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Abstract

Introduction Recent studies provide a convincing support that the presence of cancer cells in the body leads to the altera-
tion of volatile organic compounds (VOCs) emanating from biological samples, particularly of those closely related with
tumoral tissues. Thus, a great interest emerged for the study of cancer volatilome and subsequent attempts to confirm VOCs
as potential diagnostic biomarkers.

Objectives The aim of this study was to determine the volatile metabolomic signature of bladder cancer (BC) cell lines and
provide an in vitro proof-of-principle that VOCs emanated into the extracellular medium may discriminate BC cells from
normal bladder epithelial cells.

Methods VOC:s in the culture media of three BC cell lines (Scaber, J82, 5637) and one normal bladder cell line (SV-HUC-1)
were extracted by headspace-solid phase microextraction and analysed by gas chromatography-mass spectrometry (HS-
SPME/GC-MS). Two different pH (pH 2 and 7) were used for VOCs extraction to infer the best pH to be used in in vitro
metabolomic studies.

Results Multivariate analysis revealed a panel of volatile metabolites that discriminated cancerous from normal bladder cells,
at both pHs, although a higher number of discriminative VOCs was obtained at neutral pH. Most of the altered metabolites
were ketones and alkanes, which were generally increased in BC compared to normal cells, and alcohols, which were sig-
nificantly decreased in BC cells. Among them, three metabolites, namely 2-pentadecanone, dodecanal and y-dodecalactone
(the latter only tentatively identified), stood out as particularly important metabolites and promising volatile biomarkers
for BC detection. Furthermore, our results also showed the potential of VOCs in discriminating BC cell lines according to
tumour grade and histological subtype.

Conclusions We demonstrate that a GC-MS metabolomics-based approach for analysis of VOCs is a valuable strategy for
identifying new and specific biomarkers that may improve BC diagnosis. Future studies should entail the validation of volatile
signature found for BC cell lines in biofluids from BC patients.
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Abbreviations ES Effect size
AUC Area under the curve GC Gas chromatography
BC Bladder cancer GC-SQ Gas chromatography-single quadrupole
HMDB Human metabolome database
Electronic supplementary material The online version of this HS-SPME  Headspace solid-phase microextraction
article (https://doi.org/10.1007/s11306-018-1361-9) contains MS Mass spectrometry
supplementary material, which is available to authorized users. OPLS-DA  Orthogonal partial least squares-discriminant
analysis
P4 Daniela Rodrigues PCA Pri y. | Ivsi
daniela.fgrodrigues @ gmail.com l"ln.Clpa component z?na y51§ .
. PLS-DA Partial least squares-discriminant analysis
< Marcia Carvalho .
mecarv@ufp.edu.pt QCs Quahty coptrols
RI Retention index

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-9884-4751
http://crossmark.crossref.org/dialog/?doi=10.1007/s11306-018-1361-9&domain=pdf
https://doi.org/10.1007/s11306-018-1361-9

62 Page2of15

D. Rodrigues et al.

SCC Squamous cell carcinoma
TA Total area

TCC Transitional cell carcinoma
VOCs Volatile organic compounds
VIP Variable importance in projection

1 Introduction

Bladder cancer (BC) is one of the most common and
deadly malignancies affecting the urinary system, world-
wide (Burger et al. 2013). Its incidence continues to rise
and mortality rates have not lessened over the years due,
mainly, to the fact that early detection methods are still lack-
ing, hampering therapeutic success (Huang et al. 2011). To
improve diagnostic strategies, several potential markers have
been proposed over the years or are under investigation, with
some of them already validated and approved for clinical
use (Chan et al. 2015; Miremami and Kyprianou 2014).
Nevertheless, for early detection purposes, most do not
offer advantage over classical diagnostic methods (Ku et al.
2012), and its high cost seriously limits their use in routine
practice (Miremami and Kyprianou 2014). Hence, there is
an urgent need to discover more accurate, disease-specific,
easily detectable and cost-effective biomarkers, overcom-
ing limitations of current diagnostic methods, as these often
detect malignancy at more advanced stage, which minimizes
effective therapeutic strategies, impairing patient survival
(Rodrigues et al. 2016a).

The investigation on volatiles and its potential as diag-
nosis biomarkers started with the observation that distinct
diseases might be detected through specific odours in urine,
exhaled breath or sweat (Kwak and Preti 2011), which, in
turn, correlated with different volatile organic compounds
(VOC:s) patterns. In cancer, it was demonstrated that dogs
can be trained to diagnose bladder (Willis et al. 2004), colo-
rectal (Peng et al. 2010), lung and breast cancers (McCull-
och et al. 2006) as well as melanoma (Pickel et al. 2004),
by sensing patients, supporting the hypothesis that volatiles
might be potential biomarkers for cancer detection. Thus,
a great interest emerged for the study of cancer volatilome
and subsequent attempts to confirm VOC:s as potential diag-
nostic biomarkers (Shirasu and Touhara 2011; Di Lena et al.
2016; Monteiro et al. 2014). This new approach relies on
the fact that VOCs are final products of cellular metabo-
lism (Di Lena et al. 2016), which are released through cell
membranes. Evidently, tumour cells will emanate a distinct
pattern of VOCs due to specific genetic alterations or pro-
tein modifications that affect oxidative stress and, conse-
quently, peroxidation of membrane components (Di Lena
et al. 2016).

VOC:s analysis presents several advantages, including sim-
ple and fast sample preparation compared to other molecules
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that need a derivatization process (e.g., amino acids and fatty
acids), thus preventing loss of metabolites; non-invasive col-
lection (easily detected in exhaled breath or voided urine); and
enable high-throughput screening and analysis of numerous
compounds across different samples (Nunes de Paiva et al.
2014). Considering in vitro VOCs studies, this approach may
help understand the source of VOCs as cell metabolomics
display more controllable experimental designs and easier
interpretation of the data (Rodrigues et al. 2016a) due to the
absence of confounding factors such as diet and microbiota
(Davis et al. 2011; Lauridsen et al. 2007). These factors sig-
nificantly influence VOC profiles in in vivo studies and VOCs
unrelated to cancer itself may arise as discriminative metabo-
lites (Lauridsen et al. 2007). Therefore, analysis of the in vitro
volatile metabolome offers a great advantage over animal and
human biological matrices as it provides an unchanged meta-
bolic signature originated directly from cells. Nevertheless,
in vitro studies present some limitations (Leon et al. 2013),
especially the fact that cultured cells cannot reproduce the
cancer microenvironment, the relationships between cancer
cells and other surrounding cells or the immune system, thus
the cancer-host interactions are lost (Rodrigues et al. 2016b).

Herein, we aimed to discover volatiles that might dis-
criminate cancerous from non-cancerous bladder cell lines,
through an untargeted in vitro metabolomic study. We chose
this approach because, to the best of our knowledge, a rather
limited number of studies have focused on BC urinary vola-
tilome (Jobu et al. 2012; Cauchi et al. 2016). Moreover, there
are only a few reports on VOCs as BC discriminative metab-
olites (Pasikanti et al. 2010a, b, 2013; Putluri et al. 2011),
although no integrated BC metabolomic study has performed
VOC:s profiling in in vitro cell lines, which makes this work
pivotal in that matter. Furthermore, VOCs were analysed due
to their potential as biomarkers for BC detection and the rela-
tively easy translatability to other biological matrices (such as
urine, blood or exhaled breath) (Schmidt and Podmore 2015),
through headspace-solid phase microextraction/gas chroma-
tography—mass spectrometry (HS-SPME/GC-MS). This tech-
nique requires simpler and faster sample preparation, which is
an advantage in a clinical environment. The overarching goals
of the present work were, firstly, the evaluation of two differ-
ent pH (pH 2 and 7) to infer which pH is optimum for VOCs
extraction (to be applied in future in vitro metabolomic stud-
ies), and secondly, to evaluate the volatilome of three different
tumorigenic bladder cell lines and of a non-tumorigenic cell
line, in search of significantly different VOCs profiles among
them.



Volatile metabolomic signature of bladder cancer cell lines based on gas chromatography-mass. ..

Page3of 15 62

2 Methods
2.1 Chemicals

Minimum essential medium eagle (MEM) and Ham’s
F-12K nutrient mixture powder, both supplemented with
L-glutamine, sodium chloride (NaCl, >99.5%), sodium
hydroxide (NaOH, >97%), Folin—Ciocalteu’s phenol rea-
gent, bovine serum albumin (BSA), 4-fluorobenzaldehyde
(98%), and pure standards for 2-methyl-2-butanol (>99.5%),
a-terpineol (>98.5%), 2-nonanone (>99.5%), 4-methylben-
zaldehyde (>97%), benzaldehyde (>99.5%), acetophenone
(>99.5%), cyclohexanone (>99%), 2-pentadecanone (98%),
geranylacetone (>97%), nonanal (>99.5%), dodecanal
(>95%), 1-phenylethanol (>98%), menthol (>99%), phenol
(>99.5%), benzoic acid (>99.5%), (2E.4E)-deca-2,4-dienal
(>85%), isopentanol (>98.5%) and octanol (>99.7%) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Peni-
cillin, streptomycin and trypsin were purchased from Invit-
rogen (Karlsruhe, Germany); fetal bovine serum (FBS) was
purchased from PAA laboratories GmbH (Colbe, Germany);
DMSO (99.0%) and hydrochloric acid (HCI) were obtained
from Merck (Darmstadt, Germany); and methanol (99.9%)
from VWR (Leuven, Belgium). All chemicals were of ana-
lytical grade and were dissolved in deionized water unless
otherwise indicated.

2.2 Cell lines and culture conditions

The BC cell lines J82 (TCC; grade III/IV, stage pT3), Sca-
ber (SCC; grade III/IV, stage pT4) and 5637 (TCC; grade
1), and the non-tumorigenic SV-HUC-1 were obtained from
American Type Culture Collection (ATCC; Manassas, VA,
USA). General characteristics of all bladder cell lines are
summarized in Table 1. All cancer cell lines were cultured
in MEM, whereas SV-HUC-1 was cultured in Ham’s F-12K
medium under the conditions suggested by the supplier in

order to preserve their characteristics after in vitro passages.
Both medium were prepared as indicated by the manufac-
turer and supplemented with 10% FBS and 50 units/mL
penicillin/50 pg/mL streptomycin. To minimize possible
effects of the used medium on metabolic footprints, the
culture conditions were kept constant throughout the entire
study. All cell lines were routinely tested for Mycoplasma
spp. contamination (PCR Mycoplasma Detection Set, Clon-
tech Laboratories).

2.3 Collection of VOCs from extracellular medium

The experiments were carried out during 5 passages (pas-
sages 4 to 8 in the case of cancer cell lines and passages 6
to 10 in the case of SV-HUC-1), with triplicates for each
passage, after an adaptation stage of at least 3 passages for
all cell cultures. After cells’ growth to near confluence was
achieved, medium from each T75 culture flask was discarded
and 15 mL of fresh medium was added and incubated in a
humidified incubator supplied with 5% CO, at 37 °C for
48 h. Subsequently, the extracellular medium was transferred
to falcons on ice and centrifuged for 4 min at 2000xg at
4 °C. The supernatant was divided into 2 aliquots of 7 mL,
for further samples analysis at two different pH, and stored at
— 80 °C until analysis (Leon et al. 2013). T75 culture flasks
containing only medium (blanks) were treated in an identical
manner. Blanks were submitted to the same collection and
storage conditions.

2.4 Sample preparation for HS-SPME/GC-MS
analysis

Stored samples were thawed slowly in ice to minimize
the loss of volatile compounds. Each sample (2 mL) was
transferred to a 10 mL glass vial, capped with a polyte-
trafluoroethylene (PTFE) septum and a screw cap, con-
taining 0.59 g NaCl and 10 pL of internal standard (IS)
4-fluorobenzaldehyde (Millipore, Bedford, MA, USA) with

Table 1 Characteristics of BC
and normal cell lines used in

SV-HUC-1

Scaber J82 5637

this study Organism Homo sapiens Homo sapiens ~ Homo sapiens ~ Homo sapiens
Gender/age (years) Male/11 Male/58 Male/58 Male/68
Tissue Ureter, uroepithelium Urinary bladder Urinary bladder Urinary bladder
Cell type Epithelial SV40 immortalized Primary tumour Primary tumour Primary tumour
Morphology Epithelial Epithelial Epithelial Epithelial
Culture properties  Adherent Adherent Adherent Adherent
Tumorigenic No Yes Yes Yes
Disease - SCC TCC TCC
Grade - v v 1I
Stage - pT4 pT3 NA

NA not available, SCC squamous cell carcinoma, TCC transitional cell carcinoma
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final concentration of 10 pg/mL. The purpose of IS addi-
tion to each sample was to monitor the performance of the
chromatographic analysis (injection issues and retention
time deviation).

As aforementioned, medium of each cell line and blanks
were analysed at two different pH (pH 2 and 7) in order to
evaluate which pH is optimum for VOCs extraction. For
pH 7 samples, there was no need to adjust the pH (median
pH 7.252 +0.088). In the case of pH 2 samples, 70-75 pL
of a 5 M HCl solution was added to adjust the pH (median
2.076 +0.045). Quality control (QCs) samples were pre-
pared as a pool of all samples in the study and divided into
aliquots to avoid the repeated freezing and thawing (Leon
et al. 2013).

2.5 HS-SPME/GC-MS analysis: equipment
and conditions

The HS-SPME (Zhang and Pawliszyn 1993) was performed
using a Combi-PAL autosampler (Varian Pal Autosampler,
Switzerland) and the Cycle Composer software (CTC Ana-
lytics System Software, Switzerland). Headspace volatiles
were extracted by exposing a 65 um film thickness polydi-
methylsiloxane/divinylbenzene (PDMS/DVB) fiber (Supelco
Inc., Bellefonte, PA), previously conditioned at 250 °C for
30 min. The HS-SPME method was developed and opti-
mized previously by our group for urine samples (Monteiro
et al. 2014) because the forthcoming goal is the applica-
tion of this method in urine samples from BC patients. The
HS was generated after 5 min of incubation and 20 min of
extraction, at 45 °C. Samples were randomly injected in the
HS-SPME/GC-MS.

The chromatographic analysis of the VOCs extracted
from the extracellular medium were performed on a SCI-
ONTM SQ (single quadrupole) 436-GC-MS system
(Bruker Daltonics, Fremont, CA) equipped with a SCION
SQ mass detector and a Bruker Daltonics MS workstation
software (version 8.2). A capillary column Rxi-5Sil MS
(30 m x 0.25 mm X 0.25 um) from Restek was used for the
chromatographic separation. Helium C-60 (Gasin, Portugal)
was used as the carrier gas at a constant flow rate of 1.0 mL/
min. The injection was in splitless mode and the injector
temperature was 230 °C (held for 20 min.). As for the oven
temperature, it was held for 1 min at 40 °C, followed by an
increase at a rate of 5 °C/min until reaching 250 °C (held for
5 min) and finally an increase of 5 °C/min to 300 °C (held
for 1 min). The MS detector was operated in EI mode. Data
acquisition was performed in full scan mode with a mass
range between 40 and 350 m/z at a scan rate of 6 scan/s. A
QC sample was repeatedly analysed under the same con-
ditions, on every 15 samples, in order to assess analytical
reproducibility.
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2.6 GC-MS data pre-processing

VOC:s identification in HS-SPME/GC-MS chromatograms
of extracellular medium was performed in two steps. First,
the peak spectrum was checked against the mass spectra
from the NIST mass spectral library (2014) and the Kovats
retention index (RI). Only a reverse match of 700 or above
was considered in the compound identification, whereas
compounds for which no satisfactory match was found
were listed as “unknowni” (i=1, 2, 3 ...) according to their
increasing retention times (RTs). Next, the compounds iden-
tification was confirmed through comparison of their RTs
with the RTs obtained from pure standards, namely menthol,
1-phenylethanol, a-terpineol, 2-methyl-2-butanol, isopen-
tanol, octanol, phenol, (2E,4E)-deca-2.,4-dienal, 4-methylb-
enzaldehyde, benzaldehyde, nonanal, dodecanal, benzoic
acid, geranylacetone, acetophenone, 2-nonanone, cyclohex-
anone, and 2-pentadecanone (Supplementary Table S1).
The Human Metabolome Database (HMDB) (Wishart et al.
2007) was also consulted to obtain further information about
the compounds found, when available, such as the matrices
where they were previously found.

All raw data files obtained from HS-SPME/GC-SQ/MS
were exported as CDF files and pre-processed in order to
convert instrumental data sets into a manageable format
for data analysis and remove any bias such as background,
noise and RT fluctuations over a set of samples. Data pre-
processing was performed using the software MZmine 2.2
(Pluskal et al. 2010) and consisted in baseline correction,
peak detection, chromatogram deconvolution, alignment
and normalization. The parameters used in these steps were
set as follow: RT range 2.8-34.0 min; m/z range 50-350;
MS data noise level 1.0x 10*; m/z tolerance 0.5 or 5 ppm;
chromatogram baseline level 1.0 x 10°; peak duration range
0.02-0.30 min. After pre-processing steps, artefact peaks
such as GC contaminants from the chromatographic col-
umn (e.g., cyclosiloxanes, siloxanes and phthalates) were
manually removed from data matrix, as well as all peaks
with relative standard deviation (RSD)>30% across all QCs,
as an indicator of poor reproducibility and repeatability of
the analysis. The mean of the chromatogram’s area of cor-
respondent triplicates of each cell line was determined and
data was subsequently normalized by total area (TA) by
dividing each mean peak area by the total mean peak area
of the respective chromatogram. The resulting m/z-RT pairs,
sample names and normalized peak areas were subjected to
statistical analysis.

2.7 Statistical analysis
The final matrix was imported to SIMCA-P 13.0.3 (Umet-

rics, Umea, Sweden) and scaled to pareto (Par) (Worley and
Powers 2013). Principal component analysis (PCA) was first
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applied to detect trends and outliers, followed by partial least
squares discriminant analysis (PLS-DA) and orthogonal
PLS-DA (OPLS-DA), used to discriminate between classes
and identify the volatile signature associated with a specific
sample class. OPLS-DA is a modification of the PLS-DA
method which removes the Y-uncorrelated variation in X,
thus improving interpretability. In this study, OPLS-DA was
only used for assessment of covariance of X-variables, while
PLS-DA was used for prediction purposes. Model robustness
was evaluated in terms of R>X (variance explained by the X
matrix), R?Y (variance explained by the Y matrix) and Q2
(goodness of prediction or prediction power), a set of param-
eters obtained by sevenfold cross validation in SIMCA-P
13.0.3 software. All PLS-DA models were validated through
permutation test (200 permutations) comparing the goodness
of fit (R? and Q?) of the original model with the goodness of
fit of several models where the order of Y-observations was
randomly permuted. The variables (m/z-RT pairs) respon-
sible for group separation were assessed through inspection
of OPLS-DA S-line plots and the corresponding variable
importance in projection (VIP) of each variable. Only vari-
ables with VIP> 1 were considered as important for group
discrimination.

The individual statistical significance of relevant com-
pounds identified in the S-line plots was assessed using the
unpaired Mann—Whitney test, in GraphPad Prism version
6 (GraphPad Software, San Diego, CA, USA). For each
model, the discriminative compounds were considered sta-
tistically significant when p value <0.05 (confidence level
95%). Bonferroni correction (Aickin and Gensler 1996) was
used to adjust p values for multiple comparisons by setting
the significance cut-off to a/n, in which a=0.05 and n rep-
resents the number of compounds simultaneously tested in
statistical analysis. Furthermore, for each significant com-
pound, the effect size (calculated as described in Berben
et al. 2012) and the area under the curve (AUC) (GraphPad
Software, San Diego, CA, USA) were determined. The same
statistical analysis was performed using media blanks at both
pH in order to provide insight into the potential impact that
the two different media (MEM and Ham’s F-12K) may have
on the VOC:s profiles.

3 Results and discussion

In this study, the volatile exometabolome of three bladder
cancer cell lines (5637, J82 and Scaber) and one normal
bladder epithelial cell line (SV-HUC-1) was analysed to find
VOC:s profiles that might discriminate between cancerous
and non-cancerous bladder epithelial cells. Importantly, the
cancer cell lines included in this study are classified accord-
ing to histological subtype and grade, which allowed for
extending our investigation on the metabolites responsible

for discriminating BC cell lines according to tumour grade
and histological subtype. The 5637 and J82 cell lines rep-
resent transitional cell carcinoma (TCC), which is the most
common form of BC, whereas Scaber represents squamous
cell carcinoma (SCC) subtype of BC. Moreover, 5637 cell
line is low-grade (LG), whereas J82 and Scaber represent
high-grade (HG) BC (Table 1).

3.1 Effect of pH on volatile exometabolome of BC
cell lines

The extracellular medium of all samples was analysed con-
sidering a neutral pH (pH 7) and an acidic one (pH 2) to
evaluate which pH would result in a more efficient VOCs
extraction. Neutral pH was the natural pH of bladder cells’
medium, and thus no alteration was introduced. In turn,
pH 2 was chosen because it is widely acknowledged that
tumour microenvironment is acidic due to increased lactate
production (Ferreira 2010). Overall, a variety of chemical
compounds was detected in both pH 2 and pH 7, such as
alcohols, aldehydes, ketones, alkanes and carboxylic acids.
The HS-SPME/GC-MS analysis of samples at pH 7 and pH
2 enabled detection of 191 and 206 chromatography peaks,
respectively, 107 of them were common to both pHs (Sup-
plementary Fig. S1). Of note, the number of peaks detected
at pH 7 and pH 2 corresponded to the total number of peaks
detected in the chromatograms before pre-processing and
the removal of peaks with RSD >30%. Acidification pre-
dominantly favoured the detection of more acidic com-
pounds, such as organic acids (acetic, hexanoic, heptanoic,
octanoic, nonanoic and decanoic acids, benzoic acid), and
esters, namely methyl nonanoate and methyl decanoate. The
general characteristics of the VOCs identified in the extracel-
lular medium, such as retention time (RT), retention indexes
(RI), characteristic ions (m/z), identification method (NIST
and standards), HMDB identification and matrices or cel-
lular locations where they have been previously found are
summarized in Supplementary Table S1 for both pH 2 and
pH 7. The QC samples confirmed the analytical reproduci-
bility at both pH values, since all QCs were closely clustered
in the PCA scores scatter plot (Supplementary Fig. S2).

Multivariate statistical analysis unveiled 60 VOCs signifi-
cantly altered at pH 7, considering all comparison groups
(i.e., cancerous vs. non-cancerous cell lines, HG vs. LG
cancer cell lines and TCC vs. SCC cell lines), whereas pH
2 revealed a lower number of statistically significant com-
pounds (26 VOCs) for the same comparison groups, 18 of
them in common with pH 7. This suggests that neutral pH
provides a more complete profiling of volatile exometabo-
lome, despite some complementarity of pH 2 volatilome
profiling (y-dodecalactone, 1-butanol, (2E,4E)-deca-2,4-di-
enal, benzoic acid and a-methylstyrene).
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3.2 Volatile exometabolome signature of BC
versus normal cell lines

PCA showed a clear separation between the extracellular
medium of each cancer cell line and the one from the nor-
mal cell line, at pH 7 (Fig. 1a). For pH 2, a less efficient
separation was found since the discrimination according to
BC grade is not clear (Fig. 1b). Pairwise PCA and PLS-DA
were performed to assess the set of VOCs responsible for
separation of each cancer cell line from normal cell line
(SV-HUC-1). A representative PLS-DA score scatterplot is
depicted in Fig. 2a, showing a clear separation between Sca-
ber and SV-HUC-1 with a good prediction ability (Q? 0.969).
The statistical validation of the PLS-DA model by permuta-
tion testing (Fig. 2b) unveiled no over fitting since all blue
Q? values to the left are lower than the original points to the
right. Based on the analysis of the OPLS-DA S-line plot
(Fig. 2c), 37 VOCs were found to vary significantly (8 alco-
hols, 2 aldehydes, 5 alkanes, 1 benzothiazole, 5 ketones and
16 unknowns) in Scaber compared with SV-HUC-1 at pH
7 (Table 2 and Supplementary Table S2). Receiver operat-
ing characteristic (ROC) curves were computed for all sig-
nificantly altered VOCs, unveiling a perfect performance
(AUC=1) for several metabolites of which 2-pentadecan-
one (Fig. 2d), a-terpineol, 2-methylbutan-2-ol, 1-phenyle-
thanol, and the tentatively identified 2-phenylpropan-2-ol
and 2-hydroxy-2-methyl-1-phenylpropan-1-one are the most
significantly altered metabolites between Scaber and normal
cell line. The statistical models obtained for pH 2 unveiled
a similar performance to discriminate between Scaber and

(a) R2X[1]=0,324
)
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202 -
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Fig. 1 PCA scores scatter plots obtained for the HS-SPME/GC-MS
chromatograms of the normal cell line SV-HUC-1 (n=35, dark red
inverted triangle) and the cancer cell lines 5637 (n=35, low-grade,
TCC, yellow circle), J82 (n=5, high-grade, TCC, green square) and
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SV-HUC-1 (Supplementary Table S5). However, the num-
ber of discriminant VOCs found at pH 2 was lower com-
pared with pH 7 and most of them were in common, with
exception of benzoic acid, 2-methyl-2-heptanol, 1-butanol,
a-methylstyrene (the last 3 only tentatively identified) and
unknown 25 (* in Table 2 and Supplementary Table S2).
Regarding J82 versus SV-HUC-1, 40 VOCs with sta-
tistically significant differences were found, considering
both pHs (Table 2), from which 4-methylbenzaldehyde,
cyclohexanone, 2-pentadecanone, the tentatively identified
2-phenylpropan-2-ol, phenol, dodecane, 4-methylheptan-
2-one, y-dodecalactone and unknown 24 present the highest
magnitude of variation and unveiled a perfect performance
(AUC=1). The comparison 5637 versus SV-HUC-1 showed
statistically significant differences in 42 VOCs, considering
both pHs as well (Table 2 and Supplementary Table S2),
namely nonanal, 1-phenylethanol, 4-methylnonane, dode-
cane, y-dodecalactone, and unknowns 10 and 24 (AUC=1).
Of a total of 58 discriminative VOCs at pH 7, 16 VOCs
(highlighted in shaded lines in Table 2 and Supplementary
Table S2) were found altered and displayed the same trend
(either increased or decreased) in all BC volatile exometabo-
lomes. For example, benzaldehyde (Fig. 3a), 2-nonanone
(Fig. 3b), 4-methylheptan-2-one, dodecane 2,3-dimethylhex-
ane, hexadecane and tetradecane were found significantly
increased in cancer cells medium, whereas 2-phenylpro-
panol and isopentanol were significantly decreased in can-
cer cells medium compared to SV-HUC-1 medium. These
results are suggestive of a common regulatory mechanism in
5637, J82 and Scaber cell lines. An alternative explanation
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Scaber (n=35, high-grade, SCC, blue triangle) extracellular medium
at pH 7 (a) and pH 2 (b). The ellipses indicate the 95% confidence
limit of the model. R2X is the variance explained by the X matrix
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Fig.2 a PLS-DA scores scatter plot obtained for the HS-SPME/
GC-MS chromatograms of the normal cell line (SV-HUC-1, n=35,
dark red inverted triangle) and Scaber (n=5, blue triangle) extracel-
lular medium at pH 7. b Statistical validation of the PLS-DA model
by permutation testing (200 permutations). ¢ OPLS-DA S-line plot
obtained for the same pairwise comparison with identification of
most important VOCs for class discrimination: [ isopentanol, 2
unknown 2 (RT 8.29 min), 3 4-methylheptan-2-one, 4 unknown

is that, compared to the normal bladder cells, BC cell lines
are incubated in a growth medium with different carbon
source composition, and therefore those VOCs may display
the same trend due to media-associated differences. In this
regard, multivariate analysis of media blanks (Supplemen-
tary Table S4) unveiled that only 5 (identified or tentatively
identified) of those 16 altered VOCs were affected by the
medium composition, namely butanol, 2-phenylpropan-2-ol,
dodecane, tetradecane and 4-methylheptanone (* in Table 2
and Supplementary Table S2). Further studies are required
to clarify the possible additive effects of culture media on
the alterations observed for these VOCs.

(b)

Validate Model
Intercepts: R2=(0.0, 0.834), Q2=(0.0, 0.256)
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(d) ROC curve
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4 (RT 10.33 min), 5 I-phenylethan-1-ol, 6 2-phenylpropan-2-ol,
7 unknown 10 (RT 13.68 min), 8 unknown 19 (RT 24.08 min), 9
2-tridecanone, /0 2-pentadecanone. d Example of assessment of the
diagnostic performance through ROC analysis obtained for 2-pen-
tadecanone (AUC=1.000), unknown 1 (AUC=0.960) and phenol
(AUC=0.920). LV number of latent variables, Q° predictive power,
R?X variance explained by the X matrix, R?Y variance explained by
the Y matrix

From those 16 VOCs, isopentanol, 2-phenylpropan-2-ol,
2,3-dimethylhexane, hexadecane, and tetradecane have not
been reported for other cancer types so far, either in in vitro
studies or in biological samples, which may indicate a
potential specificity towards BC. The remaining VOCs have
been found as potential biomarkers in previous cancer stud-
ies, including colorectal cancer (CRC) (Silva et al. 2011),
melanoma (Abaffy et al. 2010) and lung cancer (Filipiak
et al. 2014; Ligor et al. 2009; Bajtarevic et al. 2009). Simi-
larly to the results obtained in this study, an in vitro study
observed higher levels of 2-nonanone in the extracellular
medium of liver cancer cell line HepG2 but, unlike BC cells,
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Fig.3 Boxplots of a benzaldehyde and b 2-nonanone, two VOCs
extracted at pH 7 and found significantly altered between the normal
cell line SV-HUC-1 (n=5) and the cancer cell lines Scaber (n=5),
J82 (n=5) and 5637 (n=5) extracellular medium. *p value of
1.59 % 107%; **p value of 7.90x 1073

benzaldehyde was decreased in HepG2 extracellular medium
(Mochalski et al. 2013).

Importantly, ketone 2-pentadecanone was found consist-
ently altered in all three cancer cells medium (though with
different trends among BC cells) but was not detectable
in blanks, suggesting its origin from cellular metabolism.
Hence, 2-pentadecanone may constitute one of the most
important and promising compounds in BC volatile sig-
nature, despite being already reported in two other in vitro
cancer studies (Hu et al. 2010; Zimmermann et al. 2007).

Regarding pH 2, only 26 VOCs were found significantly
altered in BC exometabolome, of which 18 were in com-
mon to those extracted at pH 7, presenting the same trend
of change. Therefore, only the 8 VOCs exclusively found
significantly altered at pH 2 were considered for further
interpretation (Supplementary Table S1). Among these,

@ Springer

1-butanol and a-methylstyrene (tentatively identified) were
found significantly decreased in all BC volatile exometabo-
lomes, whereas benzoic acid presented a different trend of
alteration (Table 2) being significantly increased in 5637
cell line and decreased in J82 and Scaber cell lines. From
those VOCs, only a-methylstyrene has not been found in
other diseases yet, thus it might be a good candidate as BC
volatile biomarker.

In general, VOCs belonging to ketones and alkanes chem-
ical classes were highly released by BC cell lines, whereas
alcohols were significantly decreased in BC cells extracel-
lular medium, compared to the normal cell line medium.
These results may be related with either the synthesis of
fatty acids for membrane formation or f-oxidation of fatty
acids for energy production, amino acids metabolism, oxida-
tive stress and inflammation process (Calenic 2013; Hakim
et al. 2012). Thus, one may hypothesise that 1-octanol might
be associated with synthesis of a medium-chain fatty acid,
namely caprylic acid (C8:0), for energy production. The
presence of ketones in the extracellular medium of cancer
cells may result from p-oxidation of branched-chain fatty
acids. The metabolism of the branched chain fatty acid, non-
anoic acid, may result in 2-nonanone production in BC cells,
as well as the metabolism of C15:0 long-chain fatty acids
may originate 2-pentadecanone in J82 cells, analogous to
what has been demonstrated for other ketone (3-heptanone)
(Erhart et al. 2009). It is acknowledged that cancer cells use
B-oxidation as an alternative pathway to generate sufficient
energy to sustain its higher energetic demands (Al-Zoughbi
et al. 2014). Indeed, an increase in fatty acid p-oxidation has
already been associated with several cancer types, including
BC (Rodrigues et al. 2016a) as well as those from the kid-
ney (Hakimi et al. 2016), prostate (Liu 2006) and pancreas
(Khasawneh et al. 2009). Regarding simple alkanes (such as
dodecane, tetradecane and hexadecane) and benzaldehyde,
it has been described that they result from lipid peroxida-
tion and their levels increase during inflammation and oxi-
dative stress caused by an increase of ROS levels (Phillips
et al. 2000; Silva et al. 2011; Poli et al. 2010), a hallmark
of cancer. The higher oxidative stress status of cancer cells
may explain the higher levels of alkanes and benzaldehyde
released by BC cells in this study. Indeed, aldehydes are
known biomarkers of oxidative stress and tissue damage
(Fuchs et al. 2010; Poli et al. 2010), which makes them
promising cancer biomarkers.

3.3 Volatile exometabolome signature of low-grade
versus high-grade cancer cell lines

A more specific study was performed comparing LG cancer
line 5637 and HG BC cell lines J82 and Scaber to search for
a VOC signature with potential to assess tumour aggressive-
ness. Overall, 30 VOCs were found to be significantly altered
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at pH 7, being most of them decreased in HG cancer cells
compared to 5637 cell line culture medium, such as aceto-
phenone (Fig. 4a), a-terpineol, nonanal, and the tentatively
identified 2-phenylpropan-2-ol, 4-methylnonane and 6-meth-
ylheptan-2-one (with an AUC = 1), among others (Table 3).
VOC:s that were found increased in HG cancer cells medium
comprise dodecanol, dodecanal and y-nonalactone (Table 3).
Considering pH 2, only 2 of the 8-specific pH 2 VOCs were
significantly altered, namely a-methylstyrene and unknown
25 (Table 3 and Supplementary Table S3).

These results suggest that VOCs levels change in a grade-
dependent manner. From the compounds that contributed
for discrimination between HG and LG cancer cell lines,
cyclohexanone, methyl isobutyl ketone, styrene, dodecane,
nonanal and benzaldehyde were already reported as signifi-
cantly altered in previous in vitro (Bartolazzi et al. 2010;
Chen et al. 2007; Sponring et al. 2009; Mochalski et al.
2013; Filipiak et al. 2010), ex vivo human tissues (Abaffy
et al. 2010; Filipiak et al. 2014) and exhaled human breath
cancer studies (Altomare et al. 2013; Poli et al. 2010; Rud-
nicka et al. 2011; Wang et al. 2014; Filipiak et al. 2014).
More importantly, dodecanal was found in urine of BC
patients whereas it was not detected in controls (Jobu et al.
2012), thus being considered a potential biomarker for BC
by the authors. Nevertheless, no cancer grade association
was evaluated.

To the best of our knowledge, this is the first study dem-
onstrating the potential of VOCs in discriminating BC cells
with different grades, supporting the well-known idea that
HG cancer cells have different energetic needs compared to
LG cancer cells. Indeed, it is known that as tuamours progress
to more advanced stages, energetic demands of cancer cells
increase to support DNA replication, protein synthesis and
production of new components (such as those required for
membrane formation). Energy production is also essential
for cancer cells to survive in more hostile conditions (e.g.,
under oxidative stress) and to be able to migrate and adapt in

other tissues (metastases formation) (Ferreira 2010; Hana-
han and Weinberg 2011). However, despite the lack of BC
metabolomic studies addressing VOCs, some in vitro, serum
and urinary studies have described metabolic differences
between LG BC and HG BC (for a review see Rodrigues
et al. 2016a).

3.4 Volatile exometabolome signature of TCC
versus SCC cancer cell lines

Because the two HG BC cell lines J82 and Scaber repre-
sent different subtypes of BC (TCC and SCC, respectively),
we sought to determine which VOCs significantly differ
between them. From the pH 7 analysis, we found that 14
VOCs were significantly altered in J82 compared to Scaber
(Table 3). Most of those VOCs were decreased in J82, except
for 2-pentadecanone (Fig. 4b), 1-phenylethanol, a-terpineol,
benzaldehyde, geranylacetone and unknown 17 (Table 3 and
Supplementary Table S3). The pH 2 analysis resulted in 3
significantly altered VOCs, in addition to those in common
with pH 7, namely y-dodecalactone (Fig. 4c), (2E.4E)-deca-
2,4-dienal and benzoic acid (AUC=1), which were
increased in the extracellular medium of J82 compared to the
one of Scaber (Table 3). Interestingly, y-dodecalactone dem-
onstrated specificity towards TCC cells. Similar to 2-penta-
decanone, y-dodecalactone was not detected in blanks, thus
unveiling great potential as candidate biomarker.

Some of the discriminative VOCs between TCC and SCC
cell lines, namely nonanal, 2-pentadecanone, n-butyl acetate,
cyclohexanone, and phenol have not been associated to can-
cer subtypes so far. Remarkably, the results obtained herein
demonstrate that different histological subtypes of BC cells
present distinct VOC profiles. Hence, we can assume that
VOCs change in a subtype-dependent manner, as well. TCC
and SCC cell lines might present distinct genetic character-
istics that could be associated with up- or down-regulation
of different metabolic enzymes, favouring the production or
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Fig.4 Boxplots of a acetophenone, extracted at pH 7 and found sig-
nificantly altered between the HG cancer cell lines, J82 (n=5) and
Scaber (n=5), and the LG cancer cell line 5637 (n=5) extracellu-
lar medium; b 2-pentadecanone and ¢ y-dodecalactone, two VOCs
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extracted at pH 7 and pH 2, respectively, and found significantly
altered between the cancer cell lines J82 (HG TCC, n=5) and Sca-
ber (HG SCC, n=5) extracellular medium. **p value of 7.90 X 1073;
##%p value of 7.00x 1074
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Table 3 List of VOCs, from the analysis of samples prepared at pH 7 and 2, selected as important in discriminating between LG (5637) and HG
(J82 and Scaber) BC cell lines and between the BC subtypes TCC (J82) and SCC (Scaber), characterized by their [IUPAC (and common) name

Metabolite HG (J82 and Scaber) versus LG (5637) TCC (J82) versus SCC (Scaber)
ES (+ESgp)* p value® AUC AUC
Alcohols
(1R,28,5R)-5-Methyl-2-(propan-2-yl)cyclohexan-1-ol (menthol) | 2.70x10-3 0.960
1-Phenylethan-1-ol (1-phenylethanol) 1.000
2-(1R)-4-Methylcyclohex-3-en-1-ylpropan-2-ol (a-terpineol) | 7.00 x 107 1.000 1.000
2-Phenylpropan-2-ol l 7.00 x 107 1.000
3-Methylbutan-1-ol (Isopentanol) l 7.70 x 1073 0.920
Dodecan-1-ol (Dodecanol) i 2.70 x 1073 0.960
Phenol 1.000
Aldehydes
(2E4E)-Deca-2.4-dienal* 1.000
Benzaldehyde i 2.80 x 1072 0.860 0.920
Dodecanal (lauric aldehyde) i 8.00 x 1073 0.920
Nonanal l 7.00 x 107 1.000 0.960
Alkanes
3-Ethyloctane l 1.93 x 1072 0.880
4-Methylnonane ! 7.00 X 107* 1000
Dodecane (N-dodecane) l 470 x 1073 0.940
Hexadecane ! 400% 1072 0.840
Benzene and substituted derivatives
Benzoic acid 1.000
Ethenylbenzene (styrene) l 4.00 x 1072 0.840
Prop-1-en-2-ylbenzene (a-methylstyrene)* l 1.30 x 107>*  0.980
Carboxylic acids and derivatives
Butyl acetate (n-butyl acetate) 1.000
Ketones
(5Z)-6,10-Dimethylundeca-5,9-dien-2-one (Geranylacetone) 1.000
1-Phenylethan-1-one (acetophenone) l 7.00 x 107%  1.000 1.000
2-Hydroxy-2-methyl-1-phenylpropan-1-one l 7.00 x 107*  1.000
4-Methylpentan-2-one (methyl isobutyl ketone) l 1.93 x 1072 0.880
6-Methylheptan-2-one l 7.00 x 107*  1.000
Cyclohexanone l 2.70 x 1073 0.960 1.000
Pentadecan-2-one (2-pentadecanone) 1.000
Lactones
5-Pentyloxolan-2-one (y-nonalactone) i 3.00 x 1073 0.950
5-Octyloxolan-2-one (y-dodecalactone)* 1.000
Naphthalenes
Naphthalene ! 530%x 1073 0930 | 0.920

The values for ES, ESge AUC and p values are also represented for each VOC

AUC area under curve, BC bladder cancer, ES effect size, HG high-grade cancer, LG low-grade cancer, SCC squamous cell carcinoma, 7CC

transitional cell carcinoma, 1 VOCs increased, | VOCs decreased in the extracellular medium of BC compared with normal cell line

*VOCs remaining significant after Bonferroni correction, with cut off p-value of 1.67x 1073 for HG versus LG (0.05 divided by 30 VOCs), for
pH7 analysis, and a cut off p value of 4.55x 1073 (0.05 divided by 11 VOCs, 9 of them in common with pH 7), for pH 2 analysis. In the case
of TCC versus SCC, no VOC remained significant after Bonferroni correction [cut off p values of 3.57x 107> (0.05 divided by 14 VOCs) and

8.33x 1073 (0.05 divided by 6 VOCs, 3 of them in common with pH 7), for pH 7 and pH 2 analysis, respectively]

4ES determined as described in reference Berben et al. (2012)

95% significance level (p value <0.05)
“VOCs significantly altered only at pH 2

@ Springer
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consumption of certain compounds over others. Neverthe-
less, further investigation is essential to better understand
the differences in the volatile exometabolomes of these two
subtypes of BC.

4 Conclusions

This study demonstrates that VOC extraction at pH 7 pro-
vides a more complete profiling of the volatile exometabo-
lome of BC cell lines, and, thus, it may constitute the first
choice for subsequent in vitro metabolomic studies. Never-
theless, extraction at pH 2 clearly complements BC cell lines
volatile signature, providing additional VOCs of interest.
More importantly, we found that VOC levels differed when
the exometabolomes of BC and normal cell lines were com-
pared, indicating that BC presents a distinct volatilome. We
also observed that VOC levels change depending on cancer
grade and histological subtype. Remarkably, 2-pentadecan-
one and the tentatively identified y-dodecalactone seem to
be particularly important compounds, due to their cellular
origin, as well as dodecanal, since it was already found
in urine of BC patients (Jobu et al. 2012). These results
definitively establish a proof-of-concept for the discrimina-
tion among different human BC cell lines through VOCs
analysis using HS-SPME/GC-MS technique. Nevertheless,
due to current shortage of information about the metabolic
pathways underlying VOCs production, this study cannot
provide comprehensive information on the biochemical pro-
cesses involving VOCs that are affected in BC. Therefore,
in vivo VOCs translation through analysis of human sam-
ples is mandatory to achieve validation of the complete BC
volatilome signature.
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