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Abstract

Several indole ethyl isothiocyanate (IEITC) analogs were designed, synthesized and screened to
evaluate their cytotoxicity against neuroblastoma (NB) cells in-vitro. In NB, predominantly a tumor
of early childhood, survival remains low despite aggressive treatments. Therefore, novel treatment
strategies are greatly needed. The objective of the present study was to study the therapeutic potential
of IEITC by analyzing the cytotoxic, anti-proliferative and apoptotic effects on NB cell lines. 7-
methyl-indole-3-ethyl isothiocyanate (7Me-1EITC) proved to be cytotoxic to various NB cell lines
(SMS-KCNR, SK-N-SH, SH-SY5Y, IMR-32) with an ICsq at 2.5-5.0 uM, while primary control
cells (lung fibroblasts) were not affected. 7Me-1EITC led to the activation of apoptotic markers
caspase-3, - 8 and -9, caused activation of pro-apoptotic p38 MAPK and SAP/JNK, and down-
regulated pro-survival factor AKT in SMS-KCNR cells. Moreover, 7Me-1EITC displayed anti-
proliferative effects (ICgg at 600 nM) and caused an arrest in cell cycle progression. This wide effect
of 7Me-1EITC on NB cell signaling and survival suggests that it could be developed as a therapeutic
agent against neuroblastoma.

Neuroblastoma (NB), predominantly a tumor of early childhood is the most common
extracranial solid tumor. Two-thirds of the cases occur in children younger than 5 years of age.
NB account for 7-10% of all childhood cancers; in the majority of patients older than 1 year
of age the disease is fatal.1 There are approximately 500-1000 new cases of NB in the U.S.
each year.2 Treatment methods currently available include surgery, radiation therapy,
chemotherapy, and autologous stem-cell transplantation.3‘5 However, despite intensive
multimodality treatment, more than 50% of children with high-risk disease relapse, due to drug-
resistant residual disease.6—8 Eradication of refractory microscopic disease remains one of the
most significant challenges in the treatment of the high-risk NB and innovative treatments for
children with neuroblastoma need to be developed.
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Isothiocyanates (ITC) are currently being investigated as anti-tumor agents and in animal
models I'TC have been shown to inhibit chemically induced tumor genesis in the lung, stomach,
colon, liver, esophagus, bladder, and mammary glands.9 Natural 1TCs exist as glucosinolates
in plants and their release is catalyzed by myrosinase enzymes. Several mechanism for the
activities of ITC in cancer treatment have been proposed, such as (i) induction of apoptosis
and GZ/M cell cycle block10 , (i) inhibition of phase I and —I1 carcinogen-activating
enzyme (iii) reduction of NF-kB binding to DNAlLL , (iv) inhibition of histone
deacetylase12 and (vi) up-regulation of thioredoxin reductase 1.13 various other effects such
as disruption of microtubulin Eolymenzatlon 14 and disruption of the mitochondrial membrane
potential have been reported. Interestlngly various ITC such as naphthyl ITC (NITC),
phenethyl ITC (PEITC) and benzyl ITC (BITC) (Figure 1a) inhibit activation and/or function
of factors implicated in emergence of multi-drug resistance.

Naturally occurring non-1TC indole derivatives exhibit potent anti-proliferative activitf/,
induce apoptosis and cause cell cycle arrest in many human solid and non-solid tumors. " The
objective of the present study was to identify an isothiocyanate class (based on an indole
scaffold) with improved anti-cancer activity. We observed that indole ethyl isothiocyanates
(IEITC) are structurally very close to benzyl |soth|ocyanate éBITC) and phenyl ethyl
isothiocyanate (PEITC) that display anti-cancer act|V|ty 9 The present report describes
the syntheses and cytotoxic activities of seven IEITC analogs in SK-N-SH NB cell lines to
determine if IEITCs are potential anti-NB drugs. We analyzed the effect of the highly cytotoxic
compound 7Me-1EITC on the viability of four NB cell lines. In addition, we investigated the
therapeutic potential of 7Me-IEITC by analyzing its effects on caspase activation, activation
of pro-apoptotic markers (JNK, p38), suppression of pro-survival marker Akt and on cell
proliferation and cell cycle progression in SMS-KCNR NB cells.

Various commercially available tryptamine derivatives were converted to corresponding
isothiocyanates in one step (70-75% yield after purification) by following a recent protocol.
20 The derivatives (Figure 1c) were characterized by IR, NMR and mass spectrometry. As an
initial approach to evaluation of the cytotoxicity of indole ethyl ITC analogs, all derivatives
were screened against the SK-N-SH NB cell I|ne21 |n a cell viability assay (CellTiter 96®
AQeous Cell Assay; Promega Corp, Madison, WI) 2 An interesting IEITC structure-activity
relationship emerged. Substituting a phenyl ring (PEITC; Figure 1a) for an indole ring
(compound 2a) leads to a significant increase in cytotoxicity (Figure 2). The nature and position
of further substitutions on the indole moiety affected the cytotoxic activity significantly: we
observed that polar groups such as -OH (2b) and -OMe (2c) did not significantly increase the
cytotoxicity (2a), whereas Me- (2e, 2g) and Benzyloxy (BzO) (2d) substituents dramatically
increased the cytotoxic activity against NB cells (ICgg below 2.5 pM; Figure 2). We
hypothesize that non-polar group substitutions at the 5- or 7-positions are essential for the
biological activity of this family of compounds.

Compounds 7Me-IEITC (2g) and 5BzO-IEITC (2d) were subsequently screened against
three additional neuroblastoma cell lines21 (SMS-KCNR, IMR-32, SH-SY5Y; Figure 3). Both
compounds 2d and 7Me-IEITC (2g) dose-dependently reduced the viability of all NB cell
lines. 7Me-l1EITC (2g) was selectively cytotoxic for NB cells. The viability of primary lung
fibroblasts (LF, passage 10), which like NB cell lines possess a high metabolism and growth
rate and, thus, were used as controls, were not affected by 7Me-1EITC treatment (Figure 3).
Even though 7Me-IEITC (2g) displayed ICsq cytotoxicity values (50% death as compared to
the untreated control) between 2.5 and 5.0 uM in various NB cell lines, fibroblasts were not
significantly affected even at drug concentrations as high as 20 uM (Figure 3).

To define the cellular response of NB cells to treatment with 7Me-1EITC (2g) we next analyzed
the expression and/or activation of cellular markers that are hallmarks of pro-survival (Akt),
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pro-apoptotic signaling (JNK, p38 MAPK) or directly indicate apoptotic responses (such as
caspase-3, -8, -9, and PARP-1).

The effect of 7Me-1EITC (2g) on the activity of INK, p38 MAPK and Akt was studied by
immunblotting of PAGE separated lysates of treated cells using antibodies23 specifically
recognizing the inactive, as well as the phosphorylated active form of these proteins. 7Me-
IEITC (2g) caused a rapid (within 1hr), strong and sustained activation (peak at 18 hrs) of p38
and JNK, along with a delayed up-regulation of non-phosphorylated p38 and JNK (Figure 4A).
This figure also shows that SMS-KCNR cells show a high basic level of activation
(phosphorylation) of the pro-survival factor Akt in untreated cells, which within 36 hrs of 7Me-
IEITC (2g) treatment was down-regulated.

Akt plays important role in cell survival and proliferation and has been strongly implicated in
development of resistance against chemotherapy agents such as Paclitaxel, Cisplatin,
Vincristine and Rapamycin in various human solid tumors.24 In contrast, JNK and p38 MAPK
are involved in the apoptotic response to cytotoxic agents.25 Activation of p38 and JNK has
been observed in human breast cancer cells treated with ApIidinTM26 adepsi-peptide molecule
undergoing Phase-11 clinical trials. INK mediates the apoptosis induced by DNA-damaging
drugs such as Etoposide (VP-16) and Camptothecin in human myeloid leukemia cells2/ and
of Vinblastine in KB3 lung carcinoma cells.28 In MDA-MB-231 breast cancer cells, Taxol
induced apoptosis via INK, which caused inactivation of the anti-apoptotic Bcl-2 protein.29
Taxol has also been shown to increase p38 MAPK, ERK, and JNK activities in human breast
cancer cells.30 Similarly, our present study suggests that 7Me-l1EITC (2g) suppresses pro-
survival signaling and induces pro-apoptotic signaling in SMS-KCNR NB cells (Figure 4A).

Apoptosis is executed by caspases: initiator caspases (such as caspase-2, -8, -9, and -10)
function mainly as upstream apoptotic signals. Once activated, the initiator caspases cleave
and activate downstream effector caspases (such as caspase-3, -6, and -7), which are
responsible for the cleavage of many intracellular proteins, leading to the morphological and
biochemical changes associated with apoptosis.?’l’32 Accordingly, immunblotting of lysates
of SMS-KCNR NB cells confirmed that 7Me-l1EITC (2g) treatment resulted in strong
activation/cleavage of caspase-3, -8 and 9 (Figure 4A) and PARP-1, another hallmark of
apoptosis. The direct consequence of the induction of apoptosis by 7Me-IEITC (29) is the
reduction of viability in NB cells as demonstrated in (Figure 4B). We employed various caspase
inhibitors (Calbiochem, LaJolla, CA), which were added to NB cell cultures 2 hrs prior to
treatment with 7Me-1EITC (29) (at ICsg concentration of 5.0 uM). Cytotoxicity of the drug
was reduced by ~2/3 using a specific pancaspase inhibitor (Z-VAD-FMK), by ~1/2 using a
specific caspase-3 inhibitor (caspase-3), and by 1/3 with specific caspase-8 (Z-IETD-FMK) or
-9 (Z-LEHD-FMK) inhibitors (Figure 4B).

The strong activation of Caspase-8 in SMS-KCNR cells by 7Me-1EITC (2g), evident in our
western blotting and cytotoxicity/inhibitor studies, is of special significance. Caspase-8
regulates the survival and invasive capacity of neuroblastoma cells.33 Suppression of
caspase-8 expression results in metastasis of neuroblastoma in vivo, and reconstitution of
caspase-8 expression in deficient neuroblastoma cells suppressed their metastasis.33 Our
experiments indicate that 7Me-l1EITC (2g) exhibited the potential to activate caspase-8 and,
thus, can potentially be considered to correct aberrations in caspase-8 expressions of aggressive
neuroblastoma cells.

As described in the previous section 7Me-1EITC (2g) acts as a cytotoxic drug and leads to a
protein expression profile characteristic for apoptotic events. To investigate if 7Me-IEITC

(29) affects the proliferation of NB cells, (particularly at the drug concentration of 3uM, when
cell viability is only partially reduced), we performed BrdU incorporation assays and cell cycle
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analysis. The BrdU/Proliferation assay is a colorimetric assay34 and spectroscopic data directly
correlate to the amount of BrdU incorporated into the DNA, which in turn represents
proliferation. Figure 5A demonstrates that 7Me-1EITC (2g) dose-dependently reduced SMS-
KCNR proliferation. Even at low drug concentrations (600 nM) BrdU incorporation was
dramatically suppressed when compared to untreated cells (Figure 5A). Cell cycle
analysis35 revealed that 7Me-1EITC (2g) treatment of NB cells at 3.0 uM lead to a high
percentage of cells in the apoptotic sub-G0/G1 (Figure 5B) as early as 12 hrs following
treatment. The apoptotic sub-G0/G1 population represents cells with significant DNA damage.
This observation directly correlates with the reduction of SMS-KCNR viability by 7Me-1EITC
(29) in concentrations between 2.5 and 5.0 uM (Figure 3). With respect to the cycling cells,
7Me-1EITC (2g) increased the number of cells in GO/G1 and caused a prominent arrest in the
G2/M phase of the cell cycle (Figure 5B) in this asynchronous NB cell population. Accordingly,
the block of cell cycle progression resulted in a diminished cell count in the S-phase. Even
though not the o%jective of the present report, further studies emphasizing cancer related cell
cycle features36:37 could focus on the specific checkpoints in GO/G1 and G2/M phase affected
by 7Me-1EITC (2g) treatment. This would require to study the expression profile of cell cycle
regulators (cyclin-dependent kinases and cyclins)?’&39 in synchronized NB cultures.

Conclusion

For the present report several indole ethyl isothiocyanate (IEITC) analogs were designed,
synthesized and screened in viability assays against neuroblastoma (NB) cells in vitro. The
nature and position of substitutions on the indole moiety significantly affected the cytotoxic
activity. We observed that the cytotoxicity of IEITCs with non-polar groups such as -Me and
-Benzyloxy (BzO) was significantly higher than of IEITCs with polar groups such as -OH and
-OMe. Substitution at the 5- and 7-position (2d, 2g) resulted in an additional improvement of
the cytotoxic activity against NB cells. The present report suggests that 7Me-1EITC is a potent
and growth-suppressing agent in various NB cell lines (stromal S-type SMS-KCNR as well as
neuronal N-type SH-SY5Y, SK-N-SH and IMR-32). 7Me-1EITC inhibited NB (SMS-KCNR)
cell proliferation and cell viability along with caspase activation, inhibition of survival marker
Akt and activation of pro-apoptotic p38/JNK MAPKs and could be developed as treatment for
neuroblastoma.
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(250 g, 5 min) cells were fixed (ice-cold 70% ethanol for 30 min) followed by incubation with
50pg/mL of propidium iodide and 100pg/mL of RNase for 30min at 37°C in the dark. Data was
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Figure 1. Naturally occurring ITC; design and structure of novel Indole ethyl ITC (IEITC)

(a) Various naturally occurring ITC: (i): BITC; (ii): PEITC; (iii) Sulforaphane

(b) Design of novel IEITC including 7Me-1EITC (2g)

(c) Synthesis of IEITC: Tryptamines, Thiophosgene (1.1 eq), 20% NaHCO3, EtOAC+H,0, 1
hr; yield: 70-75% after purification through preparative thin layer chromatography.
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Figure 2. Comparative analysis of the cytotoxic effect of various IEITC analogs in a human NB cell
line (SK-N-SH)

SK-N-SH NB cells were treated with various concentrations (2.5 uM to 40uM) of IEITCs 2a—
29 for 48hrs. A viability assay (Promega Corp, Madison, WI) was carried out.21 Experiments
were performed in triplicates; data are expressed as the mean of the triplicate determinations
(X+£SD) of a representative experiment in % cell viability of untreated cells [100%)].
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Figure 3. Comparative analysis of the cytotoxic effect of 5BzO-IEITC and 7Me-IEITC in various
NB cell lines

NB cells (SMS-KCNR, SH-SY5Y, IMR-32) and primary fibroblasts (LF, control cells) were
treated with various concentrations (2.5 uM to 40 uM) of 5BzO-IEITC (2d) or 7MelEITC
(29g) for 48 hrs and the MTS viability assay was carried out. Experiments were performed in
triplicates; data are expressed as the mean of the triplicate determinations (X£SD) of a
representative experiment in % cell viability of untreated cells [100%].
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Figure 4.

Panel A, expression of apoptotic and pro-survival markers in NB cells after 7Me-1EITC
treatment: SMS-KCNR NB cells were treated with 3uM 7Me-l1EITC (29). Detection of
proteins in the lysates of treated and untreated cells by PAGE and Western Blot analysis was
Caspase activation: primary antibodies against pro- and activated
Caspase-3, -8, -9, and inactivated/cleaved PARP-1. As an internal standard for equal loading,
blots were probed with an anti-beta-Actin antibody. Kinase activation: primary antibodies
against phosphorylated and inactive JNK, p38 and AKT.

Panel B, effect of various caspase inhibitors on the cytotoxicity of 7Me-1EITC in SMS-
KCNR cells: SMS-KCNR NB cells were pre-incubated with 40 uM caspase inhibitors (Z-
VAD-FM/pancaspase, Z-DEVD-FMK/caspase-3, Z-IETD-FMK/caspase-8 and Z-LEHD-

carried out as described.2
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FMK/caspase-9) for 2 hrs. 7Me-1EITC (5.0 uM) was added to the cells for 48 hrs and cell
viability assessed. Experiments were performed in triplicates; data are expressed as the mean
of the triplicate determinations (X+SD) of a representative experiment in % cell viability of
untreated cells [100%].
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Figure 5. 7Me-IEITC effect on cell proliferation and cell cycle progression in NB cells

Panel A, BrdU Incorporation: NB cells (SMS-KCNR) were treated with various
concentrations (300 nM to 5uM) of 7Me-1EITC (2g) for 48 hrs. The proliferation assay was
carried out as described.34 Experiments were performed in triplicates; data are expressed as
the mean of the triplicate determinations (X+SD) in % cell proliferation of untreated cells
[100%].

Panel B & C, Cell Cycle Analysis by FACS: SMS-KCNR NB cells were treated with 3.0 pM
7Me-IEITC (2g) for 12 or 24 hrs. Cell cycle analysis of treated and untreated cells was carried
out.3° Data are presented as the relative fluorescence intensity of cell sub-populations in the
2-dimensional FACS profile (panel B) or in % of cells in a given sub-population (panel C).
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