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Simple Summary: About half of all patients with colorectal cancer develop liver metastases. Despite 

new therapeutic regimens, survival rates for advanced metastatic colorectal cancer are still poor. 

One factor that contributes to the poor clinical outcome is tumor heterogeneity. Here we aim to 

characterize different kinds of tumor heterogeneity by measuring the spatial distribution of hun-

dreds of proteins in primary colorectal tissues and patient-matched liver metastases. The different 

spatial proteomes within a single tumor, between primary tumor and metastasis and between tu-

mors of different patients have direct clinical implications for example for therapy response and 

tumor progression. 

Abstract: About 50% of colorectal cancer patients develop liver metastases. Patients with metastatic 

colorectal cancer have 5-year survival rates below 20% despite new therapeutic regimens. Tumor 

heterogeneity has been linked with poor treatment response and clinical outcome, but was so far 

mainly studied via bulk genomic analyses. In this study we performed spatial proteomics via 

MALDI mass spectrometry imaging on six patient-matched CRC primary tumor and liver metasta-

ses to characterize interpatient, intertumor and intratumor hetereogeneity. We found several pep-

tide features that were enriched in vital tumor areas of primary tumors and liver metastasis and 

tentatively derived from tumor cell specific proteins such as annexin A4 and prelamin A/C. Liver 

metastases of colorectal cancer showed higher heterogeneity between patients than primary tumors 

while within patients both entities show similar intratumor heterogeneity sometimes organized in 

zonal pattern. Together our findings give new insights into the spatial proteomic heterogeneity of 

primary CRC and patient-matched liver metastases. 
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1. Introduction 

Colorectal cancer (CRC) is among the most deadly and prevalent cancers worldwide 
1,2. About half of all CRC patients develop liver metastases 3,4. Synchronous metastases are 

present at the time of diagnosis in two-third of the patients, while metachronous metasta-

ses develop after the primary tumor surgery. Paradoxically, despite progress in therapy, 

survival rates for metastasized colorectal cancer are still poor. 5-year survival rates for 

metastatic CRC are below 20% compared to about 90% for localized CRC. New 
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combinatorial and even personalized therapeutic regimens extend the median survival 

time only by 2 – 8 months 5–8.  

Tumor heterogeneity is an important, complex and multifactorial property of CRC, 

which contributes to the poor clinical outcome of metastasized CRC. Tumor heterogeneity 

refers to cellular, genetic and molecular differences between individual patients (interpa-

tient heterogeneity), between tumors of the same patient (intertumor heterogeneity) as 

well as inside an individual tumor (intratumor heterogeneity) 9. In CRC these levels of 

heterogeneity are well described on a genetic level by using genomic approaches 10. Ge-

nomic differences are evident between different patients, histological tumor subtypes, co-

lon localization, multiple primary or metastatic lesions even within tumors of the same 

patient and different regions of the same tumor 11,12. About 70% of CRC occur sporadically 

caused by somatic mutations leading to heterogeneity on genetic and molecular level 3,13. 

The genetic and molecular differences between the same histological tumor subtypes in 

different patients require personalized treatment regimens that take the individual tumor 

composition into account. For CRC targeted therapy approaches are available and espe-

cially KRAS and BRAF mutation status have been taken into account for personalized 

treatment regimens, however they only increased median survival rates by 2-4 months 

compared to chemotherapy alone 5,6,8. Tumor heterogeneity remains one of the main rea-

sons for overall poor survival in metastasized cancers because it has been associated with 

progression and poor prognosis in CRC but is also considered to be one important factor 

for therapy resistance and treatment failure in CRC 9,14,15.  

Intratumor heterogeneity in CRC is characterized by its complex tissue architecture 

with molecular differences within the tumor itself and the tumor periphery called tumor 

microenvironment. The tumor microenvironment consists of a variety of components 

such as extracellular matrix and secreted factors; mesenchymal, immune and endothelial 

cells; structures such as blood vessels, glands, and debris like necrosis and hemorrhage. 

The tumor microenvironment has been recognized to influence tumor progression, differ-

entiation, metastasis formation, therapy response and heterogeneity within a single tumor 

area 16,17. Tumor cells within the same tumor display distinct genetic, phenotypic and func-

tional profiles. Variations between the tumor cells are based on processes such as clonal 

development and adaptation to the microenvironment.  

Genomic aberrations manifest in proteins, which are associated with changes in dis-

ease and common therapeutic targets. The limited correlation between the genetic and 

proteomic level was shown in a cohort of 146 patients with metastatic CRC. Primary tu-

mors and metastases showed a high similarity on genetic but not on proteomic level, high-

lighting that genomics cannot cover all variations of the phenotype and the need for pro-

teomic investigation of CRC heterogeneity 18. Proteomic differences at different CRC tu-

mor sides (left vs. right) could be confirmed in several studies, including tissue biopsies 19 

as well as plasma samples 20. Similarly proteomic differences between primary tumors 

and liver metastasis of the same patient as well as between recurrent liver metastases of 

the same patient were discovered 21,22. Proteomic intratumor heterogeneity was studied 

by Sugihara et al. using laser microdissection of ulcer floor, central area, and invasive front 

of CRC tumors to identify their different proteins and biological functions by shotgun 

proteomics 23. However, laser microdissection of tumor tissues and tumor subareas is a 

very laborious step resulting in limited spatial information. Therefore, the majority of pro-

teomic studies analyze homogenized bulk tissue samples, which prevents detailed analy-

sis of the different tissues in the tumor microenvironment and intratumor heterogeneity.  

Matrix assisted laser desorption/ionization mass spectrometry imaging (MALDI im-

aging) enables measuring spatial protein distributions across different tissue and tumor 

compartment directly from thin tissue sections, without laborious preparation steps.  

Typically proteins are digested with trypsin to generate tryptic peptides, which are im-

aged at a spatial resolution between about 10 and 200 µm. Thus MALDI imaging is a pre-

destined technique for the proteomic investigation of the tumor microenvironment and 

intratumor heterogeneity in complex tumor tissues 24. Tryptic peptide imaging was ap-

plied to CRC for the discovery of protein profiles associated with clinical marker 25, 
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diagnosis 26, prognosis 27 and presence of lymph node metastases 28. Turtoi et al. applied 

MALDI imaging to analyze spatial proteomic heterogeneity in liver metastasis of CRC. 

They identified proteins that are zonally organized within CRC liver metastasis 29. 

Here, we aim to characterize different levels of spatial proteomic heterogeneity in the 

complex tissue architecture of primary colorectal cancer and patient-matched liver metas-

tasis tissues. In addition to the unique chance to study proteomic composition between 

primary CRC and liver metastasis of the same patients, we investigate interpatient and 

intratumor heterogeneity, which has been mainly studied on genome levels and rarely on 

proteome level. We apply MALDI imaging to study tryptic peptide distributions at 150 

µm spatial resolution directly from formalin-fixed and paraffin-embedded tissue speci-

mens from six patients. We found higher interpatient heterogeneity between liver metas-

tasis than primary tumors and organized clusters with different proteomic content inside 

all tumor tissues.  

2. Materials and Methods 

Patient cohort 

Tissues were obtained from 6 metastasized CRC patients whose tumors were re-

sected at the University Medical Center in Freiburg. The study was approved by the Ethics 

Committee of the University Medical Center Freiburg (N° 504/17). All patients gave writ-

ten informed consent. Before study inclusion, all patient data were pseudonymized. Only 

therapy naive patient samples were included. Tissue specimens were formalin-fixed di-

rectly after surgical removal and paraffin-embedded (FFPE) as previously described 30. 

All tissue specimens were reviewed by an experienced pathologist to confirm diagnosis 

of colorectal adenocarcinoma and ensure the presence of vital tumor tissue. 6 µm thick 

sections of the FFPE tissue blocks were sliced with a microtome and mounted onto indium 

tin oxide (ITO) coated glass slides (Bruker Daltonik, Bremen, Germany). 

Sample preparation 

The sliced and mounted tissue slides were deparaffinized according to a standard 

procedure 30 and prepared for MALDI imaging measurement as previously described 31. 

Samples were rinsed 10 mM ammonium bicarbonate, heated at 100°C for 1 hour in citrate 

buffer for antigen retrieval, twice rinsed in 10 mM ammonium bicarbonate and dried at 

room temperature. 1 mg/ml Trypsin (Worthington, Lakewood, NJ, USA) was sprayed 

over the whole slide using the iMatrixSpray (Tardo GmbH, Subingen, Switzerland, pa-

rameters: height: 60 mm, line distance: 1 mm, speed: 180 mm/s, density: 0.5 μL/cm3, cy-

cles: 10, delay: 15 s, pressure: 1.6 bar). The specimen was placed in a digestion chamber 

containing a saturated potassium sulfate solution according to Ly et al. 32 and incubated 

at 50°C for 2 hours. 10 mg/ml alpha-cyano-4-hydroxycinnamic acid (CHCA, Sigma-Al-

drich, Munich, Germany) matrix was prepared in 50% (v/v) acetonitrile and 1% (v/v) tri-

fluoroacetic acid. A custom internal calibration mix including 0.08 µg/ml Angiotensin I 

(Anaspec, Seraing, Belgium), 0.04 µg/ml Substance P (Anaspec, Seraing, Belgium), 0.15 

µg/µl [Glu]-Fibrinopeptide B (Sigma-Aldrich, Munich, Germany), and 0.30 µg/µl ACTH 

fragment (18-39) (Abcam, Cambridge, UK) was prepared 33 and mixed with the matrix 

solution with a ratio of 1:12 (v/v). The matrix/calibrant mix was sprayed across the slide 

with the iMatrixSpray (parameters: height: 60 mm, line distance: 1 mm, speed: 180 mm/s, 

density: 0.5 μL/cm3, cycles: 20, delay: 5 s, pressure: 1.6 bar). Teach marks were added 

manually in all 4 tissue corners by scratching a small cross into the slide surface and paint-

ing over it with a xylene resistant pen (LabID Technologies, BH 's- Hertogenbosch, Ger-

many).  

Data acquisition 

Samples from the same patient were prepared together and measured consecutively 

on a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems, Waltham, MA, USA) using 

the 4000 Series Explorer software (Novartis and Applied Biosystems). Before 
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measurement, internal calibrants outside the tissue regions were used for external mass 

calibration. A squared region containing tissue and teachmarks was measured with a laser 

diameter of about 100μm and a raster step size of 150 μm. Mass spectra were acquired 

averaging 500 laser shots each in a m/z range of 800-2500.  

Tissue staining and annotation 

The slides were rinsed with 70 % ethanol to remove the matrix after MALDI imaging. 

Then the slides were incubated for 4 min in hematoxylin solution modified according to 

Gill III, washed with acetic acid in aqueous solution and rinsed with water for about 5 

min. Afterwards the tissues were incubated in eosin for 1 min and rinsed again with wa-

ter. The stained tissues were scanned at x20 magnification with the Axio Scan.Z1 (ZEISS, 

Göttingen, Germany). A pathologist (AF) roughly annotated different tissue types in MS 

Powerpoint and another pathologist (GM) annotated only the vital tumor tissue in a de-

tailed manner in Photoshop CS5 (Adobe, San Jose, USA). 

Quality control and preprocessing 

The Analyze7.5 MALDI imaging files were uploaded to the European Galaxy cloud 

(https://usegalaxy.eu), where the large majority of MALDI imaging data analysis was per-

formed using previously developed mass spectrometry imaging (MSI) Galaxy tools and 

workflows 34,35. To obtain information about the tissue outline and annotated tumor areas 

in the H&E image, image co-registration of the H&E image and MALDI image was per-

formed, according to a previously published workflow based on teachmarks and affine 

transformation in the Galaxy framework 31,35. Raw MALDI imaging data was assessed 

with the MSI qualitycontrol tool using the internal calibrant peaks as reference peaks with 

a mass range of 200 ppm. The samples were assessed for imaging artifacts, mass spectra 

quality including m/z accuracy and intensity variation. The findings were used to confirm 

sufficient data quality and find suitable preprocessing parameters. Before preprocessing 

only spectra from the tissue areas were kept while spectra from the slide background were 

removed. The detailed preprocessing parameters are listed in Table S1, including 

resampling, smoothing, baseline removal, m/z recalibration using the internal calibrants, 

peak picking, alignment and filtering, contaminants removal. Exemplary Galaxy work-

flow for preprocessing is displayed in Figure S1. As samples were separately measured, a 

common peak list was extracted by combining all preprocessed samples, removing empty 

m/z bins and exporting the peptide mass features. This list was used for peak integration 

of the raw data of the single, total ion current (TIC) normalized files. Between each pre-

processing step, the MSI qualitycontrol tool was applied to monitor and optimize prepro-

cessing parameters.  

MSI analysis 

1. Tissue level proteomic differences 

Unsupervised segmentation was performed to investigate tissue heterogeneity on sample 

level. Cardinal’s “Spatial Shrunken Centroids” (SSC) algorithm 36,37 was used in the MSI 

segmentation tool. The settings were spatial radius r=2, k=5, s=2. The initial number of 

clusters parameter k was set to 5, because on average, 4 major tissue types were expected 

to be in each sample, leaving room for an additional one. The discriminative m/z features 

were extracted from the SSC features output, results were The results were downloaded 

and further analyzed in R (version 4.0.4) in Jupyter notebook. The top 10 discriminative 

peptide mass features for the tumor clusters were selected according to their t-statistic 

values and their frequency calculated across all samples. Mean intensities of the top pep-

tide mass features in tumor and non-tumor areas were calculated and significance tested 

using Wilcoxon rank sum test, corrected for multiple testing using "Benjamin Hochberg“ 

method. Ion images of these m/z were plotted in Galaxy with the MSI mz images tool 

(plusminus m/z: 0.25, contrast enhancement ‘histogram’) on the binned, and TIC normal-

ized (using the MSI preprocessing tool) raw data. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 February 2023                   doi:10.20944/preprints202302.0363.v1

https://www.zotero.org/google-docs/?ZIwhem
https://www.zotero.org/google-docs/?jAvaCH
https://www.zotero.org/google-docs/?2BwveZ
https://doi.org/10.20944/preprints202302.0363.v1


 

 

2. Spatial intratumor heterogeneity 

To investigate intratumor heterogeneity, primary and metastatic tumor regions were ex-

tracted from each sample based on the detailed tumor annotation of the pathologist in the 

H&E image. Unsupervised segmentation was performed with the SSC algorithm using 

the MSI segmentation tool with the setting r=2. The other parameters were varied to de-

termine the optimal number of clusters using a method proposed by Bemis et al. 36 . Two 

starting cluster numbers k (3 and 6) were applied while increasing the shrinkage param-

eter s from 2 to 25. The segmentation results were projected back onto the whole sample 

for better visual evaluation.  

3. Comparison of primary and liver metastases 

Matched primary tumors and metastases were combined for each patient, the annotated 

tumor areas extracted and peak integration as well as TIC normalization performed as 

described above. Unsupervised segmentation was performed with the settings r = 2; k = 

3, 6; s = 2, 5, 10, 15, 20, 25. Results were projected back onto the whole samples for better 

comparison and evaluated whether a) intratumor heterogeneity in each sample can be 

observed, b) resulting clusters are unique to one entity and c) if not, whether common 

clusters form specific patterns. A linear mixed model 38 was applied on log2 transformed, 

preprocessed tumor areas to find differentially abundant mass features between primary 

tumors and liver metastases.  

4. Inter-patient tumor heterogeneity 

To evaluate interpatient heterogeneity the discriminative mass features from the single 

sample tissue level segmentation were compared and a frequency distribution calculated 

and plotted in R (version 4.0.4) in Jupyter notebook. 

5.  Comparison with literature and tentative feature identification 

We performed a literature review for MALDI imaging studies that compare solid tumors 

with normal tissues and extracted the m/z values and if available the information about 

the protein they derive from. We matched our m/z values with a 300 ppm window to the 

m/z values obtained from literature.  

3. Results 

3.1. Overview of the CRC patient cohort 

The metastasized colorectal cancer (CRC) cohort contained 12 samples from six pa-

tients: six primary cancer tissues and six patient-matched liver metastases. MALDI imag-

ing of tryptic peptides was performed separately on all samples using 150 µm raster step 

size. Across all samples about 56,000 tissue mass spectra were measured. In two samples, 

parts of the measured spectra were removed because they were part of an artificial stripe 

pattern, which would interfere with downstream analysis (PRIM_3, PRIM_6). Pre-pro-

cessing resulted in a common peak list of 665 peptide mass features, for which the inten-

sity values were obtained via the peak height within a 200 ppm m/z window from all mass 

spectra. After the measurement, the tissue sections were H&E stained and annotated by 

pathologists for i) tissue outline, ii) tissue types, and iii) detailed tumor tissue areas. Pa-

tient characteristics and numbers of spectra in the tissue of each sample are listed in Table 

1. 

Table 1. Overview of patient samples: Primary tumor cancer / metastases location, metastasis diag-

nosis, UICC Tumor Classification, and numbers of tissue spectra per sample. PRIM = primary tu-

mor, MET = liver metastasis. 

Patient Localization Metastases 
Metastasis 

diagnosis 

UICC Tumor 

classification 

Tissue spectra 

PRIM 

Tissue spectra 

MET 

P1 Sigmoid Liver, Peritoneal Synchronous pT4b 8832 7222 

P2 Rectosigmoid Liver Synchronous pT3 5374 5708 

P3 Sigmoid Liver, Peritoneal Metachronous pT3 3353 2223 

P4 Rectosigmoid Liver Synchronous pT4a 4319 3359 

P5 Ascending Liver Synchronous pT3 6273 3837 
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P6 Sigmoid Liver Synchronous pT3 3429 1979 

3.2. Spatial proteome represents tissue morphologies 

We performed MALDI imaging on whole CRC tissues, each between 1-3 cm2 in size 

to allow for the investigation of the whole tumor in its native tissue architecture. The dif-

ferent tissue types were annotated in the H&E images by a pathologist (Figure 1). Seven 

different tissue types are present in our CRC tissue cohort. Vital tumor tissue and peritu-

moral tissue consisting of stroma and necrosis were found in both primary tumor and 

liver metastasis tissues. In contrast, non-malignant colon tissue, smooth muscle tissue, 

connective / fatty tissue were only present in the primary tumor tissues, while liver pa-

renchyma and duct structures were specific to the liver metastasis tissues. This depicts the 

heterogeneity of the spatial tissue morphologies in both entities. We hypothesized that 

the different proteomic composition of these tissue morphologies is also represented in 

the mass spectra of the corresponding tissue regions. To investigate this, we performed 

unsupervised segmentation with the spatial shrunken centroids algorithm 34 of each tissue 

specimen individually. The spatial shrunken centroids method is specifically designed for 

spatial data, agnostic to known tissue morphologies, and clusters similar mass spectra 

into the same segment based only on their molecular content. Side-by-side comparison of 

the obtained tissue segments with the tissue annotations shows that the segments resem-

ble distinct morphological tissue areas (Figure 1). 

 

Figure 1. Tissue morphologies of CRC primary tumor and liver metastasis tissues differ in their 

proteomic composition. a) Primary tumor and b) liver metastasis tissues for all patients are shown. 

i. Tissue annotations in H&E images. For primary tumors (a), vital tumor tissue (blue), peritumoral 

tissue (stroma, necrosis) (green), non-malignant colon tissue (black) smooth muscle tissue (red), con-

nective / fatty tissue (pink) were annotated. For liver metastases (b), vital tumor tissue (blue), liver 

parenchyma (orange), peritumoral tissue (stroma, necrosis) (green), duct structure (gray). ii. MALDI 

imaging segments with different proteomic composition show organized tissue architecture. These 

segments resemble annotated tissue types shown in i: vital tumor (light and dark blue), peritumoral 

area (green), connective / fatty tissue (pink), smooth muscle tissue (red), liver parenchyma (yellow, 

orange). Tissue regions with artifacts were removed from PRIM_3 and PRIM_6 MALDI imaging 

data. 
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The vital tumor regions were overall well represented in the segmentation results. To 

allow for a more detailed investigation a pathologist annotated the vital tumor areas in 

the H&E images with a high level of detail. Visual comparison of the tumor annotation 

and the spatial proteomic segmentation confirmed an overall good similarity regarding 

tumor border and level of detail even for highly segmented and multifocal regions (Figure 

S2). For primary tumors the segments resembled the detailed tumor annotation very well, 

with the exception for two primary tumors in which non-malignant colon epithelium 

could not be reliably separated from primary tumor areas. Tumor segments in the liver 

metastasis showed more deviations. Some liver tumor segments included small non-tu-

mor areas and the tumor segment of one liver metastasis was missing a significant part of 

the tumor tissue (Figure S2).  

Next, we aimed to find near-canonical m/z values for vital tumor segments. As pre-

viously explained, these segments were obtained by applying the spatial shrunken cen-

troids method for spatial segmentation on each individual MALDI imaging dataset. As 

part of the segmentation, the spatial shrunken centroids method performs feature regu-

larization. This means that only the most informative peptide features are used for the 

segmentation, while non-informative features are removed. This is reflected in the t-sta-

tistic value, which is calculated for each peptide feature. Higher t-statistics values mean 

higher contributions, while a value of zero means the peptide feature was not informative 

and not included in the segmentation. To find peptide features that are characteristic for 

a vital tumor, we extracted the ten peptide features with the highest t-statistics value for 

each sample and counted for each of these m/z values in how many samples it occurred 

in the top 10 tumor peptide features. Ten peptide features were present in at least four out 

of six samples of either primary tumor or metastasis and are listed in Table 2. For these 

tumor enriched peptide features, the average intensities were higher in the vital tumor 

clusters than in the non-tumor tissue clusters and five of them were significantly different 

(adj. p-value <0.05 in Wilcoxon Rank Sum Test): 929.51, 930.63, 943.37, 957.44, 1028.5 (Ta-

ble 2, Figure S3). We plotted the spatial distribution of m/z 943.37, which correlated well 

with the detailed tumor annotation (Figure S2 iii). These findings underline the validity 

of our approach to define vital tumor enriched peptide features by their t-statistics value 

in the spatial shrunken centroids method. 

Interestingly, 9 of our 10 tumor enriched peptide features matched within a 300 ppm 

window to peptide mass features that have been described as tumor specific in three other 

solid tumor MALDI imaging studies (Table 2). These studies compared vulvar squamous 

cell carcinomas to precursor lesions, head and neck cancer tumor epithelial regions with 

non-tumor tissue regions, and neuroblastoma cell rich tumor regions with surrounding 

non-tumor tissue 39–41. MALDI imaging measures majorly the most abundant proteins 42 

and thus it is likely that universal solid tumor protein markers can be found even across 

very different cancer types. Two of the three mentioned studies run additional LC-MS/MS 

experiments to obtain tentative identifications for their peptide mass features. Often mul-

tiple identifications are obtained for one peptide mass feature and cannot be further spec-

ified, thus multiple identifications are reported (Table 2). Despite this uncertainty, the 

large majority of the tentatively identified proteins are known to be associated with tumor 

cells. Annexin A4, for which we have potentially found two tumor enriched tryptic pep-

tides, is known to promote CRC tumorigenesis and epithelial-mesenchymal transition, 

which fosters metastasis formation 43. Prelamin A/C was a potential identification for pep-

tide mass feature 1028.5 in both studies, which performed identification via LC-MS/MS. 

The role of lamin A/C, the products of prelamin A/C, in CRC cancer is not yet established. 

One study found lamin A/C in 70% of CRC tumor tissues and the expression was associ-

ated with higher mortality while another study reported increased recurrence with de-

creased lamin A/C 44,45. 

Table 2. Overview of the peptide mass features enriched in vital tumor areas. The frequency of the 

top 10 peptide mass features of each sample’s vital tumor segment were calculated across all sam-

ples, primary tumors and in liver metastases, respectively. Only peptide mass features that occurred 
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in four or more samples of at least one entity (primary tumor or metastasis) are listed here (black). 

Complementary numbers are provided in gray. The list might include isotopes. Peptide mass fea-

tures with significant different average intensities between vital tumor and non-tumor tissues are 

marked with * (adj. p-value <0.05 in Wilcoxon Rank Sum Test). Within a 300 ppm window, the 9 

peptide mass features could be matched to tumor specific peptide mass features of other solid tumor 

MALDI imaging studies out of which two provided tentative protein identifications (shown as gene 

names). 

m/z CRC all samples CRC primary tumor 
CRC liver 

metastasis 
Vulvar cancer Head and neck cancer 

Neuroblasto

ma 

857.36 5/12 1/6 4/6 
ANXA4 

FDXR 
- 857.4 

901.32 4/12 4/6 0/6 - HSP90 901.5 

901.68 7/12 6/6 1/6 - - - 

929.51* 10/12 6/6 4/6 - - 929.4 

930.63* 7/12 5/6 2/6 - - 930.6 

943.37* 9/12 5/6 4/6 HNRNPC - 943.5 

944.5 7/12 2/6 5/6 

H2AC18 

H2AC7 

H2BC1 

H2AX 

H2AZ2 

VIM 

KRT78 
944.4 

957.44* 5/6 1/6 4/6 

AHNAK 

COL6A1 

FUBP1 

PRPF8 

NCL 957.6 

958.59 8/12 6/6 2/6 

ANXA4 

HNRNPAB 

NAPRT 

TFRC 

- 958.5 

3.3. CRC tissues show organized intratumor heterogeneity 

Due to the clonal evolution of tumors, different cell clones may proliferate in parallel 

causing different tumor subregions. This intratumor heterogeneity is a major factor in 

therapy resistance as only some cell populations might be affected by a treatment while 

others may continue growing. To probe intratumor heterogeneity, we assessed the anno-

tated tumor tissue by spatial segmentation. This approach differs from the previously pre-

sented segmentation that also included large areas of non-tumor tissue. The strong differ-

ences between tumor- and non-tumor areas are likely to overshadow more subtle differ-

ences arising from intratumor heterogeneity. Hence, to assess intratumor heterogeneity, 

we focused the unsupervised segmentation on mass spectra that were annotated as vital 

tumor areas based on detailed histopathological annotation in the H&E image. Inside the 

tumor areas of each sample multiple segments were obtained, which indicates proteomic 

intratumor heterogeneity (Figure 2). Many tissues with larger tumor areas showed seg-

ments at their borders (PRIM_2, PRIM_3, PRIM_5 and PRIM_6), potentially representing 

the transition zone between tumor and peritumoral tissue. Three liver metastases (MET_2, 

MET_4 MET_5) show organized pattern formation as zonal structures forming differing 

layers from inwards to outwards.  
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Figure 2. Unsupervised segmentation of the vital tumor regions shows areas with distinct proteomic 

composition indicating intratumor heterogeneity. a) i. tumor annotation and ii. spatial proteomic 

segments for primary tumors. B) i. tumor annotation and ii. spatial proteomic segments for liver 

metastases. For better comparability, the tumor segments are projected onto the whole sample 

(beige). 

Comparison of the segments with the H&E images showed that they did not corre-

spond to visible histologic patterns. Most segments contained a mixture of tumor cells, 

fibrocytes, immune cells and some segments contained small amounts of necrosis or ex-

tracellular matrix. Unfortunately, with the used mass spectrometer, we were restricted to 

150 µm spatial resolution and therefore not able to focus our proteomic analysis on indi-

vidual tumor cells. 

3.4. Spatial proteomic similarity of patient-matched primary tumors and liver metastases 

Next, we were interested to compare the m/z profiles between patient-matched pri-

mary tumors and corresponding liver metastases. For this, we virtually combined the 

MALDI imaging data of primary tumor samples and corresponding liver metastasis for 

each patient. Then we repeated the spatial shrunken centroids based unsupervised seg-

mentation on the vital tumor areas from these six combined datasets, hence enabling the 

direct delineation of shared segments. The resulting segments of the patient-matched tu-

mor entities showed high similarity to the segments obtained by segmentation of the in-

dividual tumor tissues. The preservation of the intratumor segments even in the presence 

of a different entity underlines the robustness of the molecular segmentation. All patient-

matched tumor tissue pairs show multiple clusters that span across both entities (Figure 

3). This indicates a substantial proteomic concordance across primary tumor and liver 

metastasis of the same patient and the absence of batch effects between the samples of the 

same patient. We then investigated if metastasis forming segments can be found. These 

would be represented by a segment that covers a part of the primary tumor and a larger 

area in the matching liver metastasis. However, we could not find such segments.  To 

follow up on the proteomic differences between patient-matched vital tumor areas of pri-

mary tumors and liver metastasis, we compared the averaged vital tumor intensities be-

tween them using a linear mixed model. The analysis resulted in very high adjusted p-

values for all peptide features, indicating that none of the peptide features had a 
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significantly different mean intensity between the vital tumor areas of primary tumor and 

liver metastases.  

 

Figure 3. Unsupervised segmentation of the tumor areas of matched primary tumors and liver me-

tastases. The segmentation results are projected onto the whole sample (beige) for better compara-

bility. All pairs show intratumor heterogeneity which spans both entities. 

3.5. Interpatient proteomic differences are higher between liver metastases than in primary 

tumors 

After having analyzed the spatial tumor proteome sample and patient wise, we now 

aimed to compare it between all six patients. For this, we re-inspected the tissue level 

unsupervised segmentation results shown in Figure 1. Here we focus on the proteomic 

comparison between the vital tumor segments of all patients. We had previously extracted 

a list of peptide mass features that were enriched in the vital tumor segments (Table S2). 

In total these were 248 peptide features in primary tumors and 363 peptide features in 

liver metastasis. We counted for each of these peptide features in how many patients they 

were part of the tumor enriched peptide feature list. We did this separately for primary 

tumors and liver metastases. For primary tumors 100 out of the 248 primary tumor en-

riched peptide features were found as tumor enriched in all six patients (Figure 4a). In 

contrast, for liver metastasis not a single peptide feature was found to be tumor enriched 

in all six patients and only 34 out of 363 peptide features occurred in more than 3 liver 

metastases (Figure 4b). This indicates a higher interpatient heterogeneity in CRC liver me-

tastases compared to CRC primary tumors. 
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Figure 4. Occurrence of the vital tumor enriched peptide features across primary tumors (a) and 

liver metastases (b). The different colors represent the six patients. In general, primary tumors show 

a higher overlap of tumor peptide features between samples in contrast to liver metastases, where 

only a small number of features occurs in more than 3 samples. Isotopes may be included in these 

plots and inflate the numbers because the data quality did not allow for reliable monoisotopic peak 

picking. 

4. Discussion 

We performed MALDI imaging on 12 whole-slide tissues from six patient-matched 

primary CRC and liver metastases. We obtained distribution heatmaps representing the 

complex tissue composition of CRC on a molecular level and could characterize interpa-

tient, intertumor and intratumor hetereogeneity. In comparison to most proteomic CRC 

studies, our approach with a spatial resolution of 150µm allowed for the spatial separation 

of vital tumor tissue from non-tumor tissue and the investigation of intratumor heteroge-

neity without laborious and time consuming sample preparation. We found several pep-

tide features that were enriched in vital tumor areas and found in other MALDI imaging 

studies of solid tumors. This suggests that high abundant tumor peptides may serve as 

general solid tumor markers in MALDI imaging, but more investigations are needed to 

confirm this hypothesis. Amongst the peptide features most enriched across our 12 vital 

tumors are tentatively peptides from several characteristic tumor proteins, including an-

nexin A4 and prelamin A/C, which both were described in CRC before. 

The peptide features that characterized the vital tumor areas in the primary tumors 

were more similar across patients than in the metastasized tumors. This higher interpa-

tient heterogeneity in CRC metastases implicates patient specific differences during me-

tastasis formation. Metastasis formation requires many different steps, including EMT, 

MET and plasticity through genetic alterations to allow dissemination and seeding into 

other organs. A genomic analysis in CRC revealed that rare subclones seed many metas-

tases 46. This implicates a high number of differing genetic alterations in each rare sub-

clone, which could explain the higher heterogeneity observed in metastasis. The same 

study also found that potential metastasis forming clones do not necessarily represent the 

most abundant subpopulations in the primary tumor. This is in concordance with our 

findings in terms of spatial comparison of primary tumors and metastasis, as we did not 

find potentially metastasis forming subclusters in the major tumor mass of primary tu-

mors.  

We found subclusters that were spanning across both entities and no significant dif-

ferences between both entities could be confirmed. This is in contrast to two recent 
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shotgun proteomic studies in which proteomic differences between primary CRC and 

liver metastasis were found 18,21. However, these studies included some patients that had 

already obtained treatment before surgery, while all our patients had no previous treat-

ment and thus no selective pressures were present that might lead to a different adapta-

tion of primary tumor and liver metastasis. Furthermore, the shotgun proteomic studies 

were performed on macrodissected tumor tissues and the obtained protein intensities are 

average values over the full tumor tissue, neglecting intratumor heterogeneity. In con-

trast, our study is the first that reveals spatially resolved proteomic compositions of both 

the primary tumor and liver metastases of the same patients, but might have missed dif-

ferences between both entities in less abundant proteins due to the limited sensitivity of 

the MALDI mass spectrometer.  

The separate assessment of intratumor heterogeneity in each vital tumor tissue found 

areas with distinct peptide profiles, sometimes organized in distinct zones between tumor 

and peritumoral tissue. Intratumor heterogeneity in CRC stems from mutational events 

during cancer formation and adaptation to the microenvironment that leads to a multi-

tude of subclones. Importantly, these alterations are not evenly distributed across a tumor 
47. Some proteomic studies have also shown that protein expression varies in different 

CRC tumor zones 48. The only other MALDI imaging study of CRC liver metastasis was 

able to show functional and therapeutic biomarker heterogeneity in peritumoral, rim and 

center zones of metastatic tumor tissues 27. Data from different in-vivo cancer models 

show functionally different zones in several tumors: proliferation at the outer zone, dif-

ferentiation in the middle zone, and central cell death 49. This intratumor heterogeneity 

has direct clinical implications for example for therapy response and progression. Unfor-

tunately, we had no access to such clinical data to correlate it with our intratumor seg-

ments, which should be part of future studies. 

Although we studied only a limited number of patients, we were able to unravel their 

proteomic heterogeneity on patient, tumor and intratumor level. This aspect is especially 

important as therapeutic treatment is often chosen according to the properties of the pri-

mary tumors. Our data suggests that treatment of metastasis CRC needs to consider their 

diverse and distinct tumor phenotypes, which should be investigated in future MALDI 

imaging studies on a larger patient cohort and with data about therapy response. 

5. Conclusions 

MALDI imaging of six patient-matched CRC primary tumor and liver metastases al-

lowed for the spatial proteomic characterization of interpatient, intertumor and intra-

tumor heterogeneity. We found several peptide features that were enriched in vital tumor 

areas of primary tumors and liver metastasis and tentatively derived from tumor cell spe-

cific proteins such as annexin A4 and prelamin A/C, which were also found in other 

MALDI imaging studies of solid tumors. Liver metastases of colorectal cancer show 

higher proteomic heterogeneity between patients than primary tumors while within pa-

tients both entities show similar intratumor clusters and proteomes. The vital tumor areas 

of primary tumors as well as liver metastasis showed spatial segments with distinct pro-

teomic profiles, sometimes organized in zonal patterns. Together our findings give new 

insights into the spatial proteome of primary CRC and patient-matched liver metastases. 
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