system (Shimadzu Scientific
Instruments) coupled to a QTRAP 3200 triple quadruple mass
spectrometer (Applied Biosystems). Pharmacokinetic parameters
were calculated with Standard Version 5.0.1 of the WinNonlin®
software (Standard Version 5.0.1; Pharsight) using non-compart-
mentalized analysis for per os dosing.

Tumor xenograft studies

A total of 1 x 10" HepG2 cells suspended in 40% Matrigel
(BD BioSciences) were injected subcutaneously into both flanks
of 6- to 8-wk-old female SCID mice. When the tumors reached
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100-200 mm?, either vehicle only, 75 mg/kg cysmethynil
(once every two days), or 30 mg/kg compound 8.12 (daily) was
administered to the mice intraperitoneally over a total of 24 d.
The animals’ general appearance, body weights, and tumor sizes

were monitored every 2 d. Tumors were measured using the
standard clipper method, and the tumor volumes were calcu-

lated using the formula of (length x width x width) + 2. The ani-
mals were euthanized on the 24th day and the tumors removed

and weighed.

10.
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