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Introduction

Abstract

Among the many challenges in identifying novel tumoral diagnostic,
prognostic, and personal therapy biomarkers we highlight the challenge
of dealing with a single tumor’s molecular complexity and heterogeneity.
Formalin-fixed paraffin-embedded (FFPE) tissue specimens are commonly
used by pathologists for diagnosing cancer; this material comprises a valuable
resource for molecular studies addressing tumoral molecular profiles. Here we
demonstrate the effectiveness of shotgun proteomics in assessing the cellular
heterogeneity using FFPE tissues slides under three different scenarios: 1)
Comparing astrocytoma grade | versus glioblastoma, 2) Assessing different
morphological areas from the same histological slide of a glioblastoma and
comparing the identifications with those from a fresh tissue, 3) Comparing two
different histopathological profiles in the same patient’s liver: cirrhosis and cancer.
Briefly, contents of FFPE slides were scraped, washed three times with xylene
and then rehydrated in a grade ethanol series [100%, 90%(v/v), 70 % (v/v)]. A
total of 100 pL of 0.2% (w/v) RapiGest™ in 50mM ammonium bicarbonate was
then added to each sample. Tryptic digests were separated by reversed-phase
capillary liquid chromatography coupled to nano-electrospray high-resolution
mass spectrometry for identification. The samples were analyzed in technical
replicates by LC-MS/MS on an Orbitrap XL. Our datasets enabled elucidating
key tumoral regions allowing a better comprehension of such specific tumor
areas; the identifications and raw data are available at http://max.ioc.fiocruz.br/
julif/ffpecases.

Keywords: Formalin fixed paraffin-embedded; Glioblastoma; Hepatic
cancer; Cirrhosis; Shotgun proteomics

proteomics performed for generating the datasets are described
henceforth. The ethics committee review board of the University

Tumors consist of cells in different stages of transformation,
resulting in both molecular and cellular heterogeneity. While cellular
morphology is characterized by pathologist, it is now known that
what might apparently seems as morphologically healthy tissue
might already be molecularly compromised [1,2]. The application
of mass spectrometry based proteomics in the analysis of formalin
fixed paraffin-embedded (FFPE) tissue poses as a powerful technique
to enable an in depth study of specific tumoral areas [3]. Needless
to say, there is a plethora of FFPE tissue specimens available, which
composes a treasure-trove for retrospective studies paving the way
for mass spectrometric assessment of archived material of rare
diseases [4].

To exemplify the usefulness of FFPE in molecularly assessing
tumoral heterogeneity we demonstrate applications of FFPE
proteomics by studying three very distinct scenarios: in the first,
we compare the relationship between astrocytoma grade I and
glioblastoma; in the second, different morphological regions from the
same glioblastoma histological slide and a fresh GBM tissue sample
are contrasted; the last compares two different histopathological
areas, cirrhosis and hepatic cancer, from the same patient.

Methods

The sample preparation and data analysis for FFPE cancer

Hospital Clementino Fraga Filho reviewed and approved this work
under number 060-11.

FFPE protein extraction

The contents of microscope slides were scraped using a syringe
needle and the material transferred to an Eppendorf type tube.
Then the contents were washed three times with 250 uL of xylene
at 60°C. Afterwards, the contents were rehydrated with 250 uL of
a grade ethanol series [100%, 90%(v/v), 70 % (v/v)], followed by
centrifugation during 30 minutes at 15000 x g and air dried at room
temperature until complete ethanol evaporation.

A total of 100 uL of 0.2% (w/v) RapiGest ™ in 50mM ammonium
bicarbonate was then added to each sample. The protein mass within
the samples was estimated using the BCA protein assay Kit (Sigma-
Aldrich) according to the manufacturer’s instructions. The contents
from each sample were reduced with 5mM of dithiothreitol (DTT)
and incubated for 90 min at 95°C, followed to 2 h of incubation at
70°C. The sample incubation is necessary to hydrolyze the cross links
generated during formalin fixation of the tissue. The samples were
cooled to room temperature and incubated in the dark with 15mM of
iodoacetamide (IAA) for 30 minutes.

Fresh GBM protein extraction
A fresh GBM sample was obtained from a 71 year old man with
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no family history of brain tumor. The man began to feel strong
headaches and would not respond to analgesics. A brain magnetic
resonance imaging scan (MRI) revealed a lesion in the left temporal
lobe. After signing informed consent, the patient underwent left
temporal biopsy and was diagnosed with glioblastoma multiform
according to three independent pathologists.

The glioblastoma tissue lysate was obtained by sonication ((Dr.
Hielscher) with amplitude of 70% and 3 cycles of one minute of the
biopsy immerse in a solution containing 0.2% of RapiGest (w/v) in
50mM ammonium bicarbonate. Then, the solution was centrifuged at
15000 x g during 30 minutes at 5°C. The supernatant was transferred
to a new tube and the protein content was estimated using the BCA
protein assay Kit (Sigma-Aldrich) according to the manufacturer’s
instructions. One hundred micrograms of protein were reduced
with 20mM dithiothreitol (DTT) at 60°C for 30 minutes. After that,
samples were cooled to room temperature and incubated, in the dark,
with 66mM of iodacetamide (IAA) for 30 minutes.

Protein digestion and mass spectrometry analysis

Afterwards, all samples were digested overnight with trypsin
(Promega) at the proportion of 1/50 (E/S). Following digestion, all
reactions were acidified with 10% (v/v) formic acid (1% (v/v) final) to
stop the proteolysis. The samples were centrifuged for 20 minutes at
15,000 x g to remove insoluble material and desalted with stage-tips
prior the RP - LC Mass spectrometry. The desalted peptide mixture
was subjected to LC-MS/MS analysis with a Thermo Scientific Easy-
nlC 1000 ultra high performance liquid chromatography (UPLC)
system coupled with a LTQ-Orbitrap [5] XL ETD (Thermo, San Jone,
CA) mass spectrometer described as follows. The peptide mixtures
were loaded onto a column (75 mm i.d., 15 cm long) packed in house
with a 3.2 pum ReproSil-Pur C18-AQ resin (Dr. Maisch) with a flow
of 500 ml/min and subsequently eluted with a flow of 250ml/min
from 5% to 40% ACN in 0.5% formic acid, in a 120 min gradient. The
mass spectrometer was set in data dependent mode to automatically
switch between MS and MS/MS (MS,) acquisition. Survey full scan
MS spectra (from m/z 300 - 2000) were acquired in the Orbitrap
analyzer with resolution R = 60,000 at m/z 400 (after accumulation to
a target value of 1,000,000 in the linear trap). The nine most intense
ions were sequentially isolated and fragmented in the linear ion trap
using collisional induced dissociation at a target value of 10,000.
Previous target ions selected for MS/MS were dynamically excluded
for 90 seconds. Total cycle time was approximately three seconds.
The general mass spectrometric conditions were: spray voltage, 2.4
kV; no sheath and auxiliary gas flow; ion transfer tube temperature,
100°C; collision gas pressure, 1.3 mTorr; normalized energy collision
energy using wide-band activation mode; 35% for MS,. Ion selection
thresholds were of 250 counts for MS2 An activation q = 0.25 and
activation time of 30 ms was applied in MS2 acquisitions.

The mass spectra were extracted to the MS2 format using Pattern
Lab’s Raw Reader. Sequences from Homo sapiens were downloaded
from the UniProt consortium on November 13, 2013. A target decoy
database was generated using Pattern Lab to include a reversed version
of each sequence found in the database plus those from 127 common
mass spectrometry contaminants. The ProLuCID search engine
(v1.3) [6] as limited to fully and semi-tryptic peptide candidates;
we imposed carbamidomethylation and oxidation of methionine as

a fixed and variable modifications, respectively. The search engine
accepted peptide candidates within a 70-ppm tolerance from the
measured precursor m/z and used the XCorr as the primary search
engine score. The Search Engine Processor (SEPro) (v2.2.0.2) was
used for achieving a less than 1% FDR at the protein level as previously
described [7]. PatternLab’s Approximately Area Proportional Venn
Diagram module was used to pinpoint proteins uniquely identified
in each case [8]. All proteins discussed along the text and claimed
as uniquely identified in a biological condition were found in at
least two technical replicates (except for case 1 that contains single
replicates due to limited material). As previously discussed, the more
a protein appears in replicates of a biological condition and remains
absent in the other, the more likely it is to be differentially expressed
or unique to that condition [9].

Results and Discussion

Scenario 1: Astrocytoma grade | versus glioblastoma

The first scenario compares astrocytoma grade I and glioblastoma
from microscope slides of formalin fixed paraffin-embedded tissues.
To evaluate the differentially expressed proteins in astrocytoma grade
I (pilocytic astrocytoma) and grade IV (glioblastoma), the contents
of five 5 um sections obtained from each case were scraped from
the microscope slides and the proteins were extracted and analyzed
once as described above. The microscope slide images stained with
hematoxylin and eosin are shown in Figure 1. Our results describe
715 (145 by maximum parsimony [10]) and 623 (110 by maximum
parsimony) proteins identified from astrocytoma grade I and
glioblastoma section, respectively.

We used the Pattern Lab for proteomics for pinpointing
identified proteins from astrocytoma grade I and glioblastoma. Our
results showed that 52% of proteins were common to both grades,
256 proteins were exclusively identified in astrocytoma grade I and
164 in the glioblastoma. The total number of identified proteins
was 879 (178 by maximum parsimony) when considering all results
simultaneously. We recall that not identifying a protein by mass
spectrometry means that it is either not present in the sample or is
under the detection limits of the strategy at hand; as such, it can be
hypothesized as “oft” or as differentially expressed when comparing
to a condition where it is identified [9]. We opted for this conservative

Figure 1: Hematoxylin and eosin stained slides from astrocytoma grade
I (A, B, C) and glioblastoma (D, E, F). A, D: 40x; B, E: 100x; C, F: 400x.
In image C, the characteristic microcystic areas are prominent and little
pleomorphism can be noticed, in contrast with image F, where nuclear atypia
and hypercellularity are easily seen.
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Figure 2: Metabolic pathway map of the carbon metabolism generated using KEGG mapper. Green links are associated to up-regulated proteins in astrocytoma
grade |, red links to glioblastoma, and blue links indicate no significant change in regulation.

strategy as in according to a previous report where analyses were
performed in the same conditions and with very limited sample [11].

Among the proteins exclusively identified in the glioblastoma
dataset, it is worth pinpointing 14-3-3 gamma, dermcidin, and
defensin. Proteins of the 14-3-3 family are linked to many key cellular
processes related to cancer such as apoptosis and cell cycle key points;
for these reasons, they are considered as important therapeutic targets
[12]. In particular, 14-3-3 gamma was previously described, among
eleven other proteins, as glioblastoma biomarker candidates by the
use of large scale proteomic approaches [13]. Dermcidin and defensin
were both described as having antimicrobial effects; interestingly,
both were only identified in the glioblastoma sample. Dermcidin and
dermcidin-derived peptides have been describe to play a key role in
several biological functions in neuronal and cancer cells [14]; although
this protein has been described as up-regulated in various cancer cell

types [14], as far as we know, this is the first report claiming such for
glioblastoma. Defensin has been described as a potential strategy for
cancer immunotherapy as promising immunogenes [15].

Among the proteins exclusively identified in astrocytoma grade I
we highlight annexin Al and Brevican. Annexin-1 (ANXA1) belongs
to a structurally related family of calcium-binding anti-inflammatory
proteins that act extracellularly as an inhibitor of icosanoid synthesis
and phospholipase A2 [16]. Schittenhelm et al. proposed that the up-
regulation of annexin-1 in astrocytomas is linked to a bad prognosis
for tumor; moreover showed that its expression profile is highly
correlated to its substrate, EGFR [17]. Brevican has been previously
correlated as a marker for low-grade gliomas [18]. Figure 2 shows
a carbon metabolism metabolic pathway map; as can be noticed,
different sections of the pathways are up-regulated in each type of
cancer.
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Scenario 2: Different morphological regions from the
same glioblastoma histological slide and comparison
with fresh GBM tissue

The second dataset compares FFPE tissue of two distinct areas
of the same glioblastoma tumor and GBM from fresh tissue; each
condition had three technical replicate analyses. Figure 3 shows a
picture of the histological slide used for obtaining the material for
this analysis. Glioblastomas characteristically exhibit a wide range
of morphological aspects, from small cell areas to giant or highly
pleomorphic areas, although considered to be monoclonal in origin.
Irrespectively, the clinical outcome is said to be unrelated to this
variation. The goal was to verify if a proteomic assessment of FFPE
could pinpoint differences in the proteomic profiles of different
regions of the same tumor that presented a significantly different
morphology as in accordance to a pathologist’s judgment. Two
regions of interest were selectively scraped from the slide and the
proteins were extracted according to our methods section.

Our proteomic analysis revealed 1463 proteins; 439 were identified
in region A (Figure 4) 1058 in region B (Figure 4) and 705 in the fresh

Figure 3: A histological slide of a glioblastoma stained with hematoxylin and
eosin; two regions with distinct morphology studied in the manuscript are
delineated.

Figure 4: Hematoxylin and eosin sections from glioblastoma. Two very distinct
regions can be noticed: A- Predominantly composed by small, irregular cells.
B - Containing large, pleomorphic cells. In both areas the necrosis, vascular
proliferation and anaplasia were sufficient for the diagnosis of glioblastoma.

tissue sample. We expected to identify more proteins in the fresh
tissue as in according to previous works [19]; yet, our results ended
up being different. We believe this was due to the fresh tissue sample
originating from a different patient than that of the FFPE tissue; as
previously reported, there is a tremendous variation between the
proteome of different individuals [20]. As an aggravator, according to
Fowler et al, “even for matched fresh tissue specimens, overlap in the
identified proteins can be as low as 50% due to variations in sample
preparation and under sampling of the resulting peptides” [21].

Of the 1463 proteins, 368 were identified only in the fresh tissue
and another 731 were not identified in the fresh tissue. There was a
significantly greater overlap in the protein identifications originating
from the two different FFPE areas (92% overlap) than from FFPE
versus fresh tissue (46% overlap). Details on IDs are provided at
the end of this manuscript and in the supplementary table. We
hypothesize that more proteins were identified in region B because
more material was obtained during the protein extraction. As can be
noted in Figure 3, region B is approximately 4 x larger than region
A. Our results pinpoint 18 proteins exclusively identified in region
A when comparing with region B. We consider this a positive result,
as even though significantly fewer proteins were identified in this
area, we were still able to find some “uniqueness” in it; this raises
our confidence that these proteins shed important biological aspects
of the disease. Such result demonstrates the great potential of this
methodology to reveal the cellular heterogeneity of the tumor as
reflected in the hematoxylin and eosin stains (Figure 4). Among the
unique proteins identified in region A we point out cold-inducible
RNA binding protein and THO complex subunit 4. The former has
been described as decreased in breast cancer cells [22] and the later
to have a key role in anti-cancer mechanisms [23]. That said, we
emphasize that specific proteins correlate to particular histological
sections and therefore could ultimately be used for molecularly
defining distinct areas, as tumors are very heterogeneous.

Scenario 3: Different areas, cirrhosis and hepatic cancer,
from the same patient

The third dataset compares the proteomic profiles of different
pathologies in the liver of the same patient obtained in the same
surgical procedure; three technical replicate analyses from each
condition were performed. In this case, two different histopathological
areas, cirrhosis and cancer, were identified by three independent
pathologists. This makes the material at hand extremely valuable as it
is hard to be obtained when belonging to the same patient. That said,
this case demonstrates the usefulness of FFPE proteomics to enable
retrospective studies from archival material. For the case at hand,
FFPE proteomics enabled identifying proteins that could be related
to the progression between these two distinct pathologies helping to
elucidate the relationship between these diseases. The microscope
slides were assessed by a pathologist (Figure 5); areas of necrosis were
marked and excluded from our proteomic analysis.

A total of 277 proteins (69 by maximum parsimony) were
identified in both cases; 115 for cirrhosis and 267 for hepatic cancer;
10 exclusively identified in cirrhosis and 162 in cancer. Among the
exclusive proteins in cancer, again, the protein family of 14-3-3 poses
as interesting candidate for progression biomarker to hepatic cancer.
These consist a family, containing 7 isoforms of highly conserved
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Figure 5:

Hematoxylin and eosin sections from cirrhosis (A) 100x and
hepatocellular carcinoma (B) 200x.

and largely expressed eukaryotic acidic proteins (25-33kDa) that
dynamically regulates the activity of target proteins in various
signaling pathways and control diverse physiological and pathological
processes (e.g., apoptosis and cell cycle regulation), including prion
diseases [12,24,25]. 14-3-3 is integrated into the core of regulatory
pathways that are key to the normal growth and development, and
therefore posing this protein as progression biomarker candidate as a
disturbance in these regulatory pathways can lead to cancer.

Final Considerations

A general trend in proteomics is comparing protein profiles from
cancer biopsies versus those from healthy tissues ultimately entailing
the discussion on how many samples are required to pinpoint
candidate biomarkers. An emerging, and complementary strategy, is
to dig deeper into an individual’s proteome by molecularly dissecting
it in association with morphological and spatial data as performed
in this work. We advocate that each cancer should be considered
as a disease of its own; needless to say, patients respond differently
to treatment. As far as we know, the idea of associating large-scale
protein identification to spatial data was pioneered by Richard Smith’s
group with two seminal works that sectioned a mammalian brain and
produce images of identified protein distributions along the brain
[26,27]. Our group’s efforts are also aligned with “spatial proteomics”;
we recently developed software automatically generating shotgun
images and exemplified its usefulness by delineating a gastric cancer
tumoral region based on Mud PIT data [28]. The literature is full of
examples showing applications of FFPE for identifying candidate
biomarkers through various strategies using FFPR, including Single
Reaction Monitoring [29], and laser micro-dissection [30]. Clearly,
there is a drive for shotgun proteomics to becoming more and more
spatially centric, ultimately aiming at a single-cell’s proteome [31].
In our view, studies that combine FFPE with shotgun proteomics
are in a sweet-spot in the compromise between large-scale protein
identification and spatial resolution; this strategy is under continuous
perfection by the scientific community [32].

Here, we provide key datasets demonstrating the great potential
of FFPE proteomics for identification of tumor biomarkers candidates
(dataset 1), comparing distinct proteomic profiles from different
regions of the same tumor versus a fresh tissue sample (dataset 2),
and two distinct histopathological areas in the liver of the same
patient which could possibly describe a molecular linkage between
progression from cirrhosis to cancer (dataset 3). These datasets are
unique as few proteomic datasets disclose shotgun identifications
of tumoral specific region delineated by microscopy and with the

Casel

¥ (1) Astrocitoma : 715
(2) Glioblastoma : 623

Total : 879
Case2

o (1)B: 1058
(2)A:439
™ (3) FreshGBM : 705

229

(283)8

Total : 1463
Case 3
(1) Cirrhosis : 115
Hepatic Cancer : 267
(1) 10
Total : 277

Figure 6: Venn Diagrams comparing proteomic profiles of: astrocytoma
grade | versus glioblastoma (Case 1), fresh GBM tissue and different
morphological areas from the same histological slide of a glioblastoma from a
different patient (Case 2), and different histopathological profiles in the same
patient’s liver: cirrhosis and cancer (Case 3). All proteomic identifications
are decurrently from material obtained by scraping microscope slides. The
results from each biological condition of case 1 were obtained from a single
LC/MS/MS analysis, all other biological conditions (i.e., from cases 2 and 3)
were obtained from three technical replicate analyses.

corresponding histopathological assessment. Supplementary Table
I discriminates all identifications from each biological condition of
each case followed by its respective protein length (in amino acids),
number of unique peptides identified, molecular weight, sequence
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count, spectrum count, protein coverage, number of technical
replicates identified in, and the protein’s description.

Figure 6 summarizes the results obtained herein using area
proportional Venn diagrams. All data, including raw files and
SEPro identifications are available at http://max.ioc.fiocruz.br/julif/
ffpecases/. The data is organized in three separate folders enumerated
as in according to this article.
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