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Clear cell renal cell carcinoma (ccRCC) is a type of malignant tumor of the urinary system. The renal vein or vena cava
thrombus can be found in a subset of ccRCC patients in whom it leads toworse prognosis. However, the protein expres-
sion profile andmolecular features of ccRCC thrombus remain largely unclear. Here, a comparative proteomic analysis
was performed using the 2D-LC-MS strategy for the thrombus-tumor-normal tissue triples of 15 ccRCC patients. Statis-
tical analysis, GO enrichment analysis, protein-protein interaction network construction, and mRNA-based survival
analysis were used to interpret the proteomic data. Three dysregulated proteins, GGT5 (gamma-glutamyl transferase
5), KRT7 (keratin 7) and CFHR1 (complement factor H related 1), were analyzed using western blot (WB) and immu-
nohistochemistry (IHC) to validate the reliability of the proteomic analysis. The result of this analysis revealed 251dys-
regulated proteins, which could be divided into 11 clusters depending on the changing trends, among the thrombus,
tumor, and normal tissues. Several pathways and regulation networks were found to be associated with the thrombus,
and some dysregulated proteins showed potential values for prognosis prediction. WB and IHC results were in accor-
dance with the proteomic results, further validating the reliability of this study. In conclusion, our findings provide an
overview of the thrombus at the molecular level as well as valuable information for further pathological studies or re-
search on biomarkers and therapeutic targets.
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Introduction

Clear cell renal cell carcinoma (ccRCC), originating from the epithelial
system of the uriniferous tubule in the renal parenchyma, is a malignant
tumor of the urinary system [1,2]. Approximately 2%–3% of adult malignant
tumors are RCCs, of which 4%–10% invade the venous system, forming a
renal vein or inferior vena cava thrombus [3,4]. Patients with ccRCC who
also have a vena cava thrombus, exhibit poor prognosis, and there is no
clear pathogenesis for its development at present [5,6]. Thus, there is an ur-
gent need to investigate the protein expression profiles in thrombus and to
compare it with the protein expression profiles in the tumor and normal tis-
sues, to understand the special biological features of the thrombus.

Some previous studies have been performed to explore the features of
the tumor thrombus. Paranita and colleagues profiled the genomes and
transcriptomes of the primary ccRCC tumor, thrombus, and lung metasta-
ses, finding several perturbed genes mainly located in the extracellular
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s work.
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matrix between primary tumors and thrombus [7]. Moreover, Xiangming
and colleagues applied whole-exome sequencing and transcriptome se-
quencing of ccRCC tumor and thrombus tissue samples, and found distinct
molecular characteristics in patients with or without thrombus [8]. In a
study by Michael and colleagues, immune-cell enumeration and pro-
grammed death-ligand 1 (PD-L1) expression analysis in ccRCC patients
with tumor thrombus, thrombus had higher levels of M1 macrophages,
but the PD-L1 expression analysis on ccRCC biopsy did not represent its cor-
responding thrombus [9]. Moreover, Michael and colleagues performed a
microbiome evaluation and PD-L1 expression profiling in ccRCC patients
with associated tumor thrombus, and found that the tumor thrombus was
mostly devoid of diverse microbiota [10]. These studies showed the geno-
mic and immunogenic heterogeneity of the thrombi compared to that of
primary tumors. However, the protein expression profile of the thrombus,
which would provide valuable information for its molecular features, has
not been reported.
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Proteomics, as a rapidly developing protein profiling strategy, and it has
been widely applied in biological mechanism- and clinical application-
related studies. Furthermore, it has shown great advantages, including
wide proteome coverage and ideal analytical robustness [11,12]. In this
study, we performed label-free proteomic analysis of the thrombus,
tumor, and normal tissues of ccRCC patients to provide a comprehensive
view of the protein expression profiles. Further statistical, bioinformatics,
and mRNA-based survival analyses revealed distinctive molecular features
of the thrombus, providing novel targets for pathological research or drug
development.

Materials and methods

Materials

Tris-(2-carboxyethyl) phosphine (TCEP)was acquired fromThermo Sci-
entific (Rockford, Il, USA). Ammonium bicarbonate (NH4HCO3) and
iodoacetamide (IAA) were purchased from Sigma (St. Louis, MO, USA).
Sequencing-grade trypsin was purchased from Promega (Madison, WI,
USA). All mobile phases were prepared with HPLC grade solvents (i.e.
formic acid, water, and acetonitrile) from Sigma Aldrich. All other reagents
were of standard biochemical quality.

Patients and specimens

Patients were includedwho had histologically confirmed ccRCC and re-
ceived no treatments before surgery. Primary ccRCC tissues, matched
thrombus tissues and adjacent morphologically normal kidney tissues or
adjacent normal tissues from the same patient were collected from 15 pa-
tients with ccRCC and nephrectomy at Peking University Third Hospital.
This study was approved by local ethics committees (Peking University
Third Hospital) with the ethical approval code of M2017147, and written
informed consent was obtained from all patients.

Sample preparation

Total protein of ccRCC tissues, thrombus tissues and normal kidney tis-
sues was extracted and processed as previously described [13]. In brief, tis-
sue samples were homogenized in RIPA lysis buffer (Millipore, Billerica,
MA, USA) containing the protease inhibitor cocktail (Roche, Basel,
Switzerland). Protein was collected through centrifugation at 12,000 ×g
for 10 min at 4 °C and protein concentration was determined with a BCA
protein assay (Thermo, IL, USA). Sample pooling procedure was done by
combining 5 samples into 1 pooled sample and lead to three biological rep-
licates in each group (Tumor, thrombus and normal tissue). Protein diges-
tion was conducted by FASP [14] using Amicon Ultra-4 10k centrifugal
filters (Merck Millipore, Ireland). 200 μg total protein of each replicate
was denatured with 8 M urea in 0.1 M Tris/HCl (pH 8.5) and then proc-
essed with 0.05 M TCEP and 0.1 M iodoacetamide (IAA) in sequence. Fi-
nally, trypsin was added at an enzyme to protein ratio of 1:50 in 50 mM
NH4HCO3 solution at 37 °C overnight. The released peptides were collected
through centrifugation and dried by vacuum.

2D-LC based proteomic analysis

2D-LC-MS based proteomic analysis was performed as previously de-
scribed [13]. Firstly, high pH reverse phase chromatography was per-
formed using the Dionex Ultimate 3000 Micro Binary HPLC Pump
system. The digested peptide mixture was reconstituted with mobile
phase A (20 mM ammonium formate in water, pH 10) and then separated
using a 2.1 mm× 150 mmWaters BEH130 C-18 column at a flow rate of
230 μL/min. The gradient was 5%mobile phase B (20 mM ammonium for-
mate in 80% acetonitrile, pH 10) for 5min, 5% to 15%B for 15min, 15% to
25% B for 10 min, 25% to 55% B for 10 min, and 55% to 95% B for 5 min.
Elution was monitored by measuring the absorbance at 214 nm, and 15
fractions were collected based on peptide density and vacuum-dried.
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LC-MS analysis was performed on a nano-flow HPLC system (Easy-nLC
II, Thermo Fisher Scientific, Waltham, MA, USA) connected to an LTQ-
Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific). Chro-
matographic separation was performed on a reversed phase C18 column
(Easy-column C18-A2, 75 μm I.D. × 100 mm, 3 μm, Thermo Fisher Scien-
tific) at a flow rate of 300 nL/min with a 60min gradient of 2% to 40% ace-
tonitrile in 0.1% formic acid. The LTQ-Orbitrap was operated in data-
dependent mode to measure full scan MS1 spectra (m/z 300–1800) in the
Orbitrap with a mass resolution of 60,000 at m/z 400. After MS1 survey,
the 15 most abundant ions detected in the MS1 scan were measured in
MS2 scans using collision-induced dissociation (CID).

Protein identification and quantification

Protein identification and label-free quantitation were performed with
MaxQuant version 1.5.1.6 using default setting if not stated otherwise.
False-discovery rate (FDR) at the peptide and protein level was set to
0.01. Oxidized methionine (M) and acetylation (protein N-term) were se-
lected as variable modifications, and carbamidomethyl (C) as fixed modifi-
cation. Maximum of twomissed cleavages was allowed. Min count ratio for
LFQ was set to 2. Match between runs function was enabled and set to
2 min. Database searching was performed against the UniProt FASTA data-
base (Human proteome, downloaded in 2018, 20,399 entries). After pro-
tein identification and quantitation, data filtering and processing were
performed using Perseus software. The identified proteins were filtered
for at least 100% valid values (3 biological replications) in at least one
group (tumor, thrombus or normal tissue).

Bioinformatic analysis

Principal component analysis score plot and hierarchical clustering-
based heat map were drawn using MetaboAnalyst web service (https://
www.metaboanalyst.ca/). Gene Ontology (GO) and KEGG pathway enrich-
ment analysis, and protein to protein interaction network construction
were performed using the Metascape web service (https://metascape.org/
gp/index.html) with the dysregulated proteins used as input. For GO and
KEGGenrichment result presenting, a subset of enriched termswas selected
and rendered as a network plot, where terms with a similarity > 0.3 were
connected by edges. Enriched terms were grouped to clusters by similarity,
and the terms with the best p-values from each clusters was shown by
name. For protein to protein interaction network construction, analysis
was carried out with the following databases: BioGrid, InWeb_IM, and
OmniPath. The resultant network contained the subset of proteins that
form physical interactions with at least one other member in the list. The
Molecular Complex Detection (MCODE) algorithm was applied to identify
densely connected network components. Pathway and process enrichment
analysis was applied to each MCODE component independently, and the
best-scoring term by p-value was retained as the functional description of
the corresponding components. TCGA database based survival analysis
was performed using the GEPIA2 web service (http://gepia2.cancer-pku.
cn/#index), the method was set to Disease Free Survival (RFS) analysis,
and other parameters were set as default.

Western blot analysis

Western blot (WB) analysis was performed according to standard proto-
cols. In brief, 40 μg of the total proteinwas electrophoretically separated on
a 10% SDS-PAGE gel. The proteins were then transferred to a PVDF mem-
brane and probed with primary antibodies: anti-CFHR1 (1,1000; Abcam,
Cambridge, MA), anti-KRT7 (1,1000; Bioworld Technology, Minneapolis,
MN), anti-GGT5 (1,1000; Bioworld Technology, Minneapolis, MN, USA),
and anti-β-actin (1,1000; Santa Cruz Biotechnology, Santa Cruz, CA). Pro-
tein expression was visualized after the membrane was incubated with sec-
ondary antibodies conjugated with horseradish peroxidase and enhanced
chemoluminescence reagent (Santa Cruz Biotechnology, Santa Cruz, CA).
The intensity of protein staining was determined using NIH Image J
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software after gray scanning. Average protein expression was calculated
using the WB results of 15 patients in the validation cohort.

Immunohistochemical staining

Samples were processed for hematoxylin-eosin staining (H&E staining)
and IHC by routine techniques. Briefly, deparaffinized tissue sections were
incubated with 3% hydrogen peroxide for 10 min at 37 °C. Tissue sections
were then placed in 0.01 M citrate antigen retrieval solution (pH 6.0),
heated at 95 °C in amicrowave oven for 10min and cooled to room temper-
ature. Slides were reacted for 2 h at room temperature with primary rabbit
polyclonal antibody to CFHR1 (Abcam; Rabbit; 1:500 dilution), KRT7
(Bioworld; Rabbit; 1:500 dilution), GGT5 (Bioworld; Rabbit; 1:500 dilu-
tion). Secondary antibodies conjugated with horse-radish peroxidase (rab-
bit; DAKO, Denmark) were incubated for 40 min at RT, followed by
incubationwith the substrate 3, 3′ diaminobenzidine (DAKO, Denmark) be-
fore counterstaining with Mayer hematoxylin. For negative controls, pri-
mary antibodies were omitted from the dilution buffer. Granular
cytoplasmic staining of CFHR1, GGTS and KRT7 were considered to be
positive.

Statistical analysis

For dysregulated proteins screening form proteomic data, the signifi-
cance was determined by ANOVA with Fisher's LSD post-hoc comparison,
and a protein with an FDR adjusted p value < 0.05 and a fold change > 2
was considered dysregulated between groups. For statistical analysis of
WB results, the significance of variability was determined by ANOVA
with post-hoc comparison, with Student's t-test for continuous variables
and by chi-square or Fisher's exact test for nominal variables, as appropri-
ate. All data are presented as mean ± SD from at least three independent
experiments. p < 0.05 was considered statistically significant.

Data availability

The raw MS data and MaxQuant processed result were deposited in
MassIVE database with ID: MSV000085727.

Results

Overview of the proteomic workflow

This study aimed to explore the protein expression profiles of ccRCC
tumor and thrombus compared to normal kidney tissue. The schematic
Fig. 1.Overview of the proteomic workflow and result. (A) Schematic flowchart of the p
samples in term of protein expression profiles. Sample groups were marked by colors.
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flowchart of the proteomic workflow and the results are shown in
Fig. 1A. Three sample groups (tumor, thrombus, and normal) derived
from 15 ccRCC patients (Table 1) were collected and analyzed by label-
free proteomics. A total of 5416 proteins were identified with confidence
and 3631 proteins were detected in all three biological replicates in at
least one group. ANOVA p value and fold-change-based screening revealed
251 dysregulated proteins among groups. Next, PPI network construction,
GO enrichment analysis, and survival analysis further revealed the relevant
perturbed pathways in the thrombus or tumors. Finally, three dysregulated
proteins were analyzed viaWB and IHC to validate the reliability of the pro-
teomic results. This result provided dysregulated proteins and perturbed
pathways in the ccRCC thrombus and tumor, which helped to gain an over-
view of the distinct characteristics of these two subtypes at the molecular
mechanism level.
Proteins dysregulated between tumor, thrombus, and normal tissues

The protein expression profiles were first overviewed by the PCA score
plot (Fig. 1B), in which the normal group presented a clear distinction from
tumor and thrombus, and differences were also observed between the
thrombus and tumor groups. Further ANOVA and fold change-based
screening revealed a total of 251 dysregulated proteins among the three
sample groups (Table S1), and 13 of them were found to be dysregulated
between each group (thrombus vs. tumor, thrombus vs. normal, and
tumor vs. normal). The expression levels of the 13 proteins are shown in
the heat map in Fig. 2A, and five clusters (cluster 1–5) could be found ac-
cording to the change trends (Fig. 2A and B). The GO terms of these 13 pro-
teins are shown in Table 2.
Proteins solely dysregulated in thrombus or tumor tissue

Among the dysregulated proteins, 4 proteins (MMP7, PLXNB1, ERLIN1,
and YARS2) were found to be downregulated (cluster 6) or upregulated
(cluster 7) in the thrombus, with no difference between tumor and normal
tissue (Fig. 3A). Twenty-nine proteins were found only upregulated (cluster
8) or downregulated (cluster 9) in the tumors, with no difference between
the thrombus and normal tissue (Fig. 3B). The change trends of the clusters
(clusters 6–9) are shown in Fig. 3C. The results of GO and pathway enrich-
ment analysis using proteins in clusters 8 and 9 are shown in Fig. 3D. Sev-
eral GO terms were significantly enriched, such as aspartate family amino
acid metabolic process, leukocyte degranulation, and cell adhesion mole-
cule binding.
roteomic study and result. (B) Score plot of the PCA representing the distribution of



Table 1
Clinicopathologic characteristics of the ccRCC patients with thrombus.

Cohort Case no. Sex Age WHO/ISUP grading system TNM

Discovery 1 F 54 4 pT3bN1M1
Discovery 2 M 59 2 pT3bN0M1
Discovery 3 F 61 3 pT3bN0M0
Discovery 4 M 70 3 pT3cN0M0
Discovery 5 M 61 2 pT3cN0M0
Discovery 6 F 55 4 pT3bN1M0
Discovery 7 M 76 4 pT3bN1M1
Discovery 8 M 82 2 pT3aN0M0
Discovery 9 F 69 3 pT3cN1M1
Discovery 10 M 76 3 pT3bN0M0
Discovery 11 M 56 2 pT3bN0M0
Discovery 12 F 64 2 pT3bN0M0
Discovery 13 M 62 3 pT3aN0M0
Discovery 14 M 76 2 pT3bN1M0
Discovery 15 F 62 1 pT3bN1M1
Validation 1 M 58 3 pT3cN0M1
Validation 2 F 29 4 pT3bN1M0
Validation 3 M 78 3 pT3bN0M1
Validation 4 F 47 2 pT3aN0M0
Validation 5 M 68 4 pT3bN0M0
Validation 6 M 46 3 pT3aN0M0
Validation 7 M 78 3 pT3aN0M0
Validation 8 M 64 2 pT3aN1M0
Validation 9 F 67 1 pT3aN0M0
Validation 10 M 59 2 pT3aN0M0
Validation 11 M 65 2 pT3aN0M0
Validation 12 F 67 2 pT3aN0M0
Validation 13 F 48 2 pT3aN0M0
Validation 14 M 57 4 pT3aN1M0
Validation 15 F 53 1 pT3aN0M0
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Proteins solely dysregulated in normal tissue

Among the total dysregulated proteins, 205 proteins were found to be
upregulated (cluster 10) or downregulated (cluster 11) in normal tissue,
with no difference found between the thrombus and tumor tissues
(Fig. 4A). The change trends of the clusters (clusters 10 and 11) are
shown in Fig. 4B. The results of GO and pathway enrichment analysis
Fig. 2. Proteins dysregulated among thrombus, tumor and normal tissue. (A) Hierarchica
among thrombus, tumor and normal tissue. 5 clusters could be found according to reg
proteins in cluster 1–5. Each line represented a protein and the average intensity of eac
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using proteins in clusters 10 and 11 are shown in Fig. 4C. Several GO
termswere significantly enriched, such as small molecule catabolic process,
organic cyclic compound catabolic process, and monocarboxylic acid met-
abolic process.

PPI networks of the dysregulated proteins

To further reveal the regulative patterns in ccRCC disease progression,
PPI network construction and MCODE-based sub-clustering were per-
formed (Fig. 5A). A total of 6 MCODE sub-networks were found, and their
change trends were marked (Fig. 5B). Most of the proteins in MCODE
sub-networks, except DCN, belonged to dysregulated protein clusters 10
and 11, which means that these proteins were only dysregulated in the nor-
mal tissue, without differences between the thrombus and tumor tissues.
Five GO terms, such as protein targeting to ER, response to endoplasmic re-
ticulum stress, and small molecule catabolic process, were enriched for the
MCODE sub-networks, as presented in Fig. 5B.

Survival analysis

To explore the potential relationship between dysregulated proteins
and prognosis of ccRCC patients, survival analysis was performed using
transcriptome data and clinical follow-up information from the TCGA data-
base. In addition to ccRCC, we included some other types of urinary tumors
and common types of tumors in the survival analysis, such as kidney renal
papillary cell carcinoma, bladder urothelial carcinoma, liver hepatocellular
carcinoma, and lung adenocarcinoma, to gain an overview of the specificity
of these dysregulated proteins in the ccRCC. The results are presented as
heat maps for dysregulated protein cluster 10 (Fig. 6A), cluster 11
(Fig. 6B), clusters 6–7 (Fig. 6C), clusters 1–5 (Fig. 6D), and clusters 8–9
(Fig. 6E). The K-M survival curves of two representative proteins
(PHYHD1 and CHDH) are shown in Fig. 6F–G.

Validation of dysregulated proteins, KRT7, GGT5, and CFHR1

To validate the reliability of the proteomic results, we chose three dys-
regulated proteins (KRT7, GGT5, and CFHR1) from the dysregulated
l clustering heat map presenting the expression profiles of the proteins dysregulated
ulative trends. (B) Line chart presenting the regulative trends of the dysregulated
h protein from the three biological replicates was used.



Table 2
The GO enrichment results of the proteins in cluster 1–5.

Gene
symbol

Description Biological process (GO) Cellular component (GO) Molecular function (GO)

DCN Decorin Dermatan sulfate biosynthetic process; negative
regulation of vascular endothelial growth factor
signaling pathway; chondroitin sulfate catabolic
process

Collagen type VI trimer;
collagen beaded filament;
lysosomal lumen

Extracellular matrix structural constituent
conferring compression resistance; collagen
binding; extracellular matrix binding

CD48 CD48 molecule Regulation of adaptive immune response; leukocyte
migration; adaptive immune response

Membrane raft; membrane
microdomain; extracellular
exosome

Antigen binding; signaling receptor activity;
molecular transducer activity

RBP1 Retinol binding protein 1 Retinoic acid biosynthetic process; vitamin Ametabolic
process; retinoic acid metabolic process

Lipid droplet; nucleoplasm;
nuclear lumen

All-trans-retinol binding; retinol binding; retinal
binding

IFI35 Interferon induced protein
35

Type I interferon signaling pathway; cellular response
to type I interferon; response to type I interferon

Cytosol; nucleus; cytoplasmic
part

Protein binding; binding

GGT5 Gamma-glutamyltransferase
5

Leukotriene D4 biosynthetic process; leukotriene D4
metabolic process; leukotriene biosynthetic process

Intrinsic component of plasma
membrane; plasma membrane
part; plasma membrane

Leukotriene-C(4) hydrolase; hypoglycin A
gamma-glutamyl transpeptidase activity;
leukotriene C4 gamma-glutamyl transferase
activity

RUSF1 RUS family member 1 Integral component of
membrane; intrinsic
component of membrane;
membrane part

Protein binding; binding

KIAA1217 KIAA1217 Embryonic skeletal system development; chordate
embryonic development; skeletal system development

Cytoplasm; intracellular part;
intracellular

Molecular_function

HTATIP2 HIV-1 Tat interactive protein
2

Regulation of angiogenesis; import into nucleus;
angiogenesis

Nuclear envelope; organelle
envelope; envelope

Transcription coactivator activity; protein
serine/threonine kinase activity; transcription
coregulator activity

CHDH Choline dehydrogenase Glycine betaine biosynthetic process from choline;
choline catabolic process; glycine betaine biosynthetic
process

Mitochondrial inner
membrane; mitochondrial
membrane; organelle inner
membrane

Choline dehydrogenase activity; flavin adenine
dinucleotide binding; oxidoreductase activity

PHYHD1 Phytanoyl-CoA dioxygenase
domain containing 1

Oxidation-reduction process; metabolic process Dioxygenase activity; oxidoreductase activity;
metal ion binding

CST3 Cystatin C Negative regulation of elastin catabolic process;
negative regulation of collagen catabolic process;
regulation of elastin catabolic process

Tertiary granule lumen;
ficolin-1-rich granule lumen;
tertiary granule

Cysteine-type endopeptidase inhibitor activity;
amyloid-beta binding; endopeptidase inhibitor
activity

CFHR1 Complement factor H related
1

Cytolysis by host of symbiont cells; cytolysis in other
organism involved in symbiotic interaction; killing by
host of symbiont cells

Blood microparticle;
extracellular space;
extracellular region part

Identical protein binding; protein binding;
binding

KRT7 Keratin 7 Cornification; keratinization; keratinocyte
differentiation

Keratin filament; intermediate
filament; intermediate
filament cytoskeleton

Protein binding; binding; molecular_function
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protein clusters 1 and 2, to be analyzed by WB and IHC in an independent
patient cohort. Fifteen cases of primary ccRCC with thrombus and their
matched adjacent normal kidney tissues were analyzed by WB. As shown
by the representative WB results in Fig. 7A, KRT7 and GGT5 were found
to be downregulated from normal tissue, tumor tissue to thrombus tissues
in a sequence, while CFHR1 was found to be downregulated from normal
tissue, thrombus tissue to tumor tissue in a sequence. To generalize the
WB results of 15 patients, we calculated the amount of target proteins by
gray scanning, and presented the statistical results as a column graph
(Fig. 7B). The original images of the WB analysis of all the 15 patients in
the validation cohort are presented in the supplementary material
(Fig. S1). As shown in the IHC results (Fig. 7C), in normal renal paren-
chyma, the proximal convoluted tubules and distal tubules were strongly
stained with the three antibodies. In detail, KRT7, GGT5, and CFHR1
were expressed in tumor cells less than in the normal parenchyma, or al-
most negative in the tumor cells. Meanwhile, both KRT7 and GGT5 staining
were stronger in the tumor tissues than in thrombus tissues. Unlike KRT7
and GGT5, CFHR1 was more strongly expressed in the thrombus than in
the tumors. The change trends of these three proteins inWB and IHC results
were in accordance with the proteomic results.

Discussion

For patientswith ccRCC, the extent of the tumor thrombus is considered
to be associated with the risk of mortality after surgery, and patients whose
thrombus extends deep into the vena cava have the worst prognosis [8].
However, the detailed pathological mechanism and molecular features of
thrombus are still not fully understood. In this study, we aimed to explore
5

the proteomic profiles of ccRCC tumor and thrombus to provide an over-
view of the distinctivemolecular features of thrombus and tumor. Our find-
ings not only provide valuable clues for pathological research, but also
reveal novel targets for diagnostic or therapeutic purposes.

The dysregulated proteins found through proteomic analysis could be
divided into 11 clusters, according to their change trends in the thrombus,
tumor, and normal tissues. The proteins in clusters 1–5 (Fig. 2) were of
great research value because they were dysregulated in all the three groups
(thrombus vs. tumor, thrombus vs. normal tissue, and tumor vs. normal tis-
sue), which made them distinctive features for discriminating thrombus,
tumor, and normal tissue. Among them, proteins in cluster 1 (DCN, RBP1,
GGT5, and KRT7) presented a consecutive downregulation fromnormal tis-
sue to tumor to thrombus. Decorin (DCN) is a small leucine-rich proteogly-
can that stimulates connective tissue collagen synthesis and regulates
connective tissue formation in the extracellular region [15,16]. DCN has
been reported to suppress growth and tumor angiogenesis by binding
EGFR for tumor cell cycle arrest and apoptosis [17]. RBP1 is a retinol-
binding protein that also plays a role in the induction of growth, arrest
and cellular senescence via mechanisms such as transcriptional repression
[18]. Thus, we may infer that the downregulation of DCN and RBP1 plays
an important role in tumor and thrombus development. GGT5, a cell sur-
face protein that converts leukotriene C4 (LTC4) to LTD4, is usually
expressed in different cell types such as the interstitial cells of the kidney
and Kupffer cells in the liver [19], but few studies have focused on the
role of GGT5 in tumors. KRT7 (keratin 7), also known as CK7 (cytokeratin
7), is an intermediate filament usually expressed on ductal epithelial cells
and bronchial and mesothelial cells but absent in the colon, ectocervix,
and liver. Conventionally, KRT7 is usually positive in pRCC (papillary



Fig. 3. Proteins dysregulated only in thrombus or tumor. (A) Hierarchical clustering heat map presenting the expression profiles of the proteins dysregulated only in
thrombus. 2 clusters could be found according to the regulative trends. (B) Hierarchical clustering heat map presenting the expression profiles of the proteins
dysregulated only in tumor. 2 clusters could be found according to the regulative trends. (C) Line chart presenting the regulative trends of the dysregulated proteins in
cluster 6–9. Each line represented a protein and the average intensity of each protein from the three biological replicates was used. (D) Network presenting enriched GO
terms (nodes). Each node represents an enriched term and is colored first by its cluster ID. For clarity, term labels are only shown for one term per cluster. Terms that
share the same cluster ID are typically close to each other.
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renal cell carcinoma) and chRCC (chromophobe renal cell carcinoma) but
negative in most ccRCC (clear cell renal cell carcinoma) [20]. Our findings
reveal a potential relationship between the downregulated GGT5 andKRT7
in ccRCC tumors, especially in the thrombus.

Interestingly, the proteins in clusters 6 and 7 showed distinctive ex-
pression patterns compared to normal and tumor tissues (Fig. 3A).
MMP7 and PLXNB1 were only weakly expressed in the thrombus,
whereas ERLIN1 and YARS2 were only highly expressed in the throm-
bus. MMP7 and PLXNB1 were located in the extracellular region and
regulate invasive growth and cell migration [21,22], which may play
an important role in the development of thrombus tissue into veins.
These 4 dysregulated proteins may provide clues to the mechanism of
the thrombus's distinctive biological behavior and could also be consid-
ered as potential markers for thrombus formation. The proteins in clus-
ters 8 and 9 were only up- or downregulated in the tumor tissue, and no
difference was observed between the thrombus and normal tissue. This
result demonstrates that the thrombus not only exhibits different bio-
logical features from general ccRCC tumor, but also may be more likely
to act as normal tissues. The GO enrichment results for the proteins in
clusters 8 and 9 revealed several relevant terms (Fig. 3D), except that
some amino acid-related metabolic processes, several adhesion - and
structure-related terms were enriched. These results show the potential
mechanism for the distinctive migration or invasion features of throm-
bus. Proteins in clusters 10 and 11, which were only found to change
in normal tissue with no difference found between thrombus and
6

tumor, could be considered as common features shared by tumor and
thrombus. Several metabolic and catabolic processes were enriched
from these proteins (Fig. 4C), suggesting that these processes were
highly relevant to ccRCC derived tumor and thrombus cells.

To better explore the regulatory pathway of the dysregulated proteins,
we employed PPI network construction, and employed the MCODE sub-
grouping algorithm to reveal important regulating protein subgroups that
work as a network (Fig. 5). MCODE 1 is mainly composed of ribosomal pro-
teins targeting the endoplasmic reticulum (ER) with functions of transla-
tion. These proteins were upregulated in both thrombus and tumor tissue,
suggesting the importance of activated translation in the development of
both thrombus and tumor. Another valuable sub-network was the DCN-
EGFR comprising network (MCODE 2, Fig. 5C). DCN is a proteoglycan
that negatively regulates proliferation, migration, and invasiveness of
cells [23], while studies have shown that EGFR is usually highly expressed
inmany solid tumors [24]. Previous studies have also found that DCN could
act as a biological ligand for EGFR and modulate cell behavior via EGFR
down-regulation [25]. In the present study, DCNwas found to be downreg-
ulated consecutively from normal tissue to tumor to thrombus, while EGFR
was upregulated in thrombus and tumor. This result shows that the DCN-
EGFR-related regulatory pathway may play a vital role in thrombus and
tumor proliferation or invasion. These sub-networks could help researchers
concentrate on the key proteins involved in ccRCC tumor and thrombus tu-
morigenesis, and could also be considered as candidates for novelmarker or
drug development.



Fig. 4. Proteins dysregulated only in normal tissue. (A) Hierarchical clustering heat map presenting the expression profiles of the proteins dysregulated only in normal tissue.
2 clusters could be found according to the regulative trends. (B) Line chart presenting the regulative trends of the dysregulated proteins in cluster 10–11. Each line represented
a protein and the average intensity of each protein from the three biological replicates was used. (C) Network presenting enriched GO terms (nodes). Each node represents an
enriched term and is colored first by its cluster ID. For clarity, term labels are only shown for one term per cluster. Terms that share the same cluster ID are typically close to
each other.

Fig. 5. Protein-protein interaction network and MCODE components. (A) Protein-protein interaction network constructed with all the dysregulated proteins among
thrombus, tumor and normal tissue. Genes are presented as nodes and interactions are presented as edges. MCODE sub-networks are marked by colors. (B–G) Densely
connected network components revealed by MCODE algorithm. Different tissue groups are marked by color and change trends are marked by arrow. Five MCODE
components were revealed: Protein targeting to ER (C), cellular response to growth factor stimulus (D), response to endoplasmic reticulum stress (E), proton-transporting
V-type ATPase complex (F) and small molecule catabolic process (G).
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Fig. 6. Survival analysis for the dysregulated genes using TCGA database. (A–E)
Heat map presenting the log10 (HR) of the genes in several type of tumors. A
square with bold border represents a p value < 0.05 in the survival analysis
Results are presented separately in terms of changing trends: (A) Proteins that are
highly expressed in normal tissue (dysregulated protein cluster 10). (B) Proteins
that are lowly expressed in normal tissue (dysregulated protein cluster 11)
(C) Proteins that changed only in thrombus (dysregulated protein cluster 6–7)
(D) Proteins that changed in thrombus, tumor and normal tissue (dysregulated
protein cluster 1–5). (E) Proteins that changed only in tumor (dysregulated
protein cluster 8–9). (F–G) The K-M curves of PHYHD1 and CHDH. Abbreviations
used: KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cel
carcinoma; BLCA, bladder urothelial carcinoma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; PAAD, pancreatic adenocarcinoma
STAD, stomach adenocarcinoma; BRCA, breast invasive carcinoma.
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For the survival analysis, considering the fact that the transcriptome in-
formation of thrombus was not included in the TCGA database, we could
not investigate the relationship between survival and thrombus status.
Therefore, the survival analysis mainly focused on the correlation between
prognosis and the mRNA expression levels of the dysregulated proteins in
patients with ccRCC tumors. Apart from the ccRCC, we also included
some type of urinary tumors and common tumors to obtain an overview
of the tumor-type specificity of these proteins. As can be seen in the heat
map, the prognosis correlation was mostly in accordance with the regula-
tive trends of proteins in the proteomic result. Specifically, the downregu-
lated proteins in the tumor presented a worse survival rate when the gene
was less expressed in the tumor (hazard ratio less than 0, Fig. 6A), while
the same pattern was observed for the upregulated proteins as well
(Fig. 6B). Compared with the prognostic correlation of these genes in
other tumor types, these genes presented obvious specificity, especially
when compared with the non-urinary tract tumors such as those of lung,
liver, pancreatic, and breast. PHYHD1 and CHDH were the only proteins
with a prognostic correlation in the dysregulated protein clusters 1–5.
These two proteins were downregulated in tumors compared to normal tis-
sue, and the lower mRNA level correlated with a worse prognosis (Fig. 6D,
F and G). However, the expression levels of these two proteins in the throm-
bus were higher than those in the tumor (Fig. 2). This result indicates that
the worse prognosis of patients with venous thrombus may not be solely re-
lated to the malignancy of the thrombus cells because the biological fea-
tures of thrombus, as illustrated in our present study, were in some
aspects, similar to normal tissue instead of tumor tissue. Of course, our pres-
ent study was preliminary and aimed to provide a global view of the differ-
ent biological features among thrombus, tumor, and normal tissue. A more
detailed experiment is needed before final conclusions can be made.

To validate the proteomic results, we chose three dysregulated proteins
for the following reasons. First, the dysregulated proteins in clusters 1–5
were of great research value, so they were chosen for validation. However,
considering the time consumption and expense for WB and IHC experi-
ments, we could only choose some proteins (GGT5, KRT7, and CFHR1) as
representatives for validation. Second, considering the accessibility and
performance of the commercially available antibodies for WB and IHC,
these three proteins were practical for validation. Third, the molecular
functions of these three proteins were potentially related to tumor progres-
sion or poor survival (as discussed in the following paragraphs), which
makes them meaningful for further detailed studies. The expression of
these three proteins was verified by WB and IHC assays, and the results
were in accordance with the proteomic results. In our study, GGT5 expres-
sion was downregulated in cancer tissues compared with that in normal
kidney tissues. The tumor thrombus expressed the least amount of GGT5.
We hypothesized that the upregulation of GGT5 could help to reduce the
growth and progression of thrombus. However, as the regulation of GGT5
and its role in cancer remains unknown, further studies are required to in-
vestigate whether the altered GGT5 expression facilitates the invasion of
the tumor into the vein. As mentioned before, GGT5 is a protein with enzy-
matic activity encoded by the GGT gene family. In addition, GGT1 is the
only protein with enzymatic activity in this family and has physiological
functions similar to those of GGT5. However, unlike GGT5, GGT1 has
been widely investigated in tumors. Some studies have shown strong corre-
lations between GGT1 expression and tumor progression or poor survival in
breast, ovarian cancer, and some soft tissue sarcomas [26]. In addition,
GGT1 was significantly downregulated in chromophobe RCC but not
ccRCC, comparedwith normal kidney [27]. All these studies will guide fur-
ther studies on GGT5 in RCC.

KRT7 had the same expression pattern as GGT5 in this study. Among the
three types of tissues, the expression of KRT7was lower in ccRCC cancer tis-
sues and the least in thrombus tissues. An IHC study showed that the extent
of KRT7 staining depended on the grade of ccRCC, thosewith the low-grade
ccRCC expressed significantly higher levels of KRT7 than those of the high-
grade ones [28]. This suggests that low KRT7 expression might correlate
with a more malignant biological behavior. However, in this study, we in-
vestigated the expression of KRT7 in ccRCC with vena cava thrombus, to
8
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Fig. 7.Western blot and immunohistochemistry analysis of CFHR1, GGT5 and KRT7. (A) Examples for the western blot result of CFHR1, GGT5 and KRT7 from patient #5.
(B) Statistical result of thewestern blot analysis of the three proteins in the validation cohort comprised of 15 ccRCC patients. The amount of target proteins are calculated by
gray scanning and presented as column graph. (C) H&E staining and immunohistochemistry analysis result of the three proteins in thrombus, tumor and normal tissue. Group
labels used: N, normal tissue; C, tumor; T, thrombus.
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illustrate that KRT7 is a keymolecule in ccRCC thrombus development. Our
study found that the tumor thrombus expressed less KRT7 than the primary
ccRCC, but the significance of this diversity is still unclear. We hypothe-
sized that the tumor thrombus might be more aggressive than the primary
ccRCC from which it grows.

Another important factor that might be involved in ccRCC thrombus
formation is the human complement factor H-related protein 1 (CFHR1).
CHFR1 inhibits the complement pathway by blocking C5 convertase activ-
ity and interferingwith C5b surface deposition. Absent CFHR1 expression is
related to age-related macular degeneration 1 and atypical hemolytic-
uremic syndrome 1 [29]. However, its role in cancer is still largely un-
known. A recent study has shown the function of CFHR1 in tumors:
CFHR1 might potentially function as a tumor suppressor. The downregula-
tion of CFHR1 was related to higher pathological T stage and shortened
overall survival in patients with lung adenocarcinoma [30]. In this study,
we also demonstrated the expression of CFHR1 in ccRCC tissues and throm-
bus tissues comparedwith normal kidney tissues, proving its important role
in RCC thrombus formation. Further investigation is required to determine
whether these changes of expression triggers or happens after tumor throm-
bus formation.

There are a few limitations to the present study. Due to the small sample
size, it is not practical to compare the difference between patients in differ-
ent disease stages, or with patients in stage 3/4without tumor thrombus. It
would also bemeaningful to investigate the correlation between protein ex-
pression profiles and clinical outcomes. We would try to make a more de-
tailed comparison and investigation of the dysregulated proteins between
stages in a larger sample cohort in future studies.

In summary, this study employed comprehensive proteomic analysis for
ccRCC thrombus and tumor tissues, providing valuable information for the
distinctive molecular features and relevant pathways of thrombus. These
9

findings are of great value and potential for further pathological researches
or clinical applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tranon.2020.100895.
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