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ABSTRACT: In spite of their considerable therapeutic
potential, the development of highly potent and selective
transcriptional inhibitors has proven elusive. We demonstrate
that combinations of transcriptional inhibitors of erbB2
expression and existing therapeutic agents that target erbB2
activity and lifetime lead to a synergistic increase in activity, with
dose reductions as high as 30-fold as compared to individual
agents. The synergy is selective for erbB2 overexpressing cancer
cells. These results highlight the potential of a generalizable
approach that will improve the utility of transcriptional
inhibitors as both biochemical tools and potential therapeutics.
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he aberrant function of a growing number of transcrip-

tional activators is associated with the development and
progression of human diseases such as cancer.' > Molecules
that interfere with the ability of transcriptional activators to
control expression of their target genes thus have great promise
as biochemical tools and therapeutics.*”” Activators regulate
transcription through a complex network of interactions with
transcriptional machinery proteins;*” blocking these interac-
tions inhibits transcription. However, the affinities of activators
for their transcriptional machinery binding partners are modest
(high nanomolar to low micromolar Ky values), and
correspondingly, small and large molecule inhibitors of these
interactions typically require micromolar concentrations to
exert their effects, ultimately limiting their utility.”'*~"
Additionally, the selectivity of molecules that interact with
shared coactlvators is a recurring cause for concern.® We
previously'>™'® described the development of a new class of
small molecule transcriptional inhibitors that mimic transcrip-
tional activation domains; this includes il (Figure 1), an
isoxazolidine that mimics the activation domain of the
transcription factor ESX and interferes with the transcription
of the ESX-regulated oncogene erbB2 at micromolar
concentrations. Here, we present a strategy that mitigates the
potency and selectivity concerns of transcriptional inhibitors
through a multipronged intervention against the ErbB2
regulatory pathway. The use of il in tandem with other
agents that target the activity and lifetime of the erbB2
oncoprotein leads to simultaneous dose reductions of greater
than 15-fold for both agents and increased selectivity for
erbB2+ cells up to 30-fold. This strategy should be readily
applicable to other agents that disrupt the protein—protein
interactions responsible for oncogene transcription.

-4 ACS Publications  © 2011 American Chemical Society

30

AN N
2| H ()

I N\ ZN
\0

HN.
ﬂHN Q
O= inil 0
/s\\o Lapatinib a /\Q

/ ESX
N—O
erbB2 HO /<\/\/
S~ - mimic of ESX acnvarlon domain

S —— —

Figure 1. Schematic of the erbB2 pathway and points of small molecule
intervention.”***> Combinations that inhibit both the transcription of
erbB2 and the lifetime or activity of the mature protein have a synergistic
increase in activity against erbB2-driven cancer cells. Drug combinations to
synergistically target disorders ranging from cancer to inflammation have
been identified in recent years. These combinations often have the benefit
of reduced toxicity in addition to increased selectivity relative to the single
agents. However, applications to inhibitors of protein—protein interactions
and, in particular, the transient and poorly characterized protein—protein

interactions that regulate transcription have not been repor’ced.zs_2 30
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Figure 2. (a) Dose—effect curves for il as a single agent and a 50:1 combination of il:geldanamcyin after 3 days of dosing. (b) ICs, values of fixed
dose ratios of il and geldanamycin were measured in SKBR3 cells after 3 days of dosing and plotted on an isobologram. (c) The % effect (100 — %
growth) for the indicated doses for the 3 day dosing period of a growth time course (Figures Slc,d in the Supporting Information). Predicted
additivity was calculated as indicated in the Supporting Information. (d) The ICj, values from panel b were compared to ICj values for the same
combinations in IMR90 cells (Figure S2a—c in the Supporting Information), and the resulting ratios were plotted as shown, normalized to the effects
of i1 and geldanamycin as single agents. The difference between the ratios for S:1 and 50:1 il:geldanamcyin is not statistically significant (p = 0.056).
Error bars indicate error compounded from one standard deviation of experiments performed in triplicate. For all other experiments, error bars
indicate one standard deviation from experiments performed in triplicate unless noted otherwise. P values: * < 0.05, ** < 0.01, and *** < 0.001.

We chose erbB2 for this investigation because of its clinical
relevance and because the complexities of its regulatory
network make effective treatment with individual agents a
challenge. The erbB2 protein is a trans-membrane tyrosine
kinase that is overexpressed in approximately one-quarter of
breast cancers,” where it has been shown to drive an aggressive
phenotype marked by more rapid metastasis and shorter life
expectancy than breast cancers that do not overexpress
erbB2."®"” Furthermore, erbB2 overexpressing (erbB2+)
cancer cells are known to undergo growth arrest and cell
death if erbB2 expression is suppressed.”® The clinical signi-
ficance of erbB2 overexpression can be seen in the variety of
existing treatments designed to suppress erbB2 signaling,
includin% antibodies that target the protein's extracellular
domain®’ and tyrosine kinase inhibitors, which target the
protein's ability to trans-phosphorylate other members of the
erbB family and initiate cell survival and proliferation programs
(Figure 1).** These approaches have met with difficulty in
clinical practice, but an increasing body of evidence suggests
that although erbB2-driven cancers are adept at compensating
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for partial inhibition of erbB2 activity, they are still vulnerable
to interventions that reduce erbB2 levels.”**

The discovery of multicomponent therapeutics has emerged
in recent years as an effective strategy for increasing efficacy and
decreasing off-target effects relative to single agents in a number
of cases.”> >’ We reasoned that it might be possible to obtain
similar benefits by combining il with other agents that target
erbB2. One point of intervention along the erbB2 pathway is
Hsp90, part of a chaperone complex that maintains erbB2
stability and assists in membrane localization.”*” The natural
product geldanamycin reduces cellular erbB2 levels by binding
to Hsp90 and inhibiting its function (Figure 1), but its toxicity
prevents its use as a therapeutic agent.”®*” Thus, our initial
efforts tested the hypothesis that dual targeting of the erbB2
pathway with the two PPI inhibitors geldanamycin and il
would synergistically increase potency and specificity relative to
the individual agents. As shown in Figure 2a, a 50:1 com-
bination of il:geldanamycin resulted in an ICg, in SkBr3
(erbB2+) cells that is >10-fold lower than il alone. To test if
the potency increase is truly synergistic, both the isobologram
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Figure 3. (a) Dose—effect curves for il as a single agent, and a 500:1 combination of il:lapatinib after 2 days of dosing. (b) ICs, values of fixed dose
ratios of i1 and lapatinib were measured in SKBR3 cells after 2 days of dosing and plotted on an isobologram. (c) The % effect (100 — % growth) for
the indicated doses for the 3 day dosing period of a growth time course (Figures S3f,g in the Supporting Information). Predicted additivity was
calculated as indicated in the Supporting Information. (d) The ICy, values from panel b were compared to the ICs values for the same combinations
in IMR90 cells (Figure S3e in the Supporting Information), and the resulting ratios were plotted as shown, normalized to the effects of il and
lapatinib as single agents. Error bars indicate the error compounded from one standard deviation of experiments performed in triplicate. For all other
experiments, error bars indicate one standard deviation from experiments performed in triplicate unless noted otherwise. P values: * < 0.05, ** <

0.01, and *** < 0.001.

and the multiplicative additivity (Bliss) models were employed.
For the former, the ICy, values of fixed ratios of il:geldanamycin
were measured and compared to a hypothetical case representing
additivity, in which both components act as though they are the
same agent (Figure 2b).>%*** ICy; ratios (combination:single
agent) that fall below the additivity line are indicative of positive
synergy, and by this measure, the combinations of the two PPI
inhibitors exhibit an impressive degree of synergy. The S5:1
il:geldanamycin combination is synergistic as defined by the
multiplicative additivity or Bliss model (Figure 2¢).259%63% This
degree of synergy increased over longer growth times, indicating
robust inhibition of proliferation from combination treatment
(Figure Slb,c in the Supporting Information). In addition, the
combination of geldanamycin and il concomitantly produced
an 85% drop in erbB2 levels (Figure Sla in the Supporting
Information).

As outlined earlier, il displays modest selectivity for erbB2+
cancer cell lines, and geldanamycin is broadly toxic.”® However,
combinations of il and geldanamycin show increased selectivity
for erbB2+ cancer cells when compared to nontumorigenic IMR90
cells, cells whose growth is not driven by erbB2 (Figure 2d). This is
most notable in comparison with geldanamycin alone, where the
combinations produce a 20—35-fold selectivity improvement.
These results indicate that the synergy is erbB2-dependent and
not a result of general toxicity. These data further suggest that
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transcriptional inhibitors can be used in combinations with agents
that have broad activity to selectively effect specific shared targets.

We next examined the potential for synergy between il and
lapatinib, a reversible erbB2/erbB1 kinase inhibitor that is used
clinically in the treatment of erbB2+ cancers (Figure 1).>' An
initial trial of a 500:1 ratio of il:lapatanib produced a >10-fold
decrease in the ICq, relative to il alone in SkBr3 (Figure 3a).
That this decrease was due to synergy was tested as before with
via both the isobologram and the multiplicative additivity
(Bliss) methods in SkBr3 cells (Figure 3b). The ICy, ratios of
the il:lapatinib combinations fell significantly below the
additivity line, demonstrating a synergistic effect. Consistent
with the impact on viability, il and lapatinib had moderate
effects on erbB2 and phosphorylated erbB2 levels as single
agents. However, the il:lapatinib combination was significantly
(p < 0.05) more effective at reducing the total amount of active
(phosphorylated) erbB2 than equivalent amounts of either il
or lapatinib (Figure S3a in the Supporting Information).

In addition to the increased potency, combinations of il and
lapatinib are less toxic to erbB2-negative, nontumorigenic
IMROO0 cells, leading to greater selectivity than the use of il in
isolation (Figure 3d). As an additional readout for synergy, we
dosed colonies of SkBr3 cells with compound (5 M il, 10 nM
lapatinib, or a combination of the two) for 9 days (Figure S3f in
the Supporting Information). The combination treatment was
much more effective than either il or lapatinib in isolation or

dx.doi.org/10.1021/ml200186r | ACS Med. Chem. Lett. 2012, 3, 30-34



ACS Medicinal Chemistry Letters

the multiplicative sum of the individual effects (Figure S3g in
the Supporting Information). In contrast, combinations of il
and the erbBI selective kinase inhibitor erlotinib®* did not
display significant synergy (Figure S4 in the Supporting
Information). This result is consistent with models that
implicate the erbB2/erbB3 dimer as the primary driver of
oncogenesis.23’24

In conclusion, by using a small molecule combination that
simultaneously curbs expression of the genetic driving force
behind a diseased state while also targeting related cellular
processes, we achieve a synergistic increase in effect that is
specific to the target cell population. Although synergistic
combinations of well-established drugs have recently emerged
for improving efficacy,””*° this is the first time that synergistic
interactions between two molecules, which target protein—
protein interactions, have been used to overcome the activity
and selectivity issues common to this class of molecules. In
doing so, these data support a generalizable approach that will
improve the utility of transcriptional inhibitors as both
biochemical tools and potential therapeutics. As outlined
earlier, il displays modest selectivity for erbB2+ cancer cell
lines, and geldanamycin is broadly toxic.”> However, combina-
tions of il and geldanamycin show increased selectivity for
erbB2+ cancer cells when compared to nontumorigenic IMR90
cells, cells whose growth is not driven by erbB2 (Figure 2d).
This is most notable in comparison with geldanamycin alone,
where the combinations produce a 20—35-fold selectivity
improvement. These results indicate that the synergy is erbB2-
dependent and not a result of general toxicity. These data
further suggest that transcriptional inhibitors can be used in
combinations with agents that have broad activity to selectively
effect specific shared targets.

B ASSOCIATED CONTENT

© Supporting Information

Complete experimental details, description of the methods used
to calculate synergy, and supporting Figures S1—S4. This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Fax: +1 734 615 8553. E-mail: amapp@umich.edu.

Funding

AKM. is grateful to the NIH (CA140667) and Novartis
(Novartis Young Investigator Award) for support of this work.
C.E.T. was a fellow of the University of Michigan CBI training
program (GM08597).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Prof. B. Blagg generously provided the sample of geldanamycin
with which this work was accomplished.

B REFERENCES

(1) Semenza, G. L. Targeting HIF-1 for cancer therapy. Nat. Rev.
Cancer 2003, 3, 721—-732.

(2) Kersten, S.; Desvergne, B.; Wahli, W. Roles of PPARs in health
and disease. Nature 2000, 405, 421—424.

(3) Rayet, B.; Gelinas, C. Aberrant rel/nfkb genes and activity in
human cancer. Oncogene 1999, 18, 6938—6947.

33

(4) Arndt, H.-D. Small Molecule Modulators of Transcription.
Angew. Chem. 2006, 118, 4664—4673.

(5) Arndt, H.-D. Angew. Chem., Int. Ed. 2006, 45, 4552—4560.

(6) Mapp, A. K; Ansari, A. Z. A TAD Further: Exogenous Control of
Gene Activation. ACS Chem. Biol. 2007, 2, 62—75.

(7) Lee, L. W.,; Mapp, A. K. Transcriptional Switches: Chemical
Approaches to Gene Regulation. J. Biol. Chem. 2010, 285, 11033—
11038.

(8) Fuxreiter, M.; Tompa, P,; Simon, L; Uversky, V. N.; Hansen, J.
C.; Asturias, F. J. Malleable machines take shape in eukaryotic
transcriptional regulation. Nat. Chem. Biol. 2008, 4, 728—737.

(9) Sharma, D.; Fondell, J. D. Ordered recruitment of histone
acetyltransferases and the TRAP/Mediator complex to thyroid
hormone-responsive promoters in vivo. Proc. Natl. Acad. Sci. US.A.
2002, 99, 7934—7939.

(10) Henchey, L. K; Kushal, S,; Dubey, R; Chapman, R. N
Olenyuk, B. Z.; Arora, P. S. Inhibition of Hypoxia Inducible Factor 1—
Transcription Coactivator Interaction by a Hydrogen Bond Surrogate
a-Helix. J. Am. Chem. Soc. 2010, 132, 941—943.

(11) Moellering, R. E.; Cornejo, M; Davis, T. N.; Bianco, C. D.;
Aster, J. C,; Blacklow, S. C.; Kung, A. L; Gilliland, D. G.; Verdine, G.
L.; Bradner, J. E. Direct inhibition of the NOTCH transcription factor
complex. Nature 2009, 462, 182—188.

(12) Best, J. L.; Amezcua, C. A.; Mayr, B.; Flechner, L.; Murawsky, C.
M.,; Emerson, B.; Zor, T.; Gardner, K. H.; Montminy, M. Identification
of small-molecule antagonists that inhibit an activator: coactivator
interaction. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 17622—17627.

(13) Buhrlage, S. J.; Bates, C. A;; Rowe, S. P.; Minter, A. R.; Brennan,
B. B.; Majmudar, C. Y.; Wemmer, D. E.; Al-Hashimi, H.; Mapp, A. K.
Amphipathic small molecules mimic the binding mode and function of
endogenous transcription factors. ACS Chem. Biol. 2009, 4, 335—344.

(14) Buhrlage, S. J; Brennan, B. B,; Minter, A. R; Anna, K
Stereochemical promiscuity in artificial transcriptional activators. J. Am.
Chem. Soc. 2005, 127, 12456—12457.

(15) Lee, L. W,; Taylor, C. E. C; Desaulniers, J. P.; Zhang, M,;
Hojfeldt, J. W.; Pan, Q; Mapp, A. K. Inhibition of ErbB2 (Her2)
expression with small molecule transcription factor mimics. Bioorg.
Med. Chem. Lett. 2009, 19, 6233—6236.

(16) Rowe, S. P,; Casey, R. J.; Brennan, B. B.; Buhrlage, S. J.; Anna,
K. Transcriptional up-regulation in cells mediated by a small molecule.
J. Am. Chem. Soc. 2007, 129, 10654—10655.

(17) Slamon, D. J.; Godolphin, W.; Jones, L. A.; Holt, J. A.; Wong, S.
G.; Keith, D. E.; Levin, W. J,; Stuart, S. G.; Udove, J.; Ullrich, A.; Press,
M. F. Studies of the HER-2/neu proto-oncogene in human breast and
ovarian cancer. Science 1989, 244, 707—712.

(18) Yarden, Y. Biology of HER2 and its importance in breast cancer.
Oncology 2000, 61, 1—13.

(19) Slamon, D. J.; Clark, G. M.; Wong, S. G; Levin, W. J.; Ullrich,
A.; McGuire, W. L. Human breast cancer: Correlation of relapse and
survival with amplification of the HER-2/neu oncogene. Science 1987,
235, 177—182.

(20) Menendez, J. A; Vellon, L.; Mehmi, L; Oza, B. P.; Ropero, S.;
Colomer, R; Lupu, R. Inhibition of fatty acid synthase (FAS)
suppresses HER2/neu (erbB-2) oncogene overexpression in cancer
cells. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 10715—10720.

(21) Nahta, R;; Esteva, F. J. Trastuzumab: Triumphs and tribulations.
Oncogene 2007, 26, 3637—3643.

(22) Xia, W,; Gerard, C. M,; Liu, L; Baudson, N. M; Ory, T. L;
Spector, N. L. Combining lapatinib (GW572016), a small molecule
inhibitor of ErbB1 and ErbB2 tyrosine kinases, with therapeutic anti-
ErbB2 antibodies enhances apoptosis of ErbB2-overexpressing breast
cancer cells. Oncogene 2008, 24, 6213—6221.

(23) Kong, A.; Calleja, V.; Leboucher, P.; Harris, A.; Parker, P. J;
Larijani, B. HER2 Oncogenic Function Escapes EGFR Tyrosine
Kinase Inhibitors via Activation of Alternative HER Receptors in
Breast Cancer Cells. PLoS One 2008, 3, 2881.

(24) Sergina, N. V.; Rausch, M.; Wang, D.; Blair, J.; Hann, B.; Shokat,
K. M,; Moasser, M. M. Escape from HER-family tyrosine kinase

dx.doi.org/10.1021/ml200186r | ACS Med. Chem. Lett. 2012, 3, 30-34


http://pubs.acs.org
http://pubs.acs.org
mailto:amapp@umich.edu

ACS Medicinal Chemistry Letters

inhibitor therapy by the kinase-inactive HER3. Nature 2007, 44S,
437—441.

(25) Borisy, A. A.; Elliott, P. J.; Hurst, N. W.,; Lee, M. S.; Lehar, J;
Price, E. R; Serbedzija, G.; Zimmermann, G. R; Foley, M. A;
Stockwell, B. R.; Keith, C. T. Systematic discovery of multicomponent
therapeutics. Proc. Natl. Acad. Sci. US.A. 2003, 100, 7977—7982.

(26) Lehar, J.; Krueger, A. S.; Avery, W.; Heilbut, A. M.; Johansen, L.
M,; Price, E. R;; Rickles, R. J.; Short, G. F. III; Staunton, J. E.; Jin, X,;
Lee, M. S.; Zimmermann, G. R.; Borisy, A. A. Nat. Biotechnol. 2009,
27, 659—666.

(27) Hopkins, A. L. Nat. Chem. Biol. 2008, 4, 682—690.

(28) Roe, S. M.; Prodromou, C.; O'Brien, R;; Ladbury, J. E.; Piper, P.
W.,; Pearl, L. H. Structural Basis for Inhibition of the Hsp90 Molecular
Chaperone by the Antitumor Antibiotics Radicicol and Geldanamycin.
J. Med. Chem. 1999, 42, 260—266.

(29) The geldanamycin analog 17-AAG exhibits a reduced toxicity
profile and improved in vivo stability: Isaacs, J. S.; Xu, W.; Neckers, L.
Heat shock protein 90 as a molecular target for cancer therapeutics.
Cancer Cell 2003, 3, 213—217.

(30) Berenbaum, M. C. What is Synergy? Pharmacol. Rev. 1989, 41,
93—141.

(31) Petrov, K. G; Zhang, Y. M,; Carter, M,; Cockerill, G. S;
Dickerson, S.; Gauthier, C. A.; Guo, Y.; Mook, R. A;; Rusnak, D. W;
Walker, A. L; Wood, E. R; Lackey, K. E. Optimization and SAR
for dual ErbB-1/ErbB-2 tyrosine kinase inhibition in the 6-
furanylquinazoline series. Bioorg. Med. Chem. Lett. 2006, 16, 4686—
4691.

(32) Madhusudan, S.; Ganesan, T. S. Tyrosine kinase inhibitors in
cancer therapy. Clin. Biochem. 2004, 37, 618—635.

34

dx.doi.org/10.1021/ml200186r | ACS Med. Chem. Lett. 2012, 3, 30-34



