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ABSTRACT
Background. Urine, as a potential biomarker source among body fluids, can accu-
mulate many early changes in the body due to the lack of mechanisms to maintain a
homeostatic state. This study aims to detect early changes in the urinary proteome in a
rat liver tumour model.
Methods. The tumour model was established with the Walker-256 carcinosarcoma
cell line (W256). Urinary proteins at days 3, 5, 7 and 11 were profiled by liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS). Compared
with controls, differential proteins were selected. Associations of differential proteins
with cancer were retrieved.
Results. At days 3, 5, 7 and 11, five, fifteen, eleven and twelve differential proteins
were identified, respectively. Some of the differential proteins were reported to be
associated with liver cancer. This differential urinary protein pattern was different from
the patterns in W256 subcutaneous, lung metastasis and intracerebral tumour models.
Conclusions. This study demonstrates that (1) early changes in urinary proteins can be
found in the rat liver tumour model; (2) urinary proteins can be used to differentiate
the same tumour cells grown in different organs.

Subjects Biochemistry, Molecular Biology
Keywords Proteome, Urine, Biomarker, Liver tumour

INTRODUCTION
Liver cancer is the third-ranking cause of cancer mortality in the world (Chen et al., 2017;
Chiou & Lee, 2016). The early detection may prevent metastatic processes, which can
significantly improve survival rates for cancer patients. Despite the technology to detect
cancer has quickly advanced in the last decade, there are still many patients who cannot be
diagnosed at early disease stages because of the heterogeneity of the clinical manifestations
of this disease (Chen et al., 2011). To reduce the cancer mortality rate, novel approaches
must be considered for early detection. One effective strategy to improve the prognosis
of liver cancer is to find the tumour at the early stage when patients have no obvious
symptoms, so that liver function can be preserved as much as possible and more effective
treatments can be applied.

Currently, liver cancer diagnosis mainly relies on detection with imaging equipment
(such as ultrasound, CT and MRI) and biomarkers. However, images are susceptible
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to operator experience, and it is difficult to distinguish between liver cancer and non-
malignant hyperplasia. It can also be difficult to detect many small nodules at the early
stage. Approximately 22% of early liver cancer imaging is not typical (Pahwa et al., 2014).
On the other hand, tumour biomarkers are easier to be detected, but there are still many
challenges for clinical applications. For instance, alpha-fetoprotein (AFP), which rapidly
decreases in serum after birth and is maintained at a low level throughout adulthood, is
the most widely used biomarker for liver cancer (Spangenberg, Thimme & Blum, 2006).
However, serum AFP is not sufficient for diagnosing patients due to its poor sensitivity
and specificity. Previous studies suggest that there is no single serum biomarker that can
predict liver cancer with optimal sensitivity and specificity, especially at the early stage
(Tsuchiya et al., 2015).

Urine can reflect many early changes in the body due to the lack of mechanisms
to maintain a homeostatic state (Gao, 2013; Huang et al., 2015). Many studies have
demonstrated that proteomic technology can be used to find potential biomarkers of
different diseases in the urine, such as glomerular diseases (Wang et al., 2008), obstructive
nephropathy (Yuan et al., 2015), hepatic fibrosis (Zhang et al., 2017), autoimmune
myocarditis (Zhao et al., 2018), subcutaneous tumours (Wu, Guo & Gao, 2017) and glioma
(Ni et al., 2018).

Animal model is a good tool for the studying disease urinary biomarkers, as the exact
start of the disease is known and there is very few confounding factor.

This study aims to discover early urinary proteins changes in the W256 liver tumour
model and investigate the ability of the urine proteome to differentiate the same tumour
cells grown in different organs.

MATERIALS & METHODS
Animals
Male Wistar rats (130 ± 20 g) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The animal license was SCXK (Beijing) 2016-0006. All experiments
were approved by the Institutional Animal Care Use & Welfare Committee of the Institute
of Basic Medical Sciences, Peking Union Medical College (Animal Welfare Assurance
Number: ACUC-A02-2014-007). All rats were housed under a standard 12 h light/12 h
dark cycle, and the room temperature and humidity were maintained at a standard level
(22 ± 1 ◦C, 65–70%).

Experimental model establishment
A liver tumour model was established in this study. All Wistar rats were randomly divided
into different groups: the control group (n= 7) and the Walker-256 tumour-bearing
group (n= 12). Walker-256 (W256) carcinosarcoma cells were obtained from Cell Culture
Center of Chinese Academy of Medical Sciences (Beijing, China). These cells were cultured
in the ascitic fluid of Wistar rats. All cells were harvested from the rats who were given an
intraperitoneal injection of 1×107 W256 cells after two cycles of 7 d cell passage. Then,
W256 cells were resuspended in phosphate-buffered saline (PBS) before injection. The
viability of the cells was detected by the Trypan blue exclusion test using a Neubauer
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chamber. After anaesthesia, the left medial lobe of the liver was exposed. W256 cells (2.
5 × 105) were visually injected under the hepatic capsule into this lobe. The injection
volume was 0.1 ml. An equal volume of PBS was also injected into the same location in the
control rats.

To monitor tumour progression, the livers of five experimental rats and two control rats
were randomly harvested 3, 5, 7, and 11 d after injection. The more details about animals
are shown in Table S1. At day 18, all rats were sacrificed, and their livers were histologically
examined. For histopathology, the liver was fixed in formalin (4%) and embedded in
paraffin. Then, all samples were sectioned and evaluated with haematoxylin and eosin
(H&E) staining.

Urine sample preparation
Urine samples of three tumour-bearing rats and three control rats were collected at four
time points: days 3, 5, 7 and 11. Without any treatment, urine was collected at least 6 ml
from each rat by metabolic cage alone overnight. All rats were fasted while collecting the
urine sample. The urine samples were centrifuged to remove impurities and fragments at
12,000× g for 30 min at 4 ◦C and stored at−80 ◦C for later use. Before LC-MS/MS analysis,
the 2 ml urine samples were thawed and transferred to centrifuge tubes for centrifugation
at 12,000× g for 30 min at 4 ◦C to remove impurities. The samples were mixed with three
volumes of prechilled ethanol, and the supernatants were precipitated at −20 ◦C for 2 h.
The mixtures were centrifuged for 30 min at 4 ◦C, the supernatant was removed, and the
precipitate was dissolved in a configured lysis buffer (8 mol/L urea, 2 mol/L thiourea, 50
mmol/L Tris, and 25mmol/LDTT). After the dissolutionwas completed, the centrifugation
was continued at 12,000× g for 30 min at 4 ◦C, and then the supernatant was preserved.
The protein concentration was determined by the Bradford assay. The urinary proteins
at different time points were digested using the FASP method (Wisniewski et al., 2009).
One hundred micrograms of protein were added to the 10 kDa filter device (Pall, Port
Washington, NY, USA) for each sample, and the protein was washed several times in
sequence with a prepared urea buffer (UA, 8 mol/L urea, 0.1 mol/L Tris-HCl, pH 8.5)
and 25 mmol/L NH4HCO3 solutions. The protein samples were reduced with 20 mmol/L
dithiothreitol (DTT, Sigma) at 37 ◦C for 1 h and then added to 50 mmol/L iodoacetamide
(IAA, Sigma) for 30 min in the dark. The samples were centrifuged at 14,000× g for 30
min at 18 ◦C, washed with UA and NH4HCO3, and trypsin (enzyme-to-protein ratio of
1:50) was added to digest the samples overnight at 37 ◦C. Oasis HLB cartridges (Waters,
Milford, MA) were used to desalt the peptide mixtures, dried by vacuum evaporation, and
then labelled for storage at −80 ◦C.

LC-MS/MS analysis
An EASY-nLC 1200 HPLC system (Thermo Fisher Scientific, USA) was used to separate the
peptides. First, the peptides were acidified with 0.1% formic acid, and their concentrations
were determined by the BCA assay; the samples were then diluted to 0.5 µg/ µL with UA.
Then, 1 µg of each peptide sample was loaded onto the trap column (Acclaim PepMap R©

100, 75 µm ×100 mm, 2 µm, nanoViper C18) at 0.3 µL/min (column flow rate) for 1 h
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(elution time). The elution gradient of mobile phase B was 5% to 40% (mobile phase A:
0.1% formic acid; mobile phase B: 89.9% acetonitrile). A Thermo Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher Scientific, USA) was used for analysing the
samples (Sun et al., 2005). Survey MS scans were acquired by the Orbitrap in a 350–1,550
m/z range with the resolution set to 120,000. For the MS/MS scan, the resolution was set
at 30,000, and the HCD collision energy was 30. Dynamic exclusion was employed with a
30 s window. Fifteen urine samples from three experimental rats and three control rats at
four time points (days 3, 5, 7, and 11) were chosen for MS analysis. For each sample, two
technical replicate analyses were performed.

Data analysis
All MS data were searched using Mascot Daemon software (version 2.5.1, Matrix Science,
UK)with the SwissProt_2017_02 database (taxonomy: Rattus; containing 7,992 sequences).
The conditions included the following: trypsin digestion was selected, 2 sites of leaky cutting
were allowed, cysteine was fixedly modified, methionine oxidation and protein N-terminal
acetylation were mutagenic, peptide mass tolerance was set to 10 ppm, and fragment mass
tolerance was set to 0.05 Da. One-way ANOVAs were performed for statistical analyses.
Multiple comparisons were conducted using one-way ANOVA with the least significant
difference (LSD) test or Bonferroni’s test. All the differential proteins were screened with
the following criteria: proteins with at least two unique peptides were allowed; the fold
change in increased group ≥1.5 and the fold change in decreased group ≤0.67; average
spectral count of each rat in the high-abundance group ≥4. Group differences resulting
in P <0.05 were identified as statistically significant. All results were expressed as the
mean ± standard deviation.

Functional annotation of the differential proteins
All differential proteins identified at the different time points were analysed by DAVID
6.8 (https://david.ncifcrf.gov/) and Ingenuity Pathway Analysis (IPA, Mountain View,
CA, USA) to determine the functional annotation. The proteins were described in detail
according to four aspects: biological process, cellular component, molecular function and
pathway.

Comparison methods of different W256 tumour models
The results of the W256 liver tumour model were compared with three different previously
published studies from our laboratory: (1) W256 subcutaneous model (Wu, Guo & Gao,
2017); (2) W256 lung metastasis model (Wei et al., 2018); (3) W256 intracerebral tumour
model (Zhang et al., 2018). In (1), the tumour-bearing rats were subcutaneously inoculated
with 2 × 106 viable W256 cells in 200 µL of PBS into the right flank of the animal. In (2),
the experimental group was injected with 2×106 viable W256 cells in 100 µL of PBS by
tail-vein injection. In (3), the model was established as follows: five microliters of sterile
normal saline containing 2000 W256 cells were injected into the brain using a 100 µL
microsyringe. The experimental results reflect how changes in urinary proteins occur when
the same tumour cells are grown in different organs.
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The comparison details for (1), (2), and (3): 127, 139 and 102 differential urinary
proteins were identified in these models, respectively; all the differential urinary proteins
were compared with the W256 liver tumour model; the biological processes of these
proteins were compared with the W256 liver tumour model at early stages (before the
appearance of obvious pathology).

RESULTS
Body weight and histopathological characterization over time
There was a significant difference in body weight between the tumour-bearing rats and
the control rats at day 7 (Fig. 1). The average body weight of the tumour-bearing rats
(n= 6) was lower than that of the controls (n= 5), and the reduction of food and water
intake was observed in the tumour-bearing rats after W256 cell implantation. At day 16,
a tumour-bearing rat died. All rats were sacrificed at day 18. H&E staining showed the
pathological change after the tumour cells grown in the liver. At day 3, the H&E staining
showed that there were no obvious pathological changes. At days 7 and 11, carcinosarcoma
cells stained with H&E were observed under the microscope, and the liver tissues showed
heterogeneously necrotizing tumours and liver tissue during tumour progression. At day
18, all the experimental rats exhibited tumour (Fig. 2).

Urine proteome changes in the W256 liver tumour model
To investigate how the urine proteome changes with tumour progression, urine samples
of three experimental rats and three control rats were chosen for MS analysis at four time
points (days 3, 5, 7, and 11). In total, 663 urinary proteins were identified as shown in
Table S2. Among these proteins, there were 92 differential proteins, and only 83 differential
proteins that had human orthologs changed significantly in all rats (fold change ≥1.5 or
≤0.67, P < 0.05; LSD test; Table S3). When using the Bonferroni’s test, there were 35
differential proteins that had human orthologs changed significantly (fold change ≥1.5 or
≤0.67, adjusted P < 0.05, Table 1 and Table S4). As can be shown in Table 1, at day 3, five
differential proteins, one of which increased and four of which decreased, were identified.
At day 5, fifteen differential proteins, four of which increased and eleven of which decreased,
were identified. At day 7, eleven differential proteins, three of which increased and eight
of which decreased, were identified. At day 11, twelve differential proteins, four of which
increased and eight of which decreased, were identified. The unsupervised clustering
analysis of all urinary proteins were shown in Fig. 3A. Xaa Pro dipeptidase (PEPD) and
fructose-1,6-bisphosphatase 1 (F16P1) changed consistently at three time points (Fig. 3B).

At day 3, the only upregulated protein galectin-3-binding protein (LG3BP), is a secreted
glycoprotein that has an affinity for galectins and extracellular matrix proteins, and LG3BP
can also interact and regulate cell adhesion (Hellstern et al., 2002). It has been reported
that LG3BP is considered as a poor prognosis biomarker in different types of malignancies
(Grassadonia et al., 2002). Besides, LG3BP can be obtained from the urinary exosome
(Pyong-Gon et al., 2011; Saraswat et al., 2015). It has been also reported to be associated
with prostate cancer and acute rejection (Heger et al., 2015; Loftheim et al., 2012), and
involved in the inflammatory response and tumour progression (Ferrari et al., 2019).
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Figure 1 Body weights ofWalker 256 tumour-bearing rats. The average body weight of the tumour
group was significantly lower than that of the control group (n= 6 rats in the tumour group and n= 5 rats
in the control group; * indicates P < 0.05; **indicates P < 0.01; ***indicates P < 0.001).

Full-size DOI: 10.7717/peerj.8462/fig-1

Figure 2 Histopathological characterization after injection withW256 cells (200X). (A) H&E
staining of the control rat. (B) H&E staining of the tumour-bearing rat at day 3. (C) H&E staining of the
tumour-bearing rat at day 5. (D) H&E staining of the tumour-bearing rat at day 7. (E) H&E staining of the
tumour-bearing rat at day 11. (F) H&E staining of the tumour-bearing rat at day 18.

Full-size DOI: 10.7717/peerj.8462/fig-2

Of the other unreported proteins, there were four downregulated proteins: lysosomal
thioesterase (PPT2), Ig gamma-1 chain C region (IGHG1), vitamin D-binding protein
(VTDB) and pro-cathepsin H (CATH).

At day 5, one (A1AG) of the upregulated proteins and four (ENOA, F16P1, PEPD and
PRDX1) of the downregulated proteins were reported to be associated with liver cancer.
Alpha-1-acid glycoprotein (A1AG) and Xaa Pro dipeptidase (PEPD) were reported to be
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a potential biomarker in HCC patients in serum samples (Ahn et al., 2012; Ilikhan et al.,
2015). Alpha-enolase (ENOA) may serve as a candidate biomarker for early HCC diagnosis
(Chen et al., 2010). Fructose-1, 6-bisphosphatase 1 (F16P1) and peroxiredoxin 1(PRDX1)
were considered as potential biomarkers for the prognosis of liver cancer (Chen et al., 2016;
Sun et al., 2015). In addition, the other unreported proteins (HA11, MTND, IC1, RNS1G,
MDHC, MOES, NHRF1, IDHC, GSH1 and GSH0) may also have great potential to be
used to predict liver cancer. According to their fold change values, some of them rank
higher than the reported proteins. Although no relationship with liver cancer has been
established, they may play important roles in other diseases, for example, moesin (MOES)
differentially expressed in the breast cancer (Carmeci et al., 1998).

As the disease progressed, the number of proteins changed continuously at the last two
time points (days 7 and 11). The pathological manifestations at these stages were also
obvious. However, protein biomarker candidates were mainly selected at the two early
time points, especially those proteins that changed continuously, such as VTDB, CATH,
HA11, F16P1, GSH1, PEPD and PRDX1. Among all differential proteins, several proteins
were not only associated with liver cancers but also differentially changed in other cancers,
which indicates that it is difficult to distinguish cancer types only by one or two protein
markers. It may be related to the mechanism of tumour development (Schreiber, Old &
Smyth, 2011).

Obviously, the screening criteria which use Bonferroni’s test are more stringent with a
lower false positive rate and a higher false negative rate. The results are more suitable for
future validation and clinical application. However, the screening criteria which use LSD
test are more relaxed with a higher false positive rate and a lower false negative rate. It can
have more information and it is easier to find the correlation with biological functions.
Besides, the screening criteria which use LSD test are more similar to the screening criteria
of other W256 models and easier for comparison. Therefore, we provided both results of
the two different screening criteria for different analysis: (1) the more stringent differential
urinary proteins in Table 1 were used to discover the early urinary proteins changes in
W256 liver tumour model; (2) the less stringent differential urinary proteins in Table
S3 were used for the comparison of different tumour models and functional enrichment
analysis.

Comparison of urinary proteins in different tumour models
The differential urinary proteins of four W256 tumour models (92 differential proteins
in liver tumour model, 139 differential proteins in lung metastasis model, 102 differential
proteins in intracerebral tumour model, and 127 differential proteins in subcutaneous
model) at all time points were compared as shown in a Venn diagram (Fig. 4). The results
indicate that urinary proteins patterns were different when the same tumour cells were
grown in different organs. It can be seen from the Venn diagram that each model had a
different number of unique differential urinary proteins. The 30, 48, 47, and 34 unique
differential proteins were identified in the liver tumour model, the lung metastasis model,
the intracerebral tumour model, and the subcutaneous model, respectively. Twenty-eight
differential proteins had human orthologs were specially identified in the W256 liver
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Table 1 Differential urinary proteins inW256model.

Homo Protein name Day3 Day5 Day7 Day11 Reported to be
related to
liver cancer

Reported to be
related to
other diseases

Fold
change

Adjusted
P-value

Fold
change

Adjusted
P-value

Fold
change

Adjusted
P-value

Fold
change

Adjusted
P-value

Q08380 Galectin-3-binding protein (LG3BP) 4.40 0.0006 – – – – – – – –

P01859 Ig gamma-1 chain C region (IGHG1) 0.65 0.0203 – – – – – – – –

Q9UMR5 Lysosomal thioesterase PPT2 (PPT2) 0.64 0.0394 – – – – – – – –

P02774 Vitamin D-binding protein (VTDB) 0.58 0.0047 – – – – 0.41 0.0108 – Lung cancer and colorectal cancer

P09668 Pro-cathepsin H (CATH) 0.50 0.0299 – – – – – – – –

P01891 Class I histocompatibility antigen (HA11) – – 3.45 0.0120 – – 3.29 0.0251 – –

Q9BV57 Androgen-responsive ARD-like protein 1
(MTND)

– – 2.15 0.0299 – – – – – –

P05155 Plasma protease C1 inhibitor (IC1) – – 2.03 0.0240 – – – – – Ovarian cancer

P02763 Alpha-1-acid glycoprotein (A1AG) – – 1.58 0.0409 – – – – Serum Bladder cancer and lung cancer

P06733 Alpha-enolase (ENOA) – – 0.28 0.0249 – – – – Tissue –

P07998 Ribonuclease pancreatic gamma-type (RNS1G) – – 0.22 0.0319 – – – – – –

P09467 Fructose-1,6-bisphosphatase 1 (F16P1) – – 0.17 0.0215 0.20 0.0445 0.32 0.0467 Tissue –

P40925 Malate dehydrogenase (MDHC) – – 0.14 0.0278 – – – – – –

P26038 Moesin (MOES) – – 0.13 0.0417 – – – – – Breast cancer

O14745 Na(+)/H(+) exchange regulatory cofactor NHE-
RF1 (NHRF1)

– – 0.07 0.0285 – – – – – –

O75874 Isocitrate dehydrogenase [NADP] cytoplasmic
(IDHC)

– – 0.06 0.0485 – – – – – –

P48506 Glutamate–cysteine ligase catalytic subunit
(GSH1)

– – 0.06 0.0441 0.13 0.0464 – – – –

P12955 Xaa-Pro dipeptidase (PEPD) – – 0.05 0.0164 0.03 0.0203 0.03 0.0203 – –

P48507 Glutamate–cysteine ligase regulatory subunit
(GSH0)

– – 0.04 0.0059 – – – – – –

Q06830 Peroxiredoxin-1 (PRDX1) – – 0.03 0.0394 0.16 0.0408 – – Tissue –

P20472 Parvalbumin alpha (PRVA) – – – – 3.33 0.0352 – – – –

P19320 Vascular cell adhesion protein 1 (VCAM1) – – – – 2.58 0.0306 – – Serum –

P02748 Complement component C9 (CO9) – – – – 1.61 0.0485 – – – Gastric cancer

P22392 Nucleoside diphosphate kinase B (NDKB) – – – – 0.66 0.0394 – – – –

P00918 Carbonic anhydrase 2 (CAH2) – – – – 0.58 0.0203 – – – –

P01011 Serine protease inhibitor A3K (SPA3K) – – – – 0.48 0.0305 – – – –

Q08257 Quinone oxidoreductase (QOR) – – – – 0.13 0.0130 – – – –

P61769 Beta-2-microglobulin (B2MG) 2.58 0.0821 – – – – 3.63 0.0043 Serum –

O95968 Prostatic steroid-binding protein C2 (PSC2) – – – – – – 1.82 0.0404 – –

Q9H008 Phospholysine phosphohistidine inorganic py-
rophosphate phosphatase (LHPP)

– – – – – – 1.77 0.0138 Serum –

(continued on next page)
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Table 1 (continued)
Homo Protein name Day3 Day5 Day7 Day11 Reported to be

related to
liver cancer

Reported to be
related to
other diseases

Fold
change

Adjusted
P-value

Fold
change

Adjusted
P-value

Fold
change

Adjusted
P-value

Fold
change

Adjusted
P-value

P06396 Gelsolin (GELS) – – – – – – 0.61 0.0320 Tissue, serum Cervical cancer, colorectal cancer
and non-small cell lung cancer

P27487 Dipeptidyl peptidase 4 (DPP4) – – – – – – 0.54 0.0102 – –

O75882 Attractin (ATRN) – – – – – – 0.51 0.0240 – Malignant astrocytoma

P05937 Calbindin (CALB1) – – – – – – 0.25 0.0100 – Lung cancer

Q13228 Methanethiol oxidase (SBP1) – – – – – – 0.05 0.0028 Tissue –

Notes.
- means does not reach the criteria (fold change ≥ 1.5 or ≤ 0.67 and adjust P-value <0.05) compared with control. The results of two parts (reported to be related to liver cancer and other diseases) were
annotated from previous studies.
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Figure 3 Statistical analysis of the urine proteome ofW256 liver tumour model. (A) Hierarchical clus-
tering of the 663 proteins from the 15 samples (twelve subjects in the tumour-bearing group and three in
the control group) at four time points. Lines represent proteins, and the colors correlate with their abun-
dance (red indicates more abundant, blueindicates less abundant). (B) The Venn diagram of 35 differen-
tial proteins identified at days 3, 5, 7 and 11.

Full-size DOI: 10.7717/peerj.8462/fig-3

tumour model compared with the other three models. The comparison procedure is
presented in Fig. 5. Among the overlapping proteins of these four models, it can be found
that (1) 14 proteins are detected in all models, among which 13 proteins have human
orthologs. (2) Most of the overlapping proteins reappear in more than two models in
different combinations. (3) Among the common proteins, 20 differential proteins have
been reported to be associated with liver cancer, and some proteins have been identified as
biomarkers in a variety of tumours.

Among the 28 unique proteins of the liver tumour model, five proteins have been
reported to be associated with liver cancer, including serum amyloid P component (SAMP),
alpha-l-fucosidase (AFU), urokinase-type plasminogen activator (UROK), peroxiredoxin
6 (PRDX6), and peroxiredoxin 1 (PRDX1). SAMP and AFU are promising candidate
biomarkers for HCC (Ferrín et al., 2014; Montaser, Sakr & Khalifa, 2012). UROK may be
a potential therapeutic target of HCC (Atsushi, Minoru & Tohru, 2014). PRDX6 may be a
candidate biomarker for early HCC diagnosis, and PRDX1 can predict poor prognosis for
overall survival (Chen et al., 2010; Sun et al., 2015).

The remaining 23 proteins have not been reported as biomarkers for liver cancer.
However, some of these proteins were detectable at two time points, which may play
important roles. For example, it has been reported that overexpression of cathepsin H
(CATH) is related to several pathological states, including carcinoma and melanoma
(Grassadonia et al., 2002). Protein AMBP, a liver-specific precursor, is also a precursor of
the heme-binding protein that counteracts the disruption of free haemoglobin (Van den
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Figure 4 The overlapping differential proteins in urine samples of the four differentW256 tumour
models. The comparison data is from previously published studies (Wu, Guo & Gao, 2017;Wei et al.,
2018; Zhang et al., 2018).

Full-size DOI: 10.7717/peerj.8462/fig-4

Figure 5 The comparison procedure of urinary proteins differentially expressed in the four models.
The comparison data is from previously published studies (Wu, Guo & Gao, 2017;Wei et al., 2018; Zhang
et al., 2018).

Full-size DOI: 10.7717/peerj.8462/fig-5

Berg et al., 2017). Cadherin-2 (CADH2) plays a role in the epithelial-to-mesenchymal
transition, which is the process considered to contribute to carcinoma progression (Bram
& Geert, 2013; Thiery et al., 2009). Endothelial cell-selective adhesion molecule (ESAM),
a member of the immunoglobulin receptor family, mediates homophilic interactions
between endothelial cells. ESAM has been suggested to have a special functional role
in pathological angiogenic processes such as tumour growth (Tatsuro et al., 2003).
Phosphoglycerate mutase 1 (PGAM1) is an important glycolytic enzyme that regulates
many important biological processes, such as glycolysis, the pentose phosphate pathway
and serine biosynthesis in cancer cells (Qu et al., 2017).
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The comparisons show that the growth of tumours in different organs has both
commonalities and individual differences. The urinary proteins have the potential to
distinguish the same tumour cell grown in different organs.

Functional analysis of differential proteins
In the W256 liver tumour model, the functional analysis of differential proteins at days
3, 5, 7 and 11 was conducted by using DAVID, including categorizing the biological
processes, cellular component, and molecular functions (Fig. 6). Ninety-two differential
proteins (Table S3) were annotated. For biological processes, the innate immune response,
retina homeostasis, response to drugs, negative regulation of endopeptidase activity,
membrane-to-membrane docking, gluconeogenesis, complement activation classical
pathway, and glycolytic process were significantly changed (Fig. 6A). At day 3, the innate
immune response was the first respond to the tumour cells. At days 5 and 7, with the
development of tumours in vivo, the glycolytic process, complement activation classical
pathway, carbohydrate metabolic process, glutathione metabolic process, membrane-to-
membrane docking, establishment of the endothelial barrier, and negative regulation of
endopeptidase activity began to respond to the tumour changes. At day 11, the tumour grew
further in the body. The carbohydrate metabolic process, innate immune response and
oxidation–reduction process still responded to the tumour. For cellular component, most
of the differential proteins were in the extracellular exosome, extracellular space, MHC
class I protein complex, blood microparticle, and extracellular region. A little number of
differential proteins come from organelles (Fig. 6B). Formolecular function, endopeptidase
inhibitor activity, identical protein binding, peroxiredoxin activity, and glutathione binding
were overrepresented (Fig. 6C). These biological processes were associated with neoplastic
progression. It can be further confirmed that the changes of urinary proteins were affected
by the body’s response to the tumour cells. For the canonical pathway of Ingenuity Pathway
Analysis, FXR/RXR activation, gluconeogenesis I, glycolysis I, LXR/RXR activation, acute
phase response signalling, allograft rejection signalling, phagosome maturation, OX40
signalling pathway, Cdc42 signalling and NRF2-mediated oxidative stress response showed
the obvious changes (Fig. 7).

Figure 8 shows the comparison of biological processes of the liver tumour model with
othermodels at early stages (Wei et al., 2018;Wu, Guo & Gao, 2017;Zhang et al., 2018). The
urinary proteins of different W256 models reflect different biological processes, suggesting
that the biological processes of the same tumour cell grown in different organs may be
different. At the early stages of all the models, the biological processes are very different. In
the liver tumour model, the biological processes mainly reflect an immune response and
metabolism. This may be related to the function of liver, because liver is a central organ
for homeostasis and carries out a wide range of functions, including metabolism, glycogen
storage, drug detoxification, production of various serum proteins, and bile secretion
(Atsushi, Minoru & Tohru, 2014). In the subcutaneous model, the biological processes are
the primary response to various nutrients and ions. In the intracerebral tumour model,
the recognition and migration of cells in biological processes are particularly significant. In
the lung metastasis model, the biological processes include epithelial cell differentiation,
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Figure 6 Functional analysis of differential proteins at days 3, 5, 7 and 11 inW256model. (A) Biologi-
cal process; (B) cellular component; (C) molecular function.

Full-size DOI: 10.7717/peerj.8462/fig-6
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Figure 7 IPA analysis of differential proteins at days 3, 5, 7 and 11 inW256model.
Full-size DOI: 10.7717/peerj.8462/fig-7

regulation of immune system process, complement activation, classical pathway, ERK1
and ERK2 cascades, and inflammatory response. There is a large number of different early
biological processes in the lung metastasis model. This could be due to the greater number
of differential proteins at the early stage than those of the other three models.

DISCUSSION
In this study, the urinary proteins changed significantly after the injection of W256 cells.
The differential proteins were screened by fold change and the P-value both varied at
different stages. Some proteins have been reported to be associated with liver cancer at
the early stage. At days 3 and 5, six proteins (LG3BP, A1AG, ENOA, F16P1, PEPD and
PRDX1) were related to liver cancer and other diseases (Table 1). Among other unreported
proteins, the fold change of class I histocompatibility antigen (HA11) ranks the first in
the significantly upregulated proteins at day 5. Although lack of the reports about these
proteins associated with liver cancer or other liver diseases, these unreported proteins may
still play an important role at the early stage of liver cancer. The panel combined with these
proteins and other known biomarkers has the potential to diagnose the early stage diseases
in the future. These findings in animal model may provide clues to detect the early changes
in the urinary proteins for the clinical application. However, there are many confounding
factors which can interfere the urinary proteins, such as food, drinks, environment and
medications. It will be a great challenge to find the early changes associated with the disease.

The functional analysis demonstrates that LXR/RXR activation, acute-phase response
signalling, production of nitric oxide and reactive oxygen species in macrophages, and
the complement system were significantly enriched during tumour progression (Wu,
Guo & Gao, 2017). Gluconeogenesis I and glycolysis I are also involved in the process
of tumour development because of the increased glucose flux in tumour tissue, which
is a common trait of human malignancies (Gambhir, 2002). Some common biological
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Figure 8 The analysis of the early stages of biological processes in differentW256models. (A) The liver
tumour model; (B) the subcutaneous model; (C) the intracerebral tumour model; (D) the lung metasta-
sis model. All the early biological processes are shown above. There are 34 early biological processes in the
W256 lung metastasis model. For comparison, the same number of biological processes as the W256 liver
tumour model was selected according to P-value. The comparison data is from previously published stud-
ies (Wu, Guo & Gao, 2017;Wei et al., 2018; Zhang et al., 2018).

Full-size DOI: 10.7717/peerj.8462/fig-8
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processes have been changed in the four W256 models, including acute-phase response
signalling, LXR/RXR activation and the complement system.

Interestingly, compared with other W256 models, it can be found that urinary proteins
patterns were different when the same tumour cells grown in different organs. The
possible reason why the four models have 14 common proteins is that no matter which
organ was injected with W256 tumour cells, it may cause the same reaction of the body,
thereby lead to the same changes. It requires further studies to validate in the future. The
different combinations of the common proteins are also important for diagnosis, because
it is difficult to diagnose the type of tumour by using a single biomarker. The panel of
biomarkers is more accurate and reliable. In addition, this study also confirms that urine
can sensitively distinguish the changes of organs. It is essential to explore the potential of
urinary biomarkers.

CONCLUSIONS
Urinary proteins change happens very early in the W256 liver tumour model. Some of the
differential urinary proteins had been reported to be associated with liver cancer. Urinary
proteins can be used to differentiate the same tumour cells grown in different organs. These
findings may provide important information for the early diagnosis of liver cancer.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Key Research and Development Program of
China (2018YFC0910202 and 2016 YFC 1306300), Beijing Natural Science Foundation
(7172076), Beijing cooperative construction project (110651103), Beijing Normal
University (11100704), and Peking Union Medical College Hospital (2016-2.27). The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Key Research and Development Program of China: 2018YFC0910202, 2016 YFC
1306300.
Beijing Natural Science Foundation: 7172076.
Beijing cooperative construction project: 110651103.
Beijing Normal University: 11100704.
Peking Union Medical College Hospital: 2016-2.27.

Competing Interests
The authors declare there are no competing interests.

Zhang et al. (2020), PeerJ, DOI 10.7717/peerj.8462 16/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.8462


Author Contributions
• Yameng Zhang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.
• Yufei Gao performed the experiments, prepared figures and/or tables, and approved the
final draft.
• Youhe Gao conceived and designed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Institutional Animal CareUse&Welfare Committee of the Institute of BasicMedical
Sciences, Peking Union Medical College approved this research (ACUC-A02-2014-007).

Data Availability
The following information was supplied regarding data availability:

Data is available at Figshare: Zhang, Yameng (2020): The raw data of the article
‘‘Early changes in the urine proteome in a rat liver tumor model’’. figshare. Dataset.
https://doi.org/10.6084/m9.figshare.8293220.v1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.8462#supplemental-information.

REFERENCES
Ahn YH, Shin PM, Oh NR, Park GW, KimH, Yoo JS. 2012. A lectin-coupled, targeted

proteomic mass spectrometry (MRMMS) platform for identification of multiple
liver cancer biomarkers in human plasma. Journal of Proteomics 75:5507–5515
DOI 10.1016/j.jprot.2012.06.027.

Atsushi M, Minoru T, Tohru I. 2014. Stem/progenitor cells in liver development,
homeostasis, regeneration, and reprogramming. Cell Stem Cell 14:561–574
DOI 10.1016/j.stem.2014.04.010.

BramDC, Geert B. 2013. Regulatory networks defining EMT during cancer initiation
and progression. Nature Reviews Cancer 13:97–110 DOI 10.1038/nrc3447.

Carmeci C, Thompson DA, KuangWW, Lightdale N, Furthmayr H,Weigel RJ. 1998.
Moesin expression is associated with the estrogen receptor-negative breast cancer
phenotype. Surgery 124:211–217 DOI 10.1016/S0039-6060(98)70122-9.

Chen SS, Yu KK, Ling QX, Huang C, Li N, Zheng JM, Bao SX, Cheng Q, ZhuMQ,
ChenMQ. 2016. The combination of three molecular markers can be a valuable
predictive tool for the prognosis of hepatocellular carcinoma patients. Scientific
Reports 6:24582 DOI 10.1038/srep24582.

Zhang et al. (2020), PeerJ, DOI 10.7717/peerj.8462 17/20

https://peerj.com
https://doi.org/10.6084/m9.figshare.8293220.v1
http://dx.doi.org/10.7717/peerj.8462#supplemental-information
http://dx.doi.org/10.7717/peerj.8462#supplemental-information
http://dx.doi.org/10.1016/j.jprot.2012.06.027
http://dx.doi.org/10.1016/j.stem.2014.04.010
http://dx.doi.org/10.1038/nrc3447
http://dx.doi.org/10.1016/S0039-6060(98)70122-9
http://dx.doi.org/10.1038/srep24582
http://dx.doi.org/10.7717/peerj.8462


Chen T, Xie G,Wang X, Fan J, Qiu Y, Zheng X, Qi X, Cao Y, SuM,Wang X, Xu LX,
Yen Y, Liu P, JiaW. 2011. Serum and urine metabolite profiling reveals potential
biomarkers of human hepatocellular carcinoma.Molecular & Cellular Proteomics
10(7):Article M110.004945 DOI 10.1074/mcp.M110.004945.

ChenW, Zheng R, Zhang S, Zeng H, Xia C, Zuo T, Yang Z, Zou X, He J. 2017.
Cancer incidence and mortality in China, 2013. Cancer Letters 401:63–71
DOI 10.1016/j.canlet.2017.04.024.

Chen X-L, Zhou L, Yang J, Shen F-K, Zhao S-P,Wang Y-L. 2010.Hepatocellular
carcinoma-associated protein markers investigated by MALDI-TOF MS.Molecular
Medicine Reports 3:589–596 DOI 10.3892/mmr_00000302.

Chiou SH, Lee KT. 2016. Proteomic analysis and translational perspective of hepato-
cellular carcinoma: identification of diagnostic protein biomarkers by an onco-
proteogenomics approach. Kaohsiung Journal of Medical Sciences 32:535–544
DOI 10.1016/j.kjms.2016.09.002.

Ferrari E, Wittig A, Basilico F, Rossi R, Palma AD, Silvestre DD, SauerweinWAG,
Mauri PL. 2019. Urinary proteomics profiles are useful for detection of cancer
biomarkers and changes induced by therapeutic procedures.Molecules 24:Article
794 DOI 10.3390/molecules24040794.

Ferrín G, Ranchal I, Llamoza C, Rodríguez-Perálvarez ML, Romero-Ruiz A, Aguilar-
Melero P, López-Cillero P, Briceño J, Muntané J, Montero-Álvarez JL. 2014.
Identification of candidate biomarkers for hepatocellular carcinoma in plasma
of HCV-infected cirrhotic patients by 2-D DIGE. Liver International 34:438–446
DOI 10.1111/liv.12277.

Gambhir SS. 2002.Molecular imaging of cancer with positron emission tomography.
Nature Reviews Cancer 2(9):683–693 DOI 10.1038/nrc882.

Gao Y. 2013. Urine-an untapped goldmine for biomarker discovery. Science China Life
Sciences 56(12):1145–1146 DOI 10.1007/s11427-013-4574-1.

Grassadonia A, Tinari N, Iurisci I, Piccolo E, Cumashi A, Innominato P, D’Egidio
M, Natoli C, Piantelli M, Iacobelli S. 2002. 90K (Mac-2 BP) and galectins
in tumour progression and metastasis. Glycoconjugate Journal 19:551–556
DOI 10.1023/b:glyc.0000014085.00706.d4.

Heger Z, Michalek P, Guran R, Cernei N, Duskova K, Vesely S, Anyz J, Stepankova
O, Zitka O, AdamV. 2015. Differences in urinary proteins related to surgical
margin status after radical prostatectomy. Oncology Reports 34(6):3247–3255
DOI 10.3892/or.2015.4322.

Hellstern S, Sasaki T, Fauser C, Lustig A, Timpl R, Engel J. 2002. Functional studies
on recombinant domains of Mac-2-binding protein. Journal of Biological Chemistry
277:15690–15696 DOI 10.1074/jbc.M200386200.

Huang CH, Kuo CJ, Liang SS, Chi SW, Hsi E, Chen CC, Lee KT, Chiou SH. 2015. Onco-
proteogenomics identifies urinary S100A9 and GRN as potential combinatorial
biomarkers for early diagnosis of hepatocellular carcinoma. Bba Clinical 3:205–213
DOI 10.1016/j.bbacli.2015.02.004.

Zhang et al. (2020), PeerJ, DOI 10.7717/peerj.8462 18/20

https://peerj.com
http://dx.doi.org/10.1074/mcp.M110.004945
http://dx.doi.org/10.1016/j.canlet.2017.04.024
http://dx.doi.org/10.3892/mmr_00000302
http://dx.doi.org/10.1016/j.kjms.2016.09.002
http://dx.doi.org/10.3390/molecules24040794
http://dx.doi.org/10.1111/liv.12277
http://dx.doi.org/10.1038/nrc882
http://dx.doi.org/10.1007/s11427-013-4574-1
http://dx.doi.org/10.1023/b:glyc.0000014085.00706.d4
http://dx.doi.org/10.3892/or.2015.4322
http://dx.doi.org/10.1074/jbc.M200386200
http://dx.doi.org/10.1016/j.bbacli.2015.02.004
http://dx.doi.org/10.7717/peerj.8462


Ilikhan SU, Bilici M, Sahin H, Akca AS, CanM, Oz II, Guven B, Buyukuysal MC,
Ustundag Y. 2015. Assessment of the correlation between serum prolidase and
alpha-fetoprotein levels in patients with hepatocellular carcinoma.World Journal of
Gastroenterology 21:6999–7007 DOI 10.3748/wjg.v21.i22.6999.

LoftheimH,Midtvedt K, Hartmann A, Reisæter AV, Falck P, Holdaas H, Jenssen T,
Reubsaet L, Åsberg A. 2012. Urinary proteomic shotgun approach for identification
of potential acute rejection biomarkers in renal transplant recipients. Transplantation
Research 1:9–9 DOI 10.1186/2047-1440-1-9.

Montaser MF, Sakr MA, Khalifa MO. 2012. Alpha-L-fucosidase as a tumour
marker of hepatocellular carcinoma. Arab Journal of Gastroenterology 13:9–13
DOI 10.1016/j.ajg.2012.03.006.

Ni Y, Zhang F, AnM, YinW, Gao Y. 2018. Early candidate biomarkers found from urine
of glioblastoma multiforme rat before changes in MRI. Science China Life Sciences
61(8):982–987 DOI 10.1007/s11427-017-9201-10.

Pahwa A, Beckett K, Channual S, Tan N, Lu DS, Raman SS. 2014. Efficacy of the
American Association for the Study of Liver Disease and Barcelona criteria for
the diagnosis of hepatocellular carcinoma. Abdominal Imaging 39:753–760
DOI 10.1007/s00261-014-0118-9.

Pyong-GonM, Jeong-Eun L, Sungyong Y, Taek-Kyun K, Ji-Hoon C, In-San K, Tae-
Hwan K, Chan-Duck K, Sun-Hee P, Daehee H. 2011. Proteomic analysis of urinary
exosomes from patients of early IgA nephropathy and thin basement membrane
nephropathy. Proteomics 11:2459–2475 DOI 10.1002/pmic.201000443.

Qu J, SunW, Zhong J, Lv H, ZhuM, Xu J, Jin N, Xie Z, TanM, Lin SH. 2017. Correc-
tion: phosphoglycerate mutase 1 regulates dNTP pool and promotes homologous
recombination repair in cancer cells. Journal of Cell Biology 216(8):2597–2598
DOI 10.1083/JCB.20160700807172017c.

Saraswat M, Joenväära S, Musante L, Peltoniemi H, Holthofer H, Renkonen R. 2015.
N-linked (N-) glycoproteomics of urinary exosomes.Molecular & Cellular Proteomics
14(8):2298–2298 DOI 10.1074/mcp.A114.040345.

Schreiber RD, Old LJ, SmythMJ. 2011. Cancer immunoediting: integrating im-
munity’s roles in cancer suppression and promotion. Science 331:1565–1570
DOI 10.1126/science.1203486.

Spangenberg H, Thimme R, BlumH. 2006. Serum markers of hepatocellular carcinoma.
In: Seminars in liver disease: copyright c© 2006. New York: Thieme Medical Publish-
ers, Inc, 385–390.

Sun Y-L, Cai J-Q, Liu F, Bi X-Y, Zhou L-P, Zhao X-H. 2015. Aberrant expression
of peroxiredoxin 1 and its clinical implications in liver cancer.World Journal of
Gastroenterology 21(38):10840–10842 DOI 10.3748/wjg.v21.i38.10840.

SunW, Li F, Wu S,Wang X, Zheng D,Wang J, Gao Y. 2005.Human urine pro-
teome analysis by three separation approaches. Proteomics 5:4994–5001
DOI 10.1002/pmic.200401334.

Tatsuro I, Kundu RK, Eugene Y, Ken-Ichi H, Yen-Dong H, Thomas Q. 2003. Targeted
disruption of endothelial cell-selective adhesion molecule inhibits angiogenic

Zhang et al. (2020), PeerJ, DOI 10.7717/peerj.8462 19/20

https://peerj.com
http://dx.doi.org/10.3748/wjg.v21.i22.6999
http://dx.doi.org/10.1186/2047-1440-1-9
http://dx.doi.org/10.1016/j.ajg.2012.03.006
http://dx.doi.org/10.1007/s11427-017-9201-10
http://dx.doi.org/10.1007/s00261-014-0118-9
http://dx.doi.org/10.1002/pmic.201000443
http://dx.doi.org/10.1083/JCB.20160700807172017c
http://dx.doi.org/10.1074/mcp.A114.040345
http://dx.doi.org/10.1126/science.1203486
http://dx.doi.org/10.3748/wjg.v21.i38.10840
http://dx.doi.org/10.1002/pmic.200401334
http://dx.doi.org/10.7717/peerj.8462


processes in vitro and in vivo. Journal of Biological Chemistry 278:34598–34604
DOI 10.1074/jbc.M304890200.

Thiery JP, Acloque H, Huang RY, Nieto MA. 2009. Epithelial-mesenchymal transitions
in development and disease. Cell 139:871–890 DOI 10.1016/j.cell.2009.11.007.

Tsuchiya N, Sawada Y, Endo I, Saito K, Uemura Y, Nakatsura T. 2015. Biomarkers for
the early diagnosis of hepatocellular carcinoma.World Journal of Gastroenterology
21(37):10573–10583 DOI 10.3748/wjg.v21.i37.10573.

Van den Berg CB, Duvekot JJ, Guzel C, Hansson SR, De Leeuw TG, Steegers EA,
Versendaal J, Luider TM, StoopMP. 2017. Elevated levels of protein AMBP in cere-
brospinal fluid of women with preeclampsia compared to normotensive pregnant
women. Proteomics - Clinical Applications 11(1–2) DOI 10.1002/prca.201600082.

Wang Y, Chen Y, Zhang Y,Wu S, Ma S, Hu S, Zhang L, Shao C, Li M, Gao Y. 2008.
Differential ConA-enriched urinary proteome in rat experimental glomerular
diseases. Biochemical and Biophysical Research Communications 371:385–390
DOI 10.1016/j.bbrc.2008.04.082.

Wei J, Ni N, Zhang L, Gao Y. 2018. Early candidate biomarkers in urine of Walker-256
lung metastasis rat model. bioRxiv DOI 10.1101/306050.

Wisniewski J, Zougman A, Nagaraj N, MannM. 2009. Universal sample preparation
method for proteome analysis. Nature Methods 6:359–362 DOI 10.1038/nmeth.1322.

Wu J, Guo Z, Gao Y. 2017. Dynamic changes of urine proteome in a Walker 256 tumour-
bearing rat model. Cancer Medicine 6:2713–2722 DOI 10.1002/cam4.1225.

Yuan Y, Zhang F,Wu J, Shao C, Gao Y. 2015. Urinary candidate biomarker dis-
covery in a rat unilateral ureteral obstruction model. Scientific Reports 5:9314
DOI 10.1038/srep09314.

Zhang L, Li Y, MengW, Ni Y, Gao Y. 2018. Dynamic urinary proteomic analysis in a
Walker 256 intracerebral tumour model. bioRxiv DOI 10.1101/481697.

Zhang F, Ni Y, Yuan Y, Gao Y. 2017. Urinary proteome changes were detected
earlier than serum biochemical parameters and histopathology changes in a rat
thioacetamide-induced hepatic fibrosis model. The FASEB Journal 31:908.917–908.917.

ZhaoM,Wu J, Li X, Gao Y. 2018. Urinary candidate biomarkers in an experi-
mental autoimmune myocarditis rat model. Journal of Proteomics 179:71–79
DOI 10.1016/j.jprot.2018.02.032.

Zhang et al. (2020), PeerJ, DOI 10.7717/peerj.8462 20/20

https://peerj.com
http://dx.doi.org/10.1074/jbc.M304890200
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.3748/wjg.v21.i37.10573
http://dx.doi.org/10.1002/prca.201600082
http://dx.doi.org/10.1016/j.bbrc.2008.04.082
http://dx.doi.org/10.1101/306050
http://dx.doi.org/10.1038/nmeth.1322
http://dx.doi.org/10.1002/cam4.1225
http://dx.doi.org/10.1038/srep09314
http://dx.doi.org/10.1101/481697
http://dx.doi.org/10.1016/j.jprot.2018.02.032
http://dx.doi.org/10.7717/peerj.8462

