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A B S T R A C T

The alkylating agent temozolomide (TMZ) represents an important component of current melanoma therapy,
but overexpression of O6-methyl-guanine DNA methyltransferase (MGMT) in tumor cells confers resis-
tance to TMZ and impairs therapeutic outcome. We investigated a novel perillyl alcohol (POH)-
conjugated analog of TMZ, NEO212, for its ability to exert anticancer activity against MGMT-positive
melanoma cells. Human melanoma cells with variable MGMT expression levels were treated with NEO212,
TMZ, or perillyl alcohol in vitro and in vivo, and markers of DNA damage and apoptosis, and tumor cell
growth were investigated. NEO212 displayed substantially greater anticancer activity than any of the other
treatments. It reduced colony formation of MGMT-positive cells up to eight times more effectively than
TMZ, and much more potently induced DNA damage and cell death. In a nude mouse tumor model, NEO212
showed significant activity against MGMT-positive melanoma, whereas TMZ, or a mix of TMZ plus POH,
was ineffective. At the same time, NEO212 was well tolerated. NEO212 may have potential as a more
effective therapy for advanced melanoma, and should become particularly suitable for the treatment of
patients with MGMT-positive tumors.

© 2014 Elsevier Ireland Ltd. All rights reserved.

Introduction

Melanoma incidence is increasing and, despite recent therapeu-
tic advances, the prognosis for patients with metastatic disease
remains poor [1,2]. Traditionally, first-line treatment of metastatic
melanoma has included the methylating agent dacarbazine or its
oral analog temozolomide (TMZ) [3]. Newer agents have been ap-
proved recently, such as B-RAF inhibitors vemurafenib and
dabrafenib, anti-CTLA-4 (cytotoxic T lymphocyte-associated antigen
4) monoclonal antibody ipilimumab, MEK (mitogen-activated protein
kinase kinase) inhibitor trametinib, and others (see details in review
[4]). However, therapeutic responses to these new drugs fre-
quently are short-lived, and many patients with advanced melanoma
do not obtain long-lasting clinical benefit. In view of these limita-
tions, and despite its limited clinical efficacy, TMZ has remained an

important part of current treatment regimens for patients with meta-
static melanoma [5].

TMZ is an alkylating agent that is able to cross the BBB after oral
dosing. Besides its use for metastatic melanoma, it is also part of
treatment regimens for patients with glioblastoma multiforme (GBM)
[6]. In both applications however, the emergence of treatment re-
sistance is common and is frequently linked to the overexpression
of MGMT (O6-methyl-guanine DNA methyltransferase), a DNA repair
protein that removes alkyl groups located at the O6-position of
guanine [7,8]. Because the primary toxic DNA lesion set by TMZ is
alkylation of O6-guanine, high expression levels of MGMT protect
tumor cells from the cytotoxic impact of TMZ and contribute to treat-
ment resistance [7,9,10].

MGMT activity is unusual in that it represents a “suicide” mech-
anism, whereby acceptance of the alkyl group from DNA irreversibly
inactivates the enzyme and leads to its rapid degradation [7]. This
feature is exploited by the use of specific MGMT inhibitors, such
as O6-benzylguanine (O6-BG) or lomeguatrib, which act as
pseudosubstrates and also lead to rapid degradation of the protein
[11,12]. Ablation of MGMT activity after treatment of MGMT-
positive cells with MGMT inhibitors generally increases their
sensitivity to killing by TMZ, and this has been well established in
numerous in vitro and in vivo tumor models (see detailed refs. in
Ref. 11). However, a recent phase-II clinical trial yielded mixed

Abbreviations: CFA, colony formation assay; MGMT, O6-methylguanine-DNA
methyltransferase; O6-BG, O6-benzylguanine; POH, perillyl alcohol; TMZ,
temozolomide; NEO212, perillyl alcohol covalently linked to temozolomide
(TMZ-POH).

* Corresponding author. Tel.: +1 323 442 3918; fax: +1 323 442 3049.
E-mail address: tcchen@usc.edu (T.C. Chen).

** Corresponding author. Tel.: +1 323 442 1730; fax: +1 323 442 1721.
E-mail address: schontha@usc.edu (A.H. Schönthal).

http://dx.doi.org/10.1016/j.canlet.2014.12.021
0304-3835/© 2014 Elsevier Ireland Ltd. All rights reserved.

Cancer Letters 358 (2015) 144–151

Contents lists available at ScienceDirect

Cancer Letters

journal homepage: www.elsevier.com/ locate /canlet

mailto:tcchen@usc.edu
mailto:schontha@usc.edu
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/canlet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2014.12.021&domain=pdf


outcomes when O6-BG and TMZ were administered to brain cancer
patients with TMZ-resistant tumors: while the addition of an MGMT
inhibitor restored TMZ-sensitivity in a fraction (16%) of patients with
anaplastic glioma, there was no significant effect (3%) in patients
with GBM [13]. While the underlying reasons for this disappoint-
ing outcome remain to be established, similar approaches are being
pursued in melanoma patients as well [14,15]. As an alternative to
combining TMZ with MGMT inhibitors, we have focused our re-
search on possibilities to improve the inherent anticancer activity
of TMZ against MGMT-positive tumor cells. Toward this goal, we
have generated a novel TMZ analog by covalently conjugating TMZ
and perillyl alcohol.

Perillyl alcohol (POH) is a monoterpene and a natural constit-
uent of caraway, lavender and lilac oil, cherries, cranberries, sage,
spearmint, celery seeds, and certain other plants [16]. Although this
compound had shown promising activity in several preclinical cancer
models [17,18], it did not enter clinical practice, primarily because
dose-limiting intestinal toxicity became evident in clinical trials
[19–21]. However, recent phase I/II clinical studies in Brazil dem-
onstrated that simple intranasal inhalation of POH was effective
against recurrent GBM, in the absence of detectable toxic events
[22,23]. Based on these promising results, we hypothesized that co-
valently linking POH to TMZ might yield a novel therapeutic
compound with inherently increased anticancer activity that perhaps
might also be applicable to TMZ-resistant cancers, such as MGMT-
positive melanoma. Here, we present our results validating this
prediction in melanoma cells in vitro and in vivo.

Materials and methods

Pharmacological agents

TMZ was obtained from the pharmacy at the University of Southern California
(USC) and dissolved in DMSO to a concentration of 50 mM. NEO212 was provided
by NeOnc Technologies (Los Angeles, CA) and was dissolved in DMSO at 100 mM.
POH and O6-BG were purchased from Sigma-Aldrich (St. Louis, MO). DMSO was ob-
tained from Sigma-Aldrich as well. In all cases of cell treatment, the final DMSO
concentration in the culture medium never exceeded 1%, and was much lower in
most cases. Stock solutions of all drugs were stored at −20 °C.

Cell lines

Human melanoma cell lines A375, A2058, M238, and M249 were propagated
in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
0.1 mg/mL streptomycin in a humidified incubator at 37 °C and a 5% CO2 atmo-
sphere. Human melanoma cell lines M21, M24, Colo-38, C-8161 and CaCl 74-36 were
propagated under similar conditions, except that RPMI was used instead of DMEM.
All cell culture reagents were provided by the Cell Culture Core Lab of the USC/
Norris Comprehensive Cancer Center and prepared with raw materials from Cellgro/
MediaTech (Manassas, VA); FBS was obtained from Omega Scientific (Tarzana, CA).
Cell lines were kindly provided by the laboratories of Alan Epstein (USC) [24], Yves
DeClerck (USC) [25], and Ali Jazirehi (UCLA) [26].

Primary human melanoma cells, derived from an intracranial lesion of a mela-
noma patient, were kindly provided by the laboratory of Michael Wong (USC). The
cells were cultured in EGM-2 medium (BulletKit from Lonza, Walkersville, MD) con-
taining basal endothelial growth medium plus supplements (Lonza cat# CC-3162)
and 10% FBS.

Colony formation assay

Depending on the cell line (and plating efficiency), 200–1000 cells were seeded
into each well of a 6-well plate and treated as described in detail previously [27].
In the case of primary melanoma cells, 1000 cells were seeded and let grow for 24
days in the presence or absence of drug treatment; because only small colonies
formed, the stained colonies were counted under the microscope.

Immunoblots

Total cell lysates were analyzed by Western blot analysis as described earlier [28].
The primary antibodies were purchased from Cell Signaling Technology (Beverly, MA)
or Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and used according to the manu-
facturers’ recommendations. All immunoblots were repeated at least once to confirm
the results.

Animal model

All animal protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of USC, and all rules and regulations were followed during ex-
perimentation on animals. Athymic mice (Harlan, Inc., Indianapolis, IN) were implanted
with 2 × 106 cells into the right flank. About ten days later, once palpable tumors
had developed, animals were assigned to different treatment groups. The control
group received vehicle only (45% glycerol, 45% ethanol, 10% DMSO), whereas the treat-
ment groups received drug dissolved in vehicle. Tumor volume was measured with
calipers every 2–3 days. In parallel, body weight was recorded.

Tissue analysis

When animals were euthanized, organs and tumor tissues were collected and
stored frozen or fixed in formalin. For the detection of MGMT protein by immuno-
histochemistry, tumor tissues were processed as described earlier [29]. The primary
antibody was a mouse monoclonal anti-human MGMT antibody (Abcam, Cam-
bridge, MA; cat #ab39253). The secondary antibody was biotinylated horse anti-
mouse IgG (Vector Laboratories, Burlingame, CA), followed by incubation with the
Vectastain Elite avidin–biotin–peroxidase complex kit (Vector Laboratories). Posi-
tive staining was visualized with amino-ethylcarbazole substrate (red). Hematoxylin
was used as the counterstain to mark nuclei (blue).

For histopathological analysis, organs were placed in 10% formalin for 24–
48 hours. Thereafter, tissues were embedded in paraffin and cut into sections of
5 microns thickness. Slides were then stained using standard hematoxylin–eosin (H&E)
stains, and evaluated under a light microscope.

Analytical diagnostics/blood analysis

For the investigation of NEO212’s impact on general health and specific body
functions of treated mice, two laboratory test panels were performed: Superchem
(comprehensive blood chemistry test, including liver and kidney values) and com-
plete blood count (CBC) with differential. Both tests were performed by Antech
Diagnostics (Irvine, CA). Animals received 30 mg/kg NEO212, or vehicle only, once
daily for 28 continuous days. Twelve hours after the final dosing, blood samples were
collected from each mouse and shipped to Antech Diagnostics.

Statistical analysis

All parametric data were analyzed using the Student t-test to calculate the sig-
nificance values. A probability value (p) < 0.05 was considered statistically significant.

Results

NEO212 is more cytotoxic than its individual constituents

A novel analog of temozolomide (TMZ) was created by cova-
lently linking perillyl alcohol (POH) to TMZ’s amide functionality
(Suppl. Fig. S1). The cytotoxic potency of this new compound, called
NEO212, was analyzed by colony formation assay (CFA) in five dif-
ferent human melanoma cell lines (A2058, A375, M238, M21, M249)
and compared to the cytotoxicity of TMZ. As shown in Fig. 1, NEO212
suppressed colony formation much more potently than TMZ in all
cell lines. Table 1 summarizes this outcome and presents IC50 values,
as well as the differential toxicity between the two drugs. The IC50
(i.e., the concentration of drug that reduced colony formation by
50%) of NEO212 ranged from 3.5 to 39 μM, whereas the IC50 of TMZ
ranged from 12 to 265 μM, and NEO212 was from 3.4 to 8.0 times
more potent than TMZ. Increased toxicity of NEO212 could also be
observed in primary melanoma cells from a human tumor speci-
men (Fig. 1, Table 1).

Previous studies showed that POH is able to exert cytotoxic effects
in cancer cells, although concentrations approaching the milli-
molar range were required [30,31]. We therefore tested whether
simply mixing the two compounds TMZ and POH could mimic the
effects of the NEO212 conjugate. First, we treated four of the mela-
noma cell lines (A2058, A375, M238, M249) with POH alone and
analyzed colony-forming ability. Consistent with earlier studies with
other tumor cell types [30,31], millimolar concentrations of POH
were required in order to achieve pronounced growth inhibition
(Fig. 2A). Second, we determined survival of M249 cells in re-
sponse to mixing equimolar concentrations of TMZ with POH.
However, as shown in Fig. 2B, mixing TMZ with POH was unable
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to achieve the superior toxicity of NEO212, and in fact adding POH
did not at all further increase the toxicity of TMZ alone. Similar results
were obtained with other melanoma cell lines as well, and a rep-
resentative colony formation assay is shown in Fig. 2C, where cells
were exposed to 50 μM each of NEO212, TMZ, POH, or TMZ plus
POH mix; as shown, mixing 50 μM TMZ with 50 μM POH was unable
to mimic the strong cytotoxic activity of 50 μM NEO212. Altogeth-
er, these results present NEO212 as a novel compound with increased
potency over TMZ that cannot be matched by merely mixing its in-
dividual parts, TMZ and POH.

NEO212 causes DNA damage and apoptosis

In order to investigate the effects of NEO212 in greater detail,
we characterized its impact on DNA damage and cell death at the
molecular level. Lysates from drug-treated cells were subjected to

Western blot analysis for the DNA strand breakage indicator γ-H2AX
(phosphorylated histone H2A), and the presence of two apoptosis
markers, cleaved (i.e. activated) caspase 7 and cleaved PARP-1 (poly
ADP-ribose polymerase-1).

It is well known that tumor cells treated with physiological con-
centrations of TMZ (<100 μM) in vitro survive for several (5–7) days
seemingly unaffected before substantial cell death becomes appar-
ent [32,33]. We observed a similar phenotype when melanoma cell
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Fig. 1. Survival of melanoma cells after drug treatment. Five different melanoma cell
lines (as indicated), as well as a culture of primary melanoma tissue cells (labeled
‘primary’) were exposed to increasing concentrations of TMZ (diamonds) or NEO212
(circles) for 48 hours, and long-term survival was determined via colony forma-
tion assay (CFA). In all graphs, colony formation by control cells (treated with vehicle
only) was set at 1. Graphs with error bars display mean (±SD) from ≥3 independent
experiments; graphs without error bars show the average from two independent
experiments.

Table 1
Shown are IC50 values (i.e., drug concentrations that reduce colony forming ability by 50%) and differential toxicity between NEO212 and TMZ (i.e., fold increased potency
of NEO212 over TMZ). The last column indicates MGMT protein levels in each cell line, as determined by Western blot analysis.

Cell line TMZ (μM) NEO212 (μM) Differential (-fold) MGMT status

A2058 12 3.5 3.4 —
M238 40 8.5 4.7 +/−
Primary melanoma cells 70 13 5.4 +
A375 265 39 6.8 ++
M21 228 29 7.9 ++
M249 254 32 7.9 ++

Fig. 2. Survival of melanoma cells after drug treatment. (A) Four different mela-
noma cell lines (as indicated) were exposed to increasing concentrations of POH for
48 hours, and long-term survival was determined by CFA two weeks later. Data points
display mean (±SD; n = 3). (B) M249 cells were exposed for 48 hours to increasing
concentrations of TMZ (diamonds), NEO212 (circles), or equimolar concentrations
of TMZ plus POH (squares), followed by CFA. (C) A375 cells were treated with 50 μM
each of NEO212, TMZ, POH, TMZ plus POH mix, or remained untreated, and colony
survival was documented by photographing 6-well plates of treated cells. Shown
is a highly representative outcome (selected from several repeats with nearly iden-
tical outcome).
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lines were treated with NEO212, i.e., cell cultures only began to de-
teriorate approximately a week after the onset of drug treatment.
For this reason, it was possible to collect lysates from drug-
treated cells over the course of several days. As shown in Fig. 3,
treatment of A2058 melanoma cells with NEO212 resulted in greatly
increased levels of γ-H2AX protein, indicating accumulation of DNA
strand breaks over the course of 1–5 days. Markers of apoptotic cell
death (cleaved caspase 7 and PARP1) emerged as well, starting at
day 3. In comparison, TMZ required higher dosages to cause similar
outcomes (Fig. 3B). When several melanoma cell lines (A2058, A375,
CaCl 74-36, M249) were treated in parallel with equimolar con-
centrations of either NEO212 or TMZ, NEO212 caused more DNA
damage (i.e., higher γ-H2AX protein levels) and more cell death
(cleaved caspase 7 and PARP) than TMZ in all cases (Fig. 3C).

Because in Fig. 2 we had shown that an equimolar combina-
tion of TMZ plus POH was unable to achieve the same potency in
blocking colony survival as the NEO212 conjugate, we next inves-
tigated whether this cellular outcome would also be reflected at the
molecular level of DNA damage and apoptosis marker proteins. We
therefore treated A2058 cells with the same concentration (20 μM
each) of NEO212, TMZ, POH, or TMZ plus POH mix, and analyzed
the induction of γ-H2AX and activated caspase 7 after 24 hours and
5 days. As shown in Fig. 4, both indicator proteins were induced quite
prominently by NEO212, whereas induction by TMZ was notice-
ably weaker, and mixing TMZ with POH (TMZ + POH) did not increase
TMZ potency any further. The greater effect of NEO212 over a mix
of TMZ + POH was also established in A375 cells (Fig. 4). Thus, the
results from the cell survival assay (Fig. 2) correlated closely with
the effects of these compounds on DNA damage and apoptosis
markers (Fig. 4), and in all cases NEO212 clearly generated the stron-

Fig. 3. Drug effects on markers of DNA damage and apoptosis. (A) A2058 cells were treated with a single dose of 15 μM NEO212, or vehicle (vh.) only, and cells were har-
vested every day for up to 5 days thereafter. Analysis was by Western blot with antibodies against γ-H2AX (a marker for double-strand DNA damage), and the apoptosis
markers cleaved caspase 7 (cl. C-7) and PARP (faster migrating band of PARP represents proteolytically cleaved fragment). Actin was used as a loading control. (B) A2058
cells were treated with increasing concentrations of NEO212 or TMZ, or vehicle alone. After 4 days, cells were harvested and analyzed as in (A). (C) Various melanoma cells
were treated with equimolar concentrations of NEO212 (NEO) or TMZ, or vehicle (vh.) alone, and analyzed as in (A). A2058 cells received 15 μM for 72 h; A375 cells re-
ceived 65 μM for 80 h; CaCl 74-36 cells received 80 μM for 50 h; M249 cells received 80 μM for 96 h.

Fig. 4. Effects of equimolar TMZ plus POH mix. A2058 cells received 20 μM of each
NEO212, TMZ, POH, TMZ plus POH mix, or vehicle (vh.) alone, and were harvested
after 1 and 5 days. A375 cells received 60 μM of each drug and were harvested after
5 days. Western blot analysis was performed for DNA damage marker γ-H2AX and
apoptosis marker cleaved caspase 7 (cl. C-7). Actin was used as a loading control.
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gest anticancer impact that could not be mimicked by merely mixing
its individual components.

Cytotoxic effect of NEO212 involves O6-guanine methylation

The DNA repair protein MGMT is known to play a key role in cel-
lular resistance to TMZ; we therefore investigated how it would
impact the cytotoxic potency of NEO212. We first determined its
basal level of expression by Western blot analysis of 10 different
melanoma cell lines. As shown in Fig. 5A, four of the cell lines (A2058,
M24, M24met, C8161) were negative for MGMT protein expres-
sion, two (M238, Colo38) displayed very low levels, and four (A375,
M21, M249, CaCl 74-36) were strongly positive. For comparison pur-
poses, we also assessed MGMT protein levels in a commonly used
glioblastoma cell line known to be MGMT positive (T98G), and in
an MGMT-positive breast cancer cell line (MDA-MB-468). This side-
by-side evaluation revealed that MGMT protein levels in the strongly
positive melanoma cell lines were similar to the levels found in other,
well-characterized, MGMT-positive tumor types (Fig. 5A).

We next aligned MGMT expression with the cytotoxic potency
of NEO212 in comparison to TMZ. As summarized in Table 1, the
IC50 of both NEO212 and TMZ clearly increased with increasing
levels of MGMT expression. The IC50 was lowest in MGMT-negative
cells, moderate in weakly MGMT-positive cells, and highest in
strongly MGMT-positive cells. Intriguingly however, resistance to
TMZ increased more sharply than resistance to NEO212; i.e., the fold

differential between NEO212 toxicity and TMZ toxicity increased
from 3.4-fold in MGMT-negative cells to 8.0-fold in MGMT-positive
cells (Table 1). As well, the average IC50 of NEO212 remained much
lower (up to 39 μM) than the IC50 of TMZ, which increased up to
265 μM. These latter findings suggest that the increased potency
of NEO212 over TMZ, although apparent in all cell lines analyzed,
might become particularly advantageous in the context of thera-
peutically targeting MGMT-positive cells.

We further characterized the relevance of MGMT in NEO212’s
cytotoxic effects by applying O6-BG, an inhibitor of MGMT activi-
ty. We treated the MGMT-positive melanoma cell lines A375 and
M249 with TMZ or NEO212 in the presence or absence of O6-BG,
and measured cell survival by colony formation assay. As shown in
Fig. 5B and C, inclusion of O6-BG significantly increased toxicity of
NEO212 and TMZ in both cell lines, with somewhat stronger en-
hancement in the M249 cell line. Intriguingly, the presence of O6-
BG seemed to narrow the differential potency of NEO212 and TMZ,
consistent with our observation from Table 1 that the fold differ-
ence in drug potency increases with higher MGMT expression levels.
We also performed the same treatment with MGMT-negative A2058
cells, but here the inclusion of O6-BG did not enhance the toxicity
of either drug, as would be expected in the absence of MGMT protein
(not shown).

The impact of O6-BG was also studied with regard to DNA damage
and apoptosis. MGMT-positive A375 cells were treated with in-
creasing concentrations of NEO212 (or TMZ) in the presence or
absence of the inhibitor and analyzed for γ-H2AX protein levels and
caspase 7 cleavage. As shown in Fig. 6A, inclusion of O6-BG greatly
lowered the threshold of NEO212 concentrations that caused DNA
damage and apoptosis; for instance, 20 μM NEO212 triggered a

Fig. 5. MGMT expression levels and effect of O6BG on colony formation. (A) Lysates
from 10 melanoma cell lines were probed for basal level expression of MGMT protein
and compared to a glioblastoma (T98G) and breast carcinoma (MDA-MB-468) cell
line. (B) A375 and (C) M249 cells were pre-incubated with or without 15 μM O6-
BG for 30 minutes, followed by the addition of increasing concentrations of NEO212
or TMZ. Ten to twelve days later, colonies were stained and counted. In all graphs,
colony formation by control cells (treated with vehicle or O6-BG only) was set at 1.
Graphs with error bars display mean (±SD) from 3 independent experiments; graphs
without error bars show the average from two independent experiments.

Fig. 6. Enhancement of DNA damage and downregulation of MGMT. (A) A375 cells
were pre-incubated with or without 15 μM O6-BG for 30 minutes, followed by the
addition of increasing concentrations of NEO212 (top panel) or TMZ (lower panel).
Control cells received vehicle (vh.) only. Four days later, cellular lysates were pre-
pared and analyzed by Western blot for DNA damage marker γ-H2AX and apoptosis
marker cleaved caspase 7 (cl. C-7). (B) M249 cells were treated with NEO212, TMZ,
O6-BG, or vehicle only at the concentrations indicated. Twenty hours later, cell lysates
were prepared and analyzed for the presence of MGMT protein by Western blot. Actin
was used as a loading control in all blots.
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strong increase in γ-H2AX expression and appearance of cleaved
caspase 7 when O6-BG was present, but had no such effect in the
absence of the inhibitor. The use of TMZ generated comparable
results (Fig. 6A), and quantitative similar outcomes were also ob-
tained with MGMT-positive M249 cells (not shown). Altogether, these
results indicate that methylation of O6-guanine is among the key
triggers for cell death caused by NEO212, and this DNA lesion appears
to be set more effectively by NEO212 as compared to TMZ.

Potent methylation of O6-guanine by NEO212 was also indi-
cated by our observation presented in Fig. 6B, where treatment of
MGMT-positive cells with NEO212 resulted in a concentration-
dependent depletion of cellular MGMT protein levels. This effect was
quite pronounced and mimicked the depletion of MGMT by opti-
mized concentrations of O6-BG. In comparison, 100 μM TMZ had
a noticeably weaker effect. The results shown in Fig. 6B are from
M249 cells, but a repetition with A375 cells yielded essentially the
same outcome (not shown). It is conceivable that depletion of MGMT
by NEO212 might at least in part contribute to the agent’s potent
anticancer effect in MGMT-positive melanoma cells.

NEO212 is active in vivo

Lastly, we asked whether NEO212 would be able to exert its an-
ticancer effects in vivo as well. For these experiments, MGMT-
negative A2058 or MGMT-positive A375 cells were implanted into
the flanks of nude mice, and after palpable tumors had developed
the animals received either vehicle or drug treatments. Because little
is known about the bioavailability of NEO212, the first in vivo ex-
periment tested two different modes of administration; i.e., the drug
was given either via oral gavage or via subcutaneous injection into
the neck area (i.e., removed from the tumor site) and compared to
vehicle only, which was injected. Treatment was once daily and con-
tinued for 10 days. As presented in Fig. 7A, both groups of NEO212-
treated animals displayed significantly (p < 0.01) reduced tumor
growth as compared to animals that received vehicle only. NEO212
given via subcutaneous injection appeared slightly more effective
than oral NEO212, but the difference was not statistically signifi-
cant, indicating high bioavailability of the compound. Three days
after the final dose of NEO212, all animals were euthanized because
tumor volume in most control animals had reached its maximum
allowable size. At this time, the average tumor volume of NEO212-
treated animals was only 20–35% in comparison to controls.

Animals implanted with A375 cells were divided into 4 groups
and treated with vehicle, NEO212, TMZ, or a mix of TMZ plus POH.
All treatments were given via subcutaneous injection once daily for
21 consecutive days. Fig. 7B presents tumor growth in these animals
during and after cessation of treatment. As shown, tumor growth
of NEO212-treated animals was significantly (p < 0.01) delayed as
compared to all the other groups. The therapeutic effect of TMZ, al-
though marginally better than vehicle only, clearly was inferior to
NEO212 treatment (p < 0.01). A mix of TMZ plus POH in essence
yielded the same outcome as TMZ alone, i.e., the addition of POH
did not further enhance the very modest potency of TMZ. We also
confirmed that the tumors grown from A375 cells had main-
tained their MGMT-positive status in vivo (Suppl. Fig. S2), thus
verifying that superior therapeutic activity of NEO212 indeed un-
folded within MGMT-positive tumor tissue.

In all in vivo experiments, the body weight of animals was closely
monitored. There was no major loss of weight during the drug treat-
ment period in any of the groups (Suppl. Fig. S3). We also performed
histopathological analysis on organs from vehicle-treated and
NEO212-treated animals. However, no signs of potentially toxic
impact of NEO212 on intestines, liver, kidney, spleen, lung, or brain
could be detected (Suppl. Fig. S4A,B). As well, a few of the NEO212-
treated animals were kept for an additional month after cessation

of treatment under continuous observation, but no noticeable long-
term toxic drug effects were noted.

For further analysis of the drug’s impact on animal health,
we treated groups of mice with vehicle or NEO212 once daily for
28 days, and then collected blood for detailed analysis by a com-
prehensive blood chemistry panel, as well as complete blood count
(CBC) with differential. Blood from non-treated animals was in-
cluded as well. As shown in Suppl. Table S1A, there was no significant
difference in the number of red or total white blood cells, hemo-
globin, or hematocrit. Differential analysis revealed no substantial
differences in neutrophils, eosinophils, or monocytes, although
the number of lymphocytes was slightly lower in some of the
NEO212-treated mice (Suppl. Table S1B). Analysis of liver markers
showed no difference for bilirubin levels or alkaline phosphatase
levels, but there was a minor increase in alanine transaminase
and aspartate transaminase levels (Suppl. Table S2), which seemed
inconsequential compared to the more substantial hepatotoxic
effects that are occasionally seen in a small number of patients
treated with temozolomide [34]. Altogether, the outcome of our
detailed analysis of tissues, blood cells and blood chemistry indi-
cates that NEO212 was very well tolerated by these experimental
animals.

Fig. 7. Drug effects on subcutaneous tumor growth. (A) Mice carrying subcutane-
ously implanted A2058 cells were separated into three treatment groups (six animals
each): (i) control (vehicle only, via subcutaneous injection), (ii) 30 mg/kg NEO212
via subcutaneous (s.c.) injection, and (iii) 30 mg/kg NEO212 via oral gavage. Once-
daily treatment was initiated after palpable tumors had developed and continued
for 10 days. Statistical difference between vehicle-treated and both groups of NEO212-
treated animals: p < 0.01. (B) Mice carrying subcutaneously implanted A375 cells were
separated into four treatment groups (six animals each): (i) control (vehicle only),
(ii) 50 mg/kg NEO212, (iii) 50 mg/kg TMZ, (iv) 22 mg/kg POH mixed with 28 mg/kg
TMZ (mimicking the dosage of the individual components contained in 50 mg/kg
NEO212), all given via subcutaneous injection. Once-daily treatment was initiated
after palpable tumors had developed and continued for 21 days. The difference
between NEO212-treated animals and every other group was statistically signifi-
cant (p > 0.01). Both graphs show fold increase in tumor size over time (mean ±SE).
Two-headed arrow labeled Rx denotes treatment period.
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Discussion

The incidence of melanoma is increasing worldwide, but man-
agement of disseminated disease has remained one of the most
challenging problems in clinical oncology. The most commonly used
melanoma drugs are dacarbazine and TMZ, which result in re-
sponse rates of about 15% when used as single agents. In direct
comparison to dacarbazine, TMZ yielded greater systemic expo-
sure, longer progression-free survival, and improved quality of life
due to oral administration [14,35]. It is well established that failure
to respond to TMZ is largely due to both inherent and acquired che-
moresistance, and a key contributing factor is elevated expression
of the DNA repair protein MGMT. MGMT detoxifies DNA lesions set
by alkylating agents by directly removing alkyl groups from O6-
methylguanine, thus conferring resistance to TMZ and similar agents,
such as dacarbazine, fotemustine, or carmustine/BCNU [2,3,6,10,11].

We have covalently conjugated POH to TMZ, thereby generat-
ing a novel TMZ analog, TMZ-POH or NEO212, which displays greater
anticancer potency than each of its parental molecules, especially
in melanoma cells with high levels of MGMT expression. Superior
efficacy of NEO212 was confirmed in vitro in several melanoma cell
lines, and was established through cell survival assays (Figs. 1 and
2) and by molecular analysis of markers of DNA damage and cell
death (Figs. 3 and 4). Similarly, NEO212 displayed greater thera-
peutic efficacy than TMZ in MGMT-negative and MGMT-positive in
vivo models (Fig. 7). Intriguingly, a mere mix of NEO212’s constitu-
ents, TMZ and POH, was unable to achieve NEO212’s superior
efficacy, neither in vitro (Figs. 2 and 4) nor in vivo (Fig. 7B), indi-
cating that NEO212 is a novel chemical entity with inherently
increased potency that is greater than the sum of its parts.

At least part of NEO212’s cytotoxic function is based on the del-
eterious methylation of DNA, revealing that this key characteristic
of TMZ has been preserved in the conjugated NEO212 molecule. This
conclusion is based on several observations: (i) overexpression of
MGMT, which selectively repairs O6-methylguanine and provides
profound protection against TMZ [7,8], also impinges on cellular re-
sponses to NEO212 (although to a much lesser extent than to TMZ;
Table 1); (ii) the addition of the MGMT-inhibitor O6-BG increases
NEO212’s cytotoxic potency (Figs. 5B and 6A); and (iii) treatment
with NEO212 down-regulates MGMT protein levels (Fig. 6B), which
is consistent with the DNA repair enzyme’s “suicide” mechanism
of action, whereby acceptance of the alkyl group from O6-
methylguanine leads to the protein’s rapid degradation [36].

It remains unclear however, why NEO212 is so much more cy-
totoxic than TMZ and maintains its potency in MGMT-positive tumor
cells. In a recent study with preclinical breast cancer and glioblas-
toma models, we have shown that in vitro the half-life of NEO212
appears to be somewhat longer than that of TMZ [27,37]. While this
observation could serve to explain greater potency of NEO212 in
general, it is unclear how this aspect would unfold preferentially
in MGMT-positive cells. As an alternative, one could surmise that
down-regulation of cellular MGMT levels, which takes place more
effectively in response to NEO212 as compared to TMZ (Fig. 6B),
might play a role; although this process will have to be investi-
gated in greater detail, it is tempting to speculate that effective
depletion of MGMT by NEO212 might prime the cells toward greater
chemosensitivity.

Is it possible that the POH moiety of NEO212 may contribute ad-
ditional functions to establish the superior cytotoxic potency of the
conjugated molecule? POH is known to affect several intracellular
processes. For instance, this monoterpene was shown to inhibit the
activity of telomerase [38] and of sodium–potassium pump (Na+/
K+-ATPase) [39], and to trigger pro-apoptotic endoplasmic reticulum
(ER) stress [30]. As well, it was reported as a farnesyl-transferase
inhibitor that results in the blockage of ras oncoprotein activity
[40,41], although this has been challenged [42,43]. However, in all

these cases relatively high concentrations of POH (well above
100 μM) are required to achieve 50% inhibition of target activity (see
also Fig. 2A). In comparison, NEO212 is active in the range of 4–40 μM
in melanoma cells (Table 1). Intriguingly as well, when POH is mixed
with TMZ and applied as a separate agent, this combination is unable
to replicate the high potency of conjugated NEO212 (Figs. 2, 4 and
7B), indicating that the mere presence of non-conjugated POH is
unable to provide additional potency over TMZ.

While the precise contribution of POH to NEO212’s increased ac-
tivity remains to be investigated further, our data clearly demonstrate
NEO212’s superior therapeutic activity over TMZ in every aspect in-
vestigated. NEO212 is up to 8-fold more potent against melanoma
cell lines in vitro (Table 1), and it exerts its cytotoxic potency in the
range of 4–40 μM. These values are very interesting for the follow-
ing reason: The peak concentrations of TMZ measured in the plasma
of human cancer patients are 50–70 μM [44,45]. In comparison, the
IC50 of TMZ against MGMT-positive melanoma cells measured in
vitro is well above 200 μM (Table 1). Considering this large differ-
ential, it is therefore not surprising that MGMT-positivity of tumor
tissue is known to predict poor response to TMZ therapy [46,47],
and indeed our own in vivo experiment with TMZ confirmed this
detriment as well (Fig. 7B). In comparison, NEO212 displayed in vitro
IC50s from 13–39 μM in MGMT-positive cells (Table 1) and did exert
significant (p < 0.01) therapeutic activity in vivo against strongly
MGMT-positive melanoma (Fig. 7B). Although NEO212 is not yet ap-
proved for human investigation and its peak plasma concentrations
are unknown, it is conceivable, based on its chemical structure and
its predicted physicochemical properties, that it might be possible
to achieve plasma concentrations that are similar to TMZ. If that
were the case, it would provide good support to predict that NEO212
will exert therapeutic activity against MGMT-positive melanoma in
patients as well. We therefore propose that NEO212 should be in-
vestigated further as a potentially effective therapy for advanced
melanoma, in particular for patients with MGMT-positive tumors.
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