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Abstract

Development of methods for rapid distinction between cancerous and non-neoplastic tissues is an
important goal in disease diagnosis. To this end, desorption electrospray ionization mass
spectrometry (DESI-MS) imaging was applied to analyze the lipid profiles of thin tissue sections of
68 samples of human prostate cancer and normal tissue. The disease state of the tissue sections was
determined by independent histopathological examination. Cholesterol sulfate was identified as a
differentiating compound, found almost exclusively in cancerous tissues including tissue containing
precancerous lesions. The presence of cholesterol sulfate in prostate tissues might serve as a tool for
prostate cancer diagnosis although confirmation through larger and more diverse cohorts and
correlations with clinical outcome data is needed.
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Evidence is provided that cholesterol sulfate might serve as an indicator for prostate cancer,
following its detection by desorption electrospray ionization (DESI) imaging mass
spectrometry (MS) in prostate tissue samples shown by histopathological examination to be
cancerous or precancerous. The desire to distinguish rapidly between diseased and healthy
tissues (even in vivo or intra-operatively1) makes it important to identify new molecular targets
for disease detection and diagnosis. As part of a program aimed at addressing these issues,
DESI-MS imaging was applied to analyze the lipid profiles of thin tissue sections of human
prostate cancer under ambient conditions and to compare these images with those for non-
cancerous tissue, typed as normal tissue in routine histopathological examination. Cholesterol
sulfate (CS) was observed almost exclusively in cancerous tissues and high grade prostatic
intraepithelial (PIN) neoplasia as determined by histopathological examination, but it was not
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detected in normal tissue by DESI-MS. This is the first report of CS as a potential tumor marker
for human prostate cancer.

Mass spectrometry has long been used to image the distributions of proteins, lipids and other
specific compounds in tissue. This information is potentially valuable in the development of
new disease diagnostic methods and in advancing the fundamentals of disease biology.2~*
Amongst the MS imaging methods, DESI-MS allows ambient tissue imaging® © and it appears
from preliminary studies to have significance in disease diagnasis in several organs, including
provision of information on tumor margins from the spatial distributions of phospholipids.’
Correlations between the spatial distributions of a broad range of biomolecules in tissue
samples provide information that could be important in the diagnosis and treatment of disease.
8 The abundance of ions of any particular m/z value and hence the distribution of the
corresponding molecule in the tissue sample can be represented in the form of a DESI-MS
image. Although the methodology can be used to generate an image of any ion observed in the
mass spectrum, selected ion images from limited set of molecular species for each sample
analyzed are most useful and these are displayed here.

Amongst the most abundant signals detected in the negative ion DESI mass spectrum of tissue
samples are those due to fatty acids and polar lipids. It is known that alterations in the lipid
composition of tissues occur in various forms of cancer.9 10 In particular, cholesterol sulfate
(CS), an important sterol sulfate present in a variety of mammalian tissues and known for its
stabilizing and regulatory role as a cell membrane component, has been reported!! as a potential
tumor marker in human uterine cervical carcinoma tissue. The same study showed that CS is
co-expressed with transglutaminase-1 and cytokeratin in well-differentiated types of squamous
cell cancers as a tumor marker. Increased accumulation of CS has also been observed in
tumorigenic esophageal rat cells.12

DESI-MS imaging data on human prostate tissue presented here show that CS is found almost
exclusively in cancerous tissues and high grade prostatic intraepithelial neoplasia (PIN), a
pathology considered to represent precancerous lesions. These correlations are based on
standard histological hematoxylin and eosin (H&E) stained sections and DESI-MS acquired
images. This behavior of CS is qualitatively different to that of other lipids, including particular
glycerophospholipids (GPs) and free fatty acids (FAS) which occur in both diseased and healthy
tissue samples although with differences in relative amounts.

Mass spectra and ion images from the analysis of 68 prostate tissue samples from 34 different
patients were obtained by DESI-MS. Identification of the compounds responsible for the peaks
observed in the mass spectra was made based on collision-induced dissociation (CID) tandem
MS experiments and by comparison of the product-ion mass spectra to reported literature data
or to spectra generated from the standard compounds.3 The ions observed correspond to three
major lipid classes; glycerophosphoinositols (PI), glycerophosphoserines (PS) and fatty acids
(FA). A peak at mass/charge ratio (m/z) 465.4 was observed at high relative abundance during
the analysis of cancerous prostatic tissues (Figure 1A) and was not detected in normal tissue
(Figure 1B). This peak was tentatively assigned as cholesterol sulfate and when these ions were
subjected to tandem MS experiments for structure elucidation, the main fragment ion was
observed at m/z 97.0 and assigned as the [HSO,4] ™ ion (Figure 1C). The standard compound,
sodium cholesteryl sulfate (Sigma-Aldrich Inc., Milwaukee, WI), was subjected to tandem MS
experiments under the same conditions and gave identical results (Figure 1D). For further
confirmation, the isotopic distribution of the molecular ion at m/z 465.4 (insets of Figures 1C
and 1D) was found to agree with the proposed molecular formula.14

The association of cholesterol sulfate, identified by the DESI-MS data, with diseased tissue is
provided by pathological examination of the H&E stained sections. The latter information is
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used to label the tissue sections in the figures shown below. All human tissue samples were
handled in accordance with approved institutional review board (IRB) protocols at Indiana
University School of Medicine. Standard DESI-MS imaging conditions were used to analyze
the tissue samples in the negative ion mode (Materials and methods are available in the
Supporting Information). In addition to displaying cholesterol sulfate images from individual
tissue sections, principal component analysis (PCA) was employed to generate images of these
sections from the entire set of DESI mass spectra. . The resulting PCA images represent a
simple and unsupervised way to visually inspect all the DESI data for identification of tumor
and normal regions based on color-coded differences between the tumor and normal samples.
Further analysis of the PCA-derived loading plots shows the peak corresponding to cholesterol
sulfate to be a primary contribution to separation of tumor and control in the generated images
(Figure S1, Supporting Information), reinforcing the conclusions of this work. Since diagnosis
in this case, based on the detection of cholesterol sulfate, is so clear-cut no advantage is gained
by extending the data analysis to other compounds.

Representative tumor and normal tissue section images from one patient, case number
MHO0107-01, are shown in Figure 2 (tumor and normal tissue appear on the left and right side
of the images, respectively). Similar intensities were observed for m/z 788.4 (PS(18:0/18:1))
(Figure 2A) and m/z 885.5 (P1(18:0/20:4)) (Figure 2B). The notation (X:Y) represents the
number of carbon atoms and double bonds in the fatty acid chains, respectively. Remarkably,
cholesterol sulfate (m/z 465.4) was observed exclusively in the cancerous tissue, enabling its
clear identification (Figure 2C). To broaden the analysis, the diagnosis was supported by the
PCA generated image which also reveals clear differences between the tumor and normal
tissues (Figure S3). Cancerous and normal prostate tissue samples from another patient, case
number MHO0301-17 (Figure S4) show the same relative intensity in disease and normal tissue
for the selected PS, Pl and FA ions. The cancerous tissue is most clearly identified by observing
the significantly increased intensity of CS which is undetectable in the normal tissue.

H&E stained and DESI-MS images of CS are shown for another 10 tissue samples in Figure
3. For the samples shown in panels A, B and C, CS signals are observed in certain regions of
the otherwise normal tissue in the DESI ion images, which correspond to precancerous lesions
or high grade prostatic intraepithelial neoplasia (PIN) as determined by pathological
examination. The sample shown Figure 3D consists of another case in which one tissue section
is completely normal and the other has PIN, and where CS is undetectable in the normal tissue
and present in regions of the PIN section. Figure 3E shows a case in which both tissue sections
contain PIN, with corresponding CS by DESI-MS. High grade PIN is characterized by a
proliferation of malignant prostatic epithelial cells in prostatic ducts and acini and it is a
precursor to the majority of prostatic adenocarcinomas.

A close examination of the image obtained for CS shown in Figure 2C, reveals that within the
normal tissue, a small localized signal for CS was observed at a spot near the bottom of the
tissue. This indicated that a region of PIN might be present in the normal tissue section and in
order to follow up on this indication, twenty additional serial sections for this tissue specimen
(case number MHO0107-01) comprising the entire tissue were analyzed. Ten serial sections
spaced throughout the 20 sections used for DESI-MS analysis were subjected to independent
H&E staining. Pathological examination of these additional H&E stained tissue sections as
well as the original H&E stained section (Figure 2D) confirmed that the specific region in
which CS is observed contains precancerous lesions, or high grade prostatic intraepithelial
neoplasia (PIN). lon images of CS for four of these sections are shown in Figure 2 (E-H) and
the additional sixteen sections are shown in Figure S2. In all the tissue sections analyzed, CS
signal was undetectable in the normal tissue region while it was observed as the main peak in
mass spectra recorded for the cancerous tissue as well as in the small region of the normal
tissue identified as containing PIN.
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In addition to the above 20 sections from a single patient, a total of 68 tissue samples from 34
different patients were analyzed by DESI-MS imaging. Of the 68 tissue samples, 7 were
diagnosed following H&E staining as normal tissue, 19 as cancerous tissue, 30 as containing
PIN within normal tissue, 4 as containing cancer cells and PIN and 8 as probable PIN, as
described in detail in Table S1. Cholesterol sulfate detection by DESI-MS correctly correlated
to cancerous or high grade PIN tissue as determined from pathological examination of the H&E
stained tissues in 64 of the 68 tissue samples. In addition to the results already shown, those
for some additional samples are displayed in Figures S5 and S6 in the Supporting Information.
In two of the four non-correlating samples, cholesterol sulfate was detected in localized regions
within the normal tissues, potentially indicating the presence of precancerous lesions, but
pathological examination of the H&E stained sections did not confirm this (results for one of
these two samples are presented in Figure S7 in the Supporting Information). Two
interpretations are possible, first that these two cases are false positives and second, the results
obtained for these two samples indicate early stage prostatic neoplasia not yet discernible by
morphological examination. The other two non-correlating tissue samples are from a sample
pair which yielded completely inverted results; CS was detected in normal tissue and not
detected in cancerous tissue, resulting in both a false positive and a false negative. Overall, the
results suggest that DESI tissue imaging not only enables clear differentiation between
cancerous and normal tissues due to the presence of the tumor marker CS but that it might also
be useful to detect precancerous lesions found within normal tissues. This preliminary
interpretation is made with caution, especially given continuing concerns regarding
unsubstantiated claims of biomarkers.® The presence of cholesterol sulfate in prostate tissues
might serve as a tool for prostate cancer diagnosis although confirmation through larger and
more diverse cohorts and correlations with clinical outcome data are needed.

Future studies will also focus on investigating and understanding the biological processes
responsible for the differential expression of CS in human prostate cancer and its role in
malignancy. The metabolic state associated with of high levels of CS in prostate cancer is not
known but it could be linked to known high fatty acid synthesis and/or androgen
synthesis16~18. Furthermore, CS is known to be an activator of the eta (n) isoform of protein
kinase C (PKC), which is expressed in epithelial tissues and involved in cellular differentiation,
indicating that CS modifies cell carcinogenesis.1® CS also regulates serine proteases perhaps
including prostate-specific antigen (PSA), the main biomarker currently used in screening for
prostate cancer in human serum. Therefore, it is possible that the metastatic activity that affects
PSA levels directly or indirectly affects CS levels. We expect that CS should be detectable at
increased levels in the biological fluids of prostate cancer patients. If so, correlations should
be sought between these levels and independent makers of disease progression in an attempt
to provide a tool for improved disease management.
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Figure 1.

Typical negative ion mode mass spectra of (A) human prostate cancer and (B) normal tissue
in the range of m/z 150 — 1000. Tandem mass spectra (C) of assigned cholesterol sulfate (m/
z 465.4) from human prostate cancer tissue and (D) of standard cholesterol sulfate sample. The
insets show the isotopic patterns of respective cholesterol sulfate ions. The characteristic
fragmention at m/z 97 was observed for both the standard and the molecule detected in prostatic
tissue.

Anal Chem. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eberlin et al.

Original Section
PS(18:0/18:1) PI1(18:0/20:4)
m/z 788.4 m/z 885.5

E

Cholesterol Sulfate F Cholesterol Sulfate

m/z 465.4 m/z 465.4

o

A

Figure 2.

C Cholesterol Sulfate

m/z 465.4

Cholesterol Sulfate

m/z465.4

Page 7
D H&E Stained
{ 'i -
? .'/ / 'A >,y
4 ° {
Tumor

Normal

Cholesterol Sulfate
m/z 465.4

Negative ion mode tissue imaging of prostate tissue showing areas of cancer and normal tissue
in sample MH0107-01 (left and right sides, respectively, for each of eight images). (A) lon
image of m/z 788.4, PS(18:0:18:1), (B) lon image of m/z 885.5, P1(18:0/20:4), (C) lon image
of m/z 465.4, cholesterol sulfate and (D) H&E stained tissue sections of the tumor tissue and
normal. lon images of m/z 465.4, cholesterol sulfate, in four additional sections taken from
among 135 serial sections obtained by cutting a 2.7 mm thick tissue block into serial sections

are shown as E-H.
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Figure 3.

DESI-MS ion image of m/z 465.4, cholesterol sulfate, in the negative ion mode, and H&E
stained image of prostate samples (A) MH0202-37, cancer and adjacent normal tissue with
PIN, (B) MH212-04, cancer and normal tissue with PIN, (C) UH0003-32, cancer and normal
tissue with PIN, (D) UH0003-12, PIN and normal tissue and (E) UH0002-29, PIN detected
within normal regions of tissue.
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