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Abstract. Inhibition of MYC/MAX dimerization by a small-
molecule antagonist (ITA6B17) has been shown to interfere
with MYC-induced transformation of chick embryo
fibroblasts, suggesting that the functional inhibitors of the
MYC family of oncoproteins have potential as therapeutic
agents. In the present study, a functional MYC reporter gene
assay has been developed, using a luciferase gene construct
under the control of the ornithine decarboxylase (ODC) gene
promoter. This luciferase gene construct has been stably
transfected into the MYCN amplified neuroblastoma cell line
(NGP) and MYCC-overexpressed neuroepithelioma cell line
(NB100). After exposure of the cell lines to [IA6B17 for 24 h,
a significant reduction of luciferase activity was only
observed in the NB100 cells, with ICs, values of ~28+9 uM,
indicating that IIA6B17 has cell line-specific activity which
may be selective for individual members of the MYC family.

Introduction

The MYC family of proto-oncogenes, which includes MYCC,
MYCN and MYCL, has strong oncogenic potential. Genetic
alterations, including gene amplification, chromosome
translocation and overexpression resulting in the deregulation
of MYC expression have been found in a wide range of
human cancers. Elevated expression of MYC, rather than the
structural mutation of the protein, contributes to tumori-
genesis, although the mechanisms involved are still not fully
resolved (1). The MYCC gene is implicated in a large
number of human solid tumors, leukemias and lymphomas
and is often associated with poor prognosis. Reciprocal
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chromosomal translocations that activate MYCC are widely
accepted as the initiating events in the natural history of
human Burkitt lymphoma (2). The MYCN gene is found to be
amplified in 20-30% of neuroblastoma patients and is
associated with rapid tumor progression and poor outcome
in this type of cancer (3.,4). In addition, MYCN amplification
has also been reported in a number of other tumors, including
small cell lung cancers (7%), alveolar rhabdomyosarcoma
(60%) and retinoblastoma (20%) (5-7). Embryonic lethality
was reported in mice with targeted homozygous deletion of
MYCC or MYCN, while transgenic mouse models of MYCC
and MYCN overexpression were found to develop a range of
tumors, suggesting they play a crucial role in embryonic and
oncogenic development.

Nuclear MYC proteins form heterodimers with MAX
proteins through their conserved bHLH-LZ domains. The
MYC/MAX complexes bind specific DNA sequences, such
as the E-box sequence CACGTG and transactivate a variety
of MYC-target genes, including those involved in cell
proliferation, protein synthesis, cell cycle regulation and
mitochondrial function. MYC-MAX interaction is essential
for MYC-induced cell cycle progression, cellular transfor-
mation and transcriptional activation. MAX can also form
homodimers or interact with other bHLH-LZ proteins of the
MAD family, Mntl and Mga. The resulting complexes
serve as endogenous MYC/MAX complex antagonists and
compete for binding to the same E-boxes as MYC/MAX
complexes, though repress rather than activate transcription
(8,9). In normal tissues, there is a fine-tuned control of
these proteins involved in MYC-target gene transcription
and cell proliferation. However, once the MYC gene is de-
regulated during oncogenic development, the balances among
MYC, MAX and other bHLH-LZ proteins are perturbed. The
MYC-target genes are consequently abnormally expressed
and certain genes which are usually transcriptionally
repressed by endogenous MYC/MAX antagonists in normal
circumstances may become activated.

The transcription factor and proto-oncogene MYC family
has been considered as a therapeutic target for cancer
treatment (10-12). Inhibition of MYC function can lead to a
permanent withdrawal from the cell cycle and terminal
differentiation. Downregulation of MYC expression by
antisense or siRNA treatment targeted against MYC mRNA, or
inhibition of MYC/MAX dimerization by small molecule
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compounds have shown promising proof of principle results
with cells in vitro (13-15). These small-molecule antagonists
of MYC/MAX dimerization interfere with MYC-induced
oncogenic transformation and induce apoptosis in a MYC-
dependent manner. Although the underlying specific molecular
mechanism is not known, it may involve binding of the
compounds to a site in either the helix-loop-helix domain or
the leucine zipper of either MYC or MAX. The discovery of
low molecular weight inhibitors for MYC/MAX dimerization
has indicated that functional inhibitors of the MYC family
of oncoproteins have potential as therapeutic agents.

In the present study, using a functional MYC reporter gene
assay in which the luciferase gene is under the control of the
ornithine decarboxylase (ODC) gene promoter, we found that
ITA6B17 preferentially inhibits MYCC-dependent transcrip-
tional activity, with little effect on MYCN driven transcription.
This cell-based MYC reporter gene assay provides a tool
which has the potential to distinguish between MYCC, MYCN
and pan-MYC inhibitory activity and will aid in the future
development of specific therapeutic strategies in tumors in
which MYC amplification and overexpression have been
implicated.

Materials and methods

Cell lines and IIA6B17. Human neuroblastoma NGP cells
(MYCN amplified and overexpressed), neuroepithelioma
NB100 cells and colon carcinoma HCT-116 cells (both
MYCC-overexpressed) were grown in RPMI-1640 medium
(Invitrogen, Paisley, UK) supplemented with 10% (v/v) fetal
bovine serum at 37°C in 5% CO, and tested monthly to exclude
mycoplasma infection (16). IIA6B17 was developed in the
collaborating author's laboratory (13) and was dissolved in
DMSO.

Development of stably transfected cell lines. Plasmid
pODCpel containing an ODC promoter region (-81 to +657)
upstream of a luciferase reporter gene cDNA (10) was co-
transfected with plasmid pCR3 (Invitrogen) into NGP and
NB100 cells using transfection reagent FuGene 6 (Roche,
Lewes, UK) and grown in G418 antibiotic to select stable
transfectants (400 pg/ml). After 48 h of transfection, the
medium was removed and replaced with fresh medium
(Promega, Southampton, UK). After growth for two weeks,
NGP19 and NB11 clones with the highest luciferase activity
were selected for subsequent reporter gene studies. As a non-
MYC transcriptional activity control, MYCC-overexpressed
HCT-116 cells were stably transfected with a luciferase
gene construct under control of the P2 promoter of the
human MDM?2 gene (pLubP2 and Fig. 1) (17). The clone
with the highest luciferase activity was named HCT-116-29.
Stably transfected cell lines were maintained in RPMI
medium supplemented with 200 xg/ml G418.

Measurement of MYCN protein expression. Levels of cellular
MYC protein were examined by Western blotting according
to previously described standard procedures (18). The
membrane was incubated with monoclonal antibodies against
MYCN (NCM II-100, kindly provided by Dr N. Ikegaki,
Division of Oncology, Children's Hospital of Philadelphia,
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Figure 1. MYC reporter construct pODCpel comprising of a luciferase gene
controlled by the ODC gene promoter in a pGL3-enhancer vector (Promega)
and control plasmid pLubP2 containing a luciferase gene under the control
of the MDM?2 promoter in a pGL3 basic vector (Promega).

Philadelphia, PA) and MYCC (Novacastra Laboratories Ltd,
Newcastle, UK).

Measurement of gene transcript levels. Total RNA was
isolated from three cell lines using the RNeasy kit according
to the manufacturer's instructions (Qiagen, Crawley, UK).
Relative gene transcript levels were determined by
multiplex reverse transcriptase PCR. The cDNA was
synthesized from 2 pg of RNA using Superscriptll reverse-
transcriptase (Invitrogen). PCR primer sequences were as
follows: MYCN, 5'-GAG GAC ACC CTG AGC GAT TCA-3'
and 5'-GAG AGG GGG CGG GAT AGT TGT-3'; MYCC,
5'-GCC CAC CAC CAG CAG CGA CT-3' and 5'-GTG CAT
TTT CGG TTG TTG CT-3'; Actin, 5'-CAA CTC CAT CAT
GAA GTG TGA-3' and 5-GCC ATG CCA ATC TCA TCT
TG-3'. Multiplex PCR was carried out in a total volume of
25 ul and contained 50 ng of each forward and reverse
primer sets, 200 M deoxynucleotide triphosphates, one-
twentieth of the RT reaction, 50 mM KClI, 2.5 mM MgCl,,
10 mM Tris-HCI (pH 8.3) and 1 unit of AmpliTaq Gold
(Applied Biosystems, Cheshire, UK). PCR cycle conditions
were as follows: (a) 94°C for 45 sec; (b) 30 cycles at 94°C for
45 sec, 55°C for 45 sec and 72°C for 1 min; and (c¢) 72°C for
10 min.

Luciferase activity. Measurements were performed on 10 ul
samples of cellular lysate in quadruplicate wells using the
Dual-light assay kit (Applied Biosystems, Warrington, UK), in
conjunction with a microplate Luminometer (Berthold
Technologies, Hertfordshire, UK).

Growth inhibition assay. The sensitivity of the cell lines to
ITA6B17-induced cell growth inhibition was determined
using the sulphorhodamine B (SRB) assay, as described
previously (19). Briefly, adherent exponentially growing
cells were seeded into 96-well plates at 3-5x10° cells/100 pl/
well. After 20-24 h at 37°C, the medium was replaced with a
fresh medium containing ITA6B17 at the appropriate drug
concentrations. After drug treatment for 72 h, the cells were
fixed in situ by adding Trichloroacetic acid (TCA) to a final
concentration of 10%, washed, air dried and stained with
sulphorhodamine B. The absorbance per well was measured at
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Figure 2. Basal expression levels of MYCC and MYCN transcripts (A) and protein (B) in three cell lines. Reverse transcription and multiplex PCR were
performed and a number of combinations of primer sets as indicated were used in each PCR reaction to identify MYC expression status. Western blotting was
carried out by using monoclonal antibody against MYCC and MYCN protein as described in ‘Materials and methods’.
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Figure 3. Comparison of luciferase activity in parental cell lines to those in
stably transfected NGP19, NB11 and HCT-116-29 cell lines in a luciferase
reporter gene assay (Applied Biosystems). An absolute integrated luminometer
reading is shown.

570 nm on a Spectra MAX250 plate reader (Molecular
Devices, Wokingham, UK).

Results

Differential expression of MYC in three cell lines. The
expression levels of MYCN and MYCC in neuroblastoma
NGP cells, neuroepithelioma NB100 cells and colon
carcinoma HCT-116 cells were examined by reverse
transcription and multiplex PCR for MYC transcripts and
Western blot for MYC proteins. Differential expression of
MYC transcripts and proteins were found in the three cell
lines. As shown in Fig. 2A, high levels of MYCN transcripts
were observed only in the MYCN-amplified NGP cell line
whereas very little MYCC transcript was found in this cell
line. In contrast, although NB100 and HCT-116 cell lines
expressed low or undetectable levels of MYCN, they expressed
high levels of MYCC. The relative protein expression levels
were found to reflect the MYC transcripts in these cell lines
(Fig. 2B). MYCN protein was found to be highly expressed
only in the NGP cells by Western blot, whereas only MYCC
proteins were detectable in the other two cell lines, indicating
a reciprocal relationship between MYCN and MYCC
expression. This reciprocal relationship was also apparent in a
wider panel of neuroblastoma and non-neuroblastoma cell
lines (data not shown).

Development of stably transfected cell lines. In order to
develop stably transfected MYC functional luciferase reporter
cell lines, plasmid pODCpel containing an ODC promoter
driven by a luciferase reporter gene cDNA (10) was co-
transfected with plasmid pCR3 (to provide a neomycin-
resistance gene for selection) into NGP and NB100 cells.
Clones with the highest luciferase activities from NGP and
NB100 cells were selected and designated NGP19 and NB11
(Fig. 3). As a non-MYC transcriptional activity control,
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Figure 4. Comparison of luciferase activity in NGP19 (m) and NB11 (e) cells
in response to ITA6B17 exposure. Exponential growing cells were exposed
continuously to the indicated concentrations of IIA6B17 for 24 and 72 h. Cell
lysates (10 p1) from each treatment were assayed for luciferase activity using a
luminometer-based procedure as described in ‘Materials and methods’.

MYCC-expressing HCT-116 cells were stably transfected with
a luciferase gene construct under the control of the P2 promoter
of the human MDM?2 gene (pLubP2) (17). The clone with the
highest luciferase activity was designated HCT-116-29
(Fig. 3).

Comparison of luciferase activity in response to IIA6B17
exposure in three cell lines. IIA6B17 is a small molecule
peptidomimetic compound, selected for inhibition of cell-free
MYC/MAX dimerization, which has also been shown to
interfere with MYCC-induced transformation of chick embryo
fibroblasts (13). In the present study we used a functional
reporter gene assay to test whether IIA6B17 has inhibitory
activity against MYCC-dependent transcription in intact cells
and whether any inhibitory activity also extends to MYCN-
dependent transcription. The effects on MYCC transcriptional
function were tested in NB11 cells and those on MYCN
transcriptional function in NGP19 cells. The two cell lines were
incubated with ITA6B17 for 24 and 72 h and luciferase activity
was then measured from the cell lysates. After 24 h of
exposure, a significant reduction of luciferase activity to
<50% of that in the control untreated cells was observed with
the NB11 cells (IC5,=28+9 uM, n=3, Fig. 4). In contrast, the
luciferase activity in NGP19 cells, although reduced, remained
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Figure 5. Comparison of luciferase activity in control HCT-116-29 cells in
response to IIA6B17 exposure. Exponential growing cells were exposed
continuously to the indicated concentrations of ITA6B17 for 24 (e) and 72 h
(0). Cell lysates (10 ul) from each treatment were assayed for luciferase
activity using a luminometer-based procedure as described in ‘Materials and
methods’.
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Figure 6. Inhibition of NGP19 (T), NB11 (o) and HCT-116-29 (¢) cell growth
by IIA6B17 as determined by the SRB method. Exponentially growing cells
were exposed continuously to the indicated concentrations of IIA6B17 for
72 h. Points and error bars are the mean + SEM from three experiments.

>50% of that in the control untreated cells (IC5,>100 uM, n=4),
indicating that IIA6B17 preferentially inhibits the function of
MYCC in the NB11 cells compared with that of the lesser
effect on MYCN-dependent transcription in the NGP19 cells.
However, when the two cell lines were incubated with
ITA6B17 for 72 h, there was no significant reduction in activity
in either cell line relative to the control (Fig. 4), indicating
that the inhibition observed after 24 h was temporary and
MYC-dependent transcriptional activity recovers and is
slightly elevated compared with the untreated controls.

To evaluate potential non-specific inhibitory effects of
ITA6B17 on transcription or luciferase activity in the cell lines,
HCT-116-29 cells stably transfected with a luciferase gene
construct under the control of the P2 promoter of the human
MDM?2 gene (pLubP2) were examined for their luciferase
activity in response to treatment with IIA6B17. At low doses
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(<25 uM) an increase in luciferase activity relative to the
control was observed, which was particularly evident after
24 h exposure to the compound compared with 72 h. At higher
doses (>50 yM) an inhibitory effect was observed for 24 and
72 h exposure, with the latter having a more pronounced effect
(IC5=39+7 uM, Fig. 5).

Comparison of [IA6B17-induced growth inhibition in the cell
lines. The SRB assay was used to investigate the effect of
ITA6B17 on cell proliferation. For all three cell lines, exposure
to IIA6B17 for 72 h resulted in a dose-dependent inhibition of
cell proliferation at concentrations >25 uM. GI;, values
defined as the concentrations of IIA6B17 required to inhibit
growth by 50% were measured as 4048, 46+1 and 43+3 yM
for NGP19,NB11 and HCT-116-29, respectively. It was noted
that the growth of all three cell lines was inhibited at 72 h
exposure of ITA6B17, irrespective of luciferase activity
reduction (Fig. 6), suggesting that IIA6B17 has some non-
target related inhibitory activity on growth at high
concentrations.

Discussion

ITA6B17 is a small molecule antagonist of MYC/MAX
dimerization that was previously shown to interfere with
MY C-induced oncogenic transformation of chicken embryo
fibroblasts in cell cultures (13). In this study, we used a
reporter gene assay to test the cellular effect of IIA6B17 on
MYCC- and MYCN-dependent transcriptional activity. At
high doses (>25 uM) there was evidence of an inhibition of
MYCN and MYCC transcriptional activity, with the inhibitory
effect being greater for MYCC transcriptional function in the
NBI11 cells expressing high levels of MYCC (Figs. 2 and 4).
At low doses (<25 uM) a preferential dose-dependent
inhibition of MYCC-driven luciferase expression was
observed, with little or no effect on MYCN-dependent
luciferase expression in the NGP19 cells (Fig. 4). The
inhibition of MYCC transcriptional function was observed in
the MYCC-expressing NB11 cells (24 h exposure) with a
mean ICs, value of 28 uM. However, there was very little
inhibitory activity of IIA6B17 below 30 yM in MYCN
amplified NGP19 cells. These results indicate that IIA6B17
preferentially inhibits MYCC function in NB11 cells, with
only a modest effect on MYCN function in NGP19 cells at
doses of 30-100 M.

It was also noted that the reduction of luciferase activity
by ITA6B17 in the NB11 cell line disappeared when the
incubation period was extended to 72 h (Fig. 4), indicating
that the inhibition by IIA6B17 is a temporary effect. It was
speculated that the inhibition of MYCC function in NB11
cells may result in a feedback stimulation of MYCC
expression and this may overcome the initial observed
inhibitory effects. It is not known whether the inhibitory
effect of IIA6B17 in intact cells is only on heterodimerization
of MYCC/MAX; ITA6B17 may also disrupt the interactions of
MAX with other HLH-LZ proteins, which are antagonists of
MYCC/MAX-induced luciferase activity. The stability of
ITA6B17 in the culture medium or inside the treated cells is
likely to be a factor. It would be interesting to determine how
much intact IIA6B17 is present in the cultured NB11 medium
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or inside the cells at the end of the exposure time course.
IIA6B17 is a first generation compound emerging from a
library screen (13) and can now serve as a potential drug
development lead to produce improved inhibitors of MYCC/
MAX interactions (20).

In control HCT-116-29 cells in which the luciferase gene
was under the control of the P2 promoter of the human MDM?2
gene, the luciferase activity from ITA6B17-incubated cell
lysates was not affected after 24 h of exposure at low doses
(IC5,>100 uM). This supported the specific nature of the effect
on MYCC-dependent transcription as indicated by the low
dose (<25 uM) inhibition of luciferase reporter activity in the
NB11 cells. However, when the HCT-116-29 cells were
continuously exposed to ITA6B17 at higher doses and for 72 h,
a reduction in luciferase activity was observed with a mean
IC,, value of 39 yM. This may indicate a non-specific effect of
IIA6B17 on luciferase expression and activity. However,
prolonged exposure of the HCT-116-29 cells to IIA6B17 at
high doses may, through the inhibition of MYCC, lead to
changes of MYCC transcriptional target gene expression
levels. One of the MYCC-downstream transcriptional
targets is the p53 gene. Inhibition of the MYCC function by
ITIA6B17 may therefore result in a reduced level of p53
expression in HCT-116-29 cells and indirectly down-regulate
the expression of luciferase driven by the MDM?2 promoter in
the HCT-116-29 cells.

When the three cell lines were examined for their
sensitivities to growth inhibition by IIA6B17 exposure for
72 h, there was little difference in G, values between them
irrespective of initial inhibition of luciferase activity in NB11
cells. NGP 19 cells were marginally the most sensitive with
Gls, values at 40 pM while NB11 became the most resistant
cell line (GI5:46 uM) although the differences between
them were not significant. The results indicated that
particularly at high concentrations, IIA6B17 might have
inhibitory effects on cell growth by mechanisms other than
inhibition of MYCC function. One possibility is that at high
doses (>30 uM) IIA6B17 inhibits HLH-LZ proteins in
general within the treated cells, which results in less
specific inhibition of cell growth. Nevertheless, the results
show that at low doses and shorter (24 h) exposure times which
are not cytotoxic or growth inhibitory, there is a transient
specific inhibition of MYCC-dependent luciferase reporter
activity which encourages the further development of more
potent selective and stable inhibitors from this initial lead.

In conclusion, this study shows that IIA6B17 preferentially
inhibits MYCC, with little effect on MYCN in cell-based,
MYC reporter gene assays and that it may be possible to
discover inhibitors which preferentially target different MYC
family members.
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