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Abstract
Existing gastric cancer diagnosing methods were invasive, hence, a reliable non-invasive

gastric cancer diagnosing method is needed. As a startingpoint, we used 1H NMR for iden-

tifying gastric cancer biomarkers using a panel of gastric cancer spheroids and normal gas-

tric spheroids. We were able to identify 8 chemical shift biomarkers for gastric cancer

spheroids. Our data suggests that the cancerous and non-cancerous spheroids significantly

differ in the lipid composition and energy metabolism. These results encourage the transla-

tion of these biomarkers into in-vivo gastric cancer detection methodology using MRI-MS.

Introduction
According to World Health Organization, gastric cancer (0.72 million deaths) ranks third in
causing cancer death worldwide in 2012, with the highest incidence in the Asia-Pacific region
especially in Japan, gastric cancer is the much more prevalent than other countries. The prog-
nosis of gastric cancer is very poor especially for the one that occurs in the cardiac region. In
view of the high global incidence rate, early detection of gastric cancer appears to improve sur-
vival rates. Mass screening of gastric cancer in Japan has considerably decreased the mortality
rate. Usually, the gastric cancer is often diagnosed at the metastatic stage which is very difficult
to treat [1,2]. The gastric cancer incidence is higher in developed countries whereas the mortal-
ity is high in developing countries, which is attributed to the lack of early detection, environ-
mental changes, and lifestyle changes. Hence, the economic burden in terms of morbidity and
mortality cost will be higher in the developing countries [3]. The gold standard for the diagno-
sis of gastric cancer is esophagogastroduodenoscopy (EGD) and biopsy. When a doctor identi-
fies an abnormal tissue area through EGD, a biopsy will be performed followed by the routine
procedure for the confirmation. Even though this method has high specificity and sensitivity,
there are several disadvantages in using endoscopy as the first screening tool; to mention a few,
it is an invasive procedure with potential complications such as perforation and aspiration and
is not a cost-effective screening tool for most of the countries. Hence, this test is out of reach
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for most of the people in Asia, Africa, and South America. This method is invasive and creates
huge discomfort for the patients especially children and elderly.

One promising non-invasive way of detecting and locating cancer is by employing nuclear
magnetic resonance as this method safe as it is non-ionising. Cancer cells contain higher levels
of phospholipids than normal cells, which is key for the membrane formation in order to cope
up enhanced cell proliferation and signal transduction. The alteration of phospholipid compo-
sition also plays a pivotal role in cancer invasion, metastasis, and expression of growth factor
receptors [4,5]. Various prior studies concluded that 1HMRS could be used to diagnose cancer
and also to monitor responses to the cancer treatment [6–9]. Magnetic resonance imaging and
magnetic resonance spectrometry in combination can diagnose of prostate cancer. Studies sug-
gest, combinedMRI and MRS could serve as an effective test for the low-risk patients. This
study also recommends larger studies for the confirmation of this statement [10]. The lipid
composition is significantly altered in the extracts of benign (chronic cholecystitis), intermedi-
ate (xanthogranulomatous cholecystitis) and malignant gallbladder tissue. This provides proof
that the lipid composition of cancer tissues and normal tissues vary significantly and which can
be detected using magnetic resonance [11]. Mobile lipid resonances profiled using 1HMRS
can be used to distinguish cervical cancer tissues, low-grade intraepithelial neoplasia, and
non-cancerous tissues [12]. This study serves as the proof for the diagnosis of cancer using
lipid signals from 1Hmagnetic resonance. These studies provide an insight that there is a pos-
sibility for the presence of a specificmechanism in the cancer cells that alter the phospholipids
composition.

In-vivo 1Hmagnetic resonance spectrometry can be used to quantify choline compounds in
the breast, it is observed that the choline-containing compounds were significantly higher in
malignancies than benign abnormalities and normal breast tissue. Sensitivity, positive predic-
tive value, and accuracy of the cancer diagnosis can be enhanced when 1HMRS and biopsy are
employed together. This study also proves that 1HMRS has better sensitivity, positive predic-
tive value, and accuracy that biopsy [13]. 1HMRS is a potential procedure for detecting cancer-
ous breast lesions that are 15mm or larger in diameter without the need of invasive endoscopy
procedure [14].

Magnetic resonance method not only identifies lipid biomarkers but also metabolic bio-
markers. In human prostate tissues, 1HMRS signals of citrate, creatine, and choline com-
pounds were observed.The citrate to choline ratio can be used for the cancer diagnosis. This
ratio is lower for the cancerous tissues in comparison with the noncancerous normal tissues.
1HMRS is a promising method for the detection and treatment follow-up for prostate cancer
[15]. Few studies reported that the in vitro 1H magnetic resonance spectrometry (MRS) of the
perchloric acid extracts of the breast tissue showed resonance at 3.2 ppm, which was signifi-
cantly high for the breast carcinoma when compared to the normal and benign breast tissue.

The higher levels of the choline related compounds may be primarily attributed to the onco-
gene-induced activation of phosphatidyl choline and phosphatidyl ethanolamine-specific
phospholipases. This resulted in the accumulation of choline related compounds in tumorous
or actively proliferating cells [16]. Differences in the concentration of choline-containing com-
pounds can be considered as an indicator for accessing the clinical response of cancer to che-
motherapy. The outcome of the chemotherapy can be considered as positive if the choline-
containing compounds decrease after the chemotherapy [17].

The biomarkers identified by the 1H-MRS and Nuclear magnetic resonance spectrometry
(NMR) could be the same as both these methods employ same principle. Nuclear magnetic res-
onance spectrometry identifies a unique chemical shift biomarker 1.28 ppm for the identifica-
tion of the neural stem and progenitor cells (NPC). They could even identify the NPC in the
live mouse using this biomarker under proton magnetic resonance spectroscopy (1H-MRS) in
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a xenograftedmice [18]. This is possible as each cell type has unique cell surface receptor pro-
teins and phospholipid composition. From the previous studies, it is clear that magnetic reso-
nance can be employed for cancer diagnosis using the lipid signals.

We hypothesize that 1 dimensional H1 Nuclear Magnetic Resonance (NMR) can distinguish
between the in-vitro 3D models of the normal gastric cells and gastric cancer cells with reliable
NMR chemical shift markers. In this study, we are using the in-vitro 3Dmodels (spheroids) of
the normal gastric cell line and gastric cancer cell lines to decipher the magnetic resonance
based gastric cancer markers. The rationale for using spheroids is that it shows similar charac-
teristics of the in-vivo tissues. In-vivo cells are interconnected to each other as well as to the
extra cellular matrix (ECM). Further in-vivo cells shows many characteristic properties like
polarization, intercellular communication, developing extracellularmatrix and so on. All these
unique properties can be replicated in in-vitro spheroids and these are not possible in 2D cul-
ture [19,20].

Methods and Materials

Cell culture
For this study, a set of twelve gastric cancer cell lines namely SNU484, MKN28, MKN7, SCH,
AGS, IST1, KATO3, YCC10, YCC11, N87, NUGC3 and NUGC4 and a normal gastric cancer
cell line HS738. The Gastric cancer cells were cultured in RPMI mediumwith 10% fetal bovine
serum (FBS) and the normal gastric cell line was cultured in Dulbecco’s modified essential
medium (DMEM) with 10% fetal bovine serum (FBS). All the experiments were carried out
in triplicates for all the cell lines along with the spent medium, which serves as background
control.

Formation of cellular spheroids
For the spheroids formation, the cells were grown under 2D culture condition and harvested
using trypsinization. The harvested cells were checked for the viability using bromophenol blue
dye. The samples with required viability (95%) were diluted into 2.5x106 cells/mL and each
sample will contain 1X107 cells I.e., 4 mL of the diluted cell suspension. The diluted cell sam-
ples were drawn into drops of 20μL on the lid of the sterile petri dish. The petri dish was filled
with 10mL of DPBS for hydrating the drops. The petri dish lid was gently inverted and placed
in the petri dish and placed in the incubator for the spheroid formation [21]. The petri dish
was then incubated for 3 days. After 3 days, the spheroids could be observedby the naked eye
as white spheres. The spheroids were harvested, washed twice with DPBS and gently suspended
in 600μL of D2O. As a final step, the suspended spheroids were then carefully poured into the
NMR tubes.

Nuclear magnetic resonance (NMR) spectrometry
We performed one-dimensional 1H NMR spectrometry (DRX500, Bruker USA) on the col-
lected samples and matched controls using deuterated water (D20) we used as the solvent (Fig
1). The acquired NMR spectral data was Fourier-transformed followed by phase and baseline
correction using the Bruker XWinNMR software version 3.5. The peak lists were extracted for
the metabolite identification. The peak list was given as input to the Metaboanalyst 3.0 online
statistical software (www.metaboanalyst.ca/, Canada) for statistical analysis [22].
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Results

Spheroid formation
Among the 12 gastric cancer cell lines, only 4 of them can form the spheroids using the hanging
drop procedure mentioned above. The gastric cancer cell lines that can form spheroids were
SNU484, NUGC 3, MKN28 and IST1. Among them, the spheroids formed by the SNU484 and
MKN 28 were more compact compared to the spheroids formed by IST1 and NUGC 3 cell
lines.

NMR spectrumof gastric cancer and normal gastric spheroids
The peak lists of all NMR spectrumswere obtained. The peaks were grouped together by the
moving window of 0.03 ppm and a step of 0.015 ppm, which results in a group of 117 peaks.
The grouped data was normalized using generalized log transformation and auto scaling.

Statistical analysis of the NMR spectrumsof gastric cancer and normal
gastric spheroids
The statistical analysis the normalized peak lists shows 21 chemical shift peaks (Table 1) were
significantly vary between the gastric cancer cell lines (SNU484, MKN28, IST1, and NUGC3)
and normal gastric cell line (HS738). Among these 21 chemical shift peaks 8 were present in

Fig 1. Methodology of sample preparation.

doi:10.1371/journal.pone.0162222.g001
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higher intensity in the gastric cancer spheroids when compared to the gastric normal spher-
oids. These 8 peaks could be the potential magnetic resonance based gastric cancer markers.
The rest 13 were observed to be in higher intensity in the gastric normal spheroids compared
to the gastric cancer spheroids. The NMRmarkers for the gastric cancer spheroids ranges from
1 ppm to 4 ppm (Fig 2) whereas, NMRmarkers for the normal gastric spheroids ranges from
3 ppm to 8 ppm (Fig 3).

Furthermore, principal component analysis (PCA) and clustering analysis performed
between gastric cancer and normal gastric spheroids depict the gastric cancer spheroids and
normal gastric spheroids into different clusters, indicating the significant variance between
these cell lines (Fig 4). Heat map analysis manifests the top 25 significant (p-value<0.05)
chemical shift markers with its relative intensities (Fig 5).

Discussion

Formation of gastric spheroids
In this study, we have observed that spontaneous spheroid formation is not common for all the
cell lines only a few cell lines like IST 1, NUGC 3, MKN 28, SNU 484 and HS 738 can form
spontaneous spheroids. This is because cells interact with each other in a very complex and
diverse manner which dictates the formation of the spontaneous spheroids in-vitro. In a previ-
ous study which involves 8 breast cancer cell lines show that the E- Cadherin plays a pivotal
role in the formation of spontaneous spheroids in some cell lines whereas the interaction
between the collagen I/integrin ß1 drives the cells to form spontaneous spheroids. Interestingly

Table 1. List of NMR chemical shift markers for the gastric cancer spheroids.

S.No Chemical shifts (ppm) FC log2(FC)* p.value

1 3.21 332.77 8.3784 0.00021027

2 4.02 53.079 5.7301 0.00044346

3 4.23 44.809 5.4857 0.00096607

4 1.13 34.183 5.0952 0.00092528

5 2.59 16.297 4.0265 0.0067511

6 3.01 15.039 3.9107 0.0085235

7 2.44 7.5685 2.92 0.0012475

8 2.47 4.7224 2.2395 0.0011457

9 4.40 0.17478 -2.5164 0.0002721

10 7.94 0.12923 -2.952 0.00010053

11 3.08 0.12643 -2.9836 0.0088915

12 4.27 0.12609 -2.9874 0.0050839

13 5.29 0.11044 -3.1787 0.00038551

14 5.47 0.10526 -3.248 0.0046374

15 5.98 0.098221 -3.3478 5.67E-06

16 6.05 0.076551 -3.7074 0.00034459

17 4.35 0.05315 -4.2338 0.00074306

18 4.31 0.047047 -4.4098 0.00010888

19 5.58 0.045401 -4.4611 1.30E-11

20 4.72 0.042526 -4.5555 1.48E-16

21 8.02 0.02419 -5.3694 7.49E-12

*positive values represent the chemical shifts exhibit higher intensity in gastric cancer spheroids and negative values represents the chemical shifts exhibit

high intensity in normal gastric spheroids.

doi:10.1371/journal.pone.0162222.t001
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some cell lines were able to form spheroids with the shared responsibility of both homophilic
E-cadherin and integrin ß1/collagen I [23].

Phospholipid metabolism is the major contributor of NMR markers for
Gastric cancer
We could observe a total of eight NMRmarkers that are overexpressed in gastric cancer spher-
oids than normal gastric spheroids. 3.2 ppm represents the choline and choline related com-
pounds [24]. Choline has been identified as the tumor marker in breast cancer and lung cancer
[13, 25]. Choline and its derivatives have been already reported as the markers of cell prolifera-
tion as they play a key role in phospholipid metabolism that forms the cell membrane [26].
The chemical shift 1.13 ppm has been already identified as the marker for cervical cancer. The

Fig 2. 1H NMR spectrum showing NMR markers of gastric cancer spheroids.

doi:10.1371/journal.pone.0162222.g002
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serumobtained from the cervical cancer patients shows 1.13 ppm as the marker for the diagno-
sis of cervical cancer [27].

Our study identifies chemical shift at 3.01 ppm as a marker for gastric cancer. This chemical
shift represents creatine [28,29]. Creatine was reported to the biomarker for cervical cancer.
Ex-vivo HR-MRS analysis of the cervical tumor tissue and normal cervical tissue shows a sig-
nificant (p = 0.004) difference in creatine [30]. Creatine is named as a potential biomarker for
lung cancer in a study which involves analyzing the methanol-chloroform—water extract of
non-small cell lung cancer tissues from 21 lung cancer patients [25]. This supports our data
which shows creatine, represented by the chemical shift at 3.01 ppm as the marker for gastric
cancer. Another important gastric cancer biomarker that we have discovered is the chemical

Fig 3. 1H NMR spectrum showing NMR markers of normal gastric spheroids.

doi:10.1371/journal.pone.0162222.g003
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shift at 4.02 ppm, which represents 2 hydroxyglutarates. World Health Organization reported
that 2 hydroxyglutarate is the key biomarker for the identification of IDH (Isocitrate dehydro-
genase) mutated glioma as the mutation in these genes could result in the accumulation of the
2-hydroxyglutarate [31]. In our knowledge, we are the first to report 4.02 ppm as the biomarker
for gastric cancer.

Fig 4. PCA plot depicting the variance between the gastric cancer spheroids and normal gastric spheroids.

doi:10.1371/journal.pone.0162222.g004
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Another interesting chemical shift marker for gastric cancer is the chemical shift at
2.47 ppm. This marker indicates glutamine, a common amino acid. Previous studies have
reported glutamine as the marker for the slightly malignant prostate cancer [32]. Our study
depicts glutamine as the common NMRmarker for gastric cancer as well as prostate cancer.

Fig 5. Heat map depicting the relative intensity of the top 25 significantchemical shifts (p value <0.05).

doi:10.1371/journal.pone.0162222.g005
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The chemical shift marker 2.59 ppm is assigned to methylamine. Methylamine has been
reported, as the key biomarker is cancers of the alimentary canal. Methylamine, as represented
as the chemical shift 2.59 ppm, has been reported as the rectal cancer marker. Methylamine
involves in the metabolism of another important cancer biomarker namely choline [26]. It is
reported that methylamines can cause hepatocarcinogenesis in rats [33]. It is also reported that
higher levels of methylamine could induce gastric cancer [34]. 2- oxoglutarate plays a pivotal
role in the activity of the 2- oxoglutarate-dependent dioxygenases. Increase in the cellular level
of 2- oxoglutarate elevates the activity of the 2- oxoglutarate-dependent dioxygenases, which
will result in many crucial events like activation of hypoxia inducible factors (HIF 1), distur-
bances in the epigenetic regulation and reduction of the carnitine synthesis. These events even-
tually lead to tumor viability and metastasis [35]. Our study depicts the presence chemical shift
marker for gastric cancer at 2.44 ppm which is assigned to 2 –oxoglutarate [36].

Glycosylated derivatives are the key NMR markers unique to the normal
gastric spheroids
We observed13 NMR chemical shift markers that are unique to the normal gastric spheroid
that is not found or varies significantly (p<0.05) from the gastric cancer spheroids. The assign-
ment of these markers and their role were as follows: The chemical shifts at 4.40 ppm and
4.27 ppm indicate the oligosaccharide alditols, these compounds consist of the Galβ1-3
(GlcNAcβ1–6)- GalNAc-ol core. This core contains the O-glycosidic structures. These struc-
tures are represented by the chemical shifts of 4.40 ppm and 4.27 ppm [37,38].

Our data depicts the strong evidence for the presence of UDP-glucose. Chemical shift reso-
nance at 8.02 ppm represents the proton in the NH group of the uracil ring [39,40], whereas
the NMR resonances at 7.94 ppm and 5.98 ppm mark the presence of the protons linked to the
C6 and C5 of the uracil ring [41]. The presence of the phosphate group is indicated by the
chemical shift resonance at 4.35 ppm [42]. This evidence proves the existence of the uridine
diphosphate in the normal gastric spheroids. There must be a glucosemolecule which is hinted
by the chemical shift resonance at 4.27 ppm and that is linked with the UDP via anomeric car-
bon as we also observed a chemical shift resonance at 5.58 ppm which manifests the occupancy
of the proton-linked with the anomeric carbon of glucose [43].

It is reported that increase in the synthesis of glycogen from glucose results in the decrease
in the cellular concentration of the UDP-glucose [44]. On the other hand, the increased glyco-
gen synthesis has been demonstrated in many types of cancer [45]. These studies support our
data, which shows a significant increase in the UDP-glucose in the normal gastric spheroids
compared to the gastric cancer spheroids. The chemical shift at 4.72 ppm and 4.31 ppm implies
β (1–4) N-acetyl galactosamine, where the 4.72 ppm and 4.31 ppm denotes H-1β [46] and
β(1–4)GalNAc respectively [47,48]. 4.31 ppm precisely indicates galactosamine as well as the
acetylation of galactosamine in N-acetyl galactosamine [47,49]. Both 4.72 ppm, as well as the
4.31ppm, reveals the presence of β (1–4) configuration [46,48].

Chemical shift at 5.47 points out the H linked to the C1 of the N-acetyl galactosamine of
UDP-GalNAc [50]. In another study, it also denotes the existence of a-D-GlcpNAc [51].
another study describes this chemical shift for H-1 of α-Gal-1-P [52]. These observations
strongly suggest the presence of UDP-GalNAc as we already have evidence for the presence of
UDP. The chemical shift at 5.29 ppm manifests the proton from anomeric carbon [53] and spe-
cifically at β anomeric configuration [54]. Prior study has reported that this chemical shift indi-
cates the galactopyranose residue at the reducing end of glycolipids [53]. Another report which
characterizes the liver fats shows that 5.29 ppm belongs to the olefinic group in the triglycerides
[55]. All this data suggests that the gastric cancer spheroids and normal gastric spheroids vary
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significantly in the composition of lipid and lipid derivatives. Another chemical shift marker
which is significantly higher in normal gastric spheroids, 6.05 ppm is assigned to NH2 group in
a prior study [56,57]. Interestingly another report had assigned this chemical shift to the pro-
tons from the olefinic group [58,59].

Finally, the chemical shift at 3.08 is attributed to proton from the CH2 group of the methyl
lysine. Although it is previously reported that this chemical shift manifests the presence of
the SH2 group in taurine [60]. Another study where proton nuclear magnetic resonance spec-
trometry is utilized for the identification of the neural cell types supports the assignment of
3.08 ppm to the SH2 of taurine [61]. In these studies, the 3.08 ppm chemical shift has appeared
as triplet but in our data, the 3.08 ppm appear as a singlet. In a previous report, where the chro-
matin core particles where analyzed using proton nuclear magnetic resonance spectrometry
encountered the 3.08 ppm chemical shift as singlet and it was assigned to the CH2 group pro-
ton of the methyl lysine [62]. Methylated amino acids especiallymethyl-lysine and methylargi-
nine in the chromatin plays a vital role in recruiting proteins that induce structural changes in
chromatin thus influencing gene expression and repression [63]. Our data suggests that the
gastric cancer spheroids have significantly lesser methylated amino acids thus impairing its epi-
genetic control over gene expression.

Feasibility of clinical translation of this study
In this study we used the 3D spheroids, in order to minimize the limitations in its clinical trans-
lation. Flat monolayer cultures are the simplistic cancer models, where the cells are adhered to
the poly D- Lysine treated plastic surfaces or glass surfaces. These cancer models have physio-
logically uniform environment and lacks cell to cell attachment, which contradicts the actual
tumor environment. In in vivo tumors there exists cell to cell attachment, oxygen gradient,
nutrition gradient and waste gradient. This in vivo tumor environment could be reproduced in
the 3D spheroids with ease. Generally solid tumors proliferate in a differential manner whereas
the proliferation is higher at the periphery than the core region which is attributed to the oxy-
gen and nutrient gradient. This behavior could accurately be depicted by the 3D spheroids
whereas, cells grown in 2D flat monolayer depicts uniform proliferation [64]. 2D flat mono-
layer cultured cells shows apical-basal polarity as only one side of the cell is adhered to the sur-
face and that has a huge impact on the cellular function. As these 2D cultured cells always
depicts simple geometry they don’t show histological differentiation of the in vivo tumors but
by just growing cells as 3D spheroids one could obtain the histological morphology similar to
that of the in vivo tumor type from which the cell lines were derived [65, 66]. The cells in a
tumor exhibits phenotypic heterogeneity in the cell proliferation rate, gene expression and dif-
ferentiation which leads to the heterogeneity in the function and morphology [67]. Tumor
spheroids could capture this phenotypic heterogeneity as they have oxygen and nutrient gradi-
ents. Few cells exhibit the stem cell like characteristics such as self-renewal and undifferentiated
multipotent phenotype called cancer stem cells (CSCs) [68]. These CSCs are observed in both
in vitro 3D tumor spheroids and in vivo tumors [69] and these stemness-related genes are
found to be upregulated in 3D spheroids compared to the 2D monolayers [70]. The gene
expressions profiles including the expression of transcription factors of a cell line grown as 3D
spheroids is divergent compared to the same cell line cultured 2Dmonolayers [66, 71, 72]. All
the above studies show the cells grown as 3D spheroids resemble closely to the cells in the in
vivo tumors. Thus, we expect there won’t be any potential limitations in the clinical translation
of the results of this study and of course an actual clinical translational study is necessary to
corroborate this statement.
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Conclusion
In this study, we decipher the NMRmarkers for differentiating gastric cancer spheroids and
normal gastric spheroids. We are able to identify 8 markers that are unique to the gastric cancer
spheroids that are analyzed in this study. We also demonstrated that there are 13 markers that
are significantly lesser in the gastric cancer spheroids compared to their normal counterpart.
These markers indicate that the cancerous and non-cancerous spheroids differ majorly in the
energymetabolism, composition of lipid and lipid derivatives. This opens up avenues for the
researches focusing on identifying novel lipid targets in gastric cancer. This study also depicts
that the formation of spontaneous spheroids is not a common trait for all the cell lines.

Acknowledgments
This research is funded by the MOE Academic research fund (AcRF) Tier-1 grant (R397-000-
143-133) awarded to YCH at National University of Singapore, Singapore.

Author Contributions

Conceptualization:GKR.

Data curation:GKR.

Formal analysis:GKR.

Funding acquisition:CHY.

Investigation: GKR.

Methodology:GKR.

Project administration:CHY.

Supervision:CHYWPY.

Visualization:GKR.

Writing – original draft:GKR.

Writing – review& editing:CHYWPY.

References
1. Rugge M., Fassan M., and Graham D. Y. Epidemiology of gastric cancer.World Journal of Gastroenter-

ology 2006; 12(3): 23–34.

2. Pourhoseingholi M.A., Vahedi M., and Baghestani A.R. Burden of gastrointestinal cancer in Asia; an
overview. Gastroenterol Hepatol Bed Bench 2015; 8(1): 19–27. PMID: 25584172

3. Kanavos P. The rising burden of cancer in the developing world.Annals of Oncology 2006; 17: 15–23.

4. Negendank W. Studies of Human Tumors by MRS: a Review. NMR in Biomedicine 1992; 5: 303–324.
PMID: 1333263

5. Ruiz-cabellot J., and Cohen J. S. Phospholipid Metabolitesas Indicators of Cancer Cell Function,NMR
in Biomedicine 1992; 5: 226–233. PMID: 1449961

6. Bolan P. J., Meisamy S., Baker E. H., Lin J., EmoryT., Nelson M., et al. (2003). In VivoQuantification of
Choline Compounds in the Breast with 1H MR Spectroscopy. Magnetic Resonance in Medicine2003;
50: 1–10.

7. Bolan P. J., Nelson M. T., Yee D., and Garwood M. Imaging in breast cancer:Magnetic resonance
spectroscopy. Breast Cancer Research 2005; 7: 149–152. PMID: 15987466

8. Jacobs M. A., Barker P. B., Bottomley P. A., Bhujwalla Z., and Bluemke D. A. (2004). Proton Magnetic
Resonance Spectroscopic Imaging of Human Breast Cancer:A PreliminaryStudy. Journal of Magnetic
Resonance Imaging 2004; 19: 68–75. PMID: 14696222

1H NMR Biomarkers for GastricCancer

PLOS ONE | DOI:10.1371/journal.pone.0162222 September 9, 2016 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/25584172
http://www.ncbi.nlm.nih.gov/pubmed/1333263
http://www.ncbi.nlm.nih.gov/pubmed/1449961
http://www.ncbi.nlm.nih.gov/pubmed/15987466
http://www.ncbi.nlm.nih.gov/pubmed/14696222


9. Gillies R. J., and Morse D. L. In vivomagnetic resonance spectroscopy in cancer. Annu.Rev. Biomed.
Eng. 2005; 7: 287–326. PMID: 16004573

10. U Martin.,B Lucas M.., H Ulrike., K Thomas M.., S Tullio., W Dominik., et al. Combined Magnetic Reso-
nance Imaging and Magnetic Resonance Spectroscopy Imaging in the Diagnosis of Prostate Cancer:A
Systematic Review and Meta-analysis. Eur Urol. 2009; 55(3): 575–590. doi: 10.1016/j.eururo.2008.10.
019 PMID: 18952365

11. Jayalakshmi K., Sonkar K., Behari A., and Kapoor V. K. Lipid profiling of cancerous and benign gall-
bladder tissues by 1 H NMR spectroscopy. NMR in Biomedicine 2011; 24: 335–342. doi: 10.1002/
nbm.1594PMID: 22945290

12. Zietkowski D., M, N., Davidson R. L., and Payne G. S. Characterisationof mobile lipid resonances in tis-
sue biopsies from patients with cervical cancer and correlation with cytoplasmic lipid droplets.NMR in
Biomedicine 2013; 26: 1096–1102. doi: 10.1002/nbm.2923 PMID: 23417787

13. Saito K., Kaminaga T., Muto S., Ide H., Nishio K., Kamiyama Y., et al. Clinical Efficacy of Proton Mag-
netic Resonance Spectroscopy (1H-MRS) in the Diagnosis of Localized Prostate Cancer. Anticancer
Research 2008; 28: 1899–1904. PMID: 18630478

14. Tozaki M., Fukuma E., Characterizing Breast Lesions. AJR 2009; 193: 840–849. doi: 10.2214/AJR.08.
2128 PMID: 19696300

15. Heerschap A., Jager G. J., Van Der Graaf M., Barentsz J. O., De La Rosette J. J. M. C. H., OosterhofG.
O. N., et al. In vivo proton MR spectroscopy reveals altered metabolite content in malignant prostate tis-
sue. AnticancerResearch 1997; 17: 1455–1460. PMID: 9179183

16. Podo F. Tumour phospholipidmetabolism, NMR in Biomedicine 1999; 12: 413–439. PMID: 10654290

17. Bolan P. J., Baker E. H., Bliss R. L., Gulbahce E., Everson L. I., Nelson M. T., et al. Chemotherapy of
Locally Advanced Breast Cancer:Predicting Response with in Vivo 1 H MR Spectroscopy—A Pilot
Study at 4 T1. Radiology 2004; 233: 424–431.

18. Jorgensen P., and Tyers M. How Cells Coordinate Growth and Division.CurrentBiology 2004; 23:
1014–1027

19. Bryant D.M. and Mostov K.E. From cells to organs: building polarized tissue.Nat Rev Mol Cell Biol.
2008; 9(11):887–901. doi: 10.1038/nrm2523 PMID: 18946477

20. Foty R. A simple hanging drop cell culture protocol for generation of 3D spheroids. Journal of Visualized
Experiments: JoVE 2011; 51: 4–7.

21. Manganas L. N., Zhang X., Li Y., Hazel R. D., Smith S. D., Wagshul M. E., et al. Magnetic resonance
spectroscopy identifies neural progenitor cells in the live human brain.Science 2007; 318: 980–985.
PMID: 17991865

22. Xia J. and WishartD. S. Web-based inference of biological patterns, functions and pathways from
metabolomicdata using MetaboAnalyst.Nature protocols 2011; 6:743–60. doi: 10.1038/nprot.2011.
319 PMID: 21637195

23. Ivascu A., and Kubbies M. Diversity of cell-mediated adhesions in breast cancer spheroids. Interna-
tional Journal of Oncology 2007; 31(6): 1403–1413. PMID: 17982667

24. Huang Y., Zhang Z., Chen H., Feng J., Cai S., and Chen Z. A high-resolution 2D J-resolved NMR detec-
tion technique for metabolite analyses of biological samples.Scientific Reports 2015; 5: 8390. doi: 10.
1038/srep08390 PMID: 25670027

25. Yokota H., Guo J., Matoba M., Higashi K., Tonami H., and Nagao Y. Lactate, choline, and creatine lev-
els measured by vitro 1H-MRS as prognostic parameters in patients with non-small-cell lung cancer.
Journal of MagneticResonance Imaging 2007; 25(5): 992–999. PMID: 17410583

26. Wang H., Wang L., Zhang H., Deng P., Chen J., Zhou B., et al. 1H NMR-basedmetabolic profiling of
human rectal cancer tissue.Molecular Cancer 2013; 12(1): 121. doi: 10.1186/1476-4598-12-121
PMID: 24138801

27. Yong J. K. The Possibility of Cancer Diagnosis by Human serumNMR Measurement. Journal of
KOSOMBE 1989; 10(3): 285–288.

28. Jordan B. F., Black K., Robey I. F., Runquist M., Powis G., and Gillies R. J. Metabolite changes in HT-
29 xenograft tumors following HIF-1α inhibitionwith PX-478 as studied by MR spectroscopy in vivo and
ex vivo. NMR in Biomedicine 2005; 18(7): 430–439. PMID: 16206237

29. Radermacher K., Magat J., Bouzin C., Laurent S., Dresselaers T., Himmelreich U., et al. Multimodal
assessment of early tumor response to chemotherapy: Comparison between diffusion-weighted MRI,
1H-MR spectroscopy of choline and USPIO particles targeted at cell death.NMR in Biomedicine 2012;
25(4): 514–522. doi: 10.1002/nbm.1765 PMID: 21874657

30. Mahon M. M., Williams A. D., Soutter W. P., Cox I. J., McIndoe G. A., Coutts G., et al. 1H magnetic reso-
nance spectroscopy of invasive cervical cancer: An in vivo study with ex vivo corroboration.NMR in
Biomedicine 2004; 17: 1–9. PMID: 15011245

1H NMR Biomarkers for GastricCancer

PLOS ONE | DOI:10.1371/journal.pone.0162222 September 9, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16004573
http://dx.doi.org/10.1016/j.eururo.2008.10.019
http://dx.doi.org/10.1016/j.eururo.2008.10.019
http://www.ncbi.nlm.nih.gov/pubmed/18952365
http://dx.doi.org/10.1002/nbm.1594
http://dx.doi.org/10.1002/nbm.1594
http://www.ncbi.nlm.nih.gov/pubmed/22945290
http://dx.doi.org/10.1002/nbm.2923
http://www.ncbi.nlm.nih.gov/pubmed/23417787
http://www.ncbi.nlm.nih.gov/pubmed/18630478
http://dx.doi.org/10.2214/AJR.08.2128
http://dx.doi.org/10.2214/AJR.08.2128
http://www.ncbi.nlm.nih.gov/pubmed/19696300
http://www.ncbi.nlm.nih.gov/pubmed/9179183
http://www.ncbi.nlm.nih.gov/pubmed/10654290
http://dx.doi.org/10.1038/nrm2523
http://www.ncbi.nlm.nih.gov/pubmed/18946477
http://www.ncbi.nlm.nih.gov/pubmed/17991865
http://dx.doi.org/10.1038/nprot.2011.319
http://dx.doi.org/10.1038/nprot.2011.319
http://www.ncbi.nlm.nih.gov/pubmed/21637195
http://www.ncbi.nlm.nih.gov/pubmed/17982667
http://dx.doi.org/10.1038/srep08390
http://dx.doi.org/10.1038/srep08390
http://www.ncbi.nlm.nih.gov/pubmed/25670027
http://www.ncbi.nlm.nih.gov/pubmed/17410583
http://dx.doi.org/10.1186/1476-4598-12-121
http://www.ncbi.nlm.nih.gov/pubmed/24138801
http://www.ncbi.nlm.nih.gov/pubmed/16206237
http://dx.doi.org/10.1002/nbm.1765
http://www.ncbi.nlm.nih.gov/pubmed/21874657
http://www.ncbi.nlm.nih.gov/pubmed/15011245


31. Choi C., Ganji S. K., DeBerardinis R. J., Hatanpaa K. J., Rakheja D., Kovacs Z., et al. 2-hydroxygluta-
rate detection by magnetic resonance spectroscopy in IDH-mutatedpatients with gliomas.NatureMed-
icine 2012; 18(4): 624–629. doi: 10.1038/nm.2682 PMID: 22281806

32. Stenman K., Stattin P., Stenlund H., Riklund K., GröbnerG., and Bergh A. 1H HRMAS NMR derived
bio-markers related to tumor grade, tumor cell fraction, and cell proliferation in prostate tissue samples.
Biomarker Insights 2011; 6: 39–47. doi: 10.4137/BMI.S6794 PMID: 21499438

33. Lin J-K., Ho Y: Hepatotoxicity and hepatocarcinogenicity in rats fed squid with or without exogenous
nitrite.Food ChemTox icol 1992; 30: 695–702. PMID: 1328003

34. Lin J. K., Lee Y. J., Chang H. W. High Concentrations of Dimethylamine and methylamine in squid and
octopus and their implications in tumour aetiology. Fd Chem. Toxic. 1983; 21: 143–149

35. Vissers M. C. M., Kuiper C., Dachs G. U. Regulation of the 2-oxoglutarate-dependent dioxygenases
and implications for cancer. Biochemical Society Transactions 2014; 42(4): 945–51. doi: 10.1042/
BST20140118 PMID: 25109984

36. Muncey H. J., Jones R., De Iorio M. and Ebbels T. M. D. MetAssimulo: simulation of realistic NMR met-
abolic profiles.BMCBioinformatics2010; 11: 496. doi: 10.1186/1471-2105-11-496 PMID: 20925910

37. Lamblin G., Rahmoune H., Wieruszeski J. M., LhermitteM., Strecker G. and Roussel P. Structureof
two sulphated oligosaccharides from respiratory mucins of a patient suffering from cystic fibrosis.Bio-
chem. J. 1991; 275: 199–206. PMID: 2018475

38. Klein A., Lamblin G., VhermitteM., Roussel P., Breg J., Van Halbeek H., et al. Primarystructureof neu-
tral oligosaccharides derived from respiratory-mucusglycoproteins of a patient suffering from bronchi-
ectasis, determined by combination of 500-MHz 1H-NMR spectroscopy and quantitative sugar
analysis. EuropeanJournal of Biochemistry 1988; 171: 643–654.

39. Razzak M., KarimM. R., Hoq R. and Mirza A. H. New Schiff Bases from 6,6’-Diformyl-2,2’-Bipyridyl with
amines containing O, S, N and F: Synthesis and Characterization. International journal of organic
chemistry2015; 5: 264–270.

40. Pore Y. and Kuchekar B. Synthesis of novel N1, 6- di-substituted 5-cyano-2-thiouracil derivatives as
antinociceptive agents.Digest Journal of Nanomaterials and Biostructures 2008; 3(4): 293–298.

41. Grande S., Palma A., Luciani A. M., Rosi A., Guidoni L. and Viti V. Glycosidic intermediates identified in
1H MR spectra of intact tumour cells may contribute to the clarification of aspects of glycosylation path-
ways. NMR in Biomedicine 2011; 24(1): 68–79. doi: 10.1002/nbm.1557 PMID: 20669171

42. Odeh F., Ismail S. I., Abu-Dahab R., Mahmoud I. S., and Al Bawab A. Thymoquinone in liposomes: a
study of loading efficiency and biological activity towards breast cancer. DrugDelivery2012; 19: 1–7.

43. Kilonda B. B., Lohohola O., Toppet S., and Compernolle F. Acetylation products of pentacyclic triter-
pene glucosides from Combretum Psidioides. Arkivoc 2003;(iv: ): 3–21.

44. Hers H. G. The control of glycogen metabolism in the liver. Annual Review of Biochemistry1976; 45:
167–89. PMID: 183599

45. Zois C. E., Favaro E., and Harris A. L. Glycogen metabolism in cancer. Biochemical Pharmacology
2014; 92(1): 3–11. doi: 10.1016/j.bcp.2014.09.001 PMID: 25219323

46. Vliegenthart J. F. G., Halbeek, Van H., and DorlandL. The applicability of 500-MHz high-resolution 1H-
NMR spectrometry for the structuredetermination of carbohydrates derived from glycoproteins. Pure
and Appl.Chem., 1981; 53: 45–77.

47. Kojima H., Tohsato Y., Kabayama K., ItonoriS., and Ito M. Biochemical studies on sphingolipids of Arte-
mia franciscana: Complex neutral glycosphingolipids.Glycoconjugate Journal2013; 30(3): 257–268.
doi: 10.1007/s10719-012-9436-8 PMID: 22890904

48. Teneberg S., Ångström J., and LjunghÅ. Carbohydrate recognition by enterohemorrhagic Escherichia
coli: Characterization of a novel glycosphingolipid from cat small intestine.Glycobiology 2004; 14(2):
187–196. PMID: 14576169

49. Hong Y., Duda K., Cunneen M. M., Holst O., and Reeves P. R. The WbaK acetyltransferase of Salmo-
nella entericagroup E gives insights into O antigen evolution.Microbiology2013; 159(PART11):
2316–2322.

50. Alonso A. P., Piasecki R. J., Wang Y., LaClair R. W., and Shachar-Hill Y. Quantifying the Labeling and
the Levels of Plant Cell Wall PrecursorsUsing Ion Chromatography Tandem Mass Spectrometry. Plant
Physiology 2010; 153(3): 915–924. doi: 10.1104/pp.110.155713 PMID: 20442274

51. Steindl C., Schäffer C., Smrecki V., Messner P., and Müller N. The secondary cell wall polymer of Geo-
bacillus tepidamansGS5-97T: structureof different glycoforms.Carbohydrate Research 2005; 340
(14): 2290–2296. PMID: 16095578

52. Y Ting., B Liron., G Lindsay., L Sung G. and Bar-Peled Maor. Identification of galacturonic acid-1-P
kinase: a new member of the GHMP kinase super family in plants and comparison with galactose-1-P

1H NMR Biomarkers for GastricCancer

PLOS ONE | DOI:10.1371/journal.pone.0162222 September 9, 2016 14 / 15

http://dx.doi.org/10.1038/nm.2682
http://www.ncbi.nlm.nih.gov/pubmed/22281806
http://dx.doi.org/10.4137/BMI.S6794
http://www.ncbi.nlm.nih.gov/pubmed/21499438
http://www.ncbi.nlm.nih.gov/pubmed/1328003
http://dx.doi.org/10.1042/BST20140118
http://dx.doi.org/10.1042/BST20140118
http://www.ncbi.nlm.nih.gov/pubmed/25109984
http://dx.doi.org/10.1186/1471-2105-11-496
http://www.ncbi.nlm.nih.gov/pubmed/20925910
http://www.ncbi.nlm.nih.gov/pubmed/2018475
http://dx.doi.org/10.1002/nbm.1557
http://www.ncbi.nlm.nih.gov/pubmed/20669171
http://www.ncbi.nlm.nih.gov/pubmed/183599
http://dx.doi.org/10.1016/j.bcp.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25219323
http://dx.doi.org/10.1007/s10719-012-9436-8
http://www.ncbi.nlm.nih.gov/pubmed/22890904
http://www.ncbi.nlm.nih.gov/pubmed/14576169
http://dx.doi.org/10.1104/pp.110.155713
http://www.ncbi.nlm.nih.gov/pubmed/20442274
http://www.ncbi.nlm.nih.gov/pubmed/16095578


kinase. Journal of Biological Chemistry2009; 284(32): 21526–21535. doi: 10.1074/jbc.M109.014761
PMID: 19509290

53. Yu G., Guan H., Ioanoviciu A. S., Sikkander S. A., Thanawiroon C., Tobacman J. K., et al. Structural
studies on kappa-carrageenan derived oligosaccharides.Carbohydrate Research 2002; 337(5): 433–
440. PMID: 11861017

54. Karnjanapratum S., Tabarsa M., Cho M., and You S. Characterization and immunomodulatory activities
of sulfated polysaccharides from Capsosiphon fulvescens. International Journal of BiologicalMacro-
molecules2012; 51(5): 720–729. doi: 10.1016/j.ijbiomac.2012.07.006 PMID: 22796642

55. Hamilton G., Yokoo T., Bydder M., Cruite I., Schroeder M. E., Sirlin C. B., et al. In vivo characterization
of the liver fat 1H MR spectrum.NMR in Biomedicine 2011; 24(7): 784–790. doi: 10.1002/nbm.1622
PMID: 21834002

56. Bondock S., Rabie R., Etman H., and Fadda A. Synthesis and antimicrobial activity of some new het-
erocycles incorporating antipyrine moiety. EuropeanJournal of MedicinalChemistry 2008; 43(10):
2122–2129. doi: 10.1016/j.ejmech.2007.12.009 PMID: 18255196

57. Sowers L. C., Eritja R., Kaplan B., Goodman M. F., and Fazakerly G. V. Equilibriumbetween a wobble
and ionized base pair formed between fluorouracil and guanine in DNA as studied by proton and fluo-
rine NMR. Journal of Biological Chemistry1988; 263(29): 14794–14801. PMID: 3170564

58. Bianchi E., Djerassi C., Budzikiewicz H., and Sato Y. Structureof tomatillidine. The Journal of Organic
Chemistry1965; 30(3):754–760.

59. Kennedy J. P., and Makowski H. S. (1967). Carbonium Ion Polymerization of Norbornene and Its Deriv-
atives. Journal of Macromolecular Science:Part A–Chemistry 1967, 1(3), 345–370.

60. FlorianC. L., Preece N. E., Bhakoo K. K., Williams S. R., and Noble M. D. (1995). Cell Type-specific
Fingerprinting of Meningioma and Meningeal Cells by Proton Nuclear Magnetic Resonance Spectros-
copy. Cancer Research 1995; 55: 420–427. PMID: 7812974

61. Urenjak J., Williams S. R., Gadian D. G., and Noble M. Proton nuclear magnetic resonance spectros-
copy unambiguously identifies different neural cell types. The Journal of Neuroscience: The Official
Journal of the Society for Neuroscience 1993; 13(3): 981–989.

62. Cary P. D., Moss T., and Bradbury E. M. High-resolution proton-magnetic-resonance studies of chro-
matin core particles.EuropeanJournal of Biochemistry / FEBS 1978; 89(2): 475–82. PMID: 710406

63. Arrowsmith C. H., Bountra C., Fish P. V, Lee K., and Schapira M. Epigenetic protein families: a new
frontier for drug discovery. Nature Reviews.DrugDiscovery 2012; 11(5): 384–400. doi: 10.1038/
nrd3674 PMID: 22498752

64. Lin R. Z. and Chang H. Y. Recent advances in three-dimensional multicellular spheroid culture for bio-
medical research.Biotechnology journal 2008; 3(9–10): 139–151.

65. Baker B. M. and Chen C. S. Deconstructing the third dimension: how 3D culture microenvironments
alter cues. Journal of cell science 2012; 125(Pt 13): 3015–3024. doi: 10.1242/jcs.079509 PMID:
22797912

66. Lee J.Myungjin, Mhawwech-Fauceglia P., Lee N., Parsanian L. G., Lin Y. G., Gayther S. A., et al. three
dimensional microenvironment alters protein expression and chemosensitivity of epithelial ovarian can-
cer cells in vitro. Laboratory investigation; a journal of technical methods and pathology 2013; 93(5):
528–542. doi: 10.1038/labinvest.2013.41 PMID: 23459371

67. Marjanovic N. D., Weinberg R. A. and Chaffer C. L. Cell plasticity and heterogeneity in cancer. Clinical
chemistry2013; 59(1): 168–179. doi: 10.1373/clinchem.2012.184655 PMID: 23220226

68. Schiavoni G., Gabriele L. and Mattei F. The tumor microenvironment: A pitch for multiple layers. Fron-
tiers in oncology 2013; 3: 90. doi: 10.3389/fonc.2013.00090 PMID: 23616948

69. ChitcholtanK., Sykes P. H. and Evans J. J. The resistance of intracellular mediators to doxorubicin and
cisplatin are distinct in 3D and 2D endometrial cancer. Journal of translationalmedicine2012; 10:38.
doi: 10.1186/1479-5876-10-38 PMID: 22394685

70. Busse A., Letsch A., Fusi A., Nonnenmacher A., Stather D., Ochsenreither S., et al. Characterization of
small spheres derived from various solid tumor cell lines: are they suitable targets for T cells?Clinical
and experimentalmetastasis2013; 30(6): 781–791 doi: 10.1007/s10585-013-9578-5 PMID: 23519726

71. Luca A. C., Mersch S., Deenen R., Schmidt S., Messner I., Schafer K. L., et al. Impact of 3D microenvi-
ronment on genotype, gene expression and EGFR inhibition of colorectal cancer cell lines. PloS one
2013; 8(3): e59689. doi: 10.1371/journal.pone.0059689 PMID: 23555746

72. Bellis A. D., Bernabe B. P., Weiss M. S., Shin S., Weng S., Broadbelt L. J. et al. Dynamic transcription
factor activity profiling in 2D and 3D cell cultures.Biotechnology and bioengineering 2013; 110(2):
563–572. doi: 10.1002/bit.24718 PMID: 22949103

1H NMR Biomarkers for GastricCancer

PLOS ONE | DOI:10.1371/journal.pone.0162222 September 9, 2016 15 / 15

http://dx.doi.org/10.1074/jbc.M109.014761
http://www.ncbi.nlm.nih.gov/pubmed/19509290
http://www.ncbi.nlm.nih.gov/pubmed/11861017
http://dx.doi.org/10.1016/j.ijbiomac.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22796642
http://dx.doi.org/10.1002/nbm.1622
http://www.ncbi.nlm.nih.gov/pubmed/21834002
http://dx.doi.org/10.1016/j.ejmech.2007.12.009
http://www.ncbi.nlm.nih.gov/pubmed/18255196
http://www.ncbi.nlm.nih.gov/pubmed/3170564
http://www.ncbi.nlm.nih.gov/pubmed/7812974
http://www.ncbi.nlm.nih.gov/pubmed/710406
http://dx.doi.org/10.1038/nrd3674
http://dx.doi.org/10.1038/nrd3674
http://www.ncbi.nlm.nih.gov/pubmed/22498752
http://dx.doi.org/10.1242/jcs.079509
http://www.ncbi.nlm.nih.gov/pubmed/22797912
http://dx.doi.org/10.1038/labinvest.2013.41
http://www.ncbi.nlm.nih.gov/pubmed/23459371
http://dx.doi.org/10.1373/clinchem.2012.184655
http://www.ncbi.nlm.nih.gov/pubmed/23220226
http://dx.doi.org/10.3389/fonc.2013.00090
http://www.ncbi.nlm.nih.gov/pubmed/23616948
http://dx.doi.org/10.1186/1479-5876-10-38
http://www.ncbi.nlm.nih.gov/pubmed/22394685
http://dx.doi.org/10.1007/s10585-013-9578-5
http://www.ncbi.nlm.nih.gov/pubmed/23519726
http://dx.doi.org/10.1371/journal.pone.0059689
http://www.ncbi.nlm.nih.gov/pubmed/23555746
http://dx.doi.org/10.1002/bit.24718
http://www.ncbi.nlm.nih.gov/pubmed/22949103

