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Abstract

Abstract: Objective: To identify differentially expressed proteins in the lymph fluid of rabbits with breast cancer lymphatic
metastasis and normal rabbits, and to analyze and verify using proteomics technology. Materials and Methods: Rabbits with
breast cancer lymph node metastasis and healthy rabbits were selected. Lymph fluids were precisely extracted under the
guidance of percutaneous contrast-enhanced ultrasound (CEUS). Label-free quantitative proteomics (LFQ) was used to detect
and compare differences, and differential protein expression was obtained. Bioinformatics analysis was performed using KEGG
and GO analysis software, selecting the most significantly differentially expressed proteins. Finally, parallel reaction monitoring
technology (PRM) was applied for validation. Results: A total of 547 significantly differentially expressed proteins were found
in this study, including 371 upregulated proteins and 176 downregulated proteins. They were mainly involved in various cellular
and metabolic pathways, including upregulated proteins such as BLVRA, IDH2, and downregulated proteins such as PDXK.
The upregulated proteins PDIA3, PRKARI1A, and ABCC4 participated in immune regulation, endocrine regulation, and anti-
tumor drug resistance regulation, respectively. Conclusion: These proteins are involved in the pathophysiological processes of
tumor development and metastasis, and can be used as predictive indicators for breast cancer metastasis and as new targets

for treatment.

Analysis of Differentially Expressed Proteins in Lymph Fluids Related to Lymphatic Metas-
tasis in Breast Cancer Rabbit Model Guided by Contrast-Enhanced Ultrasound

Jiachao Xu®?*t, Xin Zhang'?t, Guangfei Yang?, Wei Sun'?, Wen Wang?", Chengrong Mi?"
INingxia Medical University, Yinchuan, China

2General Hospital of Ningxia Medical University, Yinchuan, China

[Grant Project] National Natural Science Foundation of China (82260351)

Abstract: Objective: To identify differentially expressed proteins in the lymph fluid of rabbits with breast
cancer lymphatic metastasis and normal rabbits, and to analyze and verify using proteomics technology.

Materials and Methods: Rabbits with breast cancer lymph node metastasis and healthy rabbits were se-
lected. Lymph fluids were precisely extracted under the guidance of percutaneous contrast-enhanced ultra-
sound (CEUS). Label-free quantitative proteomics (LFQ) was used to detect and compare differences, and
differential protein expression was obtained. Bioinformatics analysis was performed using KEGG and GO
analysis software, selecting the most significantly differentially expressed proteins. Finally, parallel reaction
monitoring technology (PRM) was applied for validation.



Results: A total of 547 significantly differentially expressed proteins were found in this study, including 371
upregulated proteins and 176 downregulated proteins. They were mainly involved in various cellular and
metabolic pathways, including upregulated proteins such as BLVRA, IDH2, and downregulated proteins such
as PDXK. The upregulated proteins PDIA3, PRKARI1A, and ABCC4 participated in immune regulation,
endocrine regulation, and anti-tumor drug resistance regulation, respectively.

Conclusion: Compared with normal rabbits, rabbits with breast cancer metastasis have various differentially
expressed proteins in their lymph fluid. These proteins are involved in the pathophysiological processes of
tumor development and metastasis, and can be used as predictive indicators for breast cancer metastasis
and as new targets for treatment.
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1. Introduction

Breast cancer is one of the most common cancers among women worldwide, with more than 1.5 million
women (accounting for 25% of all female cancers) diagnosed with breast cancer every year[1]. In China, the
incidence and mortality of breast cancer rank first in the world[2]. Breast cancer is a metastatic cancer that
initially spreads through the lymphatic system to various levels of lymph nodes, and finally metastasizes to
distant organs such as bones, liver, lungs, and brain through the bloodstream, which is the main reason why it
cannot be cured[3]. Accurate metastasis prediction is related to the formulation of treatment plans, prognosis,
survival rate, and quality of life. However, breast cancer is a highly heterogeneous malignant disease with
various functional phenotypes[4]. Proteomic, genomic and transcriptomic studies have achieved remarkable
results in the exploration of cellular subtypes and the development of breast cancer lymphatic metastasis
biomarkers[5]. Therefore, finding protein biomarkers related to breast cancer is important for predicting the
progression of the disease, implementing early drug or intervention treatment, and thus reducing mortality
caused by metastasis.

The process of lymphatic metastasis involves the lymphatic circulation, and tumor-related lymphatic vessels
provide a direct route to the lymph nodes, enabling primary tumors to transmit concentrated signals, grad-
ually reshaping and hijacking lymph node function from afar[6]. After a tumor develops, various aspects
of the internal tumor environment will undergo complex biological effects[7]. Lymph fluid, as an essential
component, is subject to these changes, with variations occurring in its cytokines and antibody compo-
nents. However, due to the difficulty in obtaining lymph fluid, it has been under-researched. Percutaneous
contrast-enhanced ultrasound (CEUS) technology can provide support in this area[8], enabling observation of
the lymphatic vessels entering and leaving the sentinel lymph nodes and accurate extraction of lymph fluid.
Therefore, in this study, we used CEUS technology to precisely extract lymph fluid from rabbits with breast
cancer metastasis and healthy rabbits. Using LC-MS/MS analysis, we quantified proteins in the lymph fluid
and performed bioinformatics analysis on differentially expressed proteins to identify protein biomarkers
for breast cancer lymphatic metastasis and explore the function of differentially expressed proteins and the
signaling pathways involved. This study lays the foundation for further exploration of predictive indicators
and therapeutic targets for breast cancer metastasis in the future.

2.Materials and Methods
2.1. Precision extraction of lymph fluid

Ultrasound contrast agent is injected subcutaneously at the edge of the tumor in the breast cancer rabbit.
The first (group) lymph node traced from the injection point along the lymphatic vessel is the sentinel
lymph node (SLN), which is also known as SLN contrast-enhanced ultrasound (SLN CEUS). CEUS can
clearly display the input lymphatic vessels of the SLN, which may reflect the state of the lymph fluid
after tumor microenvironment formation. At the same time, CEUS is used to dynamically observe the
progression of lymph node metastasis. Lymph fluid from the rabbit’s sentinel lymph node at 8 weeks after
tumor implantation was used to ensure that the metastatic lymph node was malignant. Accurate lymph



fluid extraction from normal rabbits under CEUS guidance was performed as a control.
2.2. Reagents and equipment Ammonium bicarbonate

Dithiothreitol (DTT), Iodoacetamide (IAA) and sodium carbonate (Sigma-Aldrich, USA); urea and sodium
dodecyl sulfate (SDS) (Bio Rad, USA); trypsin (Promega, USA); BCA protein assay kit (Bio-Rad, USA). Q
Exactive Plus mass spectrometer and EASY-nLC 1200 (Thermo Fisher Scientific, USA).

2.3. LFQ sample preparation

After freeze-drying the lymph fluid, each sample is mixed with 1007200 SDT lysis buffer based on the
actual lymph fluid volume. Lysate is homogenized with a homogenizer and transferred to an EP tube. The
lysate is then mixed with boiling water bath for 3 min, sonicated for 2 min, centrifuged at 16000g and
4°C for 20min, and the supernatant is collected. BCA method is used for protein quantification. A total
of 100ug protein is taken from each sample for FASP digestion. The following steps are performed: add
an appropriate amount of 1M DTT to a final concentration of 100mM to each sample, boiling water bath
for 5 min, cool to room temperature. Add 200uL. UA buffer (8M Urea, 150mM Tris-HCl, pH8.0) to mix,
transfer to a 10KD ultrafiltration centrifuge tube, centrifuge at 12000g for 15min. Add 200uL UA buffer
and centrifuge at 12000g for 15min, discard filtrate. Add 100uL TAA (50mM IAA in UA), shake at 600rpm
for 1min, avoid light at room temperature for 30min, centrifuge at 12000g for 10min. Add 100uL. UA buffer,
and centrifuge at 12000g for 10min, repeat twice. Add 100, NH4HCO3 buffer, centrifuge at 14000g for
10min, repeat twice. Add 40uL Trypsin buffer (6ug Trypsin in 40pL. NH4HCO3 buffer), shake at 600rpm
for 1min, incubate at 37°C for 16-18h. Change to a new collection tube, centrifuge at 12000g for 10min,
collect filtrate, add an appropriate amount of 0.1% TFA solution, desalt the digested peptides using C18
Cartridge, and freeze-dry under vacuum. After drying, reconstitute the digested peptides with 0.1% TFA,
measure peptide concentration, and prepare for LC-MS analysis.

2.4. LC-MS/MS analysis

Chromatographic separation of peptide samples is performed using a nanoflow Easy nLLC 1200 chromatogra-
phy system (Thermo Scientific). The buffer solution: A is a 0.1% formic acid aqueous solution, and B is a
0.1% formic acid, acetonitrile and water mixed solution (acetonitrile is 80%). The chromatographic column
is equilibrated with 95% A solution. The sample is injected into a Trap Column (100pm20up, 5up, “18, Ap.
Maiogn I'ufH) avd oermapated B a ypadievt tnpouyn tne snpopatoypanmis avadpois solvuy (75up 150mm,
3um, C18, Dr. Maisch GmbH) at a flow rate of 300nl/min. The liquid phase separation gradient is as follows:
Omin-2min, linear gradient of B solution from 5% to 8%; 2min-90min, linear gradient of B solution from 8%
to 23%; 90min-100min, linear gradient of B solution from 23% to 40%; 100min-108min, linear gradient of
B solution from 40% to 100%; 108min-120min, B solution is maintained at 100%. After peptide separation,
a Q-Exactive HF-X mass spectrometer (Thermo Scientific) is used for DDA (data-dependent acquisition)
mass spectrometry analysis. The analysis time is 120min, detection mode: positive ion, parent ion scan
range: 300-1800m/z, primary mass spectrometry resolution: 60,000 @m/z 200, AGC target: 3e6, primary
mass spectrometry Maximum IT: 50 ms. Peptide secondary mass spectrometry is collected according to
the following methods: after each full scan (full scan), 20 secondary mass spectra (MS2 scans) of the high-
est intensity parent ions are collected, with a secondary mass spectrometry resolution: 15,000 @ m/z 200,
AGC target: leb, secondary mass spectrometry Maximum IT: 50 ms, MS2 Activation Type: HCD, Isolation
window: 1.6 m/z, Normalized collision energy: 28.

2.5. Database retrieval

The resulting LC-MS/MS raw RAW files are imported into the Proteome Discoverer software (version 2.4,
Thermo Scientific) and the search engine Sequest HT for database retrieval. The database used for searching
is uniprot-Oryctolagus cuniculus (Rabbit) [9986]-43526-20211222.fasta, which is sourced from the website
https://www.uniprot.org/taxonomy /9986 protein database, with a protein entry of 43526; and a download
date of 2021.12.22.

2.6. PRM sample preparation



Take an appropriate amount of the sample and add 8M Urea, ice bath sonication, centrifugation at 4°C and
16000xg for 20min to collect the supernatant. BCA quantification is performed on the supernatant, and 15ug
of each sample is run on gel. A total of 200ug of each sample is taken, DTT is added to a final concentration
of 10mM, and incubated at 37°C for 1 h. TAA is added to a final concentration of 50mM and incubated
in darkness for 30min. Each sample is added with trypsin (1:50) and incubated at 37°C overnight. After
quantitative desalting, mix the samples in equal amounts to create a mix sample for testing.

2.7. LC-PRM/MS analysis

Take 2ug of peptide from each sample for LC-PRM/MS analysis. After sample loading, perform chromato-
graphic separation using a nanoflow Easy nLC1200 chromatography system (Thermo Scientific). The buffer
solutions are the same as described in section 2.4. The liquid phase separation gradient is as follows: 0 min
— 5 min, linear gradient of B solution from 2% to 5%; 5 min — 45 min, the linear gradient of B solution
from 5% to 23%; 45 min — 50 min, linear gradient of B solution from 23% to 40%; 50 min — 52 min, linear
gradient of B solution from 40% to 100%; 52 minutes —-60 minutes, B solution is maintained at 100%.
The Q Exactive HF-X mass spectrometer (Thermo Scientific) is used for targeted PRM mass spectrometry
analysis. The original RAW files of the mass spectra obtained are analyzed using Skyline 4.1 software for
PRM data.

2.8. Bioinformatics analysis

Proteins with FC > 1.5 or < 0.667 and p < 0.05 are considered as significantly differentially expressed pro-
teins. Bioinformatics data are analyzed using Perseus software, Microsoft Excel, and R statistical computing
software. Sequence annotations are extracted from UniProtKB/Swiss-Prot, Kyoto Encyclopedia of Genes
and Genomes (KEGG), and Gene Ontology (GO). GO and KEGG enrichment analyses are performed using
Fisher’s exact test and FDR adjustment for multiple testing. GO terms are divided into three categories: bio-
logical processes (BP), molecular functions (MF), and cellular components (CC). Enriched GO and KEGG
pathways are statistically significant at p < 0.05 level.

2.9. Statistical analysis

Data are analyzed using SPSS 20.0 software. Measurement data are presented as x+s and t-test is used for
inter-group comparison. Count data are presented as percentages, and inter-group differences are compared
using the y2 test. P<0.05 indicates that the difference is statistically significant.

3. Results
3.1. Observation of breast cancer lymph node metastasis under CEUS guidance

We used contrast-enhanced ultrasound to observe the changes in sentinel lymph nodes during the metastasis
process of the breast cancer lymphatic metastasis group. Percutaneous superficial ultrasound with Sonozoid
(SNZ) revealed four contrast patterns in sentinel lymph nodes during breast cancer progression (Figure 1):

1. Uniform enhancement; 2. Non-uniform enhancement: a. non-enhanced area <25% (1-2 weeks), b.
non-enhanced area 25%-50% (3 weeks), c. non-enhanced area 50%-75% (4 weeks), d. non-enhanced area
>75%/completely non-enhanced (4-8 weeks); 3. Peripheral ring enhancement with no internal enhancement;
4. Complete absence of enhancement in the lymph node with the presence of surrounding lymphatic vessels
bypassing.

3.2 Analysis of Lymphatic Fluid Differential Proteins

A total of 2647 proteins were detected in 6 samples by label-free quantification (LFQ) method. Using a
1.2-fold increase or decrease in protein expression as the criterion for significant changes, 547 differential
proteins were identified. Compared with the normal group (CG), the metastasis group (LNPG) contained

371 upregulated proteins and 176 downregulated proteins. The heatmap shows the hierarchical clustering of
547 differential proteins (FC > 1.2 or < 0.833, p-value < 0.05) (Figure 2).

3.3. Differential Protein GO Function Enrichment Analysis



A Gene Ontology (GO) function enrichment analysis was conducted on the differentially expressed proteins
in the lymphatic fluid of breast cancer rabbits and normal rabbits (Figure 3A). The main biological pro-
cesses (BP) include: cellular macromolecule catabolic process, protein catabolic process, etc. (Figure 3B).
The main cellular components (CC) include: proteasome core complex, endopeptidase complex, catalytic
complex, etc. (Figure 3C). The main molecular functions (MF) include: molecular function modulator,
serine endopeptidase inhibitor activity, threonine endopeptidase activity, etc. (Figure 3D).

3.4. Differential Protein KEGG Enrichment Analysis

Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, the differentially expressed proteins
were subjected to pathway enrichment analysis. It was found that these differential proteins are involved
in 20 main pathways (Figure 4A), including: proteasome pathway, complement and coagulation cascades
pathway, and pentose phosphate pathway, etc. The upregulated proteins are mainly involved in pathways
such as the proteasome pathway, carbon metabolism pathway, and cysteine and methionine metabolism
pathway. The downregulated proteins are mainly involved in pathways such as complement and coagulation
cascades pathway, cholesterol metabolism pathway, and Staphylococcus aureus infection pathway (Figure
4B).

3.5. PRM Validation

Parallel reaction monitoring (PRM) was conducted on the differentially expressed proteins in the lymphatic
fluid of metastasis group and normal group rabbits. Ten differential proteins were found to have consistent
trends with the results from the LFQ proteomics technology (Table 1). The upregulated proteins include:
PDIA3, BLVRA, IDH2, PRKAR1A, RAB1A, ABCC4, and MAP4; while the downregulated proteins include:
ANXAS, PDXK, and GC. The protein abundance results related to the PRM detection can be seen in Figure
5.

4.Discussion

Lymphatic metastasis is a major factor affecting the prognosis of various cancers, including breast cancer.
Although cancer cells spread through various ways, the structure of the lymphatic system makes it the prime
cause of cancer metastasis. Despite the current understanding of the pathophysiology of breast cancer, the
molecular mechanisms, especially those related to lymphatic metastasis, are still unclear. This may be
due to the difficulty in obtaining lymphatic fluid. Identifying differentially expressed proteins and signaling
pathways involved in breast cancer metastasis is critical to understanding its mechanism and exploring
biomarkers related to metastasis. In this study, we used CEUS technology to extract lymphatic fluid for
comparative analysis, quantitative evaluation, and functional identification of LFQ proteomics, and validated
differentially expressed proteins with PRM technology.

In our study, differentially expressed proteins in lymphatic fluid of rabbits with metastatic breast cancer were
mainly involved in various cellular and metabolic processes, with upregulated proteins participating in these
pathways. As breast cancer develops, the tumor microenvironment inevitably changes, as does the body’s
metabolic environment. For example, amino acids are essential nutrients for all living cells and are vital for
the proliferation and maintenance of tumor cells. Since tumors grow faster, their cells have a higher demand
for amino acids. Recent studies have shown that some amino acid metabolic pathways, such as glutamine,
serine, glycine, and proline, are altered in breast cancer, suggesting that amino acid transport may be crucial
for the proliferation and progression of breast cancer. At the same time, mechanisms of hypoxia-adaptive
metabolic responses, including increased glycolysis and decreased tricarboxylic acid cycle, serve to reduce
the production of mitochondrial reactive oxygen species.

We identified upregulated proteins PDIA3, PRKARI1A, and ABCC4 in lymphatic fluid of metastatic breast
cancer rabbits using LC-MS/MS. PDIA3, also known as ERp57, is a 58 kD glucose-regulated protein that
also acts as a chaperone, modifying and folding proteins and having de-basic and redox functions. PDIA3
plays a role in the quality control of newly synthesized glycoproteins, participates in the assembly of major
histocompatibility complex (MHC) class I molecules, and regulates immune responses and immunogenic



cell death. Despite no literature reporting a direct link between PDIA3 and breast cancer development,
it has been shown to be upregulated in various cancers and involved in cancer initiation, progression, and
chemosensitivity, suggesting its potential as a cancer biomarker and therapeutic target. PRKARIA is a
gene that directs the synthesis of protein kinase A (PKA) regulatory subunits and is one of the critical
components of the PKA tetramer. It is the primary mediator of cAMP function in various mammalian
cellular processes, including cell differentiation, proliferation, and apoptosis. Its inactivating mutations can
lead to Carney syndrome, characterized by cardiac myxoma and multiple endocrine tumors. Therefore,
PRKARIA mutations may serve as a predictor of breast cancer metastasis. ABCC4 is the fourth member of
the ATP-binding cassette (ABC) protein C subfamily, also known as multidrug resistance-associated protein
4 (MRP4). ABCC4 was discovered due to its role in mediating drug resistance in various tumor types.
High expression of ABCC4 is detected in drug-resistant tumors, including neuroblastoma, prostate cancer,
pancreatic cancer, and acute myeloid leukemia, where MRP4 expression is associated with poor prognosis.
Thus, the increased drug resistance in breast cancer may be linked to the high expression of ABCC4. The
upregulation of these proteins in breast cancer lymphatic fluid suggests their potential as risk factors for
metastasis.

However, the technical difficulty in accurately extracting lymphatic fluid using CEUS limits its application
to animal research. Additionally, proteomics technology has high economic costs, making it challenging to
promote in clinical practice.

In conclusion, this study innovatively employed CEUS technology for lymphatic fluid extraction, as well
as proteomic and mass spectrometry analysis techniques to investigate differentially expressed proteins and
related functions in metastatic breast cancer rabbits. The upregulated or downregulated proteins and various
enriched pathways identified in this study are associated with the pathophysiological processes of breast
cancer onset and progression. Their expression in lymphatic fluid suggests they could serve as predictors of
breast cancer metastasis, and provide new insights for future research on novel targets for metastatic breast
cancer.
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Figure 1: Ultrasound imaging patterns of sentinel lymph nodes. (A) Homogeneous enhancement, (B) Hetero-
geneous enhancement, (C) Peripheral ring enhancement with no internal enhancement, (D) No enhancement
with lymphatic vessel bypass around the lymph node.
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Figure 4: KEGG enrichment analysis of LNPG vs CG differential proteins (A) Top 20 KEGG pathway
bubble chart, (B) Top 12 KEGG pathway enrichment butterfly chart.
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Figure 5: PRM validation results for differential proteins.
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