Cancer Growth and Metastasis ﬂ Libertas Acadermica

OPEN ACCESS
Full open access to this and
thousands of other papers at

PERSPECTIVE http://www.la-press.com.

Enhancing Cancer Drug Discovery through Novel Cell
Signaling Pathway Panel Strategy

Liang Schweizer and Litao Zhang

Lead Evaluation and Mechanistic Biochemistry, Bristol Myers Squibb Company, Princeton, NJ.
Corresponding author email: liang.schweizer@bms.com

Abstract: The link between signaling pathways and diseases suggests the importance of pathway analysis for drug discovery. This
includes target identification and validation, compound mode of action and drug candidate optimization. Here, we propose to apply cell
signaling pathway panel approaches for oncology drug discovery. The strategies and guiding principles of the pathway panel approach
are discussed. 2 pathway analysis examples with related processes and technology platforms are illustrated to identify cancer drugs
that target cancer growth and metastasis. Finally, we highlight potential challenges and opportunities presented by the pathway panel
approach.
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Major cell signaling pathways are conserved from
yeast to humans due to their critical roles in devel-
opment and adult homeostasis. In the last 30 years,
pathway deregulation has been implicated in multi-
ple disease areas, especially cancer. Loss of control
of cell cycle, apoptosis, growth and survival signal-
ing pathways such as MAPK or Wnt signaling have
been identified as some of the hallmarks of cancer
and metastasis."> Therefore, therapies targeting those
signaling pathways have been widely applied to treat
cancer.

Over the last decade, applications of signaling path-
way approaches have had a significant impact on drug
discovery and development,® especially in the areas
of tumorigenesis and metastasis. Targeting signaling
pathways identified as cancer hallmarks enabled the
discovery of multiple marketed drugs, such as Ber/Abl
kinase inhibitors, imatinibmesylate (Gleevec; Novar-
tis) and dasatinib (Sprycel, Bristol Myers Squibb).
These drugs have been demonstrated to inhibit a
key signaling target or multiple targets. As a result,
they modulate the aberrant signaling activities linked
with diseases. Subsequently, great efforts have been
undertaken in both academic labs and pharmaceutical
industries to identify novel signaling components in
tumorigenesis and metastasis pathways using siRNA
and chemogenomic approaches.*”’ Therefore, during
drug discovery processes, monitoring the outcomes
of targeting cell signaling becomes essential since the
readouts can be applied for target identification and
validation, as well as lead identification and assess-
ment. Furthermore, the optimization of drug candi-
dates and deep dissection of mechanisms of action
require cellular measurements of the signaling path-
way activities. Recently, advancements in two major
areas enabled the applications of pathway approaches
to target cancer growth and metastasis. The first area
is the advance of next-generation sequence mutation
analysis for cancer cell lines and primary tumors,
which reveals cancer pathway deregulation in specific
cellular contexts. The second area is the development
of high-throughput technology platforms for pathway
signaling readouts, ranging from receptor activation
to downstream transcriptional readouts.

It is well known that cancer cell lines contain muta-
tions in oncogenes and tumor suppressors, which lead
to deregulated critical signaling pathways involved
in cell growth and survival, apoptosis and cell

cycle regulations (http://sanger.ac.uk/genetics/CGP/
cosmic/CellLines). Diverse cellular backgrounds with
different signaling pathway deregulation mechanisms
confer different drug sensitivities.®? Therefore, it is
essential to examine signaling pathway readouts in
a panel of cancer cell lines with aberrant signaling
pathways instead of in a couple of cancer cell lines
only. We initiated the efforts of monitoring cellular
signaling in a panel of cells during our drug discov-
ery process. Those cell lines have been selected for
cancer drug screening,' since each of these cell lines
has mutations linked to distinct deregulated onco-
genic pathways, such as apoptosis and MAPK sig-
naling pathways. For example, P53 mutant status
might determine if a drug affecting apoptosis path-
way will be effective or not, considering the link of
P53 and apoptosis pathways. Also, APC mutation or
beta-catenin mutation might show different responses
to a drug targeting Wnt signaling pathway based on
its mechanism of action. Therefore, it is important to
have a whole panel of cell lines for signaling path-
way readouts to obtain comprehensive readouts for
signaling events. This would translate better into a
clinical setting, where the tumors in patients are truly
heterogeneous. Sensitive and resistant tumor types
can be identified based on those results. Furthermore,
this signaling pathway panel approach would facili-
tate patient stratification and identify mechanisms of
patient drug resistance.

Selecting signaling detection methods becomes
important for the pathway approach during drug dis-
covery process. Technologies with the proper assay
throughput, automation capability, sensitivity, robust-
ness and reasonable cost are required to target cell-sig-
naling pathways. The technical challenge is to establish
optimized assay conditions for each of the pathway
readouts, and to consider multiplexing the measure-
ments. In the last few years, we started to establish cell
signaling pathway panels where the cellular assays for
each critical event of the cancer signaling pathways
were optimized using new technologies. Technology
advancements centered on cellular biology, such as
high-content screening (HCS) and high-throughput
flow cytometry (HTFC) enabled signaling readouts
that go beyond Western blot analysis or other low-
throughput assay formats.""”"* Both HCS and HTFC
technology platforms were explored for the pathway
panels to identify new drugs for cancer treatments. For
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Table 1. The comparison between advanced pathway panel technology and traditional method: The current pathway
technologies of HCS and HTFC are compared with traditional western blot analysis. The advantages of the high-throughput
technology platforms are reflected on multiple aspects. These platforms enable the panel strategy in multiple cellular

backgrounds.

HCS/HTFC Western blot
Throughput High Low
Miniaturization Yes No
Sensitivity Single cell to subcellular compartment Lysate from cells
Multiplex capability 4-6 plex 2 plex
Automation Yes No

signaling protein expression or measurement of key
signaling events such as phosphorylation, both plat-
forms could provide a solution. The choice of utilizing
HCS or HTFC to a large extent depends on whether
the cells are adherent or in suspension. However, for
signaling events, which require the details of subcel-
lular localization, a high content platform would be
more suitable, since it provides images with subcellu-
lar resolutions. Therefore, cell signaling pathway panel
assays were developed based on this guiding principle.
Table 1 illustrates the major features of the HCS and
HTFC compared with traditional Western blot analysis
for signaling pathway readouts. Clearly the emerging
technology platforms have repositioned applications
of signaling pathway for drug discovery. Here we will
elaborate on the applications of the advanced technol-
ogy platforms to support the panel screening strategy
using two signaling pathways as examples.

Apoptosis Pathway Panel
Apoptosis is the process of programmed cell death
that serves critical functions for the development
and homeostasis of multicellular organisms. Loss of
apoptotic control could lead to tumorigenesis, and
resistance to apoptosis is considered as a hallmark
of cancer. Therefore, a myriad of efforts have been
taken to target apoptosis for treatment of different
types of cancers, as demonstrated by recent publica-
tions on prostate cancer,'* Glioblastoma'® and BCL-
2—-dependent hematological cancers,' among others.
Protein components and regulators for apoptosis
signaling pathways can either function through the
mitochondria (intrinsic pathway) or signal through
death receptors (extrinsic pathway)."” For intrinsic
pathways, mitochondria membrane potential changes,
cytochrome C release and caspase 9 activation are

important signaling events. Assays to monitor each
of the events were developed using high content
analysis. Applying tool compounds, we have dem-
onstrated that these three readouts are well aligned,
and cytochrome C showed the best assay window
and robust reproducibility. Caspase 8 activation is a
key event in the extrinsic pathway and, therefore, an
essential readout to monitor. Using high content anal-
ysis, a 384-well format of caspase 8 assay was estab-
lished which provides a good signal to background
ratio with reproducible results. Caspase 3 activation
is the downstream signaling event converged from
both intrinsic and extrinsic pathways. Three different
platforms for caspase 3 activation can be applied to
measure caspase 3 activities; these include high con-
tent analysis, Caspase-Glo platform, a homogeneous
luminescent assay that measures caspase-3/7 activi-
ties, and CellPlayer™ kinetic caspase-3/7 apopto-
sis assay. The results from these three platforms are
generally comparable with emphasis on individual
cell analysis, total cell lyate and dynamic readouts,
respectively. The appropriate approach can be deter-
mined depending on the specific scientific question
we aim to answer. Finally, nuclear condensation,
cell loss and cytoskeleton changes are phenotypic
readouts resulting from apoptosis. We have imple-
mented multiplex detection methods for these read-
outs using high content analysis. The experimental
results from those readouts were then compared side
by side in terms of the assay robustness and the cost
for each data point (Table 2). Assays with high levels
of robustness and low cost were prioritized to moni-
tor signaling activities. We then focused on caspase
8 for the extrinsic pathway activation, cytochrome C
release for the intrinsic pathway and caspase 3 for the
converged pathway. If detailed analysis was required,
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Table 2. Optimization of multiplexed readouts for apoptosis pathways: Possible readouts for both intrinsic and extrinsic
pathway are compared here regarding assay robustness and cost. This guides the selection of subsequent apoptosis
pathway panel signaling measurements and the size of the cell panel.

Apoptosis Intrinsic pathway Extrinsic Converged pathway

pathway pathway

Readouts Mitochondrial Cytochrome Caspase 9 Caspase 8 Caspase 3 Nuclear Cell Loss Cytoskeleton
Membrane C Release Activation Activation Activation ~ Condensation Change
Potential

Assay low high medium high high low medium high

Robustness

Cost low medium medium high medium low low low

the pathway readouts could then be expanded to other
measurements.

With the assay platform to dissect the mechanisms
of action for apoptosis in place, we selected a panel
of tumor cells with different mutations linking to
apoptosis deregulation such as P53 and PI3K." This
apoptosis panel approach was then applied to target
identification and validation, followed by hit identifi-
cation, confirmation as well as lead optimization. Fur-
ther, this apoptosis pathway panel was used to dissect
mechanisms of action for our potential cancer drugs
and to demonstrate mechanisms of differentiation. As
expected, diverse apoptosis activities and mechanisms
were obtained with potential drug candidates in differ-
ent cellular backgrounds, indicating the importance of
a cellular panel approach, instead of performing drug
discovery in only a limited number of cell lines.

Wnt Signaling Pathway Panel
Wnt signaling pathway plays critical roles in a wide
spectrum of important biological processes, ranging
from early development of an organism to adult homeo-
stasis. Aberrant deregulation of Wnt signaling path-
way leads to multiple diseases, especially cancer.!*° It
was reported in the early 1980s that MMTV-Wnt mice
demonstrated tumorigenesis indicating the oncogenic
nature of activating this signaling pathway.?! More
recently, Nguyen and colleagues have reported that the
Wnt pathway might be important for lung adenocarci-
noma metastasis to the brain and bone.?? Therefore,
targeting Wnt signaling pathway is not only benefi-
cial to primary cancer treatment, but also may confer
advantages in preventing metastasis.

The canonical Wnt signaling pathway consists
of the following well studied key signaling events:
Upon Wnt signaling, the ligand binds to its receptors,

namely, the 7-transmembrane receptor Frizzled and
the single-transmembrane receptor LRP6. The ligand-
receptor complex initiates the signaling cascade by
activating the downstream component Disheveled.**
This activation leads to the interaction between
Disheveled and Axin.> Subsequently, B-catenin is
dissociated from its destruction complex consisting
of Axin, GSK3f and APC. Being released from the
Axin complex, B-catenin is no longer phosphorylated
by GSK3p, and thus accumulates in the cytoplasm.?
As a result, B-catenin is stabilized and translocated
into the nucleus, which marks the key signaling event
of the canonical pathway. Subsequently, B-catenin
binds to LEF/TCF like transcription factors in the
nucleus and activates downstream target genes.?’” To
monitor Wnt canonical pathway activation, high con-
tent assays for B-catenin nuclear translocation were
established in different cellular backgrounds, and
LEF/TCF reporter assays for signaling events at the
transcriptional levels were developed. Once again,
the pathway panel strategy is impactful by developing
these readouts in a panel of cell lines which consist of
not only cells responding to Wnt ligand signaling, but
also cells with known mutations for APC or 3-catenin,
which leads to constitutively activated Wnt signal-
ing. Wnt signaling pathway inhibitors or activators,
such as naturally occurring soluble Wnt antagonists
sFRP and DKK or GSK3p inhibitors, demonstrated
expected activities in those cell lines in the presence
or absence of Wnt signaling, respectively.

Pathway Panel Automation

A key enabler for pathway panel approaches is to
leverage automation. We applied the automated cell
culture system SelecT for cell panels relevant to each
signaling pathway (Fig. 1). Not only are the cells
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Figure 1. Automated cell culture system—SelecT: Cell culture automation with capacity to process more than 60 cell lines and up to 175 flasks enabled
the cell line panel approach for signaling readouts. Cells can also be plated into 384 assay plates using this technology platform.

maintained by this automated system, but they are also
plated by the system into assay plates. Subsequently,
these assay plates are loaded onto the assay robotic
system, which consists of liquid handlers, incuba-
tors as well as ECHO nano-dispenser for compound
addition (Fig. 2). Finally, readers such as Envision
for luciferase readouts or ArrayScan for high con-
tent analysis can be integrated onto the assay robotic
systems to fully automate the assay process. Further-
more, all the assays can be performed in 384-well for-
mat with automation systems that not only increase
the capacity for compound evaluation, but also enable
miniaturization to reduce the cost for each assay.

Conclusion
Applying cell-signaling pathway panel strategies is
challenging since it is a novel approach. Automation

processes need to be optimized in multiple cell
lines, while best technological solutions need to be
applied. For example, pathway readouts using high
content analysis require a large amount of antibod-
ies if examined in a panel of cell lines. The cost of
those antibodies and the amount of information gen-
erated can be daunting. Solutions for further assay
miniaturization or novel technological solutions, as
well as new IT tools for pathway data analysis and
viewing, become important aspects to be further
addressed. Furthermore, pathway networking and
signaling cross talk add another level of complex-
ity to dissect signaling events using panel strategy.
Leveraging the proper bioinformatic tools related to
pathway analysis, as well as incorporating informa-
tion from literature and other public domain sources,
are essential to ensure the success of applying
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Figure 2. Automated high throughput assay robotic system for pathway readouts: Automation processes for reagent addition, compound dispense
and assay detection enable signaling panel approaches for compound evaluation in multiple cell lines.

signaling pathway panel strategy in drug discovery
and development.

Recently, translational approaches have attracted
more attention, and pathway approaches can play an
import role in translational research. Future directions
of technology enhancement include breakthrough
technology platforms such as multiplexing signals at
the pathway level, cell arrays for large sample sizes,
and patient stratified pathway analytics for personal-
ized medicine. In addition, combinatorial approaches
to target pathways are a new direction that attracts
significant interest. Finally, pathway genomic and
proteomic databases from cancer patients and pre-
clinical animal models provide valuable resources
for target selection and validation strategies. Today,
this growing pathway knowledge is leading to oppor-
tunities to target oncogenic pathways directly. Gene
expression signatures for pathway activation, such
as the EGFR pathway and beta-catenin pathway,
have enabled both oncology drug discovery and clin-
ical research to monitor those markers for targeted

pathway modulation and to identify responders to
anticancer drugs. Moving forward, one can envision
expanded efforts in this area for both drug discovery
and development.

Acknowledgements

We thank members from LEMBC for their contribu-
tions to cancer pathway screening efforts under this
panel strategy, as well as collaborations with automa-
tion and IT groups.

Author Contributions
Both LS and LZ conceived and contributed to the
writing of the manuscript.

Funding
This work is supported by Bristol Myers Squibb
Company.

Competing Interests
Authors disclose no potential conflicts of interest.

58

Cancer Growth and Metastasis 2013:6


http://www.la-press.com

Novel signaling pathway panels to target cancer

Disclosures and Ethics

As a requirement of publication the authors have pro-
vided signed confirmation of their compliance with
ethical and legal obligations including but not limited
to compliance with ICMJE authorship and competing
interests guidelines, that the article is neither under
consideration for publication nor published elsewhere,
of their compliance with legal and ethical guidelines
concerning human and animal research participants
(if applicable), and that permission has been obtained
for reproduction of any copyrighted material. This
article was subject to blind, independent, expert peer
review. The reviewers reported no competing inter-
ests. Provenance: the authors were invited to submit
this paper.

References

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5):646-674.

2. Hanahan D, Weinberg RA. The hallmarks of cancer. Cel/l. 2000;100(1):57-70.
3. Zhang L, Schweizer L. Building the Bridge from Drug Discovery to Clini-
cal Research Using Pathway Approaches. Int Drug Discov. 2011:60-67.

4. Brummelkamp, TR, Berns K, Hijmans EM, et al. Functional identification
of cancer-relevant genes through large-scale RNA interference screens in
mammalian cells. Cold Spring Harb Symp Quant Biol. 2004;69:439—-445.

5. Berns K, Hijmans EM, Mullenders J, et al. A large-scale RNAIi screen in
human cells identifies new components of the p53 pathway. Nature. 2004;
428(6981):431-437.

6. Collins CS, Hong J, Sapinoso L, et al. A small interfering RNA screen for
modulators of tumor cell motility identifies MAP4K4 as a promigratory
kinase. Proc Natl Acad Sci U S 4. 2006:103(10):3775-3780.

7. Lackner MR, Kindt RM, Carroll PM, et al. Chemical genetics identifies
Rab geranylgeranyl transferase as an apoptotic target of farnesyl transferase
inhibitors. Cancer Cell. 2005;7(4):325-336.

8. Garnett MJ, Edelman EJ, Heidorn SJ, et al. Systematic identification of
genomic markers of drug sensitivity in cancer cells. Nature. 2012;483(7391):
570-575.

9. Barretina J, Caponigro G, Stransky N, et al. The Cancer Cell Line Encyclo-
pedia enables predictive modelling of anticancer drug sensitivity. Nature.
2012;483(7391):603-607.

10. Lei M, Ribeiro H, Kolodin G, et al. Establishing a High-Throughput and
Automated Cancer Cell Proliferation Panel for Oncology Lead Optimiza-
tion. J Biomol Screen. 2013; published online ahead of print.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Westwick JK, Lamerdin JE. Improving drug discovery with contextual

assays and cellular systems analysis. Methods Mol Biol. 2011;756:61-73.
Ekins S, Nikolsky Y, Bugrim A, Kirillov E, Nikolskaya T. Pathway map-
ping tools for analysis of high content data. Methods Mol Biol. 2007;356:
319-350.

Wu Y, Tapia PH, Fisher GW, et al. Discovery of regulators of receptor
internalization with high-throughput flow cytometry. Mol Pharmacol.
2012;82(4):645-657.

Zielinski RR, Eigl BJ, Chi KN. Targeting the apoptosis pathway in prostate
cancer. Cancer J. 2013;19(1):79-89.

Liu J, Albrecht AM, Ni X, Yang J, Li M. Glioblastoma tumor initiating cells:
therapeutic strategies targeting apoptosis and microRNA pathways. Curr
Mol Med. 2013;13(3):352-357.

Souers AJ, Leverson JD, Boghaert ER, et al. ABT-199, a potent and selec-
tive BCL-2 inhibitor, achieves antitumor activity while sparing platelets.
Nat Med. 2013;19(2):202-208.

Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.
2007;35(4):495-516.

Vogelstein B, Kinzler KW. Cancer genes and the pathways they control.
Nat Med. 2004;10(8):789-799.

Anastas JN, Moon RT. WNT signalling pathways as therapeutic targets in
cancer. Nat Rev Cancer. 2013;13(1):11-26.

Nusse R, Varmus H. Three decades of Wnts: a personal perspective on how
a scientific field developed. EMBO J. 2012;31(12):2670-2684.

Nusse R, Varmus HE. Many tumors induced by the mouse mammary tumor
virus contain a provirus integrated in the same region of the host genome.
Cell. 1982;31(1):99-109.

Nguyen DX, Chiang AC, Zhang XH, et al. WNT/TCF signaling through
LEF1 and HOXB9 mediates lung adenocarcinoma metastasis. Cell. 2009.
2009;138(1):51-62.

Schweizer L, Varmus H. Wnt/Wingless signaling through beta-catenin
requires the function of both LRP/Arrow and frizzled classes of receptors.
BMC Cell Biol. 2003;4:4.

Cong F, Schweizer L, Varmus H. Wnt signals across the plasma membrane
to activate the beta-catenin pathway by forming oligomers containing its
receptors, Frizzled and LRP. Development. 2004;131(20):5103-5315.
Smalley MJ, Sara E, Paterson H, et al. Interaction of axin and Dvl-2 pro-
teins regulates Dvl-2-stimulated TCF-dependent transcription. EMBO J.
1999;18(10):2823-2835.

Salic A, Lee E, Mayer L, Kirschner MW. Control of beta-catenin stability:
reconstitution of the cytoplasmic steps of the Wnt pathway in Xenopus egg
extracts. Mol Cell. 2000;5(3):523-532.

Cong F, Schweizer L, Chamorro M, Varmus H. Requirement for a nuclear
function of beta-catenin in Wnt signaling. Mol Cell Biol. 2003;23(23):
8462-8470.

Itadani H, Mizuarai S, Kotani H. Can systems biology understand path-
way activation? Gene expression signatures as surrogate markers for
understanding the complexity of pathway activation. Curr Genomics.
2008;9(5):349-360.

Cancer Growth and Metastasis 2013:6

59


http://www.la-press.com

