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ABSTRACT

Background: We sought to profile Atypical Meningioma in a high-throughput manner to
better understand the altered signaling within these tumors and specifically the kinases altered
in recurrent atypical meningioma. Kinomic Profiles could be used to identify prognostic
biomarkers for responders/non-responders to classify future patients that are unlikely to
benefit from current therapies. Directly these results could be used to identify drug-actionable
kinase targets as well.

Methods: Peptide-substrate microarray kinase activity analysis was conducted with a
PamStation®12 analyzing the tyrosine kinome in each tumor kinetically against ~144 target
peptides. These data were then analyzed relative to clinical outcome (e.g., tumor recurrence).

Results: 3 major clusters of atypical meningiomas were identified with highly variant
peptides primarily being targets of EGFR family, ABL, BRK and BMX kinases. Kinomic
analysis of recurrent atypical meningiomas indicated patterns of increased phosphorylation of
BMX, TYRO3 and FAK substrates as compared to non-recurrent tumors.

Conclusion: The atypical meningiomas profiled here exhibited molecular sub-clustering that
may have phenotypic corollaries predictive of outcome. Recurrent tumors had increases in
kinase activity that may predict resistance to current therapies, and may guide selection of
directed therapies. Taken together these data further the understanding of kinomic alteration
in atypical meningioma, and the processes that may not only mediate recurrence, but
additionally may identify kinase targets for intervention.
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1. INTRODUCTION

Meningiomas are tumors derived
from the epithelial cells composing the
meningeal layer of the brain and spinal
cord. Menigiomas are the most common
primary intracranial neoplasm (~110,000
cases diagnosed per year) and comprise
approximately one third of all primary
central nervous system (CNS) tumors. The
majority of meningiomas are WHO Grade
I, which have excellent prognosis with
current treatment, however WHO Grade 1
(atypical) meningiomas comprise 20% of
all  meningiomas by current WHO
standards and are difficult to manage with
recurrence rates around 40% after gross
tumor resection (Aghi et al., 2009). Those
tumors that are recurrent typically have an
aggressive course with poor prognosis.
However, there is no consensus on the
appropriate  treatment  of  atypical
meningiomas (Komotar et al., 2012). As in
WHO Grade 1 meningiomas, surgery is the
primary treatment. Radiation has been
shown to improve progression free survival
but the appropriate radiation dose and
appropriate patient selection have not been
identified. The ability to characterize
tumors prospectively and identify those
patients who would benefit most from
radiation or other treatments has not been
developed. Moreover, there is little known
regarding what factors lead to the subset of
meningiomas that become aggressive or
recur.

Multiple molecular pathways are
likely  involved in  development,
progression, and treatment resistance of
meningiomas. Some work has been done in
identifying  genes  associated  with
meningioma development, much of it
centering on losses that converge on the
neurofibromatosis-2 (NF2) signaling axis,
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but to date this work has not resulted in
clinically useful targets for therapy or for
risk stratification. Kinase driven pathways,
including the phosphatidylinositol-3 kinase
(P13K)/Akt/mammalian target of
rapamycin (mTOR), and mitogen activated
protein kinase (MAPK) pathways are
important in  cellular survival and
proliferation, and are closely tied to NF2
alterations. Formation of meningiomas and
progression from lower grade
meningiomas can be driven by multiple
kinase driven pathways including the
receptor tyrosine kinases epidermal growth
factor receptor (EGFR), platelet derived
growth factor receptor (PDGFR), and
insulin-like growth factor receptor (IGFR),
as well as losses in cyclin-dependent
kinase inhibitor 2A (CDK2NA or pl6),
and gains in ribosomal protein S6 kinase
beta-1 (S6K) associated with higher-grade
anaplastic meningiomas (Bostrom et al.,
2001; Choy et al., 2011; James et al., 2009;
Mawrin et al., 2005).

Despite the improved
understanding of signaling pathways in this
disease, identification of biomarkers and
therapeutic targeting of these molecular
targets for overcoming therapy resistance
has not been successfully translated into
the clinic. Issues arise multifold when
identifying, primarily at the gene-level,
biomarkers for atypical meningioma
recurrences such as: 1) passenger
mutations that occur and may correlate, but
not drive tumor processes; 2) identified
genes may not be easily therapeutically
targetable at the genetic level, 3)
alterations at the genetic level may not
directly lead to protein expression level
changes, and furthermore; 4) even changes
in protein level may not translate into
increased enzymatic activity. Indeed,
recent development of therapeutic agents
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in oncology has been predominantly
focused on targeting kinases through small
molecule and antibody based approaches
(Blanc, Geney, & Menet, 2013; Fang,
Grutter, & Rauh, 2013; Powers & Palecek,
2012; Wang, Zorn, & Kuriyan, 2014). It
follows  that  kinases, that are
predominantly regulated post-
translationally, and inhibition of them,
would benefit from being studied directly
at their level of enzymatic action - the level
that most targeted agents intervene.

Direct measurement of global
kinase (kinomic) activity in a high
throughput ~ manner  allows  direct

measurement of Kinase activity in real time
in complex lysates, including primary
meningioma samples. We, and others, have
used kinomic activity profiling to identify
alterations in kinase activity in tumor and
other pathologic tissue, including directly-
from-patient derived tissue (Anderson,
Duarte, et al., 2014; Anderson, Minnich, et
al., 2014; Duverger et al., 2013; Sikkema
et al., 2009). Herein, we describe the
kinomic signaling diversity of atypical
meningiomas treated at our institution and
the kinomics seen specifically in recurrent
tumors.

2. METHODOLOGY
2.1 Ethics

This study was conducted in
accordance with institutional policies and
was approved by University of Alabama at
Birmingham (UAB) Institutional Review
Board (“Kinomics of Atypical
Meningioma” protocol # X130215007).
Following IRB approval, we conducted
this retrospective study. Samples were de-
identified prior to kinomic profiling in
compliance with HIPAA rules and
regulations.
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2.2 Patient Characteristics

Patient inclusion criteria included
those patients 19 years of age or older
with a diagnosis of meningioma who had
undergone surgery and/or radiation
therapy at UAB. Thirty-one samples were
acquired from atypical meningioma
patients as listed in Table 1. All samples
were collected surgically and were flash-
frozen in liquid nitrogen prior to transfer
to the UAB Brain Tumor Tissue Core
(Directed by Dr. Gillespie). These samples
were collected between 1999 and 2013.
Known atypical meningiomas with frozen
tissue were identified and transferred to
the UAB Kinome Core in liquid nitrogen
for processing and profiling as described
below. Further analysis was conducted on
a subset of these samples that passed
annotation and signal quality control
(QC). Of these analyzed, there were 54%
(7) female and 46% (6) male with a mean
age of 54.7 and with 30.8% (4/13) having
recurrent tumors.

2.3 Kinomic Profiling

Kinomic profiling was performed
at the UAB Kinome Core
(www.kinomecore.com). Frozen tissue for
each tumor was processed at 4°C for
kinomic profiling and lysed in M-PER
lysis buffer with protease and phosphatase
inhibitors per our standard protocol
(Anderson, Duarte, et al., 2014). Protein
quantitation was performed using standard
BCA reaction assay (Pierce Scientific,
Waltham, MA). Sixteen ug of protein per
tumor were combined with kinase buffer,
ATP, and fluorescently labeled anti-PY20
antibodies per UAB Kinome Core standard
operating procedure and loaded into each
well of the tyrosine (PTK) PamChips®.

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved. 4
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The PamStation®12 kinomics workstation
(PamGene® International, ‘s-
Hertogenbosch, The Netherlands) using the
standard PTK PamChip® protocol using
Evolve2 Software (v. 1.5) as previously
published (Anderson, Duarte, et al., 2014).

Table 1. Patient Sample Characteristics

2015 Issue 3

As lysates were pumped through the array,
images were captured using Evolve2
followed by primary data processing,
phosphorylation  curve  fitting, and
quantitation using BioNavigator v. 6.0
(PamGene).

ID | Rec Status | Age | Race | Gender Kinomics
M1 Primary | 73 | Albino | Male NO SIG
M2 Primary | 50 | Black | Male LOW SIG
M3 Primary | 73 | White | Female Yes

M4 Primary | 46 | Black | Male Yes

M5 Primary | 61 | Black | Male Yes

M6 Primary | 61 | White | Female LOW SIG
M7 Recurrent | 70 | White | Female Yes

M8 Recurrent | 40 | White | Male LOW SIG
M9 Primary | 59 | Black | Male Yes
M10 | Recurrent | 53 | White | Female LOW SIG
M11 | Unknown | 35 | White | Female | MISMATCH
M12 | Unknown | 41 | Black | Male NO SIG
M13 Primary | 51 | Black | Female LOW SIG
M14 | Unknown | 54 | White | Female | ARRAY ERR
M15 | Recurrent | 67 | White | Female Yes
M16 | Recurrent | 39 | White | Female Yes
M17 Primary | 65 | White | Male LOW SIG
M18 Primary | 17 | Black | Male LOW SIG
M19 | Recurrent = 48 | White | Male LOW SIG
M20 Primary | 59 | White | Female NO SIG
M21 | Unknown | 49 | Black | Male | MISMATCH
M22 | Recurrent | 47 | Black | Male MISSING
M23 Primary | 69 | White | Female NO SIG
M24 Primary | 52 | Black | Female NO SIG
M25 | Recurrent | 69 | Black | Female Yes
M26 Primary | 40 | White | Male Yes
M27 Primary | 66 | White | Male Yes
M28 | Unknown | 50 | Black | Female NO SIG
M29 Primary | 43 | White | Female Yes
M30 Primary | 30 | White | Female Yes

NO SIG=no signal; LOW SIG=Low signal; ARRAY ERR= array error
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2.4 Data Analysis

Briefly, signal over multiple
exposure times was linearly integrated and
the slope was Log2 transformed as
described previously for heatmap displays
(Anderson, Minnich, et al., 2014).
Unsupervised  hierarchical ~ Euclidean
distance metrics and complete linkage
clustering of peptide signal across all, or a
variance filtered subset, of the 144
substrates for the 13 samples was done
using a Clustering PamApp in
BioNavigator. Variant peptides were
mapped independent of directionality for
upstream kinases using a modified query
of the Kinexus database, that scored each
kinase based on the percentage of times it
occurred (in a phosphorylatable-residue-
corrected manner) in the top 10 list for
each phosphorylatable peptide as before
(Anderson, Duarte, et al., 2014). A ranking
of putative kinases responsible for changes
in  phosphorylation  activity  between
recurrent and non-recurrent tumors was
done using the Upstream Kinase Analysis
PamApp (v8, PamGene). With this tool
individual kinases are represented by sets
of peptides that are predicted to be
phosphorylated by these kinases based on
the Kinexus database
(www.phosphonet.ca).  Kinases  were
ranked by the significance of the overall
effect size and the specificity of the
corresponding peptide sets. Identified
upstream kinases were uploaded by
Uniprot ID’s to GeneGo MetaCore
(www.portal.genego.com, Thompson
Reuters) for network modeling and
pathway analysis.

3. RESULTS
3.1 Sample Quality

Thirty-one surgically collected and
flash-frozen samples were identified from
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the UAB Brain Tumor Tissue Core as
potential atypical meningioma patient
samples with flash frozen material
available. Of these, 4 had inadequate
annotation or were duplicated samples, and
the remaining atypical meningioma
samples were run on the PTK array. Initial
analysis revealed that 14 of these had
unacceptably low overall array signal
(mean peptide signal <100 at final prewash
cycle). This large percentage of poor-
signal samples is potentially due in part to
extended collection time at >4C, quality of
tissues  collected (i.e.  connective
tissue/fibrosis/necrosis or other relatively
Kinase-inert material), or inadequate
storage or transport conditions based on
our previous experience with primary
tumor tissues, although we did not
investigate  this  further  (Anderson,
Minnich, et al., 2014). Kinase activity can
be very sensitive to time and temperature
variations during collection, especially
prior to snap freezing of tissue. As these
tissues were not collected prospectively for
kinomic profiling, these conditions were
not controlled or recorded. After sample
exclusion, there were 13 atypical
meningioma samples (4 recurrent and 9
primary tumors) retained for comparative
kinomic profiling and analysis.

3.2 Molecular Clusters of Atypical
Meningioma

The kinomic activity profiles for
the 13 evaluable tumors were analyzed
using an unsupervised hierarchical
clustering algorithm and displayed as a
heatmap. Broadly, the dendrogram
revealed 3 major subgroup clusters (Figure
1, cut at the horizontal red line into groups
‘A’,’B’, and °C’). However, none of these
groups were enriched for recurrent tumors.
Because many of the phosphopeptide
probes in the kinomic profiles did not

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved. 6
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differ among the 13 tumors, we performed
a variance filtration step prior to the
hierarchical clustering using a variance
cutoff of >2.0. As shown in Figure 2A,
this simplified clustered heatmap (with
phosphopeptide probes indicated) reduced
the number of subgroups to 2 with

Figure 1.
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Heatmap of peptide

phosphorylation per each meningioma
sample. Red indicates a higher signal
peptide, and blue indicates lower. Samples
(columns on the x axis) and peptides are
clustered on the y axis via dendrogram
with recurrent tumors indicated with
yellow background. A horizontal red line
was added to separate the 3 major clusters
of molecular subtypes.

3.3 Alterations in Recurrent Atypical
Meningioma

Although the variance filtration and
subsequent  unsupervised hierarchical
clustering did group the recurrent atypical
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recurrent tumors all falling in group 1.
Upstream kinase predictions for these
phosphopeptides with network modeling of
these kinases in a Direct Interactions
Network are shown in Figure 2B and 2C,
respectively.

— M

paz

M17 a4

Lvnm Prim__

— 1IN

meningioma samples into a one major
subgroup, several non-recurrent atypical
meningiomas also clustered into that
subgroup. Therefore, to better elucidate the
kinase signaling that is enriched only in the
recurrent atypical meningiomas required a
more supervised approach. As such, we
used a broad whole-array-centric (as
opposed to  substrate/peptide-centric)
approach  utilizing PamGene’s PTK
Upstream Kinase Prediction PamApp. This
application uses a Normalized Kinase
Score (NKS, sensitivity) and specificity
scoring to determine alterations across
multiple increased substrates that are
‘enriched’ for increased kinase activity as
compared to decreased activity. We used
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this approach to compare whole array
profiles of the 4 recurrent tumors as
compared to the 9 non-recurrent tumors.
Kinases that were enriched with this
method across the tyrosine kinome
included bone marrow kinase on X
chromosome (BMX), focal adhesion
kinase (FAK), and tyrosine-protein kinase
receptor TYRO3 (TYRO3) that were
ranked as increased in both specificity and
normalized Kinase statistic (Figure 3A) in
recurrent as compared to the non-recurrent

Figure 2.
A. Clustered Peptides
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atypical meningiomas.

These kinases were also mapped to
a biological network using MetaCore to
identify the shortest paths network as
shown in Figure 3B. Network mapping
identified potential intermediaries such as
ETS1, Androgen Receptor, and cyclin
dependent kinase 1 (CDK1) along with Src
family members that may also be
important in the signaling differences seen
in recurrent tumors.
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Highly Variant Peptides and
Kinases: (A) displays highly variant
peptides clustered by sample and a
heatmap colored by log2 signal as
relatively high (red) or low (blue). (B)
Displays kinases upstream of these

Figure 3.
A. Kinase Scoring and Specificity
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peptides ranked based on score that were
mapped to (C) a Direct Interactions
Network mapping with orphan nodes
excluded. Arrowheads denote direction and
colors denote positive (green) or negative
(red) interactions.
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Recurrent atypical meningioma
kinomic alterations (increases) relative to
primary atypical meningioma  were
analyzed. (A) Kinases are scored along the
x axis by Normalized Kinase Statistic, and
colored by Specificity plotted against
overall score on the y axis using the
Upstream Kinase Prediction PamApp. Size
of kinase text denotes number of peptides
targeted by that kinase. (B) Displays a
Shortest Paths Mapping for kinases
identified as increased in recurrent atypical
meningioma. Arrowheads denote direction
and colors denote positive (green), or
negative (red) interactions.

4. DISCUSSION

Currently, the management of
atypical meningiomas relies on
clinicopathological markers for decision-
making. The Simpson Grade, described
almost 50 years ago (Simpson, 1957), is
still used to characterize extent of resection
and is somewhat prognostic (Jenkinson et
al.,, 2015). Adjuvant radiation treatment
remains controversial in that there are
advocates ranging from those promoting
early post-operative radiation to those that
propose no radiation following gross tumor
resection. Most studies to investigate this
controversy have been retrospective in
nature and have suffered from the expected
biases. However, even in the setting of
subtotal resection where the adjuvant
radiation therapy is more generally
expected, the optimal dose and targeting is
less clear. Indeed, recently completed
prospective phase Il clinical trials by the
Radiation Therapy Oncology Group
(RTOG 0539), the European Organisation
for Research and Treatment of Cancer
(EORTC 22042-26042) as well as the
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randomized phase III “Radiotherapy versus
Observation following surgical resection of
Atypical Meningioma” (ROAM/EORTC
1308) trial will hopefully improve the
understanding and proper use of radiation

in atypical meningioma. However,
systemic therapy options are severely
limited. For many years,

chemotherapeutics have been tried and
systematically failed at changing the
clinical management of meningiomas
(Jenkinson et al., 2015; Norden, Drappatz,
& Wen, 2007). There has been a steady
increase in the understanding of molecular
pathobiology of  meningiomas, but
identifying molecular determinants of
aggressiveness/prognosis ~ have  been
elusive.  For  example, identifying
activating mutations in known oncogenic
kinases such as EGFR, KRAS, BRAF, and
PIK3CA has revealed that these are
relatively rare (Bujko et al., 2014). As
such, we sought to explore atypical
meningioma kinase activation in a more
global fashion and at the level of
enzymatic activity.

In our study, we investigated the
kinase signaling pathways activated within
a cohort of atypical meningiomas using a
novel kinomic profiling approach. We
further identified potential kinase targets
that may be enriched in tumors that behave
more aggressively. Specifically, FAK and
BMX represent kinases that have been
implicated in highly invasive tumors,
including glioblastoma multiforme. FAK is
a non-receptor tyrosine Kkinase that can
impact many cancer-associated processes
ranging from modulation of c-Src and p53
signaling to cancer invasion/migration and
is actively being developed clinically
(Golubovskaya, 2014) BMX is another
non-receptor  tyrosine  kinase  being

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved. 10
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developed as a molecular target in various
cancers including other brain tumors, and
interestingly may be impacted by small
molecule inhibitors of EGFR (Jarboe,
Dutta, Velu, & Willey, 2013). TYRO3 is a
member of a family of kinases that may
promote survival and play a role in drug
resistance and cell migration (Graham,
DeRyckere, Davies, & Earp, 2014). It is
interesting to note that we did not identify
VEGFR or PDGFR as being highly
enriched in recurrent vs. non-recurrent
tumors. There has been considerable
interest in both receptor tyrosine kinases as
molecular targets in aggressive
meningiomas, but efficacy data is quite
limited. A recent single arm phase Il trial
was published using sunitinib, a multi-
targeted tyrosine kinase inhibitor including
VEGFR and PDGFR, in the setting of
recurrent and progressive atypical and
anaplastic meningiomas. While the drug
was efficacious with a progression free
survival at 6 months of 42%, there was
considerable toxicity with 60% grade 3 or
higher toxicity including 1 fatal CNS
hemorrhage (Kaley et al., 2015). Because
of the potential risk, it is important to
carefully select patients that will most
benefit from this type of therapy, further
supporting the development of molecular
biomarkers. Multi-institutional
collaborative translational studies will be
required to generate this important
molecular information as most studies have
relied on small patient numbers.

5. CONCLUSION

Taken together, kinomic profiling of
atypical meningiomas has identified
possible molecular subsets across these
tumors as well as specific kinases that may
be altered in the recurrent subset. In the

Issue 3

future, these profiles of phosphosubstrates
may help provide biomarkers for
predicting tumors that may recur after
surgery and radiotherapy. Larger sample
sizes are needed to further develop
molecular markers.
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