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Defining the expressed breast cancer kinome
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Protein kinases are arguably the
most tractable candidates for devel-
opment of new therapies to treat can-
cer. Deep sequencing of breast cancer
cell lines indicates each express 375
or so kinases, representing nearly
75% of the kinome. A rich network
both downstream and upstream from
key oncogenic kinases includes both
tyrosine and serine/threonine kinases,
giving plasticity and resiliency to the
cancer cell kinome.

Protein kinases have proven to be
highly tractable candidates for develop-
ment of new cancer therapies with over
130 kinase-specific inhibitors currently
in Phase 1-3 clinical trials [1]. Approxi-
mately 518 protein kinases are encoded
by the human genome, collectively
referred to as the kinome. Many kinases
regulate normal growth and develop-
ment while an intensely-studied small
subset of kinases is dysregulated by
multiple mechanisms and contribute to
human cancer progression [2]. Several
of'these kinases (e.g. BCR-ABL, EGFR,
ERBB2 (HER2), KIT, VEGFR, ALK,
BRAF, etc.) are proven therapeutic
targets to treat cancer.

A rich network downstream and
upstream from these key oncogenic
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kinases include both serine/threonine
and tyrosine kinases, many of which
are understudied and untargeted by
chemical probes [3]. A key question
in the development of new cancer
therapeutics is which, if any, of these
understudied kinases are potential
therapeutic targets? Experimentally,
the development of new effective ki-
nase inhibitors is hindered by the fact
that kinase networks are interrelated;
inhibition by one pharmacologic kinase
inhibitor has consequences beyond its
cognate targets. The kinome is resilient
and is often able to bypass inhibition of
specific kinases by activation of other
kinases, effectively resulting in resis-
tance to single agents. Thus, rationally
devising novel kinase inhibitor therapies
requires detailed knowledge of kinome
dynamics, not simply measuring the
effect of an inhibitor on one or a few
kinases in a pathway.

Most cancers are genetically com-
plex, however, some cancers are physi-
ologically dependent on sustained
activity of specific oncogenes, so-called
“oncogene addiction” [4]. Oncogene
addiction has clear implications for
molecular targeting. An example is
HER2-driven breast cancer where
HER?2 is constitutively activated in
approximately 20% of breast cancers.
Addiction to HER?2 signaling is likely
responsible for the strong clinical re-
sponses to HER2 inhibitors, and clinical

trials and therapeutic response to HER2-
targeting suggest that HER2 “addiction”
defines cell behavior in HER2-driven
breast cancer. Thus, HER2-driven
(HER2+) breast cancer is an excellent
example of a specific cancer subtype in
which aberrant signaling of a particular
oncogene is key to tumor behavior, and
in which strategies targeting HER2
have demonstrated significant efficacy
[5]. Lapatinib, a highly selective small-
molecule inhibitor of HER2 and EGFR
tyrosine kinase activity, and trastuzumab
and pertuzumab, which are humanized
monoclonal antibodies to HER2, each
have significant clinical benefit in the
treatment of HER2+ breast cancer. De-
spite these highly selective therapeutic
molecules that target and inhibit HER2,
both clinical and preclinical data sug-
gest that resistance to HER2-targeting
results as a consequence of alternate
kinase activation (e.g., EGFR, PI3K,
IGFIR) [5].

A second example is triple negative
breast cancer (TNBC), which includes
claudin-low and basal-like breast cancer
subtypes [6]. TNBC lacks the current
breast cancer targets, including estrogen
and progesterone receptors and the re-
ceptor tyrosine kinase HER2, therefore
chemotherapy remains the mainstay
of treatment. Among the most likely
candidates for targeted treatment of the
basal-like breast cancer TNBC subtype,
based on preclinical and correlative



studies, was the EGFR. For this reason
a series of EGFR inhibitor trials were
performed, with no more than modest
effects in clinical outcome [7, 8]. In one
trial of EGFR inhibition in TNBC, gene
expression analysis was performed on
16 TNBCs before and one week after
beginning therapy with cetuximab, a
monoclonal antibody targeting the EGF
receptor. Although the EGF receptor
pathway was activated in most basal-
like breast cancers, cetuximab inacti-
vated the downstream MAPK pathway
in only a minority, suggesting a more
complex kinase signaling network than
could be blocked by the single targeted
EGF receptor inhibitor [7-9]. Such stud-
ies indicate that we need better methods
to identify relevant molecular targets or
combinations of targets for treatment
of TNBC as well as many other cancer
types.

These two snapshots of kinome re-
siliency bypassing targeted inhibition
of specific kinases, even in the case
of oncogenic addiction with HER2+
breast cancer, underscore our lack of
understanding of kinome system signal-
ing. This is true not just in pathological

HuMEC

conditions such as cancer but in normal
cells and tissues as well. Herein we
highlight some studies using next-gen-
eration deep sequencing to analyze the
kinome in breast cancer cell lines.

A largely unanswered question to
date is: what is the total kinome expres-
sion profile in breast cancer subtypes,
including luminal, HER2+ and triple
negative? Of the approximate 518 ki-
nases in the human kinome, how many
kinases are actually expressed in differ-
ent breast cancer cell lines that are used
by investigators around the world?

We used next-generation sequencing
to define the expressed kinome in five
cell lines: HUMECs (telomerase-im-
mortalized mammary epithelial cells),
MCF-7 (luminal), BT474 (HER2+)
and two TNBC lines MDA-MB-231
and SUM159 that profile as claudin-
low [10]. Figure 1 shows two Venn
diagrams comparing the expressed
kinases in MCF7, BT474 and MDA-
MB-231 cell lines relative to HUMECs
or SUM159 cells [11]. Each cell type
similarly expresses in the range of 375 or
so kinases based on a stringent criterion
of a minimum of 50 reads in the primary
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Figure 1 RNA-seq reads for five cell lines were aligned to human genome 19
(HG19) transcripts using Bowtie. The overlap of protein kinases with greater
than 50 aligned reads each showed that most kinases were found to be in all cell
lines and few kinases were found to be unique to a specific cell line.
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sequence data. This represents nearly
75% of the kinome expressed at the RNA
level. Of the expressed kinases more than
80% are common in the five cell lines.
There are relatively few unique kinases
expressed in each cell line. Analysis of
the RPKM normalized read counts for
BT474 cells shows the expected high
expression of ERBB2 (1 744 RPKM
normalized read counts in BT474
cells versus 38 in HUMECs). Receptor
tyrosine kinases are also the highest
expressed kinases in MDA-MB-231
and SUM159 cells, although at signifi-
cantly lower read counts than ERBB2
in BT474 cells. AXL is expressed at 527
RPKM in MDA-MB-231 cells versus
22 in HUMECs. MET is expressed at
183 RPKM in SUM159 cells versus
107 in HuMECs. Ribosomal S6 kinase
(RPS6KB1), a kinase in the mTOR
pathway, is interestingly the highest
expressed kinase at the transcript level
in MCF-7 cells (402 RPKM versus 17
in HUMECsS).

If one looks at the 50 most highly
expressed kinases in each cell line,
they represent each major kinase sub-
family within the kinome. There is no
significant bias for overrepresentation
of any subfamily, including TK, TKL,
STE,AGC, CAMK, CMGC and several
atypical kinases. This is consistent with
the kinome as a functional network in
which receptor and cytoplasmic tyrosine
kinases are integrated in a coordinate
fashion with serine/threonine protein
kinases from each subfamily; together
they control diverse cellular processes.
Further insight is gained from closer
examination of the tyrosine kinases
expressed in the five cell lines. BT474
cells have high expression of ERBB3
that is the major heterodimerization
partner for ERBB2/HER?2; this is con-
sistent with ERBB2/ERBB3 signaling
as a dominant receptor tyrosine kinase
receptor complex in these cells [5]. The
understudied Discoidin Domain Recep-
tor 1 (DDR1) is expressed in HUMEC:s,
BT474 and MCF-7 cells, but DDRI1 is
expressed at extremely low levels in the
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claudin-low cells, MDA-MB-231 and
SUM159. In contrast, the two claudin-
low TNBC lines significantly express
the receptor tyrosine kinases AXL, MET
and EGFR, each of which is either ab-
sent or expressed at negligible levels in
BT474 and MCF-7 cells. It is important
to note that HUMECSs also express AXL,
MET and EGFR. MCF-7 cells highly
express significant levels of the IGFIR,
which has been shown to be involved in
lapatinib resistance [5, 12, 13]. Expres-
sion of multiple receptor tyrosine ki-
nases is consistent with MDA-MB-231,
SUM159, MCF-7 and HUMECs being
highly resistant to growth inhibition by
lapatinib. In contrast, lapatinib strongly
inhibits growth of BT474 cells because
of their addiction to ERBB2. Foretnib,
which inhibits AXL and MET, also has
little effect on growth of MDA-MB-
231and SUM159 cells (unpublished
observation), consistent with the ability
of alternate receptor tyrosine kinases
and downstream signaling pathways
controlled by activated oncogenes to
promote growth in these cells. This
may explain why anti-EGFR therapy or
targeting other receptor tyrosine kinases
is not sufficient to treat breast cancer
patients. It also points out the need to
define signaling pathways downstream
or parallel to such tyrosine kinases that
can be effectively targeted.

Oncogenic mutations downstream
of receptor tyrosine kinases in MCF-7
(PI3K), MDA-MB-231 cells (KRAS
and BRAF) and SUM159 (HRAS and
PI3K) certainly contribute to the resis-
tance to lapatinib or foretinib. However,
HuMECs have no defined oncogenic
mutations and their growth are not
inhibited by lapatinib or foretinib. We
also analyzed the mutation status of
the SUM159 kinome and found no ac-
tivating mutations in expressed kinases
(unpublished observations). The lack of
defined activating kinase mutations or
overexpressed kinases in SUM159 cells
is consistent with the analysis of a basal-
like breast cancer primary tumor and
metastasis, which had few kinase muta-

tions and no obvious kinase gene am-
plifications [ 14]. The patient tumor also
had no Ras or PI3K mutations. Signifi-
cant interest is now focused on targeting
kinases downstream of receptor tyrosine
kinases. The ERK1 and 2 MAPK and
PI3K pathways are activated in many
cancers and targets of intense drug
discovery initiatives [15, 16]. Focus on
ERKI1 and 2 is based on the frequent
activation of the MEK-ERK pathway in
cancer including those with activating
Ras mutations. Similarly, PI3K is one
of the most commonly mutated genes in
cancer and often activates the AKT and
mTOR pathways [17]. The primary tar-
get for the ERK1/2 pathway has been to
develop inhibitors for MEK 1 and 2, the
upstream kinases that phosphorylate and
activate ERK1 and 2. Allosteric inhibi-
tors of MEK1 and 2 have proven to be
highly selective because of the unique
allosteric regulatory site adjacent to
the ATP binding site [2]. Several PI3K
inhibitors are currently in clinical trials,
as are AKT and mTOR inhibitors that
target the principal kinases downstream
of PI3K [16, 17]. The combination of
MEK and PI3K inhibitors appears to
be of particular efficacy in preclinical
models of cancer because two major
growth and survival pathways activated
in many cancers are inhibited. If toler-
ated in patients, the dual inhibition of
the MEK-ERK and PI3K pathways may
prove to be highly effective because
these two key pathways promoting
growth and survival are both activated
by multiple tyrosine kinases. Dual
MEK/PI3K inhibition would inhibit
oncogenic Ras and PI3K signaling as
well. Resistance mechanisms that will
arise from dual inhibition of MEK and
PI3K are presently undefined.
Determining cancer genomic mu-
tations by the Cancer Genome Atlas
Project will define the frequency of
mutations and identify new mutations
in the kinome and driver oncogenes
upstream of specific kinase networks.
This database will revolutionize our
understanding of the genetic changes

in cancer and is identifying new acti-
vating and inhibitory mutations in the
kinome relevant to specific cancers. One
outcome will be the characterization of
novel kinase mutations that may provide
a tumorigenic advantage but are not
common driver mutations. An example
is the Tpl2 truncation found in a patient
basal-like tumor and metastasis that is
predicted to drive MEK-ERK activation
[14]. The limitation is that genomic
analysis does not define activity of the
kinome or kinome response to targeted
inhibition. Thus, breakthrough new
strategies to define the dynamic activa-
tion state of the kinome are needed for
future advances.

Recent work by Daub and Mann
and co-workers and investigators at
Cellzome suggest new quantitative
proteomic methods to measure kinome
dynamics [18, 19]. They immobilized
kinase inhibitors to Sepharose such that
the inhibitor was able to retain binding
to kinases in cell lysates. The use of
various type I kinase inhibitors allowed
the capture of activated versus inactive
kinases from lysates of virtually any cell
or tissue. By varying the immobilized
inhibitor a different repertoire of kinases
could be captured. Type I inhibitors
represent the majority of inhibitors that
have been characterized to date and
preferentially recognize the active con-
formation of kinases. Type I inhibitors
are ATP competitive and were generally
identified in screens using the activated
kinase [2]. In contrast, type II inhibitors
recognize the inactive conformation of
the kinase and represent many fewer
defined inhibitors. Kinases captured
by type I inhibitors can be eluted and
identified using mass spectrometry.
Different quantitative methods such as
SILAC, Super SILAC and iTRAQ can
be used to quantify the difference in ki-
nase binding to the immobilized inhibi-
tor. For example, the change in kinase
binding to the pan kinase inhibitor PP58
covalently coupled to Sepharose can be
assayed for kinases from cells treated
with or without a growth factor such as
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EGF or an inhibitor such as lapatinib
[18, 19]. Our laboratories have extended
this method to use a series of inhibitors,
some specific and some very broad pan
kinase type I inhibitors, to capture a
significant portion of the kinome. Us-
ing these methods we have been able to
assay the activation state of more than
60% of the expressed kinome in a single
mass spectrometry run. These meth-
ods allow the ability to quantitatively
measure an unprecedented percentage
of the kinome and determine kinome
activation state in response to differ-
ent challenges. The analysis is biased
only by the repertoire of immobilized
inhibitors used for kinase isolation and
can be used with cell lines, preclinical
genetically-engineered mouse models
of cancer and appropriately handled
human tumor specimens.

It is now possible to define the dy-
namic behavior of the cancer kinome
using such quantitative proteomic
methods combined with genomic
analysis of mutations and expression.
A major goal in the coming years will
be to understand the resiliency of the
kinome to perturbation by targeted
kinase inhibition. The resiliency of the
kinome is partly a result of “plasticity”
of signaling networks comprised of
many kinases. Plasticity is the result
of kinase networks varying in com-
position and activity both temporally
and spatially in response to different
environmental conditions including
targeted kinase inhibition. Because of
network plasticity, targeting a single
kinase may not significantly inhibit
network activity (e.g., EGFR in breast
cancer). Targeting two kinases such as
MEK and PI3K has the ability to sig-
nificantly inhibit network behavior and
arrest signaling in response to different
cues (e.g., tyrosine kinases, oncogenic
Ras or PI3K). The future promise is to
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define kinome plasticity in tumor cells
responding to single agent inhibitors.
Understanding kinome plasticity is
necessary for rational design of effective
combination therapies to treat cancer in
individual patients.
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