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MALDI Imaging on Tissue Microarrays Identifies Molecular
Features Associated with Renal Cell Cancer Phenotype
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Abstract. Aim: To identify molecular features associated
with clinico-pathological parameters in renal cell cancer.
Materials  and  Methods:  Matrix-assisted  laser
desorption/ionization (MALDI) mass spectrometry imaging
was employed for a kidney cancer tissue microarray
containing tissue samples from 789 patients for which clinical
Sfollow-up data were available. Results: A comparison of mass
spectrometric signals with clinico-pathological features
revealed significant differences between papillary and clear
cell renal cell cancer. Within the subgroup of clear cell RCC,
statistical associations with tumor stage (seven signals,
p<0.01 each), Fuhrman grade (seven signals, p<0.0001
each), and presence of lymph node metastases (10 signals,
p<0.01 each) were found. In addition, the presence of one
signal was significantly linked to shortened patient survival
(p=0.0198). Conclusion: Our data pinpoint towards various
molecules with potential relevance in renal cell cancer. They
also demonstrate that the combination of the MALDI mass
spectrometry imaging and large-scale tissue microarray
platforms represents a powerful approach to identify
clinically-relevant molecular cancer features.

Renal cell carcinoma (RCC) accounts for more than 80% of
renal tumors. Its incidence is rising steadily by 2-4% per
year, making it now the seventh most common cancer type
(1). In the US, more than 60,000 new cases have been

*These Authors contributed equally to this work.

Correspondence to: Professor Dr. Hartmut Schliiter, Institute of
Clinical Chemistry, University Medical Center Hamburg-Eppendorf,
Bldg. N27, Room 00.008, Martinistr. 52, 20246 Hamburg,
Germany. Tel: +49 40741058795, Fax: +49 4041040097, e-mail:
hschluet@uke.de

Key Words: MALDI mass spectrometry imaging, MALDI-MSI,
tissue microarray, renal cell cancer, biomarker.

0250-7005/2014 $2.00+.40

diagnosed in 2010 and about 15,000 patients have died from
their cancers (1). The molecular mechanisms underlying
disease progression are still largely unknown. Accordingly,
molecular markers allowing for a prediction of the clinical
course of this disease are missing.

Molecular prognostic markers can only be identified if
large and clinically well-defined patient cohorts are available
for molecular analyses. The tissue microarray (TMA)
technology has become a standard tool for large-scale tissue
analysis allowing for parallel analysis of hundreds of tissue
samples in one experiment (2). However, ‘classical’ TMA
analysis using for example immunohistochemistry to identify
protein expression is limited by the fact that usually only one
protein can be analyzed on one slide and at the same time.
Matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry imaging (MSI) is a promising tool for the high-
throughput analysis of molecular features, including multiple
different peptides and proteins, in one experiment (3). A
combination of both approaches, i.e. the TMA and MALDI-
MSI technology, thus enables for both, large-scale and highly
paralleled screening of patient tissues.

In the present study, we have employed MALDI-MSI to
search for tumor-associated masses in a set of TMAs including
789 kidney carcinomas. We found a multitude of m/z signals
associated with different features of renal cell cancer, including
stage, grade, histological subtype, as well as patient prognosis,
some of which may have potential for clinical relevance.

Materials and Methods

Tissues. Two TMA sections containing one formalin-fixed and
paraffin-embedded tissue punch (diameter 0.6 mm) each from 978
patients with kidney cancer undergoing surgery between 1970 and
2005 at the Departments of Urology in Hamburg (Germany) and
Basel (Switzerland) were included in this study. Presence of
tumor cells in the tissue spots was confirmed by visual inspection
of the hematoxylin and eosin-stained slides after MALDI-MSI
analysis. A total of 189 tissue spots were excluded from analysis
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because they were either lacking cancer cells or completely
absent in the TMA sections. The pathological and clinical
parameters of the remaining 789 tumors included in this study are
described in Table I.

Sample preparation, matrix deposition, and MALDI-MSI analysis.
The MALDI procedure used in this study had been previously
described in detail (4). In brief, 6 um TMA sections were mounted
onto indium-tin-oxide (ITO)-coated conductive glass slides (Bruker
Daltonics, Bremen, Germany) and air-dried. After deparaffinization
and antigen retrieval in pH 2 buffer (Retrievit TM2, Target
Retrieval Solution 10X; Biogenex, Fremont, CA, USA), slides were
covered with trypsin solution (20 ug porcine Trypsin in 200 ul of
40 mM ammonium bicarbonate) using an ImagePrep device
(Bruker Daltonics). Digital images of the slides and the tissues
were obtained using a flatbed scanner before the matrix was
deposited. The matrix solution [400 mg 2,5-dihydroxybenzoic acid
(DHB; Bruker Daltonics) in 13,3 ml 50% methanol/water and 1%
trifluoroacetic acid] was sprayed onto the sample using an
ImagePrep device (Bruker Daltonics). Mass spectra were acquired
using an autoflex speed MALDI time of flight mass spectrometer
(Bruker Daltonics) equipped with a smartbeam II laser and
controlled by the flexControl 3.3 software package. Spectra were
acquired in positive reflectron mode in an m/z range of 500-3680 at
a sampling rate of 1.0 GS/s. A total of 500 single spectra per pixel
at a laser shot frequency of 1000 Hz at constant laser power were
accumulated. Each spot position was systematically analyzed row
by row to sample the entire spot area with a lateral resolution of
80 wm. Data analysis and image generation was carried out with
flexImaging 3.0 (Bruker Daltonics). The total ion current of each
spectrum was used for signal intensity normalization. Following
MSI analysis, the matrix was removed, and the hematoxylin and
eosin-stained slides were scanned in order to spatially relate the
signal intensities to histological structures in the individual tissue
spots. Only signals that typically co-localized with cancer cells
were classified.

Data analysis. Selection of peaks was performed with
flexAnalysis on every single spectrum. The signal list for each
spectrum was exported and loaded into in-house software to be
prepared for statistical analysis. For each signal, the average
intensity was calculated for each TMA spot, and TMA spots were
classified as negative or positive by unsupervised clustering. The
clustering algorithm automatically determined the optimal
thresholds between negative and positive for each signal using the
local optimization method. The clustering results were correlated
to clinical data using the JMP software package (SAS Institute
Inc., Cary, NC, USA).

Statistics. For statistical analysis we used the JMP 9.0.2 software.
Contingency tables were calculated to study the association
between the presence or absence of selected signals and tumor
stage and grade, as well as other clinico-pathological variables,
and the Chi-square (likelihood) test was used to find significant
relationships. Kaplan—Meier curves were generated for overall
survival. The log-rank test was applied to test the significance of
differences between stratified survival functions. Cox proportional
hazards regression analysis was performed to test the statistical
independence and significance between pathological, molecular,
and clinical variables.
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Table 1. Pathological and clinical data of the arrayed kidney
carcinomas.

No. of patients
Study cohort on TMA

(n=789)

Mean follow up (months) 59.5
Age (years)

<50 106

50-60 220

61-70 266

>70 193
Gender

Male 482

Female 303
Histology

Clear Cell 528

Chromophobic 41

Papillary 112

Other types* 42
pT category

pT1 298

pT2 120

pT3-4 299
Grade category

1 95

2 279

>3 244
pN category

pNO 344

pN1 56

Numbers do not always add up to 789 in the different categories
because of cases with missing data. *Including sarcomatoid cancers and
unknown histologies.

Results

Technical issues. A total of 25 distinct MALDI-MSI signals
corresponding to cancer cells were identified in the current
study. The signals were found in 4.4-76.3% of the 789 arrayed
carcinomas, ranging from m/z 603.7 to m/z 3315.5, including
m/z 603.7, 604.2, 614.9, 6164, 619.4, 631.5, 644.8, 649.6,
675.7, 803.9, 805.8, 945.1, 1032.3, 1047.0, 11054, 1179.0,
1198.8, 1274.6, 14599, 1477.7, 1529.6, 2056.2, 2728.7,
2960.3, and 3315.5. Representative images of MALDI analysis
are shown in Figure 1.

Signals associated with RCC histology, tumor stage, Fuhrman
grade, and presence of nodal metastasis. A comparison of
detectable MALDI-MSI signals among the different histological
tumor types showed only moderate differences, including two
signals that were found more frequently in papillary (40%/35%)
and chromophobe cancer (41%/34%) as compared to clear cell
carcinoma (30%/25%), namely m/z 1529.6 and 2056.2, but the
difference was statistically significant only between papillary
and clear cell cancer (p=0.0371 for m/z 1529.6 and p=0.0297
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Figure 1. Representative images from matrix-assisted laser desorption/ionization mass spectrometric imaging (MALDI-MSI) analysis. Upper panel:
Hematoxylin-eosin staining; lower panel: MALDI-MSI. A: Overview of one tissue microarray slide. B: Magnified image of a papillary kidney cancer
tissue spot (diameter 0.6 mm) showing signals with an intensity ranging from dark (negative) to bright (highest) for m/z 631.5. C: Tissue spot of a

clear cell renal cell carcinoma virtually lacking signals for m/z 631.5.

for m/z 2056.2, Table II). One additional signal, m/z 1274.6,
was substantially less frequently observed in chromophobe
(2.4%), compared to papillary (11%, p=0.0697) and clear cell
cancer (10%, p=0.0784), but the difference did not reach
statistical significance. Comparisons with tumor stage, Fuhrman
grade, and presence of nodal metastasis were limited to clear
cell RCC, the only tumor type with sufficient numbers for
statistical analyses on our TMA (n=528). In clear cell RCC, we
found a total of 15 m/z signals that were linked to one or more
phenotypic features of RCC. Strongest associations were seen
between m/z 603.7, 6149, 6164, 1198.8, 1529.6, 2056.2, and
2728.7 and tumor stage (p<0.01 each), between m/z 603.7,
6149,6164,11054,1477.7,1529.6, and 2728.7 and Fuhrman
grade (p<0.0001 each), as well as m/z 603.7, 614.9, 6164,
644.8, 11054, 1459.9, 1477.7, 1529.6, 2728.7 and 2960.3 and
the presence of lymph node metastases (p<0.01 each). All
associations are shown in Table III.

Associations with clinical outcome. In order to investigate
the prognostic impact of individual m/z signals, we
analyzed the associations between presence of individual
m/z signals and overall survival in the subset of n=528
clear cell RCC. The presence of one signal, m/z 1105 .4,
was significantly linked to shortened overall patient
survival in univariate analysis (p=0.0198, Figure 2), but not
in a multivariate analysis including the established
prognosticators pT stage, Fuhrman grade, and nodal stage
(p=0.0879, Table IV).

Discussion
In our study, we applied MALDI-MSI to a tissue microarray
including 789 kidney carcinomas. The results of this analysis

identified distinct signals linked to RCC histology, tumor
progression, and patient prognosis.
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Table II. Associations between m/z signals and histological kidney cancer subtype.

m/z Clear cell (n=528) Papillary (n=112) Chromophobe (n=41) p-Value
Clear cell vs. Clear cell vs. Papillary vs.
papillary chromophobe chromophobe
603.7 443 455 39.0 0.8139 0.5087 0.4707
604.2 28.4 295 31.7 0.8228 0.6557 0.7894
614.9 37.3 37.5 36.6 0.9700 0.9262 09174
616.4 46.4 50.0 36.6 0.4886 0.2207 0.1384
619.2 53.2 46.4 46.3 0.1915 0.3959 0.9924
631.5 553 58.9 65.9 0.4817 0.1850 0.4345
644.8 54.7 554 512 0.9043 0.6637 0.6494
649.6 28.8 37.5 39.0 0.0727 0.1766 0.8635
675.7 65.0 67.0 732 0.6851 0.2775 0.4595
803.9 60.0 56.3 63.4 0.4598 0.6690 0.4241
805.8 553 58.0 634 0.5963 0.3100 0.5468
945.1 754 77.7 732 0.6032 0.7544 0.5641
1032.3 45.8 44.6 46.3 0.8182 0.9499 0.8517
1047.0 159 152 22.0 0.8466 0.3316 0.3334
1105.4 65.2 68.8 56.1 0.4633 0.2496 0.1493
1179.0 18.6 214 244 0.4879 0.3735 0.6983
1198.8 56.1 63.4 53.7 0.1517 0.7657 0.2773
1274.6 9.5 10.7 24 0.6894 0.0784 0.0697
1459.9 48.1 464 58.5 0.7468 0.1974 0.1838
1477.7 349 348 36.6 0.9956 0.8228 0.8400
1529.6 299 40.2 41.5 0.0371 0.1323 0.8861
2056.2 24.6 348 342 0.0297 0.1898 0.9380
2728.7 322 30.4 244 0.7033 0.2899 0.4654
2960.3 19.3 14.3 22.0 0.2006 0.6861 0.2677
3315.5 49 4.5 49 0.8352 0.9895 09142
Significant p-values are indicated by bold face type.
Differences between histological tumor types included two 1.0
signals, m/z 1529.6 and 2056.2, that occurred significantly 0.9 - p=0.0198
less frequently in clear cell cancer compared to papillary 08 -
RCC, the two histological subtypes that were the majority 07
(89%) of the analyzed samples. No significant differences 3 0.6 | m/z 1105.4 absent (n=83)
were found between clear cell or papillary cancer and ; '
chromophobe carcinoma. This was surprising given that %0'5
these tumors originate from different cell types including the g s
epithelium of the proximal tubules (clear cell RCC and  © 03 7
papillary RCC) and the distal tubules (chromophobe RCC). 0.2
The lack of detectable differences in the m/z patterns 0.1 m/z1105.4 present (n=270)
between these histological types may first of all be related (oK L L
0 50 100 150 200

to the comparatively small number of chromophobe RCC
(n=41) included in this study. However, m/z 1264.6 was
substantially less frequent in chromophobic (2%) compared
to clear cell (10%) or papillary (11%) cancer. It is, therefore,
possible that this signal is related to molecular features that
are characteristic for cells of the proximal tubules.

We detected three signals, presence (m/z 644.8 and 2728.7)
or absence (m/z 1179.0) which were linked to locally
advanced (pT3-4) and high grade (G3-4) cancer in our study.
Since these types of cancer have a poor prognosis, it was not
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Figure 2. Kaplan—Meier plot showing a significant association between
the presence of m/z 11054 and poor overall survival.

surprising that two of those signals, m/z 644.8 and 2728.7,
were also linked to the presence of lymph node metastases.
These markers might serve to identify patients at risk for
tumor recurrence and progression after surgery for organ-
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Table II1. Associations between m/z signals and kidney cancer phenotype in 528 cases of clear cell kidney cancer.

Stage Fuhrman Grade Nodal stage
m/z 1 2 3-4 p-Value 1 2 3-4 p-Value NO N+ p-Value
n=212 n=74 n=234 n=72 n=206 n=199 n=210 n=32

603.7 36.32% 50.00% 50.85% 0.0052 19.44% 42.23% 60.30%  <0.0001 30.48% 59.38% 0.0018
604.2 28.77% 28.38% 29.06% 0.9932 20.83% 29.61% 31.16% 0.2267 21.90% 21.88% 0.997

614.9 45.75% 39.19% 27.78% 0.0004 63.89% 40.78% 1558%  <0.0001 60.95% 15.63% <0.0001
6164 55.19% 40.54% 39.32% 0.0021 66.67% 51.94% 25.63%  <0.0001 64.29% 25.00% <0.0001
619.2 52.83% 52.70% 52.99% 0.9988 45.83% 53.40% 53.77% 0.4783 55.24% 53.13% 0.8231
631.5 52.36% 58.11% 57.26% 05113 51.39% 55.34% 58.79% 0.527 51.90% 50.00% 0.8408
644.8 48.58% 51.35% 62.39% 0.0104 47.22% 5291% 63.32% 0.0249 39.52% 68.75% 0.0019
649.6 30.66% 32.43% 24.79% 0.2670 25.00% 30.58% 27.64% 0.622 30.95% 21.88% 0.2832
675.7 63.68% 59.46% 69.23% 0.2298 62.50% 65.53% 66.33% 0.8426 57.62% 71.88% 0.1186
803.9 60.85% 59.46% 59.83% 0.9667 63.89% 56.80% 61.81% 0.4481 60.95% 56.25% 0.6141
805.8 58.96% 51.35% 53.42% 0.3763 70.83% 51.94% 51.76% 0.0101 60.95% 53.13% 0.403

945.1 75.47% 70.27% 77.78% 0.4279 73.61% 78.16% 74.87% 0.6406 69.52% 81.25% 0.1575
10323  43.40% 37.84% 51.28% 0.0741 34.72% 44.66% 54.77% 0.0079 42.38% 50.00% 0.4196
1047.0 18.87% 13.51% 14.10% 0.3257 11.11% 15.53% 18.09% 0.3562 10.00% 18.75% 0.1707
11054  65.57% 55.41% 69.23% 0.0970 48.61% 62.14% 80.40%  <0.0001 43.81% 81.25% <0.0001
1179.0 19.81% 28.38% 14.53% 0.0287 19.44% 23.30% 13.07% 0.0266 18.57% 28.13% 0.224

11988  62.26% 40.54% 56.41% 0.0053 52.78% 57.77% 58.79% 0.6724 43.33% 56.25% 0.1724
1274.6 11.79% 9.46% 7.26% 0.2622 12.50% 9.71% 8.54% 0.6344 7.62% 6.25% 0.7786
14599  4953% 45.95% 48.29% 0.8663 43.06% 43.69% 57.79% 0.0087 36.19% 68.75% 0.0005
1477.7 35.85% 29.73% 36.32% 0.5585 25.00% 27.67% 50.25%  <0.0001 20.48% 56.25% <0.0001
1529.6  37.26% 27.03% 23.93% 0.0078 61.11% 33.50% 9.55%  <0.0001 50.48% 15.63% 0.0001
2056.2  31.60% 14.86% 21.37% 0.0043 27.78% 27.67% 19.10% 0.0918 29.05% 43.75% 0.1023
27287  2642% 25.68% 40.17% 0.0033 19.44% 26.21% 4824%  <0.0001 19.52% 53.13% 0.0001
2960.3 17.92% 16.22% 21.37% 0.5070 8.33% 21.36% 22.61% 0.0141 15.71% 46.88% 0.0002
33155 6.13% 2.70% 4.70% 0.4584 4.17% 7.28% 3.52% 0.2157 4.29% 3.13% 0.7499

Significant p-values are indicated by bold face type. Data on stage, grade and nodal stage were not available for all tumors.

confined tumors, and potentially also guide therapy towards
extensive adjuvant treatment. In addition, we found one
signal, m/z 1105.4, which was linked to adverse prognosis in
univariate analysis. This finding may be of clinical
importance given the disparate clinical characteristics of
kidney cancer which make it difficult to predict the clinical
course solely based on the established prognostic markers pT
stage, Fuhrmann grade, and nodal stage. Little is known on
the genetic alterations associated with kidney cancer
progression. A multitude of putative prognostic markers has
been suggested [reviewed in (5)]. For example, loss of the
cell-cycle regulator p21 has been linked to the development
of metastatic disease (6), inactivation of p53 had been
associated with tumor recurrence and worse prognosis (7, 8),
and low expression of carbonic anhydrase IX (CA-IX) (9) and
hypoxia-inducible factor 1-alpha (10), as well as
overexpression of extracellular signal-regulated kinase (11)
and caveolin-1 (12, 13) have been linked to shortened patient
survival. However, none of these was proven to be sufficiently
reliable to justify the development of a diagnostic routine test.
Our findings further support the concept that clinically-

Table IV. Multivariate analysis including the established risk factors pT
stage, Fuhrman grade and nodal stage, in addition to m/z 1105 4.

Parameter RR  95% CI p-Value

pT pT2 vs. pT1 15 06-42  0.1692
pT3-4 vs. pT2 1.7 08-39

Grade G2 vs. G1 1.5 0.6-42  0.6308
G3-4 vs. G2 1.0 0.6-18

pN pN+ vs. pNO 33 1.7-6.2 0.0009

m/z 11054 Signal Positive vs. negative. 1.7  0.9-3-3  0.0879

RR: Risk ratio, CI: confidence interval.

suitable markers may exist, and it will be interesting to
identify the molecules underlying the m/z signals.

Several previous studies have analyzed kidney cancer
cases using MALDI. Junker et al. analyzed stage-related
protein alterations in kidney cancer using MALDI-TOF-
MS/MS for protein identification in a study on 27 patients
with cancer (14). Oppenheimer et al. (15) used MALDI/MS
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of snap-frozen tissue from 75 patients with clear cell RCC
to show the characteristics of tumor margins and the tumor
microenvironment (15). Chinello et al. identified a cluster of
three peptides that were able to discriminate 33 patients with
clear cell RCC from 29 healthy controls using the
ClinProt/MALDI-TOF technique (16). Yang et al. identified
cyclophilin A as a potential prognostic factor for ccRCC
using MALDI-TOF/MS in a study with 81 patients primary
clear cell RCC (17).

In a recent study, we identified m/z 1502 as a marker for
early recurrence in prostate cancer. This finding was also
reproduced when a subsequent section of the tissue
microarray block was re-analyzed (4). As MALDI imaging
is a relatively simple tool that can easily be applied in
routine settings, our findings raise the hope that this
approach may be better suited for routine application than
DNA or RNA analysis, or even immunohistochemistry,
which is notorious for reproducibility issues between
laboratories (18).

The data of this study again demonstrate the strong
potential of combining the MALDI-MSI and TMA
techniques. MALDI-MSI is optimally suited to screen a
given tissue sample for a large number of molecular features
within one experiment, including for example peptides,
lipids, or metabolites. TMA technology allows for analysis
of hundreds of tissue samples on the same slide. Whereas
typical in situ techniques applied to TMAs, including
immunohistochemistry or fluorescence in situ analysis, allow
for the analysis of only one parameter at a time, MALDI-
MSI multiplies the number of parameters that can be
measured. Since the relevant areas of the tissues to be
analyzed are selected by a pathologist during TMA
construction, MALDI-MSI analysis can be limited to a
small area of individual tissues, i.e. a single 0.6 mm TMA
spot, so that the total time required for analysis of a typical
TMA section is not significantly different from that required
for analysis of a single large section.

Whereas a multitude of studies analyzed frozen normal
and diseased tissues from human and animals [for example
(19-23)], only comparatively few studies have employed
MALDI-MSI on TMAs, or large sections from formalin-
fixed tissues in order to search for associations between
molecular features and tumor phenotype. For example,
Casadonte et al. (24) and Groseclose et al. (25) reported
MALDI imaging signal patterns that were suitable to
separate squamous cell cancers from adenocarcinomas of the
lung. Lazova et al. described distinct signatures for Spitz
naevi and Spitzoid skin cancer (24). Others identified
specific proteins, including actin and collagen in ovarian
cancer (25), or a 78-kDa glucose-regulated protein in
pancreatic cancer (26). The results obtained from these
studies further support the concept of MALDI-MSI for high-
throughput analysis of formalin-fixed tissues.
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The results of our study demonstrate the power of
MALDI-MSI in combination with the TMA technology and
clinical databases for simultaneously screening for molecular
alterations and assessing their clinical value. Given that the
TMA technology has developed into the standard tool for in
situ tissue analysis, and that TMAs including virtually all
different types of healthy and diseased formalin-fixed tissues
are now broadly available, it can be expected that the number
of studies applying MALDI-MSI to such TMAs will steadily
increase in the future. Importantly, large TMAs with their
associated clinical data will — at the same time — provide
validation of the clinical impact of the identified markers.
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