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Increased Expression of Phosphatidylcholine (16:0/18:1)
and (16:0/18:2) in Thyroid Papillary Cancer
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Abstract

A good prognosis can be expected for most, but not all, cases of thyroid papillary cancer. Numerous molecular studies have
demonstrated beneficial treatment and prognostic factors in various molecular markers. Whereas most previous reports
have focused on genomics and proteomics, few have focused on lipidomics. With the advent of mass spectrometry (MS), it
has become possible to identify many types of molecules, and this analytical tool has become critical in the field of omics.
Recently, imaging mass spectrometry (IMS) was developed. After a simple pretreatment process, IMS can be used to
examine tissue sections on glass slides with location information. Here, we conducted an IMS analysis of seven cases of
thyroid papillary cancer by comparison of cancerous with normal tissues, focusing on the distribution of phospholipids. We
identified that phosphatidylcholine (16:0/18:1) and (16:0/18:2) and sphingomyelin (d18:0/16:1) are significantly higher in
thyroid papillary cancer than in normal thyroid tissue as determined by tandem mass (MS/MS) analysis. These distributional
differences may be associated with the biological behavior of thyroid papillary cancer.
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Introduction

Thyroid cancer is the most common malignant tumor in the
head and neck region. The histological types of thyroid cancer
vary, and include papillary carcinoma (80% of all thyroid cancer
cases), follicular carcinoma, medullary carcinoma, and undiffer-
entiated carcinoma. Prognosis also varies depending on histolog-
ical type. Undifferentiated carcinoma has a poor prognosis, with a
10-year survival rate of 10-20% or less, whereas patients with
other histological types, such as papillary carcinoma, follicular
carcinoma, and medullary carcinoma, can expect good outcomes
with a 10-year survival rate of 90%, 90%, and 70-80%,
respectively [1]. However, even cases of papillary carcinoma can
fail to be controlled due to distant metastasis or anaplastic
transformation. It will be necessary to reliably predict anaplastic
transformation before it occurs, and to identify cases of poor
prognosis among papillary carcinomas, in order to improve the
overall prognosis of thyroid cancer.

Developments in genomics and molecular biology have shed
light on pathogenic mechanisms related to thyroid cancer [2].
Great efforts have been made to identify genes and biomolecules
that are differentially expressed in cancerous tissues, which can be
utilized as biomarkers to elucidate thyroid cancer pathogenesis
and guide appropriate and targeted molecular therapies [3,4,5].
Several candidate genes (for TSH receptors, RET/PTC, Ras,

PLOS ONE | www.plosone.org

BRAF, p53) in the development of different types of thyroid cancer
[2] have been identified thus far. In addition, some attempts have
been made to utilize proteomics as a tool of discovery for thyroid
neoplasms. Lewis and co-workers reported a difference in protein
expression between papillary thyroid carcinoma and normal
thyroid tissue using mass spectrometry (MS) [6]. However, the
mechanism of malignant transformation is not well understood,
especially at the protein level.

Lipids are associated with cell membrane structure, proliferation
[7], differentiation, metabolic regulation, inflammation [8], and
immunity. It is important to understand the relationship between
tumor and lipids in diagnosis and treatment. Lipids, especially
phospholipids (PLs), play important roles in the composition of the
cell membrane. It is generally accepted that membrane charac-
teristics are determined by the components of PL species, and the
composition of these species is strictly determined by the
components of fatty acid species [9,10]. A few reports conducted
to date have focused on lipids, especially binding fatty acids in
head and neck cancer; however, to date, no method has been
developed that enables the detection of binding fatty acids in PLs.

Imaging mass spectrometry (IMS) is a powerful, newly
developed tool that identifies the distribution of known/unknown
molecules on a tissue section [11,12,13]. Laser scanning enables
precise, two-dimensional MS on glass slides. Currently, IMS is the
only tool that allows for visualization of the binding of fatty acids

November 2012 | Volume 7 | Issue 11 | e48873
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Figure 1. HE-stained section of case 1. (A) Thyroid papillary cancer
tissue was localized on the left, and normal thyroid tissue was localized
on the right (original magnification 40x). The stromal region was
excluded. The ROl was determined from the corresponding HE-staining
results. The black boxes indicate the representative region of cancer
and normal thyroid tissue. (B) Magnified representative regions of
cancer and normal tissue (original magnification 200 x). The cancer cells
had a high cytoplasmic ratio and displayed nuclear features character-
istic of papillary thyroid cancer. Histologic findings of thyroid papillary
cancer consisted of columnar thyroidal epithelium set in papillary
projection. The normal thyroid tissue is composed of many spherical
hollow sacs called thyroid follicles.
doi:10.1371/journal.pone.0048873.g001

to PLs on tissue sections, and this next-generation approach is
attracting substantial attention.

The purpose of the present study was to use IMS to elucidate
which PL-bound fatty acids were the main components of cell
membranes, and in particular, which ones were expressed at
relatively high levels in thyroid papillary cancer. This study was
the first to investigate cases of PLs in thyroid cancer using IMS
analysis, and the first to successfully identify PLs that are highly
expressed in thyroid cancer.

Results

1. IMS analysis of case 1
The regions of interest (ROI) in cancer and normal regions were
defined according to hematoxylin and eosin (HE)-staining results
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of a tissue section adjacent to the section used for IMS analysis.
Figure 1A provides HE-staining results for case 1 while Figure 1B
shows magnified representative regions of cancer and normal
tissue. The cancer cells had a high cytoplasmic ratio and displayed
nuclear features characteristic of papillary thyroid cancer.
Histologic findings of thyroid papillary cancer consisted of
columnar thyroidal epithelium set in papillary projection. The
normal thyroid tissue is composed of many spherical hollow sacs
called thyroid follicles.

Figure 2 shows spectra obtained from case 1 tissue with panels A
and B derived from cancer and normal regions, respectively. Both
spectrums are average spectrums, and were obtained from ROl in
cancer and normal tissue. The number of calculated points in the
cancer and normal region was 1425 and 258, respectively. The
horizontal axis indicates the mass-to-charge ratio (m/z) and the
vertical axis indicates the relative abundance of the ion. The most
intense ion is assigned an abundance of 100, and is referred to as
the base peak. Most ions formed in a mass spectrometry have a
single charge, so that the m/z value is equivalent to the mass itself.

Table 1 shows the top 50 peak picking results for case 1
(excluding isotopic peaks) that were statistically analyzed. Cancer
and normal intensity means the average (X standard error)
intensity that was divided by the scanning point in cancer and
normal regions. Welch t-test was performed between the mean
intensity of cancer and normal regions. The m/z values in Table 1
are listed in order of their intensity in the cancer region. The
number of the m/z values without isotopic peaks was 40, and the
number of the values with significant differences was 26. All m/z
values in Table 1 were assigned using the spectrum shown in
Figure 2A and B.

2. Visualization of molecular distribution in thyroid tissue

of case 1

Figure 3 shows the ion image that was visualized using the m/z
values shown in Table 1. The range of each ion color images was
optimized manually, so the peaks have different color ranges. In
general, malignant cellular proliferation was stimulated due to cell
growth factors, which induce an increase in cell density and
components of cancer cells such as PLs. Therefore, while the
intensity of all m/z values should be higher in cancer regions, the
intensity of some values (in particular, m/z 772.5, 782.5 and 848.5)
in cancer regions was lower.

800 850 900 m/z

800 850

900 m/z

Figure 2. Averaged spectrum for case 1. (A) Spectrum of the cancer region and (B) spectrum of normal region. Each spectrum was averaged
from the ROI of cancer and normal tissue in Figure 1. Each number shown in Table 1 was assigned using these spectra.

doi:10.1371/journal.pone.0048873.g002
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Table 1. Peak picking and statistical analysis of mass spectra
in case 1.

m/z value Cancer Normal P value
7985 37.1%12 285+26 33E-03
8245 26.7+0.8 26.6+2.4 9.7E-01
7965 251+09 17.7+17 1.0E-04
618.1 20.4+1.0 5.1+0.6 4.3E-33
529.6 17.0+1.0 3.7+04 2.3E-29
580.2 16.2+1.1 20+03 7.1E-34
8224 15.9+0.5 134+13 6.7E-02
504.2 15.6+1.1 6.7+0.8 5.7E-11
7415 14.0+05 11.1+1.0 8.5E-03
664.2 9.5+0.9 03+0.1 7.9E-23
6163 9.0+1.0 41+1.7 1.6E-02
8265 87+03 8.9+0.9 8.4E-01
820.5 7.8+0.3 9.0+1.1 2.6E-01
5841 74+07 1.4+0.2 3.9€-17
622.0 6.7+0.6 1.6+0.3 9.6E-14
760.6 6.5+0.4 7.7+1.0 2.4E-01
758.5 63+04 7.6+0.9 1.8E-01
527.2 6.2+0.6 3.8+0.5 3.1E-03
782.5 5.5+0.2 127+13 7.1E-08
5423 55+05 02+00 6.5E-26
7725 54+02 124+19 5.2E-04
615.0 54+02 1.3+0.1 1.8E-51
848.5 5.0+02 86+1.0 6.0E-04
546.2 48+04 0.4%0.1 2.2E-22
7865 46+03 7.2+09 3.6E-03
704.1 40+03 0.5+0.1 1.86-25
599.1 3.9+0.1 3.9+03 9.8E-01
659.8 37403 13+0.2 3.2E-09
666.2 27+03 0.1+0.0 1.1E-18
508.3 26+03 0.2+0.0 3.3E-16
606.0 25+03 1.7+03 4.2E-02
808.1 2.5+0.2 21+0.7 6.0E-01
6022 23+02 1.6+03 4.6E-02
565.2 2.0+0.2 21+03 8.8E-01
6439 13+02 12+02 6.2E-01
7345 0.7+0.1 32+07 1.8E-04
561.0 0.7+0.1 0.0+0.0 2.7E-15
620.2 03+0.1 0.1+0.0 2.2E-03
590.1 02400 02+00 6.2E-01
589.1 0.1+0.0 0.0+0.0 2.8E-04
doi:10.1371/journal.pone.0048873.t001

3. Comparison of results in all cases

In the same manner as case 1, peak picking and statistical
analysis were performed on all cases. Table 2 shows the top 50
peak picking results and excludes isotopic peaks. The m/z values
showing no significant differences were excluded. Three m/z
values*, including m/z 798.5, 796.5, and 741.5, were found to be
common for all cases.

PLOS ONE | www.plosone.org
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The common m/z values in all cases are displayed in Figure 4.
ROIs of cancer and normal tissue in all cases were described in
HE-stained results for all cases. The intensity of nearly all m/z
values was higher in the cancer region compared to the normal
thyroid region. Only the intensity distribution of m/z 741.5
differentiated them from the others.

4, Molecular identification

The three common m/z values in all cases were subjected to
tandem mass (MS/MS) analysis to identify the structures of the
biomolecules associated with the precursor ions. (Figure 5). The
Metabolite MS Search (http://www.hmdb.ca/labm/jsp/mlims/
MSDbParent.jsp) was used for referencing.

In MS/MS for PLs with cations, certain characteristic fragment
peaks are often detected. The peak at m/z 798.5 (Figure 5A) was
identified as phosphatidylcholine (PC) due to the neutral loss of
59 Da and 183 Da during MS/MS, which is indicative of PC
[14,15]. Meanwhile, the neutral loss of 256 Da corresponded to
palmitic acid. The type of cation adducted to a biomolecule is
usually either a sodium or potassium ion, when the sample is
obtained from biological tissue. A difference of 38.0 was observed
between the m/z 577.5 and 615.5, which is consistent with the
replacement of a potassium ion (molecular weight, 39.10) with a
proton (molecular weight, 1.01). According to a Metabolite MS
search, the peak at m/z 798.5 indicates [PC (16:0/18:1)+K]". In
the same manner, we concluded that m/z 796.5 corresponded to
[PC (16:0/18:21+K]" (Figure 5B).

The results of m/z 741.5 showed peaks of m/z 682.4 and 558.4
(Figure 5C). The peak at m/z 682.4 corresponded to neutral loss of
trimethylamine (59 Da), and the peak at m/z 577.5 corresponded
to neutral loss of trimethylamine (59 Da) and cyclophosphate
(124 Da). The peak at m/z 184 corresponded to trimethylamine
(59 Da), cyclophosphate (124 Da) and a proton ion (1 Da). These
results indicated that m/z 741.5 contained an alkali metal adduct
phosphocholine; therefore, m/z 741.5 was a PC or sphingomyelin
(SM) species. Applying the nitrogen rule to phospholipids, the odd
nominal mass indicated SM due to the presence of an additional
nitrogen in the sphingosine of SM. We thus concluded that m/z
741.5 was a SM species. The Metabolite MS search indeed
suggested that m/z 741.5 corresponded to [SM (d18:0/16:1)+K]".

Discussion

For more than a century, pathological examinations have been
the primary and most important tool for the diagnosis of cancerous
regions. Cancer classification itself has been established based on
the findings of classical staining methods such as HE staining, and
such methods will continue to play a leading role in cancer
diagnosis. However, the limitations of classification based on
classical staining findings should be noted. It is often the case that
patients with the same pathological diagnosis do not always have
the same prognosis. Diagnoses are often made based on
morphology. Using conventional pathological techniques, we can
only conduct morphological observations, and it is difficult to
reveal the details of components in tissue sections. In sifu
hybridization and/or immunohistochemistry analyses enable the
analysis of the distribution of known molecules; however, it has
remained impossible to examine the distribution of unknown
molecules. For a detailed and accurate diagnosis, it is necessary to
obtain information regarding components such as specific proteins
and lipids in a sample.

As an important technique in the proteome generation post-
genome era, MS has become widely used in numerous medical
fields for the diagnosis and treatment of various diseases, including
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Figure 3. Visualization of molecular distribution in case 1. We visualized ion images corresponding to the results shown in Table 1. In all
images, the cancer tissue is on the left and normal tissue is on the right. The distribution of the intensity for each m/z value was not constant in the

cancer and normal thyroid tissue.
doi:10.1371/journal.pone.0048873.g003

cancer. Numerous novel biomarkers have been identified thus far
using MS, which has since been expanded to include IMS [11,16],
a technique that enables analysis and visualization of the
distribution of individual biomolecules in any area of a tissue
section [17]. Thus, this approach is potentially of great signifi-
cance.

One IMS sequence creates a number of spectrums, To obtain
valid information from these spectrums, we performed the

PLOS ONE | www.plosone.org

addition of an adduct ion. In biological tissue, lipids tend to be
positively charged by a proton, sodium, and a potassium ion,
which indicates that the distribution of the positive ion influences
the distribution of lipids; different values tend to be obtained in the
IMS analysis results. In this study, we added potassium salt to the
matrix based on reports of Sugiura and co-workers who selectively
analyzed PC with different fatty acid compositions by the addition
of potassium salt to the matrix solution [18]. When added to the
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Table 2. Overview of the m/z values that had higher
expression levels in cancer regions of all cases.

Case 1 Case2 Case3 Case4 Case5 Case6 Case7
798.5* 798.5* 7018 798.5*  798.5*  798.7*  7984*
796.5% 741.5* 676.8 796.5% 741.5* 796.7* 8244
618.1 796.5* 6759 820.5 7725 824.7 796.4*
529.6 824.5 700.8 822.5 796.5* 8226 8224
580.2 7725 704.8 7725 8245 826.7 8204
504.2 760.6 798.5* 741.5* 599.0 8206 760.5
741.5* B26.6 796.4* 826.5 8205 748.3 826.5
664.2 822.5 820.4 7825 7825 760.8 7824
584.1 7825 824.5 8225 618.2 8484
622.0 820.5 8225 583.1 642.2 7725
527.2 748.2 848.5 826.5 7726 786.5
5423 758.5 509.3 8485 848.7 741.5*
615.0 B48.5 741.6% 7256 782.7 7584
546.2 786.6 7724 850.5 741.8* 846.4
704.1 725.6 8255 756.5 580.3 7845
659.8 784.6 846.4 748.2 758.7 850.5
666.2 691.3 850.5 844.4 774.3 748.1
508.3 851.6 849.5 8464 786.8 8105
561.0 846.4 844.4 760.6 784.7 8443
620.2 810.5 782.5 7805 746.4 7885
589.1 849.5 893.6 808.5 644.1 7345
770.5 851.6 8106 810.7 B806.4
7346 8285 504.3 703.5
850.6 786.6 844.5 770.1
B44.4 758.6 828.6 534.5
788.6 746.1 806.7 691.1
534.6 528.3 725.5
703.6 7428
769.6 691.5
8536 7736
675.4 5423
527.5
566.1
852.6
7223
568.2
725.8

doi:10.1371/journal.pone.0048873.t002

matrix, the potassium salt solution caused a merging of various ion
adducts (adducts with proton, sodium, and potassium) into one
single potassiated species. This approach enabled us to reduce a
number of peaks and made it easier to identify molecules of
interest.

In the previous report, we demonstrated the feasibility of IMS as
a tool for the analysis of pathological specimens [19]. We showed
that IMS can be used to profile biological molecules, including
subtypes of PLs. We focused on the distribution of PLs in thyroid
papillary cancer. PLs are present as a constituent of the cell
membrane and are also expressed in cancer tissue. The intensities
of most m/z values in cancerous regions are higher than those in

PLOS ONE | www.plosone.org
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normal regions; however, the intensity of some values (m/z 772.5,
782.5 and 848.5) in cancer regions was lower than that in normal
regions of tissue (see Figure 2 and Table 1). In general, malignant
cellular proliferation was stimulated due to cell growth factors,
which induce an increase in cell density and components of cancer
cells such as PLs. PLs are comprised of numerous combinations of
lipids that are based on their length, degree of acyl chain satiation,
and the polar head group. Figure 2 suggests that these differences
in intensity may arise from the distribution of the thyroid cancer-
specific fatty acids that are attached to PLs.

In breast cancer, PLs, especially PCs, in cancer tissues were
reported to have a relatively high level of linoleic acid (18:2) and
low levels of stearic acid (18:0) [20] and oleic acid (18:1) [21],
when compared with normal breast tissue. Luisa e¢f al. identified
the pattern in the PL pattern and class differences in breast cancer
cells [22]. In their report, cancer cells showed a high relative
abundance of PC (16:0/18:1) and PC (18:1/18:1) corresponding
to [MH]" at m/z 760 and 786. For SM, SM (18:1/16:0)
corresponding to [MH]" at m/z 703 was detected mainly in
cancer cells.

Another previous report showed that the mRNA of 1-
acylglycerol-3-phosphate-O-acyltransferase (AGPAT) 11 that effi-
ciently uses LPA (18:1) as an acyl acceptor and fatty acid 18:1 as
an acyl donor is significantly up-regulated in human breast and
cervical cancer [23]. Our results show that the m/z 798.5 peaks
contain fatty acid C18:1, and they are expressed strongly in
thyroid cancer regions. While a previous study revealed the
selection of specific fatty acid-binding PLs, we provide more
information on the relative changes of PLs in thyroid papillary
cancer.

In Figure 4, distribution of the intensity in m/z 741.5
corresponded to [SM (d18:0/16:1)+K]* and is different from the
intensity distribution in the others except for case 1 and 5. HE-
staining results showed that the area in which m/z 741.5 intensity
is expressed strongly mainly consisted of stromal and cancer
regions. We reported that the intensity of expressed SM was
higher in cancer and stromal regions than in normal regions in a
study of colon cancer liver metastasis [19]. Our result was
consistent with this report.

Stearoyl-CoA desaturase 1 (Scdl) is the rate limiting enzyme in
the cellular synthesis of monounsaturated fatty acids, including
C18:1, from saturated fatty acids. Falvella ef al. reported that Scd1
gene overexpression is associated with hepatocarcinogenesis in
mice [24]. Scaglia et al. reported that inhibition of Scdl expression
in human lung cancer cells impairs tumorigenesis, whereas the rate
of apoptosis was elevated [25]. These reports indicate that Scdl
causes an increase in C18:1 in cancer tissue.

The type of fatty acid influences cell shape and cell membrane
fluidity [9]. The alterations of cancer cell membrane fluidity may
influence the biological behavior of cancer such as invasion/
metastasis. IMS is the only tool that allows for the visualization of
the binding of fatty acids to PLs on tissue sections. Recently, an
increasing number of reports has focused on the relationship
between pathological insults and PLs, including PCs [26], i.e., the
remodeling pathway of PLs [27]. It is expected that IMS analysis
will help to achieve a better understanding of the relationship
between fatty acids and cancer mechanisms.

Using IMS, we directly profiled PC and SM expression from
tissue samples. This explorative profiling of PL on the basis of IMS
analysis provided results that emphasize the potential of IMS for
pathological diagnoses. The potential application of IMS analysis
in the clinical workflow has been suggested in a previous report
[28]. Compared to conventional methods such as MS and
immunohistochemistry, IMS has certain advantages as a clinical
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Figure 4. Visualization of molecular distribution of m/z values that were expressed to higher levels in cancer tissue from all cases.
The ROI of each case is defined by a dashed line in HE-staining images. The intensity of all values in the cancer region was higher than in normal
regions. The distribution of intensity in m/z 741.5 was different from the distribution of intensity in the other m/z values.

doi:10.1371/journal.pone.0048873.g004

application. Sample purification and extraction is necessary prior
to MS analysis. In addition, the performance of an antibody-based
assay in immunohistochemistry is always degraded to easily
observed changes in intensity or localization. On the other hand,
IMS analysis requires only a simple pretreatment, i.e., matrix
deposition and fixing the IMS condition settings. This means that
time is not lost between sample collection and analysis. It is

PLOS ONE | www.plosone.org

predicted that IMS will be readily introduced into the pathological
examination setting.

Recent studies have provided evidence of the clinical benefits of
IMS analysis, namely, that its profiles discriminate between other
diseases and prostate cancer [29] and the HER2 status of breast
cancer [30]. In these reports, IMS enabled the classification of
morphological and diagnostic features. A recently developed
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Figure 5. Identified molecules. (A) MS/MS data of m/z 798.5. The structure of one peak was analyzed. The product ion spectrum of m/z 798.5 as a
precursor ion was obtained by MS/MS of thyroid papillary cancer region. This biomolecule was identified by neutral loss as [PC (16:0/18:1)+K]". In the
same manner, in (B) m/z 796.5 was identified as [PC (16:0/18:2+K]". (C) m/z 741.5 was identified as [SM (d18:0/16:1)+K]*.

doi:10.1371/journal.pone.0048873.g005

variant of IMS analysis, referred to as “targeted imaging mass
spectrometry” (TIMS), was described by Thiery and colleagues
[31]. Such targeted analysis enabled the visualization of molecules
of interest directly from the tissue section by the use of laser
reactive photocleavable molecular tags attached to antibodies.
This approach provides quantification by estimating the signal
intensity, and an excellent signal-to-noise ratio in the resulting
spectrums. It is important to note that this diagnosis was made on
a single sample section; few cancer biopsies were available, and
more would be needed to quantitate a biomarker by IHC. In the
future, IMS analysis will provide new biomarkers and in turn, new
pathological categories, and could therefore become a critical
diagnostic tool in the clinical setting.

Materials and Methods

Ethics statement

Sample collection and archiving of patient data was performed
using written informed consent, and was approved by the ethical
committee of Kyoto University. This study was performed in
accordance with the Kyoto University guidelines for pathological
specimen handling.
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1. Sample preparation

Seven Japanese patients who underwent routine thyroidectomy
at Kyoto University Hospital were involved in the present study.
Six women and one man were included and the average patient
age was 52 years. There was no recurrence in all cases. Samples
were obtained from a thyroid cancer section and adjacent normal
tissue immediately after tumor resection. The pathological
diagnosis was papillary thyroid carcinoma. The obtained tissue
was frozen in liquid nitrogen immediately to minimize degradation
and was kept at —80°C. The tissue sections were sliced to a
thickness of 10 pm using a Cryostat (CM 1950; Leica, Wetzler,
Germany). One section was mounted onto an indium-tin-oxide-
coated (ITO) glass slide for IMS analysis. Another section adjacent
to that used for IMS was mounted onto a glass slide (MAS coat;
Matsunami, Osaka, Japan) for HE staining to identify cancer and
normal thyroid regions.

2. Matrix deposition

The matrix solution was prepared by dissolving 50 mg 2, 5-
dihydroxybenzoic acid (DHB; Bruker Daltonics, Leipzig, Ger-
many) in 1 mL 70% methanol and 10 mM potassium acetate.
DHB is a widely used matrix for low molecular weight molecules.
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The addition of potassium salt to the matrix solution caused a
merging of various ion adducts into one single potassiated species.
This approach enabled us to reduce the number of peaks and
simplified the identification of molecules of interest. A thin matrix
layer was applied to the surface of the tissue sections using a 0.2-
mm nozzle airbrush (Procon Boy FWA Platinum; Mr. Hobby,
Tokyo, Japan) maintained at 15 cm from the tissue surface. The
total amount of matrix solution on each slide was 1 mL. The
spraying technique enabled full matrix coverage over the entire
tissue surface and facilitated the co-crystallization of the matrix
and bio-molecules.

3. Imaging mass spectrometry analysis

The tissue sections were analyzed using a matrix-assisted laser
desorption/ionization-time-of-flight/ time-of-flight (MALDI-
TOF/TOF)-type instrument, Ultraflex II TOF/TOF (Bruker
Daltonics), which was equipped with a 355-nm Nd: YAG laser at
200 Hz repetition. Data were acquired in the positive-ion mode
using an external calibration method with ions from DHB,
angiotensin II and bradykinin. Their decomposition products
covered from m/z 100 to 1200. Calibration proteins were
deposited on the surfaces of sample materials. Each raster scan
was automatically performed in the regions of cancer and normal
tissue. The interval between data points was 100-pm, and 100
laser beam shots were irradiated on each data point. The mass
spectrometry parameters were optimized manually to obtain the
highest sensitivity with m/z values in the range of 400-900. All
spectra were acquired automatically using flexImaging 2.1
software (Bruker Daltonics), and the file format was converted to
enable analysis with Biomap (http://www.maldi-msi.org) and
SIMtools software (in-house software; Shimadzu Corporation).
The ion image was visualized using Biomap software.
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4. Comparison of signal intensities between cancer and
normal thyroid regions

IMS analysis results were integrated, and the ROI in cancer and
normal thyroid tissues were defined corresponding to HE results
using SIMtools software. The top 50 peaks excluding isotopic
peaks were picked from ROI that was defined as cancer and
normal thyroid region, and the statistical difference was deter-
mined by Welch t-test. Differences with p<<0.01 were considered
significant.

5. Comparison of results for all cases

We performed IMS and statistical analysis on all cases, and
picked the m/z value that had significantly higher expression in
cancer regions and was common in all cases.

6. Molecular identification

The common m/z values in all cases were employed for MS/
MS analysis for molecule identification. MS/MS analysis was
performed on tissue sections in the positive-ion mode using
QSTAR Elite (Applied Biosystems/MDS Sciex, Foster City, CA,
USA), a hybrid quadrupole/TOF mass spectrometer equipped
with an orthogonal MALDI source and a pulsed Nd: YAG laser.
Metabolite MS Search was used to determine the molecular
species of PLs. The matrix solution was prepared in the same way
as for IMS analysis. The mass spectrometry parameters were
optimized manually to obtain the highest sensitivity with m/z
values in the range of 100-850.

Author Contributions

Conceived and designed the experiments: SI IT TH SH MK MS.
Performed the experiments: SI TH YT. Analyzed the data: SI I'T TH NM
MS. Contributed reagents/materials/analysis tools: SI IT SH JI TH NM
YT MS. Wrote the paper: SI IT TH NM SH JI. Sample collection: SI IT
SO TK YK MK SH JL

14. Al-Saad K, Siems W, Hill H, Zabrouskov V, Knowles N (2003) Structural
analysis of phosphatidylcholines by post-source decay matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. ] Am Soc Mass
Spectrom 14: 373-382.

15. Hayasaka T, Goto-Inoue N, Sugiura Y, Zaima N, Nakanishi H, et al. (2008)
Matrix-assisted laser desorption/ionization quadrupole ion trap time-of-flight
(MALDI-QIT-TOF)-based imaging mass spectrometry reveals a layered
distribution of phospholipid molecular species in the mouse retina. Rapid
Commun Mass Spectrom 22: 3415-3426.

16. Caprioli R, Farmer T, Gile J (1997) Molecular imaging of biological samples:
localization of peptides and proteins using MALDI-TOF MS. Anal Chem 69:
4751-4760.

17. Enomoto H, Sugiura Y, Setou M, Zaima N (2011) Visualization of
phosphatidylcholine, lysophosphatidylcholine and sphingomyelin in mouse
tongue body by matrix-assisted laser desorption/ionization imaging mass
spectrometry. Anal Bioanal Chem 400: 1913-1921.

18. Sugiura Y, Setou M (2009) Selective imaging of positively charged polar and
nonpolar lipids by optimizing matrix solution composition. Rapid Commun
Mass Spectrom 23: 3269-3278.

19. Shimma S, Sugiura Y, Hayasaka T, Hoshikawa Y, Noda T, et al. (2007)
MALDI-based imaging mass spectrometry revealed abnormal distribution of
phospholipids in colon cancer liver metastasis. ] Chromatogr B Analyt Technol
Biomed Life Sci 855: 98-103.

20. Williams CM, Maunder K (1993) Fatty acid compositions of inositol and choline
phospholipids of breast tumours and normal breast tissue. European journal of
clinical nutrition 47: 260-267.

21. Chajes V, Niyongabo T, Lanson M, Fignon A, Couet C, et al. (1992) Fatty-acid
composition of breast and iliac adipose tissue in breast-cancer patients.
International journal of cancer Journal international du cancer 50: 405408,

22. Doria ML, Cotrim Z, Macedo B, Simoes C, Domingues P, et al. (2011)
Lipidomic approach to identify patterns in phospholipid profiles and define class
differences in mammary epithelial and breast cancer cells. Breast Cancer
Research and Treatment: 1-14.

November 2012 | Volume 7 | Issue 11 | e48873



23,

24,

25.

26.

27.

Agarwal A, Garg A (2010) Enzymatic activity of the human l-acylglycerol-3-
phosphate-O-acyltransferase isoform 11: upregulated in breast and cervical
cancers. ] Lipid Res 51: 2143-2152.

Falvella FS, Pascale RM, Gariboldi M, Manenti G, De Miglio MR, et al. (2002)
Stearoyl-CoA desaturase | (Scdl) gene overexpression is associated with genetic
predisposition to hepatocarcinogenesis in mice and rats. Carcinogenesis 23:
1933-1936.

Scaglia N, Igal RA (2008) Inhibition of Stearoyl-CoA Desaturase | expression in
human lung adenocarcinoma cells impairs tumorigenesis. International journal
of oncology 33: 839-850.

Linkous A, Yazlovitskaya E (2010) Cytosolic phospholipase A2 as a mediator of
disease pathogenesis. Cell Microbiol.

Shindou H, Hishikawa D, Harayama T, Yuki K, Shimizu T (2009) Recent
progress on acyl CoA: lysophospholipid acyltransferase research. J Lipid Res 50
Suppl: 546-51.

PLOS ONE | www.plosone.org

28.

29.

30.

31.

The Expression of Phospholipid in Thyroid Cancer

Cazares LH, Troyer DA, Wang B, Drake RR, John Semmes O (2011) MALDI
tissue imaging: from biomarker discovery to clinical applications. Anal Bioanal
Chem 401: 17-27.

Schwamborn K, Krieg RC, Reska M, Jakse G, Knuechel R, et al. (2007)
Identifying prostate carcinoma by MALDI-Imaging. Int ] Mol Med 20: 135-
159.

Rauser S, Marquardt C, Balluff B, Deininger SO, Albers C, et al. (2010)
Classification of HER2 receptor status in breast cancer tissues by MALDI
imaging mass spectrometry. ] Proteome Res 9: 1854-1863.

Thiery G, Shchepinov MS, Southern EM, Audebourg A, Audard V, et al. (2007)
Multiplex target protein imaging in tissue sections by mass spectrometry—
TAMSIM. Rapid Commun Mass Spectrom 21: 823-829.

November 2012 | Volume 7 | Issue 11 | e48873



Anal Bioanal Chem (2012) 403:1775-1776
DOI 10.1007/s00216-012-5922-x

EDITORIAL

Biomedical mass spectrometry

Toyofumi Nakanishi - Mitsutoshi Setou -
Tomiko Kuhara

Published online: 10 April 2012
© Springer-Verlag 2012

The 36th Annual Meeting of the Japanese Society for Bio-
medical Mass Spectrometry (JSBMS) was held on September
15 and 16, 2011, in the Galaxy Hole Room in Hotel Hankyu
Expo Park, Osaka, Japan. The theme of the meeting was
“New challenges not for clinical research but for medical
services: from mass profiling to mass imaging ” and covered
a variety of biomedical applications, such as diagnosis and
disease state assessment of inherited metabolic disorders,
forensic toxicological analysis, proteomics, metabolomics,
and imaging mass spectrometry. At this meeting, we partially
collaborated with the Japan Society of Mass Spectrometry
(JSMS) during the invited sessions on the first day.

On the first day, there was joint program with the JSMS
in the afternoon session. We invited four famous research-
ers: Prof. Shu-ichi Ikeda from Shinshu University (School
of Medicine)—he presented a lecture entitled “Pathogenesis
and therapeutic approaches in systemic amyloidosis™; Dr.
Pierre Chaurand from Montreal University (Department
of Chemistry)—he presented a lecture entitled “Imaging
mass spectrometry: current performances and upcoming
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challenges™; Dr. Yoshinao Wada, General Director of the
Osaka Prefectural Research Institute for Maternal and
Child Health—he presented a lecture entitled “Past and
future trends of biomedical applications: measuring
quality or quantity”; and Prof. Frantisek Turecek from
Washington University (Department of Chemistry)—he
presented a lecture entitled “Tandem mass spectrometry
and clinical enzymology: toward newborn screening of
lysosomal storage disorders.” Also, on the same day,
three young scientists (Dr. Daisuke Saegusa from
Tohoku University, Dr. Ikuko Yao from Kansai Medical
University, and Dr. Mototada Hichiri from the National
Institute of AIST) won the awards for the best poster
presentations. There was a symposium on forensic and
toxicological mass spectrometry, organized by Dr.
Hitoshi Tsuchihashi from Osaka Medical College. In
this session, a surprise guest presented a lecture entitled
“Drug history in a longitudinally sliced hair section by
MALDI imaging.” The group concerned were the first
to demonstrate the traceability of drug history every few
hours using only a sliced hair section (J. Mass Spec-
trom. 46:411-416, 2011).

Fig. 1 Participants of the 36th
Annual Meeting of the Japanese
Society for Biomedical Mass
Spectrometry in Osaka Senri

On the second day, there were two symposia, entitled
“New applications to clinical microbiology by mass spec-
trometry,” organized by Prof. Fumio Nomura from Chiba
University, and “Developments of imaging mass spectrom-
etry,” organized by Prof. Mitsutoshi Setou from Hamamatsu
Medical University. In workshops I and II, there were tech-
nical sessions. One was entitled “Current MS technology
and its associate techniques,” organized by Prof. Shigeo
Ikegawa from Kinki University and Prof. Kuniaki Saito
from Kyoto University. The other was entitled “Applica-
tions of MS techniques: questions and answers for good-
quality MS data,” organized by Dr. Takeshi Kasama from
Tokyo Medical and Dental University and Toshie Takahashi
from Tokyo University.

This special issue is based on the presentations at the 36th
Annual Meeting of JSBMS in Osaka Senri. There were 23
oral presentations (three regular sessions, three symposia,
and four invited lectures), 36 poster presentations, and 202
participants at this meeting (see Fig. 1). We would like to
thank all speakers, presenters, participants, and staff mem-
bers for the excellent papers, earnest discussion, and coop-
eration at this fruitful meeting.
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Challenge of Mass Spectrometry toward the Elucidation of
Life Phenomena

Development of Imaging Mass Spectrometry
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We have developed a mass microscope in which a microscope is combined with high-resolution matrix
assisted laser desorption/ionization-imaging mass spectrometry (MALDI-IMS). This technique is a powerful
tool for investigating the spatial distribution of biomolecules without the need for any time-consuming ex-
traction, purification, and labeling procedures for biological tissue sections. The mass microscope provides
clear images with regards to the distribution of hundreds of biomolecules in a single measurement, and also
helps in determining the cellular profile of the biological system. In this review, we focus on some of the re-
cent developments in clinical applications and describe how the mass microscope can be employed to assess

pathomorphology and pharmacokinetics.
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1. INTRODUCTION

Imaging is a technique that can be used to visualize cellular
and molecular processes that occur in living organisms in a
two-dimensional (2-D) or three-dimensional (3-D) fashion,
without perturbing the structure of the system. The vari-
ous techniques currently available include X-rays,” nuclear
magnetic resonance,” cryo-electron microscopes,” positron
emission tomography,” immunohistochemistry,”™ green
fluorescent protein labeling,”'? and luciferase.!” The green
fluorescent protein labeling technique involves over expres-
sion of the fusion protein of the concerned molecule and
green fluorescent protein.'>!¥) However, these techniques can
only provide information on the structure of the material.
There is also a “nonlabeling” technique even at the electron
microscopic level,” and yet there is still a serious limitation
on the object preference. Imaging mass spectrometry (IMS)'®
is an emerging technique that is expected to at once resolve
these problems in conventional morphological examinations.
In IMS, mass spectra associated with spatial information can
be simultaneously recorded to obtain expression patterns of
various molecules in specimens to be analyzed. This new
generation of mass spectrometry (MS) has been used for the
analysis of biological compounds at either the tissue'*™'? or
single-cell level.?>2 Recent IMS studies have been conducted
on a variety of topics, including biological applications*~>?
and pathological applications.’!*? In addition to the analy-
sis of protein described in the above references, direct lipid
analysis in mammalian tissues’™?* has also been conducted,
and histopathological materials*” and pharmacokinetics in rat
whole body sections®® have been studied.

IMS can be used to visualize the spatial distribution of
biomolecules based on the mass-to-charge ratio (m/z) of the
target molecule in the mass spectrum. Several ionization
methods, such as desorption electrospray ionization (DESI),*”
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secondary ion mass spectrometry (SIMS).*® and matrix-as-
sisted laser desorption/ionization (MALDI) have been inves-
tigated.” DESI is an ionization technique by which the mol-
ecules are ionized without addition of organic matrix under
ambient conditions. In this method, the surface of the sample
is analyzed by charged droplets of solvent, generated during
the electrospraying. DESI has a limited spatial resolution of
0.3-0.5mm, which is not a sufficiently high resolution for im-
aging. SIMS on the ion microprobe offers the best combina-
tion of spatial resolution (20 gm beam diameter) and precision
(0.2 per mL for sulfur isotopes). This technique is applicable
for the analysis of small molecules (<1kDa) because the high
energy of the SIMS causes the fragmentation of larger mole-
cules. On the other hand, MALDI is used to visualize biomol-
ecules such as lipids less than 1kDa as well as peptides and
proteins over 10kDa.

MALDI-IMS is a powerful tool that allows the simulta-
neous mapping of hundreds of molecules in a tissue section
in a single measurement. To use a mass spectrometer as an
imaging instrument, it is essential for the spectrometer to
be equipped with an automatic rastering function, automatic
data acquisition system, and visualization software. Recently,
several manufacturers have released novel instruments hav-
ing these features. Almost all manufacturers have developed
in-house software for their instruments and have included
a driver for instrument and image reconstruction. On the
other hand, the user-friendly visualization software BioMap*®
is freely available; it is used commonly in mass imaging
(MALDI MSI HP, http://www.maldi-msi.org/content).

Our group has developed the original equipment in collab-
oration with Shimadzu Corporation of Japan and extended the
techniques for molecular profiling of different tissue samples,
such as brain,* liver,* testis,’” and retina*® of mice, and
colon cancer in human,*” involving sample preparation,?>48-50
and the nanoparticle-based ionization process in IMS.%%3 In
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