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Abstract: Cancer is the leading cause of death worldwide. The World Health Organization (WHO) estimates that 10
million fatalities occurred in 2023. Breast cancer (BC) ranked first among malignancies with 2.26 million cases,
lung cancer (LC) second with 2.21 million cases, and colon and rectum cancers (CC, CRC) third with 1.93 million
cases. These results highlight the importance of investigating novel cancer prognoses and anti-cancer markers. In
this study, we investigated the potential effects of alpha-2 macroglobulin and its receptor, LRP1, on the outcomes of
breast, lung, and colorectal malignancies. Immunohistochemical staining was used to analyze the expression pat-
terns of A2M and LRP1 in 545 cases of invasive ductal breast carcinoma (IDC) and 51 cases of mastopathies/fibro-
cystic breast disease (FBD); 256 cases of non-small cell lung carcinomas (NSCLCs) and 45 cases of non-malignant
lung tissue (NMLT); and 108 cases of CRC and 25 cases of non-malignant colorectal tissue (NMCT). A2M and LRP1
expression levels were also investigated in breast (MCF-7, BT-474, SK-BR-3, T47D, MDA-MB-231, and MDA-MB-231/
BO2), lung (NCI-H1703, NCI-H522, and A549), and colon (LS 180, Caco-2, HT-29, and LoVo) cancer cell lines. Based
on our findings, A2M and LRP1 exhibited various expression patterns in the examined malignancies, which were
related to one another. Additionally, the stroma of lung and colorectal cancer has increased levels of A2M/LRP1 ar-
eas, which explains the significance of the stroma in the development and maintenance of tumor homeostasis. A2M
expression was shown to be downregulated in all types of malignancies under study and was positively linked with
an increase in cell line aggressiveness. Although more invasive cells had higher levels of A2M expression, an IHC
analysis showed the opposite results. This might be because exogenous alpha-2-macroglobulin is present, which
has an inhibitory effect on several cancerous enzymes and receptor-dependent signaling pathways. Additionally,
siRNA-induced suppression of the transcripts for A2M and LRPP1 revealed their connection, which provides fresh
information on the function of the LRP1 receptor in A2M recurrence in cancer. Further studies on different forms
of cancer may corroborate the fact that both A2M and LRP1 have high potential as innovative therapeutic agents.

Keywords: Breast cancer, IDC, lung cancer, NSCLC, colorectal cancer, CC, alpha-2-macroglobulin, A2M, low-densi-
ty lipoprotein receptor-related protein-1, LRP1

Introduction nate from an accumulation of mutations that

result in morphological and phenotypic altera-
Cancer is caused by many changes in various tions. These changes in DNA may result from
genes. All cancers are very different from one environmental, biological, or chemical factors.
another at the molecular level, but some have Normal cell genes involved in homeostasis that
the same mutations. Most malignancies origi- regulate the cell cycle, proliferation, and apop-
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tosis must change for cancer to form. This
causes the activation of oncogenes, anti-apop-
totic and pro-proliferating genes, and the inhibi-
tion of tumor suppressor genes. After eluding
the typical cell cycle and evading programmed
cell death, cancer cells must overcome the bar-
rier of replicative senescence to achieve immor-
tality. Establishing effective nutrition and oxy-
gen uptake by cancer cells is the last phase of
their growth. This step is necessary to support
high levels of cellular metabolic and prolifera-
tive activity. Scientists from all around the world
are working to pinpoint certain key elements
and indicators that could serve as a common
denominator of cancer development to better
understand the molecular mechanisms under-
lying the genetic modifications responsible for
carcinogenesis.

One of the most promising approaches in can-
cer biology is pan-cancer analysis. The major
goal of pan-cancer research is to identify com-
monly altered genes and the molecular mecha-
nisms that are shared by a variety of cancer
forms, regardless of tumorigenesis. As a result,
a variety of potent technologies are being uti-
lized alongside more conventional technolo-
gies, including next-generation sequencing
(NGS); pyrosequencing; and RNA, miRNA, and
proteome sequencing. Greater cancer detec-
tion and therapy are made possible by greater
knowledge of the real nature of cancer muta-
tions and their effects. Therefore, it is crucial to
identify novel potential cancer markers.

Tumors are often categorized based on the
organ or tissue from which they originate, their
specific kind, the WHO grading system, and
their dissemination based on the tumor-node-
metastasis (TNM) staging system. There are
many different types of cancer that can appear
anywhere in the body and at practically any
age. Hematologic (blood) malignancies and
solid tumor cancers are the two main catego-
ries of tumors. They all share many characteris-
tics, but their main differences lie in how they
develop, proliferate, disseminate, and react to
therapy. Although different forms of cancer
vary, they differ from those of normal cells. For
instance, cancer cells can proliferate even in
the absence of signaling molecules (growth fac-
tors), avoid signals that would otherwise cause
them to stop and undergo apoptosis, invade
nearby tissues, start angiogenesis to obtain
sufficient nutrients and oxygen, evade the
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immune system, and coerce immune cells to
support their survival in an organism. Therefore,
the most desirable cancer indicators have a
strong relationship with the characteristics list-
ed above. Targeting markers that are unique to
cancer and not to normal cells will result in a
greater response to therapy with a lower likeli-
hood of adverse effects in practice. Globally,
scientists are working hard to develop treat-
ments that specifically target the aberrant char-
acteristics of tumor cells.

It is estimated that approximately 43% of all
cancer-specific genetic aberrations are shared
by most cancer types [1-3]. This is a very high
number that supports a modern approach that
focuses on multiple cancer-associated mark-
ers. Modern anti-cancer treatments are based
on the origin of the cancer, which sometimes
prevents similarities between various types of
malignancies. The molecular and clinical signifi-
cance of multiple cancer-associated markers is
still uncertain; therefore, it is important to pro-
vide more experimental data on the mutational
landscapes of different cancers. Various can-
cers share the same risk factors, both genetic
and environmental for example, mutations in
genes such as BRCA1 (Breast Cancer Type 1
Susceptibility Protein), EGFR1 (Epidermal
Growth Factor Receptor 1), TP53 (Tumor Protein
P53), KRAS (KRAS Proto-Oncogene, GTPase),
TERT (Telomerase Reverse Transcriptase), and
MYC (Myc Proto-Oncogene) [4-9]. Of the almost
30,000 genes present in the human genome,
only a few are associated with cancer progres-
sion; however, this number is sufficient for
cancer cells to change the hemostasis of the
whole body. As mentioned above, many cancer-
specific mutations are typical of cancerous
cells and not present in healthy cells. Therefore,
it is important to define those that are shared
by the largest number of cancer types. In this
study, we aimed to determine whether alpha-
2-macroglobulin (A2M) and its receptor LRP1
(CD91, A2MR) can be considered as multiple
cancer-associated markers in breast, lung, and
colorectal cancers.

A2M and LRP1 in homeostasis

Alpha-2-macroglobulin (A2M), also known as
ovostatin, is a large plasma glycoprotein that
acts as a proteinase inhibitor. It was first
described in 1946 [10]. In humans, A2M is
located on chromosome 12p13.31, which

Am J Cancer Res 2024;14(6):3036-3058



Prognostic significance of A2M and LRP-1 in various cancers

encodes a functional homotetramer (720 kDa)
linked to 180 kDa subunits composed of 1474
amino acid residues. A2M belongs to the
thioester-containing protein (TEP) family. It
undergoes proteolytic processing as part of its
role in immune defense mechanisms. All of the
members of the TEP family have been classi-
fied as belonging to the alpha-2-macroglobulin
family, including A2M, PZP (Pregnancy Zone
Protein), 0(1I3, CPAMDS8 (C3- and PZP-like alpha-
2-macroglobulin domain-containing protein 8),
and CD109 (C3- and PZP-like alpha-2-macro-
globulin domain-containing protein 7), as well
as their C3 subunit structural “lookalikes” C4
and C5 [11-15]. The most recognized and highly
conserved motif of A2M forms a hyperactive
thioester bond (C-X-E-Q; X for L or G) [16-19].

Although the expression of macroglobulin is
strongly linked to liver tissue, it has also been
discovered to be released by the reproductive
tract, the brain, and the heart [20-23]. The
most important functions in maintaining
homeostasis are to actively bind and transport
cytokines, hormones, apolipoproteins, growth
factors, and misfolded proteins to suppress
enzyme cascades and the kallikrein-kinin sys-
tem, regulate blood coagulation processes
and fibrinolysis, and initiate inflammatory reac-
tions [22, 24]. In blood and cerebral fluid, A2M
levels oscillate between 1.5 and 2 mg mL* and
1.0 and 3.6 ug mL?, respectively [17, 25]. The
presence of A2M in the blood at this concen-
tration is driven by the facilitation of access to
all parts of the body. Because of the presence
of a bait region containing a large number
of proteinase cleavage sites, A2M appears to
be a very common protein partner for a wide
range of diverse proteases. A2M bait region
cleavage results in the covalent deceiving of
proteins within a steric half-cage [26]. This
mechanism requires conformational changes,
resulting in compact tetrameric structure for-
mation and unveiling the binding site for low-
density lipoprotein receptor-related protein-1
(LRP1) [12, 18, 21, 27].

LRP1 (CD91) binds to the C-terminal RBD
domain region of alpha-2-macroglobulin after
induction by peptidases. The low-density lipo-
protein receptor-related protein is a 600 kDa
membrane-bound receptor and an important
member of the LDL receptor family, including
the apolipoprotein E receptor 2/LRP8, mega-
lin/LRP2, and the VLDL receptor. It has been
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proven that all LDL receptors are characterized
by the ability to overlap each other’s functions
under specific physiological circumstances
[28]. CD91 is expressed in various types of
cells as a single-chain precursor that, during
post-translational maturation, is arranged into
a 515 kDa a-chain and an 85 kDa transmem-
brane 3-chain that are covalently bound togeth-
er [29, 30]. The a-chain of CD91 is formed of
four clusters of 2, 8, 10, and 11 complement-
like repeats (CRs) limited by B-propeller mod-
ules and epidermal growth factor-type repeats
[31]. It has been proven that A2M binds to
LRP1 with a very high affinity, mostly via cluster
2 containing eight CRs, where hydrophobic
interactions between RAP and CR complexes
are most crucial. The RBD region of macroglob-
ulin exposes lysines K1393 and K1397, reveal-
ing a conserved WKXWK motif, where W is
hydrophobic and X is an amino acid residue
[32]. The dissociation of ligand-receptor com-
plexes is essential for receptor recycling and
function. In a neutral pH environment, ligands
actively interact with the LRP1 binding site and
are then released into the endosomes at pH
6.0.

It has been proven that LRP1 subcellular local-
ization is highly dependent on the presence of
lipid rafts. Nevertheless, the receptor can
migrate into the clathrin-coated regions of the
plasma membrane, where it can be success-
fully endocytosed [33-35]. Additionally, CD91'’s
ligands can undergo transcytosis in endothe-
lial cells [36, 37]. The first LRP1 ligand is apoli-
poprotein E [38]. Then, LRP1 was proven to be
an effector receptor for activated A2M [39, 40].
Diverse proteases, protease inhibitors, viral
proteins, and toxins have been identified as
CD91 ligands [28]. There is growing evidence
for abundant interactions and the role of LRP1
in maintaining homeostasis. It can interact with
diverse plasma membrane proteins, such as
Pixdc 1/TEM-7, whose functions are associat-
ed with angiogenesis, Fe65-promoting APP
endocytosis, N-methyl-D-aspartate the PSD-95
co-ligand, and the urokinase receptor uPAR
[41-47]. Moreover, CD91 functions are associ-
ated with antigen presentation and stimula-
tion of CD8"* T cells, mostly through the media-
tion of heat shock proteins (HSPs) [48].

Additionally, LRP1 expression levels increase
during hypoxia, which is typical for tumor forma-
tion. Both alpha-2-macroglobulin and LRP1 are
associated with inflammatory processes, not
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only in the context of injuries, infections, or
arteriosclerosis, but also in the context of can-
cer progression. Therefore, further investiga-
tion of their role in tumorigenesis is warranted.

Role of A2M and LRP1 in cancer progression

For decades, proteases have been associated
with tumor progression, invasion, and metasta-
sis, mostly because of their ability to degrade
the extracellular matrix. Recent studies have
demonstrated that proteases are involved in
the early stages of cancer initiation and pro-
gression, especially in cancer cell growth. Can-
cer cells show incredible abilities to interact
with and influence not only other cancer cells
but also stromal cells and the extracellular
matrix by controlling protease activity. One of
the possibilities for protease control is the use
of specific inhibitors. A major proteinase inhibi-
tor in mammals is A2M, which can irreversibly
inactivate a wide spectrum of proteins, regard-
less of their catalytic mechanism and substrate
specificity. High plasma levels of A2M are
unquestionable; nevertheless, they differ in
various types of cancer [49-53].

Unfortunately, there is a small amount of
knowledge regarding the expression patterns
and role of A2M in cancer progression, limited
to prostate and bladder cancers, breast cancer,
leukemia, and astrocytoma. Researchers have
demonstrated the potential role of A2M in pros-
tate cancer patients, where it can interact with
the serine protease prostate-specific antigen
(PSA) [54]. In prostate cancer patients, A2M
plasma levels can be elevated even above 4.4
pug/mL, simultaneously forming PSA-A2M com-
plexes. Moreover, A2M plasma levels decrease
with tumor grade. This could be due to the fact
that the overproduction and oversecretion of
PSA overwhelm the production of macroglobu-
lin inhibitors by the liver, or even because pros-
tate cancer cells produce factors that affect
A2M levels. Additionally, a statistically signifi-
cant correlation was observed between the
increasing levels of A2M and IL-6 (interleukin
6), which can be explained by alpha-2-macro-
globulin’s carrier role. Artificially decreasing
A2M levels resulted in a decrease in TGF-B1
(transforming growth factor-beta 1) levels and
altered cancer cell growth kinetics. PSA-A2M
serum activity can be actively suppressed by
peptide-based boronic acid inhibitors of PSA
[55]. Additionally, it has been proven that A2M
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binds to prostate cancer cells via direct in-
teraction with immunoglobulin protein GRP78
(Heat Shock 70 kDa Protein 5) and activates
the insulin response [56]. A2M acts as a
growth factor, increasing the proliferation rate.
Therefore, constructing an antibody against
GRP78 may be a successful tool in modern
therapy for prostate cancer. A2M can not only
interact with the LRP1 receptor on T cells but
can also be expressed on the B cell surface,
although the true nature of this observation
requires further investigation.

A2M has been identified as an antigen-causing
aggregation of 1gG in lymphocytic leukemia.
These IgG-antigen aggregates occur on the sur-
face of malignant B cells as well as on free
detached complexes.

Analysis of plasma samples from bladder can-
cer patients revealed that, among other protein
markers, A2M levels differed from those
observed in the control group. Similar to pros-
tate cancer patients, alpha-2-macroglobulin
levels were also significantly increased in our
study, which can be used in future clinical prac-
tice [B7].

It has been proven that AS1-A2M, the antisense
A2M, is upregulated in breast cancer patients
compared to control samples. AS1-A2M is high-
ly associated with ER-negative breast cancer,
resulting in worse progression-free and metas-
tasis-free survival [52, 53]. AS1-A2M success-
fully enhanced breast cancer cell proliferation,
migration, and invasion-regulating cell adhe-
sion molecule pathways, such as CD2, CD8A,
and selectin L (SELL), which can serve as a
potential prognostic marker of BC.

In astrocytomas, the transformation-associat-
ed isoform A2M (A2M") interacts with LRP1 to
target cancer cell growth, invasion, and migra-
tion. Interestingly, native A2M does not show
affinity for LRP1, suggesting that only A2M* has
strong tumor-suppressive features [58]. It can
also effectively bind to GRP78, resulting in the
inhibition of cell proliferation and the creation
of an antiapoptotic milieu [59, 60]. It has been
postulated that the A2M*/LRP1 axis may regu-
late cancer cell growth by interfering with the
Wnt/B-catenin signaling pathway. Overexpre-
ssion of LRP1 in astrocytoma cells opens a
path for A2M" to influence Wnt/B-catenin sig-
naling by relocating B-catenin to the plasma
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membrane and further upregulating LRP1 and
FZD [58]. Moreover, decreased plasma levels
of A2M* at higher ages may be linked to
carcinogenesis.

Compared to alpha-2-macrogolublin, LRP1's
influence on tumor growth and invasiveness is
well acknowledged [61]. This could be caused
mainly by the fact that LRP1 can interact not
only with A2M but also with various biological
ligands, such as viruses, growth factors, lipo-
proteins, matrix compounds, and proteinase
inhibitors. Specific LRP1 membrane-anchored
complexes have been shown to be associated
with the aggressiveness of various cancer
types [62-66]. Interestingly, there is no short-
age of opposite observations, where exoge-
nously added LRP1 antagonist RAP resulted in
decreased invasiveness of breast cancer cells
[67-69]. Moreover, the abolition of LRP1 ex-
pression in human thyroid carcinoma leads to
increased MMP-2 (Matrix Metallopeptidase 2)
and uPA (Urokinase-Type Plasminogen Activa-
tor) levels in the extracellular space. LRP1 pro-
motes the mediated endocytic uptake of TIMP-
2-free pro-MMP-2 [70-72]. Therefore, silencing
LRP1 induces a reduction in tumor cell migra-
tion and invasiveness.

Most published data indicate the procancerous
abilities of LRP1. For example, an increase in
the T allele of C766T in LRP1 is responsible for
an increased risk of breast cancer [73]. The
same overexpression was observed in high-
grade astrocytomas [74]. Increased levels of
LRP1 mRNA and protein are observed in the
majority of endometrial carcinomas, suggest-
ing its role in endometrial cancer formation
[75, 76]. Similar to A2M, LRP1 has been shown
to regulate MMP-2 and Matrix Metallopepti-
dase 9 (MMP-9), promoting cell migration and
invasion in glioblastoma [77]. Knockdown of
LRP1 in the U87 cell line resulted in decreased
migration and invasiveness of cancer cells.
This could occur via the ERK-dependent signal-
ing pathway [77-79]. Another type of LRP1
involvement in cancer cell physiology is the pro-
motion of cell invasion through ERK (Mitogen-
Activated Protein Kinase 1) activation and inhi-
bition of the JNK (Mitogen-Activated Protein
Kinase 8) signaling pathway [80]. This could be
due to the direct binding of LRP1 to PDGFR-f
in endosomes [81, 82]. In glioblastoma multi-
forme, LRP1 forms signaling complexes with
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eHsp90, regulating the activation of EphA2
receptor tyrosine kinase, thereby simulating
cell migration and invasion [83].

In addition to the pro-invasive and pro-prolifer-
ative abilities of LRP1, it has also been proven
that this LDL receptor is involved in apoptosis.
Successful knockdown of LRP1 resulted in a
significant decrease in Caspase-3 levels, IR sig-
naling, AKT (AKT Serine/Threonine Kinase 1)
phosphorylation, and induction of apoptosis
[84]. LRP1 can activate A2M by direct binding,
leading to the activation of the AKT signaling
pathway in Schwann cells [82]. However, the
precise nature of these mechanisms remains
unclear.

Current knowledge regarding the role of A2M
and the CD91 receptors in cancer progression
is still very limited. Therefore, in this study, we
demonstrate for the first time the expression
patterns and correlations of A2M and LRP1 in
breast, lung, and colorectal cancers.

Materials and methods
Patients and clinical samples

The presented experiments were conducted
using archival paraffin blocks, as follows:

e Invasive ductal breast carcinomas (n = 545)
and fibrocystic breast disease (FBD) (n = 51)
were obtained during surgical resection in
2010-2016 at the Polish Mother's Memorial
Hospital Research Institute in Lodz.

e Non-small cell lung carcinomas (n = 256) and
non-malignant lung tissue (NMLT) (n = 45) were
obtained during surgical resection between
2007 and 2019 at the Lower Silesian Center of
Lung Diseases in Wroclaw.

e Colorectal carcinomas (n = 108) and non-
cancerous colorectal tissue (NMCT) (n = 25)
were obtained from patients treated at the
Lower Silesian Oncology Center in Wroclaw,
Poland, from 2013 to 2018.

Paraffin sections of the cancerous samples
were stained with hematoxylin and eosin (H&E)
to verify the appropriateness of the immunohis-
tochemical (IHC) analyses. Clinical data were
derived from hospital archives and are summa-
rized in Tables 1-3.
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Table 1. Clinicopathological data of the stud-
ied cases of invasive ductal breast carcinoma

Characteristic No. (%) of patients (n = 495)

Tumor size

T1 (<2 cm) 190 (38.0)

T2 (2-5¢cm) 129 (26.0)

T3 (>5cm) 130 (26.0)

T4 46 (9.0)
Tumor stage - pT

1 313 (63.23)

2 152 (30.71)

3 19 (3.84)

4 11 (2.22)
Grading

| 92 (18.59)

Il 312 (63.03)

1 91 (18.38)
Nodal status - pN

NO 298 (60.20)

N1 167 (33.74)

N2 18 (3.64)

N3 12 (2.42)
ER status

Positive 324 (65.45)

Negative 171 (34.55)
PR status

Positive 312 (63.03)

Negative 183 (36.97)
HER2 status

Positive 311 (62.83)

Negative 184 (37.17)
Triple-negative status

Positive 40 (8.08)

Negative 455 (91.92)

Histopathological analysis of IHC reactions

The immunocytochemical expression of A2M
and LRP1 was studied using the Immu-
noReactive Score (IRS) according to Remmele
and Stenger, which considers both the intensity
of the color (staining) of the reaction and
the percentage of positively stained cells
(Table 4). The final score ranged from O to 12.
Statistical analysis was performed using the
Mann-Whitney U-test, the ANOVA Kruskal-
Wallis test, and the Spearman test. Differenc-
es were considered statistically significant at
P<0.05.
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Table 2. Clinicopathological data of the stud-
ied cases of non-small cell lung colon cancer

Characteristic No. (%) of patients (n = 256)
Age (years)

Mean 67 + 7.64

Range 45-84
Gender

Male 150 (59.0)

Female 106 (41.0)
Histology

Adenocarcinoma 116 (45.0)

Squamous 140 (55.0)
Tumor size

T1 (<2 cm) 61 (23.83)

T2 (2-5¢cm) 121 (47.27)

T3 (>5cm) 46 (17.97)

T4 28 (10.94)
Lymph nodes

NO 140 (54.69)

N1, N2, N3 116 (45.31)
PTNM

1A 42 (16.41)

1B 49 (19.14)

2A 30 (11.72)

2B 29 (11.33)

3A 37 (14.45)

3B 42 (16.41)

4 27 (10.56)
Grade

Gl 55 (21.48)

G2 130 (50.78)

G3 71 (27.73)
Cell lines

For our experiments, the following cell lines
were used:

e Breast carcinoma cell lines MCF-7, T-47D,
MDA-MB-231 (obtained from American Type
Culture Collection ATCC, Manassas, VA, USA),
SK-BR-3, BT-474 (from the Cell Lines Collec-
tion of the Ludwik Hirszfeld Institute of
Immunology and Experimental Therapy of the
Polish Academy of Science, Wroclaw, Poland),
and MDA-MB-231/B0O2 (courtesy of Dr. Phi-
lippe Clezardin, INSERM U664, France), as well
as immortalized normal breast cells hTERT-
HME1 (ME16C) from ATCC. The breast cancer
cell lines were cultured in a-MEM medium sup-
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Table 3. Clinicopathological data of the studied cases of
invasive ductal breast carcinoma

e The lung cancer cell lines NCI-
H1703, NCI-H522, and A549, togeth-

No. (%) of patients

er with the normal lung fibroblast cell
line IMR-90 (obtained from American

Characteristic (n = 108)
Age (years)
Mean 68.65 + 10.87
Range 42-91
Gender
Male 69 (63.89)
Female 39 (36.11)
Location
Proximal colon 49 (45.37)
Distal colon 59 (54.63)
Dukes’
A 2(1.85)
B1 20 (18.52)
B2 35(32.41)
C1 5 (4.63)
C2 35 (32.41)
C3 3(2.78)
D 8 (7.41)
Grade
G1 7 (6.48)
G2 81 (75.00)
G3 20 (18.52)
Treatment
RT
Yes 64 (59.26)
No 44 (40.74)
Adjuvant 5-FU-based chemotherapy
Yes 73 (67.59)
No 35 (32.41)

Type Culture Collection (ATCC)). The
NCI-H1703 and NCI-H522 cell lines
were cultured in RPMI-1640 growth
medium with the addition of 2 mM
L-glutamine. The A549 cell line was
cultured in high-glucose DMEM with
2 mM L-glutamine, whereas the IMR-
90 fibroblastic cell line was cultured
in MEM. All media were supplement-
ed with FBS (Sigma) to a final con-
centration of 10%. The cell lines
were cultured at 37°C in 5% CO,,.

e Colorectal cell lines LS 180, Caco-
2, HT-29, and LoVo were obtained
from the American Type Culture
Collection (ATCC). The LS 180 cell
line was cultured in Eagle’s Minimum
Medium, and CaCo-2 with EMEM
(Lonza, Basel, Switzerland) with 1%
sodium propionate, 1% non-essen-
tial amino acids, and 20% FBS (all
from Sigma-Aldrich®, St. Louis, MO,
USA). The HT-29 cells were cultured
in McCoy’s 5A medium, and the
LoVo cells were cultured in F12-K
medium. The cell lines were cultured
at 37°C and 5% CO,. All the studied
cell lines were arranged according to
their aggressiveness potential, from
the lowest to the highest.

Table 4. Evaluation of immunohistochemical reactions with

the use of the ImmunoReactive Score (IRS)

Immunohistochemistry (IHC)

For IHC reactions, we used cancer-
ous and non-cacerous tissue sam-

ples fixed in 10% buffered formalin

% positive cells Intensity of reaction IRS and embedded in paraffin. Immuno-
0 = no positive cells 0 = no color reaction  0-1 = negative histochemical analysis of A2M and
1 <10% positive cells 1 = mild reaction 2-3 = mild LRP1 was performed using mouse
2 = 10-50% positive cells 2 = moderate reaction 4-8 = moderate monoclonal antibodies against A2M
3 =51-80% positive cells 3 = strong reaction ~ 9-12 = strong (1:200; 66126-I-Ig; ProteinTech, Ro-

4 >81% positive cells

semont, IL, USA) and LRP1 (SM17-

plemented with 2 mM L-glutamine (Lonza,
Basel, Switzerland), 10% fetal calf serum (FCS;
Invitrogen Carlsbad, CA, USA), and antibiotics.
The ME16C cell line was cultured in the MEGM
Bulletkit medium (Lonza, Basel, Switzerland).
All media were supplemented with FBS (Sigma)
to a final concentration of 10%. The cell lines
were cultured at 37°C in 5% CO,,.
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29P; OriGene, Rockville, MD, USA).
IHC was performed using Autostain-
er Link 48 (DakoCytomation, Glostrup,
Denmark) to provide reliable and repeatable
conditions.

RNA extraction, cDNA synthesis, and real-time
PCR reactions

Total RNA was extracted using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) and transcribed
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to cDNA using the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer’s protocol. RT-
gPCR was conducted in 20 L volumes using
the iTag Universal Probes Supermix (Bio-Rad
Laboratories, Hercules, CA, USA) on a 7500
real-time PCR system. The TagMan-specific
probes used in the experiment (Hs00929971_
m1 for A2M, Hs00233856_m1 for LRP1, and
Hs 99999903_m1 for ACTB as a reference
gene) were also obtained from Applied Bio-
systems. All the above-mentioned reactions
were performed in triplicate under the following
conditions: activation of polymerase at 50°C
for 2 min, initial denaturation at 94°C for 10
min followed by 40 cycles of denaturation at
94°C for 15 s, and annealing and elongation at
60°C for 1 min. The relative mRNA expression
of the studied markers was calculated using
the AACt method.

SDS-PAGE and Western blotting

The cell lines were lysed on ice in Cell Lysis
Buffer (Thermo Fisher Scientific, Waltham, MA,
USA) with a cocktail of inhibitors (Sigma, St.
Louis, MO, USA), 250 units of Benzonase®
(Merck Millipore, Bedford, MA, USA), and 2 mM
PMSF (phenylmethanesulfonyl fluoride). Lysa-
tes containing 30 pg of total proteins were
combined with 4x SDS-PAGE gel-loading buffer
(200 mM Tris-HCI, pH 6.8, 400 mM DTT, 8%
SDS, 0.4% bromophenol blue, and 40% glycer-
ol), loaded onto 10% acrylamide gels, and
separated by SDS-PAGE under reducing condi-
tions before being transferred to PVDF mem-
branes. Following the protein transfer, the
membranes were incubated for 1 hour at room
temperature in a blocker solution (4% BSA in
TBST buffer), followed by an overnight incuba-
tion at 4°C with anti-A2M (1:400) and anti-
LRP1 (1:500) antibodies. The membranes
were then washed with TBST buffer and incu-
bated for 1 h at room temperature with HRP-
conjugated anti-rabbit and anti-mouse se-
condary antibodies, diluted 1:3000 (709-035-
149 and 715035-150, respectively; Jackson
ImmunoResearch, Mill Valley, CA, USA), then
washed and treated with the Immun-Star HRP
Chemiluminescence Kit (Bio-Rad). Rabbit anti-
human [-actin monoclonal antibody (#4970;
Cell Signaling Technology, Danvers, MA, USA),
diluted 1:1000, was used as an internal con-
trol. Western blot results were analyzed using
the ChemiDoc MP system (Bio-Rad).
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SiRNA transfection

Ambion pre-designed siRNAs (GAPDH siRNA
was used as a positive control and scrambled
sequence siRNA as a negative control) were
used in this study. The siRNAs used were s820
(siRNA1/A2M) and s821 (siRNA2/A2M) for
A2M, and 106762 (siRNA1/LRP1) and 106763
(siRNA2/LRP1) for LRP1 (Thermo Fisher
Scientific). MCF-7 and A549 cells were cultured
in 6-well plates, as previously described. The
concentration of siRNA and the amount of
transfection reagent were measured experi-
mentally. Before transfection, cells were tryp-
sinized, spun at 1000 rpm for 5 min at 4°C,
and resuspended in fresh medium. Ambion’s
siPORT NeoFX (4 I/well) lipid-based transfec-
tion reagent and siRNAs (50 nM final concen-
tration) were independently diluted in OptiMEM
before being combined. Transfection complex-
es were overlaid with 2 x 105 cells/well after
10 min. Silencing of A2M and LRP1 was con-
firmed using RT-gPCR and WB.

Immunofluorescence (IF)

For microculture, 600 pL of a 5 x 10* cells/mL
suspension of cells was set up on slides with
Millicell EZ 8-well glass slides (Merck) and
placed in an incubator at 37°C for 24 h. After
incubation, cells were fixed with 4% formalde-
hyde for 12 min at RT and permeabilized using
0.2% Triton X-100 for 10 min. The slices were
incubated at 4°C overnight with primary-specif-
ic polyclonal mouse anti-A2M (1:400 dilution;
ProteinTech) and primary-specific polyclonal
rabbit anti-LRP-1 (1:200; Abcam). Next, the
preparations were incubated for 1 h with don-
key anti-mouse secondary Alexa Fluor 568
conjugated antibodies or donkey anti-rabbit
secondary Alexa Fluor 488 conjugated an-
tibodies (1:2000 dilution; Invitrogen, Carlsbad,
CA, USA) and mounted using Prolong DAPI
Mounting Medium (Invitrogen, United States).
Observations were made at objective 40 using
a Fluoview FV3000 laser scanning confocal
microscope (Olympus) coupled with Cell Sense
software (Olympus).

Statistical analysis
The Shapiro-Wilk test was used to evaluate the
normality assumption of the groups examined.

The Wilcoxon signed-rank test was used to
compare the differences between the LSCC
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and NMLT groups. Additionally, Spearman cor-
relation test was performed to analyze the
existing correlations. All statistical analyses
were performed using Prism 8.1.0 (GraphPad,
La Jolla, CA, USA). The results were considered
statistically significant at P<0.05.

Results
Immunohistochemistry

We observed variable expression patterns of
both A2M and LRP1 and their corresponding
non-cancerous tissues in breast samples
(Figure 1A-D), lung (Figure 3A-D) and colorectal
cancer (Figure 5A-D). A2M and LRP1 expres-
sion levels were observed in cancer and stro-
mal cells. Additionally, we observed the expres-
sion of the LRP1 receptor in lung immune cells,
most likely in macrophages.
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Figure 1. Differentiated expression patterns of A2M
and LRP1 in cancer cells and control tissues. Immu-
nohistochemical analysis of A2M and LRP1 in can-
cer cells of IDC (C, D) compared to corresponding
non-malignant tissues (FBD) (A, B). Original magnifi-
cation: x 400. Statistical analysis of A2M and LRP1
IHC reactions in FBD (n = 51) and IDC (n = 545)
cases. A2M’s significantly higher expression level
between IDC and FBD samples (P<0.0001, Mann-
Whitney test) (E). LRP1’'s membranous expression
in FBD and IDC with regard to stroma (F). A signifi-
cantly higher expression was seen in IDC compared
to FBD (P = 0.0027, Mann-Whitney test) and in stro-
ma compared to FBD (P<0.0001, Mann-Whitney
test) and IDC (P<0.0001, Mann-Whitney test).

Breast cancer (IDC)

The clinicopathological features of 545 patients
with invasive ductal breast carcinoma were
analyzed. A2M and LRP1 expression levels
were measured using immunohistochemistry.
The correlation between A2M/LRP1 expression
levels and the clinicopathological features and
prognosis was assessed. Using IHC, we deter-
mined the cellular localization and expression
levels of A2M and the membranous and stro-
mal expression patterns of LRP1 in 51 cases of
FBD and 495 cases of IDC. Cytoplasmic ex-
pression of A2M was observed in 415 (76.15%)
IDC samples, compared to 5 (9.80%) in the
FBD samples. Membranous expression of LRP1
was observed in 198 (36.33%) samples com-
pared to 41 (80.40%) in the FBD samples, and
stromal LRP1 expression was observed in 415
(76.15%) IDC samples.
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0.0029, Mann-Whitney test) (Fig-
ure 2B).

The Spearman correlation test
revealed a high positive correla-
tion between A2M and LRP1 mem-
branous expression (r = 0.3425,
P<0.0001), A2M and LRP1 stro-
mal expression (r = 0.2131, P<
0.0001), and LRP1 membranous
and stromal expression (r =
0.2187, P<0.0001). Additionally,
a statistical analysis showed a
m negative correlation between ER
and PR status and A2M cytoplas-
mic expression (A2M vs. ER: r =
-0.1541, P<0.0001; A2M vs. PR: r
=-0.1686, P<0.0001).

We used Kaplan-Meier to analyze
the effect of A2M and LRP1 on the
overall survival time of patients
with IDC. We observed that higher
cytoplasmic A2M expression had
a negative impact on the overall
survival time compared to the
group with lower A2M cytoplas-
mic expression (P = 0.0005, HR =

pared to G1 cases (P = 0.0132, Mann-Whitney test); in G3 compared to

G1 (P = 0.0003, Mann-Whitney test) and G2 (P = 0.0146, Mann-Whit-
ney test); and in TNM Il compared to TNM | (P = 0.0029, Mann-Whitney

0.22, 95% ClI = 0.096-0.522)
(Figure 2C).
Lung cancer (NSCLC)

test). Survival curve established by data obtained from KM-plot. (C) The

survival time of IDC patients with high expression of A2M is higher than

that of patients with low expression of A2M (P = 0.0005).

A statistical analysis showed that A2M cyto-
plasmic expression level was significantly high-
er in the IDC samples than in the FBD samples
(IRS 2.7666 + 3.2376 vs. 0.02 £+ 0.2820, res-
pectively, P<0.0001, Mann-Whitney test) (Fig-
ure 1E), and LRP1 expression levels were also
significantly higher in both IDC and stromal tis-
sues compared to the FBD samples (IRS
1.1539 + 2.6456 vs. 3.76686 *+ 3.7812 vs.
0.2802 + 4.4387, respectively, P<0.0001,
Mann-Whitney test) (Figure 1F). Moreover, sta-
tistically higher expression levels of A2M were
observed when comparing the histological
grades of IDC (G1 vs. G2, P = 0.0132; G1 vs.
G3, P =0.0003; G2 vs. G3, P = 0.0146; Mann-
Whitney test) (Figure 2A). Statistically signifi-
cant differences in A2M expression levels were
observed between TNM stages | and Il (P =
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The clinicopathological character-
istics of 255 patients with NSCLC
were examined. In 45 cases of
NMLT and 255 cases of NSCLC,
we used IHC to identify the cellular localization
and expression levels of A2M and the membra-
nous and stromal expression patterns of LRP1.
Compared with 45 (100%) NMLT samples, 251
(98.43%) NSCLC samples showed cytoplasmic
A2M expression. LRP1 expression was detect-
ed in the membranes of 242 (94.90%) NSCLC
samples, as opposed to 41 (80.40%) NMLT,
and in the stroma of 194 (76.08%) NSCLC
samples.

A statistical analysis showed that the A2M
cytoplasmic expression level was significantly
higher in the NMLT samples than in NSCLC
(IRS 6.3314 + 2.2191 vs. 2.81 + 2.1950,
respectively, P<0.0001, Mann-Whitney test)
(Figure 3E), but the LRP1 expression level was
significantly higher in the NSCLC cases and
the stroma than in NMLT (IRS 3.0942 + 3.0423
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vs. 2.4418 + 2.5968 vs. 1.3342 + 0.7164,
respectively, P<0.0001, Mann-Whitney test)
(Figure 3F).

The Spearman correlation test revealed a high
positive correlation between A2M and LRP1
membranous expression (r = 0.4383, P<
0.0001), A2M and LRP1 stromal expression
(r = 0.3135, P<0.0001), and LRP1 membra-
nous and stromal expression (r = 0.4192,
P<0.0001) (Figure 4).

We found no evidence that A2M or LRP1 had
any impact on the overall survival time of
patients with NSCLC.

Colon cancer (CC)

In 25 cases of NMCT and 108 cases of CC, we
used IHC to identify the cellular localization and
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Figure 3. Immunohistochemical analysis of
A2M and LRP1 in cancer cells of NSCLC (C,
D) compared to corresponding non-malig-
nant lung tissues (NMLT) (A, B). IHC analy-
sis of A2M and LRP1 expression patterns in
NMLT (n = 25) and NSCLC (n = 108) cases
(E, F). A2M showed significantly higher ex-
pression levels in NMLT compared to lung
cancer cells (P<0.0001, Mann-Whitney
test) (E), while higher LRP1’s membranous

expressions were noticed in NSCLC (P =
0.0003, Mann-Whitney test) and stroma (P
= 0.0365, Mann-Whitney test) compared to
NMLT (F).

1
NMLT NSCLC STROMA

expression levels of A2M and the membranous
and stromal expression patterns of LRP1. A2M
was detected in the cytoplasm of 106 (98.15%)
CC samples as opposed to 25 (100%) NMCT
samples. LRP1 expression was found in the
membranes of 49 (45.37%) CC samples as
opposed to 20 (80.00%) NMCT samples, as
well as in the stroma of 91 (84.26%) CC
samples.

A statistical analysis showed that the A2M
cytoplasmic expression level was significantly
higher in the CC samples than in NMCT (IRS
4.4897 + 1.8874 vs. 2.4222 + 0.2177, respec-
tively, P<0.0001, Mann-Whitney test) (Figure
5E), and LRP1 expression levels were also sig-
nificantly higher in the CC and stroma samples
than in the NMCT samples (IRS 1.4022 +
1.7608 vs. 2.9413 + 2.2291 vs. 0.2177 +*
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MB-231 (P<0.0001) cell lines
(Figure 7A and 7B). To confirm our
RT-gPCR results, we performed a
WB analysis of A2M and LRP1 pro-
tein expression levels (Figure 7E).
Figure 7C shows that the expres-
sion levels of A2M were signifi-
cantly lower in the Mel6C cell
line compared to the MCF-7 and
MDA-MB-231/B0O2 cell lines (P<
0.0001). Additionally, Figure 7D
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0.1895, respectively, P<0.0001, Mann-Whitney
test) (Figure 5F).

The Spearman correlation test revealed a high
positive correlation between A2M stromal lev-
els and A2M cancer levels (r = 0.3208, P<
0.0001) (Figure 6A); A2M and LRP1 cancer cell
expression (r = 0.3387, P<0.0001) (Figure 6B);
and LRP1 cellular and stromal expression (r =
0.3106, P<0.0001) (Figure 6C).

A Kaplan-Meier curve analysis of A2M and
LRP1 effects on the overall survival time of IDC
patients showed a higher A2M cytoplasmic
expression influence on a negative impact on
the overall survival time compared to the group
with a lower A2M cytoplasmic expression (P =
0.0005, HR = 3.719, 95% Cl = 1.762 to 7.847)
(Figure 6D).

A2M/LRP1 mRNA and protein expression le-
vels in BC, NSCLC, and CC cell lines-RT-qPCR
and WB

A real-time PCR gene expression analysis
revealed that all studied breast cancer cell
lines, as well as the normal breast cell line
ME16C, showed significant A2M and LRP1
gene expression levels. Significantly higher
expression levels of A2M were found in the
MCF-7 (P<0.0001) and MDA-MB-231/B02
(P<0.1) cell lines. On the other hand, signifi-
cantly higher expression levels of LRP1 were
observed in the SK-BR-3 (P<0.001), T-47D
(P<0.1), and MDA-MB-231/B02 (P<0.0001)
cell lines, whereas lower expression was
observed in the BT-474 (P<0.001) and MDA-
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shows that the expression levels
of LRP1 were statistically higher in
the Mel6C cell line compared to
the MCF-7 (P<0.01), SK-BR-3 (P<
0.001), T-47D (P<0.01), and MDA-
MB-231/B02 (P<0.001) cell lines.

In contrast to breast cancer cell lines, lung can-
cer cells showed a statistically significant
decrease in A2M and LRP1 mRNA levels in all
studied cell lines. Compared to the reference
IMR-90 cell line, A2M and LRP1 reductions in
the NCI-H1703 (P<0.0001, P<0.0001), NCI-
H522 (P<0.0001, P<0.001), and A549 (P<
0.0001, P<0.001) cell lines were observed
(Figure 7F and 7G). A WB analysis confirmed
gene expression, showing that a statistical
decrease in A2M protein could be seen in the
NCI-H1703 (P<0.0001), NCI-H522 (P<0.0001),
and A549 (P<0.0001) cell lines when com-
pared to the lung fibroblast cell line IMR-90
(Figure 7H, 7J). Furthermore, compared to IMR-
90 (Figure 7I), LRP1 was also shown to be
decreased in NCI-H1703 (P<0.001) and A549
(P<0.001) cells.

Additionally, there was significant variation in
the expression levels of both A2M and LRP1
mRNAs among all studied CC cell lines.
Compared to the LS180 cell line, the least
aggressive of all the CC cell lines used in the
experiments, both Caco-2 (P<0.001) and HT-29
(P<0.1) cells showed statistically significant
increases in A2M expression. LRP1 levels were
significantly decreased in the Caco-2 (P<0.1)
and LoVo (P<0.001) cell lines compared to
LS180 cells (Figure 7K and 7L). As shown in
Figure 7M and 70, Western blot showed that
the Caco-2 (P<0.0001), HT-29 (P<0.001), and
LoVo (P<0.001) cell lines had statistically high-
er levels of A2M than LS180 cells. In addition,
Figure 7N indicates that LRP1 significantly
increased protein levels in HT-29 (P<0.01) and
decreased them in Caco-2 (P<0.0001) and
LoVo (P<0.1) in comparison to LS180 cells.
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SiRNA silencing of A2M and LRP1 genes in
breast and lung cancer cell lines

To evaluate the effect of siRNA-mediated
silencing of A2M and LRP1 mRNAs, specific siR-
NAs were transfected into the MCF-7 breast
cancer and A549 lung cancer cell lines for 24
and 48 h. The analysis includes both negative
and positive controls, as illustrated in Figure
8K. Transfection efficiency was measured by
RT-gPCR and WB. As shown in Figure 8, we
observed statistically significant downregula-
tion of all silenced genes over the 24- and
48-hour periods.

The downregulation of LRP1 in the MCF-7 and
A549 (Figure 7) cell lines resulted in a statisti-
cally significant increase in A2M levels (in both
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Figure 5. Immunohistochemical analysis of A2M and

LRP1 in cancer cells of CC (C, D) compared to corre-

sponding non-malignant colon tissues (NMCT) (A, B).

IHC analysis of A2M and LRP1 expression patterns
in NMCT (n = 45) and NSCLC (n = 256) cases (E, F).
Both A2M and LRP1 expression patterns were signifi-

cantly higher in CC (P<0.0001, Mann-Whitney test) (E)
compared to NMCT, and LRP1 was elevated in stroma
compared to CC (P<0.0001, Mann-Whitney test) and

NMCT (P<0.0001, Mann-Whitney test) (F).

gene and protein) in the MCF-7 cell line after 48
h (P<0.0001) and in the A549 cell line after 24
h (P<0.0001) and 48 h (P<0.0001) (Figure 8B,
8D and 8E). It is interesting to note that both
siRNA molecules (Figure 8A and 8C) increased
A2M mRNA and protein levels (P<0.0001) in
the MCF-7 cell line after 48 hours of LRP1
silencing. A similar pattern was noticed in the
A549 cell line after 24 h (P<0.0001) and 48 h
(P<0.0001) of LRP1 silencing (Figure 8F, 8J).
This may have happened because cancer cells
responded to adverse downregulation of the
LRP1 transcript. The knockdown of A2M
revealed that A549 lung cancer cells respond-
ed by increasing LRP1 mRNA levels after 24 h
(P<0.0001) and protein levels after 24 h
(P<0.0001) and 48 h (P<0.0001) (Figure 8G
and 8lI).
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patients with high expression of A2M is higher than that of patients with

low expression of A2M (P = 0.0005).

Similar to RT-qPCR and WB expression analy-
sis, siRNA mixtures for A2M and LRP1 were
mixed with a transfection agent, incubated with
the MCF-7 and A549 cell lines for 48 h, and
stained for confocal microscopy analysis to
evaluate the transfection efficiency. The results
showed that the red fluorescence signal repre-
senting the A2M protein decreased after suc-
cessful inhibition, both in the MCF-7 and A549
cell lines, and the level of LRP1 increased owing
to the negative regulation of A2M. There was no
evidence of LRP1 downregulation in the stud-
ied cell lines after 48 hours (Figures 9, 10).
Despite this, the results were in accordance
with those obtained from RT-gPCR, indicating
an increase in LRP1 expression levels.

Discussion

A2M, a 750 kDa molecule that acts as a strong
protease inhibitor, is detected in serum and is
mostly produced by the liver. This inhibitor can
enter cells and bind to numerous cytokines,
such as transforming tumor necrosis factor-
alpha (TNF-a), growth factor-beta 1 (TGF-B1),
TGF-B2, platelet-derived growth factor-BB,
nerve growth factor-beta, and basic fibroblast
growth factor, and act on all classes of endo-
proteases. Because of its capabilities, the level
of A2M in human blood declines with age,
which is increasingly linked to aging processes
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(r=0.3208;
P<0.0001); (B) A2M_, and LRP1_, (r = 0.3387; P<0.0001); and (C) LRP-
1 and LRP1 . (r = 0.3106; P<0.0001). (D) The survival time of CC

TROMA

" significant conformational change
upon binding proteinases, which
causes the expression of previ-
ously unnoticed receptor-binding
sites on its surface. Consequently,
the so-called “transformed A2M”
(A2M") binds to the LRP1 receptor.
Ligation of LRP1 causes A2M-
proteinase complexes to be rapidly cleared
from the blood and tissues through receptor-
mediated mechanisms. Nevertheless, A2M’s
precise role in the proliferation and metabolism
of cancer cells has not yet been fully elucidat-
ed. It has been demonstrated that A2M levels
in the blood and liver of long-living, cancer-
resistant naked mole-rats are noticeably great-
er than those of humans and mice [86]. This
may significantly contribute to the increased
longevity and resistance to cancer in these ani-
mals and may also explain how progressive
A2M deficiency may promote tumor growth,
especially since most tumors grow slowly over
15 years [2-5]. We firmly believe that A2M plays
an underestimated but crucial role in cancer
biology because of its capacity to function as a
signaling molecule, growth factor transporter,
and modulator of protease activity.

It has been demonstrated that reducing A2M
levels through exogenous protease injection
can reduce TGF-B levels and alter the kinetics
of tumor growth [87]. According to these find-
ings, elevated blood levels of the PSA-A2M
complex in patients with prostate cancer may
change the concentrations of vital growth and
survival variables that could influence prostate
cancer progression. Changes in these protein
levels may also affect certain signs and symp-
toms of advanced or terminal prostate cancer,
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Figure 7. Relative expression levels of A2M and LRP1 in breast cancer cell lines (A, B), lung cancer cell lines (F, G), and colorectal cancer cell lines (K, L). Data are
the mean + SD of triplicate determinants. Western blot analysis of A2M and LRP1 in breast cancer cell lines (C, D), lung cancer cell lines (H, I), and colorectal cancer
cell lines (M, N). As an internal control, a B-actin protein was used (E, J, O). Data show the average standard deviation of three independent experiments. *P<0.1;
**P<0.01; ***P<0.001; ****P<0.0001.
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Figure 8. Relative levels of A2M and LRP1 mRNAs in MCF-7 IDC cell line and A549 NSCLC cell line transfected with siRNAs against A2M and LRP1. Cells were trans-
fected with the siRNAs for A2M and LRP1 and incubated for 24 h and 48 h. Relative expression levels (RQs) of A2M in MCF-7 (A) and A549 (F) cells, and LRP1 mRNA
after silencing in MCF-7 (B) and A549 (G) cells. (C and H) show protein expression analysis of A2M, whereas (D and |) show the analysis of LRP1 in MCF-7 and A549
cell lines. Western blot analysis measured the effects of siRNA-mediated knockdown of A2M and LRP1 in MCF-7 (E) and A549 (J) cell lines. GAPDH was used as an
internal control (K). Data represent the mean and standard deviation of three independent experiments. Comparisons between groups were done using Student’s
t-test: *P<0.1; **P<0.01; ***P<0.001; ****P<0.0001.
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Untransfected control

MCF-7 siRNA/A2M

MCF-7 siRNA/LRP1

LRP1

Figure 9. Inhibition of gene expression using siRNA transfection. Immunofluorescence staining of A2M and LRP1
proteins in human breast cancer cell line MCF-7 post-transfection. Protein reduction was sustained 48 h post-siRNA
transfection. A2M was immunostained red, LRP1 was immunostained green, and nuclei were stained with DAPI
(blue). Untransfected control labeled with A2M (A) and LRP1 (B) antibodies. MCF-7 siRNA/A2M cell line stained with
A2M (C) and LRP1 (D). MCF-7 siRNA/LRP1 cell line stained with A2M (E) and LRP1 (F).

including increased discomfort, cachexia, and
exhaustion [54]. Reduced levels of total A2M
and higher concentrations of PSA bound to
A2M have the potential to interfere with blood
protease clearance and inactivation, which
may result in abnormalities in the complement
and clotting-system protease cascades.

Our research on three different types of human
cancers revealed that the expression of A2M
and its binding receptor, LRP1, varies among
cancer cells. Breast cancer cells show a
decreasing trend in A2M expression, which is
correlated with cancer cell aggressiveness.
Similarly, the expression levels of A2M are
much lower in lung cancer cells than in lung
fibroblasts. Unfortunately, we did not examine
serum levels of A2M, which would have greatly
enhanced the findings of this study and br-
ought us closer to understanding the role of
A2M in the development of cancer. LRP1 levels
are considerably lower in tumorous lung tissue
than in non-malignant lung tissue. In a study
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group of 256 patients, lower LRP1 expression
in lung adenocarcinoma was associated with a
worse clinical prognosis.

It is noteworthy that A2M expression levels are
higher in the tissues of CC patients, similar to
those of IDC patients, compared to the corre-
sponding non-malignant tissues. This finding
contrasts with an analysis that linked a higher
expression of A2M in cancerous tissue with a
longer survival time for patients with IDC and
CC. These findings demonstrate the extremely
nuanced functions of A2M and its receptor,
LRP1, in the development of cancer. An analy-
sis of the relationships between A2M and LRP1
in breast, lung, and colorectal malignancies
clearly showed that A2M should be regarded as
a pan-endoprotease inhibitor implicated in a
broad range of biological and physiological
processes.

Moreover, the results of the siRNA knockdown
experiments revealed that successful inhibition
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Untransfected control
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A2M

LRP1

Figure 10. Inhibition of gene expression using siRNA transfection. Immunofluorescence staining of A2M and LRP1
proteins in human lung cancer cell line A549 post-transfection. Protein reduction was sustained 48 h post-siRNA
transfection. A2M was immunostained red, LRP1 was immunostained green, and nuclei were stained with DAPI
(blue). Untransfected control labeled with A2M (A) and LRP1 (B) antibodies. A549 siRNA/A2M cell line stained with
A2M (C) and LRP1 (D). A549 siRNA/LRP1 cell line stained with A2M (E) and LRP1 (F).

of LRP1 elevated A2M mRNA and protein lev-
els. This may indicate that direct interactions
between A2M and LRP1 receptors may
be crucial in cancer physiology. Although the
exact mechanism by which this finding was
made is unknown, we hypothesized that it may
have been caused by changes in the LRP1/
A2M complex’s binding capacities and, there-
fore, changes in the endocytosis process.
Nevertheless, further investigations are re-
quired to fully understand this mechanism.

A2M has a significant impact on aging and can-
cer development. A2M blood levels in humans
are adversely associated with aging, falling
from 4 mg/mL at birth to 1.5 mg/mL in the
elderly [88]. Thus, its role in maintaining blood
homeostasis and preventing diseases associ-
ated with aging is clinically important. In con-
clusion, our findings provide further evidence
that A2M and LRP1 play a role in cancer devel-
opment. It is crucial to investigate A2M'’s role
and potential binding partners and receptors
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that may be involved in carcinogenesis
because, in human blood and tissues, it can
bind and inhibit the activities of most protein-
ases, as well as numerous growth factors, hor-
mones, and cytokines.

Conclusions

Our findings support the relevance of A2M and
its receptor, LRP1 (CD91), in cancer develop-
ment and tumor-stroma communication, which
leads to the control of cancer growth, cancer
cell death, and the anti-inflammatory cytokine
signaling response. Our findings emphasize the
diagnostic utility of A2M and LRP1 in patients
with BC, NSCLC, and CC. Nonetheless, further
research is needed to determine the precise
mechanisms of the direct interaction between
A2M and LRP1 that underlies the pathophysiol-
ogy of human malignancies. Restoring A2M
homeostasis in the tumor to that found in
healthy tissues may impair the ability of the
tumor to evade immune control. Confirmation
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of A2M’s significance in cancer treatment may
contribute to the development of novel anti-
cancer treatments based on A2M.
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