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Meningiomas are the most common non-glial tumors of the brain and spine. Pathophysiology and definite
histological grading of meningiomas are frequently found to be deceptive due to their unusual
morphological features and locations. Here for the first time we report a comprehensive serum proteomic
analysis of different grades of meningiomas by using multiple quantitative proteomic and
immunoassay-based approaches to obtain mechanistic insights about disease pathogenesis and identify
grade specific protein signatures. In silico functional analysis revealed modulation of different vital
physiological pathways including complement and coagulation cascades, metabolism of lipids and
lipoproteins, immune signaling, cell growth and apoptosis and integrin signaling in meningiomas. ROC
curve analysis demonstrated apolipoprotein E and A-I and hemopexin as efficient predictors for
meningiomas. Identified proteins like vimentin, alpha-2-macroglobulin, apolipoprotein B and A-I and
antithrombin-III, which exhibited a sequential increase in different malignancy grades of meningiomas,
could serve as potential predictive markers.

M
eningiomas arising from meninges of the central nervous system account for 30% of all reported brain
tumors1. Meningiomas exhibit diverse clinical manifestations and histological features; based on which
WHO has classified human meningiomas in three different malignancy grades: benign (grade I),

atypical (grade II) and anaplastic (grade III)2. Even though, the majority of meningiomas are generally benign
in nature, higher grade tumors do exhibit a propensity for progression, recurrence and fatality3. Additionally,
unusual locations, diversity of the histomorphological spectrum and heterogeneity of the grading criteria lead to
diagnostic difficulties, especially grading4. Moreover, understanding of the recurrence, proliferation and resist-
ance acquisition of these tumors is largely obscure and knowledge available regarding the mechanism for
meningioma tumorgenesis is sporadic and markedly lesser studied than gliomas5,6. Often meningiomas have
been found to be diagnosed as an incidental finding for unrelated clinical symptoms, when a clinical dilemma of
intervention versus observation is faced.

The significant morphological variations and divergent biological features leads to multiple sub-classes within
a specific type or even grade of a tumor7,8. Comprehensive proteomic characterizations of different sub-types/
malignancy grades could explore the proteome level diversity within specific types of cancers similar to that
achieved through genomic and other molecular level investigations9,10. Consequently, in quest of alternative
diagnosticmodalities for humanmeningiomas apart from clinical symptoms and histopathological investigation,
serum protein biomarkers could be considered as promising candidates11. Proteomic analysis of biological speci-
mens has been found to be informative for investigation of disease pathobiology and identification of potential
surrogate markers in different types of brain tumors12–16. In contrast, few proteome level studies have been
conducted to investigate pathophysiology of different grades of humanmeningiomas5. There are reported studies
demonstrating comparative tissue proteomics17,18, serum autoantibody profiles19, and proteomic alterations in
cerebrospinal fluid20 of meningioma subtypes. However, no comprehensive quantitative serum proteomics
analysis reported hitherto to describe alterations of human serum proteins and related biological pathways in
different grades of human meningiomas.

This study aims to investigate alterations in the human serum proteome in different grades of human menin-
giomas; grade I (benign), grade II (atypical) and grade III (anaplastic) to obtain insights about disease patho-
genesis and identify grade specific surrogate protein markers. For comparative proteomic analysis three
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complementary quantitative proteomic approaches; 2D-differential
in gel electrophoresis (2D-DIGE) followed by matrix-assisted laser
desorption/ionization tandem time-of-flight mass spectrometry
(MALDI-TOF/TOF MS) and isobaric tags for relative and absolute
quantitation (iTRAQ)-based and label-free quantitative proteomics
in combination with electrospray ionization quadrupole time-of-
flight (ESI-Q-TOF) LC/MS-MSwere employed. The results obtained
from these complementary proteomic techniques were validated by
ELISA and western blotting (Figure 1). The differentially expressed
serum proteins (p, 0.05) identified in different grades of meningio-
mas were subjected to functional pathway analysis. Different soft-
ware like protein analysis through evolutionary relationships
(PANTHER), database for annotation, visualization and integrated
discovery (DAVID), and GeneTrail functional annotation tools were
employed to understand their biological context, involvement in
various physiological pathways and association with disease patho-
physiology. Functional pathway analysis revealed the modulation of
different vital physiological pathways, including complement and
coagulation cascades, metabolism of lipids and lipoproteins, signal-
ing in immune system, cell growth and apoptosis, and integrin sig-
naling in meningiomas. To the best of our knowledge, this is the first
comprehensive investigation describing serum proteomic alterations

in different grades of human meningiomas. Our findings may open
up new opportunities for the early detection and prognosis of human
meningiomas and provide better understanding of the underlying
mechanism of the disease pathogenesis and tumour progression.

Results
Study population profiles. In order to minimize the pre-analytical
variations and specify the disease-related alterations in meningioma
patients (MGI, MGII and MGIII) compared to the healthy controls,
uniform sample collection, handling and storage process was
followed. Blood samples were collected from the patients
diagnosed with different grades of meningioma. Fourteen grade I
meningioma patients with an average age 43.28 (range 17–57), 5
grade II meningioma patients with an average age 53.8 (range 43–
67), and 1 grade III meningioma patient of age 61 were enrolled for
this study. For the comparative proteomic study, a healthy
population of comparable age range; average age 41.4 (range 20–
62) was selected (Table S1).

Identification of differentially expressed serum proteins in
meningiomas by 2D-DIGE analysis. In DeCyder 2D software
analysis approximately 1500 protein spots were detected on each

Figure 1 | Schematic representation of the experimental strategy for proteomic analysis of alterations in the human serum proteome in different
grades of human meningiomas (Drawn by the authors: S.S1 & S.R.).
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2D-DIGE gels. Comparative serum proteome analysis of the healthy
controls and different grades of meningioma patients revealed
differential expression of 41 and 24 protein spots (p , 0.05) in
MGI and MGII, respectively (Table S2 and Table S3). In grade I
meningioma, among the 41 differentially expressed protein spots,
20 spots exhibited reduced expression, while the remaining 21
spots were up-regulated (Table S2; Figure S1A). In grade II
meningioma, expression level of 14 protein spots was elevated,
whereas 10 spots were found to be down-regulated (Table S3;
Figure S1B). Identity of 27 and 10 protein spots in MGI and MGII,
respectively, was established by the subsequent MALDI-TOF/TOF
MS analysis (Table S4 and Table S5). Few spots remained
unidentified due to the extremely low intensity of those spots and
inadequate quantity of detectable peptides. Alpha-1-antitrypsin, Ig
kappa chain, serum albumin, hemopexin and haptoglobin were
identified as multiple spots in 2D-DIGE gels most likely due to the
presence of multiple isoforms (Table S4 and Table S5). DIGE gel
images, 3D views and graphical representation of selected protein
spots inMGI andMGII are shown in Figure S1. Among the identified
differentially expressed proteins, 6 candidates; hemopexin, serum
albumin, haptoglobin, alpha-2-macroglobulin, apolipoprotein A-I
and serotransferrin were found to be commonly altered in grade I
and grade II meningiomas, however levels of differential expression
(fold-changes) was found to be different (Figure 2).

Alterations in serum proteome in different grades of meningio-
mas revealed by iTRAQ-based and label-free quantitative
proteomics analysis. In this study, two LC-based quantitative
proteomics approaches; iTRAQ and label-free were applied.
Tryptic digested fractions of healthy control, meningioma grade I
(MGI), grade II (MGII) and grade III (MGIII) samples were labelled
with 114, 115, 116 and 117 isobaric reagents, respectively for
differential quantitative proteomic analysis. A total of 157

significant proteins were identified based on the relative intensity
with and 1% FDR. Quantitative proteomic analysis based on the
iTRAQ ratios indicated differential expression (fold-change $ 1.5)
of 64 proteins in MGI (31 up-regulated and 33 down-regulated), 99
proteins in MGII (72 up-regulated and 27 down-regulated) and 106
proteins in MGIII (78 up-regulated and 28 down-regulated) (Figure
S2). MS/MS spectra of a few selected proteins with inset depicting the
iTRAQ reporter ion intensities for representative peptides in healthy
controls and different grades of meningiomas (MGI, MGII and
MGIII) are provided in the Figure 3A. Among the differentially
expressed proteins (fold-change $ 1.5; FDR 1%), 9 proteins were
common between MGI and MGII, 13 proteins were common
between MGI and MGIII, and 46 proteins were common between
MGII and MGIII, while 34 proteins were found to be overlapping
among all the three grades of meningiomas (Figure 3B). The iTRAQ
ratios of entire protein list along with sequence coverage, protein
score and unique peptide information are provided in
supplementary information (Table S6).
Comparative analysis of serum proteome profiles of healthy sub-

jects and grade I meningioma patients was also performed by using
label-free MS/MS analysis. A total of 363 proteins were identified
with high confidence in the label-free MS/MS analysis. Among the
identified proteins 61 proteins were found to be with two or more
unique peptides (Table S7). Identification of the differentially
expressed proteins in meningioma patients was performed by mea-
suring the mean peak intensity of all peptides identified for any
protein common to both control and diseased samples. In MPP
analysis over 95% accuracy was obtained for discrimination of the
meningioma grade I patients from the healthy controls on the basis of
protein expression profiles obtained in label-free MS analysis
(Figure 3C).
Further comparative analysis of the findings obtained from the

three complementary proteomic approaches; 2D-DIGE, iTRAQ and

Figure 2 | Differentially expressed serum proteins in different grades of meningiomas identified using 2D-DIGE. Trend of few selected differentially

expressed serum proteins in different grades of meningiomas represented as standardized log abundance of spot intensity.
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Figure 3 | Comparative analysis of different grades of meningiomas by iTRAQ and label-free quantitative proteomics. (A) Representative MS/MS

spectrum of a few selected differentially expressed proteins. Inset showing the iTRAQ reporter ion intensities for representative peptides in control and

different grades of meningiomas. (B) Venn diagram showing the unique and common differentially expressed proteins in different grades of

meningiomas identified in iTRAQ analysis. (C) Discrimination of meningioma grade I patients from healthy controls on the basis of protein expression

profile obtained in label-free MS analysis. (D) Venn diagram showing the unique and common differentially expressed proteins in meningiomas

identified by 2D-DIGE, iTRAQ and label-free MS.
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label-free MS analysis indicated that almost all of the differentially
expressed proteins, except plasma retinol binding protein, visualized
in 2D-DIGE were also identified in the LC-based quantitative pro-
teomics approaches (Table 1).Among the identified differentially
expressed candidate proteins, 50 were found to be common between
iTRAQ and label-free analysis (Figure 3D). The overlap between the
differentially expressed proteins identified in iTRAQ and label-free
LC-based quantitative proteomics was not very significant; overlap
was 57% and 32% of the total proteins identified by label-free and
iTRAQ, respectively. Although for majority of the proteins, which
were identified by more than one approach, the trends of differential
expressions (up-/down-regulation) were found to be similar, while
the magnitude of alterations in expression level observed in different
analytical platforms were not exactly same.

Modulation of different biological process and physiological
pathways in meningiomas. The differentially expressed serum
proteins identified in meningioma grade I, II and III samples using
DIGE, iTRAQ and label-free MS data were subjected to pathway
analysis using DAVID, PANTHER and GeneTrail functional
annotation tools for demonstrating their biological context,
association with diverse physiological pathways and connection
with disease pathophysiology (Table 2). Protein class analysis using
PANTHER indicated differentially expressed candidates in
meningiomas are mostly hydrolases, transfer proteins, proteases,
immunity proteins, enzyme modulators and signaling molecules
(Figure 4A). Cellular component analysis indicated the major
portion of the identified differentially expressed proteins belongs
to the extracellular region, while some were intracellular, and a few
reside as protein complex (Table S8A). PANTHER analysis revealed
the association of proteins in different biological processes, including
response to immune system process, cellular processes, metabolic
processes, developmental processes, cell communication, cell
adhesion, apoptosis and cell cycle (Figure 4B; Table S8A).

Functional pathway analysis by DAVID revealed association of
the differentially expressed proteins in complement and coagulation
cascades, ECM-receptor interaction and PPAR signaling pathway
under the KEGG (Kyoto Encyclopedia of Genes and Genomes) cat-
egory; while hemostasis, signaling in immune system and metabol-
ism of lipids and lipoproteins were identified as the major pathways
under the REACTOME category (Figure S3; Table S8A). Extrinsic
prothrombin activation pathway and complement cascades were the
major candidates from BIOCARTA (Table S8A). Details of func-
tional annotation clustering are provided under the supplementary
information (Table S8B). In PANTHER analysis, 15 different path-
ways were identified, among which blood coagulation, plasminogen
activating cascade, angiotensin II-stimulated signaling through G
proteins and beta-arrestin, FAS signaling, p53 pathway and integrin
signaling pathway were found to be statistically significant (p, 0.05)
(Figure 4C; Table S8A). According to the molecular function ana-
lysis, most of the differentially expressed proteins were related to
catalytic and binding activities. Few candidates were found to be
involved in transport and enzyme regulated activities as well
(Figure 4D). The list of differentially expressed proteins was also
analyzed using GeneTrail software, which provided some overlap-
ping information regarding the pathways obtained from KEGG cat-
egory. Cellular and molecular sub-trees associated with the
differentially expressed proteins identified in meningiomas gener-
ated by GeneTrail analysis are depicted in the Figure S4.

Immunoassay-based validations of selected differentially expressed
proteins and evaluation of the accuracy of the proteins in pre-
diction of different grades of meningiomas. Differential expres-
sions of a few selected serum proteins identified in quantitative
proteomics analysis were validated further using two immunoassay-
based methods; western blotting and ELISA. Selection of the proteins
for validation was performed on the basis of fold-changes (from 2D-Ta
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DIGE and iTRAQ-based mass spectrometric experiments), possible
functional association of the proteins with meningioma
pathobiology, and availability of the required antibodies/ELISA
kits. Western blot analyses of three differentially expressed targets
proteins; apolipoprotein E, ceruloplasmin and clusterin were carried
out using a subset of healthy control and meningiomas samples
(MGI, MGII and MGIII). Equal loading of the samples in each
lane was confirmed by CBB staining of the SDS-PAGE gels and
Ponceau staining of the transferred blots containing the resolved
proteins (Figure S5). Western blot results indicated up-regulation
of Apo E, CLU and CP in meningioma patients compared to the
healthy controls (p, 0.005 in a Mann Whitney U-test) (Figure 5A).
However, differential expression of Apo E in MGII patients and CP
in MGI patients was found to be statistically insignificant.
Hemopexin (HPX), apolipoprotein E and A-I (Apo E and A-I),

and plasma retinol binding protein (RBP4) concentrations were
directly measured in the serum samples of healthy controls and
meningiomas patients (MGI, MGII and MGIII) using ELISA.
Compared to the healthy controls, all the three grades of menin-
gioma patients found to have higher serum level of Apo E and
HPX (p , 0.01 in a Mann-Whitney test). (Table S9) (Table S9).
The serum levels of Apo A-I was also found to be significantly (p
, 0.001 in a Mann-Whitney test) increased in the Grade II and III
meningioma patients compared to the HC population (Figure 5B
and Figure S6). On the other hand, differential expression of RBP4
was found to be significant only in the grade II meningioma patients
(Figure 5B). Results acquired from the immunoassay-based analyses
confirmed the findings of the discovery-phase proteomic analysis.

Receiver operating characteristic (ROC) curve analysis was carried
out to evaluate the individual performance of 4 proteins; HPX, Apo E
and A-I, RBP4 for prediction of different grades of meningiomas.
The area under the ROC curve (AUC) signifies the accuracy of the
differentially expressed proteins to distinguish meningiomas from
HC. ROC curves demonstrate Apo E (AUC5 0.794) as an effective
predictor proteins for MGI (Figure S7A), while Apo A-I (AUC 5

0.937) and HPX (AUC 5 0.906) exhibited better efficiency for dis-
crimination of MGII patients from the healthy population (Figure
S7B). A cut off value . 93.93 mg/L for Apo E, demonstrated 79%
sensitivity and 71% specificity for MGI. At a threshold value .
1.44 g/L for Apo A-I, 95% sensitivity and 91% specificity were
obtained for the MGII patients; while HPX at a cut off value .
1.295 g/L exhibited 85% sensitivity and 93% specificity in predicting
MGII (Table S10).

Discussion
Meningiomas are the most common non-glial tumors of the brain
and spine21. Their pathophysiology is still unclear and often dia-
gnosis can be misleading especially when radiology is equivocal
and locations of occurrence are unusual4. There are certain chal-
lenges for comprehensive molecular characterization and compar-
ison between different malignancy grades of meningiomas. The
scarcity of grade II and III meningiomas (,10% of all of meningio-
mas, but aremore invasive and often fatal in nature with an increased
risk of recurrence and poor prognosis) compared to the grade I
benignmeningiomas hampers comparative studies3. Another limita-
tion in conducting disease vs control studies is age related differences

Figure 4 | Functional clustering and physiological pathways associated with the differentially expressed proteins identified inmeningiomas. Pie charts
showing the protein classes (A), protein classes (B), biological process (C), and physiological pathways (D) molecular functions.
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among the clinical cohorts which may be responsible for the vari-
ation in human plasma proteome profiles to some extent, as ageing
causes physiological dysfunction22. Also, it is often challenging to
obtain suitable diseased and control samples of exactly comparable
socio-epidemiological background within a very narrow range.
Another factor is lack of homogeneity in the WHO grade I menin-
gioma group itself, which is histologically divided into different sub-
types with variable biological behaviour2. In addition, intratumoral
heterogeneity, which might be spatial (due to the genetic aberrations
in the different geographical regions of the same tumor) or temporal
(between the primary tumor and the local recurrence), has not been
studied adequately in meningiomas. Investigation of global and dif-
ferential proteome expression profiles of cancer patients has been
found to be proficient for tumor classification and identification of
potential diagnostic and predictive markers23. Moreover compre-
hensive proteome analysis of protein–protein interactions involved
in signaling networks are extremely informative for investigating the
molecules controlling the vital processes involved in cancer24.
Previously reported studies have used CSF and tissue samples for

comprehensive proteome analysis in different grades of menin-
gioma7,19,20. However this is the first in-depth analysis unraveling
the serum proteomic alterations amongst different grades of menin-
giomas using three complementary quantitative proteomic

approaches; 2D-DIGE, iTRAQ and label-freeMS/MS.Multiple com-
plementary proteomics techniques are crucial to obtain the max-
imum coverage and identification of the differentially expressed
candidates with high confidence. With multiple proteomic
approaches we were able to identify higher number of differentially
expressed serum proteins in comparison to the earlier studies per-
formed using tissue and CSF samples17,20. For the first time we have
revealedmodulation of complement and coagulation cascades,meta-
bolism of lipids and lipoproteins and integrin signaling in meningio-
mas through proteomic investigation.
Our quantitative proteomic analysis revealed differential express-

ion of multiple proteins involved in coagulation cascades indicating
the apparent coagulation disorders in the meningioma patients
(Table 2). Meningiomas are associated with the risk of perioperative
thromboembolic events25 and coagulopathy during neurosurgery26.
Similarly frequent association of blood coagulation activation,
thrombosis and hemorrhage have been reported in different can-
cers27,28. The activation of blood coagulation leads to peritumoral
fibrin deposition and altered hemostatic factors which is imperative
for tumor development and progression27,29. Alterations in hemo-
static system in brain tumor patients might be caused by injured
endothelial cells, which are vital for controlling the usual hemostatic
conditions30. In our study, expression levels of few important candi-

Figure 5 | Immunoassay-based validation of selected differentially expressed proteins. (A) Western blot analysis of Apo E, CP, and CLU in serum

samples of different grades of meningioma patients and healthy controls. (B) Estimation of serum levels of Apo A-I, Apo E, HPX, and RBP4 in HC (n5

45) and grade I (n5 14), grade II (n5 5) and grade III (n5 1) # meningioma patients by ELISA assay (# three technical replicates were analyzed). NS

indicates p . 0.05; * indicates p , 0.05, ** indicates p , 0.005 in a Mann Whitney U-test.
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dates of coagulation system and hemostasis including antithrombin-
III, alpha-2-antiplasmin, vitamin K-dependent protein S, fibrinogen
alpha chain, plasminogen, alpha-2-macroglobulin and coagulation
factor XII were found to be elevated in the different grades of menin-
giomas (Table 1 and S6). Thrombospondin-1 (TSP-1) plays an
important role in regulation of tumor growth and angiogenesis,
and can inhibit the proliferation and metastasis of different types
of solid tumors31. Down-regulation of TSP-1 identified in themenin-
gioma patients, might be an outcome of activated oncogenes such as
Myc and Ras which promotes tumor growth and metastasis. Anti-
thrombins – such as antithrombin-III, argatroban, serpin antithrom-
bin having anti-angiogenic activity were found to be elevated which
could reduce tumor mass thereby extending the survival time of the
meningioma patients. These coagulation abnormalities are gener-
ated at an early stage of tumorigenesis which is crucial for tumor
progression. Hence in- depth analysis of the biological process could
be informative for identification of risk factors involved in tumor
malignancy and may act as potential prophylactic and therapeutic
targets.
Complement cascades stimulate cellular proliferation and regen-

eration, and therefore affect tumor growth. Comparative serum pro-
teomic analysis of healthy subjects and meningioma patients
indicated activation of complement cascades in meningiomas with
up-regulation of quite a few complement factors including C5, C8
beta chain, C6, C4-B (Table 2). The exact mechanism through which
complement proteins influence cancer growth is obscure; however
multiple possible mechanisms have been postulated including dys-
regulation of mitogenic signaling pathways, constant cellular prolif-
eration, angiogenesis, resistance to apoptosis, and escape from the
immune-system32. Whereas, some studies indicate that malignant
tumor cells escape complement attack by the expression of mem-
brane-bound complement regulatory proteins (mCRPs)33. Another
interesting finding is the modulation of integrin signaling pathway
and integrin cell surface interactions in meningioma (Table 2).
Integrins play a central role in cell migration and invasion, thus affect
tumour growth and metastasis and regulate tumor cell survival and
malignancy34. Additionally, integrin-associated signaling makes cells
more resistant to genotoxic anti-cancer agents like ionizing radiation
and chemotherapeutic materials35 andmatrix cross linking facilitates
tumor progression by inducing integrin signaling36. Consequently,
integrin signaling has been extensively investigated as therapeutic
targets, and integrins can be promising biomarkers for evaluating
the effectiveness of anti-angiogenic and anti-tumour agents34,37.
Apart from themembers of complement and coagulation cascades

and integrin signaling pathway, expression levels of quite a few
serum proteins including apolipoprotein A-I, A-II, A-IV, B-100,
C-II and E, and serum albumin associated with metabolism of lipids
and lipoproteins were found to be altered in the meningioma
patients; particularly in atypical and anaplastic meningiomas
(Table 2). Interestingly, earlier studies have introduced lipid meta-
bolism as a promising target for brain cancer therapy38; and demon-
strated that covalent connection of apolipoprotein A-I and B-100 to
albumin nanoparticles can facilitate drug transport into the brain39.
Elevated expression level of Apoliprotein A-I in meningioma tumor
tissue samples was reported previously by Okamoto et al.17, which
supports our findings. However, isoforms of Apo A-I and A-II have
been reported also as potential markers for other cancers such as
ovarian40 and prostate cancer41.
Discrimination between the generic and specific responses in vari-

ous human cancers is very crucial, since comparative analyses of
different types of tumors often indicate modulation of similar serum
proteins and physiological pathways associated with the complex
processes of tumorigenesis42. In this context, differentially expressed
proteins identified in meningiomas in this study, were compared
further with the list of differentially expressed serum proteins
reported earlier in another class of clinically relevant adult brain

tumors; glioblastomas13,14. Expectedly, quite a few of the identified
proteins were found to be commonly modulated in both meningio-
mas and gliomas; however, the magnitude of alteration in expression
levels was different in these two types of brain tumors. For instance
apolipoprotein A-I & A-II, alpha-1-acid glycoprotein 2, hemoglobin
subunit beta/alpha, leucine-rich alpha-2-glycoprotein and vimentin
exhibited very high level of differential expression in themeningioma
patients (compared to the healthy subjects) (Table S6), but alteration
in the expression levels of those candidates were subtle in gliomas13.
Interestingly, expression levels of many serum proteins including
thrombispondin-I, serotransferrin, and alpha-2-macroglobulin were
found to be altered in meningioma patients, but not reported in
glioblastomas (GBMs). Some of our identified differentially
expressed proteins like apolipoprotein E, carbonic anhydrase 1, leu-
cine-rich a-2-glycoprotein, afamin etc. which showed detectable
alteration in expression levels in the benign meningima (grade I)
may act as potential candidate markers for meningiomas at their
early stages of development. Proteins such as vimentin, a-2-macro-
globulin, apolipoprotein B and A-I, antithrombin-III etc., which
exhibited sequential changes in expression level in different malig-
nancy grades, therefore significant alterations in expression level
between the benign and atypical or anaplastic meningiomas, can
be considered as potential disease monitoring markers (Table S6).
Protein exhibiting differential expression in a specific grade of
meningiomas could serve as promising grade specific signatures.
In comparative proteomic study of disease vs. healthy controls,

sometimes differentially expressed candidates are a result of the gen-
eric acute phase reactions which should not be misinterpreted as
promisingmarkers. Hence it has been comprehended that identifica-
tion of a panel of serum biomarkers is much more effective for
detection of specific cancer and its discrimination from the other
types of cancers. To this end, development of for multiplexed mul-
tiple reaction monitoring (MRM) assays for simultaneous absolute
quantitation of different interesting target proteins in serum/plasma
will be useful. There are few proteomic studies which have shown
aberration in the expression of the different tissue and cerebrospinal
fluid proteins in meningioma17,20. Using classical 2D gel electrophor-
esis Okamoto et al. reported differential expression of 24 proteins,
including apolipoprotein E, serum albumin, apolipoprotein A-I and
alpha-1 antitrypsin, which are also identified in our data17. Wiemels
et al. screened meningioma patients and healthy subjects for auto-
antibody reactivity against enolase 1 (ENO1), NK-tumor recognition
protein (NKTR), and nuclear mitotic apparatus protein 1
(NUMA1)19(Table S11; Figure S8).
In the present study, quantitative proteomics analysis of different

grades ofmeningiomas (benign, atypical, and anaplastic) and healthy
controls was performed using three complementary quantitative
proteomic approaches; 2D-DIGE, iTRAQ-based and label-free LC/
MS-MS. Our investigation identified alterations in the expression
levels of multiple serum proteins associated with diverse physio-
logical pathways, including complement and coagulation cascades,
metabolism of lipids and lipoproteins, signaling in immune system,
FAS and integrin signaling and plasminogen activator cascade in
meningiomas. Some of the modulated pathways including integrin
signaling, hemostasis and coagulation cascade and apoptosis are
promising targets for new cancer drug development. Further, in-
depth investigation of the functional involvement of these differenti-
ally expressed proteins in tumor development and progression will
enhance our understanding regarding meningioma pathobiology
and identification of novel therapeutic targets. Meningiomas are
routinely diganosed using magnetic resonance imaging (MRI) and
computed tomography (CT), which are adequately robust and effi-
cient for detection of the meningiomas but the tumors with atypical
locations and misleading morphological features often leads to clin-
ical dilemmas. To this end, measurement of the identified serum
protein biomarkers could be considered as a promising approach,
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complementary to the analysis of clinical symptoms and radiological
parameters and can be used for diagnosis and prognosis of menin-
giomas. Additionally, the identified classifier proteins may aid in
comprehensive characterizations of different sub-types of meningio-
mas, existing evenwithin a specificmalignancy grade, and prediction
of transition from their benign to malignant manifestations, which
are not easily achievable by the conventional diagnostic approaches.
However, prior to any clinical implication, further validation of the
identified proteins in bigger cohorts of meningioma patients and
healthy controls is obligatory. Further valuable information regard-
ing the correlation of the identified markers with disease progression
on large patient cohorts and their utility as disease monitoring or
prognostic markers can be obtained from the longitudinal investi-
gations involving repeated analysis of the patients after therapeutic
interventions or after surgical removal, which could be an exciting
future continuation of the present study. Additionally, comprehens-
ive analysis of changes in proteome profiles in other biological speci-
mens like CSF or tumor tissue lysates can provide a comprehensive
glimpse of the overall proteomic alterations and pathobiology of
meningiomas.

Methods
Ethics statement. This study has been approved by the Institutional Ethics
Committee of Advanced Centre for Treatment Research and Education in Cancer
(ACTREC) and Tata Memorial Hospital (TMH), Mumbai, India and all experiments
were performed in accordance with relevant guidelines and regulations. Pre-
informed written consents of all the subjects enrolled for this study were taken before
sample collection process.

Subject selection and sample collection. Twenty subjects with radiologically
suspected meningioma undergoing surgery were enrolled for this study from
Advanced Centre for Treatment Research and Education in Cancer (ACTREC) and
Tata Memorial Hospital (TMH), Mumbai, India. Out of these 20 meningioma
patients; 14 were histologically diagnosed as grade I, five as grade II, and one as grade
III according to the criteria of 2007 WHO classification for primary Central Nervous
System tumours. For the comparative analysis, blood samples from 45 age-matched
healthy subjects were collected from the antecubital vein of the subjects using serum
separation tubes (BD VacutainerH; BD Biosciences). Sample collection, processing
and storage were performed as previously described43.

Sample processing, 2D-DIGE and software analysis. Protein extraction and 2D-
DIGE were performed as described previously43. Protein extraction from depleted
serum samples was performed using TCA/acetone precipitation method43. The two
most high abundance serum proteins (albumin and IgG) were depleted using
Albumin & IgG Depletion SpinTrap (GE Healthcare) following the manufacturer’s
instructions. Samples (meningiomas grade I/II and control) were labeled with Cy3
and Cy5, while a mixture of equal amounts of all samples to be analyzed in the
experiment, regarded as internal standard, was labeled with the third fluorescent dye;
Cy2 according to the manufacturer’s instructions (GE Healthcare). DIGE
experiments were performed in three technical replicates and dye-swapping was
performed while labeling the meningioma and control samples to avoid any type of
labeling effects. Image acquisition and data analysis was performed as described
previously42. In brief, comparative analysis was performed using two different
modules, differential in-gel analysis (DIA) and biological variation analysis (BVA) of
DeCyder 2D software; version 7.0 (GE Healthcare). Statistical significance of the
average ratio of expressions was analyzed by Student’s t-test and ANOVA (p, 0.05).

In-gel digestion, MALDI-TOF/TOF analysis and protein identification. In-gel
digestion of the statistically significant (p , 0.05) differentially expressed protein
spots identified in 2D-DIGE experiment and subsequent enrichment of digested
peptides using Zip-Tip C18 pipette tips (Millipore, USA) were performed as
described previously43. An Autoflex MALDI–TOF/TOF mass spectrometer
(Autoflex; Bruker Daltonics, MA, USA) equipped with a pulsed N2 laser (337 nm)
was used for MS and MS/MS analysis. Mass spectra were detected in a reflectron
positive mode with the following settings: ion source 1- 19.02 kV; ion source
2-16.65 kV; reflector 1- 21.14 kV; reflector 2- 9.57 kV; lens- 8.00 kV; pulsed ion
extraction- 120 ns and nitrogen pressure- 2.5 3 105 Pa. Protein identification was
carried out by MS/MS ion search using MASCOT version 2.1 against the Swiss-Prot
database specifying the following settings; taxonomy: human, trypsin digestion with
onemissed cleavage, fixed modifications: carbamidomethylation of cysteine residues,
variablemodifications: oxidation ofmethionine residues, mass tolerance 100 ppm for
MS and 0.4 Da for MS/MS. Identified proteins having at least two unique matched
peptides were selected for further analysis. Only those proteins with a protein
identification confidence interval of $ 95% are reported.

In-solution digestion, iTRAQ labeling and OFFGEL fractionation. Protein
samples (control and different grades of meningiomas) in rehydration solution were

exchanged to TEAB buffer using Amicon Ultra 0.5 mL centrifugal 3 kDa filters
(Millipore, Watford, UK). Similar sample pooling strategy for control and different
grades of meningiomas, which was used for 2D-DIGE analysis, was followed. After
buffer exchange, quantification of protein content in each sample was performed
using QuickStart Bradford reagent (BioRad, USA). Prior to the iTRAQ labeling, in-
solution digestion was performed (75 mg proteins from each sample) following the
manufacturer’s instructions. Trypsin (Trypsin Gold, mass spectrometry grade,
Promega, Madison, WI, USA) was used at a 1520 trypsin: protein ratio. After in-
solution digestion, iTRAQ labeling of the peptides was performed following the
manufacturer’s instructions (AB Sciex UK Limited, UK). Following labeling strategy
was implemented for differential proteomic analysis; control-114, MGI-115, MGII-
116 and MGIII-117. All the labeled samples were pooled and concentrated using a
speed vac. OFFGEL fractionation of the labeled peptides was performed using a 3100
OFFGEL fractionator (Agilent Technologies, Santa Clara, CA) with high resolution
(pH 4–7, 24 cm) IPG strips.

LC-MS/MS analysis for the protein identification and quantitation. Quantitative
proteome analysis of the off-gel fractionated samples was done using 1260 Infinity
HPLC-nano-chip linked to Agilent 6550 iFunnel Q-TOF instrument (Agilent
technology, USA) equipped with a Polaris C18A chip (150 mm 3 0.075 mm) with
160 nL trap column. For elution of the peptides from the analytical column, a linear
gradient of 7–35% ACNwas used for a run of 60 min at flow rate of 2 mL/min for the
capillary pump and 0.5 mL/min for the nano pump. Chip-Cube controlled by the
Mass hunter Acquisition software was set to perform data acquisition in a positive ion
mode. MS was scanned from 300-2000 and MS/MS from 50–3000. The instrument
was operated in a data-dependent manner using AutoMS/MS, selecting max 4
precursors with intensity over 1000 for each cycle. MS/MS was done with a gas
pressure of 23 1022 bar in the collision cell.

Data files were processed by SpectrumMill Protein Identification software (Agilent
Technologies, USA). The Paragon algorithm was used as the default method for
search with trypsin as a digesting agent with up to two allowedmiss cleavages, and All
searches were performed and protein identification was executed against the UniProt
database (Swiss-Prot and NCBI databases). Data was extracted between MH1 600
and 4000. 20 ppm precursor mass tolerance and 50 ppm fragment mass error tol-
erance was specified. Only peptides identified with confidence interval (C.I.) values
above 95% was used for protein identification and quantification. The iTRAQ report
peak areas (RPAs) corresponding to quantification ions m/z 114-117 were extracted
from the raw spectra and corrected for isotopic carryover using GPS Explorer. A
decoy database search was used for calculation of the false discovery rate (FDR) and a
cut-off of 1% was used to report identifications.

Label-free relative quantitation of proteins. Label-free relative quantitation of in-
solution digested serum protein extracts from healthy subjects and meningioma
patients (MGI) was performed using Agilent 6550 iFunnel Q-TOF LC MS/MS
instrument (Agilent Technologies, USA). 3 mg of each trypsin digested sample was
diluted in 10 mL of 0.2% FA/5%ACN and 5 mL was injected in triplicate. Molecular
Feature Extraction (MFE) algorithm automatically located all sample components
down to the lowest level of abundance and extracted all relevant spectral and
chromatographic information. 120 min linear gradient ranging from 5% to 45% B
was used for the separation of the peptides for label-free analysis. In the acquisition
mode the following parameters were used; MS min range (m/z): 100, MS max range
(m/z): 3200, and MS and MS/MS scan rate (spectra/sec): 5. While for the precursor
selection following parameters were specified; max precursor selection precursors per
cycle: 15, threshold (Abs): 1000, threshold (Rel) (%): 0.010, and target (counts/
spectrum): 25000. The instrument was operated in a positive ionization mode.
Relative quantitation was performed in three technical replicates. Mass Profiler
Professional (MPP) software (Agilent Technologies, USA) was used for visualization
and identification of statistically significant differences between the two sample
groups.

Proteins networks and functional analysis. The differentially expressed serum
proteins (p, 0.05) identified in different grades of meningiomas were analyzed using
PANTHER system, version 7 (http://www. pantherdb.org)44, DAVID database
version 6.7 (http://david.abcc.ncifcrf.gov/home.jsp)45 and GeneTrail (http://genetrail.
bioinf.uni-sb.de/)46. The list of UniProt Accession from each dataset were uploaded
and mapped against reference Homo sapiens dataset to extract and summarize
functional annotation associated with individual or group of genes and proteins.

Western blot analysis. Serum proteins extracted from grade I (n5 12), grade II (n5
5) and grade III (n5 1) meningiomas and healthy controls (n5 12) were separated
by using 12% SDS-PAGE (50 mg per track) and then transferred onto PVDF
membranes under semidry conditions by using an ECL semi-dry transfer unit (GE
Healthcare). Equal loading of the samples in each lane was confirmed byCBB staining
of the SDS-PAGE gels and Ponceau staining of the transferred blots containing the
resolved proteins. Western blot was performed by using monoclonal/polyclonal
antibody against apolipoprotein E (Santacruz Biotechnology, sc-6383),
ceruloplasmin (Santacruz biotechnology, sc-365206) and clusterin (Santacruz
biotechnology, sc-56079) and appropriate secondary antibody conjugated with HRP
(GeNei (MERCK)-621140380011730 or 621140680011730. Quantitation of signal
intensity of the bands in western blots was performed using ImageQuant software
version 5.0 (GE Healthcare).
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ELISA. Quantification of four interesting targets; hemopexin (HPX), apolipoprotein
E andA-I (Apo E andA-I), and plasma retinol binding protein (RBP4)was performed
by using ELISA. Concentrations of the candidate proteins in serum samples of
different grades of meningiomas; grade I (n5 14), grade II (n5 5) and grade III (n5
1) and healthy controls (n5 45) weremeasured usingAssayMax ELISA kits following
the manufacturer’s instructions (AssayPro, USA). Optical densities were measured at
450 nm and 570 nm using a SpectraMax M2e (Molecular Devices, USA). Statistical
significance of differential expression of the serum proteins was analyzed by Mann
Whitney U-test.

Receiver operating characteristic (ROC) curve analysis. Efficiency of the four
differentially expressed proteins; HPX, Apo E and A-I, RBP4 for prediction of
different grades of meningiomas was analyzed using receiver operating characteristic
(ROC) curves [plot of true positives (sensitivity) vs. false positives (1- specificity) for
each possible cut off] using GraphPad Prism software package (version 6) following
the protocol as described previously43.
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