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Abstract 

Colorectal adenocarcinomas (CRC) are one of the most commonly diagnosed tumors worldwide. Colorectal adenocarcinomas 
primarily metastasize into the liver and (less often) into the peritoneum. Patients suffering from CRC-liver metastasis (CRC-LM) 
typically present with a dismal overall survival compared to non-metastasized CRC patients. The metastasis process and metastasis- 
promoting factors in patients with CRC are under intensive debate. However, CRC studies investigating the proteome biology are 
lacking. Formalin-fixed paraffin-embedded (FFPE) tissue specimens provide a valuable resource for comprehensive proteomic studies 
of a broad variety of clinical malignancies. The presented pilot study compares the proteome of primary CRC and patient-matched 

CRC-LM. The applied protocol allows a reproducible and straightforward identification and quantification of over 2,600 proteins 
within the dissected tumorous tissue. Subsequent unsupervised clustering reveals distinct proteome biologies of the primary CRC 

and the corresponding CRC-LM. Statistical analysis yields multiple differentially abundant proteins in either primary CRC or their 
corresponding liver metastases. A more detailed analysis of dysregulated biological processes suggests an active immune response in the 
liver metastases, including several proteins of the complement system. Proteins with structural roles, e.g. cytoskeleton organization 

or cell junction assembly appear to be less prominent in liver metastases as compared to primary CRC. Immunohistochemistry 
corroborates proteomic high expression levels of metabolic proteins in CRC-LM. We further assessed how the in vitro inhibition of 
two in CRC-LM enriched metabolic proteins affected cell proliferation and chemosensitivity. The presented proteomic investigation 

in a small clinical cohort promotes a more comprehensive understanding of the distinct proteome biology of primary CRC and their 
corresponding liver metastases. 
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Introduction 

Colorectal cancer (CRC) is still one of the most diagnosed cancers
worldwide, presenting the third-highest prevalence in men 1 , 2 . Over 1.1
million new CRC cases were diagnosed in 2020 with over half a million
CRC-related deaths worldwide, making CRC the second leading cause of
cancer death 2 , 3 . Unhealthy diet, obesity, smoking, lack of physical activity,
and genetic predisposition are established risk factors for CRC 

4 , 5 . Typically,
CRC develops over several years, starting as benign adenomatous polyps
becoming advanced adenoma with high-grade dysplasia, and then progresses
to invasive cancer 6 . Multiple consecutive changes on a genetic level are
thought to drive the conversion from normal epithelium to malignant tissue
7 . Early detection and removal of colonic polyps and advances in primary and
adjuvant therapy are paramount improvements declining the mortality and
increasing patients’ 5-year survival in the past decades 8 . Surgical resection
represents the preferred therapeutic method of CRC (stage I to III) providing
a potentially curative option. Downstaging with neoadjuvant chemotherapy
is a possibility for initially unresectable tumor stages 9 , 10 . The postoperative
outcome depends on the clinical, molecular, and histological features of
the disease. The strongest prognostic factor is the pathological stage of the
resected tumor. Size, presence of distant metastasis, lymph node positivity,
and perineural invasion are substantial 11 , 12 . 

CRC can spread lymphatic, hematogenous, contiguous, and in a final
stage transperitoneal. The most common metastatic sites are the regional
lymph nodes, the liver, and the lungs. Usually, the liver is the first metastatic
site because of the venous drainage via the portal vein system. Up to 25%
of all patients carry liver metastases at the time of diagnosis, while over
30% develop metastases after resection of primary CRC 

4 , 13 . The 5-year
survival rate of patients with metastasizing CRC is decreased by eight times
compared to patients with local CRC 

13 . Due to the development of refined
surgical techniques, such as two-stage hepatectomy, preoperative portal vein
embolization, and down-sizing chemotherapy, the number and extent of
resections of liver metastasis in CRC increased in the last couple of years
steadily and showed a positive result towards long-term survival 9 , 14 . On a
molecular level, CRC is a heterogeneous disease, as the majority of all CRCs
occur sporadically ( ∼ 70%), caused by somatic mutations 1 , 15 . Microsatellite
instability, mismatch repair deficiency, APC, RAS, and BRAF mutations are
relevant and determined in the standard histopathological examination. In
the last couple of years, the growing knowledge of molecular pathogenesis
plays an important role to improve targeted treatments 16 , 17 . Multimodal
therapy concepts are well-established with combination chemotherapy and
targeted biologic agents. Subsequently, significant improvements in survival
were achieved 18 , 19 . 

Formalin-fixation and paraffin-embedding (FFPE) represents the most
commonly used preservation method for clinical tissue specimens worldwide
20 . This has led to vast tissue archives, storing tissue specimens of a broad
variety of malignancies. Continuous protocol development and optimization
rendered FFPE tissue readily accessible for proteomic investigations 21–24 .
This has prompted an increasing number of clinical proteomic studies
investigating a multitude of malignancies, including rare genetic disorders
benefitting from thorough FFPE tissue archives 25–28 . Furthermore, some
of the FFPE protocols have been shown to yield comprehensive proteome
coverage, reaching over 8.000 identified proteins in single measurements,
even with minor amounts of tissue material 21 , 28 , 29 . 

Many malignant tumors have predominantly been studied on the genetic
and transcriptomic level, mainly due to the broad availability and enhanced
coverage of those techniques. However, with proteins being the effectors
within cells and tissues, representing the products of transcriptomic and
translational processes, the importance of a detailed investigation of the
proteome becomes evident. Proteomic profiling of CRC and its metastases
as the functional translation of the genome is challenging but has a great
potential to identify proteins that are linked to tumor progression 30 . In this
study, we compare the primary tumor with patient-matched liver metastasis.
We describe the distinct proteome biology of primary CRC and
heir corresponding liver metastases. Further, this project highlights the 
racticability and feasibility of the previously published direct trypsinization 
DTR) protocol 5 . An activated immune response in the liver metastases
s highlighted by the significant upregulation of several components of the
omplement system. The explorative proteome characterization of primary 
RC and liver metastases is complemented by follow-up experiments 

nvestigating the spatially distributed expression of significantly dysregulated 
roteins using immunohistochemistry. Furthermore, an increase in sensitivity 
sing tissue macro dissection for the analysis of primary tumors and their
istant metastasis is shown. These characteristics and proteomic profile 
ay lead to uncovering diagnostic and prognostic markers to improve the

nderlying mechanisms of tumor development and progression. 

aterial and Methods 

thics statement 

The study was approved by the Ethics Committee of the University
edical Center Freiburg (504/17). Patients gave written informed consent 

efore inclusion into the study. 

atient cohort 

Seven patients diagnosed with colorectal carcinoma (CRC) and CRC-LM 

ere included in the study. All patients were operated for CRC and CRC-LM
etween 2014 and 2016 at the Department of General and Visceral Surgery,
niversity Medical Center Freiburg, Germany. The cohort comprises tissue 

pecimens from five male and two female patients with an age ranging
etween 48 and 75 years. Further details including tumor localization, tumor
rading, and TNM classification are summarized in Table 1 . Patient data,
aw LC-MS/MS data, and analysis result files are available at the European
enome-phenome Archive for appropriate research use ( https://ega-archive. 

rg ; EGAS00001005641). As patient-centric proteomic data is increasingly 
egarded as sensitive, personal data 31 , EGA requires adherence to a data access
greement. The data access agreement for this dataset corresponds to the
Harmonised Data Access Agreement (hDAA) for Controlled Access Data”
s brought forward by the "European standardization framework for data
ntegration and data-driven in silico models for personalized medicine – EU-
TANDS4PM”. 

issue Collection, Fixation, and tissue macro dissection 

Tissue specimens were harvested during surgical removal of primary and
etastatic tumors and put in formalin solution immediately after surgical

emoval. All tissue specimens were gross sectioned, processed, and stained
ccording to routine protocols. For proteomic investigation 10 μm thick
issue slices were automatically deparaffinized and stained for hematoxylin 
s previously described 21 , 32 . Macroscopical tumor dissection was performed 
y an experienced pathologist. Finally, the tumorous tissue of each sample
as transferred into a fresh 1.5 ml microcentrifugation tube. 

ample Preparation for LC-MS/MS Analysis and Data Acquisition 

For proteomic analysis, the tissue specimens were prepared as previously
escribed using the direct trypsinization protocol (DTR) 21 . Briefly, 
rotein extraction was performed by adding 100 μl of buffer containing
.1 % Rapigest in 0.1 M HEPES at pH 8.0 to each tissue sample.
issue homogenization was performed using sonification in a Bioruptor 

Diagenode) (10 cycles with 50/10 sec on/off) followed by the heat-
nduced antigen retrieval (HIAR) incubating the samples for 2 h at 95 °C.
rotein concentration of the supernatant was measured using the BCA assay

https://ega-archive.org
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Table 1 

Clinical Characteristics of the Patient Cohort 

Patient No. Localization of primary tumor Grading TNM Classification 

1 ∗ rectosigmoid ACA (G2) ypT3 pN0 (0/25) pM1 (HEP) 

2 ascending colon ACA (G2) pT3 pN1a (1/18) pM1 (HEP) 

3 rectosigmoid ACA (G2) pT3 pN2b (8/31) pM1 (HEP) 

4 sigmoid colon ACA (G2) pT4b pN2b (9/21) pM1 (HEP, PER) 

5 sigmoid colon ACA (G2) pT4a pN1b (3/13) pM1 (HEP, PER) 

6 ascending colon ACA (G2) pT4b pN0 (0/28) pM1 (HEP, PER) 

7 sigmoid colon ACA (G2) pT3 pN0 (0/13) pM1 (HEP) 

This study comprised 7 patients with histologically confirmed primary colorectal cancer. All patients 

had liver metastasis (HEP) and three had additional peritoneal carcinoma (PER) at primary diagnosis. 

All tumors were moderately differentiated (G2). ∗Material after chemotherapy (3 cycles). 
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(ThermoScientific) and 100 μg of Protein for each sample was reduced by
incubating with 5 mM Dithiothreitol (DTT) for 15 min and alkylated by
incubating with 15 mM Iodoacetamide (IAM) for 15 min in the dark.
A two-step protein digestion was performed by adding 2 μg of Trypsin
and incubating for 2 h at 50 °C followed by adding another 2 μg of
Trypsin and incubation at 37 °C overnight 33 . After digestion, samples were
acidified by adding Trifluoroacetic acid (TFA) to a final concentration of 2
% and incubating at 37 °C for 30 min. For peptide clean-up, mixed-phase
columns (PreOmics) were applied according to the manufacturer’s protocol
34 . Following BCA measurement, 4 μg of peptides of each individual sample
were transferred to fresh tubes, vacuum dried, and stored at -80 °C until LC-
MS/MS measurement. 

LC-MS/MS Data Acquisition and Analysis 

For LC-MS/MS analysis 300 ng per sample were measured using an
Orbitrap Q-Exactive plus (Thermo Scientific) mass spectrometer coupled to
an Easy nanoLC 1000 (Thermo Scientific) with a flow rate of 300 nl/min.
Buffer A contained 0.3 % acetic acid in water and buffer B 0.3 % acetic
acid in 80 % acetonitrile. Peptides were separated with an increasing gradient
of organic solvent (0-60 % acetonitrile in 90 min) on an analytical column
(Acclaim PepMap column (Thermo Scientific), 2 μm particle size, 100 Å
pore size, length 150 mm, inner diameter 50 μm). The MS was operated in a
data-dependent mode and each MS scan was followed by a maximum of ten
MS/MS scans. 

For data analysis, the MaxQuant (V1.6.0.16) software was used with
a reviewed human database (retrieved from UniProt, October 6, 2017)
containing 20,188 sequences 35 . Additionally, eleven synthetic peptides (iRT
peptides) were added to the database. Decoys for database search were
generated using the revert function. Precursor, main search, and fragment
mass tolerance were set to be 20, 4.5, and 20 ppm, respectively. The
peptide search included a fixed modification of carbamidomethyl cysteine
as well as the oxidation of methionine and the acetylation of the protein
(n-term) as variable modifications. Tryptic cleavage specificity with up to
two missed cleavages was used with a minimum peptide length of seven
amino acids. The false discovery rate (FDR) for peptides and proteins
was set to 0.01. Files obtained by MaxQuant were processed using the
open-source statistical software package R (V4.0.2). Decoy sequences and
potential contaminant entries were removed prior to statistical analysis. Raw
intensities were log2 transformed and statistical inference of differentially
regulated peptides was performed using the limma package (V.3.44.3) 36 .
Reported P-values were corrected at a Benjamini-Hochberg FDR of 0.05
37 . Further analyses were performed using mixOmics package (V6.12.2)
(hierarchical clustering, clustering distance: Euclidean distance, PCA),
corrPlot package (V0.84) and EnhancedVolcano package (V1.6.0) 38 , 39 .
ene ontology (GO) and REACTOME enrichment analysis was performed 
sing the topGO package (V2.40.0) and the ReactomePA package (V1.32.0) 

0 . 

mmunohistochemistry (IHC) 

Immunohistochemical staining of ALDH1A1, ALDOB, and DPP4 
as performed as previously described using specific antibodies mouse 

nti-human ALDH1A1 (R&D, MAB5869), rabbit anti-human ALDOB 

AbCam, ab75751), and mouse anti-human DPP4 (AbCam, ab114033) 
6 . Briefly, 2 μm tissue slices were deparaffinized and heat-induced antigen 
etrieval (HIAR) was performed. Tissue sections were stained by applying 
he following steps: incubating with 10 % H2O2 for 5 min, with primary
ntibody for 30 min, with secondary antibody for 10 min, and with 
orseradish peroxidase for 20 min, and lastly with 3,3 ′ -diaminobenzidine 
or 10 min. Between each of the aforementioned steps, the tissue was rinsed
sing a washing buffer containing 50 mM Tris-HCl, 150 mM NaCl, and 
.05% Tween 20. Each tissue slice was counterstained by incubating with 
ematoxylin for 30 sec and xylene was used as a permanent mounting 
edium. 

ell proliferation assay 

CaCo-2 and SW480 cells were cultured in DMEM (Gibco) supplemented 
ith 10% foetal calf serum (PAN), 1% penicillin/streptomycin (Gibco), 
% MEM vitamin solution (PAN), 1% MEM non essential amino acid 
olution (PAN), and 1% L-glutamine (Gibco). Prior to inhibitor treatment 
 × 10 5 cells/well were incubated in 6-well plates for 24 h. For the inhibition
f argininosuccinate synthase (ASS1) cells were incubated for 48 h after 
dding 5 mM (final conc.) of N-methyl-DL-aspartic acid (MDLA) (Santa 
ruz), solved in water, or an equal volume of water as a control. For

he inhibition of thymidylate kinase (DTYMK) cells were incubated for 
2 h after adding 2 μM (final conc.) of the YMU-1 compound (Sigma-
ldrich), solved in 15 % DMSO, or an equal volume of 15 % DMSO
s a control. Following the YMU-1 treatment, the cells were incubated for 
 h after adding either the FOLFOX regimen (50 μg/ml 5-fluorouracil, 
0μg/ml oxaliplatin, and 10μg/ml folinic acid) or an equal volume of 15 %
MSO. Subsequently, the cell culture medium was exchanged and cells were 

ncubated in fresh DMEM including supplements for 24 h. Adherent cells 
or both inhibitor treatments were washed using PBS (Gibco) and harvested 
y trypsinization. Cell proliferation was determined by counting with Trypan 
lue staining using EVE 

TM Automated Cell Counter (NanoEntek) according 
o the manufacturer’s protocol. 
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Figure 1. Overview of the experimental design to investigate tissue of primary colorectal carcinoma and patient-matched liver metastasis. 
(A) Primary colorectal carcinoma tissue (blue) and patient-matched liver metastasis tissue (yellow) were collected from seven patients. Following surgical 

removal, the tissue was conserved using formalin fixation and paraffin-embedding (FFPE). (B) Small, 10 μm thick tissue slices were deparaffinized. For each 
sample, the tumorous tissue was macro dissected and transferred to fresh microcentrifugation tubes. Protein extraction and heat-induced antigen retrieval 

(HIAR) in combination with a direct trypsinization (DTR) protocol was applied. Following peptide clean-up, the samples were measured using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). Differential expression analysis was performed, and individual target proteins were used for 

Immunohistochemistry (IHC) and cell proliferation assays. 
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Results and Discussion 

A straightfor ward direct tr ypsinization protocol facilitates the proteomic
investigation of patient derived FFPE tissue specimens. 

We aimed for a comprehensive proteome investigation of primary
colorectal carcinoma (CRC) and their derived liver metastasis in a small
cohort of seven CRC patients ( Figure 1 A ). The tissue was formalin-fixed and
paraffin-embedded (FFPE) following surgical removal. The FFPE procedure
preserves cellular as well as tissue morphology and prevents tissue degradation.
Thus, FFPE specimens are a standard for histopathological diagnostics and
can be stored for decades in vast tissue archives. FFPE specimens provide
a valuable resource for proteomic investigations of a variety of malignancies
5–28 Here we used 10 μm thin tissue slices, which were first deparaffinized and 
ubsequently used for tissue macro dissection by an experienced pathologist,
ocusing on tumorous tissue of either the primary CRC or the resulting liver
etastasis ( Figure 1 B ). A direct trypsinization protocol was applied using the
acro dissected tumorous tissue 21 . Of note, the samples were prepared by

tudents under the supervision of experienced researchers as part of a two-day
ractical course, emphasizing the straightforwardness of the applied protocol. 
he entire proteomic workflow is illustrated in Figure 1 . 

All patients developed distant metastasis in the liver and/or the
eritoneum ( Table 1 ). Further details including the tumor localization, the
rading, and the TNM classification are summarized in Table 1 . Generally,
atients were between 48 and 75 years old, including two female and five
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Figure 2. Overview of identified and quantified proteins in primary colorectal carcinoma and patient-matched liver metastasis. 
The bar chart shows the number of identified and quantified proteins in primary colorectal cancer (T, blue) and liver metastases (M, yellow) samples from 

n = 7 patients. As described in the material and methods section, two technical replicates per sample were conducted; shown here are proteins that were 
identified and quantified in at least one of the measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r  

(
a
(  

l
a
i  

o
p
c
b
m
l
h
a
a

p
u

i
a  

f  

t

m
T
c
n
p
(
a
e

male patients. Patient data and raw LC-MS/MS data have been deposited in
the European Genome-phenome Archive (EGA) and can be accessed via a
Data Access Committee (DAC). 

A small cohort of primary CRC and liver metastasis FFPE tissue allows
robust and reproducible proteome investigation. 

All samples (n = 7 primary CRC and n = 7 liver metastasis) were macro
dissected, prepared, and measured in duplicates. Protein intensities of the two
replicates for each patient sample showed a high correlation with Pearson
correlation coefficients ranging from 0.74 - 0.93 ( Supplementary Figure 1 ).
Proteins were included for further analysis if they have been quantified in
at least one replicate per duplicate; wherever possible, a mean intensity per
duplicate was calculated. Hereby, more than 2,400 proteins were identified
and quantified in all of the liver metastasis samples and in five out of seven
primary CRC samples ( Figure 2 ). Interestingly, we identified higher numbers
of proteins in the CRC-LM (on average 2,606) as compared to the primary
CRC samples (on average 2,383). 

Unsupervised principal component analysis (PCA) shows a clear
separation of the primary CRC samples and the corresponding liver
metastases ( Figure 3 A ). The liver metastases samples cluster together whereas
there are two outliers in the primary CRC samples. The similarity of the
samples from either the primary CRC or the liver metastases samples is further
highlighted by the formation of two distinct clusters in the hierarchical
clustering analysis ( Figure 3 B ). Remarkably, the samples cluster according to
the tumorous tissue origin, rather than according to the individual patients.
This is of particular importance since the primary-metastasis pairs were
patient-matched; hence emphasizing truly distinct proteome biology that
extends beyond inter-patient heterogeneity even within the comparably small
cohort size. 

Statistical analysis reveals differentially expressed proteins and distinct
proteome biology in primary CRC and corresponding liver metastases. 

To identify significantly dysregulated proteins between the primary CRC
and the CRC-LM a statistical analysis using linear models of microarray
analysis (limma) was performed 36 . As criteria for significant changes, we
equested an adjusted p-value < 0.05 as well as a change in abundance
fold change) above 1.5 for proteins that were upregulated in liver metastasis 
nd below 1.5 for proteins that were upregulated in the primary CRC 

 Figure 3 C ); corresponding to an increase or decrease in abundance of at
east 50 %. In total, we identified 108 significantly dysregulated proteins, 
mong which 57 proteins were enriched and 51 proteins were depleted 
n the CRC-LM as compared to the CRC ( Table 2 ). As expected, many
f the upregulated proteins in liver metastasis are involved in metabolic 
rocesses such as gluconeogenesis and fructose metabolism, e.g. the pyruvate 
arboxylase and the fructose-bisphosphate aldolase B as well as fructose-1,6- 
isphosphatase 1 ( Table 2 ). Interestingly, we notice enrichment of multiple 
embers of the complement system in the liver metastasis, including proteins 

inked to complement components C1, C4, C5, and C9. On the other 
and, multiple proteins associated with muscle contraction and cell junction 
ssembly are depleted in the liver metastases, including desmin and synemin 
s well as filamin-C ( Table 2 ). 

CRC-derived liver metastasis presents an upregulation of biological 
rocesses linked to the immune response, whereas primary CRC shows 
pregulation of structural components. 

Further, we performed a Gene Ontology (GO) enrichment analysis to 
dentify commonly affected differentially upregulated biological processes in 
 more systematic manner. To this end, we probed the set of proteins that we
ound to be either enriched or depleted in the liver metastases as compared
o the entirety of identified and quantified proteins ( Figure 3 D ). 

The protein signature that we found to be enriched in liver metastases 
apped to a variety of biological processes associated with metabolic activity. 
he fingerprint of enriched metabolic processes is interesting. Liver tissue 

an be expected to be a major source of metabolic enzymes. However, 
on-malignant liver tissue has been removed by macro dissection prior to 
roteomic analysis. As will be shown in the section on immunohistochemistry 
IHC), metabolic enzymes such as the retinal dehydrogenase (ALDH1A1) 
nd the fructose-bisphosphate aldolase B (ALDOB) are prominently 
xpressed by tumor cells in liver metastases. Several upregulated biological 
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Table 2 

List of significantly dysregulated proteins in liver metastases as compared to primary CRC. 

Uniprot log2 FC P.Value adj.P.Val Gene name Protein name 

Significantly upregulated proteins in liver metastases 

P52758 1.093 3.43E-06 4.92E-04 RIDA 2-iminobutanoate/2-iminopropanoate 

deaminase 

P24752 0.831 3.56E-04 1.01E-02 ACAT1 Acetyl-CoA acetyltransferase 

Q13510 0.828 6.39E-04 1.61E-02 ASAH1 Acid ceramidase 

Q8IUX7 0.857 1.19E-03 2.43E-02 AEBP1 Adipocyte enhancer-binding protein 1 

P00325 2 2.98E-09 2.01E-06 ADH1B All-trans-retinol dehydrogenase 

P02765 0.709 3.38E-04 9.94E-03 AHSG Alpha-2-HS-glycoprotein 

P02649 1.089 5.06E-08 2.74E-05 APOE Apolipoprotein E 

P05089 1.201 4.27E-04 1.14E-02 ARG1 Arginase-1 

P17174 0.597 1.35E-03 2.67E-02 GOT1 Aspartate aminotransferase 

P02749 0.642 1.06E-05 9.23E-04 APOH Beta-2-glycoprotein 1 

P04003 1.021 1.30E-03 2.58E-02 C4BPA C4b-binding protein alpha chain 

P31327 2.238 1.78E-05 1.27E-03 CPS1 Carbamoyl-phosphate synthase 

P10909 0.705 3.38E-04 9.94E-03 CLU Clusterin 

P02746 1.028 6.07E-06 6.31E-04 C1QB Complement C1q subcomponent subunit B 

P02747 0.778 1.51E-05 1.16E-03 C1QC Complement C1q subcomponent subunit C 

P09871 0.587 3.38E-04 9.94E-03 C1S Complement C1s subcomponent 

P01031 1.173 3.90E-05 2.51E-03 C5 Complement C5 

P02748 0.643 2.25E-03 3.62E-02 C9 Complement component C9 

P08603 0.735 1.18E-05 9.95E-04 CFH Complement factor H 

P00167 0.749 1.26E-04 5.66E-03 CYB5A Cytochrome b5 

O75891 1.201 1.04E-04 4.86E-03 ALDH1L1 Cytosolic 10-formyltetrahydrofolate 

dehydrogenase 

P30038 0.984 6.92E-04 1.67E-02 ALDH4A1 Delta-1-pyrroline-5-carboxylate 

dehydrogenase 

Q14117 0.742 1.23E-03 2.47E-02 DPYS Dihydropyrimidinase 

P09467 0.759 1.92E-04 7.13E-03 FBP1 Fructose-1,6-bisphosphatase 1 

P05062 1.765 9.23E-08 4.16E-05 ALDOB Fructose-bisphosphate aldolase B 

P16930 0.918 2.73E-05 1.84E-03 FAH Fumarylacetoacetase 

P35573 0.771 1.44E-03 2.71E-02 AGL Glycogen debranching enzyme 

P16402 0.698 5.04E-05 2.84E-03 H1-3 Histone H1.3 

P10412 0.622 2.41E-05 1.67E-03 H1-4 Histone H1.4 

A0A0C4DH55 

0.632 1.88E-04 7.13E-03 IGKV3D-7 Immunoglobulin kappa variable 3D-7 

Q14624 0.615 2.25E-04 7.82E-03 ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 

P01042 0.585 1.43E-03 2.71E-02 KNG1 Kininogen-1 

Q9BS40 0.689 1.52E-03 2.73E-02 LXN Latexin 

P23141 1.616 6.06E-06 6.31E-04 CES1 Liver carboxylesterase 1 

Q7Z4W1 0.839 5.01E-04 1.29E-02 DCXR L-xylulose reductase 

P08582 0.61 2.37E-03 3.72E-02 MELTF Melanotransferrin 

P01033 0.676 4.56E-05 2.74E-03 TIMP1 Metalloproteinase inhibitor 1 

Q02252 0.657 6.63E-04 1.63E-02 ALDH6A1 Methylmalonate-semialdehyde 

dehydrogenase 

Q13361 1.037 1.34E-04 5.75E-03 MFAP5 Microfibrillar-associated protein 5 

Uniprot log2 FC P.Value adj.P.Val Gene name Protein name 

Q9UJ68 1.002 3.05E-03 4.34E-02 MSRA Mitochondrial peptide methionine sulfoxide 

reductase 

Q6WCQ1 0.822 4.19E-04 1.14E-02 MPRIP Myosin phosphatase Rho-interacting protein 

Q4G0N4 0.706 1.19E-03 2.43E-02 NADK2 NAD kinase 2 

O60437 0.787 1.10E-03 2.33E-02 PPL Periplakin 

P00747 0.917 2.35E-04 7.92E-03 PLG Plasminogen 

O95671 1.631 1.89E-06 4.55E-04 ASMTL Probable bifunctional dTTP/UTP 

pyrophosphatase/methyltransferase protein 

P05165 0.69 2.54E-03 3.95E-02 PCCA Propionyl-CoA carboxylase alpha chain 

P00734 0.896 2.93E-03 4.29E-02 F2 Prothrombin 

P11498 2.044 7.18E-07 2.77E-04 PC Pyruvate carboxylase 

Q99575 0.746 4.31E-04 1.14E-02 POP1 Ribonucleases P/MRP protein subunit POP1 

Q13247 0.618 2.33E-03 3.70E-02 SRSF6 Serine/arginine-rich splicing factor 6 

P27169 0.629 2.98E-03 4.29E-02 PON1 Serum paraoxonase/arylesterase 1 

P50225 1.157 1.15E-03 2.39E-02 SULT1A1 Sulfotransferase 1A1 

Q13595 0.645 1.79E-03 3.00E-02 TRA2A Transformer-2 protein homolog alpha 

( continued on next page ) 



1246 Proteome biology of primary colorectal carcinoma and corresponding liver metastases M. Fahrner et al. Neoplasia Vol. 23, No. 12, 2021 

Table 2 ( continued ) 

Uniprot log2 FC P.Value adj.P.Val Gene name Protein name 

Significantly upregulated proteins in liver metastases 

Q3LXA3 0.784 1.64E-03 2.88E-02 TKFC Triokinase/FMN cyclase 

Q9HAW9 1.288 4.08E-05 2.57E-03 UGT1A8 UDP-glucuronosyltransferase 1A8 

P02774 0.79 3.06E-05 2.02E-03 GC Vitamin D-binding protein 

P04004 0.76 2.59E-03 3.97E-02 VTN Vitronectin 

Significantly depleted proteins in liver metastases 

P62736 -1.065 6.90E-06 6.60E-04 ACTA2 Actin 

P36404 -0.743 3.43E-04 9.97E-03 ARL2 ADP-ribosylation factor-like protein 2 

P36405 -0.815 7.08E-06 6.60E-04 ARL3 ADP-ribosylation factor-like protein 3 

Q92667 -1.385 2.76E-09 2.01E-06 AKAP1 A-kinase anchor protein 1 

O95816 -0.95 7.44E-04 1.73E-02 BAG2 BAG family molecular chaperone regulator 2 

P20810 -0.647 2.12E-03 3.47E-02 CAST Calpastatin 

P51911 -1.729 1.62E-05 1.21E-03 CNN1 Calponin-1 

Q6NZI2 -1.224 5.77E-06 6.31E-04 CAVIN1 Caveolae-associated protein 1 

Q969G5 -0.956 1.79E-04 6.92E-03 CAVIN3 Caveolae-associated protein 3 

P12277 -1.455 2.99E-06 4.92E-04 CKB Creatine kinase B-type 

P21291 -0.715 8.05E-05 4.03E-03 CSRP1 Cysteine and glycine-rich protein 1 

P17661 -3.379 1.32E-09 2.01E-06 DES Desmin 

Q9NZN4 -1.443 3.46E-06 4.92E-04 EHD2 EH domain-containing protein 2 

Q96AC1 -0.661 2.72E-03 4.11E-02 FERMT2 Fermitin family homolog 2 

P23142 -0.944 2.33E-06 4.55E-04 FBLN1 Fibulin-1 

Q14315 -2.298 2.36E-06 4.55E-04 FLNC Filamin-C 

P52735 -0.738 7.58E-04 1.74E-02 VAV2 Guanine nucleotide exchange factor VAV2 

P12081 -0.837 1.06E-06 3.18E-04 HARS Histidine–tRNA ligase 

Q8IUE6 -0.781 1.02E-04 4.83E-03 HIST2H2AB Histone H2A type 2-B 

Q16777 -1.227 4.91E-04 1.29E-02 HIST2H2AC Histone H2A type 2-C 

Uniprot log2 FC P.Value adj.P.Val Gene name Protein name 

P08648 -0.775 4.11E-04 1.13E-02 ITGA5 Integrin alpha-5 

Q13418 -0.72 1.52E-03 2.73E-02 ILK Integrin-linked protein kinase 

P55268 -1.166 2.90E-04 9.11E-03 LAMB2 Laminin subunit beta-2 

P29536 -0.834 1.93E-04 7.13E-03 LMOD1 Leiomodin-1 

Q93052 -0.633 2.84E-03 4.25E-02 LPP Lipoma-preferred partner 

P14174 -0.678 1.04E-03 2.21E-02 MIF Macrophage migration inhibitory factor 

P15088 -1.327 3.13E-06 4.92E-04 CPA3 Mast cell carboxypeptidase A 

Q16853 -1.353 3.55E-04 1.01E-02 AOC3 Membrane primary amine oxidase 

Q15746 -0.857 1.45E-04 6.01E-03 MYLK Myosin light chain kinase 

P24844 -1.194 1.84E-09 2.01E-06 MYL9 Myosin regulatory light polypeptide 9 

P35749 -1.56 6.19E-05 3.31E-03 MYH11 Myosin-11 

Q0ZGT2 -0.806 4.98E-04 1.29E-02 NEXN Nexilin 

P50479 -0.787 4.36E-05 2.68E-03 PDLIM4 PDZ and LIM domain protein 4 

Q9NR12 -0.987 4.85E-06 5.92E-04 PDLIM7 PDZ and LIM domain protein 7 

Q9H7Z7 -0.614 9.11E-04 2.00E-02 PTGES2 Prostaglandin E synthase 2 

Q8N8S7 -0.595 1.65E-04 6.65E-03 ENAH Protein enabled homolog 

P31949 -0.607 3.53E-03 4.71E-02 S100A11 Protein S100-A11 

Q7L804 -0.883 3.31E-04 9.94E-03 RAB11FIP2 Rab11 family-interacting protein 2 

Q15404 -0.801 1.66E-05 1.21E-03 RSU1 Ras suppressor protein 1 

P53814 -1.79 2.23E-06 4.55E-04 SMTN Smoothelin 

O76082 -1.278 5.04E-06 5.92E-04 SLC22A5 Solute carrier family 22 member 5 

Q9BX66 -1.318 5.91E-05 3.26E-03 SORBS1 Sorbin and SH3 domain-containing protein 1 

Q96RF0 -0.627 1.50E-03 2.73E-02 SNX18 Sorting nexin-18 

O15061 -1.892 4.86E-05 2.79E-03 SYNM Synemin 

P24821 -0.693 1.13E-03 2.37E-02 TNC Tenascin 

Q9UGI8 -0.663 1.33E-04 5.75E-03 TES Testin 

O43294 -0.862 4.04E-06 5.46E-04 TGFB1I1 Transforming growth factor beta-1-induced 

transcript 1 protein 

Q01995 -0.965 8.50E-07 2.87E-04 TAGLN Transgelin 

P09493 -0.833 7.12E-04 1.69E-02 TPM1 Tropomyosin alpha-1 chain 

Q9NRW7 -0.713 2.61E-03 3.98E-02 VPS45 Vacuolar protein sorting-associated protein 

45 

P18206 -0.61 1.72E-06 4.55E-04 VCL Vinculin 

List of proteins that were significantly (adjusted P-value < 0.05 and) upregulated (log2 fold change (FC) > 0.58) and downregulated (log2 fold 

change > 0.58) in liver metastases as compared to primary CRC. 
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Figure 3. Unsupervised clustering and statistical analysis reveals distinct proteome biology in primary CRC and corresponding liver metastasis. 
The average protein intensity of the two replicates per patient for the primary colorectal carcinoma (T, blue) and the liver metastasis (M, yellow) was 

computed. Proteins that were at least qualified in 4 out of the 14 samples were used for unsupervised principal component analysis (A) and hierarchical 
clustering (B). (C) Volcano plot showing proteins with their respective -log10 adjusted p-value and the log2 fold change for the comparison of liver 

metastases against primary CRC tissue from seven patients. Of the 2697 proteins, 57 were significantly more abundant in liver metastasis, whereas 51 
proteins were significantly more abundant in primary colorectal tumors (adjusted p-value < 0.05). (D) Gene ontology (GO) analysis of the significantly 

dysregulated proteins shows upregulated biological processes for each tumor tissue. 
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processes in the liver metastasis are associated with the immune response, e.g.
the regulation of the immune effector process as well as the regulation of the
humoral immune response. Moreover, proteins associated with the negative
regulation of endopeptidase activity and the regulation of wound healing are
higher expressed in liver metastasis than in primary CRC tissue. The protein
signature that we found to be depleted in liver metastases mapped mainly
to structural biological processes such as the actin cytoskeleton organization,
the cell junction assembly as well as muscle contraction ( Figure 3 D ). Those
results indicated a more active immune response within the metastatic tissue
as compared to the primary tumor location. 

Immunohistochemistry reveals tumor-cell expression of metabolic
proteins primary CRC and their corresponding liver metastasis. 

To investigate the cell-type-specific expression and spatial distribution
of selected proteins of interest we used immunohistochemistry (IHC) (see
Figure 4 and Supplementary Figure 6 ). Sufficient sample material for IHC
was available for five pairs of primary and metastatic tissue and it was not
possible to include further specimens. The staining of ALDH1A1 highlighted
ts expression in tumorous tissue in both the primary CRC as well as the liver
etastasis ( Figure 4 A ). Furthermore, we observe in three cases a stronger

xpression of ALDH1A1 in the tumor cells of the liver metastases as compared
o the primary CRC, consistent with the observed upregulation in the
roteome data ( Supplementary Figure 6 ). IHC staining of ALDOB failed to
roduce a strong signal in most cases ( Figure 4 B ). Nevertheless, expression
f ALDOB in tumorous tissue of primary CRC as well as liver metastasis
as detected in most of the assessed samples. Interestingly, we observe a
rominent upregulation of ALDOB in the CRC-derived liver metastases 

n the proteome data, which has also been described in previous studies
 Supplementary Figure 6 ) 41 . Furthermore, overexpression of ALDOB has
een associated with poor prognosis, promoting tumor progression 42 . We
ave also probed for dipeptidyl peptidase 4 (DPP4) as a protein that showed
 rather consistent abundance (log2 FC = -0.12; adjusted p-value = 0.73)
etween the primary CRC samples and the liver metastases ( Supplementary
igure 6 ). For DPP4 very prominent staining in most of the cases is evident,
ithout any visible alteration between the two tumor entities ( Figure 4 C ). 
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Figure 4. Follow-up investigation using Immunohistochemistry (IHC) on primary colorectal carcinoma (CRC) and liver metastasis tissue of 5 representative 
patients. 
IHC staining for A) ALDH1A1, B) ALDOB and C) DPP4. 
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Functional follow-up investigation yields a more comprehensive
understanding of CRC biology by inhibition of two metabolic proteins
that were enriched in liver metastases. 

A cell proliferation assay was performed to investigate the inhibition of
two metabolic proteins that were upregulated in liver metastases using two
established colorectal cancer cell lines SW480 and CaCo-2. Inhibition of
argininosuccinate synthase (ASS1) has been described to reduce levels of
the oncogenic metabolite fumarate and results in impaired proliferation in
SW620 cells 43 . The inhibition of ASS1 using N-methyl-DL-aspartic acid
(MDLA) does not lead to a decrease in proliferation in either SW480 or
CaCo-2 cells as compared to the control ( Figure 5 A ). Furthermore, the
inhibition of thymidylate kinase (DTYMK) has been shown to sensitize
tumor cells to doxorubicin treatment in vitro and in vivo 44 . Here, two
colorectal cell lines SW480 and CaCo-2 were treated with the established
chemotherapeutic regimen FOLFOX 

45 . In both cell lines, a clear decrease
in cell proliferation upon chemotherapeutic treatment can be observed
( Figure 5 B ). However, the previously described chemosensitization effect
following the inhibition of DTYMK in combination with doxorubicin
treatment is not detectable in either SW480 or CaCo-2 cells using the
FOLFOX regimen. 

Tissue macro dissection improves the sensitivity of proteome investigation
of primary CRC and their resulting liver metastasis. 

To investigate the necessity and the benefits of the tissue macro dissection
we have also prepared adjacent FFPE slices without prior dissection of the
umorous tissue. The numbers of identified and quantified proteins in each 
ample are comparable to the macro dissected approach ( Supplementary 
igure 2 ). It appears that in the non-dissected tissue, higher numbers of
roteins are identified in primary CRC samples as compared to the liver 
etastasis samples. Unsupervised PCA and hierarchical clustering show a 

lear separation of the primary CRC and the liver metastasis in the non-
issected tissue samples ( Supplementary Figure 3 ). Of note, the primary 
RC from patient 4 is close to the liver metastasis from patient 1 in both

he non-dissected as well as the dissected tissue analysis (see Figure 3 B and
upplementary Figure 3B ). In the non-dissected comparison of primary 
RC and liver metastasis over 200 proteins are significantly dysregulated 

 Supplementary Figure 4A ). However, the GO enrichment analysis reveals 
ostly biological processes associated with metabolism as upregulated in the 

iver metastases samples ( Supplementary Figure 4B ). On the other hand, 
O enrichment analysis of proteins depleted in the (non-dissected) liver 
etastases samples show similar biological processes including cell junction 

ssembly and cytoskeleton organization. Only in the macro dissection 
pproach, the upregulation of proteins associated with the immune response 
ecomes apparent (see Figure 3 D and Supplementary Figure 4 ). Thus, 
and as expected) the tissue macro dissection improves the sensitivity of 
roteome investigations using primary CRC and liver metastasis tissue. The 

mproved sensitivity and thus the benefits of a tissue macro dissection are 
lso highlighted in a REACTOME analysis of the differentially expressed 
roteins in the dissected and the non-dissected proteome investigation 
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Figure 5. Functional follow-up analysis of proteins that were upregulated in liver metastasis using two colorectal cell lines. 
Proliferation assays were performed using two established colorectal cancer cell lines CaCo-2 and SW480. Bar plots show the mean cell count of five 

biological replicates per condition, including the standard deviation as error bars. A) Bar plot showing the cell count following the inhibition of 
argininosuccinate synthase (ASS1) using N-methyl-DL-aspartic acid (MDLA). Cells treated with water (blue) or with 5mM MDLA (red). B) Bar plot 

showing the cell count following the inhibition of thymidylate kinase (DTYMK) using the YMU-1 compound. Cells were either treated with 15% DMSO 

(blue), with the FOLFOX regimen (fluorouracil, oxaliplatin, and folinic acid) (red), with 2μm YMU-1 (yellow) or a combination of YMU-1 and FOLFOX 

(green). 
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( Supplementary Figure 5 ). Here, the active immune response and the
activation of the complement system are only observable in the dissected
approach, whereas only metabolism-associated processes are identified in the
non-dissected approach. 

Conclusion 

We show the straightforwardness and practicability of a reproducible
and robust protocol for a detailed proteome investigation using patient-
derived FFPE tissue. In this small cohort study, the distant metastasis clearly
separates away from the primary tumor strongly suggesting a prominent
difference in proteome biology. Furthermore, the relatively small number of
patient samples (n = 7) in combination with the tissue dissection enabled
the identification of previously described fructose-bisphosphate aldolase B
(ALDOB) as specifically enriched in CRC-derived liver metastatic tumor
tissue 41 , 42 . Despite a prominent metabolic molecular fingerprint, we were
able to detect an enhanced immune response in the liver metastases as
compared to the primary CRC. Detailed follow-up investigation showed
tumor-cell expression of retinal dehydrogenase 1 (ALDH1A1) that has been
escribed in various tumor-related contexts, with prognostic characteristics 
n breast, pancreatic, and prostate cancer 25 , 46–49 . Here, a functional follow-
p investigation in two established CRC cell lines does not show a previously
escribed chemosensitization effect upon inhibition of the thymidylate kinase 

4 . Even though such a chemosensitization has been described in other
ancer cell lines with doxorubicin treatment, we feel that using the FOLFOX
egimen might provide additional insights, since this is one of the currently
pplied treatments in patients. This project illustrates the potential and added
alue towards a more comprehensive understanding of clinical malignancies 
sing detailed proteome investigations, even in smaller cohorts. Proteome- 
ide studies in larger CRC cohorts are needed to elucidate further the
olecular mechanisms of metastasis formation as well as tumor progression. 
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