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Selective Inhibition of c-Myc/Max

Dimerization by a Pyrazolo[1,5-a]-
pyrimidine

Anke Kiessling, Rita Wiesinger, Bianca Sperl, and
Thorsten Berg*®

The c-Myc proto-oncogene is involved in many human tumors,
and needs to bind to its activation partner Max for all of its
known biological activities."™ Inhibition of the protein-protein
interactions between c-Myc and Max by cell-permeable mole-
cules is therefore an attractive goal.®® Dimerization between
c-Myc and Max occurs via a-helical domains comprising leu-
cine zipper motifs, which display no obvious binding sites for
inhibitory ligands.”) We recently identified two pyrazolo[1,5-
alpyrimidines which inhibit c-Myc/Max dimerization from a di-
verse collection of chemicals (Figure 1a).'” These compounds,
dubbed Mycro1 and Mycro2, inhibited c-Myc/Max dimerization
and DNA binding with preference over other structurally relat-
ed transcription factors in vitro, and exhibited c-Myc depen-
dent effects in cellular assays. To explore the chemical space
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Figure 1. a) Structures of the c-Myc/Max dimerization inhibitors Mycro1 and
Mycro2."” b) Structural diversity elements of the pyrazolopyrimidine library,
and classification of substitution patterns present in the library. All com-
pounds carrying furane or thiophene as R' contain CF; or CF,Cl as substitu-
ent X.
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around the pyrazolo[1,5-alpyrimidine core structure for substi-
tution patterns which are associated with activity against c-
Myc/Max dimerization, and to possibly identify a Myc/Max di-
merization inhibitor with improved properties, we screened a
1438-membered pyrazolo[1,5-alpyrimidine library based on the
structures of Mycro1 and Mycro2 (Figure 1b and Figure S1 in
the Supporting Information).

As c-Myc can bind DNA only as dimer with Max, we tested
the compounds for their abilities to inhibit DNA binding of c-
Myc in a fluorescence polarization assay."” Five test com-
pounds (1-5) inhibited DNA binding of c-Myc/Max with prefer-
ence over Max/Max DNA binding by more than 50% at a con-
centration of 100 um (Table 1). DNA binding of Max/Max
dimers is the most stringent specificity control possible, as c-
Myc and Max are 59% similar at the protein level in the dimeri-
zation domains, and the overall structure of the DNA-bound
dimers are very similar to each other.”" As an additional spe-
cificity control, we analyzed the effect of compounds 1-5 on
the function of the Src-homology 2 (SH2) domain of the struc-
turally unrelated transcription factor STAT3. None of the com-
pounds affected the interactions between STAT3 and a phos-
photyrosine-containing peptide comprising the STAT3 binding
motif to a major extent (Table 1).1'?

Confirmation of compound activities in well-controlled cellu-
lar systems would provide a strong argument against the
notion that any in vitro data could be influenced by factors
which are irrelevant under cellular conditions. In addition, cel-
lular assays allow the analysis of compound specificities
against all relevant proteins; therefore, their scope is incompa-
rably larger than any in vitro analysis. We chose a cell prolifera-
tion assay to further analyze the effects of inhibitor candidates
1-5. Cell cycle progression and proliferation of almost all cell
types, including U-20S osteosarcoma cells, requires c-Myc
function, and hence c-Myc’s ability to bind to its activation
partner Max.>"® However, for reasons not yet fully understood,
PC-12 pheochromocytoma cells proliferate independent of c-
Myc/Max dimerization, as they express a truncated Max protein
which is unable to interact with c-Myc." Therefore, a selective
inhibitor of c-Myc/Max dimerization can be expected to inhibit
proliferation of the c-Myc/Max-dependent U-20S cells, without
inhibiting the growth of the c-Myc/Max-independent PC-12
cells, provided it is cell permeable and stable in the cellular en-
vironment. In contrast, compounds which act unspecifically in
the cellular context will either cause a reduction in the prolifer-
ative rate of both U-20S and PC-12 cells, or display toxic ef-
fects. Whereas compound 5 appeared to be toxic in both cell
lines, compound 4 inhibited proliferation of the cell lines only
to a minor extent at 20 um (Figure S2 in the Supporting Infor-
mation), possibly for reasons related to cellular uptake or intra-
cellular stability. In contrast, compounds 2 and 3 inhibited pro-
liferation of U-20S cells with good selectivity over proliferation
of PC-12 cells at 10 um (Figure S2 in the Supporting Informa-
tion), even though compound 3 was toxic at 20 pm. The best
selectivity was observed with compound 1, which strongly in-
hibited proliferation of U-20S cells (70% reduction of cell
number after 5 days, Figure 2a), but had no significant effect
on the proliferation of PC-12 cells (Figure 2b). These data sug-
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Table 1. Structures and activities of compounds 1-5. .
the formation of the c-Myc/Max/
c-Myc/ Max/Max?  STAT3™ %  Proliferation Proliferation DNA complex by inhibiting the
Compd Structure Max® ICs,+S.D.  inhibition at U-205" PC-129 protein—-protein interactions be-
ICso4S.D.  [uM] 100 um tween c-Myc and Max, or by
[uM] . . .
blocking the interaction be-
tween c-Myc/Max dimers and
1943% in- 10 um: ++ — I?NA, we testecll it in a dlmerlz.a—
1 40413 8848 hibitionat ~ 20jm: P tion assay which does not in-
100 pum +4++ H volve DNA. Max was expressed
as a fusion protein with GST, and
the GST-Max protein was immo-
bilized on glutathione-agarose
22£1%in- 10 pm: ++ o um: + beads. Subsequently, a fusion
2 641 942 hibition at 20 pm: 20 pm: + rotein of c-Myc and cyan fluo-
100 pum +4++ B P . 4 4
rescent protein (CFP) was added
in the presence of increasing
0£3% in- LOE:: 10 s+ concentrations of compound 1,
3 5248 90+ 11 hibition at ~ J * ! 20 pm: and the amount of MycCFP
100 pum toxiFCL : toxic bound to the beads by interact-
ing with Max was determined by
Western blot analysis against
17£3%in- 0 CFP. Compound 1 reduced the
4 29416 76+14  hibition at KM= KM interaction between c-Myc and
20 um: + 20 um: + K 0
100 pm Max at concentrations similar to
the effective concentrations in
the c-Myc/Max/DNA  binding
24+9%in- 8+8%in- o 10 e assay (compare Figure2c and
5 3547 hibition at hibition at b ko ~
toxic toxic 2e), suggesting that the com-
100 um 100 pum . .
pound interferes with the forma-
tion of the c-Myc/Max/DNA com-
[a] Concentrations of compounds at which 50% inhibition of dimerization and DNA binding was observed in plex by inhibiting protein-pro-
fluorescence polarization assays (ICs). [b] % inhibition of binding of a phosphopeptide to STAT3 at 100 um tein interactions between c-Mvc
compound in a fluorescence polarization assay."? [c] (+++) strong inhibition; (++) medium inhibition; (+) Y
weak inhibition; (=) no inhibition. Standard deviations (S.D.) were obtained from 3 independent experiments. and Max.
n.a.: not analyzed. c-Myc exerts its effects by reg-

gest that pyrazolo[1,5-alpyrimidines can have cellular targets
other than c-Myc/Max">'?, and stress the importance of ana-
lyzing activities of bioactive compounds identified in vitro also
under cellular conditions.

Based on the results of the proliferation assay, we analyzed
the activity of compound 1 in more detail. Firstly, we verified
the inhibitory effect on the formation of the c-Myc/Max/DNA
complex as observed in the fluorescence polarization assay
(Table 1) in an electrophoretic mobility shift assay (EMSA). To
this end, various concentrations of compound 1 were incubat-
ed with c-Myc and Max. After addition of **P-labeled, double-
stranded DNA comprising the c-Myc/Max binding site, the mix-
ture was analyzed by gel electrophoresis using a nondenatur-
ing polyacrylamide gel. Compound 1 inhibited the formation
of the c-Myc/Max/DNA complex in a dose-dependent manner
(Figure 2¢). In contrast, formation of the complex between the
related bZip proteins v-Jun and v-Fos and their DNA-binding
motif was not significantly inhibited (Figure 2d). To analyze
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ulating the transcription of up to

15% of the genes of an organ-

ism,"” and a c-Myc/Max dimeri-

zation inhibitor can be expected
to specifically interfere with c-Myc-dependent transcription.
Indeed, compound 1 inhibited c-Myc dependent transcription
in a dose-dependent manner at 10 um and 20 um (Figure 2f).
In contrast, it did not inhibit transcription dependent on the
leucine zipper-mediated dimerization and DNA binding of the
structurally related AP-1 family transcription factors (Fig-
ure 2 g), a significant proportion of which are composed of
Jun/Fos dimers in mammalian cells."® Thus, 1 displayed a su-
perior cellular specificity profile as compared to the c-Myc in-
hibitors Mycro1 and Mycro2, both of which also had an effect
on AP-1-dependent transcription.'” A further indication for the
specific cellular activity of compound 1 is provided by the re-
sults of a soft agar colony assay. Rat fibroblast cells (Rat1a)
transformed by overexpression of an oncoprotein such as c-
Myc (Rat1a/c-Myc cells) gain the ability to grow as colonies in
soft agar. In the presence of compound 1, a dose-dependent
reduction of the number of large agar colonies was observed
(Figure 2 h). In contrast, anchorage-independent growth of v-
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Figure 2. Biological characterization of compound 1. a-b) 1 inhibits c-Myc-dependent proliferation of U-20S cells,
but not of the c-Myc-independent cell line PC-12. ¢) DNA binding of c-Myc/Max is inhibited by 1 as analyzed by
electrophoretic mobility shift assay (EMSA). All lanes contain *?P-labeled DNA comprising the c-Myc/Max binding
site, c-Myc, and Max, except for the first lane, which lacks c-Myc and thereby confirms that it is mostly c-Myc/Max
heterodimers which are bound to DNA. c-Myc cannot bind DNA on its own. The second lane contains additional,
unlabeled competitor DNA in 50-fold excess to verify the identity of the band. d) DNA binding of Jun/Fos is not
significantly inhibited by 1 in EMSA. All lanes contain *P-labeled DNA comprising the Jun/Fos binding site, Jun,
and Fos, except for the first lane, which lacks Fos and thereby excludes the possibility that Jun/Jun homodimers
are bound to DNA. Fos cannot bind DNA on its own. The second lane contains additional unlabeled competitor
DNA in 50-fold excess to verify the identity of the band. ) 1 inhibits binding between immobilized GST-Max
fusion protein and a CFP-tagged Myc-protein in a GST-pulldown assay. All lanes contain GST-Max and Myc-CFP,
except for the first lane, in which GST (without Max) and MycCFP were incubated. The absence of a signal for this
lane in the CFP blot indicates specific binding between Myc and Max in the other lanes. f-g) 1 selectively inhibits
c-Myc-dependent, but not AP-1-dependent, luciferase gene transcription in HEK 293T cells. h) Compound 1 re-
duces the number of large colonies (> 0.13 mm) of Rat1a/c-myc cells, but only slightly interferes with colony for-
mation of Ratla/v-src cells. * p <0.01 as compared to DMSO.

Src transformed rat fibroblasts (Rat1a/v-src), which are less c-
Myc-dependent,®”'” was reduced only to a lesser extent.
Thus, the cellular activity profile of 1 is consistent with the
idea that it selectively blocks the interaction between c-Myc

ChemMedChem 2007, 2, 627 - 630 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemmedchem.org

and Max. Future efforts will
focus on the elucidation of its
binding mode.

Structural  comparison  of

Mycro1, Mycro2, and the newly
identified compound 1 suggest
that the following substitution
pattern in pyrazolo[1,5-a]pyrimi-
dines appears to be associated
with increased likelihood for this
class of compounds to be selec-
tive, cell-permeable inhibitors of
c-Myc: 1) a thiophene or furane
in position R', 2) a hydrogen as
both R? and R% and 3)an aro-
matic residue as R*. This combi-
nation of structural features was
found in only 11% of the library
members (158/1438) (Figure 1b,
and see FigureS1 in the Sup-
porting Information for an over-
view on substituents R'-R® and X
contained in the screening Ii-
brary). As all of our test com-
pounds which contained a thio-
phene or furane residue in posi-
tion R' also carried a CF; or
CF,Cl group as substituent X, we
cannot make a statement on the
contribution of CF; or CF,Cl as
substituent X towards biological
activity. Targeted libraries com-
prised of properly substituted
pyrazolopyrimidines might yield
an increased hit rate over that
observed in the screen described
in this manuscript, and could
lead to the identification of
more potent inhibitors (see
Scheme S1 in the Supporting In-
formation for a synthetic route
to  pyrazolo[1,5-alpyrimidines).
We suggest the newly identified
compound 1 as potential tool
for the analysis of c-Myc func-
tions in cellular systems and
in vivo, as it displayed the best
cellular specificity profile
amongst the pyrazolopyrimi-
dine-based c-Myc/Max inhibitors
identified to date. Our data pro-
vide an indication for chemical
moieties linked to selective activ-

ity of pyrazolo[1,5-alpyrimidines against c-Myc/Max dimeriza-
tion, and support the idea that transcription factors can be se-
lectively targeted with cell-permeable molecules™ even in the
absence of obvious cavities for small-molecule inhibitors.?%2"
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