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Abstract
Metallothioneins (MTs) are phylogenetically old cysteine-rich proteins, which are implicated in a variety of physiological and
pathological processes. Their growth-regulating, anti-apoptotic and anti-inflammatory functions have been attributed not only to
intracellular free radical scavenging and to zinc and copper regulation but also to the ability of secreted MT to bind on surface
lipoprotein receptor-megalin/LRP2, which enables the endocytosis of MT-I/II and a wide range of other functionally distinct
ligands. In the present study, we analysed the expression pattern of both proteins in 55 cases of premalignant transformation of
cervical squamous cells, i.e. in low- and high-grade squamous intraepithelial lesion (LSIL and HSIL). The data showed that in
LSIL (cervical intraepithelial neoplasia CIN1; N = 25) MTs were present only in basal and parabasal cells and that megalin was
only weakly expressed. In HSIL (CIN2; N = 15 and CIN 3/carcinoma in situ; N = 15), however, overexpression and co-
localization ofMTwithmegalin were found in the entire hyperplastic epithelium.Moreover, megalin immunoreactivity appeared
on the glandular epithelium and vascular endothelium, as well as on lymphatic cells in stroma. Besides, multiple megalin-positive
cells expressed phosphorylated Akt1, implying that MT- and/or megalin-dependent prosurvival signal transduction pathways
might contribute to the development of severe cervical dysplasia. The data emphasize the diagnostic power of combined MT/
megalin analysis in pre-cancer screening.
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Introduction

Metallothioneins (MTs) are a family of phylogenetically high-
ly conserved, cysteine-rich, small (< 10 kDa) proteins, which
are characterized by high affinity for d10 electron configura-
tion metals, including essential (Zn and Cu) and non-essential
(Cd and Hg) trace elements [1, 2]. They were initially consid-
ered the mediators of cellular detoxification of heavy metals
such as Cd, Hg, Cu and Ag [3], but due to the high kinetic
mobility of essential metals and regulation of zinc availability
to numerous cellular enzymes, signalling proteins and tran-
scription factors, they are also involved in the regulation of
basic cellular processes, such as gene expression, differentia-
tion, proliferation and apoptosis [1, 4]. In addition, due to their
high cysteine content, MTs protect cellular macromolecules
from highly reactive compounds during oxidative stress and
other types of tissue injuries, acting as potent scavengers of
reactive oxygen species (ROS), such as hydrogen peroxide
(H2O2), superoxide (O2–), nitric oxide (NO) and hydroxyl
(OH) radicals [5].
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Importantly, exogenous MTs may also interact with
multiligand, scavenger receptors belonging to the family of
low-density lipoprotein receptor (LDL-R)–related proteins
(LRPs), such as LRP-2/megalin and LRP-1/CD91. These
endocytic receptors consequently mediate the cellular uptake,
proteolysis and gene expression of MTs, or induce the activa-
tion of new, LRP-related molecular signalling pathways [6, 7].
In this context, it has been shown that the MT/LRP2 interac-
t i o n s med i a t e nume r ou s n eu r op r o t e c t i v e and
neuroregenerative effects particularly in the central and pe-
ripheral nervous system [8–14].

Owing to their features, both MTs and LRPs have been
extensively investigated as diagnostic and prognostic markers
of various types of cancer and factors implicated in processes
of oncogenesis and tumour progression [16–21]. The data
were related with the intercourse of MTs with zinc-
dependent enzymes and transcription factors important for cell
cycle regulation and proliferation control, such as p53, nuclear
factor κB (NFκB) and PKC μ [20] and with the ability ofMTs
to protect cells against DNA damage, oxidative stress and
apoptosis [2, 17, 18, 21], as well as with hypermethylation
of the MT-promoter or mutation of other genes [22]. It was
emphasized that in cancer cells, metallothionein’s protective
functions might stimulate tumour progression and malignan-
cy, but the results varied and depended on the type, differen-
tiation status and proliferative index of tumours, as well as on
the type of analysed MT isoforms [15, 18, 21]. Besides, only
in few studies, the possible contribution of MT/megalin inter-
actions to the process of carcinogenesis has been investigated
[23].

In an attempt to enlarge still limited data available on the
role of MTs in uterine cervical squamous lesions [24–26], in
the present study, we made immunohistochemical profiling of
MT-I/II and megalin expression in different types of pre-
invasive intraepithelial neoplasia-LSIL(CIN1) and HSIL (for-
merly subdivided into CIN2 and CIN3/carcinoma in situ) that
in some cases progress to invasive cervical cancer, which
represents the fourth leading cause of cancer-related deaths
in women worldwide [27].

Patients and methods

Clinical material

Cervical tissue samples were obtained from 55 patients by
cervical biopsy, taken by gynaecologists at an area of
colposcopic abnormality and from 5 patients undergoing total
abdominal hysterectomy for benign disease of the corpus uteri
with no evidence of prior cervical cytological abnormality.
Formalin-fixed and paraffin wax–embedded tissue was
stained by haematoxylin and eosin and examined by two pa-
thologists. After independent reviews, the specimens were

routinely classified as normal (N = 5), LSIL/CIN1 (N = 25)
and HSIL (N = 30), subdivided into CIN2 (N = 15) and
CIN3/squamous cell carcinoma in situ (CIS) (N = 15). All
subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted in accor-
dance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Clinical Hospital Centre
and Medical Faculty in Rijeka.

Immunohistochemistry

Immunohistochemical labelling of MT I + II and megalin
proteins was performed on paraffin-embedded tissues using
DAKOEnVision+System, Peroxidase (DAB) kit according to
the manufacturer’s instructions (DAKO Cytomation, USA) as
previously described [14].

Briefly, slides were incubated with peroxidase block to
eliminate endogenous peroxidase activity. After washing,
mouse monoclonal anti-MT I + II IgG1 (clone E9; Dako
Cytomation, USA; diluted 1:50 with 1% BSA in PBS) that
reacts against a conserved epitope of murine and humanMT-1
and MT-2 isoforms [24, 26] or rabbit polyclonal anti-megalin
IgG (H-245, Santa Cruz Biotechnology, USA; diluted 1:200
with 1% BSA in PBS) were added to the tissue samples and
incubated overnight at 4 °C in a humid environment, followed
by 45-min incubation with peroxidase-labelled polymer con-
jugated to goat anti-mouse or anti-rabbit immunoglobulins
containing carrier protein linked to Fc fragments to prevent
nonspecific binding. The immunoreaction product was visu-
alized by adding substrate chromogen (DAB) solution.
Tissues were counterstained with haematoxylin, dehydrated
through graded ethanol, and mounted using Entellan
(Sigma-Aldrich, Germany). The specificity of the reaction
was confirmed by substitution of antigen-specific antibody
with mouse irrelevant IgG1 kappa immunoglobulin (clone
DAK-G01; Dako, USA), used in the same conditions and
dilutions as a primary antibody. As positive controls for the
sensitivity of procedure, we used regenerating liver tissue ob-
tained from partially hepatectomized mice for MT I/II [28]
and choroid plexus tissue obtained from cuprizone-treated
mice for megalin [14]. The microphotographs were taken
and examined under an Olympus BX51 light microscope
(Olympus, Japan).

Immunofluorescence

Single and double labelling of MT-I/II and megalin were per-
formed on paraffin-embedded cervical tissue slides by the use
of mouse anti-MT I + II IgG1 (clone E9; Dako Cytomation,
USA; diluted 1:50), rabbit anti-megalin IgG (H-245, Santa
Cruz Biotechnology, USA; diluted 1:50), rabbit anti-CD3
IgG (Abcam, UK, 1:100) and mouse anti-AKT1 (phospho-
T308) IgG1 (Abcam, UK, 1:50).
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Tissue sections were submitted to heat-induced antigen re-
trieval and nonspecific binding was blocked by one-hour in-
cubation with 1% BSA in PBS containing 0.001% NaN3 at
room temperature. Immunocomplexes were visualized by sec-
ondary antibodies Alexa Fluor goat anti-mouse IgG1 555 nm
(Molecular probes, USA, 1:500) and Alexa Fluor donkey anti-
rabbit IgG 488 nm (Molecular Probes, USA, 1:300).
Secondary antibodies were diluted in blocking solution and
incubated with tissue sections in dark for 1 h at room temper-
ature in a humid environment. Nuclei were visualized with 4′,
6-diamidino-2-phenylindole, dihydrochloride (DAPI,
Molecular Probes, USA,). Images were captured on
Olympus imaging system BX51 equipped with a DP71CCD
camera (Olympus, Tokyo, Japan) and the CellF imaging soft-
ware was used. Antibodies used in the study are listed in the
supplementary material (Table 1 supplement).

Semi-quantitative analysis and immunohistochemical
staining quantification

The intensity and distribution of MT and megalin immuno-
staining were evaluated in sections of the cervix stained by
anti-MT I + II or by anti-megalin antibodies after
photographing under a light microscope (magnification ×
400, Olympus BX51Microscope). The analysis was indepen-
dently made by 2 evaluators in specific tissue areas (basal and
parabasal layers of normal/dysplastic epithelium, glandular
epithelium, mononuclear lymphatic cells) and in specific cel-
lular compartment (cytoplasm or nuclei).

Immunohistochemistry results were evaluated on the basis
of staining intensity and percentage positivity as described by
Jawanjal et al. [29]. Briefly, the intensity of protein expression
was scored on the scale of 0–3 positivity (‘0’, negative stain-
ing; ‘1’, weak; ‘2’, moderate and ‘3’, intense positive stain-
ing), while percentage positivity of stained cells was ranged
from 1 to 4+ (‘0’, complete absence; ‘1’, < 5%; ‘2’, 5–20%;
‘3’, 21–50%; ‘4’, > 50% positive stained cells). The total im-
munoreactive score (IRS) was calculated by taking the prod-
uct of both intensity and percentage positivity value. The data
are presented as average IRS ± standard error of the mean
(SEM) on scale, ranging from 0 to 12. For analytical purposes,
the IRS scores were further clustered into three grades: 0–1 =
absent, 2–5 = low expression and 6–12 = high expression.

In addition, in 3 cervical biopsy samples per grade of CIN
group the immunohistochemical staining quantification of
MT-I/II and megalin expression was performed using Image
J software, as we previously described [14]. For this purpose
captured images were converted to 16-bit images based on
grey-scale with different grey intensity range, depending on
the strength of immunohistochemical signals. Digital back-
ground subtraction was done and intensities were inverted in
order to achieve positive correlation of staining intensity and
brightness as a grey intensity. The threshold was then

manually set so that any background brightness was consid-
ered as the value 0, and background signals were completely
excluded from the calculation. Regions of interest (ROIs)
were arranged to cover the area being analysed and ROI sur-
face size was always equal for each analysed area. Three re-
gions of interest were analysed per field (× 400) in the ten
fields per microscopic slide of tissue samples, derived from
the intact cervix, LSIL and HSIL. The data were expressed as
average grey intensity ± SEM.

Statistical analysis

The statistical analyses were performed using Statistics soft-
ware version 12 (StatSoft Inc., Tulsa, OK, USA). The distri-
bution of data was tested for normality using the Kolmogorov-
Smirnov test. Differences between groups were assessed with
χ2 test or with one-way analysis of variance (ANOVA)
followed by the post hoc Scheffé test. The level of signifi-
cance was set at p < 0.05.

Results

Expression of metallothionein-I/II in LSIL and HSIL

Immunohistochemical analysis of MT-I/II expression was
made in cervical tissue samples classified as normal, LSIL
(CIN1) and HSIL (subdivided in CIN2 and CIN3/CIS). The
data are presented in Fig. 1 and on Table 2 (in supplement),
which shows the total IRS of MT-I/II expression obtained by
multiplying the staining intensity of MTs by the percentage of
MT-positive cells. They show that in intact cervix the immu-
noreactivity of MTs was almost negligible (Fig. 1A a, b) and
that in LSIL (CIN1), it was limited to basal and parabasal cells
of the squamous epithelium at the squamocolumnar junction
(Fig. 1A c, d). In HSIL, however, in the majority of CIN2
cases, the intense cytoplasmic and nuclear expressions of
MT were found throughout the full thickness of the dysplastic
squamous epithelium, both in basal and in superficial layers
(Fig. 1A e–g), as well as on several subepithelial stromal cells
(arrows on Fig. 1A g, h). In the cases of CIN3/CIS, a promi-
nent MT-I/II staining was observed on the dysplastic epithe-
lium (Fig. 1A i, j), as well as on several infiltrating mononu-
clear lymphatic cells (MNLC) in stroma (arrows on Fig. 1A i,
j). The semi-quantitative analysis also showed that in higher
grades of CIN lesions, the total MT-I/II IRS in basal epitheli-
um increased from 2.0 ± 0.5 (CIN1) to 8.3 ± 2.3 (CIN2) and
7.3 ± 2.7 (CIN3/CIS), and that in CIN2, its IRS in the super-
ficial layer (7.3 ± 2.7) was significantly greater than in other
types of dysplasia (Fig. 1C; p < 0.001).

Moreover, in HSILs increased the nuclear expression of
MTs (high IRS was found in 80% of CIN2 and in 53.3% of
CIN3/CIS cases) and the infiltration with MT-I/II positive
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MNLC (high IRS were found in 66.7% and 73.3% of cases,
respectively) (Fig. 1C; Table 2 supplement).

Megalin immunoreactivity

Staining with anti-megalin antibody did not result in any
immunopositivity in normal cervical tissue samples (Fig. 2A
a–d). In LSIL (CIN1), the expression of megalin appeared on

some cells in squamous and glandular epithelium (Fig. 2A e–
h), but in HSIL (CIN2), it was visible on numerous epithelial
cells in dysplastic zone (Fig. 2A i, j) as well as in numerous
MNLC in stroma and in glandular epithelium (Fig. 2A k, l).
Megalin overexpression became even more visible in the
cases of CIN3/CIS on MNLC that infiltrated the stroma
(Fig. 2A m, n) and on epithelial cells in several glands (Fig.
2A o, p). In these locations, high scores of cytoplasmic and

Fig. 1 MT-I/II immunoreactivity in low- and high-grade squamous
intraepithelial lesions. (A) Representative immunohistochemical pictures
show staining with anti-MT-I/II antibody in paraffin-embedded sections
of the cervical tissue samples, classified as normal cervix (a, b), LSIL
(CIN1) (c, d) and HSIL, subdivided as CIN2 (e–h) and CIN3/CIS (i, j).
(B) Negative (isotype-matched) control—staining of cervical tissue by
mouse irrelevant IgG1 kappa immunoglobulin (a, b); Positive control—
staining of murine hepatocytes after 1/3 partial hepatectomy by anti-MT-
I/II antibodies (c, d) [28]. Scale bars 50 μm (A a–j; B a–c) and 20 μm (B

d). (C) MT-I/II immunoreactivity in different SIL/CIN categories
(expressed as total immunoreactive score (IRS) in squamous epithelium,
in specific cell compartment and in mononuclear lymphatic cells
(MNLC). IRS was calculated by taking the product of staining intensity
(ranged from 0 to 3) and percentage positivity (ranged from 1 to 4).
Values are expressed as mean ± SE. *p < 0.05, **p < 0.01 and
***p < 0.001 in comparison with basal layer in the intact cervix;
#p < 0.05, ##p < 0.01 comparison of the basal and superficial layer in
each group
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nuclear megalin expression were found in great number of
examined cases of CINs (53.3% and 86.7% in CIN2 and
66.7% and 73.3% in CIN3/CIS) (Table 3; supplement).

Besides, the data obtained by semi-quantitative analysis
showed that in the cases of CIN2 and CIN3/CIS, the megalin
overexpression in basal and superficial layers of squamous

Fig. 2 Megalin immunoreactivity in low- and high-grade squamous
intraepithelial lesions. (A) Representative immunohistochemical pictures
show staining with anti-megalin antibody in paraffin-embedded sections
of the cervical tissue samples, classified as normal cervix (a–d), LSIL
(CIN1) (c–h) and HSIL, subdivided as CIN2 (i–l) and CIN3/CIS (m–p).
(B) Negative (isotype-matched) control—staining of cervical tissue by
mouse irrelevant IgG1 kappa immunoglobulin (a, b); Positive control—
staining of choroid plexus in cuprizone-treated mice by anti-megalin

antibody [14]. Scale bars 100 μm (A a, e, i, m); 50μm (all other pictures).
(C)Megalin immunoreactivity in different SIL/CIN categories (expressed
as total immunoreactive score (IRS) in squamous epithelium, in specific
cell compartment, in mononuclear lymphatic cells (MNLC) and in glan-
dular epithelium IRS was calculated by taking the product of staining
intensity (ranged from 0 to 3) and percentage positivity (ranged from 1
to 4). Values are expressed as mean ± SE. ***p < 0.001 in comparison
with findings in intact cervix
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and glandular epithelium was significantly greater than that in
other types of cervical lesions (Fig. 2C; p < 0.001).

Notably, the additional analysis performed by the Image J
software confirmed that MT-I/II and megalin immunoreactiv-
ities in squamous epithelium were greater in HSILs than in
LSILs (Fig. 1 in supplement).

MT-I/II and megalin expression in HSIL

Since previous, immunohistochemical findings clearly
showed that MT-I/II and megalin were overexpressed partic-
ularly in HSIL (CIN2 and CIN3/CIS), by double immunoflu-
orescence, we further attempted to visualize the possible co-
localization of MT-I/II and megalin in affected cervical
regions.

CIN2

As shown on Fig. 3, immunofluorescent staining confirmed
that in HSIL (CIN2), MT-I/II and megalin were expressed in
the same areas of dysplastic squamous epithelium (a–f). In
addition, in these places (g–i) and around some MT-positive
mononuclear cells in stroma, multiple megalin-positive lym-
phoid cells were found (m–o). The data also showed that in
HSIL, the MT-I/II and megalin immunoreactivity were
expressed in glandular epithelium and in vascular endotheli-
um and that some of these cells co-expressed both proteins
(Fig. 3 j–l).

CIN3/CIS

Single immunofluorescence for MTs confirmed that in a more
aggressive form of cervical lesions (CIN3/carcinoma in situ)
MT-I/II was expressed on dysplastic squamous epithelial cells
(Fig. 4A a, d, g), as well as on numerous MNLC in stroma
(Fig. 4A j, m). Some of MT-positive epithelial cells co-
expressed also megalin (Fig. 4A d–f), but on numerous mono-
nuclear cells in stroma (Fig. 4A b, h) and on the glandular
epithelium of the endocervix (Fig. 4A k, n) the sole megalin
immunoreactivity was found. Immunostaining with anti-CD3
antibodies showed that in the vicinity ofMT-I/II, positive cells
were present in several T lymphocytes (Fig. 4B).

Megalin-positive cells express phosphorylated Akt-
1/protein kinase B

Since binding of MT-I/II or other ligands to megalin/LRP2
receptor may in target cells induce the activation of serine/
threonine-protein kinase-Akt-1/protein kinase B signalling
cascade [30], in megalin-positive cells, we evaluated also the
presence of phosphorylated Akt-1 (pAkt-1; phospho-
threonine 308). The data obtained by double immunofluores-
cence showed that in HSILs several megalin-positive

squamous cells (Fig. 5A a–c; B a), lymphocyte-like cells
(Fig. 5 B c) and glandular epithelial cells (Fig. 5B a–c) co-
express pAkt-1.

Discussion

In agreement with a number of previous reports, pointing to
high MT expression in uterine cervical squamous lesions and
in aggressive endometrial adenocarcinomas [24–26, 31], in
the current study, we have confirmed that MT-I/II overexpres-
sion may be found within the transformation zone of the cer-
vix particularly in the cases of HSILs (CIN2 and CIN3/CIS).
These well-known findings are generally related to the pro-
proliferative and anti-apoptotic activities of MTs and their
intracellular ability to act as a reservoir of metals for numerous
cellular proteins, enzymes, DNA and RNA polymerases and
transcription factors that require Zn for their biological activ-
ity, and as potent scavengers of ROS in conditions of stress,
hypoxia and inflammation [2, 15, 16, 18]. It is, however, also
emphasized that overexpression of MT-I/II might have both
anti-oncogenic and oncogenic potential, since, in initial stages
of tumour development, they may suppress mutation, while in
tumour cells, they may promote accelerated growth and sur-
vival of neoplastic cells preventing the binding of tumour
suppressor gene p53 to DNA or inducing a reversible confor-
mation of wild-type p53 to the mutant form by binding zinc
ions to cysteinyl residues [16, 18, 31, 32]. Moreover, it was
reported that p53 might be directly involved in transcription of
MT-1A and MT-2A genes in epithelial breast cancer cells
[22].

Our data showing that in cervical microenvironment of
severe forms of CINs concomitantly increases the megalin/
LRP2 and pAKT1 immunoreactivity suggest that some dif-
ferentiation and survival-promoting effects of MT-I/II
might be obtained through receptor-activated endocytosis
of extracellular MTs or through the activation of other
megalin-dependent signal transduction pathways that lead
to the activation of Src/ErK/Akt/CREB. Since these chang-
es were not observed in normal cervical tissue, nor in LSILs
(CIN1), we may speculate that they probably contributed to
the better survival of aberrant cells in squamous epithelium
and process of oncogenesis, but although similar MT/
megalin interactions have been described as important cell
signalling pathways mediating neuroprotective and
neuroregenerative effects of MTs in the central nervous sys-
tem (CNS) [7–9, 13, 14, 33–35], so far, only a few reports
showed their involvement in carcinogenic processes. Thus,
consistent with our data, it has been reported that MT-I/II and
megalin are significantly altered in primary CNS lymphoma
[23], as well as that melanoma tumours, which express high
MT immunoreactivity [36, 37] frequently acquires LRP2/
megalin expression [19]. Moreover, the latter study showed
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that megalin expression in melanoma cells was crucial for cell
maintenance, since siRNA-mediated reduction of LRP2/
megalin expression in melanoma cells significantly decreased
their proliferation and survival rates [19].

Based on these findings, we may speculate that MT-I/II/
megalin interactions contributed to the development of severe
dysplasia and better survival of malignantly transformed cells
in cervical squamous epithelium, but mechanisms need to be

Fig. 3 MT-I/II and megalin expression and co-expression in HSIL
(CIN2). Cells expressing MTs and megalin were detected by the use of
anti-MT-I + II (red staining) and anti-megalin antibodies (green staining)
in paraffin-embedded sections of the cervical tissue samples, classified as
HSIL/CIN2 lesions. Blue marks DAPI staining of nuclei and yellow

marks the overlapping of MT-I + II with megalin. Representative images
show findings in squamous epithelium (a–i); in glandular epithelium and
vascular endothelium (j–l) and in lymphatic infiltrates in stroma (m–o).
Scale bars: 100 μm (a–c) and 50 μm (d–o)
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Fig. 4 (A) MT-I/II and megalin expression and co-expression in HSIL
(CIN3/CIS). Cells expressing MTs and megalin were detected by the use
of anti-MT-I + II (red staining) and anti-megalin antibodies (green stain-
ing) in paraffin-embedded sections of the cervical tissue samples, classi-
fied as CIN3/CIS. Blue marks DAPI staining of nuclei and yellow marks
the overlapping of MT-I + II with megalin. Representative images show

findings in squamous epithelium (a–i); in glandular epithelium and lym-
phatic infiltrates in stroma (j–o). Scale bars: 100 μm (a–c) and 50 μm (d–
o). B) MT-I/II and CD3 expression in stroma of CIN3/CIS.
Representative images show the presence of T lymphocytes (green stain-
ing) in the vicinity of MT-I/II-positive cells (red staining). Scale bars
50 μm
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elucidated. The hypothesis is, however, supported by the ev-
idence showing that increased levels of extracellular MT in
combination with other factors trigger the upregulation of
megalin in absorptive epithelia in the kidney [38], as well as
in ependymal cell lining the ventricular wall, capillaries and
choroid plexus cells in the brain [14, 33, 39]. As extensively
reviewed by Atrian and Capdevila, the mechanisms might
include both physical interactions of MTs with their receptors
and other proteins, as well as metal swap events, related to Zn/
Cu exchange reactions and function of MT3 isoform [20]. In
accordance with the first proposal, in different neuronal
models, it was shown that MT-I/II, internalized by megalin,
might itself activate molecular signalling pathways by the re-
lease of zinc into the cytoplasm, as well as that binding of MT
to megalin might result in the cleavage of a C-terminal intra-
cellular component of megalin and in induction of classical
receptor-like signal transduction properties, such as activation
of the MAPK-dependent signalling pathways [9, 11, 12] or
AKT/Protein kinase B [14]. In this regard, our data need fur-
ther investigation, but findings of nuclear expression of
megalin and pAkt1 (Thr308) in affected cells (Fig. 5) point
to potential intramembranous proteolysis of megalin, since
these cytosolic fragments contain critical signalling motifs
for interaction with a set of cytoplasmic adaptor and scaffold
proteins and in some instances enter the nucleus to regulate
transcription of target genes [40–43].

In line with current evidence, we, thus, can speculate that
megalin-dependent signals induced by binding of MT-I/II or

other signals, such as extracellular matrix (ECM) proteins, cell
surface components, growth factors, morphogens, and cyto-
kines, contribute to the epithelial–mesenchymal transition
(EMT) program and malignant transformation of cervical ep-
ithelial cells [44, 45]. Besides, since in HSILs we found that
megalin immunoreactivity appeared also on numerous mono-
nuclear lymphoid cells, as well as on vascular endothelium
and glandular epithelium (Figs. 2, 3 and 4), i.e. on structures
which, in intact cervical tissue and in CIN1, did not express
megalin (Fig. 2A a–f), we also underline that megalin/LRP2,
asmultiligand endocytic receptor, might be involved in uptake
and transport of vital nutrients and growth factors required for
the survival of activated cells (lipoproteins, albumins, vitamin
B12 and D binding proteins, ferritin, epidermal growth factor,
insulin-like growth factor 1, etc.) [46, 47], as well as in endo-
cytosis and trafficking of ligands that in tumour microenviron-
ment (TME) regulate the processes of innate and adaptive
immunity. To our knowledge, the potential effects of
megalin-related pathways on these functions have not been
emphasized, but it is well known that TME employs multiple
mechanisms to switch off the anti-tumour functions of im-
mune cells [48, 49]. MT-I/II-positive macrophage-like cells
in stroma (Figs. 3 and 4 A, B) probably contributed to these
events since in different types of squamous cell carcinoma and
in breast adenocarcinoma, it has been shown that the expres-
sion of MT-I/II in cancer-adjacent stroma might reduce the
number of CD56- and CD57-positive lymphocytes and con-
tribute to immune system inhibition and tumour progression

Fig. 5 Megalin-positive cells
express phosphorylated Akt-1/
protein kinase B. Cells expressing
megalin (green staining) and
phospho-AKT1/protein kinase B
(pAkt1) (red staining) were de-
tected by the use of anti-megalin
and anti-pAkt1 (phospho-
Thr308) antibodies in paraffin-
embedded sections of the cervical
tissue samples, classified as HSIL
(CIN2) (A) or CIN3/CIS (B).
Blue marks DAPI staining of nu-
clei and yellow marks the over-
lapping of megalin with pAkt1.
Scale bars: 50 μm (A a, b; B a–c)
and 20 μm (A c)
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[32], as well as that zinc and MT might play crucial roles in
NK and NKT cell development and functions [50].
Noteworthily, the data also showed that the intensity of the
MT immunoreactivity in uterine cervical cancer might be
linked to both the depth of the local invasion and the extent
of the distant advancement of the disease [25] and that cross-
talk between myeloid-derived suppressor cells, macrophages,
and dendritic cells may enhance tumour-induced immune sup-
pression and stimulate tumour neovasculature [49]. In this
context, our data need further investigations, but to our knowl-
edge, this is the first investigation pointing to the MT/megalin
interaction and significance of megalin expression in TME for
the development of severe CIN lesions. In conclusion, in this
report, we demonstrate that HSIL in dysplastic squamous ep-
ithelium raises not only MT-I/II expression but also the ex-
pressions of multiligand endocytic receptor-megalin/LRP2,
which may through internalization of exogenous MTs or
through receptor-accelerated phosphorylation of Akt1/
protein kinase B promote the survival of activated cells. In
addition, we show that in advanced squamous cervical lesions
(CIN2I and CIN3/CIS), megalin expression rises also on sev-
eral lymphoid, epithelial and endothelial cells, as well as that
numerous stromal, macrophage-like cells, expresses MT-I/II
immunoreactivity, indicating that these changes may partici-
pate in a reprogramming and polarization of the innate cell
compartment and contribute to immune system inhibition and
tumour progression and dissemination.

Taking together, the data indicate that the combined anal-
ysis of MT and megalin may enhance the diagnostic power of
each individual marker and improve the preventive and ther-
apeutic strategies for cervical cancer.
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