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Abstract

Reducing the incidence and mortality rates for clear cell renal cell carcinoma (ccRCC) remains a 

significant clinical challenge with poor 5-year survival rates. A unique tissue cohort was 

assembled of matched ccRCC and distal non-tumor tissues (n=20) associated with moderate risk 

of disease progression, half of these from individuals who progressed to metastatic disease and the 

other half who remained disease free. These tissues were used for MALDI imaging mass 

spectrometry profiling of proteins in the 2–20 kDa range, resulting in a panel of 108 proteins that 

had potential disease specific expression patterns. Protein lysates from the same tissues were 

analyzed by tandem mass spectrometry, resulting in identification of 56 proteins of less than 20 

kDa molecular weight. The same tissues were also used for global lipid profiling analysis by 

MALDI-FTICR mass spectrometry. From the cumulative protein and lipid expression profile data, 

a refined panel of 26 proteins and 39 lipid species were identified that could either distinguish 

tumor from non-tumor tissues, or tissues from recurrent disease progressors from non-recurrent 

disease individuals. This approach has the potential to not only improve prognostic assessment 

and enhance post-operative surveillance, but also to inform on the underlying biology of ccRCC 

progression.
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Introduction

Incidence and mortality rates for renal carcinoma (RCC) continue to rise [1–3], and 

hallmark features of RCC include a predominance of the clear cell subtype (ccRCC), a 

cellular metabolism genotype and Warburg effect phenotype, poor 5-year survival (~60%) 

and a characteristically unpredictable clinical course [4–6]. A portion of the increase in 

incidence can be attributed to the increased use of advanced imaging modalities and as such, 

the largest increase in incidence has been among, smaller (< 4cm), asymptomatic, organ 

confined tumors [7–9]. To date, the only widely accepted treatment for patients with 

localized ccRCC remains surgical excision [10,11]. Related to this, while surgical excision 

is curative for the majority of patients with localized ccRCC, approximately 25–30% of 

these patients will experience disease recurrence (i.e. progression to metastasis) and most of 

these will occur within 1–3 years following surgery. Given the lack of effective therapeutics 

for metastatic ccRCC, less than 10% of patients survive for 5 years following the diagnosis 

of a metastatic lesion. [3,12,13]. Taken together, the aforementioned features of ccRCC 

underscore the pressing need to identify tumor-based biomarkers that can help to forecast 

which patients will experience progression after surgery as well as give insight in to 

innovative treatment strategies for this increasingly common cancer.

Unfortunately, tumor based prognostic biomarkers for ccRCC that have real clinical value 

are still lacking, despite the ready access to well-annotated tissue samples of ccRCC 

obtained by nephrectomy. This is not for lack of effort, as multiple approaches across the 

breadth of genomic and proteomic technologies have been applied to primary ccRCC tissues 

[6,14–19], many of these linked to the most common mutation in the von Hippel-Lindau 

tumor suppressor gene and its effect on signaling cascades [6,13–16]. Complicating matters 

further, authors of recent genomic studies have demonstrated that contradictory prognostic 

results were obtained from whole exome sequencing analysis of different regions of the 

same patient tumor [20]. Thus, the homogenized tissue analysis of proteomic targets that 

have dominated to date would be expected to represent an average or pooled effect of these 

genomic differences and would result in potential masking of signals from a particular 

biomarker.

Matrix-assisted laser desorption ionization imaging mass spectrometry (MALDI-IMS) has 

emerged as a tissue-based approach that can address the inherent heterogeneity of a tumor 

by maintaining tissue integrity, histopathology features and analyte distribution across the 

tissue [21–25]. For proteins, this approach has found wide-spread application to different 

tumor types [24,25], including ccRCC [26,27]. However, the application of MALDI-IMS to 

analyze the tissue distribution of lipids, drugs/small molecule metabolites, or N-glycans [28–

32] has not been previously applied to ccRCC tissues. For the current study, a unique tissue 

cohort was assembled of matched tumor and distal non-tumor (i.e normal kidney) tissues (n 

=10 pairs) obtained by nephrectomy from individuals with ccRCC and moderate risk of 

disease progression [33,34]. Half of these tissues represent individuals who progressed to 

metastatic disease within 3 years of nephrectomy, and the other half remained disease free 

for at least five years. At the histopathology level, these tissues are essentially identical to 

clinical pathology assessment, and there are no obvious cellular and histology features that 

would predict disease progression. These tissues were used for MALDI-IMS profiling of 
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protein and lipid expression. Additional tandem mass spectrometry analyses of proteins 

from each tissue were also done. From these analyses, combined panels of proteins and 

lipids have been identified that distinguish tumor from non-tumor tissues, as well as provide 

lead candidates to distinguish recurrent disease progressors with ccRCC from non-

progressors.

Materials and Methods

Materials

Sinapinic acid, 2,5-Dihydroxybenzioc Acid (DHB) and trifluoroacetic acid were obtained 

from Sigma-Aldrich (St. Louis, MO). HPLC-grade methanol, ethanol and water were 

obtained from Fisher Scientific. Immobilized titanium oxide (ITO) slides were purchased 

from Bruker Daltonics (Billerica, MA) for MALDI-IMS experiments. Mass spectrometry-

grade trypsin gold was from Promega (Madison, WI, USA).

ccRCC Tumor and Non-tumor Tissues

Samples were selected from individuals treated with nephrectomy for newly diagnosed, 

histologically confirmed, localized ccRCC at Mayo Clinic Florida between January 1, 2004 

and December 31, 2008 who are classified to be at intermediate risk of progression based on 

the Mayo SSIGN scores between 3–6 [33,34]. One group of individuals had disease 

recurrence and metastasis within 3 years of surgery. Conversely, the other group were from 

ccRCC patients who remain progression free more than 5 years following surgery. For both 

groups individuals with any of the following characteristics were excluded: bilateral 

synchronous tumors, non-clear cell histology, multiple ipsilateral tumors of different 

histological subtypes, von Hippel-Lindau syndrome or Wilms’ disease, less than 18 years 

old or refused access to medical records. Further clinical information for each subject 

including age, race, gender and pathology details is provided in Supplementary Table 1. The 

non-tumor tissues associated with each tumor sample were harvested from the cortex region 

of the kidneys that were most distal from the primary tumor. Fresh-frozen tumor tissue was 

obtained from the biorepository at Mayo Clinic Florida. Tissue sections (10 microns) were 

prepared using a Thermo Microm HM550 cryostat and stored at 80oC. For each section 

analyzed, a serial section was collected for histological analysis and staining with 

hematoxylin and eosin (H & E). At least 4 slices per tissue were analyzed for protein or lipid 

profiling.

MALDI-IMS analysis of proteins

Tissues were processed and analyzed as previously described [35]. Briefly, kidney tissues on 

ITO coated slides were washed and fixed with 70% ethanol and 95% ethanol for 30s each. A 

water wash was performed to remove residual embedding media followed by a repeat of the 

ethanol washes of 70% and 95%. Slides were air dried and stored in a dessicator for 1 hour 

before matrix deposition. A matrix solution of sinapinic acid (10 mg/ml) containing 75% 

acetonitrile and 0.13% TFA was sprayed uniformly over the tissue using an automated 

spraying device, ImagePrep workstation (Bruker Daltonics, Billerica, MA) which controls 

matrix deposition and thickness of the matrix layer. Digital images of the sprayed tissue 

sections were acquired with a flatbed scanner prior to MALDI analysis. Spectra were 
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collected across the entire tissue area using an AutoFlex III or Ultraflex III MALDI-

TOF/TOF instrument (Bruker Daltonics) with a SmartBeam laser operating at 200 Hz in 

linear mode over a mass range of 2,000 to 20,000 Daltons. A laser spot diameter of 50 µm 

and a raster width of 100 µm were employed. A total of 200 laser shots were accumulated 

and averaged from each laser spot rastered across the tissue section. Calibration was 

performed externally using a Protein Calibration Standard I (Bruker Daltonics) in the mass 

range of 5000–17500 Da, and images were generated and visualized using Flex Imaging 4.0.

MALDI-IMS of lipids

Kidney tissues on ITO coated slides were desiccated at room temperature for 20 minutes, 

followed by addition of 2,5-Dihydroxybenzoic acid (DHB) matrix at a concentration of 

0.2M in 50% acetonitrile (ACN) .01% trifluoroacetic acid (TFA) sprayed on to the slide 

using the ImagePrep. Spectra in positive ion mode were acquired across the entire tissue 

section on a Solarix 70 dual source 7T FTICR mass spectrometer (Bruker Daltonics, 

Billerica, MA) to detect the lipid species of interest (m/z 200–2000) with a SmartBeam II 

laser operating at 1000 Hz, a laser spot size of 25 µm, and a raster width of 200 µm for 

general profiling, and 75 µm for high resolution images. For each laser spot, 800 spectra 

were averaged. Images of differentially expressed lipids were generated using FlexImaging 

4.0 software (Bruker Daltonics). Following MS analysis, data was loaded into FlexImaging 

Software focusing on the m/z = 200–2000 range and reduced to 0.98 ICR Reduction Noise 

thresholds. All data was normalized using root means square. For structural analysis, 

specific ions of interest were collected using CASI (continuous accumulation of selected 

ions). CASI allows for trapping of a specific ion of interest within the quadrupole of the 

Solarix 70 mass spectrometer. Following accumulation, the ion was fragmented using CID 

(collision-induced fragmentation). Structural assignments were made following detection of 

specific fragmentation patterns, like the loss of a phosphocholine head group (m/z =184.1) 

for phosphatidylcholine species, and cross-validated with the Lipid Maps database.

Data processing

Automated analysis of the spectral data was performed to identify all differentially 

expressed peaks between samples. Spectra derived from defined Regions of Interest (ROI) 

in each tissue protein or lipid set were exported using the FlexImaging software for profile 

analysis. Raw spectra were processed with Progenesis MALDI (version 1.4, Nonlinear 

Dynamics, Durham, NC) using a noise filter of 4 and top hat filter of 60. Peaks were 

selected between m/z = 400–1200 with a 200,000 threshold. Peak heights were normalized 

to total ion current (for proteins) or root means square (for lipids) and used for further 

analysis.

Tissue homogenization and protein digestion

Tissues were sliced at 30 µm and placed in 1.5 ml tubes, and resuspended in 0.1 ml 50 mM 

ammonium bicarbonate (AmBic) and 0.1 ml trifluoroethanol (TFE) [36]. The tissues were 

then sonicated three times each for 20 s at 30% power and allowed to sit on ice for 30 s in 

between sonication. After sonication, the samples were heated at 60 °C for 1 hr with 

vortexing every 15 min. The samples were sonicated again, followed by addition of 0.05 ml 

50 mM dithiothreitol and 20 mM TCEP in 100 mM AmBic. Following a 30 min incubation 
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at 60 °C, 0.05 ml 100mM iodoacetamide was added for 20 min. Lastly, 0.7 ml 100mM 

AmBic and 2 µg trypsin was added to each tube followed by an overnight incubation at 

37°C. Peptides were isolated by C18 column purification and concentrated as previously 

described [37].

LC-MS/MS Analysis

Concentrated digests were resuspended in 1 mL buffer A (97.8% HPLC-grade H2O, 2% 

acetonitrile, 0.2% formic acid), and 15 µL of digest was loaded onto a 25cm×0.0075mm 

C-18 reversed phase LC column (packed in house, Waters ODS C18). Liquid 

chromatography (LC)-electrospray ionization (ESI)-tandem mass spectrometry (MS/MS) on 

a linear ion trap mass spectrometer (LTQ, ThermoFischer) coupled to a LC Packings nano-

LC system was performed utilizing a 120 min linear gradient from 5% acetonitrile, 0.2% 

formic acid to 50% acetonitrile, 0.2% formic acid. Data dependent analysis was selected to 

perform MS/MS on the 10 most intense ions between m/z = 400 to 2000 in each MS spectra 

with a minimum signal of 500 cps. All samples were run in duplicate. Dynamic exclusion 

was used with a repeat count of two and an exclusion duration of 120 seconds. Acquired 

data were searched using Mascot (version 2.4.1, Matrix Science, London, UK) followed by 

post-processing with ProteoIQ (version 2.3.08). The data were searched against a UniProt 

SwissProt Homo sapien database (2012_10 release) containing both canonical and isoform 

entries, which was concatenated with entries from the common Repository of Adventitious 

Proteins (37,031 entries total) as well as a separate search against a reverse decoy database 

of the same entries. Precursor mass tolerance was set to 2 Da and fragment mass tolerance to 

1 Da. Enzyme specificity was trypsin, allowing for two missed cleavages. Carbamidomethyl 

(Cys) was specified as a fixed modification and protein N-term acetylation, deamidation 

(Asn, Gln), pyro-Glu (N-term Gln), and oxidation (Met) were set as variable modifications. 

Using ProteoIQ a protein false discovery rate (FDR) cutoff of 5% was applied and 2 

peptides were required for protein identification. Spectral counts were normalized across the 

experiment and average normalized spectral counts between duplicate runs were used for 

downstream analysis.

Principal Component Analysis and Statistics

Wilcoxon signed-rank or rank-sum test was used to compare MALDI peak intensities 

between tumor versus normal and recurrent versus non-recurrent, respectively. Principal 

component analysis was performed on MALDI data that was first standardized by dividing 

each peak intensity by the standard deviation of all the peak intensities for that given m/z. 

Loadings were evaluated using the coefficients of the linear combinations of the original 

variables that generated each principal component. A heat map was generated from average 

protein peak intensities that were log10 transformed. All analysis was performed using 

MATLAB (R2013a; Mathworks).

Results

Protein profiling by MALDI-IMS of matched ccRCC tumor and non-tumor tissues

A tissue cohort was assembled representing patient matched ccRCC and distal non-tumor 

tissues (10 pairs, n = 20) with moderate risk of disease progression. Fresh frozen 10 µm 
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slices from each of the 20 tissue samples were processed for MALDI-IMS analysis of 

protein and peptide expression as described in the Materials and Methods. Shown in Figure 

1 are representative images of different tissue pairs, showing differences in expression 

between matched tumor and normal tissue pairs. However, initial visual comparisons of 

protein expression differences indicated significant heterogeneity across the tissue pairs, 

either in tumor versus normal or recurrent versus non-recurrent disease comparisons. 

Therefore, representative regions of interest for each tissue were selected that included 50 to 

100 spectra, and peak intensities were normalized for expression across all 20 tissues. 

Average intensities of 108 identified peaks were used to compare conditions and are shown 

in the intensity heatmap in Figure 2. Peak intensities were compared between tumor and 

normal and recurrent and non-recurrent using a signed rank test and rank sum test, 

respectively, and 27 were significantly different (p < 0.05). Additionally, ROC curves were 

utilized to evaluate the ability of each peak to discriminate tumor versus normal or recurrent 

versus non-recurrent, and 44 had an AuROC > 0.70. From these comparisons, 26 protein 

peaks with p < 0.05 and AuROC > 0.70 were selected. The individual statistics for each of 

these m/z values are provided in the Supplementary Data Table 2. As illustrated in Figure 2, 

there were clear peak clusters that were tumor specific and highly abundant in individual 

sample pairs, but overall there was much heterogeneity in protein expression patterns across 

the groups.

A limitation of MALDI-IMS of intact small proteins is the direct ability to determine amino 

acid sequence and protein identity of peaks of interest, a process which usually requires 

specific isolation and enrichment of individual protein targets, followed by LC-MS/MS. 

Recently, a database of 106 individual proteins identified by MALDI-IMS has been 

reported, and can be accessed as a searchable database resource, termed MaTisse DB [25]. 

The peak list of the 108 ccRCC mass values generated in the MALDI-IMS profiles was 

queried directly, and there were some protein classes that matched or were near the reported 

m/z values in the MaTisse DB. This included thymosin β4 and β10, S100 A8-A11, 

cytochrome c oxidase subunits, histones, defensins and hemoglobins, and may include the 

ions shown in Figure 1. To complement this, 30 micron slices of all 20 tissues were used to 

generate lysates for trypsin digestions, followed by tandem mass spectrometry protein 

identification. While over 750 total proteins were detected in this global proteomic tissue 

analysis, we refined the list to only those proteins that were of 20,000 predicted molecular 

mass and lower (n =122). This list was further refined for protein abundance based on 

averaged normalized spectral counts, and is provided in Table 1, for 56 proteins. The protein 

identities from this list were also cross-referenced to the MaTisse DB lists, and if present in 

the database, are indicated with an asterisk in the table, with 25 being shared in the reference 

database. We used the relative abundance of the proteins in Table 1 to match with the most 

abundant protein peaks detected by MALDI-IMS, cross-referenced to the MaTisse DB 

information. From the data in the MALDI-IMS database, we did not expect to get direct 

matches with expected molecular masses from the tandem MS data, relative to the observed 

m/z values in MALDI-IMS. There were few proteins that had perfect correlation across the 

groups, but it is likely that the 4900–4970 peak cluster in the MALDI data represents 

thymosin beta-4 and thymosin beta-10. The image shown in Figure 1A for the m/z = 10164 

ion that is overexpressed in the tumor sample, exactly matches to a S100A8 peak in the 
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MaTisse DB. It is also on average overexpressed in tumors as shown in Table 1 and 

Supplementary Table 3. In the tandem MS data, there was one protein in particular that was 

discriminatory for both tumor vs normal and recurrent vs non-recurrent, fatty acid binding 

protein, liver (FABP7). This native mass was not detected in the tissues, nor was there any 

indication of it being detected in other MALDI-IMS studies as listed in the MaTisse DB.

MALDI Imaging of Lipids

The 20 renal tissues were also evaluated for changes in levels of lipid species in positive ion 

mode using a Bruker Solarix 70 MALDI-FTICR. Because of the large number of samples 

and large file sizes that result from high resolution FTICR tissue analyses, each tissue was 

initially run at lower spatial resolution to acquire a broader profile of the major lipid specie 

differences. The resulting spectra were analyzed using Progenesis software to align and 

identify 141 peaks. Normalized (TIC) intensities of the 141 identified peaks were used to 

compare conditions. Peak intensities were compared between tumor and normal and 

recurrent and non-recurrent using a signed rank test and rank sum test, respectively, and 39 

were significantly different (p < 0.05). Additionally, ROC curves were utilized to evaluate 

the ability of each peak to discriminate tumor versus normal or recurrent versus non-

recurrent, and 68 had an AuROC > 0.70 (Supplementary Table 4). From these comparisons, 

39 lipid peaks with p < 0.05 and AuROC > 0.70 were selected. Representative tissue pairs 

from recurrent and non-recurrent tumors were further analyzed at higher spatial resolution, 

and different images of ions matched to the 141 lipid species list are shown in Figure 3. 

Representative histology images of each tissue is provided in Supplementary Figure 1. Five 

of these are more abundant in non-tumor tissues (Figure 3A), and the other five species are 

more abundant in tumor tissues (Figure 3B). Each of these lipids is part of the 39 lipids 

highlighted in the data analysis, and these tissues were also used for specific continuous 

accumulation of selected ions (CASI) isolation and collision-induced dissociation (CID) to 

attempt to determine their structures. Three peaks were identified as phosphatidylcholines, 

PC 26:0 +Na at m/z = 672.4; PC 30:3 +Na at m/z = 718.6; PC 30:2 at m/z = 723.5. These 

structures were also correlated with structures in the Lipid MAPS database 

(www.lipidmaps.org). Confirmation of these assignments using standards, and structural 

determination of the other lipid species, is ongoing using LC-MS/MS approaches.

Distinguishing tumor from non-tumor and non-recurrent from recurrent disease

Protein and lipid peaks of interest, n = 26 and 39, respectively, were selected based on an 

individual peaks ability to distinguish groups (AuROC > 0.70) and statistical significance (p 

< 0.05; Supplemental Tables 2 and 4). Principal component analysis was used to evaluate 

the data in multidimensional space to detect whether the peaks separate the data in an 

unsupervised analysis. Using only the protein peaks of interest, or the lipid peaks of interest 

alone, all four groups are not separated (Figure4A and 4B). The protein peaks have some 

discriminatory ability to separate recurrent versus non-recurrent ccRCC (driven by PC2; Fig 

4A), while the lipid peaks seem to better separate tumor versus normal (PC2; Fig 4B), but 

neither is clearly separated. By combining both sets of peaks of interest (Figure 4C), there is 

much clearer group separation, such that PC2 is driving tumor versus normal, and PC1 is 

driving recurrent versus non-recurrent. The negative loadings for PC1 (so driving 

recurrence), include 9 lipid and 6 protein peaks, with the main loadings coming from lipid 
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837.68 and protein peaks 13916.42 and 15043.68. The other loadings are more evenly 

distributed across protein and lipid peaks. Overall this highlights that using both lipid and 

protein data in tandem may identify a panel of peaks that could correctly classify tumor 

versus nontumor or recurrent versus nonrecurrent ccRCC.

Discussion

This project initially began as a MALDI-IMS proteomic profiling analysis of the unique 

cohort of ccRCC tissues (Supplementary Table 1). While there are distinct proteins that are 

detected at elevated levels within tumor/normal pairs, there was no clear correlation of 

expression differences for tumor versus normal or recurrent versus non-recurrent conditions 

at the tissue levels. The proteomic analysis clearly highlights the inherent heterogeneity 

associated with ccRCC tumors [20] at the individual peak levels (Figure 2). Comparative 

protein identification strategies on the same tissues for proteins under 20 kDa indicated 

several proteins that were overexpressed in tumors, including thymosin β4, thymosin β10, 

fatty acid binding proteins and hemoglobin alpha and beta. Using a new database resource, 

MaTisse (http://129.187.44.58:7171/MALDI/protein) [25], the tandem MS proteomic data 

and MALDI-IMS profiling data could be cross-referenced to identify tissue ions that 

correlated with protein identities. Thymosin β4 and thymosin β10 illustrate the complexities 

of the approach, as they are most likely represented by the peaks in the m/z = 4900–4970 

clusters. There are multiple values for these proteins in the reference database in this range, 

i.e. m/z = 4963–4965 for thymosin β4 and m/z = 4933–4937 for thymosin β10, but these do 

not align with the major peaks detected at m/z = 4902, 4957, 4967 shown in Figure 1B in 

individual tissues, or for m/z = 4902, 4928, 4944, 4967 in the averaged and normalized 

comparisons (Figure 2; Supplementary Table 2). This will need to be resolved by direct 

tryptic peptide analysis of these proteins following specific isolation of them directly from 

tissues. In Table 1, both of these proteins were more abundant in tumor tissues relative to 

non-tumor tissues, but did not discriminate recurrent from non-recurrent tumors.

Of the four S100 proteins detected (Table 1), A8, A9, A10 and A11, only S100A8 had any 

differential expression on average in tumors versus non-tumors. Hemoglobin alpha and 

hemoglobin beta were the most differential for distinguishing both groups, and were 

elevated in recurrent tumors relative to non-recurrent tumors and all non-tumor tissues. 

There were again discrepancies between the masses of the averaged spectra ions (Figure 2), 

database values [25] and expected molecular weight values (Table 1). There was one protein 

at m/z = 13916 in the MALDI-IMS data that was potentially discriminatory for recurrent 

tumors (AuROC = 0.95), and along with the putative hemoglobin alpha peak at m/z = 15043 

(AuROC = 0.75), were responsible for 20% of the negative loadings on PC1, which appears 

to separate recurrent and non-recurrent (Figure 4C). There are no obvious correlates for 

identifying this m/z = 13916 protein in the tandem MS data or reference database, and 

certainly this ion may be an as yet unidentified post-translationally modified variant of one 

of the database proteins. Conversely, there is an example protein from the tandem MS data, 

fatty acid binding protein 7 (FABP7), that is discriminatory for expression in non-recurrent 

tumors versus the other three groups, being elevated in 4 of 5 non-recurrent tumors (Table 2, 

Supplemental Table 2). This protein has been reported to be differentially expressed in 

ccRCC tissues in previous proteomic studies [38–40]. Based on the expected molecular 
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weight of FABP7 of 14,757, there is no correlate to a peak ion in the MALDI-IMS data or 

value for this protein previously identified in the MaTisse database. Based on expression 

patterns alone in the MALDI-IMS data for non-recurrent tumors, candidates could be 

truncated variants at the m/z = 6777 or 6803 ions (Figure 2). Specific isolation and protein 

identification strategies for these different tissue target proteins are ongoing.

Compared to the protein analyses, the lipid profiling by MALDI-IMS of the same ccRCC 

tissues identified multiple lipid species that were more consistently discriminatory across 

each tissue group (Figure 3, Supplemental Table 4). Because of the high resolution 

capability of the FTICR platform, the number of potential species detected and large data 

file sizes, make this data more challenging from a bioinformatics perspective [41]. We chose 

to select regions of interest from each tissue and normalize peak data using Progenesis 

software. This strategy stratified the data to identify the most abundant ions (n=141; 

Supplemental Table 4), and when combined with Wilcoxon exact rank sum and AuROC 

analyses, facilitated the group comparisons across this complex data set. From this, 39 lipid 

species were identified that were most discriminatory for tumor versus non-tumor or 

recurrent versus non-recurrent tumor conditions. Initial analysis of these lipid species by 

targeted isolation in situ using the CASI (continuous accumulation of selected ions) feature 

of the FTICR instrument have primarily identified phosphatidylcholine species based on loss 

of choline phosphate and accurate mass comparisons to Lipid MAPS. When used alone, 

these 39 lipid species were more discriminatory than the corresponding proteins (Figure 4B) 

in the principal component analyses. These 39 lipid ions represent an initial target 

population, and will be further assessed in larger tissue cohorts. Continued data analysis is 

ongoing with this large, promising data set, and it is likely that other biomarker candidates 

may be identified as these analyses progress.

A wealth of new genomic insight related to ccRCC development, progression and 

therapeutics is emerging [4,15–17], and shows great promise in defining the molecular 

pathways that represent new therapeutic targets. Because a genetic hallmark of ccRCC is 

altered cellular metabolism [4,17], the approach described herein of linking protein and lipid 

profiling data across 20 tissues could aid in delineating the phenotypes of these molecular 

pathways. The genetic microheterogeneity that has been described within the same ccRCC 

tumors [20] highlights the significant challenges that remain for improving diagnostics and 

therapeutics for ccRCC. An emerging therapeutic approach is to target the fundamental 

metabolic processes of ccRCC, especially to lipid pathway targets like inhibitors of fatty 

acid synthase, or cholesterol metabolism via statins [42,43]. Another target, stearoyl-CoA 

desaturase (SCD1) has also been recently described [44]. SCD1 catalyzes the biosynthesis of 

C16 and C18 Δ9 monounsaturated fatty acids from the saturated fatty acids stearic and 

palmitic acid. The ability to effectively profile the many lipid species that could be affected 

by metabolic targeted therapies for ccRCC, as well as larger studies linking their expression 

to tumor stage and outcomes, are particularly well suited to MALDI-IMS imaging using the 

FTICR platform.

This study represents a feasibility study for combining different MALDI-IMS target 

molecules for identifying biomarker candidates. The sample size is too small to draw any 

statistically meaningful clinical conclusions, but certainly different candidate molecules 
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have been identified that can be assessed in larger sample cohorts. It is clear that a single 

molecular marker, either protein or lipid, is not going to be an effective discriminator. 

Principal component analysis indicated that the combined data from lipids and proteins 

could be used to separate tumor from non-tumor, and begin to differentiate recurrent disease 

progressors from non-recurrent subjects. Given the small sample set, cross-validation for 

performance measures was not utilized, but in future studies candidate markers will be 

qualified against independent test sets. Other biomolecule classes can also be incorporated 

into the MALDI-IMS strategy and are ongoing, in particular small molecule metabolites and 

membrane lipids detected in negative ion mode, as ccRCC exemplifies a metabolic Warburg 

effect tumor type. Analysis of on-tissue N-glycans is also ongoing, using a recently 

described new MALDI-IMS approach [32]. Combining differentially detected metabolites 

and glycans from the ccRCC groups with the continued lipid and protein analyses could 

further define biomolecular patterns reflective of the emerging underlying genetic pathways 

being reported for ccRCCs. Not only can all of these metabolites be profiled in ccRCC 

tissues, but these biomolecules could also be used as biomarker candidates for detection in 

urine or blood samples associated with ccRCC [45], or a newly reported tissue biopsy 

approach termed mPREF [46]. A novel intraoperative characterization of human tissues 

using rapid evaporative ionization mass spectrometry (REIMS) is an emerging technique 

that could also be applied to ccRCC tissues [47]. Overall, the underlying metabolic genotype 

and phenotype of ccRCC makes it an ideal tumor system for application with MALDI-IMS 

approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative MALDI-MS images of proteins in matched ccRCC tumor and non-
tumor tissues
A. Three images of ions (m/z = 4953, 10164, 13904) with increased expression in non-

recurrent tumor tissues (114NR-T). H&E stained images of both tissues are also shown, 

including representative magnifications of regions at 4×, 10× and 20× magnification, 

indicated by the inset boxes. B. Two images of two ions at m/z = 4901 and m/z = 4967 

enriched in tumor for a non-recurrent pair (20NR), and a m/z = 4967 with higher tumor 

expression. C. Representative images of increased detection of m/z= 15043 and 13930 in a 

non-tumor/tumor pair.
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Figure 2. Heat map of 108 selected protein peaks
Protein peak intensities for a representative region of interest for each sample (n=20) were 

normalized and average peak intensities were log10 transformed before plotting as a 

heatmap. The scale is log10 average normalized peak intensity. Also, a Wilcoxon signed-

rank or rank-sum test was used to compare peak intensities between tumor versus normal 

and recurrent versus non-recurrent, respectively (Supplemental Table 2).
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Figure 3. Representative MALDI-MS images of lipid species in matched ccRCC tumor and non-
tumor tissues
Image profiles of ten lipids are shown for two matched tissues, a non-recurrent (20NR) and 

recurrent (238R) tumor/non-tumor pair. The representative lipids were selected as part of the 

39 lipids that were most discriminatory across conditions (Supplemental Table 4). A. Five 

lipid ions that are predominantly over-expressed in non-tumor tissues. B. Five lipid ions that 

are predominantly expressed in tumor tissues.
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Figure 4. Principal Component Analysis of Protein and Lipid Species
Protein and lipid peaks of interest were selected based on an individual peak's ability to 

distinguish groups (AuROC > 0.70) and statistical significance (p < 0.05; Supplemental 

Tables 2 and 4), then evaluated separately and combined using PCA. A. Plot of PCA results 

using 26 proteins. B. Plot of PCA results using 39 lipids. C. Plot of PCA results using 

combined 26 proteins and 39 lipids.
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