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Abstract

Background: Mycosis fungoides (MF) and Sézary syndrome (SS) are subtypes of primary
cutaneous lymphomas and represent complex diseases regarding their physiopathology

and management. Depending on the stage of the disease, different treatment regimens are
applied, but there is no consensus on an optimal approach. Prognosis for patients with early
stage MF is favorable, but significantly worsens in advanced disease and in SS, where patients
frequently relapse and require multiple therapies.

Methods: We investigated the potential anticancer effects of NEO212, a novel compound
generated by covalently conjugating perillyl alcohol (a natural monoterpene) to temozolomide
(an alkylating agent), on MF and SS cell lines in vitro. HUT-78, HUT-102, and MyLa cells were
treated with NEO212 under different conditions, and drug effects on proliferation, viability, and

apoptosis were characterized.

Results: NEO212 inhibited proliferation, diminished viability, and stimulated apoptosis in

all cell lines, although with varying degrees of potency in the different cell lines. It down-
regulated c-myc and cyclin D1 proteins, which are required for cell proliferation, but
triggered endoplasmic reticulum stress and activation of caspases. Pretreatment of cells
with antioxidants ascorbic acid and beta-mercaptoethanol prevented these NEO212-induced

effects.

Conclusions: NEO212 exerted promising anticancer effects on SS and MF cell lines. The
generation of reactive oxygen species (ROS) appears to play a key role in the NEO212-induced
cell death process, because the blockage of ROS with antioxidants prevented caspase
activation. We propose that NEO212 should be investigated further toward clinical testing in

these tumor types.
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Introduction

Primary cutaneous lymphomas are a heteroge-
nous group of extranodal non-Hodgkin lympho-
mas. In contrast to nodal non-Hodgkin
lymphomas, most of which are B-cell derived,
approximately 75% of primary cutaneous lym-
phomas are T-cell derived.! Cutaneous T-cell
lymphomas (CTCLs) are rare and they are char-
acterized by the presence of malignant T

lymphocytes in the skin.>»? They represent 3.9%
of all non-Hodgkin lymphomas with an annual
incidence of 6.4-9.6 cases per million people in
the United States.*% Mycosis fungoides (MF) is
the most common CTCL, whereas Sézary syn-
drome (S8S) is much rarer. They account for
2-3% of all lymphomas’ and comprise approxi-
mately 53% of all cutaneous lymphomas.* MF
has an annual incidence of 5.6per million
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persons® representing 50% of all CTCLs,?
whereas SS has an annual incidence of 0.1-0.3 per
million persons and represents 2.5% of all
CTCLs.?

Clinical symptoms of CTCL vary by subtype. In
MF, a primarily cutaneous variant, symptoms
remain mostly localized to the skin and include
variably affected flat patches, thin plaques, or
tumors. In comparison, SS, a variant with a leu-
kemic component, presents as a more aggressive
phenotype, in which the skin is diffusely affected
and there is greater involvement of the systemic
circulation.!® In fact, the presence of >1000
Sézary cells/mm?3 in the circulation represents a
key diagnostic criterion for SS. In both diseases,
skin biopsies can reveal the characteristic Sézary
cells (T cells with cerebriform nucleus) that are
infiltrating the epidermis. Although SS can arise
as a progression of pre-existing MF, it more typi-
cally arises de novo and is generally considered a
separate disease, rather than a leukemic progres-
sion of MF.11:12

The etiology of MF and SS is still unknown. It is
thought to include chronic antigenic stimulation
through viral or bacterial exposure, environmen-
tal exposures, and altered microRNA (miRNA)
expression.? A recent case series examined a sub-
set of hypertensive MF patients using hydrochlo-
rothiazide, speculating that this diuretic may be
associated with antigen-driven T-cell lymphopro-
liferation and could serve as a trigger for MF. In
addition, individual genetic features have also
been implicated in the development of CTCL.!
Furthermore, a variety of genetic aberrations have
been identified in MF, such as mutations in the
tumor suppressor p53 gene and loss of other
tumor suppressor genes, such as CDKN2A and
CDKN2B. In addition, MF can have chromo-
somal gains and losses, and the Janus kinase
(JAK) signal transducer and activator of tran-
scription (STAT) pathways can be deregulated in
MF and in CTCLs in general.1:2:13

Treatment strategies range from an expectant
policy in early stage disease to hematopoietic stem
cell transplantation, going through retinoids,
immunotherapy, and extracorporeal photo-
chemotherapy, among others.? The National
Comprehensive Cancer Network (NCCN) guide-
lines outline classic treatments for MF/SS as
determined by stage of the disease, estimated skin
tumor burden, presence of unfavorable prognos-
tic factors, age, and other comorbidities, such as

cardiovascular disease, dyslipidemia, low thyroid
function, etc., that can affect quality of life.!4
Although there are several therapies recognized
by the NCCN for the treatment of MF/SS, there
is a paucity of effective therapies providing dura-
ble responses. Targeted therapies have variable
response rates ranging from 30% to 67%, with
complete responses no higher than 41%?1> because
none of these approaches are curative and patients
frequently have relapses necessitating ongoing
treatments.!* Even with extensive treatment, the
prognosis of these diseases at their advanced
stages remains poor. MF has a 27% 5-year sur-
vival in advanced disease,? which in SS decreases
to a 15% 5-year survival.”

NEO212 is a novel experimental drug that has
revealed striking therapeutic activity in a variety
of preclinical cancer models, including glioblas-
toma (GBM), melanoma, nasopharyngeal car-
cinoma, and brain-metastatic breast cancer.16-1°
It is a chimeric molecule that was generated by
covalent conjugation of perillyl alcohol (POH)
to temozolomide (TMZ). POH, a monoterpene
related to limonene, is a natural constituent of
caraway, lavender oil, cherries, cranberries, cel-
ery seeds, and citrus fruit peel.2° It showed sig-
nificant anticancer activity in a number of
preclinical studies.?! However, when tested as
an oral formulation in several phase I/II trials
with cancer patients, it did not produce con-
vincing therapeutic outcomes.?! Although POH
was abandoned as an oral agent, currently
ongoing clinical studies with recurrent GBM
patients are investigating whether an intranasal
formulation of this compound might be more
successful.??

TMZ is an alkylating agent approved for the
treatment of newly diagnosed GBM and refrac-
tory anaplastic astrocytoma.?3 It is also occasion-
ally used for metastatic melanoma and other
cancers, but the response rate is low.2¢ Although
TMZ methylates several moieties in different
bases of the DNA backbone, it is methylation of
the O6-position of guanine (mO6G) that is the
decisive toxic lesion that is responsible for trig-
gering subsequent cell death. However, mO6G
can be repaired by the DNA repair enzyme
O6-methylguanine = DNA  methyltransferase
(MGMT), which removes the methyl group set
by TMZ, thereby preventing the cytotoxic seque-
lae of this lesion. As a result, tumors that express
significant levels of MGMT are highly resistant
to TMZ therapy.25:26
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In our prior work, we studied the anticancer activ-
ity of NEO212 in preclinical models and discov-
ered much increased cancer therapeutic potency
in vitro and n v1v0.1919 Although the underlying
mechanisms for the enhancement of tumoricidal
activity in the conjugated compound remains to
be fully characterized, the promising results
obtained so far support the evaluation of its
potency and benefit in other difficult-to-treat
tumor types. Owing to the urgent medical need
presented by the lack of effective therapies for
CTCL, we performed an in vitro study to investi-
gate the effects of NEO212 in CTCL.

Material and methods

Pharmacological agents

NEO212 was kindly provided by NeOnc
Technologies (Los Angeles, CA) and was dis-
solved in DMSO at 100mM. TMZ was obtained
from the pharmacy at the University of Southern
California (USC) or was purchased from Sigma
Aldrich (St. Louis, MO) and dissolved in DMSO
(Santa Cruz Biotechnology, Dallas, TX) to a con-
centration of 50mM. POH was purchased from
Sigma-Aldrich and diluted in DMSO to 100 mM.
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.
Staurosporine (STSP) was purchased from
Selleck Chemicals (Houston, TX), stored at 4°C
protected from light, and dissolved in DMSO
before use. Ascorbic acid (AA) and beta-mercap-
toethanol (B-ME; Sigma Aldrich) were prepared
fresh before use. Crystalline AA was dissolved in
phosphate-buffered saline (PBS) to 25mM; B-
ME was diluted in medium to 25mM. General
3% household hydrogen peroxide was purchased
from CVS Pharmacy and diluted in PBS and
medium immediately before its addition to cells.

Cell lines

Three different human CTLC cell lines were
used. HUT78 cells were purchased from the
American Tissue Culture Collection (ATCC;
Manassas, VA); this line originated from a patient
with SS. HUT-102 also was obtained from the
ATCC; this line originated from a patient with
MF. MyLa cells were kindly provided by Julie
Lewis in the lab of Michael Girardi at Yale
University;2’? this line originated from a patient
with MF. HUT-78 cells were propagated in

Iscove’s Modified Dulbecco’s Medium (IMDM;
from VWR, Radnor, PA, or from ATCC) sup-
plemented with 15% fetal bovine serum (FBS).
HUT-102 and Myla cells were propagated in
RPMI medium supplemented with 10% FBS.
Both media also contained 100U/ml penicillin
and 0.1 mg/ml streptomycin. Penicillin, strepto-
mycin, and RPMI (prepared with raw materials
from Cellgro/MediaTech, Manassas, VA) were
provided by the Cell Culture Core lab of the
USC/Norris Comprehensive Cancer Center.
HUT-102 cells occasionally received 2ng/ml
interleukin-2 into their medium, although a clear
growth benefit did not become apparent. Cells
were kept in a humidified incubator at 37°C and
a 5% CO, atmosphere. FBS was obtained from
Omega Scientific (Tarzana, CA) and from X&Y
Cell Culture (Kansas City, MO). HUT-78 and
HUT-102 cells were passaged for less than
6 months after receipt, thus representing authen-
ticated cells.

MTT assay

Methylthiazoletetrazolium (MTT) assays were per-
formed as follows. Cells were seeded into 96-well
plates in a volume of 50 ul per well at 3.0-5.0 X 10°
cells/ml. An additional 50 ul of medium containing
various concentrations of drug (or vehicle) was
added and the cells were incubated for different
lengths of time. This was followed by the addition
of 10ul thiazolyl-blue tetrazolium (.e. MTT;
Sigma Aldrich) from a stock solution of 5mg/ml in
PBS. Cells were returned to the incubator for 4h.
Thereafter, the reaction was stopped and the cells
were lysed by the addition of 100 ul solubilization
solution (10% sodium dodecyl sulfate in 0.01 M
hydrochloric acid). The 96-well plate was left in the
cell culture incubator over night for complete solu-
bilization of the MTT crystals, and the optical den-
sity (OD) of each well was determined the next
day in an enzyme-linked immunosorbent assay
(ELISA) plate reader at 560nm. The background
value (OD of control wells containing medium
without cells + MTT + solubilization solution) was
subtracted from all measured values. In individual
experiments, each treatment condition was set up
in quadruplicate, and each experiment was repeated
several times independently.

Cell proliferation analysis

Cell proliferation was assessed by counting cells
over time. Independent cell cultures were exposed
to different concentrations of NEO212. At

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 11

different times, aliquots of cells were removed,
mixed with Trypan blue, and counted in a hemo-
cytometer. Blue cells were considered dead,
whereas unstained cells were counted as live cells.

Fluorescence-activated cell sorting analysis

Cells were seeded in 6-well tissue culture plates
at 2 X 105 cells/ml, followed by drug treatment.
After 72 h, cells were collected, washed twice with
PBS, transferred to a microcentrifuge tube, and
suspended in 200l of 1X binding buffer solu-
tion, which was made fresh from 10X binding
buffer (0.2 um sterile-filtered 0.1 M HEPES, pH
7.4; 1.4 M NaCl; 25mM CaCl,). Then 1 X ul of
a 1 mg/ml 7-amino-actinomycin D (7-AAD) solu-
tion (Thermo Fisher Scientific, Waltham, MA)
was added. After 20 min of incubation on ice, cell
fluorescence was analyzed on a FACSAria Flow
Cytometer (Becton Dickinson Biosciences Ltd.,
Franklin Lakes, NJ).

Immunoblots

Total cell lysates were prepared by disrupting
cells with radio-immunoprecipitation assay
(RIPA) buffer?® supplemented with 1 mm PMSF
(phenylmethylsulfonyl fluoride, Sigma Aldrich)
and Pierce protease inhibitor mini tablets (1 tab-
let/10 ml; Thermo Fisher Scientific). Protein con-
centrations were determined using the Pierce
BCA protein assay reagent (Thermo Scientific),
and 50 ug of total cell lysate from each sample
was separated by denaturing polyacrylamide gel
electrophoresis (PAGE). Trans-blot (BioRad,
Hercules, CA) was used for semi-dry transfer to
Immobilon-PPVDFmembranes (MilliporeSigma,
Burlington, MA).

We used the following primary antibodies. For
the detection of cleaved caspase 3: monoclonal
antibody (MAB10753) from MilliporeSigma or
monoclonal antibody (SC-271028) from Santa
Cruz Biotechnology, Inc. (Dallas, TX). For
cleaved caspase 4, CHOP, and b-actin: monoclo-
nal antibodies (SC-1229, SC-166682, and
SC-47778, respectively) from Santa Cruz. For
MGMT, c-myc, and cyclin D1: polyclonal anti-
bodies #2739, #13987, and #2922, respectively,
from Cell Signaling Technology (Danvers, MA).
For PARP-1: SC-56196 from Santa Cruz (spe-
cific for the cleaved form) and #9542 from Cell
Signaling Technology (Danvers, MA), recogniz-
ing full-length and cleaved PARP1. Horseradish
peroxidase—antibody conjugates (i.e. secondary

antibodies) were obtained from Jackson
ImmunoResearch Laboratories Inc (West Grove,
PA). All antibodies were used according to the
suppliers’ recommendations. For detection,
SuperSignal West Pico PLUS Chemiluminescent
Substrate was used (Thermo Scientific). Most
immunoblots were repeated at least once to con-
firm the results.

Statistical analysis

All parametric data were analyzed using Prism
software (GraphPad Software, San Diego, CA).
Student’s ¢ tests were applied to calculate the sig-
nificance values. A probability value (p) <0.05
was considered statistically significant.

Results

NEOZ212 inhibits growth of MF and SS cell lines
NEO212’s potential to inhibit the growth of
CTCL was investigated in vitro with the use of
three established cell lines, HUT78, HUT102,
and MyLa. We used two established assays: the
standard MTT assay, which primarily indicates
cellular metabolic activity and thus viability, and
the Trypan blue assay, which directly establishes
cell number and thus reveals the proliferative
activity of cells.

HUT78 cells were exposed to increasing concen-
trations of NEO212, and MTT assay was per-
formed after 24, 48, 72, and 96h. As shown in
Figure 1(a), there was a clear time-dependent and
concentration-dependent decrease in cellular via-
bility. The earliest effect could be seen at 24 h with
a concentration as low as 3uM and an IC50 (50%
decrease in viability) at 8uM. At 48h, the inhibi-
tory effect of NEO212 became more pronounced,
with an IC50 slightly below 3 uM. Longer incuba-
tion times, 72 and 96 h, reduced the IC50 further,
although only slightly, as compared with the
effects of NEO212 at 48h. We therefore chose 72
and 96 h as the time points for analysis of the other
two cell lines. As shown in Figure 1(b), HUT102
cells were somewhat less sensitive to NEO212 as
compared with HUT78 cells, with IC50s at 72
and 96h of 9 and 3 uM, respectively. In compari-
son, MyLa cells clearly were the least-sensitive
cells, with IC50s of about 130 and 85uM at 72
and 96 h, respectively (Figure 1(c)).

The MTT results were complemented by count-
ing the number of viable cells under different
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Figure 1. NEO212 reduces cell viability.

Cells were exposed to increasing concentrations of NE0212,
or vehicle only, or remained untreated. At different time
points thereafter, standard methylthiazoletetrazolium (MTT)
cell viability assay was performed: (a) HUT-78 cells; (b)
HUT-102 cells; and (c] Myla cells. In all cases, viability of
untreated cells was set to 100%. Vehicle-treated cells did not
show differences to untreated cells.

drug concentrations at different time points. Cells
were treated with NEO212 at concentrations
ranging from 1 to 300 uM, and viable cells (indi-
cated by Trypan blue exclusion) were counted at
24, 48, 72, and 96 h. Intriguingly, the lowest con-
centration of NEO212 used, 1uM, sufficed to
exert proliferation-inhibitory effects in all three
cell lines, with the strongest effect in HUT78 cells
(Figure 2(a)), slightly less-pronounced activity in
HUT102 cells (Figure 2(b)), and weaker activity
in MyLa cells (Figure 2(c)). Higher concentra-
tions of NEO212 exerted correspondingly greater
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Figure 2. NEO212 reduces cell proliferation.

Cells were exposed to increasing concentrations of NE0212
or remained untreated. At different time points thereafter,
viable cells were counted via Trypan blue exclusion: (a) HUT-
78 cells; [b) HUT-102 cells; and (c) Myla cells.

'p<0.05; "p<0.01 (as compared with untreated cells).

inhibitory activity in all three cell lines, and as
before with the MTT assay, HUT78 cells dis-
played the greatest sensitivity, followed by
HUT102 cells. In the case of HUT78 cells, we
also noted that vehicle (DMSO) alone exerted
minor inhibitory effect. However, this could only
be observed at the highest DMSO concentration
of 0.3%, which was that contained in the 300 uM
NEO212 dose. Lower concentrations of DMSO
did not exert such inhibitory effect, nor was this
effect seen in the MTT assays.

Combined, the data from the above MTT and
Trypan blue assays show that NEO212 inhibited
proliferation and decreased viability in all three
CTCL cell lines, although with varying potency.
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Figure 3. NEO212 is more cytotoxic than its individual
constituents.

Cells were exposed to increasing concentrations of NEO212,
temozolomide (TMZ), perillyl alcohol (POH), or TMZ in
combination with POH (TMZ + POH). After 72 h, standard
methylthiazoletetrazolium (MTT) cell viability assay was
performed: (a) HUT-78 cells; (b) HUT-102 cells; and (c)

Myla cells. In all cases, viability of untreated cells was set
to 100%. Vehicle-treated cells did not show differences to
untreated cells. The average (n=4) = standard deviation is
shown.

Drug effects on proliferation were generally
stronger and highly significant (p<<0.01).
Although MyLa cells appeared more resistant to
NEO212 in MTT assays, the Trypan blue exclu-
sion assay revealed a delayed response of these
cells to the drug, suggesting that NEO212 might
require more time to unfold its inhibitory effect in
these cells and trigger their demise.

NEOZ212 is more potent than the sum of its

parts in HUT78 and Myla cells

As NEO212 is a chimeric molecule that was gen-
erated by covalent conjugation of two anticancer
agents, POH and TMZ, we next compared its
activity side by side with that of its two constitu-
ents, either individually or combined. Cells were
treated with increasing concentrations of
NEO212, POH alone, TMZ alone, or POH
mixed with TMZ, and cell viability was deter-
mined by MTT assay after 72h. As displayed in
Figure 3(a), HUT78 displayed strikingly differen-
tial responses to these treatments. As before,
NEO212 decreased viability very potently, with
an IC50 of about 4uM. In striking contrast, nei-
ther POH nor TMZ reached IC50 at concentra-
tions up to 300uM, and the combination of
POH + TMZ had an IC50 of about 150uM (i.e.
150uM POH mixed with 150uM TMZ).

In HUT102 cells, TMZ alone, as well as the mix
of POH + TMZ, yielded similarly potent effects
as NEO212 (all in the range of 6-8uM IC50),
whereas POH alone showed very minimal activity
(Figure 3(b)). In MyLa cells, the IC50 of
NEO212 was about 130 uM, whereas none of the
other treatments reached IC50 at concentrations
up to 300uM (Figure 3(c)). In summary, this
analysis revealed that responses in HUT78 and
MyLa cells were similar, in that NEO212 was the
most potent treatment (although at different
IC50 values), whereas all others, including the
combination of POH + TMZ, were unable to
mimic the potency of NEO212. HUT102 cells,
however, did not repeat this pattern; rather, these
cells displayed similar sensitivity to NEO212,
TMZ, and the POH + TMZ combination.

To gain some initial insight as to why HUT102
cells displayed greater sensitivity to TMZ as com-
pared with HUT78 and MyLa cells, we used
Western blot analysis to investigate the expression
level of MGMT, a DNA repair protein known to
confer strong resistance to TMZ.25:26 In parallel,
we included two established GBM cell lines
(TMZ-resistant T98G and TMZ-sensitive U251)
as positive and negative controls, respectively. As
shown in Figure 4, HUT78 and MyLa cells pre-
sented with prominent MGMT expression simi-
lar to T98G cells, whereas HUT102 cells were
negative for MGMT, as were U251 cells. Thus,
the differential MGMT expression level in the
three CTCL cell lines was aligned with their sen-
sitivity to TMZ, but it did not correlate with these
cells’ sensitivity to NEO212.
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Figure 4. Differential expression of 06-
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methylguanine DNA methyltransferase (MGMT)
protein in mycosis fungoides (MF) and Sézary

syndrome (SS]) cells.

Total cell lysates were subjected to Western blot analysis

for MGMT expression. For comparison purposes, lysates
from two glioblastoma cell lines, U251 (MGMT-negative) and

T98G (MGMT-positive) were included. Actin was used as a

loading control.

NEOZ212 causes apoptotic cell death

To further characterize the inhibitory effect of
NEO212 on CTCL cells, especially in compari-
son with TMZ, we analyzed drug-induced cell
death by fluorescence-activated cell sorting
(FACS) analysis with 7-amino-actinomycin D
(7-AAD) as a cell death marker. HUT78 cells
were treated with 1, 3, 10, or 30uM NEO212 or
with 10, 30, 100, or 300uM TMZ for 72h. As a
positive control, cells were also treated with stau-
rosporine (STSP), a well-established inducer of
apoptotic cell death.2® As displayed in Figure 5,
both NEO212 and TMZ triggered cell death, but
NEO212 was substantially more potent. For
instance, cell cultures treated with only 1uM
NEO212 showed 33% cell death, whereas the
highest concentration of TMZ used, 300uM,
resulted in only 26% cell death. Increasing
NEO212 concentrations to 30uM resulted in
50% cell death, confirming its cell killing potency.
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Figure 5. NEO212 triggers cell death more potently than temozolomide (TMZ].
HUT-78 cells were exposed to increasing concentrations of NEO212 or TMZ for 72h. As a positive control, some cells
received staurosporine (STSP) for 24 h. Thereafter, cells were stained with 7-AAD and subjected to fluorescence-activated
cell sorting (FACS). Note that the lowest concentration of NE0212 (1 uM) was more potent than the highest concentration of
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Figure 6. NEO212 induces protein markers of apoptosis.

(d)

HUT-78 cells (a), HUT-102 cells (b), and MyLa cells (c) were treated with increasing concentrations of NEO212 or vehicle
(vh.). (a) and (b) were treated for 72h, and (c] for 96 h. (d) MyLa cells received repeated treatments of NEO212: 25 and

50puM NEO212 were added once per day for 5 consecutive days (5X], whereas 75pM NE0212 was added once per day for 3
consecutive days (3X). Vehicle (vh.) was added once per day for 5 consecutive days (5X]. Cells were harvested 24 h after the
final addition of NEO212 (or vehicle]. In all cases, total cell lysates were prepared and subjected to Western blot analysis
with specific antibodies to markers of cell death, including activated (i.e. cleaved, cl.) caspases, and PARP-1. For the latter,
arrows point to its full-length (f.l.] and cl. form. Actin was used as the loading control. C-3, C-4: caspase 3 and caspase 4,
respectively. M denotes a lane with molecular weight marker and "+’ marks a lane with a positive control for the respective

target antigen.

We next investigated established markers of apop-
tosis, such as cleavage of PARP-1 protein and acti-
vation (i.e. cleavage) of caspases. All three CTCL
cell lines were treated with increasing concentra-
tions of NEO212, and apoptosis markers were
investigated by Western blot analysis. Figure 6
shows that treatment with NEO212 resulted in the
appearance of cleaved PARP and cleaved (i.e. acti-
vated) caspases 3 and 4. The effects were similar in
all three CTCL cell lines, except that somewhat
higher concentrations of NEO212 were required
in MyLa cells to achieve this outcome. As these
latter cells proved to be somewhat less sensitive to
NEO212, we further exposed them to repeat daily

treatments with NEO212, as would be more rele-
vant for general clinical use in the future. We
added 25 or 50uM NEO212 (or vehicle only) once
daily for 5 consecutive days, and cells were har-
vested 24 h after the final addition of drug. We also
added 75uM NEO212 on a daily basis, but here
we collected cells already after the third treatment,
owing to obvious, very extensive cell death. As
shown in Figure 6(d), repeat treatments also trig-
gered these apoptosis markers, although there was
no clear-cut concentration-dependent effect. At
the time of harvest, all three repeat treatment con-
ditions had caused extensive unhealthy appear-
ances of these cell cultures (as noted by microscopic
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inspection), thus we suspect that each condition
already resulted in maximal toxic insult. In any
case, results shown in Figure 6 demonstrate potent
induction of apoptotic cell death by NEO212 in all
three CTCL cell lines.

NEOZ212 induces endoplasmic reticulum stress
and cell cycle arrest

To gain preliminary insight into mechanisms that
might be involved in NEO212-induced apopto-
sis, we elucidated markers representing three dif-
ferent key processes governing cell fate. The first
indicator was CHOP, a central component of the
endoplasmic reticulum (ER) stress response that
switches the dual mechanism of this response
from its pro-survival to its pro-apoptosis mode.3?
The second indicator was the protein product of
the c-myc proto-oncogene, a mitogenic transcrip-
tion factor that often is overly active in cancer
cells.3! The third indicator was cyclin D1, a cru-
cial cell cycle regulatory component that controls
entry into S phase.32

Treatment with NEO212 resulted in prominent
induction of CHOP protein in all three CTCL
cell lines, indicating the presence of ER stress.
Intriguingly, the lowest NEO212 concentrations
applied to HUT78 and HUT102 cells, 0.1uM
and 1.0uM, respectively, sufficed to trigger near-
maximal induction of this ER stress indicator
(Figure 7(a) and (b)), whereas in MyLa cells
CHOP induction was substantially more con-
centration dependent, with a gradual increase all
the way up to 100uM NEO212 (Figure 7(c)).
Conversely, expression levels of c-myc and cyclin
D proteins declined in response to NEO212 treat-
ment of HUT102 and MyLa cells (HUT78 cells
were not tested). Together, these results reveal the
emergence of pro-apoptotic ER stress in NEO212-
treated cells, along with downregulation of a key
mitogenic transcriptional stimulator, and inhibi-
tion of a component that is required for cell cycle
progression. In concert, these events may provide
a basis for the observed growth inhibition and
apoptosis of NEO212-treated cells.

NEOZ212 effects are dependent on ROS

production

The generation of reactive oxygen species (ROS)
plays a role in chemotherapy of several anticancer
drugs.33 We therefore investigated whether ROS

NEO212
0 0103 1 3 10 30 [vh[M|+ | um
D D s e s e — — | Actin
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NEO212
0 1 3 10 30|vh.[M| + | pm
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Figure 7. NEO212 induces protein markers of
endoplasmic reticulum (ER) stress and inhibits cell
proliferation markers.

HUT-78 cells (a), HUT-102 cells (b), and MyLa cells (c)
were treated with increasing concentrations of NE0212

or vehicle (vh.). (a) and (b) were treated for 72h, and (c)
for 96 h. In all cases, total cell lysates were prepared and
subjected to Western blot analysis with specific antibodies
to markers of ER stress (CHOP) and cell proliferation
(c-myc and cyclin D). Actin was used as the loading control.
M denotes a lane with molecular weight marker and "+’
marks a lane with a positive control for the respective
target antigen.
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Figure 8. NEO212-mediated effects involve reactive
oxidants.

MyLa cells received 200 and 500 uM AA or 100 and 300 uM
B-ME, followed 15min later by the addition of 80 yM NEO212.
In parallel, cells were treated with 200uM H,0,. After 48
hours, cells were harvested and lysates were analyzed by
Western blot with specific antibodies. M denotes a lane

with molecular weight marker and “+" marks a lane with

a positive control for the respective target antigen. cl. C-3:
cleaved (i.e. activated) caspase 3; cl. PARP: cleaved PARP-1.

might be involved in the above-described effects
of NEO212, by including two commonly used
antioxidants, ascorbic acid (AA) and beta-
mercaptoethanol (f-ME).3%35 MyLa cells were
treated with NEO212 in the presence or absence
of AA or B-ME, followed by analysis of the expres-
sion levels of c-myc and cyclin D1 (proliferation
markers), and activated caspase-3 and cleaved
PARP-1 (apoptosis markers). Figure 8 shows that
AA and B-ME exerted striking effects, in that
both agents prevented the anticancer effect of
NEO212 on the selected marker proteins. In the
presence of antioxidants, NEO212’s prominent
activation of caspase-3 was effectively blocked,
and cleavage of PARP-1 was significantly dimin-
ished. Conversely, down-regulation of c-myc and
cyclin D1 by NEO212 was prevented.

These results indicated that the growth-inhibitory
and pro-apoptotic effects of NEO212 in these
cells were largely mediated by drug-induced gen-
eration of ROS. To lend further support to this
notion, we also treated cells with H,O,, to deter-
mine whether NEO212 effects on these same
markers as above could be mimicked by directly
supplying cells with ROS. As shown in Figure 8,
this was indeed the case, as treatment of cells with
H,0, resulted in clear down-regulation of c-myc
and cyclin D1 proteins, along with strong activa-
tion of caspase-3 and cleavage of PARP-1.

Discussion

MF and SS are complex diseases and difficult to
manage. Physicians usually have to resort to the
use of multiple therapies, and the situation
becomes even more challenging in patients with
advanced disease.!»> During early stages, skin-
directed therapies, such as high-potency topical
steroids, topical retinoids and rexinoids, topical
nitrogen mustard, and phototherapy, represent
first-line regimens with complete response rates
ranging from 60% to 100%.%1415> For patients at
early stages who failed topical therapies, physi-
cians can start using combinations with biologic
agents, such as interferon alfa, retinoids (all-trans
retinoic acid, isotretinoin), rexinoids (bexaro-
tene), and methotrexate. Local radiation therapy
is considered in patients with unifocal transfor-
mation, isolated/localized cutaneous tumors, or
chronic and/or painful and/or ulcerated lesions.
Extensive radiation therapies, such as total skin
electron beam therapy (TSEBT), is generally
reserved for elderly patients or patients with rap-
idly progressing or refractory widespread plaques
and tumors.* At advanced stages of the disease,
systemic therapy becomes necessary, but there is
no standard regimen for these patients. A variety
of approved and unapproved agents are used in
these cases, including immune modulators and
antibodies as single agents or as combination
chemotherapy, or other investigational agents.
The current US Food and Drug Administration
(FDA)-approved agents for the treatment of
CTCL are bexarotene, vorinostat, denileukin
diftitox (discontinued in the United States),
romidepsin, brentuximab vedotin, and mogam-
ulizumab.3% Despite these options, the need for
additional and more effective therapeutic agents
remains.

A few prior reports provided evidence that alkylat-
ing agents provided some benefit for patients with
MF or SS. For example, topical carmustine [bis-
chloroethylnitrosourea (BCNU)] has been used
for patch- and plaque-stage MF.37 Oral TMZ has
been investigated in two phase II clinical trials
with heavily pretreated, advanced-stage CTCL
patients. The response rate was 33%38 and 27%,3°
revealing moderate activity that compared favora-
bly with other treatments. TMZ was also tested in
four MF patients with central nervous system
involvement, where it showed moderate activity
as well.#0 These results inspired us to investigate
NEO212 in MF/SS. Our prior studies with
NEO212 established its potent anticancer activ-
ity, along with low toxicity, in a variety of
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preclinical tumor models.16-1° Although NEO212’s
therapeutic activity is at least in part based on
DNA alkylation (derived from its TMZ compo-
nent), the covalent conjugation to POH appears
provide additional benefits, altogether resulting
in significantly greater activity as compared with
TMZ.18 We therefore hypothesized that the
promising, but moderate, activity of TMZ in
MF/SS, as documented in three clinical studies,
can be improved significantly with the use of
NEO212.

When compared side-by-side i vitro, NEO212
exerted greater cytotoxic potency than TMZ in all
three CTCL cell lines tested (Figure 3). Two of
these cell lines (HUT78 and Myla) essentially
were unresponsive to TMZ, as IC50 was not
reached at concentrations up to 300 uM. To put
these numbers into a physiological context: peak
plasma levels of TMZ in cancer patients have
been measured in the range of 50-70 uM.4142 In
comparison, HUT78 cells turned out to be exqui-
sitely sensitive to NEO212, with concentrations
as low as 1pM NEO212 exerting significant
(p<0.01) growth-inhibitory effects (Figure 2),
thus revealing a potency that was over 100-fold
greater than that of TMZ (Figures 3 and 5). The
particularly strong effects of NEO212 in HUT78
cells were the more impressive because these cells
showed prominent expression of MGMT (Figure
4). MGMT is well known to confer powerful
resistance to TMZ,?5:26 and unsurprisingly the
two MGMT-positive cell lines, HUT78 and
MyLa, were unresponsive to TMZ. Yet NEO212
did not follow this pattern: although effective in
all three cell lines, its greatest potency was exerted
in an MGMT-positive cell line. Altogether, these
in vitro results indicate that NEO212 might over-
come some of the therapeutic limitations of TMZ,
in particular TMZ’s ineffectiveness in patients
with MGMT-positive tumors, which is well
established in the case of malignant glioma.43-45

It is noteworthy that a mere mix of TMZ and
POH at equimolar concentrations was unable to
mimic the high potency of NEO212 in HUT78
or MyLa cells (Figure 3). There are a number of
studies that have established the anticancer
potential of POH in a variety of preclinical studies
(see detailed references in Chen ez al.?!). In all
cases, fairly high concentrations of this natural
monoterpene, usually in the high micromolar to
low millimolar range, were required to exert
growth-inhibitory or apoptosis-inducing effects in
cell culture. For example, several studies with

GBM, breast cancer, or melanoma cell lines
reported IC50s of 700-1800uM of POH in vari-
ous i vitro Cytotoxicity assays.1%17:46 Consistent
with these earlier reports, our treatments with up
to 300uM POH show only negligible measurable
impact on the three CTCL cell lines used (Figure
3). Accordingly, at concentrations up to 100 uM,
the addition of POH to TMZ was unable to fur-
ther enhance the cytotoxic effect over that of
TMZ alone. For example, in HUT78 cells
100uM TMZ alone reduced viability by about
30%, and treatment of cells with 100 uM TMZ in
combination with 100uM POH did not signifi-
cantly further enhance this inhibitory effect. In
comparison, 10uM NEO212 reduced viability by
over 50% (Figure 3(a)). This example illustrates
that NEO212’s potency is greater than the sum of
its parts.

It is not entirely clear why covalent conjugation of
TMZ to POH, as in NEO212, yields anticancer
outcomes that are significantly greater than a
mere mix of these two components. It is notewor-
thy that the cytotoxic effect of NEO212 treatment
can be detected earlier than that of TMZ. The
alkylating function of TMZ, in particular its
methylation of the O6-position of guanine, gener-
ally requires two rounds of cell cycle progression
to generate double-strand DNA breaks and sub-
sequent cytotoxicity.2%47 In contrast, cell growth-
inhibitory effects of NEO212 can be detected
within the first 24h (Figure 2), which is more
similar to the rapid cytotoxic effect of POH
(although substantially higher concentrations of
POH are required, as discussed above). These
observations suggest that the inherent anticancer
activity of NEO212 appears to involve more than
DNA alkylation and that possibly POH-based
activities are enhanced within its context of the
NEO212 molecule.

Among the antitumor functions of POH is its
ability to trigger cytotoxic ER stress, which has
been demonstrated in GBM cells i vitro.4% In
general, the cellular ER stress response represents
an adaptive mechanism by which the cell attempts
to adjust to arising detrimental conditions, such
as hypoxia, low nutrient levels, or certain phar-
macological agents.*® However, if homeostasis
cannot be re-established, the pro-apoptotic mod-
ule of this mechanism, in particular its key execu-
tor protein CHOP, gains dominance and tips the
balance toward cell death.3® Our finding that
NEO212 treatment of CTCL cells results in pro-
nounced CHOP induction (Figure 7) suggests
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that ER stress might play a role in NEO212-
induced cell death. This view is supported further
by the observed decline in cyclin D protein levels
(Figure 7). As it has been established?® that ER
stress results in down-regulation of this cell cycle
regulator, our results are consistent with a role for
ER stress. As well, NEO212 treatment resulted in
the down-regulation of c-myc protein, which is
noteworthy in view of this proto-oncoprotein’s
central role in cell proliferation and oncogene-
sis.3! Although not generally controlled by ER
stress, there is an example in the literature where
treatment of mouse or rat pre-adipocytes with
palmitate resulted in aggravated ER stress (i.e.
CHOP induction), along with down-regulation of
c-myc (and cyclin D), followed by cellular apop-
tosis.50 Altogether, these considerations point to
the possibility that the ER stress-aggravating
function of POH is preserved in the NEO212
molecule and possibly enhanced within the con-
text of the chimeric construct.

In any case, NEO212-induced death of CTCL
cells appears to be executed primarily via apopto-
sis. Proteolytic cleavage of caspases and PARP-1
protein, resulting in activation of caspases and
inactivation of PARP-1, represents a well-estab-
lished and widely used marker of apoptotic cell
death.552 In both HUT78 and HUT102 cells,
NEO212 triggered the emergence of these mark-
ers at very low concentrations (0.1-1.0uM). In
MylLa cells, the same effect was observed, although
higher (30uM) NEO212 concentrations were
required (Figure 6). Of note, the inclusion of
commonly used antioxidants, that is, ascorbic acid
and beta-mercaptoethanol,3435 largely prevented
the induction of these apoptotic markers, suggest-
ing that ROS might play a key role in mediating
the cell death-inducing effects of NEO212. This
model is consistent with our observation that
direct addition of ROS to the cells, in the form of
hydrogen peroxide, mimicked NEO212’s effect
on markers of apoptosis and proliferation (Figure
8), and is further supported by earlier studies of
NEO212 in human nasopharyngeal carcinoma
and non-small cell lung cancer cells, which showed
that NEO212 was able to trigger ROS accumula-
tion in these cancer types in vitro.53-5 It therefore
appears that NEO212’s anticancer mechanism is
at least in part similar to what has been reported
for some of the well-established chemotherapeutic
agents, such as doxorubicin and cisplatin, where
the accumulation of ROS has been shown to fur-
ther enhance their DNA-damaging and apoptosis-
inducing potential.53:56

In summary, we present data demonstrating the
high anticancer potency of NEO212 in CTCL
cell lines. Compared with both of its individual
components, TMZ and POH, NEO212 exerts
substantially greater cytotoxic activity, potentially
via involvement of the pro-apoptotic module of
the ER stress response mechanism, although its
alkylating activity might contribute as well. As a
next step in NEO212’s development, in vivo
experiments in immunodeficient murine CTCL
models should be performed. We have attempted
such models, but tumor take with our CTCL cell
lines was unacceptably low, not inconsistent with
reported challenges of achieving consistent tumor
growth with these and other CTCL cell lines in
general.57-3° It is conceivable that serial passage of
positive tumors in mice would yield more aggres-
sive cells, and we are considering pursuing this
approach. In addition, we have performed toxic-
ity studies in mice (see Supplemental Data in
Chen er al.1%17) and Beagle dogs (unpublished)
and determined that NEO212 is very well toler-
ated, which bodes well for future clinical studies.
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