demonstrating
that cell
competition

also occurs in
mammalian cells.

=J TUMORIGENESIS

To the death!

In the early stages of tumour initia-
tion in the epithelium, when only a
few cells are transformed, evidence
suggests that normal and trans-
formed cells that are in close prox-
imity compete for space in which
to grow, causing the ‘loser’ cells to
undergo JNK-dependent apoptosis.
This phenomenon is known as cell
competition and can be tumour sup-
pressive if the losers are transformed
cells. Two papers now provide
further insight into how this process
might function in tumorigenesis.
Lethal (2) giant larvae (I(2)g]) is
a tumour suppressor in Drosophila
melanogaster that, when mutated in
a mosaic tissue (surrounded by
normal cells), causes these [(2)gl-
cells to become the losers in cell
competition. L(2)GL is a scaffold
protein, and Tamori and colleagues
identified HIV-1 Vpr-binding protein
(VPRBP) as a new binding protein
of L(2)GL2 by immunoprecipitation
in human MCF?7 breast cancer cells
and MDCK canine epithelial cells.
They also identified a homologue
in D. melanogaster that they named
Mahjong (MAHY]J) that bound L(2)GL.
Using the FLP-FRT system the
authors generated mosaic flies so that
equal numbers of mahj~’~ and normal
cells were produced. The mahj~~ cells
were eliminated from wing discs
and further analysis revealed that
mahj'- cells adjacent to normal cells
had activated caspase 3 and were
undergoing JNK-dependent apop-
tosis. This suggests that loss of mahj,
like loss of [(2)gl, causes such cells to
be the losers in cell competition with
normal cells. Similarly, co-culture
of VPRBP-deficient MDCK cells
with normal MDCK cells induced
caspase-dependent apoptosis in 45%
of the VPRBP-deficient cells, which
were subsequently extruded from

RESEARCH HIGHLIGHTS

the apical surface, demonstrating
that cell competition also occurs in
mammalian cells.

So, how could cell competition
function in tumorigenesis? Menéndez
and colleagues showed that /(2)gl"
cells that are induced in normal
wing discs undergo JNK-dependent
apoptosis. The overexpresssion of
the oncogenic ras'* mutant in [(2)gl"
cells allowed the overgrowth of
I(2)gl" cells in normal wing discs.
Furthermore, the authors found that
the Hippo pathway was suppressed,
and that yorkie (YKI) — a transcrip-
tion factor that is suppressed by the
Hippo pathway — was consequently
activated in these cells. Furthermore,
the authors found that overexpres-
sion of yki in I(2)gl" cells also caused
overgrowth in mosaic wing discs, sug-
gesting that suppression of the Hippo
pathway is sufficient to allow /(2)gl-
cells to form tumours in wing discs.

It has been proposed that the
losers in cell competition are
determined by a slower growth rate
than the competing cells. However,
although the expression of ras"'? or

yki increased the growth rate of the
1(2)gl" cells, apoptosis was still appar-
ent in the patches of growing
1(2)gl ras**? or 1(2)gl yki cells at the
regions adjacent to normal cells.
Indeed, the authors found that more
than half of the /(2)gl" ras"'* cells
were eliminated from the mosaic
wing discs, indicating that growth
rate does not determine the los-
ers. Further analyses suggest that
peripheral apoptosis in patches of
transformed cells is a general feature
of cell competition and that cells
evade apoptosis from competition
with adjacent normal cells by grow-
ing together, which reduces the
number of cells that are exposed to
the surrounding normal cells.
Together these papers have
further defined the interesting
phenomenon of cell competition,
and additional understanding of
this process could identify possible
targets for prevention and therapy.
Gemma K. Alderton

ORIGINAL RESEARCH PAPERS Tamori, Y. et al.
Involvement of Lgl and Mahjong/VprBP in cell
competition. PLoS Biol. 8, 1000422 (2010) |
Menéndez, |. et al. A tumor-suppressing
mehanism in Drosophila involving cell
competition and the Hippo pathway. Proc. Natl
Acad. Sci. USA 2 Aug 2010 (doi:10.1073/
pnas.1009376107)
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In the news

TOO MUCH COTTON

WOOL?

Protection is a natural instinct and
the loss of damaged cells, which
undergo apoptosis to protect
long-lived organisms from the
development of diseases such as
cancer, is often used as an example
of this. However, two papers
published in Genes and Development
suggest that too many cells ‘falling
on their swords’ can also lead

to cancer.

Exposure to high levels of
radiation can induce tumours through
the induction of DNA damage. Under
these conditions, the tumour
suppressor p53 is activated to ensure
the death of cells with damaged DNA.
“Until now everyone believed that a
failure of damaged cells to undergo
suicide allowed mutated cells to
proliferate ... we discovered that in
certain settings ... the body’s natural
cell suicide programme can fuel
tumour development.”, stated
Andreas Strasser, a lead author on one
of the papers that shows that in mice
lacking PUMA, an essential protein
downstream of p53, radiation-induced
thymic lymphoma does not occur.
(TopNews, 3 Aug 2010).

As Andreas Villunger, the lead
investigator of the second paper
explains, the function of stem cells is
essential here “...they have to
expand and regenerate like crazy,
making new blood cells to prevent
the animal dying from anaemia.”
(U.S.News, 2 Aug 2010). This rapid
expansion from a stem cell
population that probably has low
level mutations as a result of the
radiation produces a large population
of cells with mutations that could
lead to cancer development. In the
absence of PUMA, high levels of cell
death are absent, so rapid
proliferation of the stem cells is not
required.

Gerard Zambetti, a researcher
independent of these studies,
described them as “...a keystone
finding” adding, “l imagine that there
will be a lot of follow up.” (Nature.

31 Jul 2010).

Nicola McCarthy
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IN BRIEF

=4 SMALL RNAS

OncomiR addiction in an in vivo model
of microRNA-21-induced pre-B-cell ymphoma

Medina, P. et al. Nature 8 Aug 2010 (doi:10.1038/nature09284)

MicroRNA-21 (miR-21) is overexpressed in most human
tumours. To further explore its role in tumour progression,
Medina et al. have developed a conditional mouse model in
which miR-21 expression can be suppressed by doxycycline
administration. Overexpression of miR-21 in the absence

of doxycycline in the haematopoietic system led to the
appearance of invasive lymphoma, indicating a role for
miR-21in cancer progression. When cells from these tumours
were injected into immunodeficient mice, this resulted in

the development of solid tumours, demonstrating that
miR-21 is also involved in tumour initiation. Switching off miR-21
expression by incorporating doxycycline into the diet of the
mice caused the elimination of the tumour cells by apoptosis
and the complete regression of the lymphomas in a few days.
These results show the importance of the oncogenic role of
miR-21 and suggest that its inhibition could be a new and
promising option for cancer therapy.

=3 BREAST CANCER

Rb deletion in mouse mammary progenitors
induces luminal-B or basal-like/EMT tumor subtypes
depending on p53 status

Jiang, Z.etal. J. Clin. Invest. 2 Aug 2010 (doi: 10.1172/JCI41490)

The tumour suppressor genes RB1 and TP53 are both
commonly lost in cancer. Eldad Zacksenhaus and
collaborators have shown that Rb1 deletion in mouse
mammary progenitor cells induces changes in the epithelium
that can progress to histologically diverse tumours with
luminal B or triple-negative tumour (TNT; tumours that do
not express oestrogen receptor, progesterone receptor or
ERBB2) features. These TNTs further evolved into basal-like
tumours or tumours that showed epithelial-to-mesenchymal
transition (EMT) and were highly aggressive. Gene expression
analysis revealed that EMT tumours and a subset of basal-like
tumours had mutations in Trp53. Reintroducing expression
of RB inhibited the growth of TNTs. These results establish
key roles for RB in breast cancer progression and for p53 in
determining tumour subtype after the loss of RB.

=3 DNA DAMAGE

6-Thioguanine selectively kills BRCA2-defective
tumors and overcomes PARP inhibitor resistance

Issaeva, N. et al. Cancer Res. 70, 6268-6276 (2010)

Defects in homologous-recombination (HR) DNA repair —
caused by mutations in BRCA1 and BRCAZ, for example — are
associated with familial and sporadic breast and ovarian cancer.
Cisplatin or inhibitors of poly(ADP-ribose) polymerase (PARP)
selectively kill HR-defective tumours; however, resistance has
already been observed in clinical trials, as cells partially restore
HR. After a screen of drugs that selectively kill BRCA2-defective
cells, Helleday and colleagues found that 6-thioguanine (6TG)
selectively kills BRCA2-defective xenograft tumours as
efficiently as PARP inhibitors. They also showed that 6TG
treatment kills BRCA1- and BRCA2-defective tumours that are
resistant to PARP inhibitors and cisplatin, suggesting that 6TG
could be used for the treatment of advanced tumours.
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=3 MACROENVIRONMENT
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Stimulating resistance

A link between a positive environ-
ment and a better outcome for can-
cer patients has long been inferred,
but it has been difficult to prove in
the absence of concrete molecular
pathways to underpin such an effect.
A paper recently published in Cell
may go some way to addressing this,
as it found that mice living in an
enriched environment (EE) are more
resistant to tumour growth through
a pathway involving brain-derived
neurotrophic factor (BDNF), leptin
and adiponectin.

An EE for mice consists of com-
plex housing that contains sensory,
cognitive, motor and social stimula-
tion, as opposed to a standard cage.
Lei Cao and colleagues found that the
growth rate of transplanted malig-
nant melanoma cells in mice housed
in an EE was significantly reduced
compared with mice housed in
standard (control) conditions. Mice
in an EE weighed less than control
mice despite identical diets, prompt-
ing the authors to examine systemic
metabolic

changes.

Levels of insulin-like growth factor 1
and leptin were reduced in mice
housed in EE cages, and serum from
these mice reduced the growth of
melanoma cells in vitro. Increased
levels of both of these factors have
been associated with an increased
risk of cancer development and
progression, as they can stimulate the
growth of cancer cells. Conversely,
levels of adiponectin were increased.
Leptin is a hormone that relays
information back to the hypothala-
mus, which is involved in regulating
energy balance along with the pro-
duction of neuroendocrine factors
and the regulation of the immune
system through the hypothalamic—
pituitary-adrenal axis. Expression
of BDNF by the hypothalamus was
increased early on when mice were
placed in an EE. Overexpression of
BDNF through the infection of mice
with viruses expressing this gene
had a similar effect on melanoma

growth to housing mice in an EE.
In addition, the effect of an EE on
melanoma growth was lost in mice
in which Bdnflevels were reduced
through microRNA-mediated
knock down or Bdnf
heterozygosity.

How does BDNF influence the
levels of leptin and adiponectin? Both
leptin and adiponectin are predomi-
nantly synthesized by white adipose
tissue, and suppression of leptin
expression is thought to be influ-
enced by the baseline activity of the
sympathetic nervous system affect-
ing the expression of f-adrenergic
receptors (B-ARs). The expression
of B-ARs and one of their ligands,
noradrenaline, was increased in white
adipose tissue from mice housed
in EE cages. Use of a 3-blocker pre-
vented the EE-mediated changes in
leptin and adiponectin levels as well
as the reduced growth of the trans-
planted melanoma cells. Moreover,
leptin-deficient (ob/ob) mice did not
show reduced melanoma growth
when housed in an EE.

These results were not restricted
to melanoma; injection of mice with
colon cancer cells, or transgenic mice
that spontaneously develop colon
cancer (Apc*™* mice), had reduced
tumour burden in an EE compared
with mice housed in control condi-
tions. Moreover, exposure of mice
with established tumours to an EE
led to prolonged survival.

Opverall, these data indicate that
exposure to an EE induces increased
expression of BDNF in the hypothala-
mus, which induces activation of the
sympathetic nervous system resulting
in the production of noradrenaline
and increased expression of f-ARs in
white adipose tissue, which suppresses
leptin and increases adiponectin lev-
els. This, combined with an increase in
the immune response in mice housed
in an EE, suggests that exposure to
‘positive stress’ reduces the growth of
tumours in mice.

Nicola McCarthy

ORIGINAL RESEARCH PAPER Cao, L. etal.
Environmental and genetic activation of a brain-
adipocyte BDNF/leptin axis causes cancer
remission and inhibition. Cell 142, 52-64 (2010)
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IN BRIEF

=3 BREAST CANCER

Ferroportin and iron regulation in breast cancer
progression and prognosis

Pinnix, Z. K. et al. Science Trans. Med. 2, 43ra56 (2010)

Some cancers have been shown to have an increased
requirement for iron, and a new study provides insights into

the potential underlying mechanism by showing that the
ferroportin iron transport system is important in breast cancer
progression and prognosis. The authors showed that ferroportin
and the hormone hepcidin, which regulates ferroportin stability,
are expressed in cultured breast epithelial cells. However,
compared with these cells, ferroportin expression was reduced
in breast cancer cell lines, and this correlated with increased
iron availability. Breast cancer cells transfected with ferroportin
showed reduced growth in a xenograft mouse model. In
addition, human breast tumour samples showed reduced
ferroportin expression, which correlated with increased
anaplasia, and increased ferroportin and decreased hepcidin
expression predicted a favourable prognosis in patients with
breast cancer, showing that the in vitro and mouse results can
be extended to human breast cancer.

=4 THERAPY

NF 1 is a tumor suppressor in neuroblastoma that
determines retinoic acid response and disease
outcome

Holzel, M. et al. Cell 142,218-229 (2010)

Retinoic acid therapy of neuroblastoma shows a variable
clinical response, but the reasons for this have been
unknown. Using a large-scale RNA interference (RNAI)
screen, Bernards and colleagues have now identified
crosstalk between the tumour suppressor NF1 and the effects
of retinoic acid on differentiation in neuroblastomas. They
show that loss of NF1 in neuroblastoma activates Ras-MEK
signalling, which represses ZNF423, a key transcriptional
regulator of retinoic acid receptors. Mutations in NF1 occur
in primary neuroblastomas, and low levels of NF1 and ZNF423
in neuroblastoma are associated with a poor outcome.
Treatment of NF1-deficient neuroblastoma cells with MEK
inhibitors restores responsiveness to retinoic acid, suggesting
that this might be a viable combination therapy for retinoic
acid-resistant neuroblastomas that are deficient for NF1.

=3 DNA DAMAGE

DNA damage signaling in response to double-strand
breaks during mitosis

Giunta, S. et al. J. Cell Biol. 190, 197-207 (2010)

The activation of DNA damage response signalling pathways
by DNA double-strand breaks (DSBs) has been well
characterized in interphase cells and leads to activation of
cell cycle checkpoint arrest and the appropriate DNA repair
pathway(s). However, DSBs that occur in mitotic cells do not
induce checkpoint activation or repair, but is DNA damage
response signalling activated? Jackson and colleagues showed
that DSBs induced in mitotic cells activate upstream (apical)
DSB signalling, including phosphorylation of histone H2AX
at DSBs. Inactivation of the apical kinases ATM and DNA-PK
hypersensitized cells to drugs that induce DSBs, suggesting
that the activation of the apical pathway marks damage to be
repaired in the following G1 phase.
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In oncology

Antibody-based proteomics:
fast-tracking molecular diagnostics

William M. Gallagher*

Personalized medicine requires the discovery and
application of unambiguous prognostic, predictive
and pharmacodynamic biomarkers to inform thera-
peutic decisions. High-throughput screening methods,
particularly genomic and transcriptomic profiling, have
vastly improved knowledge of the molecular basis of
tumorigenesis, disease progression and therapeutic
response"?. As a result, individualized treatment regi-
mens are now seen as an achievable goal. The role of
antibodies in this arena is most likely to involve pre-
dictive biomarker development, as highlighted by the
success of detecting both oestrogen receptor (ER) and
ERBB2 (also known as HER2) expression in breast can-
cer. In the post-genomic era, however, progress in the
development of clinically implemented assays has not
kept pace with the rate of biomarker discovery®. As such,
a pressing need exists for improved and innovative strat-
egies to expedite the translation of cancer biomarkers
into the clinical arena.

Antibody-based proteomics provides a logical strat-
egy for the systematic generation and use of specific
antibodies to explore the proteome**. The human pro-
teome consists of approximately 20,500 non-redundant
proteins®, which are defined as a representative isoform
from each gene locus®. Unlike DNA, which is subject to

Donal J. Brennan*$, Darran P. O’Connor*8, Elton Rexhepaj*, Fredrik Ponten* and

Abstract | The effective implementation of personalized cancer therapeutic regimens
depends on the successful identification and translation of informative biomarkers to aid
clinical decision making. Antibody-based proteomics occupies a pivotal space in the cancer
biomarker discovery and validation pipeline, facilitating the high-throughput evaluation of
candidate markers. Although the clinical utility of these emerging technologies remains to
be established, the traditional use of antibodies as affinity reagents in clinical diagnostic and
predictive assays suggests that the rapid translation of such approaches is an achievable
goal. Furthermore, in combination with, or as alternatives to, genomic and transcriptomic
methods for patient stratification, antibody-based proteomics approaches offer the promise
of additional insight into cancer disease states. In this Review, we discuss the current status
of antibody-based proteomics and its contribution to the development of new assays that
are crucial for the realization of individualized cancer therapy.

one major form of modification (methylation), proteins
can be post-translationally altered in a myriad of ways; for
example, by phosphorylation, acetylation and glycosyla-
tion — each of which is capable of producing a functional
shift that potentially affects disease development, pro-
gression and therapeutic response. Despite this instrinic
complexity, endeavours to describe the proteome and
provide a comprehensive map of protein expression pat-
terns in cells and tissues, such as the Human Protein Atlas
(see the Human Protein Atlas (HPA) website; Further
information) (BOX 1) and the complementary resource,
Clinical Proteomic Technologies for Cancer (CPTAC; see
the CPTAC website; Further information), are ongoing’.
The improved understanding of antibody-antigen rela-
tionships provided by such efforts® will greatly expedite
the development of new assays using affinity reagents
to profile cancer proteomes and enable the exploita-
tion of the specificity and sensitivity that is afforded by
antibody-based approaches.

In this Review, we describe current antibody-based
methods to identify and validate new cancer biomark-
ers and therapeutic targets, and discuss the systematic
generation and evaluation of specific antibodies for
the functional exploration of the cancer proteome. The
integration of antibody-based approaches with existing
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At a glance

* Personalization of cancer therapy requires the identification of unambiguous
diagnostic, prognostic and predictive biomarkers to facilitate the accurate
stratification of patients and the monitoring of responses to targeted therapies.

* The systematic generation and validation of specific antibodies offers a
high-throughput mechanism for the functional exploration of the proteome and a
logical approach for fast-tracking the translation of identified biomarkers.

* Multiple approaches exist, each with specific characteristics and advantages that are
suitable for a wide range of applications, which capitalize on the inherent specificity
and sensitivity of antibodies as affinity reagents.

* The integration of antibody-based approaches with existing genomic and
transcriptomic methods offers huge potential, and the clinicalimplementation of
new high-throughput antibody-based approaches will depend on the integration
of data across various platforms.

* The clinical application of new antibody-based assays demonstrates their utility as
accurate, sensitive and robust diagnostic and prognostic tests and has led to the
development of a new approach, known as pathway diagnostics, which is likely to
have a crucial role in the design of future molecular therapeutic trials.

Reverse phase protein array
RPPA. Protein lysate dot blot in
a high-density format on a
solid surface that allows for
multiple samples to be probed
with the same antibody, or
other affinity reagent,
simultaneously.

genomic and transcriptomic methods is considered and
the clinical implementation of new high-throughput
antibody-based approaches is examined, particu-
larly in the context of enabling the personalization of
cancer therapy.

Enabling technologies

The generation and use of antibodies for protein profil-
ing on a global scale is an intuitive approach that ena-
bles the systematic examination of the human proteome
using a wide range of high-throughput assays, includ-
ing immunohistochemistry (IHC) on tissue microarrays
(TMAs), pathway analysis using reverse phase protein
arrays (RPPAs) and serum-based diagnostic assays
using antibody arrays (BOX 2). Founded on the ability to
systematically generate and validate specific and sensi-
tive antibodies (BOX 3), these versatile assays are at the
forefront of efforts to generate the molecular diagnostic
and predictive assays that are required to facilitate the
personalization of cancer therapy®'.

Antibody specificity is the foundation of antibody-
based proteomics, and although the ideal approach to
confirm specificity is the high-throughput production
of paired antibodies directed towards separate and non-
overlapping target protein epitopes (BOX 3), alternative
approaches are also required. Several laboratories com-
bine western blotting and IHC on identical cell lines
(ideally using a non-expressing cell line as a negative
control'>'?) that are formatted as cell line microarrays to
facilitate high-throughput validation when used in tan-
dem with automated image analysis solutions. If a nega-
tive control cell line is not available, small interfering
RNA (siRNA)-mediated knock down followed by both
western blotting and IHC can also be used'’, and stain-
ing reproducibility should be confirmed using a TMA
that is stained with each new antibody*.

Automated analysis of protein expression in tissue.
TMAs developed by Kononen et al. are a high-through-
put platform for the simultaneous investigation of pro-
tein expression in multiple tissue specimens, principally

using IHC" (BOX 2). TMAs were preceded by a related
technology known as a ‘sausage block, which was con-
structed by the assembly of larger tissue fragments in a
recipient block in a less organized manner', an approach
that was subsequently modified by Wan et al."®.

Over the past decade, TMAs have become an estab-
lished and crucial component of the cancer biomarker
discovery and validation pipeline'®"”. Although TMAs
have undoubtedly enabled the acceleration of transla-
tional pathology, new demands have been placed on
the quality, reproducibility and accuracy of IHC assays.
Variability in tissue collection, fixation and processing,
antigen retrieval, titration of the antibody, application
of secondary antibodies and multiple detection systems
results in a multi-parameter assay that requires thorough
optimization'.

Historically, IHC assay development has been ham-
pered by the lack of specific antibodies; however, the
development of comprehensive antibody resources (BOX 1)
promises to help overcome this obstacle. Traditional IHC,
although ubiquitous in both clinical and research settings,
has been criticized as a semi-quantitative approach. In
particular, attention has centred on the intrinsic lack of
reproducibility of manual THC scoring, which remains
a time-consuming and subjective process to which only
limited statistical confidence can be assigned owing to
inherent inter-observer and intra-observer variability
and the semi-quantitative nature of the data'>*. For
example, a large study of inter-laboratory variance in
the THC-based detection of ER in breast cancer samples
across 200 laboratories in 26 countries demonstrated a
false-negative rate of 30-60%?'. As ER is routinely used
to determine the need for adjuvant hormonal therapy in
patients with breast cancer, this level of discordance is
all the more alarming and highlights the urgent need for
the standardization of molecular diagnostic approaches.

Automated THC scoring systems offer the opportunity
to further advance a well-established and clinically use-
ful assay to accurately quantify both staining intensity
and the subcellular localization of protein expression in
a reproducible fashion®?. In addition, automated analy-
tical approaches provide quantitative data that can be
subjected to more robust statistical analysis than the qual-
itative or semi-quantitative data that are produced from
manual analysis?>**. Various automated image analysis
solutions are currently available, some of which have
received US Food and Drug Administration clearance
for cancer-specific biomarker applications (regulatory
issues are outlined in BOX 4). Most platforms comprise
both image analysis software and scanning hardware?%,
and focus on the quantification and subcellular localiza-
tion (cytoplasmic, nuclear or membranous) of the rele-
vant antigen (FIGS 1a,b). Several groups, including our
own, have demonstrated that automated algorithms can
be used to accurately quantify IHC staining in cell lines*
and have also linked automated analysis of THC to clinical
outcome in a selection of different tumour types?*+#-%,
Although various automated image analysis approaches
have been approved at a regulatory level, as indicated
above, issues still remain regarding the integration of
image analysis technologies into routine clinical practice.
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Box 1| The Human Protein Atlas Program: a multidisciplinary antibody-based proteomics initiative

The Human Protein Atlas (HPA) is a gene-centric database?® using the human genome sequence (Ensembl) as a template
to select coding sequences corresponding to 50-150 amino acids, denoted Protein Epitope Signature Tags (PrESTs; see
the figure). Based on the selection of regions with low similarity to other human genes, up to four different PrESTs are
defined for each gene to enhance the probability of generating unique, specific antibodies'”. Recombinant PrEST protein
fragments are produced and then used as an antigen to develop polyclonal antibodies, which are affinity purified to
generate unique, oligoclonal monospecific antibodies'?. Binding specificity is tested on protein arrays containing various
PrESTs, and all approved monospecific antibodies are subsequently used for western blotting using a standardized
protocol. Protein expression patterns are visualized using immunohistochemistry (IHC) on tissue microarrays,
representing 48 types of normal tissues and 216 human tumours corresponding to the 20 most common forms of human
cancer and 47 cell lines'?***. High-resolution images are acquired from allimmunostained tissue and cell microarray
sections. All histology images are manually annotated and curated by certified pathologists, and cell images are analysed
using image analysis-based algorithms?®. Furthermore, all antibodies are applied to three human cancer cell lines using
immunofluorescence and confocal microscopy to determine the subcellular localization of each protein®'.

Of the 20 new antibodies that are processed every day approximately 50% are approved for IHC. Therefore, protein
expression data are generated for approximately 3,000 new antibodies per year. Specific emphasis is placed on the
confirmation of antibody specificity, which is a key issue for any antibody-based proteomics initiative (BOX 3). All protein
expression data, including images, antibody validation and immunized PrEST sequences, are published on the HPA web
portal (see Further information), to provide a knowledge base for functional studies and biomarker discovery efforts. The
portal contains data and images from both in-house generated monospecific antibodies and external, commercially
available antibodies. To allow for searches and queries regarding protein expression profiles in normal tissues and cancer,
aweb-based analysis tool is also available!*”. The database is updated annually and the current release (version 6.0)
contains more than 9 million images and protein profiles based on greater than 11,200 antibodies directed towards 8,489
unique proteins corresponding to 42% of all human protein-encoding genes.

: Mass -
PrEST Molecular . Protein P— Affinity
design | ™ | biology ey —> factory - :ﬁjlc;;zmetry > | Immunization | = purification
|
Immunofluorescence Western Bioinformatics and T ol Protein
analysis blot literature search Y microarray

v

Human Protein Atlas Portal

A key potential advantage of such approaches is the pro-
vision of an unbiased and cost-effective method of data
standardization, which is often a difficult issue with cur-
rent pathological assessment. The technology itself is per-
haps better seen as a complement to routine pathological
assessment rather than as a replacement.

Although THC is a well-validated, clinically appli-
cable assay, immunofluorescence provides a com-
plementary approach (FIC. 1¢), particularly for the
identification and quantification of co-localized pro-
teins. Immunofluorescence also demonstrates a greater
dynamic range than colorimetric IHC-based detection.
Given the ongoing trend towards multiplex biomarker
assay development, immunofluorescence may gain
greater clinical use as a routine diagnostic and prognostic
assay. In this context, immunofluorescence quantifica-
tion is supported by various digital pathology solutions,
allowing for the automated definition of regions of inter-
est, cellular compartmentalization and fluorescent signal
co-localization.

In translational medicine, the fluorescent-based
AQUA (HistoRx) platform is one of the more established
automated solutions for cancer biomarker assessment?'.
However, despite a large body of literature describing the

approach, doubts remain about its reproducibility and
clinical applicability, principally owing to a lack of inde-
pendent validation studies. The AQUA platform identifies
tumour cells using cytokeratin expression, and so creates
a region of interest that allows for the definition of sub-
cellular compartments and the accurate quantification of
protein expression in formalin-fixed paraffin-embedded
(FFPE) tissue samples. Several studies have demonstrated
that AQUA can measure protein expression on histo-
logical specimens from various tumour types with good
accuracy and reproducibility, and this can then be linked
to clinical outcome?®*~*°. As such, both colorimetric and
fluorescent-based detection approaches, coupled with
associated automated image analysis solutions, are viable,
complementary techniques to accurately and reproducibly
evaluate tissue-based cancer biomarkers.

Antibody arrays. Multiplex protein analysis, particu-
larly of the serum proteome, offers great promise for the
development of less invasive and more cost-effective
diagnostic assays. However, the complexity of the serum
proteome, which contains approximately 10,000 proteins
with a dynamic range of at least 10 orders of magni-
tude, presents several technical challenges””. The serum
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Two-dimensional
electrophoresis

2DE. Gel-based technique for
the separation of proteins by
isoelectric point in the first
dimension (achieved by
isoelectric focusing), followed
by mass in the second
dimension (achieved by
SDS—PAGCE). A higher
resolution of protein
separation is achieved
compared with single
dimension approaches.

Multi-dimensional liquid
chromatography
Chomatographic separation in
at least two dimensions, for
example, reverse-phase
chromatography followed by
ion-exchange chromatography.
Using additional dimensions
increases the resolution of
separation.

Tandem mass spectrometry
Often referred to as MS/MS, it
uses two linked mass
spectrometers to measure
small amounts of proteins.
Analytes are separated
according to their mass and
charge, with samples sorted
and weighed in the first mass
spectrometer, then fragmented
in a collision cell, and
fragments sorted and weighed
in the second mass
spectrometer.

proteome is dominated by 22 high-abundance proteins
that constitute 99% of the total protein mass of serum
(for example, albumin, immunoglobulins and transfer-
rin) and effectively mask lower abundance proteins. This
is one of the principle obstacles to the identification of
new biomarkers, which are frequently present at low
concentrations (pg per ml or lower compared with upper
limits of mg per ml for high-abundance proteins)*”.

Several approaches have been used to examine the
serum proteome, including classic separation tech-
niques, such as two-dimensional electrophoresis (2DE) and
multi-dimensional liquid chromatography, coupled with sin-
gle or tandem mass spectrometry (MS/MS)¥-%. Although
these approaches have certain advantages, antibody arrays
and RPPAs (BOX 2) have emerged as versatile platforms
in serum-based proteomics, offering the opportunity to
carry out multiplexed, rapid and sensitive (fM range) pro-
filing of samples (reviewed in REFS 40-42) without frac-
tionation or the depletion of high-abundance proteins.
Multiple formats exist, facilitating multiplexed analysis of
samples with differential labelling. Further modifications
involve the selective identification of post-translational
modifications, such as the use of lectin-antibody arrays
to profile glycan variation on cancer-associated antigens
(reviewed in REFS 43, 44).

ELISA. Enzyme-linked immunosorbent assay (ELISA)
remains the gold standard for measuring protein concen-
tration in human body fluids, particularly blood. Such an

approach allows for the accurate and sensitive detection
of the antigen of interest; however, it is limited by the fact
that classic approaches allow for single antigen detection
only and often require relatively large volumes of sample
material compared with newer methods.

Multiplex assays have been developed from tradi-
tional ELISA assays to quantify multiple antigens in a
single sample simultaneously (BOX 2). Multiple proteins
in a biological fluid sample can therefore be measured,
and although commercial kits are limited to approxi-
mately 25 capture antibodies, custom design approaches
could potentially scale up to 100 (REF. 45).

Variations on the ELISA approach, such as the Meso-
Scale Discovery (MSD) platform that uses electro-
chemiluminescent detection on patterned arrays to
quantify multiplexed biomarkers, offer further promise
for patient stratification and monitoring of therapeu-
tic responses. Preclinical studies examining the effect
of the PI3K inhibitor LY294002 on human xenografts
demonstrated the effectiveness of using multiplexed
MSD assays to measure pharmacodynamic responses to
accurately monitor the provision of therapy*.

Compared with traditional ELISA, multiplex arrays
have several advantages, including their high-throughput
nature, requirement for smaller sample volume, the abil-
ity to evaluate one antigen in the context of multiple oth-
ers and the ability to reliably detect different proteins
across a broad dynamic range*”*. Although good corre-
lations between ELISA and multiplex assays have been

Box 2 | Antibody-based proteomics technology formats

Developed by Kononen et al.’?, tissue microarrays (TMAs) are a high-throughput platform for the simultaneous
investigation of biomarkers in multiple tissue specimens. TMAs are assembled by acquiring cylindrical cores (0.6-2.0 mm
in diameter) from donor paraffin-embedded tissues and re-embedding them in a single recipient block. The resultant TMA
block is then sectioned, and immunohistochemistry and other assays such as immunoblotting'** are carried out on

individual sections (see the figure).

In the typical double antibody sandwich enzyme-linked immunosorbent assay (ELISA), antibody attached to the bottom
of a well provides both antigen capture and immune specificity, and another antibody linked to an enzyme provides
detection and an amplification factor. Several different multiplex formats are available. Bead-based multiplex assays are
probably the most commonly used format*’*%. Each bead set is coated with a specific capture antibody, and fluorescence-
or streptavidin-labelled detection antibodies bind to the specific capture antibody complex on the bead set, which can be

detected using flow cytometry.

Reverse phase protein array (RPPA) technology is a microproteomic approach in which protein lysate is immobilized
on a solid surface and subsequently probed with antibodies. RPPAs allow the examination of the activation state of
crucial cellular pathways using antibodies directed against total and phosphorylated protein'**'3*. In contrast to TMA

or antibody array-based methods, RPPAs can use
denatured protein lysates, thus removing the need for
antigen retrieval, and the use of non-denatured protein
lysates allows for protein—protein or protein-DNA
interactions to be probed***.

Antibody arrays are produced by printing antibodies onto
a solid surface that is analogous to a DNA microarray. Two
categories of antibody microarray formats have been
described, namely direct labelling single-capture antibody
arrays'*® and dual antibody (capture and read-out antibody)
sandwich arrays'*’. In the direct labelling method, all
proteins in a sample are tagged, so that bound proteins can
be identified following incubation on a microarray. In the
dual antibody format, proteins captured on the microarray
are detected using a cocktail of labelled detection
antibodies, with each antibody matched to one of the
spotted antibodies*'.
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Box 3 | Antibody specificity

A key issue for all antibody-based assays is the confirmation of antibody specificity
towards its antigen. Validation approaches include not only generic binding assays
such as protein arrays, which use the antigen as a ligand for the assay, but also various
kinetic binding assays that establish affinity and determine binding sites using epitope
mapping'®. Epitope mapping using X-ray crystallography or NMR, which can
determine the three-dimensional structure of the binding complex, can be
comprehensive approaches but are laborious. Other approaches for epitope mapping
include scanning with peptides'*°, which are either chemically synthesized or
expressed on the surface of microorganisms'“***!; however, these approaches can also

be cumbersome.

One of the major challenges in generating reliable antibodies is high-throughput
validation of protein-specific binding in different antibody-based assays®*°. This
becomes particularly important when generating antibodies to proteins lacking
independent experimental validation. Western blotting is often regarded as a gold
standard for antibody specificity; however, post-translational modifications can make
the interpretation of experimental results ambiguous. Likewise, antibodies that function
well in western blotting using denatured proteins might not function in another assay;,
such as immunohistochemistry or immunofluorescence, in which proteins retain
a degree of native conformation**'*3. Validation of antibodies, therefore, remains a
challenge, in particular for antibodies directed towards uncharacterized proteins.

The ideal approach to confirming antibody specificity is the high-throughput
production of paired antibodies directed towards separate and non-overlapping target
protein epitopes to allow sandwich-based assays and to facilitate the validation of the
affinity reagents across various assay platforms, including immunofluorescence,
immunohistochemistry and western blotting*®.

Epitope mapping
Systematic identification and
characterization of the
minimum recognition domain
for antibodies.

Sandwich-based assay
Antigen detection using
surface-bound capture
antibodies, followed by the
application of the sample and
subsequent detection using a
second antibody raised against
an alternative epitope on the
same target protein.

reported*®’, experience with multiplex arrays remains
limited and careful side-by-side comparisons are rare.
Although concordance between ELISA and the multiplex
assay is generally good when using tissue culture superna-
tant samples, it is much less robust when using serum or
plasma samples®'. Therefore, further direct comparisons
in the clinical trial setting are warranted.

RPPAs. Cell signalling pathways are regulated in many
instances by the post-translational modification of
proteins, and in-depth analysis of deregulated cellular
circuitry in cancer requires specialized technologies.
As a result, innovative high-throughput proteomic
approaches such as RPPAs (BOX 2) have been devel-
oped to examine pathway activation using phospho-
specific antibodies in large panels of patient samples
simultaneously®. One of the key advantages of RPPAs
is the discrete amounts of patient material required,
traditionally using frozen specimens, but more recently
successfully demonstrated using FFPE samples®. This
approach is dependent on the standardization of tis-
sue collection to preserve the state of post-translational
modifications™. In this context, pre-analytical fluctua-
tions in phosphoproteins have been noted, reflecting
the dynamic nature of kinase and phosphatase activity
in excised tissue™; this reiterates the requirement for
standardized sample procurement procedures to allow
accurate inter-institutional data comparison.
Additional factors influencing the use of RPPAs
focus on the sensitivity and dynamic range of detection
of the assay. Traditional colorimetric and fluorimetric
detection strategies offer excellent sensitivity, although
they are hampered by poor dynamic range, requiring
the serial dilution of samples. However, the sensitivity

of the assay can be extended to the aM and zM range
using electro-chemiluminescent™ and evanescent field
fluorescent detection®® with a dynamic range of up to
5-6 logs. Similar dynamic ranges and sensitivity can
also be achieved using near infrared-based detection,
which removes the need for specialized, proprietary
detection systems®’.

Clinical applications

In the past decade, vast amounts of data accrued from
various molecular profiling platforms have facilitated
a shift away from conventional broad therapeutic
approaches to cancer, towards more tailored strategies.
The expansion of personalized treatment protocols now
depends on the development of robust, well-validated,
informative predictive and pharmacodynamic assays.
ER and ERRB2 were instrumental as early examples of
predictive biomarkers in breast cancer and epitomize
personalized medicine; however, more recently, trans-
criptomic approaches have led the way in the advance-
ment towards individualized therapeutic protocols>.
Although the ongoing trials will determine the clinical
applicability of these gene expression assays, other reser-
vations have been expressed regarding their prohibitive
cost, reliance on frozen tissue and the advanced techni-
cal expertise required to use the technology®.

The most clinically advanced gene expression
signatures are MammaPrint®*®' and OncotypeDx®,
which are currently the subject of large-scale prospec-
tive randomized control trials to assess their utility
for the stratification of patients with breast cancer to
determine the appropriate treatment approach®¢4,
Although several DNA microarray and reverse trans-
cription (RT)-PCR-based prognostic and predictive
assays have been proposed in other tumour types,
such as lung®-*, colon®"" and prostate”’* cancer, and
lymphoma”", these seem to be further from clini-
cal application at present, mainly owing to a paucity
of comprehensive validation studies. Here, we discuss
clinically applicable antibody-based assays for diag-
nostics, incorporating serum- and tissue-based assays,
prognostics, using IHC-based signatures, and molecu-
lar therapeutics, with a particular emphasis on pathway
diagnostics using tissue-based assays (FIC. 2).

Diagnostics. Although tissue-based diagnosis ultimately
remains the remit of the histopathologist, in the absence
of screening programmes, a considerable number of
tumours are diagnosed at an advanced stage, and so
efforts have focused on developing more sensitive diag-
nostic assays. Such an approach should have a significant
impact on cancer-related mortality rates.

Serum-based proteomics offer great hope, particu-
larly in the development of more sensitive diagnostic
assays. The current gold standard for validating puta-
tive biomarkers is ELISA. A high-throughput ELISA has
extraordinary sensitivity and specificity for quantifying
target analytes. However, ELISA development is costly
(typically, US$100,000-US$2 million per biomarker
candidate) and is associated with a long development
lead time (>1 year) and a high failure rate’s, although the
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multiplexed approaches discussed above are likely to bring
ELISA back to the forefront of biomarker identification
and validation.

An important focus of serum-based proteomics
has been placed on MS-based approaches; however,
antibody-based approaches are viable alternatives
and, in combination with MS-based techniques, form
a highly complementary strategy for cancer biomar-
ker enrichment to push MS-based detection into the
ranges commonly achieved by ELISA. Given the long
lead-time and high cost of ELISA development, an assay
cannot be developed for every putative biomarker, and
more affordable technologies with a shorter lead-time
are required for biomarker validation. To this end, the
combination of peptide enrichment with antibodies
that are immobilised on affinity columns and MS offers
great promise, particularly as antibody-based proteomic
resources generate larger numbers of validated antibod-
ies. This technology, known as stable isotope standards
with capture by anti-peptide antibodies (SISCAPA)”’,
has been used to quantify proteins in the physiologi-
cally relevant range (ng per ml)” and has recently been
implemented in an automated multiplex (nine targets in
one assay) format.

Serum-based proteomic screens can also be carried
out using high-throughput antibody-based platforms,
such as antibody arrays and RPPAs, both of which
offer the opportunity of reduction to clinical utility
in a timely fashion. Antibody arrays have been used
to develop potential diagnostic assays for several dif-
ferent tumour types, although the focus has generally
been on tumours with an insidious onset that are often
diagnosed at a late stage, such as pancreatic cancer. Two
groups have published serum signatures developed from
antibody arrays, which seem to distinguish patients with
pancreatic cancer from healthy controls’”. Although
such an assay would be hugely beneficial to the clinical
arena, these studies have been hampered by low-density

antibody arrays and small cohorts. Additionally, the
simple comparison of patients with malignant pan-
creatic cancer to normal controls is probably an overly
simplistic approach, and comparison between normal
controls, those with a premalignant condition (such as
chronic pancreatitis) and invasive disease may unearth
more informative data.

The use of serum proteomics to monitor patients to
detect early local recurrence or metastatic deposits and
the application of antibody arrays to identify metastatic
breast cancer® further illustrates the clinical potential
of these approaches. The development of higher den-
sity antibody arrays, such as the recently published 810
‘cancer related’ antibody array, may also considerably
advance this technology in the translational arena®'.

In addition to serum-based assays, tissue proteomics
offer the opportunity to develop IHC-based assays to
improve diagnostic sensitivity and disease classification.
Kashani-Sabet et al.** combined gene expression data
and THC profiling using automated analysis to develop
a highly sensitive (91%) and specific (95%) five marker
diagnostic assay (comprised of actin-related protein 2/3
complex, subunit 2 (ARPC2), fibronectin 1 (FN1), regu-
lator of G protein signalling 1 (RGS1), secreted phospho-
protein 1 (SPP1; also known as osteopontin) and WNT2)
that distinguishes benign nevi from melanoma. The same
group used a similar approach to develop a three marker
prognostic assay (comprised of nuclear receptor co-
activator 3 (NCOA3), SPP1 and RGS1) for melanoma®.
This assay, initially developed in a cohort of 395 patients,
and subsequently validated in an independent cohort of
141 patients, was an independent predictor of disease-
specific survival in both cohorts. The integration of gene
expression analysis and high-throughput IHC profiling
using automated analysis offers great potential for the
development of similar assays in other tumour types,
particularly as more advanced mathematical models
can be applied to quantitative automated IHC data.

Box 4 | Regulatory issues pertaining to quantitative IHC and immunofluorescence analysis

Within the US market, digital pathology and automated analysis algorithms for clinical use are regulated by the Center
for Devices and Radiological Health of the Food and Drug Administration (FDA). There are two major processes by which
medical devices come to the US market, namely FDA Clearance (sometimes referred to as 510(k) process) and FDA
Approval. There are three FDA regulatory classifications of medical devices: Class |, Class Il and Class lll.

Class | medical devices present minimal potential harm to the user and are generally exempt from the pre-market
notification process. Class [l medical devices are devices for which existing methods, standards and guidance documents
are available to provide assurances of safety and effectiveness. Class Il devices typically require pre-market notification
through the FDA Clearance process. Class Il devices usually support or sustain human life, are of substantial importance in
preventing the impairment of human health, and present a potential unreasonable risk of illness or injury to the patient.
Typically, a Pre-Market Approval (PMA) submission to the FDA is required to allow marketing of a Class lll medical device.

Currently, the FDA have classified whole slide imaging systems for viewing IHC within clinical context, as well as
automated algorithms for IHC analysis, as Class |l devices that require pre-market notification through FDA Clearance.
Pre-market notification requires a new device to be compared for safety and effectiveness with another lawfully marketed
model. In the case of an image analysis solution for a new biomarker, this would require a substantial equivalence study
based on comparison of image analysis to conventional manual microscopy. In the case of a new approach to
quantification of a marker such as ERBB2 (also known as HER?2), for which several algorithms have been cleared, an
equivalence study based on comparison to FDA-cleared algorithms would also be required.

Regulation of digital pathology and image analysis for primary diagnosis remains unclear, and the FDA has not yet
decided whether a diagnostic application would be classified as a Class Il or Class Ill device. This decision will have a
major influence on the industry as the FDA charges a company with more than US$100 million in sales $4,000 to review
a FDA Clearance application compared with $217,787 to review a PMA submission.

610 | SEPTEMBER 2010 | VOLUME 10

www.nature.com/reviews/cancer

© 2010 Macmillan Publishers Limited. All rights reserved



© FOCUS ON CANCER PROTEOMICS
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Figure 1| Automated quantification of protein expression using immunohistochemistry and immunofluorescence.
a| One of the major challenges facing immunohistochemistry (IHC) automated analysis software is distinguishing tumour
epithelium from stromal cells, such as fibroblasts and lymphocytes. Advanced pattern recognition software can be used in a
supervised manner to train representative images of different tissue patterns such as tumour and stroma, and once trained
the algorithm can automatically distinguish between the two compartments. In this example, Genie (Aperio) was trained to
distinguish between tumour epithelial cells (shown in red) and stroma (shown in green). b | Other automated IHC
quantification packages can be used to quantify protein expression in different subcellular compartments in tissues (that is,
the membrane, cytoplasm and nuclear compartments). These packages, such as the example provided here through the use

of IHC-MARK (patent pending; Oncomark Ltd), provide quantitative data, such as positive and negative cell counts and
staining intensity. c | Alternatively, immunofluorescence microscopy can provide accurate information about subcellular
localization in terms of antigen expression, as demonstrated by Ki67 staining of tumour cells (green), the nucleus (blue),
microtubules (red) and endoplasmic reticulum (yellow). Immunofluorescence-based image analysis packages, such as
Definiens Tissue Recognition technology, can be used to subtract the subcellular compartment signal and provide a read
out of the overall staining for the total number of cells (dark black shaded areas in final output), the number of nucleoli
(white spots in final output), as well as the boundaries of each subcellular area.

This approach was recently highlighted by Gould
Rothberg et al.** who used a fully automated quantitative
immunofluorescence approach combined with genetic
algorithms to identify a five marker prognostic assay for
melanoma.

In another example, Ring et al.®* recently described
a five marker diagnostic assay (comprised of tripar-
tite motif-containing 29 (TRIM29), carcinoembryonic
antigen-related cell adhesion molecule 5 (CEACAMS5),
SLC7A5, mucin 1 (MUC1), cytokeratin 5 (CK5) and
CK6)) called PulmoStrat that distinguishes between squa-
mous cell carcinoma and adenocarcinoma of the lung. The
assay uses a weighted algorithm trained to discriminate
adenocarcinoma from squamous cell carcinoma and was
assessed in three independent cohorts comprising more
than 1,000 patients. PulmoStrat could have considerable

clinical ramifications, as epidermal growth factor recep-
tor (EGFR) mutations, which predict response to EGFR
inhibitors such as gefitinib and erlotinib are much more
prevalent in adenocarcinoma’**®.

Prognostics. The advent of TMAs and high-throughput
pathology has provided an ideal platform for the devel-
opment of ITHC-based surrogates of gene expression pro-
files and has enabled the production of simple, effective
and reproducible assays that are readily translatable to
the clinic®. Several groups have used IHC-based sur-
rogates to validate breast cancer molecular subtypes,
including Neilson et al.* and Carey et al.¥ who demon-
strated that predefined breast cancer molecular subtypes
could be identified using a small number of IHC mark-
ers. Additionally, it has been demonstrated that several
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Unsupervised analysis

A form of gene expression
analysis that involves the
discovery of empirical structure
(patterns) in a given data set
without taking into account any
prior knowledge of the
underlying biology. Gene
expression patterns that are
discovered in this manner
should be unbiased.

different prognostic gene expression signatures devel-
oped for breast cancer over the past decade show signifi-
cant agreement in outcome prediction in a single cohort
of patients®. As these signatures demonstrated minimal
overlap of genes, these findings suggest that they are all
tracking a similar phenotype, which may be identifiable
in the future by using a panel of IHC markers.

Another approach is to integrate gene expression
data and antibody-based tissue profiling to generate new
IHC-based signatures. Ring et al.*’ generated polyclonal
affinity-purified antibodies against 700 targets that were
identified from a range of published breast cancer gene
expression data sets and developed a five marker signa-
ture that measures p53, N-myc downstream regulated 1
(NDRG1), CEACAMS5, SLC7A5 and HTF9C (also
known as TRMT2A), and predicts disease-free and over-
all survival in ER-positive patients with breast cancer.
Although the five markers are associated with various
intracellular pathways, all can be linked to cellular pro-
liferation and differentiation®. A subsequent validation
study suggested that MammaStrat may predict outcome
in ER-positive, lymph node-negative breast tumours and
so identify a group of patients who would benefit from
adjuvant chemotherapy®.

Although several other IHC signatures have been
published in breast®®?, colorectal®® and renal cell®***
carcinomas, these have generally been studied in small
patient cohorts and have been generated from a limited
number of preselected proteins. Such studies require
extensive validation and the preselection of antibodies
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Figure 2 | Antibody-based proteomics and personalized cancer medicine. The
integration of data from high-throughput screening methodologies, such as DNA
microarrays, mass spectrometry and functional genomic screens, with antibody-based
proteomics, offers a great opportunity to identify new, robust cancer biomarkers.
Clinically applicable assays may be developed using various approaches, including
immunohistochemistry (IHC)-based prognostic and predictive signatures and pathway
analysis using reverse phase protein arrays (RPPAs) and/or IHC. Immunohistochemical
analysis offers the potential to identify patient subgroups for targeted therapy while also
monitoring therapeutic response. Serum-based proteomics using antibody arrays and/or
RPPAs offer less invasive approaches for diagnosis, particularly for screening high-risk
populations and the early detection of recurrence, although molecular imaging has the
potential to become the major platform for diagnostic, prognostic and predictive tests in
the future. TMA, tissue microarray.

based on expression patterns in a single cohort may
hamper future validation studies. The integration of
gene expression and proteomic data, combined with
the high-throughput generation and/or screening of
comprehensive antibody panels, allows for unsupervised
analysis of protein expression in large patient cohorts,
which is more likely to produce more robust assays, as
demonstrated by Ring et al.®.

Molecular therapeutics. The advent of molecularly tar-
geted therapy has led to a shift of emphasis away from
prognostic signatures. Although intrinsic signatures
provide a global view of tumour phenotype, the hetero-
geneous nature of cancer suggests that more subtle
approaches, which are based on the profiling of specific
intracellular pathways to personalize treatment regi-
mens, could ultimately prove to be more beneficial. This
approach, known as pathway diagnostics, is already in
practice, as demonstrated by the use of KRAS mutation
status (assessed using various assays, although nested
PCR followed by direct sequencing and allele-specific
real-time PCR is most widely used at present®) to pre-
dict response to therapeutic EGFR-specific antibodies in
metastatic colorectal cancer®®”’.

Clinical application of pathway diagnostics involves a
key shift towards monitoring upstream and downstream
indicators of pathway function before, during and fol-
lowing treatment. Lessons learned from the first decade
of molecular therapeutics suggest that two key elements
will predict their successful translation into the clinic.
First, the identification of the correct patient subgroup
is paramount, as demonstrated by the aforementioned
examples of EGFR inhibitors in lung cancer®*. Present
understanding suggests that the identification of the
correct patient cohort depends on two important fac-
tors: namely, the activity of the pathway being targeted
and the molecular lesion leading to target activation®.
Imatinib, which inhibits the constitutive kinase activity
of the breakpoint cluster region (BCR)-ABLI oncogenic
fusion protein, which is the product of a chromosomal
translocation in patients with chronic myeloid leukae-
mia®, is the most obvious example of this phenomenon.
Second, measuring inhibition of the targeted signalling
pathway is required to guide dose selection and schedul-
ing, and may also monitor off-target effects of potential
drugs, thus predicting side effect profiles at an earlier
stage'®. Such an approach also offers the opportunity to
identify patterns of both intrinsic and acquired resistance
to therapy.

Another example of the importance of identifica-
tion of the correct patient subgroup is the use of Raf
inhibitors in melanomas that harbour a BRAF muta-
tion, which is present in approximately 50% of cases''.
BRAF mutations (particularly the V600E mutation)
result in increased basal kinase activity and hyperac-
tivity of the MAPK pathway, thus promoting tumori-
genesis'®. Targeting BRAF or its downstream effectors
may have potential benefits, and early clinical trials
examining non-selective Raf kinase inhibitors, such as
sorafenib'®1%, and selective compounds, such as PLX4032
(REF. 106), which specifically targets BRAF-V600E, have
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Retrospective cohort

A study in which the medical
records and possibly also the
previous tissue specimens of
groups of patients with a
specific diagnosis (for example,
breast cancer) are collected.

Prospective trial

Atrial in which the participants
or patients are identified,
followed over time and the
effects of different conditions
on their eventual outcome are
measured.
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shown promise. Such optimism should be tempered
by recent findings that Raf inhibitors promote tumour
growth and MAPK activation in tumours expressing wild-
type Ras and Raf as well as mutant KRAS'”, which further
highlights the requirement for strict patient selection and
the development of companion molecular diagnostics
for the future trials of such agents.

Such assays are most likely to focus on monitoring
pathway activity by either definitive quantification of
phosphorylated proteins or the identification of surrogate
markers of pathway activity. Antibody-based proteom-
ics offers two approaches for monitoring such pathway
activity in tumour samples, namely multi-marker IHC-
based assays and RPPAs. Both require a large library of
phospho-specific antibodies, and although RPPA may
be an excellent platform in the discovery phase, par-
ticularly in clinical trials in which small amounts of tis-
sue can be profiled with a large number of antibodies,
an THC-based assay may arguably be a more clinically
applicable assay. To date, the optimization of phospho-
specific antibodies for IHC has been difficult, suggesting
that standardization of such an assay is challenging and that
surrogate markers of pathway activation could provide
an alternative and more robust approach.

Several groups have published IHC-based studies
outlining the activation of different intracellular path-
ways in breast cancer, oesophageal cancer, renal cell car-
cinoma, soft tissue sarcoma and prostate cancer!*1%5-113,
In general, these studies have been limited by small
patient cohorts; however, Dahinden et al."'* recently used
15 antibodies to examine both the von Hippel-Lindau
tumour suppressor (VHL) and PTEN pathways in
800 clear cell renal cell carcinomas and were able to
refine tumour grading and staging accordingly. Likewise,
Yoshizawa et al.""! demonstrated that the activation of the
AKT pathway was associated with a poor prognosis in
300 cases of non-small-cell lung cancer. Although these
studies used large cohorts, they will require validation
in independent cohorts from multiple institutions. Both
studies used manual IHC analysis, and the development
of robust algorithms for ITHC quantification will poten-
tially allow the application of more complex mathemati-
cal models to THC data, thus allowing more complex
pathway analysis in large cohorts of patients.

The above-mentioned studies were carried out using
retrospective cohorts; however, it is likely that reduction
to clinical utility will depend on using samples from
prospective trials of molecularly targeted agents. This
idea is now being applied to colorectal cancer, and two
large Phase III trials examining the addition of EGFR
monoclonal antibodies to current therapy regimens
have now finished the recruitment of more than 2,000
patients®. All samples will be profiled in an attempt to
prospectively identify predictive biomarkers. An appro-
priate approach that could be used in this setting would
be to use RPPAs to profile a larger number of proteins
both upstream and downstream of the inhibitor target to
identify potential predictive markers and to then reduce
the assay to a clinically applicable multiplex IHC assay
or ELISA. Pernas et al.'"® recently used RPPAs to pro-
file head and neck squamous cell carcinoma cell lines to

pathways downstream of EGER, such as ERK, AKT, sig-
nal transducer and activator of transcription 3 (STAT3)
and nuclear factor-kB (NF-kB), to identify markers of
response to the EGFR inhibitor gefitinib. Interestingly,
both STAT3 and phospho-STAT3 were associated with
gefitinib response in cell lines and tumour samples using
both THC and RPPAs'”. Although this study included
a small number of patients, and the role of STAT3 as a
predictive biomarker requires further validation, it high-
lights the approach that could be used in the translational
group of larger clinical trials in which pretreatment and
post-treatment analysis of protein expression can be used
to identify predictive biomaker panels (FIC. 3). Given the
precious nature of the material available from prospective
trials and the small size of pretreatment biopsy samples,
RPPAs may be an ideal platform for initial discovery with
predictive assays that are later reduced in complexity to
THC or ELISA to ensure clinical applicability.

Such an approach would be a field shift from current
practice, in which biomarker discovery is predominantly
based on retrospective cohorts, and prospective cohorts
are generally used for validation. It is plausible that this
could be one of the major reasons why so few biomarkers
survive independent validation®''®, A need to fast-track
predictive biomarker development has been highlighted
by several groups>'", and it is likely that the combina-
tion of high-throughput in vitro assays, combining gene
expression analysis and functional genomic screens, and
proteomic profiling in smaller numbers of patients par-
ticipating in prospective randomized control trials may
be a more successful strategy (FIC. 3).

Although this approach is suitable for newly identi-
fied compounds, it is also important to focus on estab-
lished molecular therapeutics. Anti-angiogenic therapy
using monoclonal antibodies and tyrosine kinase inhibi-
tors targeting vascular endothelial growth factor (VEGF)
has become the standard of care in several solid tumours,
including colorectal cancer, renal cell carcinoma, breast
cancer, non-small-cell lung cancer and glioblastoma
either alone or in combination with chemotherapy!.
Despite promising results in various tumour types,
anti-angiogenic therapy is still limited by a lack of pre-
dictive biomarkers, particularly as innate and acquired
resistance is an ever increasing clinical dilemma'">'*. To
examine this, several groups have recently used multi-
plex bead assays to profile various circulating cytokines
and angiogenic factors (CAFs) in patients treated with
anti-angiogenic agents'*'"'%,

In a Phase II trial of untreated metastatic colorec-
tal cancer comparing the addition of the monocolonal
VEGEF-specific antibody bevacizumab to a chemother-
apeutic regimen combining fluorouracil, leucovorin
and irinotecan, Kopetz et al.'* used a multiplex bead
assay to demonstrate that several CAFs, including basic
fibroblast growth factor (also known as FGF2), hepa-
tocyte growth factor (HGF), placental growth factor
(PGF), stromal-derived factor 1 (SDF1) and monocyte
chemoattractant protein 3 (MCP3), were significantly
increased from baseline pretreatment levels before any
radiological evidence of progressive disease. These results
highlight how this approach can be used to monitor
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patients on therapy. Using a complementary approach,
Nikolinakos et al.' used multiplex bead assay profil-
ing to identify a CAF signature consisting of HGF and
interleukin-12 (IL-12), which predicts response to the
anti-angiogenic tyrosine kinase inhibitor pazopanib in
early-stage non-small-cell lung cancer. Although these
data require validation, they demonstrate the applica-
tion of multiplex bead assays to identify new predictive
biomarkers for angiogenesis inhibitors.

Translating assays to the clinic

Despite great advances in the preclinical arena, the trans-
lation of new assays to the clinic has been slow. This
problem is likely to be multifactorial; however, several
issues have come to the fore over the past decade. It is
now widely accepted that predictive, rather than prog-
nostic, markers will maximally benefit personalized
therapeutic regimens. This poses a considerable problem
for solid tissue malignancies.

As technology platforms continue to improve it is
likely that high-throughput clinical translation will
require a substantial change in the scientific and clini-
cal approach to diagnostic and prognostic assay devel-
opment. Although descriptive studies demonstrating a
technology are helpful, they rarely answer a pertinent
clinical question, and it is therefore imperative that
translational oncology moves back towards a hypoth-
esis-driven approach in which studies are designed to
answer specific, predefined clinical questions similar
to those addressed above with respect to angiogenesis
inhibitors'?>1%.

As mentioned previously, serum-based diagnostics
have not delivered on their initial promise, which might
be due to poor study design, particularly as most studies
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« Functional genomic screen | ==
* Proteomic screen

Data
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/ N
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cell line
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have simply compared disease to normal controls in
small, underpowered cohorts. A move away from pop-
ulation-based assays to specific tests for high-risk groups
could allow for easier clinical translation. A diagnostic
serum test for screening high-risk individuals with
premalignant conditions such as Barrett’s oesophagus,
ulcerative colitis, ductal carcinoma in situ and atypical
endometrial hyperplasia would be particularly benefi-
cial, as patients would avoid recurrent invasive investi-
gations such as endoscopy. Diagnostic serum assays for
high-risk individuals are likely to involve different pro-
teins and pathways from those that could be developed
for population-based screening, as the underlying biol-
ogy is likely to be distinct and this group would require
a highly specific test, compared with a sensitive test that
is required for population-based screening.

Although predictive biomakers are increasingly used
in leukaemia trials'"’, efforts to apply such markers in
clinical trials for treating solid tumours have not been
particularly successful, as it is challenging to gain access
to tumour tissue during treatment so that predictive
biomarkers can be measured. Unlike leukaemia, in which
large numbers of tumour cells are present in the periph-
eral blood, solid tumour tissue is usually only accessed
at diagnosis, by either biopsy or resection. Although
this approach might be sufficient to study prognostic
biomarkers, it severely limits the application of predic-
tive and pharmacodynamic biomarkers because these
measurements are ideally carried out concurrently with
treatment'”. In addition, experimental drugs are typi-
cally evaluated in patients with late-stage disease who
do not routinely undergo additional tumour biopsies.
It is hoped that serum-based proteomics, or proteomic
strategies that evaluate predictive markers in circulating
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Figure 3 | Translating antibody-based assays into the clinic. Predictive biomarkers for targeted therapies will be
crucial for identifying correct patient subgroups. The development of such biomarker panels is likely to be based on a
systems biology approach, in which high-throughput screening using various methodologies can be carried out in vitro.
The integration of gene expression and proteomic data will be crucial to the identification of new biomarkers. It will also
be necessary to institute biomarker testing in patients at an earlier stage than is currently practised, particularly in Phase |
and Il trials. Analysis of pathway activation is likely to be a key predictor of response. Reverse phase protein arrays (RPPAs)
offer the opportunity to institute pathway diagnostics in early trials, particularly if pretreatment and post-treatment tissue
samples can be obtained. Given the precious nature of the material available from prospective studies and the small size
of pretreatment biopsy samples, RPPAs may be an ideal platform for initial discovery with predictive assays reduced to
clinical applicability through immunohistochemistry (IHC) or enzyme-linked immunosorbent assay (ELISA) over time.
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tumour cells, might help overcome this hurdle; however,
trial designs incorporating multiple biopsies during
treatment could also be necessary.

In addition, it is now obvious that extensive heteroge-
neity exists between patients and tumour samples, and
investigations of biomarkers may need to be evaluated
in the context of specific tumour subtypes. This was
demonstrated by Kobel et al.'** who examined 20 tissue
markers in a population-based cohort of 500 epithelial
ovarian carcinomas, and demonstrated that the associa-
tion between biomarker expression and survival varied
substantially between histological subtypes and it could
be easily overlooked in whole-cohort analyses. As the
prevalence of certain tumour subtypes is low (such as
clear cell carcinoma of the ovary), it is likely that large
research consortia will be required to build collaborative
efforts in this field. Such consortia will rely on stand-
ardization of tissue fixation and processing, as well as
standardized protocols for the collection, processing
and storage of serum samples. Although this has been
highlighted as a particularly important issue with regard
to the reproducibility of various assays, it remains an
important consideration when developing a research
consortium.

The other obvious bottleneck in transfer from
biomarker discovery to clinical application is prima-
rily related to a lack of rigorous validation of emerging

biomarkers. In 2004, a standards template was devel-
oped: the standards for reporting of diagnostic accu-
racy (STARD) initiative'®. Unfortunately, many of the
studies published regarding new candidate biomarkers
fail to meet these standards. In particular, the studies are
often carried out on small retrospective cohorts and lack
statistical power. Additionally, many biomarker studies
fail to include an independent validation stage, whereby
the biomarker is evaluated using a second independent
cohort of patients®.

Conclusion

The past decade has witnessed considerable progress
in the development and advancement of affinity
techniques, methodologies and concepts. Using the
technologies described above, antibody-based pro-
teomics offers the opportunity to exploit the specificity
and sensitivity associated with antibody-based assays
to functionally interrogate tumour biology on a pro-
teome-wide level. Such an approach has the potential
to identify new cancer biomarker panels, which can be
reduced to clinically applicable assays, including IHC
and ELISA, thus providing a high-throughput approach
for biomarker development, validation and clinical
implementation. It is hoped that such an approach will
accelerate the development of personalized therapeutic
regimens for cancer patients.
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Chemical biology

Use of chemicals, usually drugs
or drug-like compounds, to
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biological systems to
perturbations. In proteomics,
this term also increasingly
refers to the use of affinity
reagents to enrich classes of
proteins for further analysis.

Chemical genetics

A part of chemical biology that
focuses on the use of chemicals
to explore genetic systems and
genetic factors that determine
drug sensitivity.
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Functional proteomics to dissect
tyrosine kinase sighalling pathways

Walter Kolch** and Andrew Pitts

Although the causes of cancer lie in mutations or
epigenetic changes at the genetic level, their molecular
manifestation is the dysfunction of biochemical path-
ways at the protein level. Therefore, only by studying
the proteome can we gain functional understanding
of the pathways that are deranged in cancer. Rather
than just identifying proteins, functional proteomics
focuses on the generation of information about pro-
teins, such as expression levels, post-translational
modifications (PTMs) and activity, which directly
contribute to a functional understanding of a biologi-
cal system. Functional proteomics feeds directly into
the systematic analysis of biochemical networks, often
using mathematical modelling or other systems biol-
ogy tools. It also provides readouts for chemical biology
and chemical genetics that are necessary to interpret the
action of drugs.

The growing interest in functional proteomics is
not only fuelled by the prospect of a true functional
understanding but also by substantial improvements
in technology and methodology. Advances in mass
spectrometry (MS) have extended the sensitivity, accu-
racy and speed of analysis to now routinely enable the
identification of several thousand proteins per experi-
ment. The introduction of MS methods for accurate
relative and absolute protein quantification and the
large-scale analysis of PTMs, such as phosphorylation
and ubiquitylation, have allowed truly functional pro-
teomics to be carried out. MS is now joined by antibody
and protein—protein interaction arrays', fluorescence- and

Abstract | Advances in the generation and interpretation of proteomics data have spurred a
transition from focusing on protein identification to functional analysis. Here we review
recent proteomics results that have elucidated new aspects of the roles and regulation of
signal transduction pathways in cancer using the epidermal growth factor receptor (EGFR),
ERK and breakpoint cluster region (BCR)-ABL1 networks as examples. The emerging theme
is to understand cancer signalling as networks of multiprotein machines which process
information in a highly dynamic environment that is shaped by changing protein interactions
and post-translational modifications (PTMs). Cancerous genetic mutations derange these
protein networks in complex ways that are tractable by proteomics.

flow cytometry-based detection of proteins and PTMs?,
and optical spectroscopic methods of proteome analy-
sis**. These latter techniques are promoted by an ever-
increasing repertoire of specific antibodies against
proteins and PTMs, and bring single-cell proteomics
into reach.

Proteomics has been widely applied to cancer research
and the mapping of cancerous signalling pathways and
the vast literature exceeds the scope of a single Review.
Therefore, we will use three main cancer pathways, epi-
dermal growth factor receptor (EGER, also known as
ERBBL1), breakpoint cluster region (BCR)-ABL1 and ERK,
as examples to describe some of the new paradigms in
cancer signalling that owe their discovery to proteomics.
The EGER network is frequently altered in various human
cancers and has been extensively studied using proteomics
both at the level of the receptor and the downstream path-
ways. BCR-ABLI stands out among oncogenes, as chronic
myelogenous leukaemia (CML) — which is caused by this
fusion gene — is with few exceptions strictly dependent
on BCR-ABLI function®. Thus, BCR-ABLI1 signal-
ling could reveal the minimum assortment of pathways
required for transforming a human cell. The ERK path-
way is a crucial effector of the EGFR and BCR-ABL1
pathways. Hence, although other important pathways
— such as the mTOR pathway — are not discussed here,
our selection of signalling pathways allows us to describe
general principles and representative new insights into
cancer signalling pathways that we have gained through
proteomics. As technological and methodological advances
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* Signalling pathways are commonly deranged in cancer and quantitative proteomics
offers powerful approaches to map these pathways and their aberrations in cancer.

* Hubs in signalling pathways feature multiple protein interactions, which are involved
in information processing and specification of the biological responses. These
networks can be mapped by interaction proteomics to reveal molecular mechanisms
of transformation and potential targets for therapeutic interventions.

* The oncogenic actions of the epidermal growth factor receptor (EGFR) network and
the breakpoint cluster region (BCR)-ABL1 oncogene rely on the dynamic assembly of
multiprotein complexes, which activate multiple downstream pathways that
cooperate in transformation. In EGFR networks, the oncogenic potential increases
with the number of downstream pathways being activated.

* The dynamic assembly of protein complexes is regulated by post-translational
modifications (PTMs) such as phosphorylation. Advances in phosphoproteomics allow
the targeted and global mapping of phosphorylation networks, confirming that
kinase networks play major parts in cancer and offer numerous new targets for

therapeutic intervention.

* In addition to phosphorylation, a role for PTMs in the regulation of cancer cell biology
is becoming increasingly recognized. For example, proteomic studies of
ubiquitylation are beginning to unravel extensive alterations that contribute to
cancer, such as growth factor receptor activation, transcription factor function,
protein localization and degradation.

* Dynamic changes in protein abundance and PTMs may also contribute to cancer cell
heterogeneity, and new proteomics technologies based on optical, spectroscopic and
microarray methods are being developed to analyse individual cells.

Scaffold protein

A protein that can
simultaneously bind two or
more other proteins, and
thereby facilitate physical
and functional interactions
between the client proteins
that bind to it.

Matrix management

A flexible management
approach that assigns people
with the required skill sets to
projects, typically drawing
expertise from different
departments. This comparison
is used to illustrate that a
protein with a defined
molecular function, such as a
kinase, can be used by several
different pathways.

Modularization

The grouping of different
functions into a single unit
(module) so that the output of
the module can be treated as a
single functional entity, such as
the ability of different
combinations of components
of protein complexes to
achieve the same output.

Non-oncogene addiction
This occurs when the action of
oncogenes needs to be
supported by apparently
normally functioning signalling
pathways that allow the
mutated oncogene to develop
its transforming activity.

are integral to functional proteomics, we briefly discuss the
experimental approaches, although the emphasis of this
Review is on the biological findings.

We begin by discussing protein—protein interactions.
Most cellular processes, including signal transduction,
require the coordinated formation of multiprotein com-
plexes. A main focus in functional proteomics has been
to analyse the formation of specific protein—protein inter-
actions and the consequent assembly of macromolecular
protein complexes, particularly how these assemblies are
regulated by scaffold proteins and PTMs and how they
affect pathway function. We then discuss selected PTMs
associated with cancer pathways. Although phospho-
rylation and glycosylation have dominated the post-
translational area of research, we increasingly realize that
a large range of modifications, including ubiquitylation,
play crucial functions in cellular regulation. We conclude
with an outlook towards single-cell proteomics and the
clinical relevance of functional cancer proteomics.

Protein—protein interactions

Protein-protein interactions have important roles in
cellular processes. However, deconvoluting the com-
plex nature of these interactions has proved to be dif-
ficult. Stable protein assemblies function as ‘molecular
machines’ in all cellular processes, from transcription
machineries in the nucleus, to ribosomes that trans-
late mRNA into proteins and to molecular motors that
generate the forces for intracellular transport and cell
motility. These stable protein complexes are highly
amenable to proteomic analysis and powerful isola-
tion procedures have been developed to purify stable
protein complexes for MS analysis. They usually use
tandem affinity purification (TAP) tags, which allow

the efficient purification of stable protein complexes
by a sequential pulldown-elution-pulldown protocol®.
Genome-wide interaction studies”® using this meth-
odology showed that the yeast proteome is organized
in 500-550 protein complexes, thus experimentally
confirming the concept that organization based on
protein-protein interactions can specify biological
functions. Does this concept also apply to molecular
information processors in mammalian cells?

In principle, dynamically changing protein interactions
could provide the speed, plasticity and compartment-
alization needed to process signals that encode temporal
and spatial information. However, these associations may
be transient and feature complex dynamics and stoichi-
ometries between different complexes that compete for
the same component. Thus, these interactions are often
regulated through transient PTMs such as phosphor-
ylation. Specific phosphorylation-dependent-binding
motifs have been identified on many signalling proteins.
For example, activated receptor tyrosine kinases (RTKs)
phosphorylate tyrosines in their cytoplasmic kinase
domains which provide binding sites for downstream
effectors that direct the assembly of transient signal-
ling complexes® . RTKs, especially those of the ErbB
family, are often overexpressed or mutated in cancer,
which results in the assembly of aberrant signalling
complexes™'?.

The technical aspects of mapping protein interac-
tions in signalling pathways have been covered in recent
reviews"> . The methodologies rely on the application
of quantitative MS techniques'® (80X 1) and often require
the generation of dynamic interaction maps'”'®. One of the
main advantages is that the quantitative techniques can
separate true interactors from contamination'’. However,
substantial challenges remain. Methodologies for meas-
uring the specific occupancy of PTM sites on individual
protein molecules are limited. Similarly, in the currently
used proteomic pulldown experiments, we cannot distin-
guish between different subcomplexes, which is akin to
having a corporate organization chart with all the names
but no affiliations to departments. However, emerging
evidence suggests that signal transduction uses a matrix
management approach, in which one component fulfils
different tasks in different complexes. Mapping this
matrix is further complicated by the fact that the struc-
ture of a complex can change dynamically over time, and
certain complexes may only be necessary for a limited
time to activate their downstream biological pathways.

This provides a major challenge, as it may be failures
in matrix management that drive cancer rather than indi-
vidual mutations altering one function of a protein. The
crosstalk between protein complexes also contributes to the
robustness of cancer signalling by allowing modularization®
and generating molecular heterogeneity?', which together
allow rapid and versatile adaptation. This view is encap-
sulated in the concept of non-oncogene addiction, which
highlights the importance of normal pathways in sup-
porting the biological effects of mutated pathways?. This
concept has wide ramifications for the design of rational
cancer therapies and the identification of promising
targets. The hope is that the common phenomenon of
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Box 1 | Quantitative proteomics

Mass spectrometry (MS) is not an a priori quantitative method but several approaches
have been developed to circumvent this problem. Most modern MS approaches are
(semi)quantitative, and this has proven key to the success of proteomics to unravel
signalling networks. The most used methods are listed below'*°.

Two-dimensional polyacrylamide gel electrophoresis (PAGE)
The sensitivity, linear dynamic range and robustness of this method have been greatly

improved by the use of fluorescent stains and tags

111 and the analysis has been

substantially simplified by several automated software packages. Proteins are identified

by MS.
Isotopic labelling

The ability of MS to resolve heavy and light isotopically labelled molecules has been
extensively used to design approaches for quantitation'****. The common labelling
methods are metabolic, typified by stable isotope labelling with amino acids in cell
culture (SILAC)''*-'18, Samples are grown on media containing a normal or isotopically
labelled form of an amino acid or food source!**. Comparison of protein abundance uses
the light and heavy peaks observed in the mass spectrum. SILAC is best suited for
cultured cells but has also been used to label whole animals'?°. Chemically reactive,
isotopically labelled reagents are used to tag the protein or peptides (such as
isotope-coded affinity tag (ICAT)"*! and isobaric tag for relative and absolute
quantitation (iTRAQ)'?). For absolute quantification (AQUA), isotopically labelled
peptides are added to the sample as an internal standard for quantification'?.

Label-free

Improvements in the robustness and reproducibility of both MS and chromatography
paved the way for direct comparisons between MS data sets using retention time, mass
and ion intensity'?*12°, As they are uncomplicated and reasonably reliable, label-free
approaches may become the methods of choice for proteomics experiments.

Antibody arrays

The repertoire of antibodies that have highly selective binding to native or post-
translationally modified protein epitopes has expanded rapidly and the arrays based on
these antibodies have been used extensively to quantify antigens'?!?’. This approach
has now developed into a thriving business and many companies offer commercial and

bespoke custom arrays.

In situ fluorescence

The use of a fusion protein approach, in which the protein of interest is genetically fused
to green fluorescent protein (GFP) or the range of GFP analogues that have now been
developed, can allow determination of the cellular localization and abundance of a
protein using fluorescence microscopy'?. Automated methods for tracking cells and
determining abundance and localization are only just becoming available.

SH2 domain

This domain was first
discovered as a conserved
domain in the Src kinase
family. It recognizes short
peptide motifs that contain a
phosphorylated tyrosine
residue and thus function as
phosphotyrosine-dependent
protein interaction sites.

cancer drug resistance can be conquered by the parallel
targeting of oncogenic pathways and non-oncogene
addictive alterations.

Protein complexes. The EGFR pathway is one of the
most extensively studied signalling pathways relevant
to cancer® and the EGFR interactome is one of the
most well-described interactomes, both biochemi-
cally* and theoretically®?® (FIC. 1). Major questions are
how EGFR coordinates diverse biological responses
and how response specificity is generated. Functional
proteomics has deciphered the components of protein
complexes formed by EGFR and has also contributed to
an understanding of the topological organization of the
downstream signalling pathways.

MS-based quantitative proteomics to analyse pro-
teins that interact with phosphopeptides that are phos-
phorylated in response to ligand binding showed that
the four members of the ErbB family have differential
preferences for interaction partners®. Interestingly,
growth factor receptor-bound protein 2 (GRB2), which

initiates activation of the ERK pathway, and PI3K, which
activates the AKT pathway, have several binding sites
on one receptor. Multimeric binding could be a sim-
ple mechanism to transmit the strength of the input
into these two pathways. A complementary approach
used protein microarrays comprising most known
SH2 domains and phosphotyrosine-binding (PTB)
domains in the human genome to measure the dissocia-
tion constants of each domain for 61 peptides that are
physiologically tyrosine phosphorylated when EGFR and
ERBB2-4 are activated®. The resulting systematic inter-
action maps showed that the binding complement differs
between receptor dimers, with ERBB2 (also known as
HER?2)-ERBB3 having the most interactions, followed
by EGFR-ERBB3>EGFR-ERBB2>EGFR-EGFR. This
distribution correlates with the transforming potencies
of ErbB dimers®*, indicating that an increase in interac-
tion partners enhances oncogenicity. Interestingly, EGFR
and ERBB2 but not ERBB3 became increasingly promis-
cuous when their expression level or activation state was
increased, resulting in the binding of more proteins and
the activation of more signalling pathways at higher con-
centrations of these receptors®. This result may explain
why these receptors are often overexpressed in cancer.
Comparison of the interactors identified in these two
studies showed overlaps as well as differences; for exam-
ple, signal transducer and activator of transcription 5
(STAT5) was found to bind only to EGFR and ERBB4
in the MS study. These differences could be due to dif-
ferent experimental systems or reflect differences in the
technologies used in the two studies.

These studies also suggested that the biological spe-
cificity of receptor signalling is determined by the com-
position of the signalling complexes assembled by the
receptor and the ligand-induced changes in its inter-
actome. Implicit in this hypothesis is the assumption
that changes in the receptor interactome are propagated
throughout the network to affect downstream protein
interactions and thereby dynamically shape the net-
work topology used to transduce a signal. This theory
was recently confirmed by analysis of the dynamic ERK
interactome in the control of differentiation versus pro-
liferation in PC12 cells®. The ERK pathway consists of
a three-tiered kinase cascade, Raf-MEK-ERK and is a
main effector of EGFR signalling (FIC. 1) which medi-
ates many responses to EGF that are subverted in cancer,
such as cell proliferation, transformation, differentiation,
migration and survival. Stable isotope labelling with amino
acids in cell culture (SILAC)-based quantitative proteomics
was used to determine changes in the ERK interactome
in response to nerve growth factor (NGF; which induces
differentiation) and EGF (which induces proliferation).
The results of this study increased the number of proteins
identified in the ERK interactome from 170 proteins®
to >280. Importantly, 60 protein interactions changed in
a differentiation-dependent manner. Detailed analysis of
a subset of ERK interactors showed that these interac-
tors regulate the pathway at different steps, including the
activation kinetics of ERK, crosstalk with other pathways
and phosphorylation of transcription factors. These
biochemical data were incorporated into a mathematical
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model, which revealed that the EGF and NGF pathways
are under a distributed control mechanism rather than
governed by a single master switch.

These results show that signalling pathways rely on
protein interactions, which distribute control through-
out the network, and that quantitative interaction pro-
teomics is a formidable tool to map these pathways and
their topologies. Furthermore, these findings predict
that it is difficult to disrupt signalling networks by inter-
ventions targeting a single node, adding a mechanistic
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Figure 1| The epidermal growth factor receptor signalling network. On activation
(by ligand binding), the epidermal growth factor receptor (EGFR, also known as ERBB1)
autophosphorylates tyrosine residues in its cytoplasmic domain, which serve as docking
sites for the assembly of protein complexes that transduce EGF signals to generate
specific biological responses. It is unlikely that the full complement of binding partners is
recruited to each receptor and more plausible that individual EGFRs form complexes
that have different compositions. In addition, all four members of the ErbB family (EGFR,
ERBB2 (also known as HER2), ERBB3 and ERBB4) can form heterodimers (not shown),
which share common binding proteins but, owing to the different representation of
docking sites, assemble receptor complexes with different signalling properties?’. The
EGFR network has been reviewed in detail elsewhere!**¢ and only the better
characterized downstream pathways are shown here. Kinases are light blue, scaffolds are
dark blue, adaptor proteins are yellow, G proteins are green and transcription factors are
orange. Phospholipase Cy (PLCy) is a phospholipase, CBL is an ubiquitin ligase, son of
sevenless homologue (SOS) is a guanine nucleotide exchange factor. Small molecule
second messengers are red: phosphatidylinositol-4,5-bisphosphate (PIP2), diacylglycerol
(DAQ), inositol-1,4,5-triphosphate (IP3) and Ca?*. The downstream pathway discussed in
this Review is the ERK pathway, which is initiated through the recruitment of a protein
complex that contains the Src homology 2 domain-containing (SHC) and growth factor
receptor-bound protein 2 (GRB2) adaptor proteins and the exchange factor SOS to
activated EGFR. SOS exchanges GDP for GTP on Ras, which induces a conformational
change that enables Ras to bind Raf kinases with high affinity. Raf activation is a complex
process, involving dephosphorylation, phosphorylation, homo- and heterodimerization
and binding to the kinase suppressor of ras 1 (KSR1) scaffold**’~**. Activated Raf
phosphorylates and activates MEK, which in turn phosphorylates and activates ERK. ERK
exerts its different biological effects through many substrates®?, including transcription
factors. AP1, activator protein 1; CAMK, calcium/calmodulin-dependent protein kinase;
CREB, cyclic AMP-responsive element-binding protein; EGR1, early growth response 1;
FAK, focal adhesion kinase; MEF2, myocyte enhancer factor 2; PKC, protein kinase C;
STAT, signal transducer and activator of transcription.

explanation to the clinical experience that the efficacy
of single-agent cancer therapies is usually limited. These
studies are complemented by the analysis of downstream
phosphorylation events that we discuss further below.

The proteomic studies of the EGFR pathway dem-
onstrate how signalling specificity is achieved through
regulated protein interactions and how receptor overex-
pression can expand the number of interaction partners
sufficiently to drive oncogenesis. This theme of onco-
genesis, which results from the unwanted spread of sig-
nalling into many pathways owing to an expansion of
the number of protein complexes assembled, is more
clearly demonstrated when signal regulation is usurped
by an oncoprotein. BCR-ABLI is an oncogenic fusion
protein that results from the chromosomal transloca-
tion that causes CML and inhibition of its kinase activity
can reverse disease®*". The translocation that results in
BCR-ABLI is a rare case in which human tumorigenesis
can be tied to a single genetic event based on molecular
evidence and the unprecedented clinical success of the
BCR-ABLI inhibitor imatinib (Gleevec; Novartis)®.

What causes this exception? Classical biochemical
studies suggested that BCR-ABLL is a constitutively
active tyrosine kinase and ‘super adaptor’ that interacted
with almost every pathway implicated in the oncogenic
transformation of haematopoietic cells and fibroblasts*
(FIG. 2). The challenge was to define which of these path-
ways is required for BCR-ABL1-induced transformation.
Aninteraction proteome screen of BCR-ABL1-associated
proteins revealed a network of several hundred proteins
that act as direct or indirect interactors®. Evaluation
of the highly connected hubs revealed only seven core
components: GRB2, Src homology 2 domain-containing
transforming protein 1 (SHC1), CRKL, CBL, p85 (also
known as PIK3R2), suppressor of T cell receptor sig-
nalling 1 (STSI, also known as UBASH3B) and SH2
domain-containing inositol phosphatase 2 (SHIP2,
also known as INPPL1), which coordinate a signalling
network comprising several hundred proteins (FIC. 2).
Interestingly, many of the core components of this net-
work are scaffolds, suggesting that BCR-ABL1 signal-
ling is orchestrated through propagating layers of protein
complexes. BCR-ABL1 kinase inhibitors disrupted this
network, leading the authors to conclude that the action
of these drugs should be considered to interfere with the
equilibrium state of an intricate network of protein com-
plexes rather than just inhibit a single component. Given
that several proteins interact with more than one of the
seven core components, even the perturbation of a single
interaction should have repercussions throughout the
network, as it could shift the equilibrium composition
of other complexes. This view may become important in
the quest for alternative strategies that can circumvent
resistance to tyrosine kinase inhibitors.

The big question is whether these findings from
cultured cells translate to the clinic? This question was
addressed mainly by using reverse-phase protein micro-
arrays, on which lysates of tumour samples are arrayed
and interrogated with antibodies. This strategy only
allows targeted studies but can examine large numbers
of patients and functions using the limited amounts
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Stable isotope labelling with
amino acids in cell culture
(SILAQC)

This method involves the in vivo
metabolic labelling of samples
with amino acids that carry
stable (non-radioactive) heavy
isotope substitutions of atoms
which, when analysed by MS,
produce ‘conjugated’ peptide
peaks. These peaks originate
from the same protein but
show a characteristic mass shift
which corresponds to the mass
difference between the light
and heavy label. The relative
intensity of conjugated peak
pairs provides the relative
abundance of a protein in the
two samples.

Node

This describes an object in
graph form, and the
connections between objects
are termed edges. In signalling
networks, nodes represent
proteins (or genes, if they are
based on genetic information)
and edges represent the
relationship between the nodes,
such as binding, regulation or
modification.

of tissue, such as tumour biopsies, that are typically
available in clinical settings. Such studies have yielded
clinically useful information and are discussed in detail
by Brennan et al. in this Focus issue®.

Protein scaffolds. Having made the point that protein
interactions are important, the question is what holds
them together? Through simultaneously binding two or
more client proteins, scaffold proteins generate platforms
that alter signalling kinetics, control crosstalk between sig-
nalling pathways and insulate elements from each other.
Although the role of scaffolds in cancer still needs to be
determined, we briefly discuss them as they play funda-
mental parts in regulating both the steady-state and acute-
response kinetics of many pathways involved in cancer.
Scaffolds seem to be most relevant to mechanisms of non-
oncogene addiction?, whereby normal components of
signalling networks support the aberrant components.
Aberrations in ERK signalling are common in cancer*
and hence we discuss two ERK pathway scaffolds.

The kinase suppressor of ras (KSR) proteins scaffold
the three-tiered Raf~-MEK-ERK module and contribute
to the regulation of its signalling dynamics and spatio-
temporal control. KSR1 is not essential for, but enhances
ERK activation®. Importantly, knocking out Ksr1l
restrains transformation by oncogenic HRAS-G12V in
cultured cells* and HRAS-G12V-driven skin carcino-
genesis in mice*. KSR1 constitutively interacts with MEK
and the KSR1-MEK complex translocates to the plasma
membrane on mitogen stimulation*>. MEK bound to
KSR1 also promotes the recruitment of BRAF, which
enhances MEK phosphorylation by BRAF. Interestingly,
ERK binding induces feedback phosphorylation of KSR1
and BRAF by ERK, which promotes the dissociation
of BRAF and KSR1 and their release from the plasma
membrane into the cytosol. It is unclear whether this
is a purely negative feedback pathway that limits ERK
activation, or whether this feedback also has a role in
ensuring the turnover of client proteins on the scaf-
fold and in signal localization. KSR1 also directly allos-
terically activates Raf kinases by forming side-to-side
dimers®. KSRI selectively interacts with ERK dimers
and confines ERK signalling to cytosolic substrates, and
the expression of ERK point mutants that prevent
ERK dimerization counteracts cellular transformation
in vitro and tumour development in mouse xenograft
models*. Thus, KSR1 can control several aspects
of ERK signalling, including substrate specificity and
spatio-temporal activation kinetics.

Recently, the KSR2 interactome was studied using
quantitative MS-based proteomics to compare pro-
teins that bind to KSR2 in the presence and absence of
tumour necrosis factor-a (TNFa) stimulation®. Of >100
proteins potentially in the complex, approximately 40
were recruited on TNFa stimulation, highlighting the
highly dynamic properties of this signalling complex.
Interestingly, KSR2 recruited ARAF rather than RAF1
or BRAE ARAF is a poor activator of MEK and its main,
kinase-independent, function is as an inhibitor of the
pro-apoptotic mammalian STE20-like protein kinase 2
(MST2, also known as STK3) pathway*, indicating that

Actin remodelling

/7

¥ ¥

Figure 2 | The BCR-ABL1 signalling network.
Breakpoint cluster region (BCR)-ABL1 activates
downstream signalling pathways through a core network
of seven closely associated proteins®. They comprise
adaptor proteins (blue), phosphatases (orange) and the
regulatory p85 subunit of PI3K (green). Selected
downstream signalling pathways are depicted in light
green and biological outcomes in yellow. Most biological
effects are regulated through multiple pathways; for
example, actin polymerization is regulated through the
growth factor receptor-bound protein 2 (GRB2)-related
adaptor protein 2 (GRAP2, also known as GADS)-
lymphocyte cytosolic protein 2 (LCP2, also known as
SLP76)-Nck adaptor pathway**® or through SH2
domain-containing inositol phosphatase 2 (SHIP2)
regulation of phosphatidylinositol-3,4,5-trisphosphate
levels. The scheme is highly simplified for clarity. Arrows
do not imply direct connections and may summarize
several steps. The figure is based on data from Brehme
etal.*®. AP2, adaptor protein complex 2; CSK, c-src tyrosine
kinase; SHC1, Src homology 2 domain-containing 1;
STS1, suppressor of T cell receptor signalling 1.

KSR2 may have a role in redirecting ARAF to the ERK
pathway. As scaffolding vastly accelerates reaction rates
by co-localizing enzymes and substrates*, KSR2-bound
ARAF is expected to be an effective MEK activator. Thus,
this shift of ARAF from its anti-apoptotic function in
the MST2 pathway to the mitogenic ERK pathway may
contribute to oncogenic transformation.

A detailed comparison of the KSR1 and KSR2 inter-
actomes showed the similarity of these scaffolds in
promoting RTK-mediated ERK signalling but also iden-
tified specific interactions. For example, the calcium-
dependent phosphatase calcineurin only binds to KSR2
(REF. 48). In response to calcium signals, calcineurin
dephosphorylates the 14-3-3 binding sites on KSR2, which
allows KSR2 to be recruited to the plasma membrane and
activation of the ERK pathway*. Another proteomic
study showed that KSR2 binds to AMP kinase (AMPK,
also known as PRKAB1), mediating its stimulatory effects
on glucose uptake and fatty acid oxidation®. This obser-
vation raises an interesting hypothesis: that KSR2 may
coordinate links between mitogenic signalling and meta-
bolic pathways by binding and coordinating the func-
tions of ARAF and AMPK. ARAF can bind and inhibit
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Warburg effect

This was named after a
discovery made by the German
biochemist Otto Warburg in
the 1920s that cancer cells
predominantly use anaerobic
glycolysis rather than oxidative
phosphorylation, even when
oxygen is abundant. As a
result, pyruvate is converted to
lactate instead of being
oxidized by the mitochondria
of cancer cells.

O-linked
N-acetylglucosamine
acylation (O-GlcNAcylation)
A form of glycosylation found
in nuclear and cytosolic
proteins in which O-GlcNAc is
added to the hydroxyl groups
of serine and threonine
residues that can also serve as
phosphorylation sites.

Isobaric tag for relative and
absolute quantitation
(iTRAQ)

A stable isotope labelling
method for the quantitation of
peptides by MS, in which a
molecule containing normal or
heavy isotopes is used to
chemically modify the proteins
or peptides from each
individual sample. The
fragmentation of the labelled
molecules then gives rise to
specific reporter ions that can
be used to measure the relative
amounts of each protein
present in each sample.
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pyruvate kinase M2 (PKM2)*. In many cancers, PKM2 is
aberrantly expressed in its low-activity dimeric form,
which favours aerobic glycolysis — the hallmark of the
Warburg effect®. Thus, KSR2 could enhance AMPK-
mediated glucose uptake and PKM2 inhibition by ARAE,
thereby promoting the Warburg effect and tumour growth.
Consequently, KSR2 downregulation should ameliorate
the Warburg effect and slow tumour growth, a prediction
that is easily testable as Ks#27~ mice are available®.

The above examples illustrate the key role of protein
complexes in signalling and equally highlight the impor-
tance of dynamic changes in the interactions that ensure
the proper interpretation of signals and responses to sig-
nals. Conceptually, this view has important implications.
They include the notion that connections in signalling
pathways are not hardwired, that a protein with a defined
biochemical function can adopt different biological func-
tionalities as part of different protein complexes and that
the kinetics of signalling specificity intimately involve
dynamic changes in protein interactions. How are connec-
tions in signalling pathways brought about? Undoubtedly,
PTMs are a salient part of the answer. The specific roles
of PTMs in determining protein complex formation are
just emerging but many proteomic techniques for PTM
analysis are available. In the following section, we briefly
review how these technologies have been applied to study
dynamic processes in cell signalling.

Post-translational modifications

PTMs are widely studied dynamic processes in cell sig-
nalling, which is not surprising considering the funda-
mental roles they have in regulating signalling pathways,
and many studies have mapped cancer-associated PTMs.
Phosphorylation of serine, threonine and tyrosine resi-
dues have received the most attention from the proteom-
ics community, although ubiquitylation, acylation and
glycosylation are coming into the limelight. O-linked
N-acetylglucosamine acylation (O-GlcNAcylation) is also
receiving considerable interest, mainly owing to its com-
peting role in regulating phosphorylation by blocking
potential phosphorylation sites.

Phosphorylation. Quantitative methods for the study
of protein phosphorylation have been described else-
where'**>-*¢. The first phosphoproteome to be exten-
sively studied was that of EGFR activation (reviewed by
Blagoev*') and several other RTK pathways have now
been described. Global tyrosine phosphorylation is usu-
ally mapped using enrichment with anti-phosphotyro-
sine antibodies and subsequent MS analysis. Using this
method, time-course studies of EGF-induced tyrosine
phosphorylation and comparisons of signalling between
different RTKs were performed®. For example, SILAC-
based quantitative proteomics was used to compare the
tyrosine phosphorylation induced by EGF versus that
induced by platelet-derived growth factor (PDGF) in
human mesenchymal stem cells®*. EGF induces osteo-
genic differentiation whereas PDGF sustains proliferation
and migration®’. Most tyrosine phosphorylation events
were common to both growth factors, except the PI3K
pathway, which was exclusively stimulated by PDGF.

Inhibiting PI3K converted PDGF to a differentiation factor,
elegantly demonstrating that biological specificity of RTK
signalling is encoded by distinct biochemical differences
in downstream signalling pathways that arise from the
protein complexes assembled at RTKs. A more recent
study that analysed the tyrosine phosphorylation induced
by EGF in human mammary epithelial cells revealed sig-
nificantly different stoichiometries of phosphorylation at
different sites in the same protein®, suggesting intricate
temporal and dynamic regulation of phosphorylation.

Quantitative proteomics was also successfully used to
map the tyrosine phosphorylation network induced by
cancer-associated EGFR mutants. Glioblastoma (or astro-
cytoma grade IV) is a highly malignant brain tumour and
often expresses a truncated EGFR mutant, EGFRVIII, which
is expressed from an amplified gene locus and enhances
malignant behaviour in a dose-dependent manner®'.
Isobaric tag for relative and absolute quantitation (iTRAQ)
analysis of glioblastoma cell lines that expressed different
levels of EGFRVIII or a kinase-dead EGFRvIII as a control
revealed that increasing EGFRVIII expression shifts signal-
ling from ERK and STAT3 towards the PI3K pathway and
also induces phosphorylation and transactivation of the
hepatocyte growth factor receptor MET®. Consequently,
the combination of EGF and MET inhibitors synergized
to kill glioblastoma cells in vitro, producing a rational drug
combination based on phosphoproteomics data.

Another SILAC-based proteomics study in non-small-cell
lung cancer (NSCLC) cell lines compared phosphotyro-
sine signalling induced by wild-type EGFR, mutation-
activated EGFR and overexpressed MET®. It revealed
networks that extensively overlapped in the regulation
of cell adhesion, motility, proliferation and survival.
Interestingly, mutant EGFRs preferentially induced
phosphorylation of cytoskeletal proteins, scaffolds impli-
cated in cytoskeletal regulation and motility, and negative
feedback inhibitors of EGFR signalling, such as sprouty 1
(SPRY1), SPRY2, SPRY4 and mitogen-inducible gene 6
(MIGS6, also known as ERRFI1). The functional effects of
these phosphorylation events are largely unknown but it is
tempting to speculate that mutant EGFRs can sabotage the
function of physiological feedback inhibitors. This hypoth-
esis is consistent with observations that EGFR feedback
inhibitors are often downregulated in cancers®. Crosstalk
between MET and mutant EGFRs provided mutual activa-
tion of the respective receptors and downstream signalling
pathways®. Interestingly, the sensitivity to EGFR and MET
inhibitors as measured by biochemical outputs correlated
with the extent of control of the respective receptors over
the downstream network. This puts an interesting twist on the
observation discussed above that EGFR oncogenicity
increases with the number of pathways it engages*~, as
such functional expansion should also increase the vulner-
ability of the downstream network to receptor inhibition.
The available clinical experience with EGFR inhibi-
tors shows that spectacular regressions are achievable in
patients with NSCLC but this only occurs in a small subset
of patients and does not have lasting effects®.

Does this reflect an arms race between the increasing
fragility and adaptive potential of RTK networks, which
is afforded by the recruitment of an increasing number
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Immobilized metal ion
affinity chromatography
(IMAQ)

A method for the enrichment of
phosphopeptides that exploits
the propensity of metal ions
such as iron and gallium to bind
phosphate groups.

of downstream effectors? This hypothesis suggests a
counterintuitive approach of combining EGFR inhibi-
tors with inhibitors of downstream pathways to boost
drug efficacy and prevent resistance. The combined
inhibition of a receptor and a downstream effector could
offer simple, general and hence attractive guidelines
for the design of combination therapies and it seems
worthwhile to explore this possibility further.

A large-scale phosphotyrosine proteomic screen using
41 NSCLC cell lines and >150 NSCLC tumours found
many RTKs, including EGFR and MET, and non-RTKs
were activated in NSCLC®. The contribution of most of
these kinases to NSCLC pathogenesis is unknown but
an important prediction of this study is that the drug
responsiveness of individual tumours should be highly
dependent on whether these activated kinases func-
tion as part of hierarchical networks or in independent
pathways. If they form hierarchical networks, inhibition
of the master kinase will be therapeutically effective, as
demonstrated by the spectacular efficacies of BCR-ABL1
inhibitors in CML. If these kinases function in inde-
pendent networks or as part of redundant topologies,
combination therapy seems necessary. Therefore, for
personalized therapy, it will be important to map kinase
activation profiles to network connectivity maps that
control specific biological responses. This idea has also
been adopted by the pharmaceutical industry, especially
for kinase inhibitor screening (BOX 2).

The idea of correlating phosphotryosine networks
with specific biological behaviours was also borne out
in studies on the effects of human ERBB2 in human
mammary epithelial cells (HMECs)®”%. ERBB2 is
overexpressed in ~25% of breast cancers and strongly
correlates with poor prognosis. Although ERBB2 lacks

Box 2 | Kinase profiling and kinomics

Kinase profiling refers to the process of screening kinase inhibitors for activity and
selectivity'?. Given the part that aberrant kinase activity plays in cancer and the huge
efforts to study kinases, their substrates and inhibitors, the increase in the number of

kinase inhibitors being translated into anticancer drugs in recent years is not surprising
(it is estimated that around one-third of all major clinical trials currently involve kinase
inhibitors). However, the first kinase inhibitor (imatinib) only received clinical approval in
2001. Analysis of the human genome initially predicted the existence of 518 kinases'®,
most of which have now been validated and >400 of these are currently available in
various screens. However, this is unlikely to be the full story, as new kinases are being
identified and tissue-specific roles of kinases are being elucidated'*. Methods to
identify kinases generally rely on the use of peptide substrates in microtitre plate, bead
or array format that can be used to measure the activity of a set of purified kinases,
although with recent improvements'**** methods are getting closer to native in vivo
conditions. Miniaturization through microfluidics and new detection methods are
greatly improving sensitivity and reducing costs. The benefits of these approaches are
obvious: they are highly parallel, so many compounds and kinases can be tested, and
quantitative analysis allows the crucial question of off-target activity to be addressed.
Kinomics**® is formally the identification of kinases at the genetic, or preferably
proteomic, level. However, this term should be expanded to include the challenging
task of identifying kinase targets and elucidating the cellular pathways and networks in
which they are involved and the complex regulation of these kinases. Proteomics
approaches coupled to modelling through systems biology methods are in the
forefront of the techniques being applied. A substantial remaining challenge is
the identification of the downstream effector kinases that are the best drug targets.
Furthermore, chemical proteomics is a valuable tool to identify on- and off-target
interactions of individual kinase inhibitors**.

a known ligand, it can heterodimerize with EGFR and
alter EGFR signalling. Quantitative MS based on iTRAQ
labelling was used to map phosphotyrosine networks in
parental HMECs and HMECs engineered to overexpress
ERBB2 that were stimulated with EGF or heregulin
(also known as neuregulin 1)%. The results show that in
ERBB2-overexpressing cells, EGF stimulates migration
through multiple signalling pathways, whereas heregu-
lin uses a subset of the migration network. The appli-
cation of regression-based computational modelling
identified combinations of phosphorylation sites that
correlate with proliferation and migration. Subsequent
refinement of the model®® allowed the identification of
phosphotyrosine network elements that differentially
control migration and proliferation. This culminated
in the description of nine phosphorylation sites on six
proteins that were associated with the PI3K pathway and
endocytosis. These sites served as a ‘network gauge’ that
captured the predictive capability of the full model. This
result also elegantly demonstrates the analytical power
added by computational modelling to the interpretation
of complex dynamic data sets.

Phosphoserine and phosphothreonine antibodies are
less well developed than phosphotyrosine antibodies,
and most global phosphoproteome studies use chroma-
tographic enrichment technologies. These usually exploit
the propensity of TiO, or Fe’* to interact with phosphate
groups and are often combined with a preceding separa-
tion step that counterselects phosphopeptides such as
strong cation exchange columns®. Chromatographic
enrichment approaches are available in several varia-
tions, which enrich overlapping but distinct fractions
of the phosphoproteome™. It is now possible to iden-
tify 10,000-20,000 phosphorylation sites. For example,
proteomic analysis of phosphorylation induced by the
fms-related tyrosine kinase 3 (FLT3)-internal tandem
duplication (ITD) mutant tyrosine kinase quantified
>12,000 phosphorylation sites and demonstrated sub-
cellular localization-specific signalling of FLT3 (REF. 71).
FLT3-ITD consists of in-frame tandem duplications of
the juxtamembrane domain of FLT3 and is the most fre-
quent oncogenic FLT3 mutation in acute myeloid leu-
kaemia (AML), causing constitutive activation of FLT3
and retardation of trafficking through the endoplasmic
reticulum (ER). When localized at the ER, FLT3-ITD
aberrantly activates STATS signalling and fails to activate
the PI3K and ERK pathways that are targets of ligand-
activated wild-type FLT3. By contrast, when located at
the membrane, FLT3-ITD preferentially activates PI3K
and ERK over STATS5. These pathway-specific effects
were reflected in the global phosphoproteome and also
helped identify putative downstream targets of AKT and
proviral integration site (PIM) kinases.

An interesting approach to functional studies is to
combine global phosphoproteomics with small interfer-
ing RNA (siRNA) knockdown studies. An example is
the quantitative proteomic assessment of early signal-
ling events in integrin signalling’. Integrin-mediated
cell adhesion and anti-apoptotic signalling is essential
for cancer cell spread and invasion. SILAC combined
with immobilized metal ion affinity chromatography (IMAC)
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Electron transfer
dissociation (ETD)
Arecently introduced MS
method for the fragmentation
of molecules by transferring
electrons from anion radicals
to positively charged ions. It is
a non-ergodic (rapid, kinetically
controlled) process, so energy
is not redistributed and many
bonds are broken in the
molecule, not just the
weakest ones as seen in
collision-induced dissociation.

WD40 domain

A protein domain consisting of
4—16 repeats of an
approximately 40 amino
acid-long motif that ends with
a W-D (tryptophan—aspartic
acid) dipeptide. The WD40
domains form a circular p-sheet
propeller structure that serves
as a structural platform for
protein interactions and the
specificity of the interactions is
determined by sequences
outside the WD repeats.
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enrichment showed that >500 phosphorylation sites in
357 proteins changed when integrins interacted with
collagen, a common integrin ligand in the extracellular
matrix. siRNA screens against 33 of these proteins with
kinase or phosphatase activity identified three integrin-
regulated kinases, p21-activated kinase 2 (PAK2),
G protein-coupled receptor kinase 6 (GRK6) and DBF4,
which are important in cell migration. Recent evidence
suggests that these proteins are deregulated in cancer.
PAK?2 is hyperphosphorylated in ovarian cancer”, and a
siRNA screen identified that GRK6 was required for the
viability of myeloma cells but not normal cells’*. DBF4
is a regulatory subunit of the cell cycle kinase CDC7 and
this complex is overexpressed in various cancer cell lines
and human cancers™.

The focus on phosphoproteomics in recent years and
the application of functional proteomics methods™ led
to the identification of O-GlcNAcylation as an impor-
tant PTM in signalling. As O-GlcNAcylation occurs at
serine and threonine residues that are also targets for
phosphorylation, they mutually exclude each other,
resulting in dynamic crosstalk between phosphoryla-
tion and O-GlcNAcylation”. Although many of the
(patho)physiological consequences of this crosstalk
remain to be explored, it has been implicated in sev-
eral diseases, including cancer”®, and demonstrated to
be crucial for cellular processes that are important in
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Figure 3 | The ubiquitin system. Ubiquitin (Ub) is a small protein that is transferred as a
versatile regulatory post-translational modification (PTM) to target proteinsina
three-step process™2. In the first step, an E1 ubiquitin-activating enzyme uses ATP to
form a covalent thioester with ubiquitin. E1 then transfers the ubiquitin moiety onto an
ubiquitin-conjugating enzyme E2. E2 associates with one of several hundred E3 ubiquitin
ligases which provide specificity by also binding the target protein. The E2-binding and
target recognition domains can reside in one protein (as shown) or in different proteins
that are part of a ligase complex. Finally, the ubiquitin moiety is transferred to a lysine
residue in the target protein directly or through an E3 ubiquitin ligase. Further ubiquitins
can be added to lysines in ubiquitin itself. Depending on the number of ubiquitin
moieties transferred and the linkage type, ubiquitylation can have different functions
that are often derailed in cancer® and many other diseases'**.

cancer biology such as cytokinesis™. The application
of improved MS techniques (such as electron transfer
dissociation (ETD)) for detecting O-GlcNAcylation® or
the parallel detection of phosphorylation and glycosyla-
tion® will likely increase attention to this field.

Ubiquitylation. Ubiquitylation and the proteasomal path-
way have key functions in oncogenesis and cancer®*
(FIG. 3), typified by the tumour suppressor p53 (REFS 89,90),
and are being investigated as pharmaceutical targets” .
Since the early use of functional proteomics to identify the
structure and substrate specificity for the S phase kinase-
associated protein 1 (SKP1)-cullin 1 (CUL1)-F-box (SCF)
complex®*, this method has continued to have an impor-
tant role in the study of ubiquitylation, and in identifying
the components of ligase complexes and those involved
in the ubiquitylation of proteins”. Recent studies have
also focused on the non-classical ligases such as the dam-
age-specific DNA-binding protein 1 (DDB1)-CUL4A-
regulator of cullins 1 (ROC1, also known as RBX1) E3
ubiquitin ligase, a complex that lacks a SKP1-like adaptor
and is involved in the regulation of DNA repair®. TAP
affinity purification of the complex and subsequent MS
analysis were used to identify a novel family of 16 WD40
domain-containing proteins that recruit the substrate to
the complex®. This novel family of proteins was called the
DDB1-CUL4A-associated WD40 domain proteins
(DCAF proteins) and includes DDB2, a protein mutated
in the cancer-predisposing syndrome xeroderma pigmen-
tosum. However, given the connection of this complex
with DNA repair, it seems likely that it has a much broader
role in cancer and in sensitivity of cells to DNA-damaging
treatments. Methods are continually being improved for
the global identification of ubiquitylation sites'® and to
identify substrates in specific pathways'”'. In addition
to MS approaches, protein arrays are valuable tools for
identifying substrates for PTMs. As these assays are done
in vitro, versatile manipulations and comparisons are
possible. Protein microarrays displaying >8,000 human
proteins were exposed to cell extracts that replicate the
mitosis checkpoint and anaphase release to identify tar-
gets of the anaphase-promoting complex (APC)'. The
APC is a multiprotein complex with E3 ubiquitin ligase
activity that promotes cell cycle progression during mito-
sis. Its substrates include mitotic cyclins and many other
proteins that orchestrate this cell cycle transition. The
array-based ubiquitylation assay compared extracts that
contained inhibited and activated APC, detecting most of
the known substrates and seven potential new substrates.
A similar experiment was used to identify and compare
substrates for NEDD4 and NEDDA4L!®. In addition to the
shared substrates identified, NEDD4 showed a preference
for tyrosine kinases, and NEDD4 knockdown sustained
tyrosine kinase signalling. NEDD4 family members
regulate various pathways and cellular functions that are
implicated in cancer, such as many RTK pathways and
transcription factors, and are found overexpressed in
breast, prostate and pancreatic cancers'™.

This brief description of PTM aberrations in cancer
is far from complete and there are many other PTMs
that are altered in cancer (BOX 3). However, PTMs are

NATURE REVIEWS | CANCER

VOLUME 10 | SEPTEMBER 2010 | 625

© 2010 Macmillan Publishers Limited. All rights reserved


http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&jpg=on&pathway_id=p53regulationpathway

REVIEWS

emerging as important drug targets. The high hopes
and resources invested in kinase inhibitor drugs are
inextricably linked to their ability to prevent regulatory
phosphorylations of crucial substrates. We soon may
witness similar prolific efforts to target other PTMs
for cancer therapy such as ubiquitylation®’. Notably,
the validation of PTM targets is enabled by proteom-
ics. PTMs are largely undetectable in genomic stud-
ies and to fully exploit their therapeutic potential, it
will be necessary to understand the dynamics of PTM
turnover. It is tempting to speculate that PTM dynam-
ics also contribute to the well-known heterogeneity in
cancer. Dynamic changes in protein expression and
localization can determine the drug sensitivity of can-
cer cells'®, and dynamic changes in PTMs could vastly
expand the window of opportunities of cancer cells to
escape adverse conditions and therapy.

Towards single-cell proteomics

New techniques enabling the functional analysis of
individual cells are increasingly being used to address
the heterogeneity of cancer cells, especially in terms of
drug resistance. One of the first methods was Phospho-
Flow, invented by the Nolan group®®. This technique
uses phospho-specific antibodies to label antigens
in fixed cells. Subsequent analysis by flow cytometry
provides data at the single-cell and population levels
that allow the investigation of heterogeneity and are
applicable to the modelling of cancer signalling path-
ways'%. More recently, Cohen et al. tagged ~1,000 indi-
vidual endogenous proteins in lung cancer cells with
a fluorophore and monitored their expression and
subcellular location by automated time-lapse imag-
ing'®. Treatment with the topoisomerase 1 inhibitor
camptothecin caused the rapid relocation of proteins
that are associated with the mechanism of drug action

Box 3 | Other post-translational modifications

and slower changes in protein abundance. Interestingly,
although most drug-induced responses were similar
in individual cells across the population, a subset of
24 proteins showed high cell-to-cell variability 1 day
after drug exposure. The upregulation of two of these
proteins, the RNA helicase DEAD box polypeptide 5
(DDX5) and replication factor C1 (RFC1), corre-
lated with drug resistance and cell survival, showing
that escape mechanisms can result from changes in
protein dynamics that are unique to a subset of a cell
population. This is an intriguing proposition for the
development of drug resistance that warrants further
investigation in preclinical cancer models.

A different approach used a microfluidic platform
that traps ~1,000 individual cells and analyses their
behaviour using imaging, optical indicator dyes and
fluorescent antibodies*. This platform was used to
assess the signalling dynamics of normal human hae-
matopoietic stem cells (HSCs) and CML stem cells
(CML-SCs) in response to the second-generation
BCR-ABLI inhibitor dasatinib (Sprycel; Bristol-
Myers Squibb). Although significant differences in
the responses of individual cells were observed, at the
population level dasatinib was more cytotoxic to HSCs
than CML-SCs, and strongly and selectively inhibited
migration of CML-SCs. Thus, single-cell analysis can
reveal important information on divergent and syn-
chronized behaviour within cell populations, espe-
cially in regard to drug action. It would be fascinating
to combine these approaches to collect more detailed
information on cancer cell heterogeneity.

Perspective

Although this Review discusses only a small fraction of
studies, it illustrates the power of functional proteomics
in mapping cancer signalling pathways. The biggest

Protein function is crucially regulated by post-translational modifications (PTMs) and the role of PTM aberrations in the
faulty regulation of cancer signalling networks is becoming increasingly appreciated. Proteomics is currently
expanding its scope beyond phosphorylation, delivering exciting results on other PTMs, which are described below.

Acetylation and methylation

The regulation of gene expression by the acetylation and methylation of lysines and arginines in histones is well

Cyclin

A regulatory subunit that is
essential for the activity of cell
cycle-dependent kinases
(CDKSs). Its name derives from
the periodic expression of
cyclins during the cell cycle,
which is due to the regulated
degradation by the ubiquitin—
proteasome system that is
thought to drive the cell cycle.

established, and the term the ‘histone code’ highlights the importance of this epigenetic control*?’. Silencing of tumour
suppressor gene expression owing to subversion of the histone code is well known*”. However, proteomics has enabled a
systematic study of these histone modifications'*®. Importantly, proteomics identified many other chromatin-independent
targets. For example, stable isotope labelling with amino acids in cell culture (SILAC) analysis of breast cancer cells treated
with vorinostat (Zolinza; Merck), a histone deacetylase (HDAC) inhibitor, revealed changes in the expression of
transcription factors and metabolic, structural, chaperone and cell cycle proteins'**. HDAC6 was identified as an inhibitor
of EGFR endocytosis by deacetylating microtubules'*°.

Acylation

A well-characterized example of acylation that is relevant to cancer is the modification of Ras proteins by farnesylation,
geranylation and palmitoylation, which localizes Ras to distinct membrane compartments'*!. As Ras mutations are frequent
in human cancers, the Ras-modifying acylases became major drug targets, unfortunately with disappointing clinical
results*2. Much effort was invested to understand the opportunities and failures of clinically targeting Ras acylases, but
quantitative proteomic techniques were only recently developed to identify palmitoylated proteins'**

Oxidative modifications and cysteine nitrosylation

These modifications have also been shown to play an important part in signalling'*. They are likely to have a role in
cancer owing to the hypoxic and inflammatory environment associated with cancer, but systematic proteomics studies
are lagging behind.
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Micro-engineering

The use of micro-fabricated
devices that have small
(micron)-scale features (such as
channels, wells and vessels) to
allow the processing of small
volumes of fluid.
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challenge is to bring proteomics technologies to clinical
applications. Despite impressive progress, especially in
biomarker discovery, substantial hurdles remain. Most
current proteomics technologies are too slow, too com-
plex and too expensive to be used in the clinical labora-
tory, and the existence of many different experimental
approaches leaves a deficit in standardization. However,
further innovations that may overcome these barriers
are on the horizon. Although MS is dominating the field,
alternative technologies are appearing. Great progress
is to be expected from array-based methods, optical
methods and micro-engineering approaches. Although
these methods cannot identify proteins de novo, their
attractiveness lies in their multiplexing capabilities,
throughput and prospect of reducing analytical costs.
In particular, methods based on flow cytometry, protein
and tissue microarrays and micro-engineered devices
are amenable to adaptation to the clinical laboratory.
Our capability to routinely identify or test thousands
of proteins per analysis has shifted the bottleneck in
proteomics towards data analysis and interpretation.

The increasing use of advanced bioinformatics and
systems biology tools is beginning to unlock network
properties'”. Recent examples are the development of
a predictor for breast cancer prognosis based on the
modularity of protein interaction networks'®® and
the identification of cancer-associated phosphoryla-
tion networks through the combined alignment of
conserved phosphorylation sites and kinase-substrate
networks'®. This latter study also showed that we still
miss large parts of phosphorylation networks.

As we only begin to apply proteomics to unravel the
role of other PTMs, such as ubiquitylation, sumoylation
and glycosylation, in signalling we can expect a further
stream of data. It will be a challenging and informative
task to understand the regulatory interplay between
the different PTMs both at the level of individual pro-
teins and in networks. In addition, these investigations
may provide molecular alterations that can serve as
biomarkers for cancer and thereby bridge the current
gap between mechanistic understanding and mainly
phenomenological markers.
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Activity-based protein profiling
for biochemical pathway discovery

Cells with fundamental metabolic alterations commonly
arise during tumorigenesis, and it is these types of changes
that help to establish a biochemical foundation for dis-
ease progression and malignancy'?. A seminal example
of this was discovered in the 1920s when Otto Warburg
found that cancer cells consume higher levels of glucose
and secrete most of the glucose carbon as lactate rather
than oxidizing it completely**. Since then, studies by
multiple groups have uncovered a diverse array of meta-
bolic changes in cancer, including alterations in glycolytic
pathways®*, the citric acid cycle’, glutaminolysis®?, lipo-
genesis', lipolysis' and proteolysis'?. These in turn mod-
ulate the levels of cellular building blocks (lipids, nucleic
acids and amino acids), cellular energetics, oncogenic
signalling molecules and the extracellular environment
to confer pro-tumorigenic and malignant properties.
Despite these advances, our current understanding of
cancer metabolism is far from complete and would prob-
ably benefit from experimental strategies that are capable
of profiling enzymatic pathways on a global scale. To this
end, conventional genomic'' and proteomic’*~'® meth-
ods, which comparatively quantify the expression levels
of transcripts and proteins, respectively, have yielded
many useful insights. These platforms are, however, lim-
ited in their capacity to identify changes in protein activ-
ity that are caused by post-translational mechanisms®.
Annotating biochemical pathways in cancer is further
complicated by the potential for enzymes to carry out dis-
tinct metabolic activities in tumour cells that might not be
mirrored in normal physiology. In addition, a substantial

Daniel K. Nomura, Melissa M. Dix and Benjamin F. Cravatt

Abstract | Large-scale profiling methods have uncovered numerous gene and protein
expression changes that correlate with tumorigenesis. However, determining the relevance
of these expression changes and which biochemical pathways they affect has been hindered
by our incomplete understanding of the proteome and its myriad functions and modes of
regulation. Activity-based profiling platforms enable both the discovery of cancer-relevant
enzymes and selective pharmacological probes to perturb and characterize these proteins in
tumour cells. When integrated with other large-scale profiling methods, activity-based
proteomics can provide insight into the metabolic and signalling pathways that support
cancer pathogenesis and illuminate new strategies for disease diagnosis and treatment.

proportion of the human proteome remains functionally
uncharacterized, and it is likely that at least some of these
poorly understood proteins also have roles in tumori-
genesis. These challenges require new proteomic tech-
nologies that can accelerate the assignment of protein
function in complex biological systems, such as cancer
cells and tumours. In this Review, we discuss one such
proteomic platform, termed activity-based protein profil-
ing (ABPP)*%2, and its implementation in the discovery
and functional characterization of deregulated enzymatic
pathways in cancer. We discuss the evidence that, when
coupled with other large-scale profiling methods, such as
metabolomics*** and proteomics'>*%, ABPP can provide
a compelling, systems-level understanding of biochemi-
cal networks that are important for the development
and progression of cancer.

ABPP for enzyme discovery in cancer

ABPP uses active site-directed chemical probes to directly
assess the functional state of large numbers of enzymes
in native biological samples (FIC. 1). Activity-based probes
consist of at least two key elements: a reactive group for
binding and covalently labelling the active sites of many
members of a given enzyme class (or classes), and a
reporter tag for the detection, enrichment and identifi-
cation of probe-labelled enzymes in proteomes. Activity-
based probes can be adapted for in situ or in vivo labelling
by substituting the reporter tag with a bio-orthogonal
chemical handle, such as an alkyne. Probe-labelled enzymes
are then detected by subsequent click chemistry conjugation
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* Activity-based protein profiling (ABPP) facilitates the discovery of deregulated

enzymes in cancer.

* Competitive ABPP yields selective inhibitors for functional characterization of

cancer enzymes.

* ABPP can be integrated with metabolomics to map deregulated enzymatic pathways

in cancer.

* ABPP can be integrated with other proteomic methods to map proteolytic pathways

in cancer.

* ABPP probes can be used to image tumour development in living animals.

Intravasating

A process in cancer metastasis
in which the cancer cells invade
through the basement
membrane into blood vessels.

to various azide-modified reporter tags**. There are
currently activity-based probes for a multitude of enzyme
classes, including many that have central roles in cancer,
such as hydrolases and proteases®*-*, kinases®*, phos-
phatases®, histone deacetylases'®", glycosidases*>** and
various oxidoreductases***. ABPP can be applied to vir-
tually any cell or tissue (assuming that the genome of the
parental organism has been sequenced) and can be com-
bined with a range of analytical methods for data acquisi-
tion, including gel- and mass spectrometry (MS)-based
methods?. Although the specificity of ABPP probes is not
absolute, and these probes can be toxic and disrupt bio-
chemical pathways when applied to living systems, they
are of great value for characterizing deregulated enzymatic
activities in various cancer models and specimens, as dis-
cussed below. Examples of activity-based probes that have
been used in cancer studies are provided in TABLE 1.

Serine hydrolases are one of the largest and most
diverse enzyme classes in mammalian proteomes and
include esterases, thioesterases, lipases, amidases
and proteases*. Several serine hydrolases have been impli-
cated in tumorigenesis, including fatty acid synthase'’,
protein methyl esterase 1 (REF. 47), and urokinase-type
(uPA) and tissue-type (tPA) plasminogen activators*.
Fluorophosphonate probes that target the serine hydro-
lase superfamily®**”* (TABLE 1) have been used to discover
several deregulated enzymes in cancer®-**. Using ABPP,
we discovered that two serine hydrolases — the uncharac-
terized enzyme KIAA1363 (REFS 49,52,53) and monoacyl-
glycerol (MAG) lipase (MAGL)"" — are highly expressed
in aggressive human cancer cells and primary tumours.
We also used ABPP to develop selective inhibitors of
KIAA1363 and MAGL for the functional characteriza-
tion of these enzymes in cancer (discussed below; FIG. 2).
Using ABPP, Shields and colleagues™ recently determined
that the activity of the serine hydrolase retinoblastoma-
binding protein 9 (RBBPY) is increased in pancreatic car-
cinomas, in which it promotes anchorage-independent
growth and pancreatic carcinogenesis through overcom-
ing transforming growth factor-p (TGFp)-mediated anti-
proliferative signalling by reducing the phosphorylation
levels of SMAD2 and SMAD3.

ABPP has also contributed to our knowledge of serine
protease activities in cancer. In the course of characteriz-
ing an in vivo-derived variant of the human breast cancer
line MDA-MB-231, termed 231MFP cells, we determined
that these cells possess increased uPA and tPA activity in
their secreted proteome®'. These cells also show increased

tumour growth in vivo, suggesting that deregulated
proteolytic activity could contribute to their increased
pathogenicity. Madsen and colleagues®™ compared ser-
ine hydrolase activities in high and low intravasating
variants of the human fibrosarcoma HT-1080 cell line
and found increased uPA activity in the high-intrava-
sating variant, in which the protease controlled tumour
cell intravasation. Interestingly, in these examples, altera-
tions in protease activity occurred without significant
changes in mRNA® or protein® expression.
Interrogating the activities of other protease
families has also provided new insights into deregu-
lated proteolytic processes in cancer. Using epoxide-
electrophile probes for cysteine proteases™ (TABLE 1), Joyce
and colleagues®” found that cathepsin activity is higher
in angiogenic vasculature and at the invasive fronts of
carcinomas, and that pharmacological ablation of a wide
range of cathepsins impaired the angiogenic switch,
tumour growth, vascularity and invasiveness. They also
found that cysteine cathepsins are increased in human
papilloma virus (HPV)-induced cervical carcinomas®’.
Profiling metalloproteinase activities with photoreac-
tive, hydroxamate activity-based probes (TABLE 1) has
uncovered neprilysin as a membrane-associated glyco-
protein that has increased activity in aggressive human
melanoma lines compared with less-aggressive counter-
parts®’. Comparison of ubiquitin-specific protease activi-
ties using the haemagglutinin-tagged ubiquitin-vinyl
methyl ester probe (TABLE 1) revealed that the deubiq-
uitylases ubiquitin-carboxyl esterase-L3 (UCHL3) and
UCH37 were upregulated in HPV-positive tumours com-
pared with adjacent normal cervical tissue**. Comparison
of a heptaoma cell line that expressed a stably replicat-
ing hepatitis C virus subgenomic replicon RNA with the
parental cell line using ABPP probes composed of an
N-acetylated amino acid that mimicked the P1 position
in the peptide substrates of the protease, identified several
differentially regulated enzyme activities, some of which
were decreased or increased during HCV replication®.
ABPP has also been used for imaging enzyme activi-
ties. Bogyo and colleagues® have introduced quenched
near-infrared fluorescent activity-based probes (QNIRF-
ABPs) to image cysteine protease activities in tumour
xenografts in vivo and ex vivo. These probes emit a fluo-
rescent signal only after covalently modifying a specific
protease target, and they can also be used to monitor
small-molecule inhibition of protease targets both bio-
chemically and by direct imaging methods. The same
researchers have implemented a similar approach using a
highly selective aza-peptidyl asparadinyl epoxide QNIRF-
ABP* to target a specific lysosomal cysteine protease,
legumain, the expression of which is increased in many
human cancers. In another study, mice were treated with
dexamethasone, which induced apoptosis and caspase
activation in the thymus, both of which were visualized
in vivo using a caspase-directed activity-based probe®
(TABLE 1). This probe could also detect apoptosis that was
induced by the monoclonal antibody Apomab in mice
bearing xenografted human colorectal tumours®. Further-
more, Blum and colleagues®® demonstrated that among
contrast agents for protease activities (small peptides,
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Figure 1| Activity-based protein profiling. a | Activity-based protein profiling (ABPP) uses active site-directed chemical
probes to assess the functional state of large numbers of enzymes in native biological systems. Activity-based probes
consist of a reactive group (red ball) for targeting a specific set of enzymes and a detection handle (a fluorophore, such as a
rhodamine (Rh) or biotin (B)). In a typical ABPP experiment, a proteome is reacted with the activity-based probe and
probe-labelled proteins detected by either in-gel fluorescence scanning (for fluorophore-conjugated probes; top) or
avidin enrichment, on-bead tryptic digest and liquid chromatograpy—mass spectrometry (LC-MS) analysis (for
biotinylated probes; bottom). b | ABPP can also be used in a competitive format to evaluate the potency and selectivity of
enzyme inhibitors in native biological samples. Inhibitors compete with activity-based probes for enzyme targets, and this
competition is read out by loss of fluorescence (for fluorophore-conjugated probes) or MS (for biotinylated probes) signals

(not shown). m/z, mass to charge ratio.

large polymer-based quenched fluorescent substrates and
fluorescently labelled ABPP probes), fluorescent ABPP
probes showed more rapid and selective uptake into
tumours and overall brighter signal compared with sub-
strate-based probes. These approaches can potentially
be used in the clinic to define tumour margins, diagnose
tumour grade and assess drug-target occupancy in vivo.

ABPP for inhibitor discovery in cancer

Because activity-based probes label the active sites of their
enzyme targets, they can form the basis for a competi-
tive screen for enzyme inhibitors®”¢*%, This competitive
ABPP platform has several advantages compared with
conventional substrate assays, as inhibitor screens can
be conducted directly in complex proteomes and allow
concurrent optimization of potency and selectivity against
many enzymes in parallel (FIC. 1). Inhibitors can also be
developed for uncharacterized enzymes that lack known
substrates®*. Beyond its important role in inhibitor

discovery, competitive ABPP has been used to identify
drug targets and off-targets in preclinical or clinical devel-
opment to gauge mechanism of action and safety"*¢"¢5,

Competitive ABPP has served as a principal assay for
screening directed libraries of inhibitors and for optimizing
their selectivity against serine hydrolases that are expressed
in cancer cell and tissue proteomes. This effort has led to
the identification of two carbamate agents, AS115 (REF. 53)
and JZL184 (REF. 69), which are potent and selective inhibi-
tors of KIAA1363 and MAGL, respectively. Competitive
ABPP has also been used to explore the full target profile
for anti-cancer drugs. Profiling cytochrome P450 enzymes
with clickable aryl-alkyne probes (TABLE 1) showed that
the aromatase inhibitor anastrazole, which is approved for
breast cancer therapy, significantly increases the activity (as
determined by probe labelling) of CYP1A2 and decreases
the activity of CYP2C19 (REF. 68). These results indicate
that anastrazole interacts with multiple P450 enzymes
and, in at least one case (CYP1A2), might cooperatively
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Table 1| Representative activity-based probes and their application to cancer research
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represent the portion of the activity-based probes that react with the active sites of enzymes.

enhance the binding of other drugs. Characterization of
the matrix metalloproteinase (MMP)-directed inhibi-
tor GM6001 (ilomastat) by competitive ABPP revealed
that this agent also inhibits several metalloproteinases
outside of the MMP family*, which could explain some
of the toxicity issues that broad-spectrum MMP inhibi-
tors have confronted in clinical development™. Kinase-
directed activity-based probes (TABLE 1) have been used to
identify 39 kinase targets of the broad-spectrum inhibitor
staurosporine in cancer cell lines®. Activity-based

probes based on the structure of the PI3K inhibitor
wortmannin®>*, revealed that this natural product also
targets members of the polo-like clan of kinases*””". The
integration of competitive ABPP platforms into the pre-
clinical and clinical development of cancer therapeutics
has the potential to clarify the mechanism of action and
reduce off-target toxicity for future drug candidates.
Finally, we should note that competitive ABPP
experiments have historically been analysed using
one-dimensional (1D) SDS-PAGE or MS, which are
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Ether lipid

Alipid in which one or more of
the oxygens on a glycerol
backbone is bonded to an alkyl
chain by an ether linkage.
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Figure 2 | Serine hydrolases KIAA1363 and MAGL regulate lipid metabolic pathways that support cancer
pathogenesis. Activity-based protein profiling (ABPP) identified KIAA1363 (part a) and monoacylglycerol (MAG) lipase
(MAGL) (part b) as being increased in aggressive human cancer cells from multiple tumour types. Pharmacological and/or
RNA interference ablation of KIAA1363 and MAGL coupled with metabolomic analysis revealed specific roles for
KIAA1363 and MAGL in cancer metabolism. Disruption of KIAA1363 by the small-molecule inhibitor AS115 lowered
monoalkylglycerol ether (MAGE), alkyl lysophosphatidic acid (alkyl LPA) and alkyl lysophosphatidyl choline (alkyl LPC)
levels in cancer cells. Disruption of MAGL by the small-molecule inhibitor JZL184 raised MAG levels and reduced free fatty
acid, lysophosphatidic acid (LPA) and prostaglandin E, (PGE ) levels in cancer cells. Disruption of KIAA1363 and MAGL
leads to impairments in cancer cell aggressiveness and tumour growth (part c). PAF, platelet-activating factor.

limited in throughput to compound libraries of a
modest size (200-300 compounds). This limitation
has recently been addressed, at least in part, by cou-
pling competitive ABPP with fluorescence polarization
(fluopol-ABPP)”, which provides a homogeneous assay
that is compatible with high-throughput screening and
which can be adapted to different classes of enzymes
and activity-based probes. Fluopol-ABPP has been suc-
cessfully used to discover selective inhibitors for two
cancer-related enzyme targets, the hydrolytic enzyme
RBBP9 and the thioltransferase glutathione S-transferase
omega 1 (GSTO1)7>7.

Integration of ABPP with other profiling methods
Integration of ABPP with metabolomics. Metabolomics
has emerged as a powerful method for broadly assess-
ing the biochemical functions of enzymatic pathways in
normal physiology and disease®** (BOX 1). When com-
plemented with selective inhibitors developed through
competitive ABPP, metabolomics can be used to not only
identify endogenous substrates and products of enzymes,
but also metabolites that are upstream or downstream
of these immediate substrates and products, allowing
the integration of individual enzymatic reactions into the
larger metabolic networks of cancer cells. Two examples

of how coupling of ABPP with metabolomics has helped
in defining contributions made by enzymes in cancer are
discussed below.

A role for KIAA1363 in regulating pro-tumorigenic
ether lipids. As mentioned above, ABPP studies iden-
tified increased KIAA1363 activity in both aggressive
human cancer cell lines® and primary tumours®, and
have identified AS115 as a potent and selective inhibi-
tor of this enzyme®. Untargeted liquid chromatograpy
(LC)-MS analysis of lipophilic metabolites from AS115-
treated cancer cells revealed that KIA1363 regulates an
unusual class of lipids — the monoalkylglycerol ethers
(MAGESs)!L. Previous studies had shown that tumours
contained increased levels of MAGE and other ether lipids
and identified positive correlations between ether lipid
content and tumorigenicity in cancer cells””>. However,
the enzymes that regulate ether lipid metabolism in can-
cer have remained enigmatic. Additional studies showed
that KIAA1363 is the principal 2-acetyl MAGE hydro-
lase in cancer cells, providing one potential pathway by
which this enzyme could influence ether lipid content.
Importantly, stable knock down of KIAA1363 by RNA
interference (RNAi) also led to a reduction in MAGE
levels, and this effect was found to further perturb other
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pro-tumorigenic lipids, including alkyl lysophosphatidic
acid (alkyl-LPA)*. These metabolic changes in cancer
cells correlated with reductions in migration and in vivo
tumour growth, thus pointing to an important role for
the KIAA1363-ether lipid pathway in supporting cancer
pathogenesis®.

A role for MAGL in regulating fatty acid pathways
in cancer cells. Competitive ABPP identified a potent
and selective MAGL inhibitor, JZL184 (REF. 69), which
increases MAG levels in multiple tissues in mice with-
out concurrent changes in global free fatty acid levels’.
In contrast to this metabolic profile, MAGL inhibition
in aggressive melanoma cells, and ovarian and breast
cancer cells, not only raised MAGs but also lowered
free fatty acid levels — results that were confirmed by
RNAi knock down of MAGL". MAGL reductions also
impaired cancer cell migration, invasion and serum-free
cell survival in vitro, as well as tumour xenograft growth
in vivo". These effects were rescued by the addition of
free fatty acids in vitro or treatment with a high-fat
diet in vivo, which supports a pro-tumorigenic role for
MAGL-generated fatty acids. Also consistent with this
premise, overexpression of wild-type, but not catalyti-
cally dead, MAGL was sufficient to increase free fatty
acids and confer malignant properties on non-aggressive
cancer cells''. Metabolomic profiles revealed that the
MAGL-fatty acid pathway feeds into a larger lipid
network that includes the pro-tumorigenic signalling
molecules LPA and prostaglandin E, (PGE,)". These
results suggest that as tumour development progresses,
cancer cells with increased MAGL activity produce
more cellular fatty acids, which can serve as building
blocks for lipid transmitters that further drive cancer
malignancy.

Box 1 | Metabolomics

Additional metabolomic studies in cancer. Metabolomics
has also been a useful technology for characterizing
enzymes that are genetically mutated in cancer. An inte-
grated genomic analysis, consisting of sequencing 22,661
protein-coding genes coupled with high-density oligonu-
cleotide array analysis of 22 human glioblastoma (World
Health Organization (WHO) grade IV) samples, identified
mutations in the enzyme cytosolic isocitrate dehydroge-
nase 1 (IDH1) as a common feature of a major subset of
primary human brain cancers’. These mutations produce a
single amino acid change in the IDH1 active site, resulting
in the loss of the ability of the enzyme to convert isocitrate
to a-ketoglutarate. Metabolomics revealed that cancer-
associated mutations also result in a new catalytic activity
— the NADPH-dependent reduction of a-ketoglutarate to
R(2)-2-hydroxyglutarate (2-HG)’. Human malignant glio-
mas with an IDH1 mutation exhibit markedly increased
levels of 2HG compared with gliomas without this muta-
tion”. These intriguing findings designate 2-HG as a poten-
tial onco-metabolite. Consistent with this hypothesis, an
excess accumulation of 2-HG has been shown to lead to
an increased risk of brain tumour development in patients
with inborn errors of 2-HG metabolism””.

ABPP and proteases. Proteases have long been implicated
as drivers of tumorigenesis and are important for early
tumour progression, as well as invasion and meta-
stasis’®®!. Increased protease activity is also useful as a
diagnostic marker for many cancers’*. Although pro-
teases catalyse one of the most pervasive post-translational
modifications in living systems, most of these enzymes
remain incompletely characterized with respect to their
endogenous substrates. Whereas technologies such as
ABPP are useful for identifying deregulated proteolytic
activities, additional methods are required to identify

Metabolomics has emerged as a powerful approach for investigating enzyme function in living systems?*?*. Metabolomic
experiments in the context of enzyme studies typically start with the extraction of metabolites from control and
enzyme-disrupted biological systems, followed by metabolite detection and comparative data analysis. For example,
lipophilic metabolites can be enriched from cells or tissues by organic extraction. Mass spectrometry (MS) has become a
primary analytical method for surveying metabolites in complex biological samples, with upfront separation
accomplished by liquid chromatography (LC-MS) or gas chromatography (GC-MS). MS experiments can be carried out
using targeted® or untargeted®*** approaches, depending on whether the objective is to profile and quantitate known
metabolites or to broadly scan for metabolites across a large mass range, respectively. As metabolomic experiments
generate a large amount of data, powerful software tools are needed for identification and quantitation of ions in LC-MS
data sets (see the figure; the mass to charge ratio (m/z) is indicated). One such program is XCMS*, which aligns, quantifies
and statistically ranks ions that are altered between two sets of metabolomic data. This program can be used to rapidly
identify metabolomic signatures of various disease states or to assess metabolic networks that are regulated by an
enzyme using pharmacological or genetic tools that modulate enzyme function. Additional databases assist in metabolite
structural characterization, such as HMDB®*%7, METLIN®%%® and LIPID MAPS*.
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the substrates of proteases. To address this issue, several
proteomic approaches have been developed that glo-
bally profile protease-substrate relationships in native
biological systems® (FIC. 3). One group of proteomic
methods, N-terminal labelling techniques, relies on
chemically tagging neo-N termini that are produced
through proteolytic cleavage events. The chemically
tagged N-terminal peptides can then be enriched and
analysed using MS methods. Many variations of this
strategy have been developed and have been instru-
mental in identifying exact sites of proteolytic cleavage
for various proteases, including caspases® and MMPs®.
Wells and colleagues® have introduced an engineered
enzyme (subtiligase) to tag and enrich nascent N ter-
mini in complex protein mixtures. Application of this
technique to study apoptosis led to the identification of
292 caspase-cleaved proteins®. Overall and colleagues®
have recently developed the terminal amine isotopic
labelling of substrates (TAILS) technique, which uses
an amine-reactive polymer to capture internal peptides
leaving only labelled neo-N termini and mature blocked
N termini for MS analysis. They used this technique
to extensively study the substrate profile of MMP2 in
mouse fibroblast secretomes and identified 288 poten-
tial substrates for this protease®*. Van Damme et al.*?
developed an N-terminal enrichment strategy, which
relies on combined fractional diagonal chromatography
(COFRADIC), and so identified 93 caspase-mediated
cleavage events during CD95-induced apoptosis. Also

&

Neo-
N termini

enzymatically

Chemically or

of note is the N-CLAP method developed by Jaffrey and
colleagues®, which uses a chemical treatment strategy to
selectively label N-terminal amines on proteins.
Although N-terminal labelling methods have provided
valuable insights into biological systems that are controlled
by proteases, they possess some drawbacks. Perhaps most
notably, the identification of a cleavage event relies on the
detection of a single peptide from the C-terminal portion
of a cleaved protein, and therefore does not provide infor-
mation on the size or stability of the remaining protein
fragments. With this consideration in mind, we developed
a platform for protease substrate discovery that aims to
provide a more complete topological map of proteolytic
events occurring in biological systems. This approach,
termed the Protein Topography and Migration Analysis
Platform (PROTOMAP), consists of the fractionation of
active and inactive protease samples by 1D SDS-PAGE,
followed by LC-MS analysis of tryptically digested pro-
teins from individual gel bands®*” (FIC. 3). Identified
proteins are subsequently assembled into two-dimensional
peptographs that combine sequence coverage with gel
migration information, and when coupled with spec-
tral counting data this yields a semi-quantitative topo-
graphical map for all detectable proteins (and their
cleavage products) in a sample. PROTOMAP has been
used to study the intrinsic apoptotic pathway in Jurkat
T cells, resulting in the discovery of more than 250 protein
cleavage events in apoptotic cells, most of which had not
previously been reported in the literature®®®. Interestingly,
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Figure 3 | Proteomic strategies for mapping protease substrates. a| Amino terminal labelling techniques use
chemical or enzymatic methods to selectively label neo-N termini that are created on protease treatment. The labelled
N-terminal peptides can then be enriched through positive selection methods (such as the subtiligase method®) or,
alternatively, the internal unmodified peptides can be removed through negative selection methods (such as terminal

amine isotopic labelling of substrates (TAILS) methods®*). The remaining pool of enriched labelled neo-N termini can then
be analysed using tandem mass spectrometry (MS) and the exact sites of proteolytic cleavage can be assigned. b | An
alternative proteomic method for protease substrate identification, Protein Topography and Migration Analysis Platform
(PROTOMAP &) combines one-dimensional (1D) SDS-PAGE fractionation with liquid chromatograpy (LC)-MS analysis. In a
typical PROTOMAP experiment, proteomes from control (Ctrl; red) and experimental (protease-active) (Expt; blue)
systems are separated by 1D SDS-PAGE. The lanes are cut into bands at fixed intervals, digested with trypsin and analysed
by LC-MS/MS to generate data that are integrated into peptographs, which plot sequence coverage for a given proteinin
the horizontal dimension (N to C terminus; left to right) versus gel migration in the vertical dimension. Spectral count
values for each protein in each gel band provide quantitation. Cleaved proteins are identified by shifts in migration from
higher to lower molecular weight (MW) in Ctrlversus Expt systems.
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a meta-analysis has revealed substantial congruency in
the proteolytic events identified by the subtiligase and
PROTOMAP methods in apoptotic cells”, indicating that
these approaches provide complementary ways to charac-
terize proteolytic pathways in biological systems. We envi-
sion that coupling protease—substrate discovery platforms
with ABPP should offer a versatile and a potentially rou-
tine way to map deregulated proteolytic pathways in cancer
and other pathophysiological processes. The information
acquired by protease—substrate discovery platforms should
also guide the development of new substrate-derived ABPP
probes for specific proteases.

Conclusions

Chemical labelling methods have become centrepieces
for a wide range of proteomic investigations, whether for
measuring the expression® and the post-translational
modification®-*! of proteins or, as we discuss above, the
activity state of proteins. We have attempted to highlight
how one such chemoproteomic technology, ABPP, has
enabled the discovery of new enzyme activities deregu-
lated in human cancer. Importantly, ABPP also provides
a built-in assay that can be used to develop inhibi-
tors to assess the functional role of enzymes in cancer.
Activity-based probes have found additional uses as, for

example, imaging agents to visualize enzyme activities in
tumours. An extension of these studies into a clinical set-
ting could enable rapid imaging, staging and diagnosis
of various types of cancers both in biopsy samples and
in vivo. Looking forwards, we also anticipate that ABPP
might have an important role in demystifying the process
of target identification for chemical genomic screens in
cancer cells. Lead compounds emerging from phenotypic
screens could be transformed into ABPP probes by intro-
ducing, for example, photoreactive groups and clickable
affinity handles to facilitate the identification of protein
targets and sites of probe labelling.

With the advent of fluopol-ABPP, inhibitor dis-
covery and optimization can now be carried out in a
high-throughput manner, allowing cancer-relevant
enzyme targets to be screened against extensive small-
molecule libraries, such as those available as part of the
US National Institutes of Health-supported Molecular
Libraries Screening initiative. By coupling ABPP with
other large-scale profiling methods, such as metabo-
lomics and proteomics, important insights can be
gained into how certain enzymes are used or hijacked
to carry out biochemical tasks that fuel tumorigenesis.
Such enzymes could be important targets for the next
generation of cancer therapeutics.
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INNOVATION

Molecular imaging by mass
spectrometry — looking beyond

classical histology

Kristina Schwamborn and Richard M. Caprioli

Abstract | Imaging mass spectrometry (IMS) using matrix-assisted laser desorption
ionization (MALDI) is a new and effective tool for molecular studies of complex
biological samples such as tissue sections. As histological features remain intact
throughout the analysis of a section, distribution maps of multiple analytes can be
correlated with histological and clinical features. Spatial molecular arrangements
can be assessed without the need for target-specific reagents, allowing the
discovery of diagnostic and prognostic markers of different cancer types and
enabling the determination of effective therapies.

Mass spectrometry (MS) has been the
focus of technology development and
application for imaging for several dec-
ades, with early work in secondary ion
mass spectrometry (SIMS) reported in the
1960s"*. SIMS uses an atomic or molecular
cluster beam to irradiate a sample with
concomitant desorption of ions, which are
subsequently analysed to measure their
mass to charge ratio (m/z)*. This was later
followed by laser desorption methods
that used a focused laser to achieve the
desorption process. One of the limita-
tions of these techniques is that molecules
with a molecular mass of more than
approximately 2,000 Da cannot be des-
orbed intact, and so applications typically
address the analysis of elements, atomic
clusters, drugs and other low molecular
mass compounds within tissue sections*.
Matrix-assisted laser desorption ioniza-
tion (MALDI)-based imaging mass spec-
trometry (IMS) was introduced in 1997
and provided the capability of measuring
both low and high molecular mass com-
pounds, such as proteins with masses of
greater than 50,000 Da’. In general, the
practical image resolution for the desorp-
tion technologies for the measurement of
intact molecules is around 1 um, and this
is mostly limited by sensitivity.

Much of the early work in MALDI IMS
was focused on proteomics in which pro-
teins of molecular masses from 2 to 80 kDa
or higher can be ablated and directly
analysed intact from tissue sections. Their
relative abundance and spatial distribution
throughout the section can be measured
with a lateral resolution of up to 10 um
using current technology®’. Formalin-fixed
and paraffin-embedded (FFPE) samples,
constituting most of the tissue collected
and stored by pathologists worldwide, can
also be analysed by MALDI IMS by com-
bining commonly used antigen retrieval
techniques, such as heat-induced antigen
retrieval coupled with tryptic digestion
of proteins in situ'®'". In contrast to more
commonly used imaging modalities, such
as immunohistochemistry (IHC), MALDI
IMS allows for the unbiased analysis of tis-
sue sections for the discovery and identifi-
cation of proteins that are linked to specific
tissue types or disease phenotypes as it does
not require target-specific reagents'?. The
spatial distribution of hundreds of proteins
can be evaluated in parallel and visual-
ized from the same section”. By leaving
molecular distributions intact, MALDI IMS
enables the discovery of spatial molecular
arrangements in disease to help assess, for
example, the aggressiveness of the disease

in discrete areas in the tissue and ultimately
to substantially enable the prediction of
patient outcome.

MALDI IMS is becoming widely
accepted, as shown by the rapidly increasing
number of publications in recent years. This
interest is driven by the need to gain a bet-
ter and more fundamental understanding of
molecular events involving proteins as well
as other types of biological compounds in
the development and progression of disease,
especially cancer. As the proteome is more
complex and dynamic than the genome, it
is an effective sensor for ongoing molecular
alterations'*'*. MALDI IMS technology has
the capability to overcome some of the limi-
tations of other approaches in the identifica-
tion of new biomarker molecules that are
involved in the development and progression
of cancer. Its major strength lies in its ability
to measure molecules with direct corre-
lation to anatomical features in tissues at the
cellular level, bypassing cumbersome and
time-consuming preparation techniques such
as laser capture microdissection'®. This is of
particular interest for the analysis of small
histological features that would require many
sections to be microdissected to acquire the
necessary number of cells for proteomic
analysis. Another key feature of MALDI IMS
is its ability to discover molecular signatures
of disease; these signatures typically comprise
5-20 or more different proteins that together
result in robust diagnostic patterns'. Several
studies have shown the usefulness and
advantages of this technology in the field of
cancer research as an aid to diagnosis or for
ascertaining prognosis of different cancer
types, as well as in the determination of the
effectiveness of a therapeutic regime. This
Perspective article highlights some recent
publications using MALDI IMS in the field
of cancer research, but it is not intended as a
complete review of the field.

Technology

MS is recognized as a powerful tool for
analysing various different analytes, includ-
ing small molecules, lipids, DNA segments,
peptides and proteins'®-**. MALDI IMS is
amenable to the analysis of high molecular
mass biologicals of 100 kDa or more, as well
as small molecules with a molecular mass of
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less than 1 kDa. For analysis by MALDI, a
sample is mixed or coated with an energy-
absorbing matrix and subsequently irradi-
ated with a laser beam. In positive ionization
mode, singly protonated molecular ions
(IM+H]") are generated from analytes in

the sample, whereas in negative ionization
mode singly deprotonated ions ([M-H]") are
generated. These are subsequently detected
by one of several different types of mass ana-
lysers. Time-of-flight (TOF) analysers are
commonly used in MALDI IMS to measure
the ionized analytes. Following acceleration
at a fixed potential®, ions are separated and
recorded based on their mass (molecular
mass) to charge ratio (m/z) (FIG. 1). As the
charge for MALDI is typically one, the
analyser read-out measures the protonated
or deprotonated molecular mass of the
molecule.

The introduction of MALDI IMS first
enabled the analysis of intact biological tis-
sue sections in either an ordered array of
spots to obtain an image or at selected posi-
tions of interest (known as histology directed
profiling)”?. The major advantages of these
approaches are that they enable the direct
correlation of mass spectra with anatomical
or pathological features as tissue sections
remain intact throughout the analysis and
can be stained after MS analysis if neces-
sary*”*. Combining well-established antigen
retrieval techniques and on-tissue tryptic
digestion allows FFPE tissue samples to be
analysed by MALDI IMS analysis through
the measurement of the resulting peptides''.
FFPE samples constitute the vast majority of
samples that are available in worldwide tis-
sue banks in which millions of samples exist.
This type of fixation has also become the
standard practice in pathology — samples
are processed and embedded in a standard-
ized manner and can be easily stored at
room temperature. Moreover, samples from
rare diseases are available in addition to the
corresponding clinical information®.

Sample handling and preparation are
crucial for achieving high quality and repro-
ducibility in MALDI IMS studies®*'. Pre-
analytical steps should be standardized and
carried out with great care to achieve a high
degree of reproducibility. Thin tissue sec-
tions can be collected on various sample tar-
gets (such as a gold plate or glass slide with
conductive surface) and subsequently coated
with the matrix. Matrix application can be
achieved in several different ways such as
dry coating, sublimation, spray coating, and
manual and robotic spotting®-*. The pre-
ferred method of matrix application depends
on the analyte. Although dry coating and

sublimation are the favoured matrix applica-
tion techniques for lipid analysis, they are
not optimal for protein and peptide analyses;
these samples require spray coating or spot-
ting techniques. For these analytes, high
quality mass spectra are obtained when

the matrix solution crystallizes on the tis-
sue and thereby ‘traps’ these analytes in the
crystals themselves. In FFPE tissue, matrix
application is preceded by on-tissue tryptic
digestion to release peptide domains that are
not cross-linked*. A typical workflow for
the analysis of fresh frozen tissue is shown
in FIC. 2. The acquired data can be visual-
ized by depicting single proteins or peptides
(producing protein or peptide images) or by
using statistical methods to combine multi-
ple proteins in a model to reveal a signature
of key molecular changes within the tissue
(producing classification images).

The use of different classification algo-
rithms facilitates data analysis to generate
images of tissue sections through two differ-
ent general approaches: unsupervised (if no
knowledge of the tissue composition is avail-
able) and supervised (if spatial details of the
section are known)**. Using virtual z-stacks
and three-dimensional volume rendering

allows the reconstruction of MALDI IMS
data to generate three-dimensional volumes,
and these can be co-registered with addi-
tional data such as block face optical images
and magnetic resonance imaging data®**.

In summary, MALDI IMS is a versatile
technology that can be used for the direct
analysis of biological compounds from tissue
sections. Although MALDI has been suc-
cessfully implemented for certain aspects of
DNA analysis (such as the analysis of DNA
methylation, small oligonucleotides and
single nucleotide polymorphisms?®?), analysis
of intact DNA from tissue sections has not
yet been achieved. MALDI IMS studies have
mostly focused on proteins and small mol-
ecules in a wide variety of applications, rang-
ing from fundamental biology to clinical
studies. Proteomic data obtained from intact
tissue sections can be directly correlated
with the histology.

Despite impressive advances in MALDI
IMS technology, challenges remain to
further increase the sensitivity in order to
sample deeper into the proteome. The pro-
teins detected are typically at mid- to high-
abundance levels. In addition, higher spatial
resolution needs to be achieved, ultimately
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Figure 1| Principles of MALDI-TOF IMS. a | Schematic outline of a typical separation of analytes in
a linear matrix-assisted laser desorption ionization (MALDI)-time-of-flight (TOF) imaging mass spec-
trometer (IMS) based on their mass to charge ratio (m/z). b | Typical mass spectrum in the mass range
between 2 and 20 kDa. ¢ | A magnification of the mass range between 5 and 8 kDa.
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enabling subcellular analyses. Current limita-
tions in matrix application (such as the size of
matrix drops applied to the tissue), as well as
laser beam sizes, limit the achievable lateral
image resolution to 10-20 um. Although IHC
can attain higher spatial resolution, MALDI
IMS has the capability of analysing hundreds
of analytes in parallel. A particular strength of
MALDI IMS is its independence from the
requirement of antibodies. As analytes can

be visualized without the need for upstream
labelling approaches, discovery becomes an
integral advantage of MALDI IMS.

Oncology applications

Applications of MALDI IMS in the field of
cancer are diverse and are mainly focused on
the analysis of peptides, proteins and small
molecules. Some recent studies are discussed
below that emphasize specific aspects of
MALDI IMS technology. For protein analy-
sis, three different types of studies can be
distinguished: diagnostic studies comparing
different tissue types (such as tumour versus
normal) to aid in pathological diagnosis;
prognostic studies to categorize patients
with long- or short-term survival; and

drug response studies to predict a patient’s
response to a certain treatment.

MALDI IMS-based studies have been
used to elucidate molecular signatures from
samples with different tumour types and
grades, including brain*, oral*?, lung***,
breast**, gastric*, pancreatic?, renal*,
ovarian®* and prostate cancer®*!. These
studies have been conducted in a retrospec-
tive manner and are mainly focused on the
identification of molecular signatures of a
disease or disease status. As these molecular
signatures are comprised of peptides and
proteins, identification of the proteins is
important, and this can be validated by IHC
or western blot. As the technology provides
an unbiased method for the analysis of sam-
ples as well as multiplexed spatially resolved
molecular information, it allows the study
of differences in molecular expression levels
between adjacent anatomical and pathologi-
cal structures without the need for labelling
approaches, as is the case for IHC. As no
a priori knowledge of the proteins is neces-
sary, the discovery of new, unexpected
proteins and pathways can be accomplished.

Peptide and protein analysis — diagnostic
studies. Studies using MALDI IMS have
revealed differences in protein expression
between tumour tissue and the immediately
adjacent normal tissue™. Most interestingly,
these differences could still be observed in
the surrounding histologically normal tissue,
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Figure 2 | Workflow for MALDI IMS analysis. Schematic outline of a typical workflow for fresh frozen
tissue samples. Sample pretreatment steps include cutting and mounting the tissue section on a con-
ductive target. Matrix is applied in an ordered array across the tissue section and mass spectra are
generated at each x,y coordinate for protein analysis or tandem MS (MS/MS) spectra for protein iden-
tification. Further analytical steps include the visualization of the distribution of a single protein within
the tissue (protein image) or statistical analysis to visualize classification images as well as database
searching to identify the protein. The scale represents the relative intensity of the protein. IMS, imag-
ing mass spectrometry; MALDI, matrix-assisted laser desorption ionization; MS, mass spectrometry;

m/z, mass to charge ratio.

decreasing with distance to 1.5 cm beyond
the tumour*. For example, the molecular
assessment of clear cell renal cell carcinoma
(ccRCC) samples (1 = 34), comprising tumour
and adjacent normal tissue in the same sec-
tion, revealed molecular changes in the nor-
mal tissue that was adjacent to the tumour
that were similar to changes observed in the
tumour itself*. One group of proteins, which
has been shown to be involved in the mito-
chondrial electron transport system (such as
cytochrome ¢; m/z = 12,272), was consistently
underexpressed in tumour and adjacent histo-
logically normal tissue. These findings directly
address the issue of the molecular assessment
of surgical tumour margins and the desire to
reduce local tumour recurrence.

The application of MALDI IMS for diag-
nostic purposes to differentiate between
tumour and normal tissue or different tumour

subtypes has become an emerging field as
investigators seek to find better markers to aid
diagnosis. In a study on prostate cancer, inves-
tigators compared a total of 31 fresh frozen
prostate cancer and 41 normal prostate biopsy
samples to identify differentially expressed
peptides®'. Combining 3 peptides in a genetic
algorithm-based model resulted in the correct
classification of cancerous areas in 85% of the
discovery set (cancer = 11; normal = 10) and
81% of the validation set (cancer = 23; nor-
mal = 31). One of the proteins identified was
MEKK?2 (m1/z = 4,355). These findings were
further validated by western blot analysis and
THC, both of which verified that MEKK?2 was
overexpressed in prostate cancer tissue and
cell lines.

In a similar study of ovarian cancer, fresh
frozen ovarian cancer tissue samples (1 = 25)
were analysed in comparison to benign
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ovarian tumours (n = 23)*. A fragment of
the 118 proteasome activator complex REGa
(also known as proteasome activator sub-
unit 1 (PSME1); m/z = 9,744) was found

to be overexpressed in the cancer samples.
Results were confirmed by western blot
analysis as well as IHC. THC revealed a dis-
tinct and diagnosis-dependent localization
in cellular compartments, with cytoplasmic
localization of REGa in carcinomas as well
as nuclear staining but no cytoplasmic stain-
ing in 76.9% of benign tumours. This is

the first report describing high expression
levels of REGa in ovarian cancer. The 11S
regulator complex (PA28; of which REGa is
a subunit) binds to the 20S proteasome, and
downregulation of PA28 in tumour cells
has been shown to result in an impaired
presentation of tumour antigens™.

Two separate studies of non-small-cell
lung cancer (NSCLC) were able to identify
proteomic patterns to accurately classify
and predict histopathological groups (such
as adenocarcinoma and squamous cell car-
cinoma)***. In the first study, investigators
analysed fresh frozen samples from 79 lung
tumours and 14 normal lung tissues*. Using
a training set of 42 tumour samples and
8 normal samples, investigators created a
model that could correctly classify all sam-
ples in the training set as well as all samples
in an independent validation set (37 cancer
and 6 normal samples). Moreover, expres-
sion profiles of two proteins also allowed the
classification of tumours with and without
lymph node metastasis with 85% and 75%
accuracy in the training and validation
sets, respectively. Combining 15 peaks in
a proteomic pattern enabled the distinc-
tion between patients with NSCLC with
poor (n =25) and good (n = 41) prognosis
(p<0.0001). Two proteins (m/z = 10,519 and
m/z = 4,964) that were highly expressed in
primary NSCLC were identified as SUMO2
and thymosin-f4, X-linked (TMS4X),
respectively.

Another study of NSCLC demonstrated
the use of FFPE tissue microarray (TMA)
samples for high-throughput analysis and
classification by means of on-tissue tryp-
tic digestions and MALDI IMS™*. Using a
support vector machine algorithm-based
model enabled the correct classification of
all squamous cell carcinoma (n = 22) and all
adenocarcinoma (n = 18) samples. MALDI-
tandem mass spectrometry (MS/MS)
analysis directly from the TMA section
allowed the identification of approximately
50 proteins. For example, heat shock pro-
tein 31 (HSPB1) identified by three tryptic
peptides, was found to be almost exclusively

expressed in squamous cell carcinomas. All
three tryptic peptides showed a similar ion
density distribution across the TMA, thereby
corroborating the derivation of these pep-
tides from the same protein. Two other
peptides (m/z = 1,407.7 and m/z = 1,410.7)
were identified as a fragment of cyto-
keratin 6 (CK6) and CK5 (also known as
keratin 5), respectively. These two antigens
are usually expressed in squamous cell carci-
noma, whereas adenocarcinomas are mainly
CK5- and CK6-negative. Commercially
available antibodies stain both antigens.
However, a wide variation in the expression
of both cytokeratins in patients was revealed
when comparing MALDI IMS-based pep-
tide images of CK5 and CK6 with THC stain-
ing using an antibody against CK5 and CK6
(REF. 75) (FIG. 3).

In breast cancer, MALDI IMS has been
used to classify ERBB2 (also known as
HER?2) receptor status on stored fresh frozen
tissue samples. The assessment of ERBB2
expression in breast cancer is crucially
important for treatment decisions in newly
diagnosed patients with primary breast
cancer to predict which patients are most
likely to respond to trastuzumab therapy*.
Fresh frozen samples from 48 patients were
analysed. The expression of ERBB2 was
evaluated by IHC and fluorescence in situ
hybridization in the training set (ERBB2-
positive n = 15 and ERBB2-negative n = 15)
and by IHC only in the validation set
(ERBB2-positive n = 6 and ERBB2-negative
n = 12). Classification of the ERBB2 receptor
status in the training set using an artificial

Patient A

IHC
CK5 and CKé

neuronal network-based model resulted in
87% sensitivity and 93% specificity. Applying
the same model to predict the ERBB2 recep-
tor status in the validation set resulted in
the correct classification of 16 of the 18
cases (83% sensitivity and 92% specificity).
In addition, a protein overexpressed in
ERBB2-positive samples was identified as
cysteine-rich intestinal protein 1 (CRIP1;
m/z = 8,403). This result confirms previous
findings of the co-expression of CRIPI and
ERBB2 mRNAs™.

Peptide and protein analysis — prognostic
studies. In a study on patient outcome,
samples from 108 patients with glioma

and 19 non-cancer patients were subjected
to MALDI IMS analysis to obtain protein
signatures that correlated with tumour his-
tology and patient survival*. In addition to
being able to distinguish between non-cancer
subjects and patients with glioma with an
average of >92% accuracy, investigators
could also identify a proteomic signature

(24 peaks) to differentiate between patients
from two prognostic groups: a short-term
survival group (52 patients; mean survival of
<15 months) and a long-term survival group
(56 patients; mean survival of >90 months).
Multivariate analysis showed a strong cor-
relation between the identified protein
expression signature and patient survival,
demonstrating that the protein expression
signature is an independent indicator of
patient survival. Additionally, for a subgroup
of the patients with glioma — those with
glioblastoma (1 = 57) — two different peaks

Patient B

. . . . . . I]OO%
0%
. . . . . . I]OO%
[Ys}
~
O
0%

Figure 3 | Comparison of IHC and MALDI IMS results. Immunohistochemical (IHC) staining with
an antibody against cytokeratin 5 (CK5) and CK6 of triplicate lung cancer biopsy samples from two
different patients (patient A or patient B) showing positive staining in all biopsy samples (parts a and
b). The corresponding peptide image of a 1407.7 Da fragment of CK6 (green; parts c and d) reveals this
peptide to be present only in one patient, whereas the 1410.7 Da fragment of CK5 (red; parts e and f)
is present in all biopsy samples’. The scale represents the relative intensity of the peptide. IMS, imaging
mass spectrometry; MALDI, matrix-assisted laser desorption ionization. Image courtesy of M.R.
Groseclose, Vanderbilt University, USA.

642 | SEPTEMBER 2010 | VOLUME 10

www.nature.com/reviews/cancer

© 2010 Macmillan Publishers Limited. All rights reserved


http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&jpg=on&pathway_id=her2pathway
http://www.cancer.gov/drugdictionary/?CdrID=42265

could separate patients with short-term
survival (28 patients; average survival of
10.9 months) from patients with long-term
survival (29 patients; average survival of
16.8 months). This proteomic signature
could also be verified as an independent pre-
dictor of patient survival by a multivariate
Cox proportional hazards model. In total,
six proteins could be identified by high-per-
formance liquid chromatography (HPLC)
and MALDI-MS/MS in this study: calcyclin
(also known as S100A6; m/z = 10,092),
dynein light chain LC8-type 2 (DLC8B; also
known as DYMLL2; m/z = 10,262), calpac-
tin I light chain (also known as SI00A10;
m/z = 11,073), phosphoprotein-enriched in
astrocytes (PEA15; m/z = 15,035), fatty acid-
binding protein 5 (FABP5; m/z = 15,076)
and tubulin-folding cofactor A (TBCA; m/z
=17,268). Two of these proteins, SI00A6
and DLC8B, were among the classifiers

for overall patient prognosis of all patients
with glioma, with SI00A6 overexpressed

in patients with short-term survival and
DLC8B predominant in patients with long-
term survival. SI00A6, a protein thought

to be involved in tumorigenesis and cell
proliferation, has previously been described
as overexpressed in other tumours, such

as colon cancer, and its expression level in
epithelial cells was found to be directly pro-
portional to the increase in malignancy®".
DLCS8B has been reported to interact with
BIM, a pro-apoptotic protein, to negatively
regulate its apoptotic function®.

Peptide and protein analysis — drug
response studies. Another goal of MALDI
IMS-based proteomic studies is the identifi-
cation of markers that correlate with patient
response to a therapeutic regime. MALDI
IMS, together with gene expression profil-
ing, has been used to identify markers of
taxane sensitivity in patients with breast
cancer receiving a neoadjuvant therapeutic
treatment regime of the taxane paclitaxel
with radiation®. Fresh frozen pretreatment
tissue samples from 19 patients were sub-
jected to histology-directed profiling. Of
these 19 patients, 6 achieved a pathological
complete response and 13 showed residual
disease or no response after treatment.
Comparing spectra from tumour regions
between the two groups revealed three
highly overexpressed (>30-fold) features
(m/z = 3,371, m/z = 3,442 and m/z = 3,485)
and four features of lower expression

(m/z = 5,667, m/z = 6,955, m/z = 7,007 and
m/z =15,348) in the responder group. The
three significantly overexpressed proteins
had previously been identified as a-defensins

© FOCUS ON CANCER PROTEOMICS

(DEFal, m/z = 3,371; DEFa2, m/z = 3,442;
and DEFa3, m/z = 3,485) in proteomic analy-
ses of different types of cancer, such as head
and neck cancer®. To verify the tumour cells
as the source of the DEFa expression and to
eliminate the possibility of an artefact caused
by blood contamination of the tissue or the
presence of neutrophils, IHC was carried
out. Samples from patients with pathologi-
cal complete responses exhibited a positive
staining pattern of DEFa in the tumour
cells, whereas samples from non-responders
showed little or no staining of DEFa.

In another study it was shown that early
proteomic changes assessed by MALDI
IMS could predict the treatment response
of mammary tumours in transgenic mice®.
Fresh frozen tumour sections from mouse
mammary tumour virus (MMTV);Erbb2-
transgenic mice treated with different
doses of a small molecule tyrosine kinase
inhibitor of epidermal growth factor
receptor (EGFR), erlotinib, and/or an
ERBB2-blocking antibody (trastuzumab),
were analysed by MALDI IMS at various
time points and compared with tumour
sections from untreated mice. Tumours
from mice treated with erlotinib showed
a dose- and time-dependent decrease in
TMSP4X (m/z = 4,965), as well as ubiquitin
(m/z = 8,565) and an increase of a fragment
of E-cadherin-binding protein E7 (also
known as c-CBL-like protein 1 (CBLL1);
m/z = 4,794) when compared with tumours
from untreated mice. Those drug-induced
changes precede the inhibition of prolif-
eration or cell death, as measured by IHC
(using the detection of proliferating cell
nuclear antigen (PCNA)) and terminal
deoxynucleotidyl transferase (Tdt)-mediated
nick end labelling (TUNEL). Additional
proteins found to be more highly expressed
in tumours treated with both drugs include
a fragment of calmodulin, acyl-CoA bind-
ing protein (also known as DBI), calgizzarin
(also known as S100A11), histone H3 and
histone H4.

Lipid analysis. Interest in assessing lipid
changes in disease has increased consider-
ably owing to their important functions in
signal transduction and energy storage®’.
Altered levels of lipids are found in many
human diseases, including cancer®. MALDI
IMS for spatially resolved analysis of lipids
has also grown rapidly as the technology has
developed. Owing to their low molecular
mass (<1,000 Da), in situ analysis can be
hampered by interference from other
components in the tissue and through the
normal tissue preservation protocols used

in histology®'. Initial MALDI IMS studies
using fresh frozen tissue sections suggest
that regional differences in concentrations
for specific molecular species of lipids can
be detected in tissues®®*, Investigators were
able to analyse the distribution of mito-
chondrion-specific lipids, the cardiolipins,
in different rat organ sections®. Work from
our laboratory in studies of biopsy samples
from patients with ccRCC showed marked
differences in lipid distributions between
tumour and normal regions (unpublished
observations, S. Puolitaival and R.M.C.).

In total, 78 matched pairs were analysed

in positive and negative ionization mode.
Most linoleic acid-containing phospholipids
were found to be more abundant in tumour
regions, whereas sphingomyelins were more
abundant in normal regions. Although these
findings are interesting in terms of under-
standing the total molecular changes that
occur in tumorigenesis, their specific role in
this process remains unclear. In a recently
published non-cancer-related study, MALDI
IMS was used to successfully character-

ize the spatial and temporal distribution of
phospholipid species during mouse embryo
implantation®.

Applications of MALDI IMS to drug
discovery. The assessment of the distribu-
tion and metabolism of drug candidates in
targeted tissues and throughout the body

is of central interest to drug discovery and
in the understanding of drug responses®.
Drug analysis uses MS/MS that allows both
the molecular species and the structure-
specific fragments to be simultaneously
monitored to increase sensitivity and better
validate the identification of signals with
high confidence. Single reaction monitoring
(SRM) and multiple reaction monitoring
(MRM) techniques further enable this analy-
sis to be accomplished in a high-throughput
manner®. These techniques monitor the
structure-related composition of the drug
(precursor or parent ion) in the mass spec-
trometer to form one (SRM) or multiple
(MRM) specific fragment jons.

Minimizing the tissue handling and
washing steps that are typically a part of
sample pretreatment protocols for the analy-
sis of proteins is crucial for the detection
of small molecules, as such treatment can
degrade or compromise the level of the drug
of interest. Initial studies by MALDI IMS
have shown the possibility of detecting not
only the distribution of the drug itself but
also the simultaneous distribution of its indi-
vidual metabolites in whole-body tissue sec-
tions”. FIGURE 4 shows an example of small
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molecule imaging in whole-animal sections
in which the orally administered anti-cancer
drug is present in the digestive system as well
as the tumour (personal communication,
M. L. Reyzer, R. A. Smith and H. C. Manning).
A recently published study used MALDI
IMS to detect the localization of the alkylating
agent oxaliplatin and its derivates in heated
intra-operative chemotherapy-like treated
rat kidneys”'. The lowest concentration of
oxaliplatin detectable by MALDI IMS was
determined as 0.23 + 0.05 mg of total oxali-
platin per gram of tissue using a 15 pm- thick
tissue section. Imaging results showed that
oxaliplatin and its derivates could be detected
within the kidney cortex only. Penetration of
the drug into the medulla was not observed.
Another study imaged the distribution of
vinblastine within rat whole-body sections in

Figure 4 | Small molecule imaging. Unstained transverse whole mouse section (part a), image of the

order to visualize the distribution of the drug
in different organs’™. Ion density maps of vin-
blastine (precursor ion; m/z = 811.4) and its
fragments (for example, m/z = 793) showed
a higher distribution in the liver, kidney and
tissue surrounding the gastrointestinal tract.
However, especially in the kidney, differences
between the distribution of the precursor

ion together with its fragment at m/z = 751
were observed when compared with the
other seven fragments, with the first showing
arelatively high signal intensity in the renal
pelvis. The distribution of orally administered
erlotinib and its metabolites was investigated
in tissue sections from rat liver, spleen and
muscle by MALDI IMS¥. The highest drug
concentrations were found in liver sections
together with the detection of one of the
major drug metabolites. In addition, direct

b

100%

0%

drug distribution (part b) and overlay (part c). The orally administered anti-cancer drug is present in
high concentrations in the tumour and can also be found in lower concentrations in the digestive

system and blood vessels. The solid white line represents the tumour; dashed white line the gastroin-

testinal tract; solid red line the major blood vessels and the dashed red line the outline of the whole

section. The scale represents the relative intensity of the drug. Personal communication, M. L. Reyzer,

R.A.Smith and H. C. Manning, Vanderbilt University, USA.

quantitative analysis of the drug on tissue
(liver, spleen and muscle) by MALDI IMS
was carried out and compared with standard
LC-MS/MS on tissue homogenates. The
ratio of total ion intensities from liver and
spleen, as estimated by MALDI IMS analysis,
was in good agreement with the ratio cal-
culated by LC-MS/MS analysis. One study
of tumour response to drug treatment also
analysed the spatial localization of elortinib
directly in tissue sections by SRM of the tran-
sition m/z = 394.2 to m/z = 278.1 (REF. 60).
The drug was predominantly found to be dis-
tributed in the more vascularized peripheral
areas of the tumour section 16 hours after
drug administration.

Conclusions and perspectives

MALDI IMS is a new technology with
respect to defined clinical applications. Its
outstanding molecular recognition capabili-
ties should substantially benefit molecular
pathology as the technology develops further.
Such development would include the imple-
mentation of biocomputational tools as well
as the building and validation of extensive
databases that correlate molecular signatures
with histological and clinical data such as
patient outcome. Many studies have shown
the strength of this emerging technology and
its ability to be used to aid in the diagnosis
and prognosis of several different cancer
types. In addition to discovering potential
new drug targets, MALDI IMS also offers
the possibility of analysing the distribution
and effect of drug candidates directly in tis-
sues and whole animals. The most important
characteristics of MALDI IMS in a discovery
setting are its multiplexicity and its inde-
pendence from target-specific reagents such
as antibodies. Further improvements in the
technology will bring an increased ability to
measure proteins of lower expression levels
in tissue sections. Also, as image resolution
increases, smaller laser spot sizes (that are
subcellular, for example) will require even
greater advances in sensitivity as the amount
of material analysed per spot will decrease.
Progress in many areas has already been
shown; for example, in the development

of special sample pretreatment protocols

to allow the detection of hydrophobic and
membrane-bound proteins”7*.

As this technology has proved its feasi-
bility and versatility, the next phase in its
clinical use will be its translation to effective
applications in the clinic. More comprehen-
sive studies with many hundreds of samples
are needed to validate the robustness and
potential use in a clinical setting in support of
personalized medicine. The technology holds
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great promise for establishing protein or lipid
signatures as robust aids in disease diagnosis
and most importantly for prediction of a
patient’s response to therapy and overall
prognosis. MALDI IMS, perhaps in conjunc-
tion with other approaches, can clearly bring
the art and practice of molecular pathology
to a new and more effective level.
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Abstract | Cancer is caused by complex interactions between genes, environment
and lifestyles. Biobanks of well-annotated human tissues are an important resource
for studying the underlying mechanisms of cancer. Although such biobanks exist,
their integration to form larger biobanks is now required to provide the diversity
of samples that are needed to study the complexity and heterogeneity of cancer.
Clear guidelines and policies are also required to address the challenges of
integrating individual institutional or national biobanks and build public trust. This
Science and Society article highlights some of the main practical and ethical issues
that are undergoing discussion in the integration of tissue biobanks for cancer.

It is widely accepted that although basic
scientific studies carried out using cell lines
and animal models can be informative
about the cellular and molecular aspects

of cancer there is a clear requirement to
confirm this in human samples. The con-
cept of patient-specific and disease-specific
(‘targeted’) therapy has expanded rapidly in
recent years. Many researchers believe that
this concept of personalized medicine will
provide the solution to the considerable
challenges posed to the clinical treatment
of cancer. The move from the traditional

‘one size fits all’ approach for the treatment
of cancer to targeted approaches seems to
offer genuine hope for improved patient
outcomes. There are a few examples for
which the concept of a highly effective
drug treatment targeted towards a specific
limited patient population has become
reality. The use of imatinib (Gleevec;
Norvartis) in chronic myeloid leukaemia’,
the use of monoclonal antibodies that tar-
get the epidermal growth factor receptor
(EGFR) in patients with EGFR-expressing
metastatic colon cancer? and the use of

the ERBB2 (also known as HER2)-specific
monoclonal antibody trastuzumab
(Herceptin; Genentech) in ERBB2-positive
breast cancers’ are such examples.

The potential benefits of this personalized
approach to the treatment of disease are
considerable. They include the identifica-
tion of improved biological targets using
validated biomarker studies, the capacity to
increase the likely success of clinical trials by
preselecting the patient population and the
fact that this will in turn reduce the time, cost
and the likelihood of failure of clinical trials®.
Information from validated biomarker stud-
ies also allows the re-introduction of drugs
that have failed in a clinical trial setting
or that have been withdrawn from the mar-
ket to be re-applied in a more targeted way.
Similarly, biomarker studies might also offer
the potential to avoid adverse side effects,
and this would, in turn, lead to higher
compliance with various treatment regimes.

The need for large integrated biobanks
One of the biggest limiting factors to the suc-
cessful translation of basic scientific cellular
and molecular studies into improved patient
outcome has been the lack of access to large,
appropriate and well-annotated cohorts of
human tissue*®. Focused disease-specific
institutional biobanks have had some success
in translational and personalized medicine
(as described above). However, owing to the
complex and heterogeneous nature of cancer,
it is now clear that much larger biobanks are
required”®. For genetic main-effect studies
2,000-5,000 samples are needed, for lifestyle
main-effect studies 2,000-20,000 samples are
required and for gene-lifestyle interaction
studies 20,000-50,000 samples are required®.
Only when these larger resources are availa-
ble can we truly understand the interactions
between gene, environment, lifestyle and
disease and translate this knowledge into the
clinic through innovative diagnostics, thera-
peutics and preventive strategies for cancer.
These larger resources can only be achieved
by the integration of existing biobanks that
already have a wealth of information and
samples. However, there are many obstacles
and challenges associated with such integra-
tion, including technical, logistical, ethical
and legal ones.

Groups across both North America and
Europe have started to address these obsta-
cles and challenges to move this process
forwards. Initially, national programmes
were established that linked previously col-
lected biobank samples. These included
the Canadian Tumour Repository Network
(CTRNet; see the CTRNet website; Further
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Clear guidelines and policies are also required to address the challenges of
integrating individual institutional or national biobanks and build public trust. This
Science and Society article highlights some of the main practical and ethical issues
that are undergoing discussion in the integration of tissue biobanks for cancer.

It is widely accepted that although basic
scientific studies carried out using cell lines
and animal models can be informative
about the cellular and molecular aspects

of cancer there is a clear requirement to
confirm this in human samples. The con-
cept of patient-specific and disease-specific
(‘targeted’) therapy has expanded rapidly in
recent years. Many researchers believe that
this concept of personalized medicine will
provide the solution to the considerable
challenges posed to the clinical treatment
of cancer. The move from the traditional

‘one size fits all’ approach for the treatment
of cancer to targeted approaches seems to
offer genuine hope for improved patient
outcomes. There are a few examples for
which the concept of a highly effective
drug treatment targeted towards a specific
limited patient population has become
reality. The use of imatinib (Gleevec;
Norvartis) in chronic myeloid leukaemia’,
the use of monoclonal antibodies that tar-
get the epidermal growth factor receptor
(EGFR) in patients with EGFR-expressing
metastatic colon cancer? and the use of

the ERBB2 (also known as HER2)-specific
monoclonal antibody trastuzumab
(Herceptin; Genentech) in ERBB2-positive
breast cancers’ are such examples.

The potential benefits of this personalized
approach to the treatment of disease are
considerable. They include the identifica-
tion of improved biological targets using
validated biomarker studies, the capacity to
increase the likely success of clinical trials by
preselecting the patient population and the
fact that this will in turn reduce the time, cost
and the likelihood of failure of clinical trials®.
Information from validated biomarker stud-
ies also allows the re-introduction of drugs
that have failed in a clinical trial setting
or that have been withdrawn from the mar-
ket to be re-applied in a more targeted way.
Similarly, biomarker studies might also offer
the potential to avoid adverse side effects,
and this would, in turn, lead to higher
compliance with various treatment regimes.

The need for large integrated biobanks
One of the biggest limiting factors to the suc-
cessful translation of basic scientific cellular
and molecular studies into improved patient
outcome has been the lack of access to large,
appropriate and well-annotated cohorts of
human tissue*®. Focused disease-specific
institutional biobanks have had some success
in translational and personalized medicine
(as described above). However, owing to the
complex and heterogeneous nature of cancer,
it is now clear that much larger biobanks are
required”®. For genetic main-effect studies
2,000-5,000 samples are needed, for lifestyle
main-effect studies 2,000-20,000 samples are
required and for gene-lifestyle interaction
studies 20,000-50,000 samples are required®.
Only when these larger resources are availa-
ble can we truly understand the interactions
between gene, environment, lifestyle and
disease and translate this knowledge into the
clinic through innovative diagnostics, thera-
peutics and preventive strategies for cancer.
These larger resources can only be achieved
by the integration of existing biobanks that
already have a wealth of information and
samples. However, there are many obstacles
and challenges associated with such integra-
tion, including technical, logistical, ethical
and legal ones.

Groups across both North America and
Europe have started to address these obsta-
cles and challenges to move this process
forwards. Initially, national programmes
were established that linked previously col-
lected biobank samples. These included
the Canadian Tumour Repository Network
(CTRNet; see the CTRNet website; Further
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information), which was established to link
cancer researchers with provincial tumour
banks, thus creating new opportunities for
translational cancer research to improve can-
cer outcomes in Canada and beyond. This
network gave researchers access to tissue and
clinical data. The Organisation of European
Cancer Institutes (OECI) TuBaFrost database
(see the TuBaFrost website; Further infor-
mation) was established in 2003 to network
European frozen tissue pathology banks for
cancer research. In this initiative, the tis-

sue collection process was standardized, a
code of conduct for the exchange of residual
human material for research was developed
based on European legislation and a web-
based sample request process was developed.
Other examples include the Spanish tumour
bank, EuroBoNet (see the EuroBoNet web-
site; Further information) and the Office of
Biorepositories and Biospecimen Research
(OBBR; see the OBBR website; Further infor-
mation) in the USA. These initial biobanks
led to further expansions and networking

to create resources across Europe and the
United States. The establishment of the
European Biobanking and Biomolecular
Resources Research Infrastructure (BBMRI)
programme (see the BBMRI website; Further
information) illustrates moves to coordi-
nate existing biobanking activities across
Europe”'® 80X 1). The development of the
Cancer Bioinformatics Grid (caBIG®) infra-
structure (see the Cancer Bioinformatics
Grid website; Further information) is
connecting research organizations across

the United States!! (BOX 2). The National
Comprehensive Cancer Network (NCCN;
see the NCCN website; Further information)
has collected patient data outcomes for
breast cancer, non-small-cell lung cancer,
colorectal cancer, non-Hodgkin's lymphoma
and ovarian cancer. The data, along with
records of patient treatments and patient out-
comes, have allowed retrospective compara-
tive studies to be conducted. The analysis of
subpopulations in these databases has already
led to changes in clinical practice'>".

There are many reports outlining the com-
plexity of biobanking that provide strong rec-
ommendations and the identification of best
practice for all aspects of the process™ (see
the National Cancer Institute Best Practices
for Biospecimen Resources website; Further
information). FIGURE 1 outlines the steps
involved in biobanks. As the requirements for
complex multi-institutional and international
collections to study cancer processes have
been established, this article focuses on some
of the important practical and ethical issues
related to the integration of biobanks.

© FOCUS ON CANCER PROTEOMICS

Box 1| The Biobanking and Biomolecular Resources Research Infrastructure

The European project Biobanking and Biomolecular Resources Research Infrastructure (BBMRI)
was established in 2008 to network European biobanks with the aim of improving resources for
biomedical research and therefore contributing to the improved prevention, diagnosis and
treatment of disease. The resource includes 261 biobanks across 23 countries with a total of more
than 16 million samples. It is only possible to achieve this using a federated network of centres in
European countries, which is best described as a distributed hub structure of existing biobanks.
This will provide the flexibility to facilitate expansion and multiple uses (see the BBMRI website;

Further information).
The mission of the BBMRlI is:

¢ To benefit European health care, medical research and, ultimately, the health of the citizens of

the European Union

¢ To have a sustainable legal and financial conceptual framework for a pan-European Biobank

infrastructure

¢ To increase scientific excellence and efficacy of European research in the life sciences, especially

in biomedical research

* To expand and secure the competitiveness of European research and industry in a global
context, especially in the fields of medicine and biology

Practical implementations to integration
Definition and use of biobanks. There

are many types (BOX 3) and definitions of
biobanks, which are informed by the goals,
objectives or statements of purpose, and so
differ from institution to institution. Defined
in the most general terms, a biobank is a
collection of biological specimens and cor-
responding participant data. The goals of the
biobank will therefore determine the types of
material collected, the scope of the research
and the consent used to collect the samples.
A clear definition of the scope of a biobank
is essential to define informed consent for
its participants, determine standard operat-
ing procedures for sample collection and
storage, define the data management system
and determine the use of the samples. All of
these characteristics are not only required
for a high quality resource but also for build-
ing public trust, avoiding the misuse of the
resource and setting clear expectations for
the contributors to and users of the biobank.
However, providing a clear definition of the
scope of a biobank is a problem when inte-
grating biobanks that have been collected
across different institutions or countries for
different reasons. There is a clear need for
such flexibility, owing to the ever-expanding
development of technology and understand-
ing of the complexity of cancer, but this
flexibility has effects on patient consent,
standard operating procedures, information
technology management systems, and the
use and distribution of samples.

Standard operating procedures. The
careful and well-documented process-
ing and annotation of samples is essential
to provide a useful resource for scientific
interrogation. Valid data are defined as

those that are reproducible, but variation

is an enemy to such reproducibility. The
importance of standard operating proce-
dures has been well established to prevent
variation in the patient consent, collec-
tion, processing, storage and distribution
of samples. Several important documents
have been produced that clearly define

the best practices for biobanks'*'* (see the
National Cancer Institute Best Practices for
Biospecimen Resources website; Further
information). However, balancing the
standardization and flexibility of biobanks
is of considerable importance. The main
challenge related to biobank integration

is the consistency of standard operating
procedures across multiple sites, so that
differences observed across patient popula-
tions are not affected by where and how the
samples were processed. There are ongo-
ing international collaborations address-
ing these issues; for example, the Data
Schema and Harmonisation Platform for
Epidemiological Research (DataSHaPER;
see the DataSHaPER website; Further
information) has been developed through
the Public Population Project in Genomics
(P3G) and Promoting Harmonisation

of Epidemiological Biobanks in Europe
(PHOEBE) and involves 25 international
biobanks. These international collabora-
tions have defined several core high priori-
ties for improved study integration, such as
sample collection, preliminary processing
and storage, as well as the importance of
documenting key aspects of the standard
operating procedure, such as the time of
collection and processing so that this vari-
able is recorded and linked with the sample.
These networks have all identified the need
for quality assurance systems that operate
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across the sites and that can address com-
pliance with, and the implementation of,
standard operating procedures, but their
implementation has not yet been agreed.

Information technology management systems.
A central component of any biobank is

the bioinformatics and data management
system. It is clear that to harness the full
potential of any biological sample, informa-
tion needs to be collected not only about
the standard operating procedures and
pathological status, but also the demo-
graphic, diagnostic, medical and family
history and clinical outcome data of the
participant. For such data, the patient must
be identifiable to a member of the biobank
so that the information can be updated over
time. Issues associated with such informa-
tion extend beyond the storage of data and
linking it to a specific participant and also
include data reporting, data searching and
mining, data accessibility and network
security, and require personnel to enter,
manage and maintain the data in the future.
There are a large number of commercially
and institutionally available data manage-
ment systems but there is no common con-
sensus on which system delivers an overall
solution. Biobank information management
systems (BIMS) are emerging as a proposed
solution that allow the storing, tracking
and most importantly the searching of sev-
eral sources of data at the same time. The
Karolinska Institute has developed such a
system, and it has been proposed that this
BIMS model could be used to manage the
data from the planned LifeGene project,
which will include 500,000 Swedish par-
ticipants and will follow them for decades
using both questionnaires and testing of
individuals. Another such project is the UK
Biobank, which will gather samples from
500,000 participants with extensive medical
and family histories and follow them for

30 years. This project is expected to col-
lect 15 million aliquots of blood and DNA.
However, it is clear that a strong and close
interaction between the information tech-
nology development team, data managers,
biobank managers, clinicians and research-
ers is required to build a system that is
fit for purpose and that also contains the
appropriate security features to protect par-
ticipant confidentiality and so foster public
trust. Individual biobanks need to agree to
use standard identification schemata, data
formats, data quality assurance and con-
trol processes, database architectures and
common security processes when building
their systems.

The integration of databases is one of
the most challenging issues for establishing
biobank networks. Ideally, data should be
exchangeable across multiple national and
international sites using a web-based system,
and facilitated by agreed consent, ontolo-
gies, naming conventions, data formats and
definitions that are underpinned by common
standard operating procedures for data col-
lection, uploading, management and audit.
Unfortunately, there is no such agreement;
however, the World Wide Biobank Summit
has indicated that biobanks should agree on
minimum data sets that are interchangeable
between biobanks and identify the complete
ontology and multi-lingual definitions of
the data set. In addition, access policies and
levels of security to protect the identity and
confidentiality of patients must be agreed.
This can be achieved using network security
and access control that limit different users
to different aspects of the data. For example,
data managers would be able to see patient-
identifiable information that is applicable to
their institution only, so that they can update
the appropriate information, and researchers
or external collaborators would see the de-
identified codes of participants as well as the
relevant clinical and scientific data that are

Box 2 | The Cancer Bioinformatics Grid (caBIG®)

The Cancer Bioinformatics Grid (caBIG®) was launched in 2004 by the US National Cancer
Institute and is already enabling many research organizations to move their clinical and basic
research programmes forwards. The caBIG® programme aims to create a virtual web of
interconnected data, individuals and organizations, with the ultimate goal of improving the
interaction of those involved in treatment-focused research, leading to improved patient
outcome. It is essentially an infrastructure for connecting research organizations that allows for a
systems approach to biomedical research. It relies on the widespread use of sophisticated and
powerful information technology, which offers improved data management and data exchange
and sharing. This will facilitate a move from the traditional self-contained or isolated model of
research organizations to the concept of large networks that allow faster, larger and standardized
collaborative research. The CaTissue suite developed by caBIG® is a biobanking managing system
designed to collect, manage, process, annotate, request and distribute biospecimens and
associated information (see the Cancer Bioinformatics Grid website; Further information).

Medical or surgical —
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™ i <~

Figure 1| The steps involved in establishing
a biobank. The steps involved in biobanks are
a continuum, starting with participant consent,
leading to the collection, processing, storage
and distribution of samples. The process fin-
ishes with the publishing of data and informing
participants of how their samples have been
used, which then supports the continuation of
recruitment to biobanks.

applicable only to their level of access and
requirements. This approach would help to
address issues of confidentiality and reassure
participants of privacy, which is central to
building public trust. However, it is clear that
an important requirement for these informa-
tion technology systems is that they are built
in a flexible way to accommodate the ever-
evolving requirements of participants and
users of biobanks.

Ethical issues associated with integration
Patient consent. Informed consent is a fun-
damental and key mechanism put in place
to protect the interests, welfare and rights
of research participants and it is generally
accepted as an absolute imperative for the
collection of human samples's'’. Central
to the consent process is information that
educates the participant about the research
and how samples will be collected and used,
along with details of potential benefits and
risks. This information allows participants
to make an informed decision regarding
their involvement in a study. A clearly
defined biobank makes it easier to inform
participants about the process and the use
of their samples; however, with increas-
ing pressure for flexibility in the use and
sharing of samples, the consent process
has become more complicated. In addi-
tion, biobanks are typically established

for long-term use, therefore the details of
future research projects cannot be known.
Obtaining new informed consent for each
new project is in most cases difficult, if
not practically impossible. However, it has
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been argued that general consent to future
research projects is not sufficient. To what
extent can such consent about the unknown
future be accurately described as informed
consent?'®2* One proposed solution to

this problem is to accept general consent
for future research if the participants have
the option to withdraw their data and if
future research projects are approved by an
Institution Review Board (IRB) or Research
Ethics Committee (REC). It can be argued
that adopting a somewhat lower standard
than that of classic informed consent could
be justified because the risks to individu-
als resulting from research on their human
biological material do not involve physical
harm, as is the case with clinical trials*
(BOX 4). In addition, it has been proposed
that owing to the benefits that are associ-
ated with the knowledge generated through
these potential future studies, and the fact
that this information could accrue to all
individuals as well as future generations, it
may be possible to justify an expansive use
of participants’ samples for future studies®.

In recent research conducted in the
United States on stored biological materi-
als, it was found that biobanks used consent
forms that offered individuals the option of
designating how their biological materials
could be used with varying degrees, includ-
ing whether the materials could be stored;
whether participants could be contacted
again in the future; whether the materi-
als could be used for genetic testing; and
whether the materials could be shared with
researchers who were not part of the original
research team. In addition, a few biobanks
offered options for participants to designate
how their biological materials could be used
in future research — for example, by specify-
ing whether identifiers could be retained, or
specifying the research topics for which the
materials could be used?®.

In support of Elger and Caplan’s'” sugges-
tion that general consent should be the inter-
national standard, the European Council has
taken the view that broad consent to future
research use is acceptable. This implies
that individual donors renounce any ongo-
ing rights to exercise control over the uses
of their donated materials and the source
itself?. This point has been emphasized by
Shickle?® who states that “providing that
there is proper disclosure and so on, then
the choice for the individual is to participate
on the terms offered or not. There is a ‘nega-
tive right’ not to be included in the research
without consent. There is no ‘positive right’
for a biobank to be run in such a way just
because an individual would like it to be so”

© FOCUS ON CANCER PROTEOMICS

Box 3 | Types of cancer biobanks

A population-based biobank is defined as a large repository of donated human DNA and/or its
information, collected from volunteers with and without cancer, which is used to identify the
genes that contribute to human disease. This is an essential resource if we are to understand the
genetic risk factors that are associated with cancer development and the genetic profile of the
patient that is associated with the development of cancer. These resources also need to include

high-quality lifestyle data.

Disease-based biobanks are defined as a collection of biological material from patients with
cancer, and are essential to understand the molecular and cellular development of cancer at a

specific stage.

These types of biobanks can be collected for clinical purposes; for example, they could be
established for medical purposes, such as a blood bank. Specimens can also be collected as a
by-product of diagnostic or curative procedures; for example, from hospital pathology
departments. Biobanks can also be collected for specific research investigations; for example,

clinical trials.

Investigator access. The scientific potential
of biobank samples and data can often be
fully exploited only if their use is not con-
fined to individual research projects speci-
fied in advance. Donors should be able to
give generalized consent to the use of their
samples and data for the purposes of medi-
cal, including genetic, research. For this rea-
son, donors should also be able to consent
to the transfer of samples and data from
biobanks to third parties for the purposes

of medical research. Most biobanks provide
samples and data to various researchers
who are often not directly affiliated with the
biobank holders. The transfer of samples
and sharing of data raises several ethical
questions. If samples and data are physi-
cally transferred outside the biobank, the
recipient might use the material for purposes
other than those to which the sample donors
have consented or the samples might be
transferred to third parties, thus putting the
privacy of donors at risk. If recipients use
samples for their own purposes, the invest-
ments and efforts of the original biobank
holder could be threatened. Biobank mate-
rial is a valuable resource and the ethical
issues of allocating such material emerge if
the samples and data are misused. However,
if the transfer of samples is too restrictive
because of transfer agreements that include
complex and costly control mechanisms, the
resulting inaccessibility of biobank material
does not allow a large number of researchers
to use this resource in the interests of science
and for the good of the public?'.

However, except in circumstances
prescribed by law, it has been strongly
argued that the transfer of samples or
information must take place in a simple
coded or double-coded way, with the
recipient of double-coded samples having
no access to the code. Should the recipi-
ents’ research require an association with

personalized data, this may be provided
only by an official of the biobank to which
the donors originally entrusted their samples
and data. The rationale for this is that an
alternative anonymization strategy, which
permanently destroys the information that
links a sample and donor identity, risks the
loss of information of scientific value, as
there is no way to prevent multiple inclusions
of the same participant, and this approach
does not allow retroactive validation and
demonstration of reproducibility. To facilitate
clear autonomy, transfers of samples and data
to third parties must be fully documented

for future reference according to standard
operating procedures?.

Subject to the consent of donors, the
transfer of samples should be permissible pro-
vided that the recipient is subject to standards
of donor protection and quality assurance
equivalent to those that are applicable to the
original institution in charge of the biobank.
Transfers of existing biobanks to third
parties with the inclusion of personalized
donor data should be possible only with the
approval of a REC or IRB*.

Patient access. An individual’s right to
access their genetic data is linked to control
over their own identity. This varies across
biobanks, as do the ethical justifications for
the differences. In Estonia, personal genetic
data is available to participating individu-
als on request or the participants can decide
that the information should be withheld
from them. Likewise, in Iceland, patients are
entitled to information about their health
(for example, condition, prognosis, risks
and benefits of treatment) on request. The
UK Biobank takes a different and less open
approach. Although the Biobank Protocol
acknowledges that individuals will have

the legal right to access their personal data
if required, it also makes it clear that they
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will not routinely receive any individual
information that relates to their blood sam-
ples (including biochemistry and genetic
findings). The assumption that participants
should only be provided with health informa-
tion about themselves in a clinical situation
in which a trained professional can provide
appropriate interpretation and guidance lies
behind this prohibition. The justification for
this position is that it would not be construc-
tive and might even be harmful to provide
health information but no interpretation,
counselling and support. The UK Biobank
cannot provide such counselling and support
because it is purely a research initiative®. The
German Ethics Council recommends that if
individual communication of research results
to the donor is agreed, then they must also

be told as part of the information to be given
that they must divulge these details in certain
circumstances — for example, when conclud-
ing new employment or insurance contracts
in the future. In addition, when such indi-
vidual communication to the donor has been
agreed, the findings must be imparted by a
person with the appropriate counselling skills,
especially when communicating the results of
genetic diagnosis®. However, most biobanks
take a different position regarding the right
of donors’ access to data. Participants are kept
informed about research that is currently

in progress or completed. These findings

are usually made available through regular
information sheets, newsletters or a dedicated
website. It is clear that continuing public
engagement and the feedback of findings is
necessary for an acceptable public profile of
biobanks™. It is recommended that such an
approach should be taken following the inte-
gration of biobanks, as the ability to identify
individual samples shared across resources
would not be possible owing to anonyomiza-
tion. However, if participants are informed at
the time of donating samples of their ability
to access research data, then new mechanisms
need to be identified to relay information
from future studies to participants from the
collaborating users of the biobank.

Withdrawing samples or data from biobanks.
The right of participants to withdraw their
personal data reflects the basic principles
regulating medical research according to

the Nuremberg Code and the Declaration of
Helsinki. However, exercising this right con-
flicts with the interest of science and industry
to maintain the statistical integrity of popu-
lation-based databases, particularly given the
aims of using these databases for longitudinal
studies. There are two important problems to
withdrawing: namely, what can be withdrawn
and when it can be withdrawn®'. Although

all studies discuss the right to withdraw from
research generally, almost one-third failed

Box 4 | Donor information required for consent

In light of ethical controversies, informing participants about the details of storage and research
involving their samples is crucial. It is widely agreed that sample donors must be informed about:

* The voluntary nature of participation

e The type of consent used (informed consent for the primary clinical or research purpose, or a

general consent for future research)

e The circumstances of sampling, including the risks and benefits of the procedure

e The aims of storage (clinical purpose or research purpose) and the nature, extent and duration of
the proposed use, including the possibility of genetic analysis

* The extent of and conditions for the possible future transfer of samples and data

* The measures taken to protect confidentiality (who will have access to the samples and
information and the risks for individual donors and groups)

e The form of data storage and combination

* The anonymization or pseudonymization of samples and data and other ancillary donor
protection measures and any provision for state access to samples and data

* The right to withdraw consent

e The limits of withdrawal and the fate of samples and data in this instance and if the biobank

closes down

* Whether individual or aggregated research results will be disclosed to sample donors

* The possible consequences of the communication of results of genetic analyses for the donor
and their relatives, including possible obligations to divulge (for example, to insurance

institutions)

e The use of biobank samples for commercial purposes (patients planned, benefit sharing planned,

and if so, in which form)

e Issues of payment of expenses, remuneration or benefit sharing

to discuss this right specifically with respect
to research involving biological materials.
Therefore, specific discussion of the right to
withdraw biological materials may be neces-
sary to preserve this basic right regarding
participation in research®.

The UK Biobank offers a set of graded
options for withdrawal (complete withdrawal,
discontinued participation and no further
contact requested), which attempts to bal-
ance the interests of the participant for data
removal with the interests of the scientific
community. In Estonia, there seems little
room for negotiation, as donors have the right
to have their data deleted from the database
on request, and any violation of this right,
including coercion to participate, is punish-
able as a criminal offence”. The German
Ethics Council argues that donors must have
the right to withdraw their consent to the
use of their samples and data at any time. It
should not be possible to waive this right.
However, there should be a provision for
donors to allow samples and data to continue
to be used in the case of withdrawal if they
are anonymized — that is, if the link to the
participant’s identity has been eliminated®.
This is particularly important if the biobank
has been integrated into a larger network and
samples are shared across that network.

Participants need to be made aware of the
fact that it will not be possible for samples
and data that are included in completed
research to be extricated from the research
results and destroyed. The right to withdraw
from a biobank does not include the right to
withdraw research results that have already
been accumulated. Rather, it means a pro-
hibition of obtaining new data and analysis
from the samples. Even if biobanks decide
to retain existing data in an impersonalized
form, questions arise as to whether com-
plete and irreversible anonymization can
be considered as a solution to the problem.
When can withdrawal take place? One obvi-
ous point in time when withdrawal will be
impossible is when samples and data have
been analysed and are part of a publicised
research result. Also, at this point, the par-
ticipant’s data will have been merged with
the other data of that particular study and
integrated into the result to create new data
sets. However, participants could potentially
withdraw at any point before this occurs®’.

The comparative analysis of practices in
Europe and the United States has shown that,
although the exact details may be different,
all biobanks examined deem the provision
of a withdrawal option to be important.

The fact that informed consent is requested
and that information is provided about
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the mechanisms of withdrawal also plays

a decisive part in ensuring that participant
autonomy is maintained®. However, the
withdrawal of samples that have been shared
with network partners has not yet been
resolved and so is a challenge to the integra-
tion of biobanks.

The roles of IRBs and RECs. As can be
observed, the role of IRBs and RECs seems to
be crucial for the management of biobanks.
Therefore, before conducting a research
project involving the use of biobank sam-
ples and data, the consent of an IRB or REC
should be necessary for studies in which
bodily substances are to be collected from

a donor’s body for research purposes; the
project calls for identified samples (that are
linked to the individual in a way that makes
them immediately identifiable) to be trans-
ferred to external researchers, and entire
existing biobanks are to be transferred to

third parties with identified samples included.

The involvement of an IRB or REC,
and the need for its favourable opinion, is
intended to ensure that a narrowly worded
consent is not exceeded, that a consent in
broad terms is not inappropriately given an
even wider interpretation and that excep-
tional situations in which consent may be
waived are not illegitimately invoked'. To
ensure the integration of biobanks, IRBs
and RECs need to be proactive in cooperat-
ing with one another. To some extent, this
process is already underway. The European
Forum for Good Clinical Practice (EFGCP)
(see the European Forum for Good Clinical
Practice website; Further information) is
an example of the development of common
policies and standardized procedures for
European RECs. Such initiatives need to be
encouraged and supported for biobanking
integration so that IRBs and RECs can work
from a common set of standards, procedures
and documentation that will streamline
ethical applications without compromising
the underlying ethics. IRBs and RECs are
becoming the guardians of biobanks as they
move towards more integration.

Perspectives

Biobanks have the potential to be resources
that will facilitate an understanding of the
interactions between genes, environment
and lifestyle in cancer. It is now clear that the
integration of existing biobanks into large
resources is required to translate this knowl-
edge into clinical use through the develop-
ment of innovative preventive strategies,
diagnostics and therapeutics. There are many
obstacles and challenges to such integration,

© FOCUS ON CANCER PROTEOMICS

but the BBMRI and caBIG"® are addressing
these issues to implement a federated net-
work of biobanks. Many of the technical and
logistical issues have been addressed; how-
ever, IRBs, RECs and scientific management
groups that are responsible for these biobanks
are still grappling with the social and ethical
issues. These issues include consent, with-
drawal of samples and data, patient access to
information, and research access to informa-
tion and samples. The roles of IRBs and RECs
are becoming central to the management of
biobanks, and their integration and the estab-
lishment of harmonized international policies
are still required to facilitate the smooth shar-
ing and integration of biobanks. If such issues
are not dealt with, the public will withdraw
its trust and individuals will start to revoke
their consent, which would fundamentally
affect the quality and completeness of such
resources, preventing the ability to draw sci-
entifically valid conclusions from them.
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TIMELINE

The grand challenge to decipher the

cancer proteome

Samir Hanash and Ayumu Taguchi

Abstract | The quest to decipher protein alterations in cancer has spanned well over
half a century. The vast dynamic range of protein abundance coupled with a plethora
of isoforms and disease heterogeneity have been formidable challenges. Progressin
cancer proteomics has substantially paralleled technological developments.
Advances in analytical techniques and the implementation of strategies to
de-complex the proteome into manageable components have allowed proteins
across a wide dynamic range to be explored. The massive amounts of data that can
currently be collected through proteomics allow the near-complete definition of
cancer subproteomes, which reveals the alterations in signalling and developmental
pathways. This allows the discovery of predictive biomarkers and the annotation of
the cancer genome based on proteomic findings. There remains a considerable need
for infrastructure development and the organized collaborative efforts to efficiently

mine the cancer proteome.

Mlustrative of protein profiling to detect
alterations in cancer half a century ago is a
publication in Nature that defined patterns
of globulin expression in serum among sub-
jects with myeloma and macroglobulinemia’
(TIMELINE). The study relied on what was
then a new technique of starch gel electro-
phoresis, which revealed a few major bands
in serum and plasma (FIG. 1a). Over the past
several decades, the quest has been to profile
an ever-increasing number of protein con-
stituents in cells, tissues and biological fluids
to determine their alterations in cancer. The
introduction of polyacrylamide gels and iso-
electric focusing using carrier ampholytes in
the 1960s set the stage for the development

of two-dimensional PAGE (2D PAGE) for
separating proteins under denaturing condi-
tions (FIG. 1b). This became a major tool

for investigating complex proteomes and
initially defined the field of proteomics.

The 2D PAGE era

The development of 2D PAGE, which
allowed proteins to be resolved on the basis
of their isoelectric point and molecular
mass, represented not only a fundamental
shift in the approach to protein analysis
but also heralded the era of simultaneously
investigating a large number of molecular
constituents and implementing a systems
approach to biological problems. Several

Timeline | Progress in proteomics that has had an impact on cancer research

The initial electrophoretic separations of plasma
proteins, resulting in the identification of
alterations in highly abundant proteins in cancer®.
Over the ensuing decades various electrophoretic
separations were applied to cancer biospecimens.

hundred proteins could be analysed simul-
taneously, which led to this technique being
used extensively. 2D PAGE studies have
covered nearly every cancer type and a
wide range of applications. For example, a
2D PAGE study published around a quarter
of a century ago reported the analysis of leu-
kaemia cells from various subtypes of acute
lymphoblastic leukaemia (ALL)?. The study
involved the analysis of 413 protein spots,
resulting in a subset that could distinguish
between the major subgroups of ALL. This
subset included a new marker for common
ALL and markers for cells of B and T cell
lineages. Analysis of the 2D patterns also
allowed the determination of T cell lineage
in cases with an otherwise undifferentiated
non-T cell and non-B cell phenotype.

Cancer proteomic programmes have
been initiated around the use of 2D PAGE
to characterize protein expression patterns
for particular cancers. One such programme
focused on extensive studies of bladder can-
cer in which large numbers of specimens,
including tumour and non-tumour tissues,
have been systematically analysed using 2D
PAGE, resulting in the establishment of 2D
protein expression databases and the identifi-
cation of protein markers for bladder cancer?®.
Another ongoing effort in cancer proteomics
using 2D PAGE has resulted in the estab-
lishment of a cancer proteome-expression
database, The Genome Medicine Database of
Japan (GeMDBJ; see the GeMDB] website;
Further information). The database contains
proteomic data from surgically resected tis-
sues and cultured cells of various malignan-
cies, as well as the corresponding biological
and clinicopathological data. This effort has
resulted in the identification of several pro-
teins that are associated with particular
cancers as prognostic markers’.

The advent of immobilized pH
gradient electrophoresis for
improved resolution leading to the
expansion of tumour 2D maps®.

profile tumours?’.

* The implementation of strategies for tagging and
labelling of proteins to define alterations in cancer®.
® The development of activity-based proteomics to

The introduction of carrier ampholytes for
isoelectric focusing subsequently leading to
the development of 2D PAGE and
proteomics-based classification schemes for
various cancers.

2D, two dimensional; ESI, electrospray ionization; MALDI, matrix-assisted laser desorption ionization; MS, spectrometry.

* The development of MALDI and coupling of
2D gels with MS for cancer protein
identification®.

* The advent of ESI MS for a wide range of
cancer applications®.

The advent of microarrays to interrogate the
cancer proteome with contents consisting of
recombinant protein and peptide arrays®,
tumour cell and tissue lysates®, lectin and glycan
arrays'®1%! and affinity capture agents'®1%",
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Improvements have been made to the
2D PAGE approach, notably enhancing
reproducibility and expanding the pH
range for protein separations using
immobilized pH gradients (IPG)°. Enhanced
quantification of protein spots and the
availability of techniques for in-gel compar-
ative proteomic analysis have resulted from
the introduction of fluorescence difference
gel electrophoresis (DIGE)®. These devel-
opments notwithstanding, 2D PAGE has
remained a challenging technique to master
as it has a limited dynamic range, making it
difficult to profile low-abundance proteins
and to extract proteins from gels for their
identification. The major advantages of 2D
PAGE that have justified its continued use
include the ability to resolve and visualize
proteins into their diverse isoforms on the
basis of differences in isoelectric point
and/or molecular mass.

The advent of MS for protein analysis
Interest in the application of mass spec-
trometry (MS) for protein analysis has been
longstanding, and progress has primarily
depended on developments in instrumenta-
tion, which has been chronicled in numer-
ous reviews’*. An early application of MS
is illustrated in the identification of proteins
in 2D gels of extracts from leukaemia cells
based on the analysis of tryptic digests by fast
atom bombardment-collisionally-activated
dissociation—-tandem mass spectrometry
(MS/MS). This was carried out, for example,
for polypeptide OP18 (also known as stath-
min 1), which is associated with acute
lymphoid leukaemia'®.

The development of matrix-assisted laser
desorption ionization (MALDI) MS provided
a ‘shot in the arm’ for gel-based proteomics
efforts, as protein spots or bands could be
cut out from gels and their protein con-
tent digested and subjected to MALDI MS
for identification'®. As a result, 2D maps
were developed for different cancer types.
Mlustrative of this effort is the construction
of protein expression maps of lymphoid
neoplasms'. A quantitative 2D database
that includes 309 proteins corresponding
to 389 protein spots across 42 lymphoid
neoplasm cell lines has been constructed.
Proteins separated by 2D PAGE were
identified by MS and assigned expression
levels on the basis of DIGE quantification.
More than a twofold difference between
various lineages was exhibited by 28
proteins, and decision tree classification
identified proteins that could be used to
classify the 42 cell lines according to their
differentiation states.
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Figure 1 | Increased resolving power of proteomics technologies as applied to serum and
plasma. a | Detection of a few major bands using one-dimensional (1D) electrophoresis as shown in a
study of myeloma and macroglobulinemia®. b | Detection of a few hundred protein spots by 2D PAGE
and the identification of some spots (indicated by numbers) by protein sequencing as shown in a study
of plasma proteins among healthy subjects®. c | [dentification of more than 1,500 proteins in plasma
by liquid chromatography-tandem mass spectrometry (LC-MS/MS), based on a strategy for in-depth
quantitative proteome profiling®-°. Columns represent individual fractions, rows represent individual
proteins identified in particular fractions by LC-MS/MS. The colour scheme is indicative of case to
control concentration ratios (red is increased, yellow is no change and green is decreased) for indi-
vidual proteins based on differential isotope labelling of plasma from a lung cancer case and a control.
d | Flow scheme of sample processing for in-depth quantitative proteome profiling.

The parallel development of electrospray
ionization (ESI) MS for protein identifica-
tion'® coupled with various pre-fractionation
and separation schemes and protein label-
ling has allowed the quantitative analysis of
an ever-increasing number of proteins from
cells, tissues and biological fluids (FIG 1¢,d).
The next generation of mass spectrom-
eters currently available have significantly
increased sensitivity and scan speed®. As
a result, the identification of almost all the
proteins translated from expressed genes in
a cancer cell population has become achiev-
able. Likewise, the exhaustive identification
of proteins that are associated with par-
ticular cell compartments, such as proteins
that are expressed on the cell surface, are
secreted or are otherwise released into the
extracellular space, is currently feasible. A
study of the cell surface proteome of closely

related metastatic and non-metastatic
teratocarcinoma tumour cells on the basis
of surface protein biotinylation followed
by capture of biotinylated proteins using
streptavidin-coated resin and the quanti-
fication of tryptic peptides by MS resulted
in the identification of 998 proteins®. The
study identified proteins that had been pre-
viously associated with metastatic spread as
well as a large number of proteins that were
not previously known to be expressed on
the cell surface.

Concerns regarding the limited depth
of the analysis and the reproducibility of
some of the earlier MS technologies used
for global profiling of tissues and biological
fluids have led to collaborative studies to
assess the limitations of MS for biological
studies. A Human Proteome Organization-
sponsored collaborative study examined the
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sources of irreproducibility of MS-based
proteomics®. A test sample, comprising

20 highly purified recombinant human
proteins, was distributed to 27 laborato-
ries. Although some of the laboratories
reported misidentified proteins, centralized
analysis of the raw data revealed that all the
proteins had been detected by all the labo-
ratories, which indicated that problems in
data processing can be remedied. Another
multi-laboratory study sponsored by the
US National Cancer Institute demonstrated
high reproducibility across laboratories

and instrument platforms of MS-based
multiple reaction monitoring (MRM) assays of
proteins in low ug per ml concentrations®.
Currently, in-depth profiling of plasma

and other biological fluids allows proteins
to be identified that span six or more logs
of protein abundance (FIC. 2). At present,
MS-based studies allow massive amounts of
data to be produced and interrogated for a
multitude of cancer applications.

The cancer proteome using microarrays
Microarray-based strategies have provided a
high-throughput alternative to MS for inter-
rogating particular aspects and components
of the cancer proteome (TIMELINE). These
include the determination of levels of pro-
teins and their particular modifications in
biological samples, as well as the determina-
tion of protein and peptide interactions with
drugs, small ligands and other biomolecules,
such as other proteins and autoantibodies

to tumour antigens. Peptides and proteins
can be synthesized in large numbers directly
on the chip*. Alternatively, recombinant
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proteins can be arrayed, and efforts are
underway to assemble large sets of purified
recombinant proteins for microarrays and
other applications*. However, other alterna-
tives include arraying of tumour and tumour
cell lysates and natural proteins derived from
such lysates™.

Integrating glycomics and proteomics
Post-translational modifications, notably
glycosylation, are an important source of
cancer biomarkers. Strategies for integrating
proteomics and glycomics are under devel-
opment®. The enrichment of glycoproteins
can be accomplished by taking advantage
of their affinity for lectins, which bind to
specific glycans. Captured glycoproteins are
subsequently analysed by MS. Improved
glycoproteomic technologies and method-
ologies enable detailed glycan structure
analysis and the sequencing of glycopeptide
backbones.

Glycoproteins are particularly rich in
potential diagnostic cancer markers?.
A comparison of glycoproteins isolated
from the serum of healthy subjects with
those from patients with lung adenocar-
cinoma using multilectin affinity chro-
matography uncovered a large number of
cancer-selective proteins, which included
kallikrein N plasma 1 (KLKB1) and inter-
a-trypsin inhibitor heavy chain 3 (ITTH3).
A glycoproteomic approach based on
Con A lectin-affinity chromatography,
SDS-PAGE and MS analysis uncovered
glycosylation changes that were associated
with the differentiation of HT-29 colon
cancer cells®. In another study, 30 target
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Figure 2 | Depth of analysis of the plasma proteome. Identification of 1,442 proteins in plasma
that span more than 6 logs of protein abundance as determined by mass spectral counts and inde-

pendent assays of a subset of proteins identified i

n astudy of plasma from a pancreatic cancer mouse

model®*. PDGFB, platelet-derived growth factor B.

proteins of N-acetylglucosaminyl-transferase
V (GNTYV; also known as MGAT5) were
identified by lectin blot analysis with
L-phytohaemagglutinin (LPHA) and
ESI-MS of colon cancer cells. Aberrant gly-
cosylation of TIMP metallopeptidase inhibi-
tor 1 (TIMP1), one of the GNTV target
proteins, reduced the inhibition of matrix
metallopeptidase 2 (MMP2) and MMP?9,
and correlated with cancer cell invasion and
metastasis in vivo and in vitro®. Therefore,
the elucidation of the contribution of altered
glycosylation to cancer-related processes
and the identification of aberrant glycan
structures in proteins associated with cancer
as a source of biomarkers are promising

areas of research in oncoproteomics.

Profiling the cancer proteome in tumours
Mlustrative of the progress made so far in
cancer proteomics are studies of lung cancer
and other epithelial tumours, which have
encompassed tumour tissues, cells and bio-
logical fluids. The goals of such studies have
included deciphering signalling pathways,
identifying signatures related to tumour
initiation, invasion and metastasis, and the
discovery of diagnostic, predictive and prog-
nostic biomarkers. Quantitative MS allows
large-scale proteomics-based analysis of
signalling events®. Metabolic stable isotope
labelling by amino acids in cell culture (SILAC)
provides a means for quantitative proteomic
analysis. A study of colon cancer cells based
on SILAC labelling followed by enrichment
in phosphotyrosine proteins in combination
with LC-MS/MS yielded 136 proteins that
had a significant increase in tyrosine phos-
phorylation on SRC expression. A cluster
of tyrosine kinases, SYK, EPH receptor A2
(EPHAZ2), SGK223, focal adhesion kinase
(FAK) and MET, were found to be phos-
phoryated by SRC and required for invasive
activity of SRC™.

The use of SILAC has been extended
to tissue analysis (FIC. 3). Its application
to breast tumour tissue resulted in the
identification of more than 5,000 proteins,
including 100 protein kinases and 100
phosphopeptides, without the need for
enrichment®. In addition, lung cancer has
been the subject of multiple proteomic
strategies to characterize signalling. To
explore signalling downstream of oncogenic
KRAS and epidermal growth factor recep-
tor (EGFR) — the two most commonly
mutated oncoproteins in non-small-cell
lung cancer (NSCLC) — tyrosine phospho-
rylated proteins were extensively profiled
by SILAC labelling and quantitative MS in
isogenic human bronchial epithelial cells
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(HBECs) and human lung adenocarcinoma
cell lines. These cells expressed either one
of two mutant alleles of EGFR (L858R and
Del E746-750) or a mutant KRAS allele®.
Tyrosine phosphorylation of some key sig-
nalling proteins was more predominant

in HBECs expressing mutant EGFR than in
HBEC:s expressing wild-type EGFR or
mutant KRAS. Interestingly, ErbB recep-
tor family proteins exhibited differences

in phosphorylation at individual tyro-

sine residues between HBECs expressing
EGFR-L858R and HBECs expressing the
deletion mutant (EGFR-DelE746-750).
Lysate array studies of proteins in signalling
pathways relevant to EGFR that relied on
laser-capture-microdissected NSCLC tissue
led to the observation of differential phos-
phorylation of EGFR at residues Tyr1148,
Tyr1068 and Tyr1045 between wild-type
and mutant EGFR-expressing lung tumour
tissue™.

A Phosphoscan approach was used to
study phosphotyrosine signalling down-
stream of EGFR in EGFR inhibitor-sensitive
and EGFR inhibitor-resistant NSCLC cell
lines®. Differential protein phosphorylation
was observed between gefitinib-sensitive
and gefitinib-resistant cell lines. A phospho-
proteomic approach was applied to survey
tyrosine kinase signalling across 41 NSCLC
cell lines and tumours, which provided
evidence of activated tyrosine kinases
that included platelet-derived growth fac-
tor receptor-a (PDGFRa) and discoidin
domain receptor tyrosine kinase 1 (DDR1),
which had not been previously implicated
in NSCLC?*. Moreover, an MS strategy that
quantified the temporal phosphorylation
profiles of 222 tyrosine phosphorylated
peptides across 7 time points following
EGF treatment uncovered 31 tyrosine phos-
phorylation sites not previously known to
be regulated by EGF stimulation®. These
studies illustrate the depth of analysis of sig-
nalling processes in cancer that is currently
achievable using proteomic methodologies.
Although the emphasis has been on kinase
activation and phosphorylation, there is also
a need to develop methodologies that allow
the similar assessment of the contribution
of other post-translational modifications to
signalling.

Several studies have sought to iden-
tify protein signatures that are related to
tumour initiation, invasion and metastasis
through the analysis of whole-cell and tis-
sue lysates as well as through the analysis
of individual compartments. Membrane
purification of breast cancer cells followed
by LC-MS/MS led to the identification of
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Figure 3 | Quantitative profiling of proteins in tumour tissue using a modified SILAC strategy32.
Stable isotope labelling by amino acids in cell culture (SILAC)-labelled proteins are extracted from
cancer cell lines, mixed with tumour tissue lysates that are subjected to mass spectrometry (MS)-based
analysis for protein identification and quantification of concentrations in tissue relative to cell lines
for standardization. Alternatively, phosphoproteins or glycoproteins can be targeted for analysis
through enrichment procedures. LC, liquid chromatography; m/z, mass to charge ratio.

1,919 proteins, of which 13 were differentially
expressed in metastatic and non-metastatic
cells®. Among these, overexpression of
ecto-5'-nucleotidase (CD73) and integrin
B1by immunohistochemistry was found to
be significantly associated with poor out-
come. A comparison of normal bronchial
epithelium, hyperplasia, squamous meta-
plasia, dysplasia, squamous cell carcinoma,
atypical adenomatous hyperplasia and
adenocarcinoma from 144 patients yielded
a substantial number of differentially
expressed proteins®. Comparative analysis
of microdissected tumour tissue of lung
squamous cell carcinoma that metasta-
sized to lymph nodes with non-metastatic
tumours by 2D DIGE identified proteins
that were differentially expressed in the
two groups, including increased expres-
sion of annexin A2 (ANXA2), heat shock
protein 27 and cytokeratin 19 (KRT19)

in the metastatic group*’. Reduced levels
of 14-3-30 were found in the metastatic
group and 14-3-30 was shown to have an
inhibitory role in invasion*. In a study of
lung adenocarcinomas, integration of 2D
PAGE and transcriptomic lung tumour
data resulted in complementary findings:
upregulated levels of RNAs and proteins
that were associated with the glycolytic
pathway were predictive of poor outcome
in early-stage disease®. In another study,

a proteomic signature in lung tumours was
found to be associated with relapse-free
survival and overall survival®.

In studies of colon cancer, an LC-MS/MS-
based comparison of the secretomes from
the lymph-node metastatic SW620 colon
cancer cell line with its primary counterpart
yielded 910 proteins, of which 145 were dif-
ferentially expressed. Serum levels of two of
the differentially expressed proteins, trefoil
factor 3 (TFF3) and growth differentiation
factor 15 (GDF15), were found to be signifi-
cantly higher in cases of metastatic color-
ectal cancer compared with non-metastatic
controls*. A comparison of cell surface
proteins of two colon cancer cell lines,
KM12C and KM12SM, that differed in their
metastatic potential yielded 291 membrane
proteins, of which 60 proteins were dif-
ferentially expressed®. Tissue microarrays
provided evidence that the expression of
two of the differentially expressed proteins,
junction plakoglobin (JUP) and hydroxys-
teroid (17-P) dehydrogenase 8 (HSD17B8),
correlated with disease progression. The
associations reported in these studies are
correlative in nature. Integration of find-
ings with genomic data and with functional
analysis will probably lead to a mechanistic
understanding of the role of proteomic
alterations in tumour development and
metastasis.
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Circulating cancer biomarkers

The rich content in proteins of serum and
plasma that reflect diverse physiological or
pathological states, and the ease with which
this compartment can be sampled, make it a
favourite choice for biomarker applications.
Because of the complexity of plasma and the
substantial dynamic range in abundance of
its protein constituents, indirect approaches
have been used to search for cancer-
associated proteins that might be found

in this compartment. One approach is to
develop a catalogue of secreted proteins that
are expressed by cancer cells. Analysis of the
conditioned media of lung cancer cell lines
of different histological backgrounds yielded
1,830 proteins that were either unique or
common across lineages*. Analysis of ovar-
ian cancer cells in culture yielded 6,400
proteins, including a substantial propor-
tion of proteins that were secreted or shed
into the media. The proteins shed into the
media were found to be particularly related
to processes of cell adhesion”. SILAC was
used to compare the secreted proteins from
pancreatic cancer-derived cells with pro-
teins from non-neoplastic pancreatic duct
epithelial cells*. Of the 145 differentially
secreted proteins that were identified, some
had been previously described as associated
with pancreatic cancer and some were novel.
Such catalogues of secreted proteins have a
somewhat limited utility without knowledge
of the secretion rates, clearance from the cir-
culation and differential secretion between
cancer cells compared with other normal cell
types that also secrete these proteins, and so
this might limit the contribution of cancer
cells to protein circulating levels®.

As an alternative, proximal biological
fluids enriched with proteins from tumour
tissue have been investigated as a source of
circulating cancer biomarkers. For example,
RBAP46 (also known as retinoblastoma
binding protein 7 (RBBP7)) has been found
to be upregulated in both conditioned media
of NSCLC cell lines and pleural effusions
from patients with lung cancer on the basis
of LC-MS/MS analysis*’. RBAP46 was
also demonstrated to be upregulated in the
tumour tissue and serum of patients with
lung cancer. In another study, comparison of
plasma and pleural effusions from patients
with lung cancer with those from subjects
with inflammatory pleuritis using narrow-
range ampholytes and LC-MS/MS yielded a
large number of tumour tissue proteins that
were enriched in pleural fluid from patients
with lung cancer®'. Quantitative proteomics
was applied to pancreatic juice from subjects
with pancreatic intraepithelial neoplasias

(representing precursor lesions for pancreatic
cancer) and from patients with pancreatic
cancer. This led to the identification of
proteins with increased levels in pancreatic
juice from precursor and/or cancer cases
compared with controls™. The protein ante-
rior gradient homologue 2 (AGR2) seemed
promising on the basis of pancreatic juice
findings™. However, there was no correlation
observed between AGR?2 levels in pancreatic
juice and serumy; this is illustrative of the
challenges of predicting disease progression
from protein analysis in one compartment
and protein levels in the compartment of
interest (that is, in serum and plasma).

The success of direct profiling of serum
and plasma for circulating cancer biomark-
ers has depended on the depth of analysis
and rigor in experimental design for the
choice of cases and controls®. In studies of
NSCLC, 1D LC-MS/MS analysis of serum
samples from patients and healthy controls
yielded 931 proteins that were identified
with at least two peptides, and 62 proteins
that were differentially expressed between
the two comparison groups®. The useful-
ness of these candidates remains to be
determined. A new promising approach to
lung cancer biomarker discovery is based
on the proteomic profiling of pulmonary
venous effluent that drains the tumour vas-
cular bed as well as the proteomic profiling
of systemic arterial blood obtained from
the same subjects — this is based on the
concept that effluent blood contains higher
concentrations of potential biomarkers com-
pared with more distal blood*. Connective
tissue-activating peptide IIT (CTAPIII; also
known as NAP2 or pro-platelet basic protein
(PPBP)) was found to occur at significantly
higher concentrations in effluent blood

than in peripheral blood, and blood levels

of CTAPIII were found to be increased in
patients with lung cancer in two independ-
ent population cohorts. Levels of this protein
were found to be decreased after tumour
resection.

The identification of biomarkers of drug
resistance in the treatment of lung cancer
has been the subject of numerous proteomic
studies using either comparative analysis
of drug-sensitive and drug-resistant cell
lines”-% or clinical samples. Comparative
analysis of lung adenocarcinoma tissue
protein expression profiles using 2D DIGE
resulted in a set of proteins that could dis-
tinguish responders to gefitinib treatment
from non-responders®. An algorithm was
developed to predict outcome after the
treatment of patients with NSCLC using an
EGEFR inhibitor based on proteomic analysis
of serum. The algorithm was tested with
data from several independent cohorts and
was demonstrated to reliably classify patients
according to their outcome®. This predictor
was also associated with survival after treat-
ment with erlotinib in patients undergoing
first-line therapy for NSCLC®. A predic-
tive algorithm based on 11 distinct mass
to charge ratio (m/z) features could predict
overall survival and progression-free sur-
vival in a blinded test set of patients treated
with erlotinib®. The elucidation of the iden-
tity of related proteins and the basis for their
correlation with outcome would add more
importance to the findings.

Harnessing the immune response to cancer
Numerous proteomic studies have sought to
identify cancer biomarkers by harnessing the
immune response that occurs with tumour
development®. Autoantibodies against

Glossary

2D PAGE
A process of separating proteins in gels based on their
charge and molecular mass.

Electrospray ionization
ESI. A mass spectrometry method to ionize macromolecules
or peptides by electrospray leading to their identification.

Fluorescence difference gel electrophoresis
DIGE. A method that labels protein samples with
fluorescent dyes before electrophoresis.

Immobilized pH gradients

IPG. A process of generating a pH gradient by
immobilizing gradient chemicals (immobilines) in the
acrylamide matrix.

Lectin
A sugar-binding protein that is specific for the sugar
moieties it binds.

Matrix-assisted laser desorption ionization
MALDI. A mass spectrometry method to ionize proteins and
peptides deposited in a matrix leading to their identification.

Multiple reaction monitoring
MRM. A technique that targets multiple specific peptides
for their quantification by mass spectrometry.

Secretome
The ensemble of proteins released by cells into the
extracellular environment.

Stable isotope labelling by amino acids in cell culture
SILAC. A method for non-radioactive labelling of proteins in
culture based on the uptake of labelled amino acids.

Tandem mass spectrometry

MS/MS. A two-stage separation process in mass
spectrometry with fragmentation in-between allowing
identification of the precursor.
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autologous tumour-associated antigens have
been detected before the onset of symptoms
and so could be biomarkers for early can-
cer diagnosis. Panels of antigens have been
developed that are recognized by circulating
autoantibodies among patients with epithe-
lial tumours. Using a protein microarray
approach, autoantibodies directed against
annexin Al, 14-3-3¢ and laminin receptor
(LAMRI; also known as ribosomal protein
SA (RPSA)) have been demonstrated in the
sera of newly diagnosed patients with lung
cancer, as well as in pre-diagnostic sera® -,
Another study demonstrated the occurrence
of autoantibodies to cytokeratin 18 and villin
1 (REF. 69). An autoantibody signature was
uncovered in sera from patients with differ-
ent subtypes of lung cancer by means of pro-
tein arrays from a cDNA expression library,
which allowed the discrimination of lung
cancer cases from controls™. A phage cDNA
expression library constructed with tumour
tissue from 30 patients with lung cancer and
biopanned using serum pools of patients
with NSCLC and healthy controls resulted in
the identification of 6 phage peptide clones
with high seropositivity among patients
with NSCLC™".

In another study, ten tumour-associated
antigens that were selected on the basis
of prior studies were assayed in sera from
newly diagnosed patients with lung cancer,
smokers with ground-glass opacities or
benign solid nodules and smoker controls.
This resulted in a panel consisting of MYC,
cyclin A, cyclin B1, cyclin D1, cyclin-
dependent kinase 2 (CDK2) and survivin
that had an 81% sensitivity at 97% specificity
in distinguishing between cancer cases and
smoker controls’. Similar approaches used
in the search of autoantibodies to tumour
antigens in pancreatic cancer have uncov-
ered immunoglobulin-based reactivity
against a large number of metabolic enzymes
and cytoskeletal proteins”™. In another study
2D PAGE western blots, revealed six dif-
ferent isoforms of enolase Al. Serum from
patients with pancreatic cancer exhibited
autoantibody reactivity directed specifically
against the two most acidic and phosphor-
ylated isoforms™. Proteomic analysis also led
to the identification of specific calreticulin
isoforms that were associated with autoan-
tibodies in pancreatic cancer”. Likewise,
proteomic approaches have led to the
identification of multiple tumour antigens
that induce autoantibodies in breast cancer.
Reactivity to a panel of five antigens resulted
in the substantial discrimination between
breast cancer cases, carcinoma in situ cases
and healthy controls’.

© FOCUS ON CANCER PROTEOMICS

Cancer proteomics grand challenges
Given the multitude of approaches to
profile the cancer proteome in its various
dimensions, as presented in the preced-
ing sections, there is a compelling need for
large-scale, integrative and collaborative
efforts to elucidate the range of proteome
alterations in cancer, similar to the cur-
rent efforts to define the range of genomic
alterations in cancer. Although current
technologies allow unprecedented depths
of analyses,

it is impractical to conceptualize an all-
encompassing single human cancer pro-
teome project, given the inherent complex-
ity of the proteome. An alternative would
be to conceptualize several targeted cancer
proteome projects and initiatives with
clearly defined objectives and milestones.
Two such types of ‘cancer proteomics
grand challenges’ would address the need
for cancer biomarkers that have diagnostic
relevance on the one hand and the need to
define altered signalling pathways in cancer
that have therapeutic

relevance on the other hand.

there is a compelling need
for large-scale, integrative
and collaborative efforts to
elucidate the range of proteome
alterations in cancer

Advances in the deep profiling of the
plasma proteome and glycoproteome offer
an opportunity for a major collaborative
initiative to profile the plasma oncopro-
teome. The driving objectives of such an
initiative would include the discovery and
validation of biomarkers that inform of
the risk of developing common cancer
types, as well as biomarkers for the early
detection of cancer and the diagnosis and
monitoring of cancer for regression and
progression (BOX 1). An initiative to define
altered signalling pathways associated with
tumorigenesis would include objectives
to define post-translational modifications
in cancer, to elucidate the cancer interac-
tome, and to define the altered localization
of proteins in various intracellular and
extracellular compartments. The driving
objectives of a signalling initiative would
be to develop new targets for molecular
imaging and therapeutics as well as novel
classification schemes that are predictive
of response to targeted therapy. A notable
development in this regard is a request for

proposals issued by the Clinical Proteomic
Technologies for Cancer (CPTC) pro-
gramme at the National Cancer Institute
(RFA-CA-10-016 (see Further infor-
mation)). The goal is to systematically
define the functional cancer proteome
that derives from alterations in cancer
genomes. These types of projects would
further drive the development of resources
and improvements in technology that are
needed for their execution.

Some pilot projects have been initiated
that support the feasibility of engaging in
large-scale proteomic initiatives. The first
proteome project to be conceived through
the activity of the Human Proteome
Organization (HUPO; see Further infor-
mation) is a plasma proteome project,
which has completed its pilot phase. There
was a consensus among leaders in indus-
try, government and academia that the
plasma is perhaps the most crucial com-
partment for information about the status
of health and disease of an individual
through profiling of its protein constitu-
ents. The pilot phase of this project had
objectives that included the comparison
of a broad range of technology platforms
for the characterization of proteins in
human plasma and serum, as well as the
assessment of the influence of various
technical variables on specimen collec-
tion, handling and storage. Standardized
samples were distributed to 18 participat-
ing laboratories and an integrated analysis
of the resulting data was carried out”.

An initial integration of data resulted in
3,020 proteins identified with 2 or more
peptides. Application of rigorous statistical
methodology, taking into account multiple
hypothesis-testing, resulted in a reduced
set of 889 proteins identified with high
confidence”. This pilot phase, though
modest in scale, is illustrative of the mer-
its of an organized, collaborative effort
around a well-defined study.

A notable project that illustrates the
merits of developing resources for pro-
teomics and that has relevance to cancer is
the Human Protein Atlas project (see the
Human Protein Atlas website; Further
information)”. This project aims to experi-
mentally annotate the human protein com-
plement of the genome in a gene-centric
manner using antibodies for the systematic
analysis of the cellular distribution and the
subcellular localization of proteins in normal
and disease tissues. Antibodies are validated
on the basis of protein array assays, west-
ern blot analysis, immunohistochemistry
and immunofluorescence-based confocal
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microscopy. An application of Protein Atlas
is the development of a web-based tool for
in silico biomarker discovery for cancer®.
Search queries are based on the human tis-
sue profiles in normal and cancer cells in
the Human Protein Atlas portal and rely on
annotations, carried out by pathologists, of
images representing immunohistochemi-
cally stained tissue sections. Search tools
allow the exploration of the Human Protein
Atlas to discover potential tissue-specific,
cell type-specific and tumour type-specific
markers. Another illustrative project that is
directly relevant to proteomics-based can-
cer investigations has been focused on the
development of a library of human cancer-
specific peptides for use in multiple reaction
monitoring for biomarker discovery and
validation®'.

Informatics to mine the oncoproteome
Massive amounts of complex and het-
erogeneous proteomic data are currently
being generated. It can be argued that
proteomic data are currently being gener-
ated faster than they can be fully exploited,
and the pace is likely to continue to accel-
erate. Furthermore, effective mining of
the cancer proteome would require the
integration of proteomic data from mul-
tiple sources, including primary tissue,
cells, biological fluids and animal models,
as well as the integration of proteomic
data with other types of data. Databases
have been developed for depositing and
retrieving proteomic data sets, including
PRIDE®, PeptideAtlas®, UniPep*, the
Global Proteome Machine®, Proteopedia®,

and Proteome Commons and its Tranche
file-sharing system (see the PRIDE,
PeptideAtlas, UniPep, Global Proteome
Machine, Proteopedia and the Proteome
Commons websites; Further information).
However, there remains a need to organ-
ize such data and make accessible detailed
characteristics of samples and experimental
conditions associated with the data in a
readily retrievable manner. Therefore, an
oncoproteome database that encompasses
cancer proteomic data derived from cell,
tissue and biological fluid profiling would
provide a valuable resource in the quest

to decipher protein alterations in cancer
and translate the findings into clinical
applications.

Perspective

Advances in proteomics technologies have
allowed the profiling of the proteome

with substantial reliability and depth of
analysis, making it possible to interrogate
the proteome for applications to cancer.
However, such developments have not
been widely appreciated. A case in point is
the frequently expressed requirement that
proteomic data need to be validated using
old-fashioned criteria such as western
blots, which may be less quantitative, less
specific and therefore less informative®’.
The multiple facets of the proteome and its
complexity and the potential for alterations
at multiple levels in cancer complicate the
task of mining the cancer proteome. As a
result, there is substantial benefit from the
development of a ‘road map’ with clearly
defined objectives and milestones to move

Box 1| Objectives of a cancer plasma proteome project

A grand challenge for proteomics would be to develop new cancer diagnostics based on the
application of proteomics technologies to the plasma proteome. Such a challenge would

comprise:

» Comprehensive quantitative analysis of plasma protein constituents among subjects that were
later diagnosed with cancer that were part of large population cohorts to identify proteins that
might predict the onset or risk of major common cancers.

» Comprehensive quantitative analysis of plasma protein constituents among newly diagnosed
subjects with cancer to define subsets that provide information about particular lineages and
signalling pathways that drive tumour development, progression and response to targeted

therapies.

o Elucidation of protein subsets that vary with biological parameters including age, sex and

ethnicity.

o Elucidation of protein subsets that vary with diet and with common exposures, notably tobacco

smoke.

* Development of a knowledge base of plasma protein alterations in cancer.

* Development of affinity capture agents for plasma proteins with cancer relevance.

» Development of proteotypic peptides for cleaved and modified plasma proteins associated with

cancer.

» Development of standardized specimen reference sets to be made available to investigators.

forwards in cancer proteomics. Although
challenging to implement, given the need
to engage policy makers, scientists and
both the private and public sectors on an
international scale, much can be learned
from the success of genomics in meeting
this challenge.
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=3 LEUKAEMIA

RESEARCH HIGHLIGHTS

Nature Reviews Cancer | AOP, published online 12 August 2010; doi:10.1038/nrc2919

Comfortably MSI2Z-NUMB

Little is known about the mechanisms
governing the progression of chronic
myelogenous leukaemia (CML) from
the slow-growing chronic phase

to the aggressive blast crisis. Blast cri-
sis is the stage at which CML is most
refractory to treatment, so a greater
understanding of its molecular hall-
marks is crucial for the development
of more effective therapies.

A team led by Tannishtha Reya
focused on a signature trait of blast
crisis — a block in cellular differen-
tiation leading to an accumulation of
immature cells. Reya and colleagues
reasoned that, in these cells, the
transition to blast crisis might rely
on the attenuation of normal dif-
ferentiation cues. To test this theory,
her group modelled the chronic and
blast crisis phases of CML by trans-
planting irradiated recipient animals
with haematopoietic stem cells that
were transduced with BCR-ABL
alone (chronic phase) or BCR-ABL
together with NUP98-HOXA9 (blast
crisis). Armed with these tools, they
showed that the RNA binding protein
Musashi 2 (MSI2) was dramatically
upregulated during blast crisis com-
pared with chronic phase disease.
This was a compelling result given
the known role of MSI2 as a regulator
of asymmetric division in stem and
progenitor cells, but was it actually
required for progression to blast
crisis? Reya and colleagues turned to
mice harbouring a targeted disrup-
tion in Msi2 and noted impaired
leukaemic growth in vivo. Next,
short hairpin RNA against Msi2 was
introduced into established blast

crisis cells, resulting in decreased
disease propagation in recipient
mice. These results suggest a funda-
mental requirement for MSI2 in the
establishment and maintenance of
blast crisis.

During development, MSI2
represses NUMB, a key regulator of
cell commitment and differentia-
tion, so the authors asked whether
this was also the case in CML.
Accordingly, NUMB levels were
significantly downregulated at blast
crisis compared with chronic phase,
and increased when Msi2 expression
was inhibited. Crucially, forced
expression of NUMB in BCR-ABL;
NUP98-HOXA9-transduced cells
attenuated disease progression
in vivo, and leukaemias that did
develop were of a more differenti-
ated phenotype. So, perturbations
of the MSI2-NUMB axis in CML

disrupts the equilibrium between
the differentiated and undifferenti-
ated states, and this propels the
disease towards blast crisis.

What about human CML? Reya’s
team analysed 120 samples of
CML and found that high levels of
MSI2, together with reduced NUMB
expression, correlated with advanced,
aggressive disease. Further analysis
of patients with blast crisis showed
that high MSI2 strongly associated
with the risk of relapse and risk of
death, underscoring the potential of
MSI2 as a prognostic tool for CML.
Whether MSI2 proves to be relevant
in other cancer types remains to be
seen, but this study certainly intro-
duces MSI2 as a new heavyweight
in myeloid leukaemia and suggests
that the modulation of MSI2 activity
might be an effective therapeutic
strategy.

Safia Ali Danovi

ORIGINAL RESEARCH PAPER Ito, T. et al.
Regulation of myeloid leukaemia by the cell-fate
determinant Musashi. Nature, 18 Jul 2010
(doi:10.1038/nature09171)
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=J GENOMICS

RESEARCH HIGHLIGHTS

Nature Reviews Cancer | AOP, published online 12 August 2010; doi:10.1038/nrc2920

A broad brush

Gene signatures have indicated the
existence of several subtypes of breast
cancer, and a few signatures have
proved to have prognostic value, but
overall translation into the clinic has
been limited. Anne-Lise Borresen-
Dale and colleagues looked at the
bigger picture in terms of changes
occurring to whole chromosomes as
well as chromosomal segments and
identified rearrangement patterns
that might have prognostic value,
independently of gene signature and
histology.

Part of the problem with moving
gene signatures into the clinic has
been the use of different platforms to
generate these data — data produced
on different platforms are not com-
parable. To overcome this limitation,
these authors used comparative
genomic hybridization data from
four different breast cancer data sets
to analyse gains and losses of whole
chromosome arms (whole arm aber-
ration index; WAAI) and changes
within chromosome arms (complex
arm aberration index; CAAI) using
two new algorithms. All data sets were
clinically annotated, which enabled
chromosomal changes to be mapped
to histology for all four data sets and
outcome for two of the data sets.

Different subtypes of breast
cancer (based on gene signatures)
are often associated with different
levels of chromosomal changes,

so the authors split the tumours on
the basis of those with whole arm
gain of 1q or loss of 16q (group A),
regional loss on 5q and regional
gain on 10p (group B), those with
all of these changes (group AB) and
those with none of these changes
(group C). WAAI and CAAI scores
were then assessed for each of these
groups and they were further sub-
divided on the basis of high or low
CAAI scores.

Breast cancer subtypes, as defined
by gene expression analyses, cor-
relate with the degree and type of
genomic changes. Oestrogen receptor
(ER)-positive tumours of low or
intermediate grade were enriched in
group A, and these also correlated
with luminal A and luminal B breast
cancer subtypes. Group B contained
tumours that were more frequently
high grade, aneuploid, had mutations
in TP53 and were dominated by
basal-like breast cancers. Group AB
were intermediate or high-grade
tumours with the highest level of
whole arm alterations, and they
negatively correlated with the
luminal A subtype. Group C had the
fewest whole arm alterations, with
approximately half the number of the
grade 1 tumours, and had tumours
of a special histological
type, such as lobular
or mucinous
tumours.

However, group C also contained
ERBB2-expressing tumours and
basal-like breast cancers.

The WAAT and CAAI also pro-
vided additional prognostic informa-
tion; for example, patients with a
group B tumour had double the risk
of dying from their disease com-
pared with patients with a group A
tumour, and this was independent
of lymph node status, tumour grade
and size, and treatment. Patients in
groups B and AB with high CAAI
scores who did not receive adjuvant
therapy had a poorer prognosis;
such patients might benefit from
more aggressive treatment. These
and other data indicate that a high
CAAI score might prove to be an
independent prognostic marker for
breast cancer.

The authors hope that future
analyses of genomic changes in breast
cancer might help us to understand
the relationship between breast
cancer heterogeneity and the cell
of origin.

Nicola McCarthy

ORIGINAL RESEARCH PAPER Russens, H. G. etal.
Genomic architecture characterizes tumor
progression paths and fate in breast cancer
patients. Sci. Transl Med. 2, 38ra47 (2010)
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The HIF2a puzzle

The transcriptional regulators
hypoxia-inducible factor 1a (HIF1a)
and HIF2a are overexpressed in
many cancers, and it has been sug-
gested that the HIFs could be poten-
tial anti-cancer therapeutic targets.
Two studies from Celeste Simon and
colleagues now describe differing
roles of HIF2a in tumour develop-
ment, indicating that therapeutically
targeting this protein may not be
straightforward and that context-
dependent effects should be taken
into account.

Tumour-associated macrophages
(TAM:s) migrate towards and accu-
mulate in hypoxic regions of tumours
and have been implicated in tumour
progression, although their role is
controversial as previous reports have
described both beneficial and adverse
effects of TAMs on tumour growth. As
overexpression of HIF2a in TAM:s has
previously been correlated with high
tumour grade and poor prognosis,
Imtiyaz et al. examined the effects of
myeloid-specific deletion of Hif2a
in mouse models of inflammation-
associated hepatocellular carcinoma
or colitis-associated cancer. In both
models, the authors observed that
deletion of Hif2a in macrophages led
to the decreased infiltration of TAMs
into tumours, reduced tumour cell
mitosis and delayed tumour growth,
suggesting that HIF2a is needed for
efficient TAM recruitment to tumours
and that these inflammatory cells have
arole in driving cancer progression.

The results of this first study are
consistent with other studies that
have indicated a tumour-promoting
role for HIF2a; however, a study
from Mazumdar et al. reports the
surprising result that HIF2a can
also have a tumour suppressive
role. The authors deleted Hif2a in a
Kras®?*® mouse model of lung cancer
and found that loss of HIF2a pro-
moted tumour progression. What
transcriptional targets of HIF2a
might be responsible for its tumour
suppressive effect? The authors
identified several downregulated
HIF2a target genes, including the
putative tumour suppressor Scgb3al.
They extended their studies to
human lung adenocarcinoma A549
cells that contain an activating
KRAS mutation, and observed
downregulation of SCGB3A1I after
short hairpin RNA-mediated HIF2A
knockdown and increased growth
of these cells as tumour xenografts
in immunocompromised mice.
Restoration of HIF2A expression or
ectopic expression of SCGB3A1 in
the xenografted A549 cells led to the
suppression of tumour growth. HIF2a
directly binds to sites in the SCGB3A1
promoter, and levels of bound
HIF2a are increased in hypoxic
conditions. Moreover, the levels
of HIF2A and SCGB3A1 transcripts
correlate in human non-small-cell
lung cancer samples, supporting the
idea that HIF2a directly regulates
SCGB3A1 transcription. SCGB3A1

=Y
has previously been reported to
inhibit AKT signalling, and consist-
ent with this, the authors observed
increased levels of activated AKT
after HIF2A knockdown, suggesting
that AKT signalling is important

for the increased proliferation of
HIF2A-knockdown cells.

These authors suggest that
although HIF2a overexpression can
contribute to tumour progression,
reduction of HIF2a below a crucial
threshold level might have para-
doxical tumour-promoting effects by
reducing the expression of tumour
suppressor genes, such as SCGB3A1,
and this might have important conse-
quences for HIF-targeted therapeutic
strategies.

Meera Swami
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HIF-2a deletion promotes Kras-driven lung tumor
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A discovery strategy for novel cancer

biomarkers

Patient responses to targeted therapy
can be predicted by examining the
modulation of oncogenic signalling
pathways in response to specific
drugs, which can also identify new
pathway-specific biomarkers. The
validity of this approach is illustrated
in a new study that uses a proteomics-
based strategy to identify novel
biomarkers that indicate a response
of cancer cells to PI3K pathway
inhibitors.

Andersen and colleagues used
immunoaffinity precipitation
followed by mass spectrometry to
identify differential serine-threonine
phosphorylation events in stable
isotope labelling by amino acids in
cell culture (SILAC)-labelled, PTEN-
null PC-3 prostatic cancer cells that
were treated with inhibitors of PDK1,
AKT or a dual inhibitor of PI3K

and mTOR. This approach allowed
the quantification of 375 phospho-
peptides that were relevant to PI3K
pathway signalling, of which 71 were
drug inhibited and 11 were reduced
by all 3 PI3K pathway inhibitors.

The authors identified ‘PI3K
pathway nodes, which were the
phosphorylation targets that were
the most reduced by drug treatment.
For example, phosphorylation of the
ribosomal protein RPS6 was the most
strongly inhibited by all three drugs,
and PRAS40 was the most reduced
phosphopeptide by AKT and PI3K-
mTOR inhibition. To define common
signalling modules, the authors
analysed the phosphoproteins that
were affected by all three inhibitors,
and found that the modules most
commonly inhibited were related to
cytoskeletal functions, such as cell
polarity and cytoskeletal organiza-
tion. Additional modules commonly
downregulated by the PDK1 and
AKT inhibitors were related to vesicle
transport and protein translation.
These findings were consistent with
the known inhibitory effects of
these drugs on cancer cell motility,
migration and invasion.

The authors identified phospho-
rylation sites that were uniquely
downregulated by each PI3K inhibi-
tor, several of which were novel.
They suggested that these sites
could be used as biomarkers for
assessing responses to PI3K inhibi-
tors and, as proof of principle, they

evaluated the newly identified site
phospho-Thr246-PRAS40 — which
was reduced by the AKT inhibitor
— as a biomarker. Andersen et al.
generated an antibody against this
epitope, and found that high levels
of PRAS-Thr246 phosphorylation
predicted sensitivity to an AKT
inhibitor in lung and breast cancer
cell lines. Moreover, the phospho-
Thr246-PRASA40 epitope is more
stable than the phospho-Ser473-
AKT epitope that is commonly used
in clinical diagnosis of tumours
with AKT pathway activation,
suggesting that this new biomarker
might be more suitable for clinical
evaluation.

Therefore, the signalling pathway-
based strategy described in this study
allows the discovery of drug-specific
biomarkers and has important
clinical implications. The authors
suggest that these biomarkers can be
used to guide treatment decisions,
and that globally analysing signal-
ling pathways using a differential
phosphoprofiling approach could be
a way to assess the off-target effects of
existing cancer drugs.

Meera Swami

ORIGINAL RESEARCH PAPER Andersen, J. N.
et al. Pathway-based identification of biomarkers
for targeted therapeutics: personalized oncology
with PI3K pathway inhibitors. Sci. Trans. Med. 2,
43a55(2010)

FURTHER READING Kolch, W. & Pitt, A.
Functional proteomics to dissect tyrosine kinase
signalling pathways in cancer. Nature Rev. Cancer
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Owen Witte and
colleagues have
now developed a
‘human in mouse’
model of prostate
cancer that turns
the luminal origin
theory on its

head.
7

=4 TUMORIGENESIS

Ground zero

Human prostate cancer is character-
ized by an expansion of epithelial
luminal cells and an absence of
epithelial basal cells. This has fed the
common belief that this type of can-
cer has a luminal origin, especially
because the lack of in vivo models
that could properly recapitulate what
happens in the human malignancy
had meant that it could not be
proved otherwise. Owen Witte and
colleagues have now developed a
‘human in mouse’ model of prostate
cancer that turns the luminal origin
theory on its head.

Two main epithelial cell popula-
tions are found in human prostate
tissue: basal cells, which can be
identified by high levels of keratin 5
(K5) and K14 expression, and
luminal cells, which are character-
ized by high levels of K18 and K8
expression. Starting with benign
tissue from biopsy samples from
patients with prostate cancer, the
authors used the basal and luminal
keratins as cell markers to sort the
two different cell populations. They
then transduced both cell popula-
tions with a lentivirus that encoded
activated AKT and the transcrip-
tional regulator ERG, as well as
another lentivirus that encoded the
androgen receptor (AR), and these
proteins are known to be com-
monly altered in prostate cancer.

RESEARCH HIGHLIGHTS

Nature Reviews Cancer | AOP, published online 19 August 2010; doi:10.1038/nrc2923

The transduced cells were subcuta-
neously injected into immunodefi-
cient mice. After 16 weeks, only the
xenografts from basal cells resulted
in the development of adenocar-
cinoma, which recapitulated the
histological and molecular features
of the human malignancy. The
prostate adenocarcinomas showed
an absence of basal cells and an
expansion of luminal cells that
expressed prostate-specific antigen

SUPERSTOCK

(PSA), a-methylacyl-coA racemase
(AMACR) and AR, all of which are
markers of prostatic intraepithelial
neoplasia and prostate cancer.

The results of this study establish
a new in vivo model for investigating
prostate cancer and, by identifying
basal cells from the human prostate
as a possible origin for this type of
cancer, open up new possibilities for
the identification of new markers
for early detection.

Teresa Villanueva
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Lethal cycling

Finding the Achilles heel of specific
cancer types is a major goal in the
development of targeted therapies.
Now, recent evidence indicates that
a new synthetic lethal strategy could
be useful for oncogenic mutant
KRAS-driven lung cancer.

IMAGESTATE

Following their genetic identi-
fication in yeast, cyclin-dependent
kinases (CDKs) were thought to
be essential, ubiquitous drivers of
cell cycle progression. Although
this remains true for the mitotic
CDK (CDK1), knockout mouse
studies showed that the interphase
CDKs (CDK2, CDK4 and CDK6)
are dispensable for viability and
are only required for specialized,
tissue-specific roles. This has raised
questions about the validity of CDK-
targeting agents as anti-proliferative
therapies.

A team led by Mariano Barbacid
examined the dependence on
interphase CDKs of lung cancer
driven by KRAS-G12V, a frequent
lesion in human cancers of the
lung, pancreas and colon. In vitro
experiments using CDK-knockout
mouse embryo fibroblasts (MEFs)
revealed that deletion of Cdk2,
Cdk4 or Cdké6 prevents the growth
of KRAS-G12V-expressing MEFs
in low-serum conditions and that
knock down of any of these CDKs
in human lung cancer cell lines
is selectively lethal in KRAS-G12
mutant versus KRAS wild-type
cells. However, follow-up in vivo
studies in germline Cdk2- or
Cdk6-knockout mice failed to
prevent KRAS-G12V-induced lung
tumorigenesis. By contrast, deletion
of Cdk4 resulted in marked senes-
cence of KRAS-G12V-expressing
preneoplastic lung cells, blocking
their proliferation and preventing

the development of high-grade
lung tumours in vivo. Moreover,

the loss of CDK4 function by either
genetic excision or pharmacological
inhibition in mice with established
KRAS-G12V lung tumours signifi-
cantly slowed tumour progression,
providing further evidence of

the therapeutic potential of this
approach and implicating CDK4
in both the initiation and progres-
sion of KRAS-G12V-induced lung
tumours. Interestingly, although
KRAS-G12V expression was also
induced in other tissues of the
mouse, such as the pancreas and
colon, these tissues do not undergo
hyperplasia or develop tumours,
and senescence was not induced in
the absence of CDK4. This suggests
that the induction of senescence
after CDK4 loss could be specific
to aberrantly proliferating tis-

sues and so might be selective for
tumour cells.

This work shows that certain
oncogenic mutations can increase
the cellular dependence on the inter-
phase CDKs, thus renewing interest
in CDK-targeted therapies. However,
the success of these drugs in the
clinic will depend on the context
of the tumour tissue type and the
specific driving oncogenes. Finally,
it will be interesting to see whether
this response to CDK4 inhibition
will be sufficient to observe clinical
responses in patients with oncogenic
KRAS-mutant tumours.

Darren ]. Burgess
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A synthetic lethal interaction between K-Ras
oncogenes and Cdk4 unveils a therapeutic
strategy for non-small cell lung carcinoma.
Cancer Cell 18, 63-73 (2010)
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	Abstract | The effective implementation of personalized cancer therapeutic regimens depends on the successful identification and translation of informative biomarkers to aid clinical decision making. Antibody-based proteomics occupies a pivotal space in the cancer biomarker discovery and validation pipeline, facilitating the high-throughput evaluation of candidate markers. Although the clinical utility of these emerging technologies remains to be established, the traditional use of antibodies as affinity reagents in clinical diagnostic and predictive assays suggests that the rapid translation of such approaches is an achievable goal. Furthermore, in combination with, or as alternatives to, genomic and transcriptomic methods for patient stratification, antibody-based proteomics approaches offer the promise of additional insight into cancer disease states. In this Review, we discuss the current status of antibody-based proteomics and its contribution to the development of new assays that are crucial for the realization of individualized cancer therapy.
	At a glance
	Enabling technologies
	Box 1 | The Human Protein Atlas Program: a multidisciplinary antibody-based proteomics initiative
	Box 2 | Antibody-based proteomics technology formats
	Box 3 | Antibody specificity
	Clinical applications
	Box 4 | Regulatory issues pertaining to quantitative IHC and immunofluorescence analysis
	Figure 1 | Automated quantification of protein expression using immunohistochemistry and immunofluorescence. a | One of the major challenges facing immunohistochemistry (IHC) automated analysis software is distinguishing tumour epithelium from stromal cells, such as fibroblasts and lymphocytes. Advanced pattern recognition software can be used in a supervised manner to train representative images of different tissue patterns such as tumour and stroma, and once trained the algorithm can automatically distinguish between the two compartments. In this example, Genie (Aperio) was trained to distinguish between tumour epithelial cells (shown in red) and stroma (shown in green). b | Other automated IHC quantification packages can be used to quantify protein expression in different subcellular compartments in tissues (that is, the membrane, cytoplasm and nuclear compartments). These packages, such as the example provided here through the use of IHC-MARK (patent pending; Oncomark Ltd), provide quantitative data, such as positive and negative cell counts and staining intensity. c | Alternatively, immunofluorescence microscopy can provide accurate information about subcellular localization in terms of antigen expression, as demonstrated by Ki67 staining of tumour cells (green), the nucleus (blue), microtubules (red) and endoplasmic reticulum (yellow). Immunofluorescence‑based image analysis packages, such as Definiens Tissue Recognition technology, can be used to subtract the subcellular compartment signal and provide a read out of the overall staining for the total number of cells (dark black shaded areas in final output), the number of nucleoli (white spots in final output), as well as the boundaries of each subcellular area.
	Figure 2 | Antibody-based proteomics and personalized cancer medicine. The integration of data from high-throughput screening methodologies, such as DNA microarrays, mass spectrometry and functional genomic screens, with antibody-based proteomics, offers a great opportunity to identify new, robust cancer biomarkers. Clinically applicable assays may be developed using various approaches, including immunohistochemistry (IHC)-based prognostic and predictive signatures and pathway analysis using reverse phase protein arrays (RPPAs) and/or IHC. Immunohistochemical analysis offers the potential to identify patient subgroups for targeted therapy while also monitoring therapeutic response. Serum-based proteomics using antibody arrays and/or RPPAs offer less invasive approaches for diagnosis, particularly for screening high-risk populations and the early detection of recurrence, although molecular imaging has the potential to become the major platform for diagnostic, prognostic and predictive tests in the future. TMA, tissue microarray.
	Figure 3 | Translating antibody-based assays into the clinic. Predictive biomarkers for targeted therapies will be crucial for identifying correct patient subgroups. The development of such biomarker panels is likely to be based on a systems biology approach, in which high-throughput screening using various methodologies can be carried out in vitro. The integration of gene expression and proteomic data will be crucial to the identification of new biomarkers. It will also be necessary to institute biomarker testing in patients at an earlier stage than is currently practised, particularly in Phase I and II trials. Analysis of pathway activation is likely to be a key predictor of response. Reverse phase protein arrays (RPPAs) offer the opportunity to institute pathway diagnostics in early trials, particularly if pretreatment and post-treatment tissue samples can be obtained. Given the precious nature of the material available from prospective studies and the small size of pretreatment biopsy samples, RPPAs may be an ideal platform for initial discovery with predictive assays reduced to clinical applicability through immunohistochemistry (IHC) or enzyme-linked immunosorbent assay (ELISA) over time.
	Translating assays to the clinic
	Conclusion

	618.pdf
	Abstract | Advances in the generation and interpretation of proteomics data have spurred a transition from focusing on protein identification to functional analysis. Here we review recent proteomics results that have elucidated new aspects of the roles and regulation of signal transduction pathways in cancer using the epidermal growth factor receptor (EGFR), ERK and breakpoint cluster region (BCR)–ABL1 networks as examples. The emerging theme is to understand cancer signalling as networks of multiprotein machines which process information in a highly dynamic environment that is shaped by changing protein interactions and post-translational modifications (PTMs). Cancerous genetic mutations derange these protein networks in complex ways that are tractable by proteomics.
	Protein–protein interactions
	At a glance
	Box 1 | Quantitative proteomics
	Figure 1 | The epidermal growth factor receptor signalling network. On activation (by ligand binding), the epidermal growth factor receptor (EGFR, also known as ERBB1) autophosphorylates tyrosine residues in its cytoplasmic domain, which serve as docking sites for the assembly of protein complexes that transduce EGF signals to generate specific biological responses. It is unlikely that the full complement of binding partners is recruited to each receptor and more plausible that individual EGFRs form complexes that have different compositions. In addition, all four members of the ErbB family (EGFR, ErbB2 (also known as HER2), ErbB3 and ErbB4) can form heterodimers (not shown), which share common binding proteins but, owing to the different representation of docking sites, assemble receptor complexes with different signalling properties27. The EGFR network has been reviewed in detail elsewhere145,146 and only the better characterized downstream pathways are shown here. Kinases are light blue, scaffolds are dark blue, adaptor proteins are yellow, G proteins are green and transcription factors are orange. Phospholipase Cγ (PLCγ) is a phospholipase, Cbl is an ubiquitin ligase, son of sevenless homologue (SOS) is a guanine nucleotide exchange factor. Small molecule second messengers are red: phosphatidylinositol-4,5-bisphosphate (PIP2), diacylglycerol (DAG), inositol-1,4,5-triphosphate (IP3) and Ca2+. The downstream pathway discussed in this Review is the ERK pathway, which is initiated through the recruitment of a protein complex that contains the Src homology 2 domain-containing (Shc) and growth factor receptor-bound protein 2 (Grb2) adaptor proteins and the exchange factor SOS to activated EGFR. SOS exchanges GDP for GTP on Ras, which induces a conformational change that enables Ras to bind Raf kinases with high affinity. Raf activation is a complex process, involving dephosphorylation, phosphorylation, homo- and heterodimerization and binding to the kinase suppressor of ras 1 (KSR1) scaffold147–149. Activated Raf phosphorylates and activates MEK, which in turn phosphorylates and activates ERK. ERK exerts its different biological effects through many substrates32, including transcription factors. AP1, activator protein 1; CAMK, calcium/calmodulin-dependent protein kinase; CREB, cyclic AMP-responsive element-binding protein; EGR1, early growth response 1; FAK, focal adhesion kinase; MEF2, myocyte enhancer factor 2; PKC, protein kinase C; STAT, signal transducer and activator of transcription.
	Figure 2 | The BCR–ABL1 signalling network. Breakpoint cluster region (Bcr)–ABL1 activates downstream signalling pathways through a core network of seven closely associated proteins36. They comprise adaptor proteins (blue), phosphatases (orange) and the regulatory p85 subunit of PI3K (green). Selected downstream signalling pathways are depicted in light green and biological outcomes in yellow. Most biological effects are regulated through multiple pathways; for example, actin polymerization is regulated through the growth factor receptor-bound protein 2 (GRB2)-related adaptor protein 2 (GRAP2, also known as GADS)– lymphocyte cytosolic protein 2 (LCP2, also known as Slp76)–Nck adaptor pathway150 or through SH2 domain-containing inositol phosphatase 2 (Ship2) regulation of phosphatidylinositol‑3,4,5-trisphosphate levels151. The scheme is highly simplified for clarity. Arrows do not imply direct connections and may summarize several steps. The figure is based on data from Brehme et al.36. AP2, adaptor protein complex 2; CSK, c‑src tyrosine kinase; SHC1, Src homology 2 domain-containing 1; STS1, suppressor of T cell receptor signalling 1.
	Post-translational modifications
	Box 2 | Kinase profiling and kinomics
	Figure 3 | The ubiquitin system. Ubiquitin (Ub) is a small protein that is transferred as a versatile regulatory post-translational modification (PTM) to target proteins in a three-step process152. In the first step, an E1 ubiquitin-activating enzyme uses ATP to form a covalent thioester with ubiquitin. E1 then transfers the ubiquitin moiety onto an ubiquitin-conjugating enzyme E2. E2 associates with one of several hundred E3 ubiquitin ligases which provide specificity by also binding the target protein. The E2-binding and target recognition domains can reside in one protein (as shown) or in different proteins that are part of a ligase complex. Finally, the ubiquitin moiety is transferred to a lysine residue in the target protein directly or through an E3 ubiquitin ligase. Further ubiquitins can be added to lysines in ubiquitin itself. Depending on the number of ubiquitin moieties transferred and the linkage type, ubiquitylation can have different functions that are often derailed in cancer83 and many other diseases153.
	Towards single-cell proteomics
	Perspective
	Box 3 | Other post-translational modifications 
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	ABPP for enzyme discovery in cancer
	Abstract | Large-scale profiling methods have uncovered numerous gene and protein expression changes that correlate with tumorigenesis. However, determining the relevance of these expression changes and which biochemical pathways they affect has been hindered by our incomplete understanding of the proteome and its myriad functions and modes of regulation. Activity-based profiling platforms enable both the discovery of cancer-relevant enzymes and selective pharmacological probes to perturb and characterize these proteins in tumour cells. When integrated with other large-scale profiling methods, activity-based proteomics can provide insight into the metabolic and signalling pathways that support cancer pathogenesis and illuminate new strategies for disease diagnosis and treatment.
	At a glance
	ABPP for inhibitor discovery in cancer
	Figure 1 | Activity-based protein profiling. a | Activity-based protein profiling (ABPP) uses active site-directed chemical probes to assess the functional state of large numbers of enzymes in native biological systems. Activity-based probes consist of a reactive group (red ball) for targeting a specific set of enzymes and a detection handle (a fluorophore, such as a rhodamine (Rh) or biotin (B)). In a typical ABPP experiment, a proteome is reacted with the activity-based probe and probe-labelled proteins detected by either in-gel fluorescence scanning (for fluorophore-conjugated probes; top) or avidin enrichment, on-bead tryptic digest and liquid chromatograpy–mass spectrometry (LC–MS) analysis (for biotinylated probes; bottom). b | ABPP can also be used in a competitive format to evaluate the potency and selectivity of enzyme inhibitors in native biological samples. Inhibitors compete with activity-based probes for enzyme targets, and this competition is read out by loss of fluorescence (for fluorophore-conjugated probes) or MS (for biotinylated probes) signals (not shown). m/z, mass to charge ratio. 
	Table 1 | Representative activity-based probes and their application to cancer research
	Integration of ABPP with other profiling methods
	Figure 2 | Serine hydrolases KIAA1363 and MAGL regulate lipid metabolic pathways that support cancer pathogenesis. Activity-based protein profiling (ABPP) identified KIAA1363 (part a) and monoacylglycerol (MAG) lipase (MAGL) (part b) as being increased in aggressive human cancer cells from multiple tumour types. Pharmacological and/or RNA interference ablation of KIAA1363 and MAGL coupled with metabolomic analysis revealed specific roles for KIAA1363 and MAGL in cancer metabolism. Disruption of KIAA1363 by the small-molecule inhibitor AS115 lowered monoalkylglycerol ether (MAGE), alkyl lysophosphatidic acid (alkyl LPA) and alkyl lysophosphatidyl choline (alkyl LPC) levels in cancer cells. Disruption of MAGL by the small-molecule inhibitor JZL184 raised MAG levels and reduced free fatty acid, lysophosphatidic acid (LPA) and prostaglandin E2 (PGE2) levels in cancer cells. Disruption of KIAA1363 and MAGL leads to impairments in cancer cell aggressiveness and tumour growth (part c). PAF, platelet-activating factor.
	Box 1 | Metabolomics
	Figure 3 | Proteomic strategies for mapping protease substrates. a | Amino terminal labelling techniques use chemical or enzymatic methods to selectively label neo-N termini that are created on protease treatment. The labelled N‑terminal peptides can then be enriched through positive selection methods (such as the subtiligase method84) or, alternatively, the internal unmodified peptides can be removed through negative selection methods (such as terminal amine isotopic labelling of substrates (TAILS) methods85). The remaining pool of enriched labelled neo-N termini can then be analysed using tandem mass spectrometry (MS) and the exact sites of proteolytic cleavage can be assigned. b | An alternative proteomic method for protease substrate identification, Protein Topography and Migration Analysis Platform (PROTOMAP 86) combines one-dimensional (1D) SDS–PAGE fractionation with liquid chromatograpy (LC)–MS analysis. In a typical PROTOMAP experiment, proteomes from control (Ctrl; red) and experimental (protease-active) (Expt; blue) systems are separated by 1D SDS–PAGE. The lanes are cut into bands at fixed intervals, digested with trypsin and analysed by LC–MS/MS to generate data that are integrated into peptographs, which plot sequence coverage for a given protein in the horizontal dimension (N to C terminus; left to right) versus gel migration in the vertical dimension. Spectral count values for each protein in each gel band provide quantitation. Cleaved proteins are identified by shifts in migration from higher to lower molecular weight (MW) in Ctrl versus Expt systems.
	Conclusions	
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	Abstract | Imaging mass spectrometry (IMS) using matrix-assisted laser desorption ionization (MALDI) is a new and effective tool for molecular studies of complex biological samples such as tissue sections. As histological features remain intact throughout the analysis of a section, distribution maps of multiple analytes can be correlated with histological and clinical features. Spatial molecular arrangements can be assessed without the need for target-specific reagents, allowing the discovery of diagnostic and prognostic markers of different cancer types and enabling the determination of effective therapies.
	Technology
	Figure 1 | Principles of MALDI-TOF IMS. a | Schematic outline of a typical separation of analytes in a linear matrix-assisted laser desorption ionization (MALDI)-time-of-flight (TOF) imaging mass spectrometer (IMS) based on their mass to charge ratio (m/z). b | Typical mass spectrum in the mass range between 2 and 20 kDa. c | A magnification of the mass range between 5 and 8 kDa.
	Oncology applications
	Figure 2 | Workflow for MALDI IMS analysis. Schematic outline of a typical workflow for fresh frozen tissue samples. Sample pretreatment steps include cutting and mounting the tissue section on a conductive target. Matrix is applied in an ordered array across the tissue section and mass spectra are generated at each x,y coordinate for protein analysis or tandem MS (MS/MS) spectra for protein identification. Further analytical steps include the visualization of the distribution of a single protein within the tissue (protein image) or statistical analysis to visualize classification images as well as database searching to identify the protein. The scale represents the relative intensity of the protein. IMS, imaging mass spectrometry; MALDI, matrix-assisted laser desorption ionization; MS, mass spectrometry;  m/z, mass to charge ratio.
	Figure 3 | Comparison of IHC and MALDI IMS results. Immunohistochemical (IHC) staining with an antibody against cytokeratin 5 (CK5) and CK6 of triplicate lung cancer biopsy samples from two different patients (patient A or patient B) showing positive staining in all biopsy samples (parts a and b). The corresponding peptide image of a 1407.7 Da fragment of CK6 (green; parts c and d) reveals this peptide to be present only in one patient, whereas the 1410.7 Da fragment of CK5 (red; parts e and f) is present in all biopsy samples75. The scale represents the relative intensity of the peptide. IMS, imaging mass spectrometry; MALDI, matrix-assisted laser desorption ionization. Image courtesy of M.R. Groseclose, Vanderbilt University, USA. 
	Figure 4 | Small molecule imaging. Unstained transverse whole mouse section (part a), image of the drug distribution (part b) and overlay (part c). The orally administered anti-cancer drug is present in high concentrations in the tumour and can also be found in lower concentrations in the digestive system and blood vessels. The solid white line represents the tumour; dashed white line the gastrointestinal tract; solid red line the major blood vessels and the dashed red line the outline of the whole section. The scale represents the relative intensity of the drug. Personal communication, M. L. Reyzer, R. A. Smith and H. C. Manning, Vanderbilt University, USA.
	Conclusions and perspectives
	The need for large integrated biobanks
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