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Abstract

Purpose E-cadherin is a calcium-dependent glycoprotein whose main role is cell-cell adhesion. Its transcriptional repressor
TWIST1 is a basic helix—loop-helix (bHLH) protein that participates in gastrulation and formation of mesodermal tissues
during embryogenesis. In adult tissues, the high expression of TWIST1 induces the epithelial-mesenchymal transition
(EMT)—a process in which cells become motile and able to metastasize. In this paper, we investigated the involvement of
E-cadherin and TWIST1 in the carcinogenesis of brain metastases originating from two different primary sites—breast and
lung.

Methods The localization and expression of E-cadherin and its transcriptional repressor TWIST1 were investigated using
a DAB-labeled streptavidin—horseradish peroxidase immunohistochemical reaction and specific monoclonal antibodies
against TWIST1 and E-cadherin. Image J software was used for semi-quantitative analysis while H-score served for statisti-
cal evaluations.

Results Immunohistochemistry showed that the expression of E-cadherin was downregulated in 85.7% of brain metastases,
while at the same time, 82.2% of them showed upregulated TWIST1. Statistical analysis confirmed a significant negative
correlation between expressions of TWIST1 and E-cadherin (p = 0.001). When the brain metastases expression levels
were compared to primary breast tumors in corresponding patients, E-cadherin showed higher expression in primary pairs
compared to corresponding metastases. Consistent to its role, TWIST1 was downregulated in all primary tumor samples in
comparison to corresponding metastases pairs (p = 0.034).

Conclusion This research provides valuable data regarding molecular events involving two EMT key components that could
give directions for new possibilities for brain metastases diagnosis and treatment.
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Background

Autopsy-based epidemiological studies indicate the pres-
ence of secondary tumors (metastases) of the central nerv-
ous system in about 25% of patients who died of malignan-
cies [1]. The most common primary sites that metastasize
to central nervous system (CNS) are malignant lung and
breast tumors (45% and 15%, respectively), followed by
melanomas, kidney and colorectal cancers, non-Hodgkin’s
lymphomas and multiple myelomas [2]. The majority
(80%) of brain metastases is localized in the cerebral hem-
ispheres at the border zone of gray and white matter, about
15% are found in the cerebellum and 5% in the brain stem,
while the areas of the spinal cord and meninges are less
commonly affected. However, the lack of epidemiological
studies does not provide us with accurate data on the inci-
dence of central nervous system metastases. Nevertheless,
it is estimated that the incidence of brain metastases is
about 3 times higher than the incidence of primary brain
tumors [1]. In this study, we decided to investigate the
involvement of two proteins, markers of epithelial-mesen-
chymal transition (EMT), in brain metastases originating
from breast and lung cancers.

Epithelial cadherin or E-cadherin is one of the central
cell adhesion glycoproteins that belong to the group of
calcium-dependent adhesion molecules. Expression of
epithelial cadherin begins at an early embryonic two-cell
stage to serve for blastomere adhesion and subsequent cell
polarization [3]. In mature epithelial tissues, E-cadherin
is indirectly involved in cellular signaling, proliferation,
apoptosis, and differentiation, but directly maintains cell
adhesion, so it is not surprising that some call it “the
guardian of the epithelial phenotype” [4]. Loss of E-cad-
herin is one of the main indicators of the EMT in which
cells develop mesenchymal features by losing polarity and
cell adhesion [5]. Expression of mesenchymal markers,
such as N-cadherin, vimentin and fibronectin, gives the
cells a greater ability to move, thereby providing them
with invasive and metastatic potential [6, 7]. Based on the
above, E-cadherin was characterized as a tumor suppres-
sor that prevents the invasiveness and metastatic poten-
tial of neoplastic cells. However, some papers report that
E-cadherin can be re-expressed in the metastatic deposits
where it allows re-stabilization and growth of tumors at
the secondary localization [8—10]. The today’s concept of
EMT transient states and cellular plasticity replaced the
classic view of EMT in tumor as the transformation of
epithelial cells into mesenchymal. We have also learned
that carcinoma cells can undergo a partial EMT where
cells acquire mesenchymal but keep epithelial markers as
well. Those intermediate EMT states are influenced by the
microenvironment enabling cells to quickly adapt to novel
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“soils” [9, 10]. The alterations of E-cadherin expression
indicate that other important factors, such as the extracel-
lular matrix remodeling together with signaling mecha-
nisms during tumor cell adaptation, are also important for
the metastatic process [9, 11].

TWISTI belongs to helix—loop-helix (HLH) transcrip-
tion factors whose important roles in gastrulation, mesoderm
differentiation, and dorsal-ventral axis formation have long
been recognized in the fruit fly model. TWIST1 expression
in adult human tissues is in general very low. The highest
expression was observed in placenta, while in other tissues,
it is negligible, present only in traces in healthy mesodermal
tissues [11]. TWIST1 is often activated and upregulated dur-
ing carcinogenesis [12—14] and its expression is regulated
by many signaling pathways responsible for cell growth and
proliferation including AKT, STAT3, MAPK, Ras, and Wnt
pathways. TWIST1 is the transcriptional repressor of E-cad-
herin whose activation decreases cadherin expression levels,
while at the same time increases the expression of neural
cadherins. Because N-cadherin and E-cadherin are major
markers of EMT, TWIST1 is involved in the regulation of
EMT, both embryonic and oncogenic [15, 16]. In the pro-
cess of EMT, the epithelial phenotype is gradually replaced
by a more mobile and invasive mesenchymal one, prone to
hematogenous dissemination and formation of metastases.
TWISTT acts on the expression of E-cadherin both directly
and indirectly. Directly it reduces E-cadherin expression by
binding to the E-cadherin promoter, and indirectly by induc-
ing SNAI2 expression, a protein which also binds to the
E-cadherin promoter region and inhibits its transcription [4,
17, 18]. Numerous studies have shown that enhanced expres-
sion of TWIST1 contributes to the production of highly
resistant malignancies with small therapeutic potential [4].

Materials and methods
Sample collection and processing

Formalin-Fixed Paraffin-Embedded (FFPE) brain metas-
tases samples and primary breast and lung tumors were
collected from the Neurosurgery Clinics and the Depart-
ments of Pathology Hospital Centers “Zagreb”, and “Sis-
ters of Mercy”, Zagreb. Patients’ tumors were identified by
magnetic resonance imaging (MRI) and removed using a
micro-neurosurgical technique. Tumors were histopathologi-
cally classified as small-cell lung carcinomas, non-small-
cell lung carcinoma (NSCLC), and invasive ductal breast
carcinoma. We analyzed 28 samples of metastatic brain
tumors, 15 of which originated from primary lung carci-
noma (12 non-small-cell and 3 small-cell lung carcinomas),
whereas 13 originated from primary breast carcinoma (all
invasive ductal carcinomas) and 10 primary tumor pairs.
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The samples were collected through surgical resection of
brain metastases from 20 female and 8 male patients. The
subjects’ age ranged from 39 to 81, with an average age of
59.68. The median age at the time of diagnosis was 62.88
in men and 58.40 in women. Ethical approval was received
from the Ethical Committees School of Medicine University
of Zagreb (case number: 380-59-10106-14-55/147; class:
641-01/14-02/01) and University Hospital Centers “Sisters
of Mercy” (Number EP-7426/14-9) and “Zagreb” (Num-
ber 02/21/]JG, Class: 8.1.-14/54-2) and all patients provided
informed consent. Six samples of primary lung cancer and
4 primary breast cancers were also collected and analyzed
to compare gene expression between primary tumors and
metastasis.

Immunohistochemistry

The protein expression levels and localizations were deter-
mined by an immunohistochemical method using TWIST1
and E-cadherin-specific antibodies, in separate reactions.
Paraffin Sects. 5 pm in thickness were fixed onto coated
FLEX microscope slides (DakoCytomation, Glostrup,
Denmark), then deparaffinized in xylene/ethanol baths and
rehydrated in citrate buffer which unmasked epitopes. This
was followed by incubation with hydrogen peroxide solution
(30% H,0,, methyl alcohol, and distilled water at a ratio
of 3:3:1) in a humid chamber for 10 min at room tempera-
ture to avoid the false-positive signal caused by oxidation
of 3,3’-diaminobenzidine tetrahydrochloride (DAB). Non-
specific binding of the primary antibody was blocked by
adding serum (Protein Block Serum-Free, Dako, Glostrup,
Denmark) and incubating for 30 min at 4 °C. The serum was
carefully removed from the slide and each primary antibody
was applied. For E-cadherin detection, we used monoclonal
mouse anti-human E-cadherin clone: NCH-38 code M3612
(Dako, Glostrup, Denmark), diluted 1:100; and for TWIST1
mouse monoclonal antibody 10E4E6 (Santa Cruz Biotech-
nology, Inc., USA), diluted 1:400.

The next step was the incubation at 4 °C overnight, fol-
lowed by Dako REAL™EnVision"/HRP, Rabbit/Mouse
(ENV) kit reagent for 45 min and visualization of the reac-
tion by Dako REAL™ DAB + Chromogen (EnVisionTM,
Dako REALTM) for 2-5 min. Also, the hematoxylin was
applied for 3 min for counterstain. To exclude any non-spe-
cific staining negative control, a paraffin slide treated in the
same manner as the slides tested, but without the addition of
a primary antibody, was used in each of the staining series.
Liver, placenta and colon samples were used as positive con-
trols for E-cadherin and TWIST 1, respectively, according to
the manufacturer’s instructions. The reaction was marked
as positive if brown staining was observed in the nucleus or
membrane and/or cytoplasm or negative if only blue hema-
toxylin staining persisted in the tumor hot spot.

The results of the immunohistochemical reactions of
TWIST1 and E-cadherin proteins were determined by a
semi-quantitative analysis technique, where samples were
analyzed using a bright-field microscope (Olympus Provis
Ax70). For each sample, 200 cells were counted in tumor hot
spot area and their protein expression intensities were deter-
mined using ImageJ software (National Institutes of Health,
Bethesda, Maryland, USA). Assessment of immunopositiv-
ity in membranes, cytoplasm and/or cell nuclei was based on
histological score or H-score. The cell staining intensity was
divided into four categories: (0) no immunopositivity—blue
staining, (1) weak—Ilight yellow staining, (2) moderate—
brown staining and (3) strong—dark brown staining. The
H-score is calculated according to formula (1) where % cell!
indicates the percentage of cells stained with intensity 1; %
cell? with intensity 2, and % cell® with intensity 3.

H—score = [1 X (%cell') + 2 x (%cell®) + 3 x (%cell’)] (1)

The H-score, therefore, ranged 0-300. Subsequently,
the H-score values were converted into the following cat-
egories: (0) =no expression (H-score =0-30), (1) =weak
expression (H-score =31-180), (2) =moderate expres-
sion (H-score=181-255) and (3) =strong expression
(H-score =256-300). The specimens were inspected by
three independent observers, who were “blind” to experi-
mental conditions.

Statistical analysis

All statistical evaluations including histological subtype
of the primary lesion, sex, age, protein expression intensi-
ties, subcellular localization and number of cells showing
the specific intensity of E-cadherin and TWIST1 were per-
formed with the SPSS statistical package 23.0 (SPSS Inc.,
Chicago, IL, USA) with the statistical significance set at
p <0.05. Normal distribution of the data was tested using a
Kolmogorov—Smirnov test for normality where significance
p <0.05 indicates that the distribution significantly differs
from normal. Differences in the distribution of two inde-
pendent samples were determined with the Mann—Whitney
U test, while differences between two sets of observations
on a single sample were obtained with the Wilcoxon test.

Analysis of public database cBioPortal

Our results were compared to data provided by the publicly
available database cBioPortal [24]. To validate our findings,
we explored the public datasets downloaded from the cBio-
Portal for Cancer Genomics web resource which compiles
data from the most recent studies from The Cancer Genome
Atlas (TCGA) (https://www.cancer.gov/tcga).
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Results
Demographic and clinical parameters of metastases

The results of the Kruskal-Wallis test show that there was
a statistically significant difference in the age of diagnosis
between different pathohistological types of brain metas-
tases (p <0.001). Using the Mann—Whitney U test, we
have established that metastases from NSCLC appeared
at a later age than those from invasive ductal carcinoma
(p <0.001). All collected breast cancer samples were
from the female population. Although our cohort included
20 females and 8 males, the variable sex was not signifi-
cantly associated to any specific pathohistological origin
of brain metastases.

E-cadherin expression

Our results showed that E-cadherin expression was
weak (46.4%) or lost (39.3%) in the majority of brain
metastases (85.7%). Moderate expression was observed
in 10.7%, while only 3.6% showed strong expression of
E-cadherin in the membrane and cytoplasm. However,
protein expressions differed between brain metastases
according to distinct primary tumor sites. In metastases
originating from lung, 80.0% of samples showed complete
loss or weak E-cadherin expression, while 13.3% showed
moderate and only 6.7% strong expression of this protein
(Fig. 1a). Slightly different distributions were observed in
metastases originating from breast tumors, where 92.3%
of samples showed complete loss of the protein or its low
expression levels. Moderate expression displayed 7.7%
of metastases while none of the samples showed strong
expression of E-cadherin protein (Fig. 1a).
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The overall expression levels of TWIST1 protein were
higher than the levels of E-cadherin. TWIST1 expression
was strong (42.9%) or moderate (39.3%) in the majority of
brain metastases (82.2%), weak in only 7.1% of samples,
while lack of its expression was observed in 10.7% of total
metastases. The analysis of this protein also showed that the
expressions of TWIST1 differed between brain metastases
originating from different primary sites. The highest number
of samples (53.3%) with the strong TWIST1 expression was
confined to metastases from lung tumors. Moderate expres-
sion was observed in 20.0%, while weak expression and
loss of the protein was seen in 26.7% of metastases from
the lung. Meanwhile, 61.5% metastases from breast tumors
showed moderate expression with an additional 30.8% with
strong expression levels (Fig. 1b). Only 7.7% of metastases
displayed weak expression, while complete loss of TWIST1
expression has not been observed in any of the analyzed
samples. In spite of the somewhat heterogeneous primary
origins, the molecular findings in metastases are surprisingly
homogenous.

The correlations of E-cadherin and TWIST1
expression levels

Next, we counted the cells displaying different staining
intensities for each patient and calculated the H-scores
(Fig. 2). Such semi-quantitative analysis showed that metas-
tases originating from breast cancer contained a significantly
higher number of weakly stained cells for E-cadherin than
the metastases originating from lung (p =0.025). Differences
in counted cells among other categories of staining intensi-
ties were not significant. For instance, in category 2—mod-
erate expression, 38.5% of metastases from breast showed
higher expression of TWIST1 compared to metastases from
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Fig. 1 Percentage of metastases expressing (a) E-cadherin and (b) TWIST1. ML—metastases from lung; MB—metastases from the breast; 0—
no expression 1—weak expression 2—moderate expression and 3—strong expression
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Fig.2 The proportion of
H-scores of E-cadherin and
TWISTI in each of 28 brain
metastases samples
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lung, but the difference between moderately stained cells
was not significant (p =0.102).

To determine the possible correlation between TWIST1
and E-cadherin expression, the H-score values were ana-
lyzed for each sample by Mann—Whitney U and Wilcoxon
tests. The relationship between the H-score of E-cadherin
and TWIST1 is shown in Fig. 2. The Wilcoxon test per-
formed on the H-score values showed a statistically signifi-
cant difference in the expression of TWIST1 and E-cadherin
in brain metastases (Z= —3.302; p=0.001). Furthermore,
when the H-scores were categorized into two categories:
strong (H-score =181-300) and weak (H-score =0-180)
expression, the Mann—Whitney U test showed that the sam-
ples with low E-cadherin expression had the highest H-score
of TWIST1 protein (p=0.002). The reverse analysis also
confirmed this with an even more pronounced negative
association between H-scores of TWIST1 and E-cadherin
expressions (p =0.001). The immunohistochemical staining
of both proteins is shown in Fig. 3.

Comparison of TWIST1 and E-cadherin expression
levels between primary tumors and corresponding
metastases

The expression levels of E-cadherin and TWIST1 were also
determined in 10 primary tumor pairs, 4 of which invasive
ductal carcinomas and 6 NSCLC. Unfortunately, we were
not able to collect all paired primary samples. Neverthe-
less, the collected group served for expression comparison
between the primary tumor and its associated metastases.
The significance was not established due to the small num-
ber of primary tumor samples. However, the following dis-
tribution was observed: E-cadherin expression was lost or
weak in 7/10 primary tumors, moderate in 2/10 and strong
in only 1/10 primary tumors. Similarly, TWIST1 expres-
sion was weak in 6/10 primary tumors, moderate in 3/10
and strong in 1 primary tumor (Fig. 4). When we divided
our groups according to pathohistological origin, weak and
negative E-cadherin expression was observed in 5/6 sam-
ples of primary lung cancer, moderate in 1/6, while none of

T T T T T T T 1

123 456 7 8 91011121314 151617 18 19 20 21 22 23 24 25 26 27 28

Tumor samples

the samples exhibited strong immunostain. Primary breast
tumors showed weak E-cadherin expression in 2/4 samples,
moderate in 1/4 and strong in 1/4 (Fig. 5a). TWIST1 protein
expression in primary lung cancer was distributed as fol-
lows: weak or lack of expression in 4/6 samples, moderate
in 1/6 and strong also in 1/6. Weak or lack of expression
of TWIST1 in primary breast tumors was observed in 2/4
cases, while another 2/4 cases displayed moderate expres-
sion levels (Fig. 5b).

In spite of the fact that 5/6 of primary lung tumors
showed lack or weak E-cadherin expression, the more
detailed analysis based on counted cells and the comparison
of H-scores revealed that the protein was more abundant in
primary breast tumors than in metastatic pairs (Fig. 5a). The
comparison of H-scores for primary breast and lung tumors
showed that all of them had lower expression of TWIST1
in comparison with their metastatic pairs (Fig. 5b). In most
of the metastases, E-cadherin expression was reduced in
comparison to healthy tissue and primary tumors and only
4 metastatic samples showed higher expression than the pri-
mary NSCLC (Fig. 5a). The Mann—Whitney U test showed
that H-scores of TWIST1 expression in metastases samples
significantly exceeded those in primary tumors (p =0.034).
However, the same test showed no significant difference in
H-scores of E-cadherin between metastases and primary
tumors (p =0.666). When comparing total lung category
consisting of primary tumors and metastases to the total
breast category consisting of primary tumor and metasta-
ses, the Mann—Whitney U test showed no statistical signifi-
cance in the H-scores of E-cadherin (p =0.253) and TWIST]1
(p=0.977) expression.

Alterations of TWIST1 and CDH1 genes reported
on cBioPortal database

Publicly reported gene alterations, RNA sequencing (RNA-
Seq) expression data as well as protein expression levels
available for small-cell lung carcinoma, NSCLC and inva-
sive ductal breast carcinoma were downloaded from the
cBioPortal platform (https://www.cbioportal.org/) on August
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E-cadherin
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Fig. 3 Immunohistochemical staining of brain metastases on E-cad-
herin and TWIST1. a metastasis sample showing poor staining inten-
sity of E-cadherin and strong nuclear staining of TWIST1; b metasta-
sis sample showing weak staining intensity of E-cadherin and strong

27,2020 and compared to our results. Combined collec-
tive public datasets from 23 studies on primary lung and
breast cancer showed compatibility to our findings. The
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of TWIST1; ¢ metastasis sample showing strong staining intensity
of E-cadherin and weak of TWIST1. d positive control sample (liver
hepatocytes) with the strong E-cadherin staining of membranes and
negative control for TWIST1 staining. Scale bar 20 pm

predominant TWIST1 change reported for NSCLC was gain
in 42.78% and amplification in 1.98% of 4691 investigated
cases, while somatic mutations were found in 0.13% and
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deep deletions in 0.26%. Data on TWIST! for small-cell
lung cancer investigated on 252 cases report on 1.19% of
somatic mutations. Gene CDHI was investigated on 6049
NSCLC cases and it predominately showed shallow dele-
tions in 19.64% and mutations in 0.64%. Small cell lung
carcinoma report on 0.79% of somatic mutations (2 out of
252 reported cases). The expression levels were available
only for lung adenocarcinoma and cBioPortal reports on
high mRNA levels of TWISTI in 35.26% (850/2411) and low
protein levels (negative Z score) of E-cadherin in 46.34% of
cases (336/752). cBioPortal data on invasive ductal breast
carcinoma encompassed 5699 cases. Here, TWISTI pre-
dominantly showed gain in 23% (907/3944) and amplifica-
tion in 1.83% (72/3944) of cases and was mutated in 0.13%.
mRNA was tested on 2081 cases and 23.5% showed high
levels of TWIST1 mRNA. As for CDH 1 in breast carcinoma,
there were predominantly shallow deletions found in 1934
out of 5699 cases (33.94%), while mutations were reported
in 1.19% and low levels of mRNA and E-cadherin protein
in 70.16% and 31.39%, respectively. The reported mutations
are predominantly missense somatic mutations or truncating
mutations characterized as potential drivers. The publicly
available data for each primary site are shown in Fig. 6.

Discussion

The developmental program of EMT is regulated by numer-
ous signaling pathways and microenvironmental signals
and is now considered to be dysregulated in tumor inva-
sion, intravasation of blood vessels, and metastasis forma-
tion [19]. Hypoxia, oxidative stress, and inflammatory pro-
cesses can all activate transcription factors SNAIL, SLUG,
ZEB1, ZEB2, and TWIST1 responsible for the E-cadherin
down-regulation, consequent EMT onset and mesenchymal

A. Breast

TWIST1 35% -

¥ Inframe Mutation (unknown significance)

CDH1 45%

B Missense Mutation (putative driver)

# Truncating Mutation (unknown significance) I Amplification Gain I Deep Deletion Shallow Deletion

B. Lung
Twist1s6% [

CDH1 36% | | I

B Missense Mutation (putative driver) Missense Mutation (unknown significance)

Gain I Deep Deletion Shallow Deletion No alterations Not profiled

Fig.6 Publicly reported gene alterations, RNA sequencing (RNA-
Seq) expression data as well as protein expression levels available
for small-cell lung carcinoma, NSCLC and invasive breast carcinoma
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B Truncating Mutation (putative driver)

phenotype obtaining [20]. The adhesive activity of E-cad-
herin on the cell surface can be regulated by various mol-
ecules including growth factors. It plays an important role in
the process of invasion and metastasis using similar mecha-
nisms to those involved in embryonic morphogenesis and
the formation of epithelial tissues [11]. Our findings show
the involvement of two proteins, key markers of EMT, in
the collection of brain metastases. Decreased expression
of E-cadherin was found in 85.7% of our total metastases
sample, while at the same time, a strong upregulation of its
transcriptional repressor TWIST1 was observed in 82.2%
of cases. Furthermore, metastases originating from both
breast and lung tumors showed a statistically higher expres-
sion of TWIST1 in comparison with their primary tumor
pairs (p=0.034). Numerous studies have evidenced that a
key event in EMT is the loss of E-cadherin which allows
tumor cells to become motile, invasive, and spread to distant
organs [19]. A significant difference in H-score values of
the expression of TWIST1 and E-cadherin in brain metasta-
ses (Z= —3.302; p=0.001) was obtained by Wilcoxon test.
This significant reverse expression in the same patients indi-
cates that brain metastatic cells have acquired mesenchymal
character.

Data from cBioPortal database are compatible to our
findings.

In the majority of metastases investigated here, E-cad-
herin expression was reduced when compared to primary
tumors. However, 4 metastasis samples originating from
NSCLC showed higher expression than the primary tumor
pairs. Several reports on the increased expression of E-cad-
herin as a feature of the re-stabilization of metastatic cells at
a secondary localization could explain the observed higher
levels. Other studies have shown that different mutations
of the E-cadherin gene (CDHI) can cause changes in its
tertiary structure, resulting in a decrease or increase in cell

B Truncating Mutation (putative driver)

No alterations Not profiled

¥ Truncating Mutation (unknown significance) I Amplification

downloaded and adapted from the cBioPortal platform (https:/www.
cbioportal.org/). Percents represent number of alterations on total
cancers profiled per gene
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adhesion capacity depending on the context [21-23]. In spite
of the high expression, the adhesion could still be reduced.
Our finding on positive E-cadherin expression levels in
metastases from NSCLC is in accordance with Zhang et al.
[24], who found positive expression of E-cadherin in lung
adenocarcinoma they investigated, more precisely in 79%
of investigated patients. However, in their paper, positive
expression of E-cadherin was found to be lower in tissues
from poorly differentiated tumors.

Zhao et al. [25] showed that high expression of E-cad-
herin in tumor cells from pleural effusion is correlated with
EGFR mutation and better prognosis in patients with lung
adenocarcinoma. The alteration of E-cadherin expression
has also been shown to play a role in suppressing cell prolif-
eration via loss of HIF-1 and the tumors’ inability to adapt to
aerobic glycolysis [26]. Epigenetic studies have shown that
CDH 1 promoter methylation can also cause the reduction
of the protein. It has been shown that this process is medi-
ated by the transcriptional repressor SNAIL, which associ-
ates specific methyltransferases to the CDHI promoter site.
Abnormal DNA methylation in the promoter region of the
CDH] gene has been associated with loss of E-cadherin in
a large number of invasive breast cancer samples [21]. The
reversible process of demethylation enables the re-expres-
sion of protein, mesenchymal—epithelial transition (MET)
and the return of the epithelial phenotype [9, 27].

Several studies are in accordance with our results. Mat-
subara et al. [28] determined the relationship between E-cad-
herin and ZEB1 using immunohistochemical analysis in 157
NSCLC. They found that the expression of E-cadherin was
low in the 10% of adenocarcinomas and 11% of squamous
cell carcinomas, while in poorly differentiated carcinomas,
low levels of E-cadherin were more frequent. Thus, 50% of
large cell carcinomas and 90% of pleomorphic carcinomas
showed low expression of E-cadherin. Interestingly, they
also found ZEB1 expression to be inversely correlated with
that of E-cadherin. They concluded that the expression of
ZEB1 was not necessarily associated with the low expression
of E-cadherin in lung adenocarcinomas and squamous cell
carcinomas. It seems that specific pathohistological tumor
subtype alternates E-cadherin transcription suppressor. Fur-
thermore, it has been demonstrated that in all of the EMT-
associated transcription factors, ZEB1 uniquely promotes
NSCLC progression. Manshouri et al. [29] defined ZEB1
interactors that are critical to metastatic NSCLC using two
screens, BiolD, and an Epigenome shRNA dropout screen,
and identified the GTPase-activating protein TBC1D2B as a
ZEB1 target. TBC1D2b has been shown to suppress E-cad-
herin internalization, thus hindering invasion and metastasis.

Because of E-cadherin and beta-catenin involvement
in EMT, the role of the Wnt pathway has been suggested.
Whnt is an evolutionarily conserved pathway intertwined
with EMT via E-cadherin, which simultaneously acts as a

B-catenin stabilizer and as an adhesion molecule. Elevated
levels of unphosphorylated -catenin cause its translocation
to the karyoplasm, where it binds to TCF1/LEF1 transcrip-
tion factors and promotes the transcription of genes for cell
growth. Our previous work on the increased expression of
Wnt pathway signaling components, DVL1, DVL3, and
beta-catenin, in brain metastases from primary lung cancer
support this suggestion [30].

TWIST1 has also been known to play important roles
in the EMT mechanism primarily by reducing E-cadherin
cellular levels [31]. The upregulation of this transcription
factor has been shown to stimulate metastatic potential in
invasive breast cancers [32, 33]. In our study, 73.3% of brain
metastases from lung and 92.3% from breast cancer showed
the upregulation of TWIST1. Besides E-cadherin, TWIST1
acts upon many other genes that control apoptosis and
extracellular matrix remodeling. Vesuna et al. [32] showed
that in breast cancer, TWIST1 enhanced transcription and
translation of apoptosis genes, protease protein family, and
extracellular matrix proteins. Further studies discovered that
TWIST] plays a role in reprogramming energy metabolism
through mitochondrial mass change, glucose utilization, and
lactate production in breast cancer cells [34]. The activa-
tion is mediated by B1-integrin/FAK/PI3K/AKT/mTOR
pathways and repression of the p53 signaling [35, 36]. Such
metabolic changes contribute to malignant transformation by
promoting the development of cachexia in tumors express-
ing TWIST1. As for its known involvement in lung cancer
[37], clinical studies have shown that TWIST1 expression
has a significant correlation with survival and prognosis in
patients with NSCLC associated with tumor stage, differen-
tiation level, and metastasis in the surrounding lymph nodes
[38-40].

Our results showed that TWIST1 was significantly
(p=0.034) lower in all primary cancer samples compared to
the metastatic pairs, suggesting that TWIST1 expression is a
later event associated to progression and metastasis. Overall
E-cadherin expression levels were decreased in both pri-
mary and secondary tumors as compared to normal controls.
Furthermore, a comparison of the primary specimens and
their associated metastases showed a decreased E-cadherin
expression level in 66.7% of primary NSCLC. This suggests
that the loss of E-cadherin expression is an early event in
primary cancer cells.

Several studies have shown that the genetic characteristics
of metastatic tumors are similar to those of primary ones,
which supports the hypothesis that metastatic gene potential
may already exist in primary tumors and is not associated
with the later stages of the disease, as has long been assumed
[31,41].

E-cadherin expression levels in primary breast cancers
were higher than the levels found in brain metastatic pairs,
while in the heterogeneous group of primary lung cancer,
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its expression levels were predominantly lower when com-
pared to their metastatic pairs. Alsaleem et al. [22] studied
E-cadherin in invasive ductal carcinoma using various plat-
forms including immunohistochemistry, microarray analy-
sis, next-generation sequencing, and copy number analysis.
Their study showed that 27% of high-grade invasive ductal
carcinoma showed reduced/loss of E-cadherin membranous
expression. CDHI copy number loss was seen in 21% of
invasive ductal carcinoma, which also showed low CDH1
mRNA expression (p =0.003). Furthermore, 79% percent
of cases with reduced CDHI mRNA showed elevated levels
of TWIST2, ZEB2, NFKB1, LLGL2, CTNNBI1 (p <0.01)
which are all repressors of E-cadherin transcription.

Conclusion

Brain metastases are a major medical problem due to the
increasing incidence and stagnating therapeutic options.
Several protective mechanisms have developed in the brain
in the course of human evolution, such as the blood-brain
barrier and supporting glial cells, which, in addition to many
other roles, regulate transport from blood to brain tissue.
Therefore, tumor cells have adapted to survive in a highly
competitive brain environment.

Our study demonstrates that the expression level of the
epithelial marker E-cadherin and its transcriptional repres-
sor TWIST1 plays a central role in EMT, the process of
hematogenous dissemination and the formation of second-
ary brain metastases. Future research in this direction will
improve our understanding of the molecular basis of the
metastatic process into the brain and uncover new directions
in the treatment of secondary brain tumors.
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