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A B S T R A C T

Introduction: The tumor-promoting rearrangement of the lungs facilitates the process of cancer cell survival in a
foreign microenvironment and enables their protection against immune defense. The study aimed to define the
fingerprint of the early rearrangement of the lungs via the proteomic profiling of the lung tissue in the experi-
mental model of tumor metastasis in a murine 4T1 mammary adenocarcinoma.
Materials and methods: The studies were performed on 7-8-week-old BALB/c female mice. Viable 4T1 cancer
cells were orthotopically inoculated into the right mammary fat pad. The experiment was performed in the early
phase of the tumor metastasis one and two weeks after cancer cell inoculation. The comparative analysis of
protein profiles was carried out with the aid of the two-dimensional difference in gel electrophoresis (2D-DIGE).
Proteins, of which expression differed significantly, were identified using nano-liquid chromatography coupled
to a high-resolution mass spectrometry (nanoLC/hybrid ion trap- Orbitrap XL Discovery).
Results: Palpable primary tumors were noted in the 2nd week after cancer cell inoculation. The investigated period
preceded the formation of numerous macrometastases in the lungs, however the metastasis-promoting changes were
visible very early. Primary tumor-induced inflammation developed in the lungs as early as after the 1st week and
progressed during the 2nd week, accompanied by increased concentration of 2-OH-E+, an oxidative stress marker,
and imbalance in nitric oxide metabolites, pointing to endothelium dysfunction. The early proteomic changes in the
lungs in the 1st week after 4T1 cell inoculation resulted in the reorganization of lung tissue structure [actin, cyto-
plasmic 1 (Actb), tubulin beta chain (Tubb5), lamin-B1 (Lmnb1), serine protease inhibitor A3K (Serpina3k)] and
activation of defense mechanisms [selenium-binding protein 1 (Selenbp1), endoplasmin (Hsp90b1), stress 70 protein,
mitochondrial (Hspa9), heat shock protein HSP 90-beta (Hsp90ab1)], but also modifications in metabolic pathways
[glucose-6-phosphate 1-dehydrogenase X (G6pdx), ATP synthase subunit beta, mitochondrial (Atp5b), L-lactate
dehydrogenase B chain (Ldhb)]. Further development of the solid tumor after the 2nd week following cancer cell
inoculation, secretion of prolific tumor-derived factors as well as the presence of the increasing number of circulating
cancer cells and extravasation processes further impose reorganization of the lung tissue [Actb, vimentin (Vim),
clathrin light chain A (Clta)], altering additional metabolic pathways [annexin A5 (Anxa5), Rho GDP-dissociation
inhibitor 2 (Arhgdib), complement 1 Q subcomponent-binding protein, mitochondrial (C1qbp), 14-3-3 protein zeta/
delta (Ywhaz), peroxiredoxin-6 (Prdx6), chitinase-like protein 4 (Chi3l4), reticulocalbin-1 (Rcn1), EF-hand domain-
containing protein D2 (Efhd2), calumenin (Calu)]. Interestingly, many of differentially expressed proteins were in-
volved in calcium homeostasis (Rcn1, Efhd2, Calu, Actb, Vim, Lmnb1, Clta, Tubb5, Serpina3k, Hsp90b1, Hsp90ab1,
Hspa9. G6pdx, Atp5b, Anxa5, Arhgdib, Ywhaz).
Conclusion: The analysis enabled revealing the importance of calcium signaling during the early phase of me-
tastasis development, early cytoskeleton and extracellular matrix reorganization, activation of defense mechanisms
and metabolic adaptations. It seems that the tissue response is an interplay between pro- and anti-metastatic
mechanisms accompanied by inflammation, oxidative stress and dysfunction of the barrier endothelial cells.
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1. Introduction

Breast cancer is characterized by a robust ability to metastasize,
specifically to the lungs (Weigelt et al., 2005). The architecture of the
lung's small vessels facilitate the trapping of metastatic cancer cells
(Langley and Fidler, 2011), however the formation of metastases also
depends on a cross-talk between metastazing tumor cells and local non-
tumor cells (Maru, 2015; Zheng et al., 2013). The primary tumor cells,
in order to initiate pre-metastatic niche formation in the lungs, secrete
numerous factors [e.g. vascular endothelial growth factor A (VEGFA),
placental growth factor (PlGF), transforming growth factor-β (TGF-β),
tumor necrosis factor-α (TNFα)], which alter the expression of proteins
in the target organ [e.g., stromal cell-derived factor 1 (SDF1), matrix
metalloproteinases (MMPs), E-selectin] (Paget, 1989; Psaila and Lyden,
2009). These changes enable breaking the barrier of the endothelial
cells (30% of lung cells), of which dysfunction facilitates the trapping of
cancer cells and enables their extravasation (Blazejczyk et al., 2015;
Crapo et al., 1982). In parallel, with the formation of a chemoattractive
environment for metastazing tumor cells, the mediators released from
primary tumor cells and affected lungs may stimulate the bone marrow-
derived progenitor myeloid cells to produce suppressors of the immune
response or stimulates the cells in the target organs to develop hema-
topoiesis. Both mechanisms lead to inflammatory infiltration. The
presence of suppressors of the immune response (e.g., tumor-associated
macrophages (TAM), myeloid-derived suppressor cells, regulatory T
cells) reduces the ability of organs to defend against cancer cells. What
is more, active immune cells promote the development of a pro-in-
flammatory state, further extracellular matrix remodeling and thus
metastatic niche formation and the generation of metastases (Jablonska
et al., 2017; Quail and Joyce, 2013; Sceneay et al., 2013; Liu and Cao,
2016).

Despite considerable progress in diagnostics and pharmacotherapy,
not fully understood mechanisms underlying metastasis development
form barrier for the selection of an effective and selective treatment
(Biemar and Foti, 2013). Genetic studies have a number of limitations,
e.g., expression profiles observed at the RNA level may differ sig-
nificantly from those observed at the level of proteins. On the other
hand, the studies conducted at the protein level are often limited to a
single protein or specific group of proteins. Both may lead to false
conclusions.

The selection of appropriate analytical methods, analysis of changes
in the expression of protein repertoire (proteome) and analysis of the
functional relationships between proteins permits the determination of
potential biomarkers that can be used in targeted therapy (Weigelt
et al., 2005). Newly developed targeted multibiomarker-oriented stra-
tegies are also a promising tool in the evaluation of disease progression
(Walczak et al., 2015; Suraj et al., 2018; Suraj et al., 2019a).

Proteomic studies related to carcinogenesis and metastasis are nu-
merous and include both the analysis of primary and metastatic tumors,
as well as different tissues and biological fluids (Li et al., 2006; Ho et al.,
2009; Kischel et al., 2008). Although, as noted by Brinton et al. (2012),
there are many investigations concerning the early detection of cancer,
not many deal with the definition of metastatic potential and particu-
larly with characteristics of the metastatic processes. Further, these
studies do not provide answers to the question of how the place of
secondary tumor formation is selected. The ‘seed and soil’ hypothesis,
introduced by Paget (1989), forwarded attention from the primary
tumor characteristics and function to the properties of the target or-
gans, which equally impose further tumor development. Yet, the factors
released from primary tumors and the process of primary tumor de-
velopment are well documented, but the early rearrangement of target
organ function is still insufficiently comprehended.

For this reason the aim of this research was to investigate the me-
chanisms underlying the early rearrangement of the lungs and to detect
the indicatory proteins characteristic of early metastasis-related for-
mation of the tumor-promoting environment in the lungs within the

experimental model of tumor metastasis in murine 4T1 mammary
adenocarcinoma. A murine model of orthotopic 4T1 metastatic breast
cancer was featured by the spontaneous, prolonged metastasis devel-
opment from the primary tumor, which mimics the progression of the
tumor in humans (Aslakson and Miller, 1992; Pulaski and Ostrand-
Rosenberg, 2001; Bailey-Downs et al., 2014). The model allowed ob-
servation of early tissue remodeling and adaptation processes, which
lead to the development of metastases in the target organ.

2. Material and methods

2.1. Materials and chemicals

The following reagents were purchased from Sigma-Aldrich (St.
Louis, USA): ponceau xylidine, aniline blue, phosphotungstic acid hy-
drate, RPMI 1640 GlutaMAX medium, sodium pyruvate, antibiotic an-
timycotic solution (AAS), xylazine, methanol, dihydroethidium (DHE),
acetonitrile (ACN), trifluoroacetic acid (TFA), MS-SAFE protease and
phosphatase inhibitor (MS-SAFE PIC), acetone, DL-dithiothreitol (DTT),
sodium dodecyl sulphate (SDS), glycerol, iodoacetamide (IAM), acetic
acid (AcOH), sodium carbonate (Na2CO3), formaldehyde solution,
ammonium bicarbonate (NH4HCO3). 10% fetal bovine serum (FBS) and
Hanks Balanced Salt Solution (HBSS) were from Gibco, Life-
Technologies (Waltham, USA). MycoAlert mycoplasma detection kit
was produced by Lonza (Walkersville, USA). Ketamine was supplied by
Vetoquinol (Gorzow Wielkopolski, Polska) and formaldehyde solution
4%, buffered, pH 7.4 was from Chempur (Piekary Slaskie, Poland). Tris
Base and sequencing grade modified trypsin were purchased from
Promega (Madison, USA) and urea, thiourea, [3-(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), agarose, Tris-
Glycine-SDS buffer (TGS buffer) - 10x concentrate, sodium thiosulfate
(Na2S2O2) from BioShop (Burlington, Canada). Quick Start™ Bradford
protein assay, ampholyte, IPG strips (17 cm, pH 4-7), stacking gel buffer
0.5M Tris/HCl, pH 6.8, resolving gel buffer 1.5M Tris-HCl, pH 8.8 were
from Bio-Rad (Hercules, USA). Refraction-2DTM Labeling Kit was pro-
vided by NHDyeAGNOSTICS (Halle, Germany), 30% acrylamide/bis 37,
5:1 (2.6% C), silver nitrate (AgNO3) and formic acid by VWR Chemicals
(Radnor, USA) and ammonium persulfate (APS) with N,N,N′,N′-tetra-
methylethylenediamine (TEMED) by Amresco (Solon, USA). Potassium
ferricyanide (K3FeC6N6), acid fuchsin were purchased from Poch
(Gliwice, Poland). Hematoxylin solution was ordered from Mar-Four
(Konstantynow Lodzki, Poland).

2.2. Cell culture of the mouse mammary gland tumor cell line 4T1

A murine mammary carcinoma 4T1 cell line was purchased from
American Type Culture Collection (ATCC, Manassas, USA) in 2015.
Tumor 4T1 cells were cultured in RPMI1640 GlutaMAX medium with
10% FBS, AAS (20 units of penicillin, 20mg streptomycin and 0.05mg
amphotericin B). Cells were maintained in T75 culture flasks at 37 °C in
a humidified atmosphere (5% CO2). Second passage was for inoculation
of cancer cells into the mammary fat pad. Moreover, cells were reg-
ularly tested for mycoplasma contamination using the MycoAlert my-
coplasma detection kit.

2.3. Murine model of metastatic breast cancer

Seven-to-eight-week-old BALB/c female mice were purchased from
the Center for Experimental Medicine (Medical University of Bialystok,
Poland). Mice had ad libitum access to water and were fed Altromin
fodder. Tumor 4T1 cells were suspended in HBSS (1×104 cells/
0.05mL/mouse) and injected orthotopically into the right mammary fat
pad. All analyses were performed one (1T) and two (2T) weeks after
tumor cell inoculation (early metastatic period). Healthy BALB/c mice
were employed as a control group (C). In order to confirm the devel-
opment of the metastases in lungs in subsequent weeks of the
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experiment (late metastatic period) the histology of the lungs was
performed four weeks (4T) after 4T1 cell inoculation.

Experiments were conducted in accordance with ethical standards
and according to the Declaration of Helsinki as well as national and
international guidelines with approval by the authors' institutional re-
view board. With this, all procedures were also approved by the I Local
Ethical Committee for Experiments on Animals at the Jagiellonian
University (Krakow, Poland).

Mice were anesthetized with a mixture of ketamine and xylazine at
a concentration of 100mg/mL and 10mg/mL, respectively (0.025mL
of mixture/10 g body weight). Primary tumors were dissected from the
surrounding tissues and measured with calipers. Thickness, width and
length of the tumor were recorded. Weight of the lungs corrected to
body mass was also noted.

2.4. Histopathological image analysis

Lung tissues [C (n=10), 1T (n=5), 2T (n=6), 4T (n=5)] were
fixed in formaldehyde solution 4%, buffered, pH 7.4. Paraffin-em-
bedded 5-μm sections (three sections per microscope slide) were stained
with hematoxylin and eosin (H&E) and Masson Trichrome (Gray,
1954). Ten random images were taken at 200x for the assessment of
inflammation, avoiding, if possible, the capture of subpleural large
blood vessels and bronchi in order to capture exclusively the par-
enchyma, and additionally at 100x, 200x and 400x for visualization of
metastases development. A light microscope Olympus BX51 (Olympus
Corporation, Tokyo, Japan) was employed for digital recording of the
sections.

2.5. Determination of nitric oxide metabolites in lung homogenates and
plasma

For nitrite and nitrate determination lung homogenates [C (n=14),
1T (n=8) and 2T (n=12)] and plasma [C (n=24), 1T (n=14) and
2T (n=20)] were pelleted with methanol, centrifuged (14000 rpm,
10min) and the supernatant was utilized for analysis immediately. The
nitrite and nitrate concentration was assessed by a sensitive high-per-
formance liquid chromatography-based technique (ENO-20 NOx
Analyzer; EiCom, Kyoto, Japan) (Bryan and Grisham, 2007).

2.6. Determination of 2-hydroxyethidium (2-OH-E+) in the lungs

Detection of 2-OH-E+, a specific product of the superoxide (O2
-)

reaction with dihydroethidium (DHE) in tissues was performed ac-
cording to a modified protocol described by Zielonka et al. (2008). A
tissue section [C (n=10), 1T (n=7) and 2T (n=12)] was incubated
for 45min with 10 μM DHE. Concentration of 2-OH-E+ was evaluated
by UFLC Nexera system (Shimadzu, Kioto, Japan) with fluorescence
detection. Chromatographic separation was carried out on the analy-
tical column Kinetex C18 (4.6×100mm, 2.6 μm, Phenomenex, Tor-
rance, USA) with the oven temperature set at 40 °C. The mobile phase
consisted of acetonitrile (A) and water (B), both with an addition of
0.1% trifluoroacetic acid. The following linear eluting steps were in-
cluded: 0.0min (A:B, 25/75, v/v) - 0.5min (A:B, 25/75, v/v) - 8min
(A:B, 35/65, v/v) - 9min (A:B, 95/5, v/v) - 11min (A:B, 95/5, v/v) -
12.0 min (A:B, 25/75, v/v) - 14.0min (A:B, 25/75, v/v). The flow rate
was set at 1mL/min. A sample volume of 50 μL was injected onto
column. The linearity range of the method was 0.005–0.5 μM.

2.7. Statistical analysis of biochemical data

Data are presented as the mean ± SEM. The assessment of nor-
mality (Shapiro-Wilk test) and equality of variances (Levene test) were
conducted. To evaluate the statistical significance of the results, one-
way analysis of variance (ANOVA) with Tukey's post-hoc test or non-
parametric Kruskal-Wallis test were performed. The results were

analyzed using Statistica 12.0 software (StatSoft, Tulsa, USA).

2.8. 2D-DIGE and gel image analysis

Two analyses were carried out for the comparison of the following
groups: control versus 1T and 2T. Lung tissue samples were homo-
genized in sample buffer: 30mM Tris Base, 7M urea, 2M thiourea, 4%
CHAPS, MS-SAFE PIC (1:100) (pH 8.5) with Precellys Evolution Tissue
Homogenizer (Bertin Technologies, France) (chilled with liquid ni-
trogen, 7500 rpm, 3 cycles, 30 s break). The homogenates were cen-
trifuged (4 °C, 10000 g, 15min) and 200 μL of supernatant was pre-
cipitated for two hours with ice-cold acetone (1:4). The samples were
centrifuged (0 °C, 14000 g, 30min), air dried and the pellet was dis-
solved in sample buffer. Protein concentration was determined with the
aid of the Bradford method (Quick Start™ Bradford Protein Assay).
Fluorescent dyes were prepared according to manufacturer's protocol
(Refraction-2D™ Labeling Kit). Each gel was a mix of sample A (control,
50 μg of protein), sample B (1T or 2T, 50 μg of protein) and internal
standard (IS) sample (50 μg of protein), thus total protein load was
150 μg. IS was prepared as follows: equal amount of proteins from all
samples within the experiment were mixed and adjusted to 5 μg/μL.
Each 50 μg of protein was labelled with the appropriate fluorescent dye:
G-Dye200, G-Dye300 (samples A and B) and G-Dye100 (IS). The la-
belled samples, A, B and IS, were mixed (forming one gel set) and in-
cubated for 15min with equal volume of sample buffer supplemented
with 130mM DTT and 1% ampholyte (pH 3-10). Next, the rehydration
buffer [sample buffer supplemented with 1% ampholyte (pH 3-10) and
130mM DTT] was added to the total volume of 300 μL and loaded on
IPG strips (17 cm, pH 4-7). IPG strips were actively rehydrated for 17 h
at 20 °C and 50 V (PROTEAN® i12™ IEF System, Bio-Rad, Hercules,
USA). Isoelectric focusing was performed as follows: (R - rapid voltage
ramping mode, L - linear voltage ramping mode) 250 V, 300 Vh (R)→
500 V, 750 Vh (R)→ 1000 V, 1500 Vh (R)→ 5000 V, 2 h (L)→ 5000 V,
90000 Vh (R): total 92550 Vh (Protean IEF, Bio-Rad, Hercules, USA)
with a current limit of 50 μA per strip at 20 °C. Next, the proteins in the
IPG strips were incubated in equilibration buffer (stacking gel buffer
0.5M Tris/HCl, pH 6.8; 6M urea, 2% SDS and 30% glycerol) with 1%
DTT for 15min, and for 20min in 2.5% (w/v) iodoacetamide. SDS-
PAGE was performed with 12% polyacrylamide gels [resolving gel
buffer 1.5M Tris-HCl, pH 8.8; 30% acrylamide/bis 37, 5:1 (2.6% C);
10% (w/v) SDS; 10% (w/v) ammonium persulfate; 1% TEMED; deio-
nized water]. Molten agarose (0.5%) was employed to embed IPG strips
on 12% gels. SDS-PAGE was performed in migration buffer [25mM
Tris; 192mM; SDS 0.1% (w/v)]. SDS-PAGE was run at 10 °C at a stable
parameter of 15mA/gel, 1W/gel, 40 V for 1 h, and 95 V for 18 h (Ettan
DALTsix Large Vertical System, GE Healthcare, Chicago, USA). The
obtained gel images were scanned using a Typhoon Trio + Scanner
with 100 μm resolution (GE Healthcare, Chicago, USA). The filters were
set to: G-Dye 100 (laser blue: 488 nm, filter: 620 nm BP40), G-Dye 200
(laser green: 532 nm, filter: 600 nm BP30), G-Dye 300 (laser red:
633 nm, filter: 580 nm BP30). Image analysis of gels was carried out
using DeCyder 2D software v.7.2 (GE Healthcare, Chicago, USA).
Twelve images were compared in each analysis. Differential in-gel
analysis (DIA) was carried out with the estimated number of spots of
100000. Next, biological variation analysis (BVA) was applied with
assignment to groups. The generated fold change and significance was
manually checked for false positives. Statistical significance for each
change was assessed using the Student's t-test. Spots were considered
differentially expressed if the standardized average spot:volume ratio
change reached the 95% confidence level (t-test p value< .05). Gels
were silver-stained according to Shevchenko et al. (1996). Spots that
significantly differed in expression (n=3/protein) were manually ex-
cised from the gels and destined. Proteins were digested and peptides
were extracted according to the protocol of Gundry et al. (2009). The
obtained supernatants were dried in FreeZone 1 lyophilizer Labconco
(Kansas, USA) and kept at −80 °C until analysis.
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The lyophilizates were resuspended in 2% ACN in water (v/v)
containing 0.1% FA (v/v). Dionex UltiMate™ 3000 RSLC System
(Thermo Scientific, San Jose, USA) coupled to LTQ XL hybrid ion trap-
Orbitrap Discovery mass spectrometer (Thermo Scientific, San Jose,
USA) was used for proteomic analysis. After injection, peptides were
trapped at 10 μL/min (Nano Trap Column, 100 μm i.d.×20mm,
packed with Acclaim PepMap100 C18, 5 μm, 100 Å [loading phase
consisted of 2% ACN in water (v/v) acidified with 0.1% FA (v/v)] and
then separated on the analytical column (nanoViper column: 75 μm
i.d.×150mm, packed with Acclaim PepMap RSLC C18, 2 μm, 100 Å).
The column temperature was constantly set to 40 °C in the column
oven. The mobile phases consisted of 0.1% FA in water (v/v) (A) and
0.1% FA in ACN (v/v) (B) were delivered in a gradient elution at the
flow rate of 250 nL/min. Gradient elution was as follows: 2% B from 0
to 8min, 2% - 5% B from 8 to 10min, 5% - 35% B from 10 to 160min,
35% - 90% B from 160 to 163min, hold 90% B from 163 to 167min,
90% - 2% B from 167 to 172min and 20min for column equilibration at
2% B. The total time of analysis was 192min. The sample injection
volume was 10 μL. The mass spectrometer was operated in data de-
pendent mode. Full scan was performed from m/z 350–2000, with re-
solution set to 30000 FWHM (full width at half maximum) at 400m/z.
Eluting peptides were ionized at 1.8 kV. A top-eight method was used to
select up to the eight most abundant precursor ions with a charge ≥2.
Selected precursor ions were subjected to fragmentation on linear ion
trap with collision-induced dissociation at a normalized collision en-
ergy of 35 (isolation width - 3m/z, activation time - 30ms, Q value of
0.25 and a minimum signal threshold of 1000 counts).

For protein identification, the Proteome Discoverer (version 1.4,

Thermo Scientific, San Jose, USA) and MASCOT search engine (version
2.4.1, Matrix Science, London, UK) were used. The MS/MS-spectra were
searched against the SwissProt database with the taxonomic restrictions
to Mus musculus - 16973 sequences. The following parameters were set:
enzyme - trypsin, taxonomy - Mus musculus, precursor mass tolerance -
10 ppm, fragment mass tolerance - 0.1 Da, 1 missed cleavage, fixed
modifications - carbamidomethylation of cysteine, dynamic modifica-
tions - oxidation of methionine and false discovery rate - 1% (p≤ .01).

For the analysis of the functional relationships between the proteins
that exhibited differences in expression various programs e.g., String
DB, Panther DB, GeneMania, GeneOnthology were used.

3. Results

3.1. Primary tumor development and histology of the lungs

The primary tumor was palpable in the right mammary fat pad
during the 2nd week and reached after the 2nd week subsequent to
cancer cell inoculation the following parameters: length - 5.52mm ±
0.25mm, thickness - 3.12mm ± 0.19 and width - 5.58mm ±
0.24mm.

Lung weight corrected by body weight did not change between the
control group (C - 0.0089 ± 0.0004) and the 1st and 2nd week after
tumor cell inoculation (1T - 0.0085 ± 0.0004, 2T - 0.0089 ± 0.0002,
respectively).

Histological analysis revealed that inflammation in the lungs de-
veloped during the 1st week after tumor inoculation and increased in
the 2nd week (Fig. 1). Inflammation development was characterized by

Fig. 1. Inflammation development in the lungs during the 4T1 mammary carcinoma progression. Gradual reduction in the area involved in direct gas exchange
(alveolus, alveolar ducts, respiratory bronchioles) was noted despite an increase in alveolus volume. Restraints in respiratory surface result from increased infiltration
of the cells and changes in extracellular matrix composition and congestion (A, B, C). Lung airness (D) - the share of the surface outside the tissue to the overall
surface of the investigated section (%); share of the nuclei in the histology of lungs (E); share of the surface of the nuclei to the overall surface of the investigated
section (%).
Legend: 1T (n=5), 2T (n=6) - weeks specified in each experimental group denote number of weeks after tumor cell inoculation. Healthy BALB/c mice were
employed as a control group (Control, n=10).
Representative images stained with H&E.
Magnification 200x (A, B, C).
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an elevated number of inflammatory cells (increased number of nuclei
in the histological section) as well as changes in extracellular matrix
composition, transudations, edemas, hyperemias and hematomas,
which result in reduced airness. Reduction in airness is defined as in-
creased tissue volume to the detriment of the area involved in direct gas
exchange (alveoles, alveolar ducts, respiratory bronchioles).

Although the tissue was significantly altered by inflammation, the
histological analysis did not reveal macrometastases in the lungs within
the first two weeks, however after careful analysis of the images, a few
observed cells after the 2nd week exhibited cancer cell features and
might be considered as potential metastatic cancer cells (early meta-
static period) (Fig. 2). Additional histology of the lungs, 4 weeks after
tumor cell inoculation confirmed afterward development of macro-
metastases.

3.2. Changes in the concentration of oxidative stress markers

In comparison to the control group the concentration of nitrites
decreased in the lungs after the 1st week of the experiment and statis-
tically lower values were also noted two weeks after tumor cell in-
oculation. Concentration of nitrates in lungs remained at a similar level

throughout the experimental period. In plasma, statistically sig-
nificantly lower nitrite values were noted after the 1st week of the ex-
periment. Nitrates in plasma showed a similar tendency as for nitrites (a
reduction following the 1st week) with a statistically significant eleva-
tion after the 2nd week (Fig. 3).

Analysis of oxidative stress markers in the lungs showed significant
elevation of 2-OH-E+ after the 1st, but this was also apparent after the
2nd week following tumor inoculation (Fig. 4).

3.3. Proteomic analysis of the early metastasis-related rearrangement of the
lungs

One week after tumor cell inoculation, differences in expression
were shown in 11 identified proteins (11 spots), whereas after the 2nd

week in 15 protein spots, which were represented by 12 proteins. All
differentially expressed proteins with details on identification statistics
between the investigated groups were reported in Tables 1 and 2.

Reorganization of the structural components, including cytoske-
leton, organelle organization and extracellular matrix remodeling was
noted [actin, cytoplasmic 1 (Actb), tubulin beta chain (Tubb5), lamin-
B1 (Lmnb1), serine protease inhibitor A3K (Serpina3k), vimentin

Fig. 2. Histological analysis of early and late metastatic lungs.
The early metastatic period (1T - B, b, F and 2T - C, c, G) was characterized by inflammation, hyperemia, reduction in alveolar volume related to the onset of
metastasis development in the lungs. The observed changes underlie the development of the macrometastases in the following weeks of the experiment (4T - D, d, H).
Legend: 1T (n=5), 2T (n=6), 4T (n=5) - weeks specified in each experimental group denote number of weeks after tumor cell inoculation. Healthy BALB/c mice
were employed as a control group (Control - A, a, E, n=10).
Representative images stained with H&E (A, B, C, D, a, b, c, d) and Masson Trichrome (E, F, G, H).
Magnification 100x (A, B, C, D)+ 400x (a, b, c, d); 200x (E, F, G, H).
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(Vim), clathrin light chain A (Clta)]. Multiple processes were altered,
including immunological defense [selenium-binding protein 1
(Selenbp1), endoplasmin (Hsp90b1), stress 70 protein, mitochondrial
(Hspa9), heat shock protein HSP 90-beta (Hsp90ab1)], metabolic
pathways [glucose-6-phosphate 1-dehydrogenase X (G6pdx), ATP syn-
thase subunit beta, mitochondrial (Atp5b), L-lactate dehydrogenase B
chain (Ldhb), annexin A5 (Anxa5), Rho GDP-dissociation inhibitor 2
(Arhgdib), complement 1 Q subcomponent-binding protein, mi-
tochondrial (C1qbp), 14-3-3 protein zeta/delta (Ywhaz), peroxiredoxin-
6 (Prdx6), chitinase-like protein 4 (Chi3l4), reticulocalbin-1 (Rcn1), EF-
hand domain-containing protein D2 (Efhd2), calumenin (Calu) (Fig. 5).

Interestingly, many of the differentially expressed proteins were
involved in calcium homeostasis like Rcn1, Efhd2, Calu, Actb, Vim,
Lmnb1, Clta, Tubb5, Serpina3k, Hsp90b1, Hsp90ab1, Hspa9, G6pdx,
Atp5b, Anxa5, Arhgdib and Ywhaz, underlying the importance of cal-
cium signaling in the process of tumor development.

After the 1st week subsequent to cancer cell inoculation structural
changes, modifications to the organization/localization of cellular
components were seen. The changes were noted for Actb, Lmnb1,
Tubb5 and Serpina3k, whereas after the 2nd week, Vim and Clta were
modified.

The proteins that reflected altered metabolic processes e.g. binding,
catalytic activity were represented after the 1st week of the experiment
by G6pdx, Ldhb and Atp5b, and after the 2nd week by Anxa5, C1qbp,
Prdx6 and Chi3l4, Ywhaz, Arhgdib, Calu, Efhd2 and Rcn1.

As early as after the 1st week of the experiment, changes in defense
mechanisms were observed in Hsp90ab1, Hsp90b1, Hspa9 and
Selenbp1.

4. Discussion

4.1. Assessment of disease progression

Murine models of spontaneously metastasizing 4T1 mammary gland
carcinoma with prolonged development of metastasis were chosen for
the studies of early metastatic rearrangement of the lungs (Suraj et al.,
2019b; Buczek et al., 2018; Bailey-Downs et al., 2014; Smeda et al.,
2018). During these investigations, the number of inoculated cancer
cells was low, resulting in late development of metastases. The primary
tumors were detected in the right mammary gland during the 2nd week
after tumor cell inoculation and increased in subsequent weeks (Suraj
et al., 2019b).

The histopathological analysis of the lungs uncovered the early re-
building of the tissue. The concomitant inflammation induced by the
presence of the tumor cells developed in lungs as early as one week
after inoculation, progressed during the 2nd week, and was character-
ized by the reduction in alveolar volume, increased number of ery-
throcytes, enhanced extracellular matrix and infiltration of leucocytes
(Fig. 1). The application of the algorithm that calculates the ratio be-
tween tissue volume (nuclei, cytoplasm, exudations) and empty space
(air volume) enabled assessment of the properties of the tissue. Al-
though the algorithm does not differentiate between the particular
types of observed cells, it allows assessing the airness and infiltration of
the immune cells. In the presented studies, lung airness was decreased
after the 1st and 2nd week of the study when compared with control
lungs, which was accompanied by increased infiltration of the immune
cells (Fig. 1C-D) and greater extracellular matrix volume. Described
inflammatory changes formed the environment for metastasis devel-
opment. Neutrophils entering the lungs destabilize the bonds between
endothelial cells and excrete elastase to force beyond the basal mem-
brane and enter the lung parenchyma. This process results in greater
settlement of the tumor cells (Dorweiler et al., 2008; Powell and
Huttenlocher, 2016). Importantly, the presence of the numerous im-
munological suppressor cells indicates quiescence of the immunological
response of healthy lung cells (Quail and Joyce, 2013).

Although the macrometastases were not detected by histopatholo-
gical analysis of the lungs 1 and 2weeks after the injection of tumor
cells (Fig. 2), the onset of metastasis-related changes was supported by
the progression of inflammation and changes in other investigated
parameters. As evidenced in the histology of the 4th week, the changes
finally led to the development of metastases. Indeed, the other studies
in this model confirmed that micrometastases were formed around the
investigated period and preceded the development of numerous mac-
rometastases (Suraj et al., 2019b; Smeda et al., 2018; Chrabaszcz et al.,
2018). Thus, the changes in the lungs in the first two weeks after tumor
inoculation strictly underlie further development of metastases.

4.2. Early metastatic rearrangement of the lungs - proteomic considerations

Despite considerable progress in characterization of cancer devel-
opment, proteomic studies related to the formation of metastases focus

Fig. 3. Changes in the concentration of NO meta-
bolites (nitrites, nitrates) in plasma and lungs.
Legend: 1T, 2T - weeks specified in each experi-
mental group denote number of weeks after tumor
cell inoculation, C - control group; lung homogenates
- C (n=14), 1T (n=8) and 2T (n=12), plasma - C
(n=24), 1T (n=14) and 2T (n=20).
Statistically significant changes are marked to con-
trol group: * p < .05, ** p < .01; data are re-
presented as mean ± SEM.

Fig. 4. Oxidative stress in the lungs. Changes in 2-OH-E+ concentration in the
lungs during the early metastatic period.
Legend: 1T (n=7), 2T (n=12) - weeks specified in each experimental group
denote number of weeks after tumor cell inoculation, C - control group
(n=10).
Statistically significant changes are marked to control group: * p < .05; data
are represented as mean ± SEM.
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primarily on the features of metastatic cancer cells (Li et al., 2006;
Kischel et al., 2008). These studies, however, do not offer answers to
the question of how healthy tissue is reorganized to attract cancer cells.
Thus, the analysis of the target metastasis organs would be of high
importance. Zheng et al. (2013) characterized the proteins related to
the formation of lung metastatic niche (type VI collagen, HSP 90, fi-
brinogen) of colorectal cancer. Chen et al. (2004) identified 25 metas-
tasis-related proteins involved in development of gastric cancer e.g.
cytoskeletal proteins, stress-associated proteins and proteins involved
in signal transduction, cell proliferation and differentiation along with
metabolism. Although the results revealed the processes of metastasis-
related changes, both analyses were performed in tissues with devel-
oped macrometastases, thus they did not facilitate characterization of
early metastatic rearrangement of the tissue.

Our studies sought to define the early fingerprint of lung re-
arrangement before the development of multiple metastases. The pro-
teomic changes during the early metastatic period were slight but sig-
nificant. Indeed, the early functional changes were not expected to be
extensive. Primary tumors were not yet palpable after the 1st week and
formed in the 2nd week, and as reported by Suraj et al. (2019b), Smeda
et al. (2018) and Chrabaszcz et al. (2018), the multiple metastases were
formed in the following weeks after tumor inoculation. The early
changes in the lungs in response to the presence of cancer cells and the
onset of primary tumor development in the 1st week after tumor cell
inoculation included especially the reorganization of the tissue (Actb,
Lmnb1, Tubb5, Serpina3k) and activation of defense mechanisms (Se-
lenbp1, Hsp90b1, Hsp90ab1, Hspa9), but also modifications in meta-
bolic pathways (G6pdx, Atp5b, Ldhb). Further development of the solid
tumor in the 2nd week after tumor cell inoculation, secretion of prolific
tumor-derived factors as well as the presence of the circulating cancer
cells further induced reorganization of the tissue (Actb, Vim, Clta), al-
tering additional metabolic pathways (Anxa5, Arhgdib, C1qbp, Ywhaz,
Prdx6, Chi3l4, Rcn1, Efhd2, Calu) and altered calcium signaling (Rcn1,
Efhd2, Calu, Actb, Vim, Lmnb1, Clta, Tubb5, Serpina3k,
Hsp90b1,Hsp90ab1, Hspa9. G6pdx, Atp5b, Anxa5, Arhgdib, Ywhaz).

Although 2D-DIGE technique used in this study represents a com-
prehensive tool that enables to define the changes in response to se-
lected factor, and it overcomes the problems (variations and reprodu-
cibility) of classical two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE), still the detection and further identification
of lower abundant proteins remains insufficient (Tannu and Hemby,
2006), what represents the limitation of the current study.

4.2.1. Structural changes
Early metastatic rearrangement of the tissue was evidenced by

downregulation in expression of structural proteins. Disassembly of the
cytoskeleton during the early metastatic period may originate from the
elevation of 2-OH-E+. Dalle-Donne et al. (2001) reported that actin was
proposed to be the most sensitive constituent of the cytoskeleton to
oxidative stress, leading to plasma membrane blebbing. Under high
levels of oxidative stress, the actin cytoskeleton appears to play a pro-
tective role, accompanying the collapse of the actin cytoskeleton into
oxidation-induced actin bodies (OABs) that sequesters actin and its
associated proteins into immobile and non-dynamic structures (Farah
et al., 2011; Pérez-Sala et al., 2015). Under oxidative stress, Vim clea-
vage (Chen et al., 2009) may lead to a lack of integrity in the vascular
endothelium, impacting organization of proteins that are involved in
adhesion, migration and cell signaling (Ivaska et al., 2007, Matveeva
et al., 2010).

Reorganization of tissue structure may result from direct stimula-
tion of cancer cells. Noteworthy is the lower expression of laminin
observed in our experiment, which may reflect the onset of degradation
of the basement membrane, leading to invasion of the lung tissue
(Patarroyo et al., 2002). In our study Serpina3k was also downregulated
early, pointing to early extracellular matrix (ECM) remodeling (Naba
et al., 2017), potentially causing pro-angiogenic and pro-inflammatory
changes in tissue structure, possibly promoting cancer cell metastasis
(Yao et al., 2013).

4.2.2. Calcium-related changes
Many of the identified differentially expressed proteins are related

to calcium [e.g., Efhd2- Fan et al. (2017), Clta- Yao et al. (2012), Atp5b-
Giorgio et al. (2017), Anxa- Sen et al. (1997), Rcn1- Suzuki et al.
(2014); Xu et al. (2017), Calu- Mazzorana et al. (2016), Ywhaz-
Ichimura et al. (2008), Arulpragasam et al. (2012), Arhgdib- Xiao et al.
(2014), thus suggesting the importance of calcium signaling during the
early onset of the disease. It seems like there is an interplay between
proteins regulated or involved in the regulation of calcium.

Noted in the presented experiments, lower levels of Serpina3k
(Zhang and Ma, 2008), Hspa9 (Li et al., 2018; Dudeja et al., 2009), Rcn-
1 (Suzuki et al., 2014; Xu et al., 2017) and Calu (Sahoo et al., 2011)
may result in calcium overload. In parallel, the observed loss of laminin
reduces levels of calcium sensitivity (Chand et al., 2015). Importantly,
high levels of calcium have been described to cause depolymerization of
the microtubules and actin (Hepler, 2016, Nishimune et al., 2004)
leading to reorganization of the tissue structure noted in our experi-
ment.

Fig. 5. Classification of differentially expressed pro-
teins according to their functional relationships. The
proteins were grouped into categories based on the
information provided by the following programs/
tools/databases: String DB, Panther DB, GeneMania,
GeneOnthology, uniprot.org).
Legend: boxes with black outline - the proteins which
showed differences in expression one week after
tumor cell inoculation.
Boxes with gray outline - the proteins which showed
differences in expression two weeks after tumor cell
inoculation.
Box with dotted outline - the protein which showed
differences in expression one and two weeks after
tumor cell inoculation. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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On the other hand, the mechanisms involved in calcium removal
were also activated. The observed depolymerization of actin filaments
was reported to attenuate calcium release (Wang et al., 2002). In ad-
dition, downregulation of G6pdx noted in our study may be involved in
decreasing levels of calcium (Gupte et al., 2011) and calcium channel
activity (Rawat et al., 2012).

4.2.3. Proteomic changes in relation to formation of the tumor-promoting
environment - the study on oxidative stress and NO-reflected endothelium
dysfunction

The very early changes in the lung environment related to the
progression of cancer were also revealed through the study of nitric
oxide metabolites, a well-recognized parameters reflecting endothelial
dysfunction. Tousoulis et al. (2012) confirmed that decreased produc-
tion of NO in different pathological states causes serious problems in
endothelial equilibrium and reflects the severity of endothelium dys-
function. The presented results suggest that the barrier function of the
endothelium might be affected and enables the infiltration of immune
cells and cancer cells to form metastases (Franses et al., 2013).

The apparent early development of oxidative stress may sig-
nificantly induce the development of observed inflammation as reactive
oxygen species (ROS) are believed to be responsible for secretion of pro-
or anti-inflammatory molecules regulating the different steps in cancer
development (Poillet-Perez et al., 2015). On the other hand, increased
ROS may be secreted by immune cells increasingly noted in the lungs:
TAM, mast cells, dendritic cells, natural killer (NK) cells, neutrophils,
eosinophils and lymphocytes (Vendramini-Costa and Carvalho, 2012).
In addition, observed in the presented experiments herein, degradation
of nitric oxide may result from increased ROS generation, resulting in
the formation of other ROS species, such as peroxynitrites (Fink et al.,
2004). Elevated rates of ROS affect various processes, such as pro-
moting tumor development and progression e.g., cell proliferation, ge-
netic instability, drug resistance (Pelicano et al., 2004), increasing
vascular permeability, inducing trans-endothelial migration of tumor
cells via stimulation of interleukin-8 and intracellular adhesion protein
1 (Roebuck, 1999), degrading ECM components (Kliment and Oury,
2010), activating Snail, thereby resulting in endothelial-mesenchymal
transition (EndMT) (Djamali et al., 2005; Cannito et al., 2008) and, in
consequence, lead to development of metastases. Downregulation of
Serpina3k (Zhou et al., 2012), G6pdx (Wu et al., 2015), Ldha (Le et al.,
2010) and Prdx (Rolfs et al., 2013) as well as upregulation of Arhgdib
(Pastor et al., 2013), promotes and/or reflects the development of
oxidative stress.

Oxidative stress significantly imposed to reorganization of tissue
structure as described earlier. Additionally, ROS-related activation of
the different mechanisms enabled the formation of tumor-promoting
changes e.g. inhibition of cell death, lead to reduced sensitivity of
cancer cells to hydrogen peroxide and ROS, enabled the protection of
oncoproteins, reflected by alterations in Ywhaz (Pennington et al.,
2018), Selenbp1 (Zhao et al., 2016), Hsp90 (Beck et al., 2009; Garcia-
Cardena et al., 1998), Hspa9 (Yang et al., 2011), G6pdx (Efferth et al.,
2006).

4.2.4. Metabolic shift and defense activation
The other changes related to formation of the tumor micro-

environment and alterations in pathways regulating tumorigenesis,
which lead to distant metastases formation, were observed in proteins
involved in defense mechanisms - heat shock proteins, as well as
Selenbp1. Changes in their concentration were reported to correlate
with overall reduced survival (Cawthorn et al., 2012; Cheng et al.,
2012; Zhang et al., 2013).

Some metabolic changes observed in our study might negatively
affect lung function. The studies determined decreased levels of G6pdx,
which may result in further EndMT (Wu et al., 2016), activates pro-
inflammatory changes through oxidative stress and the NF-κB pathway
(Yang et al., 2015). Noted loss of Prdx6 was described to enhance

susceptibility to development of malignant tissue (Rolfs et al., 2013).
Elevated Ywhaz was reported to activate pathways that promote tumor
growth, sequestering tumor suppressing proteins and causing EndMT,
poor prognosis and metastasis reoccurrence, contributing to the de-
velopment of early cancer stages (Neal and Yu, 2010). Increased Atp5b
as a binding partner of metastasis-related short peptide was reported to
promote cancer metastasis (Li et al., 2017), whereas C1qbp reduction
upregulated genes related to cell adhesion and invasion abilities (in-
fluencing p-GSK3/β-Catenin/L1CAM expression) (Wang et al., 2017).

On the other hand, some proteins seemed to act positively.
Upregulation of Anxa5 was reported to suppress tumor angiogenesis
(Zhang et al., 2017). It was shown that Arhgdib is a metastasis sup-
pressor through Rho GTPases (Moissoglu et al., 2009). Ldhb was
characterized as a molecular chaperone, and its reduced levels arrest
the cell cycle, downregulating transcription (Valvona et al., 2016).
Diminished levels of Ldha were shown to inhibit tumor progression (Le
et al., 2010).

In conclusion, early metastatic rearrangement of the lungs is the
prerequisite for the development of metastases. The tissue response is
an interplay between pro- and anti-metastatic mechanisms accom-
panied by inflammation, oxidative stress and dysfunction of the barrier
endothelial cells. This analysis enabled demonstration of the im-
portance of calcium signaling during the early phase of metastasis de-
velopment, early cytoskeleton and extracellular matrix reorganization,
activation of defense mechanisms and metabolic adaptations.
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