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Abstract

The E‐cadherin protein (Cadherin 1, gene: CDH1), a master regulator of the

human epithelial homeostasis, contributes to the epithelial‐mesenchymal

transition (EMT) which confers cell migratory features to the cells. The EMT is

central to many pathophysiological changes in cancer. Therefore, a better

understanding of this regulatory scenario is beneficial for therapeutic regi-

ments. The CDH1 gene is approximately 100 kbp long and consists of 16 exons

with a relatively large second intron. Since none microRNA (miRNA) has been

identified in CDH1 up to now we screened the CDH1 gene for promising

miRNA hairpin structures in silico. Out of the 27 hairpin structures we

identified, one stable RNA fold with a promising sequence motive was selected

for experimental verification. The exogenous validation of the hairpin se-

quence was performed by transfection of HEK293T cells and the mature

miRNA sequences could be verified by quantitative polymerase chain reaction.

The endogenous expression of the mature miRNA provisionally named CDH1‐
i2‐miR‐1 could be confirmed in two normal (HEK293T, HUVEK) and five

cancer cell lines (MCF7, MDA‐MB‐231, SW480, HT‐29, A549). The functional

characterization by the 3‐(4,5‐dimethylthiazol‐2‐yl)−2,5‐diphenyltetrazolium
bromide assay showed a suppression of HEK293T cell proliferation. A flow

cytometry‐based approach showed the ability of CDH1‐i2‐miR‐1 to arrest

transfected cells on a G2/M state while annexin staining exemplified an

apoptotic effect. BAX and PTEN expression levels were affected following the

overexpression with the new miRNA. The in vivo expression level was as-

sessed in 35 breast tumor tissues and their paired nonmalignant marginal part.

A fourfold downregulation in the tumor specimens compared to their mar-

ginal controls could be observed. It can be concluded that the sequence of the
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hub gene CDH1 harbors at least one miRNA but eventually even more re-

levant for the pathophysiology of breast cancer.
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1 | INTRODUCTION

The human E‐cadherin (Cadherin 1, gene: CDH1), also
known as epithelial cadherin, is a member of the cad-
herin superfamily, which is composed of more than 110
family members and is a core component of the epithelial
homeostasis.1,2 In epithelial cells, Cadherin 1 is a key
regulator to form the adherence junctions and its devel-
opmental role starts early on a two‐cell stage.3,4 In can-
cer, a downregulation of Cadherin 1 expression is
associated with cell invasion, tumor progression, metas-
tasis, and increased proliferation, especially in tumors of
epithelial origin such as carcinomas and melanomas.5,6

These physiological processes are forming a phenotype
which is called epithelial‐mesenchymal transition (EMT)
characterized by enhanced cell migratory features and
reduced epithelial markers such as Cadherin 1, cytoker-
atin, and laminin.4,7,8 CDH1 itself is regulated by several
microRNAs (miRNAs).9 In general miRNAs play a major
role in regulating EMT at the posttranscriptional level.4

They regulate EMT through suppressing the expression
of transcription factors in interaction with mediators like
transcriptional repressors, histone methyltransferases,
and ubiquitin‐protein ligases.10 The very complex parti-
cipation of many miRNAs in the EMT scenario is de-
scribed extensively in a study of Abba et al.11 In
conclusion it can be stated that the regulatory role of
miRNAs in cell homeostasis is still a challenging re-
search field where presumably many interactions and
interactants have not been discovered yet.

MiRNAs are a growing family of short single‐
stranded noncoding RNA which are able to control gene
expression by binding with their seed sequence to, that is,
the 3′ UTR region of messenger RNAs (mRNAs). Because
these binding capabilities are not limited to one specific
mRNA, the miRNAs are controlling multiple target genes
at once.12–14 Studies also show that miRNAs which are
embedded in key genes are important regulators in many
cellular pathways.15,16 It seems that a majority of the
genes are susceptible to be targeted by miRNAs. How-
ever, still a reasonably large number of 6000 miRNAs
might be still undiscovered.17 So far only approximately
2500 human miRNAs have been registered by the miR-
Base consortium (http://www.mirbase.org/). The size of

mature miRNAs is ranging from 16 to 28 nucleotides in
length with the most abundant form at 22 nucleotides
having their binding region (seed sequence) at the 5′ end
with a size of 6–7 bases.18

The procedures to discover novel miRNAs were based
for a long time on techniques like cloning and sequen-
cing, but this approach has several limitations like the
small size of miRNAs and their low abundance.19

Therefore, the use of search tools to detect folded RNA
motives (hairpins) followed by their experimental ver-
ification is an established approach to identify novel
miRNAs. The existing tools for miRNA prediction con-
sider different features of the miRNAs such as phyloge-
netic conservation, secondary structure information, and
similarity to known miRNAs.20,21

Much is known about miRNAs that act on the human
hub and tumor suppressor gene CDH1. But up to now, no
miRNA is known which is coded by the open reading
frame (ORF) of CDH1 itself despite the intronic regions
of CDH1 are huge. Therefore, the present study is
searching for the existence of miRNAs in the genomic
sequence of CDH1 to further define its important role in
the EMT phenotype and to characterize putative candi-
dates. The study is divided in a theoretical part searching
for miRNA candidates and gene binding sites and a
practical part based on several assays to validate the ex-
pression and discover the putative role of the candidate
miRNAs.

2 | MATERIAL AND METHODS

2.1 | MiRNA hairpin structure
prediction

The ORF of CDH1 is approximately 100 kbp in length
and consists of 16 exons and 15 introns. Up to now, no
miRNA has been mapped in the CDH1 locus. MiRNAfold
online classifier22,23 (https://evryrna.ibisc.univ-evry.fr/
miRNAFold), MIREval24 (http://mimirna.centenary.org.
au/mireval), and SSC profiler25 (http://mirna.imbb.forth.
gr/SSCprofiler.html) programs were used to search for
stable stem‐loop structures within the encoding sequence
of CDH1. For the first two tools, fasta files of the GRCh38
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build of the human genome were used while in the third
approach hg17 physical positions of the region of interest
were provided. In all cases, the software defaults were
applied. The UCSC genome database26 (http://genome.
ucsc.edu/) was utilized to analyze the conservation status
of the putative miRNA sequences and their precursor
sequence. A high score of conservation between similar
species is seen as supportive for the existence of pre-
sumably active miRNA sequences.27

The bioinformatics tools microRNA‐dis28 (http://
bioinformatics.hitsz.edu.cn/microRNA-dis/server),
i‐PseDPC29 (http://bioinformatics.hitsz.edu.cn/iMiR
NA-PseDPC/), and iMiRNA‐SSF30 (http://bio
informatics.hitsz.edu.cn/iMiRNA-SSF/index.jsp)
tools were used for the determination of the mature
miRNAs directly from their hairpin structures or to
determine if the hairpin structure conforms to a valid
pre‐miRNA structure. Other in silico tools which were
tested turned out to be less stringent like MiRmat31

(https://mcube.nju.edu.cn/jwang/lab/soft/MiRmat),
MatureBayes32 (http://mirna.imbb.forth.gr/Mature
Bayes.html), and miRdup33 (http://wheat.bioinfo.
uqam.ca./index. php?action=mirdup) and were not
considered.

Similarity analysis to existing miRNAs (miRBase
version 22, human) was done by FASTA34 (https://
fasta.bioch.virginia.edu/fasta_www2/fasta_www.cgi) and
BLASTN35 (download version blast+ v.2.12.0) using their
default values.

2.2 | Pathway analysis

To find potential target genes for the novel miRNA, in-
itially the DIANA microT tool36 (http://diana.imis.
athena-innovation.gr/DianaTools) was used but finally
we decided to go for miRDB37 (http://mirdb.org/) for a
focused search for the more important targets in the 3′
UTR regions. The ranked result sets were analyzed for
known oncogenes and enriched GO terms by R (v.4.1)
with the primary libraries DOSE, clusterProfiler, and
pathview. The resulting target genes were further ana-
lyzed if they are part of known protein complexes by a
CORUM database search38 (https://mips.helmholtz-
muenchen.de/corum/) implemented in R. This method
helps to define the biological role of the target genes. The
R code is available on request.

2.3 | Cell lines and culture conditions

HEK293T, MCF7, MDA‐MB‐231, SW480, and HT‐29 cell
lines were cultured in DMEM‐HG media (Gibco, Thermo

Fisher Scientific). HUVEC cell line was cultured in
DMEM‐F12 (Gibco, Thermo Fisher Scientific) and A549
cell line was cultured in RPMI‐1640 media (Gibco,
Thermo Fisher Scientific). All three media were supple-
mented with 100 U/ml penicillin, 100 μg/ml streptomy-
cin (Sigma, Merck), and with 10% heat‐inactivated fetal
bovine serum (Invitrogen, Thermo Fisher Scientific). The
cells were incubated in a standard way by 37°C, humid
condition, and 5% CO2. All cell lines were obtained from
Pasteur Institute, Tehran, Iran. HUVEC cells are derived
from human umbilical vein endothelial cells and
HEK293T is a sub‐cell line derived from HEK293 original
cell line that is transfected with a plasmid vector holding
the SV40 origin of replication. The first cell line can be
termed normal while the second cell line is slightly al-
tered but still often used as a quasi‐normal reference.
MCF‐7 which represents the most common form of
breast cancer is positive regarding ER, PR, and negative
in Her2, while MDA‐MB‐231 is a triple‐negative cell line,
therefore representing different cancer subgroups. Both
cell types are derived from the epithelial layer of the
mammary gland. SW480 and HT‐29 are originated from
intestinal epithelial layer, diagnosed as adenocarcinoma.
A549 is derived from epithelial cells of the lung and is
diagnosed as carcinoma. Further properties of the breast
cancer cell lines can be seen in Dai et al.39

2.4 | Recombinant plasmid
construction

The standard procedures are all based on protocols pro-
vided in the book “Molecular Cloning: A Laboratory
Manual.”40 The flanking genomic region of 394 bp con-
taining the putative hairpin structure was amplified
using two primers called F‐pre‐CDH1‐i2‐miR1 and
R‐pre‐CDH1‐i2‐miR1 (Table 1). The obtained polymerase
chain reaction (PCR) product was cloned into the linear
pTG19‐T vector, subjected to enzymatic digestion using
EcoRI and HindIII enzymes, and finally subcloned into
the pEGFP‐C1 expression vector downstream of the GFP
gene. The miRNA precursor for the exogenous expres-
sion experiments was chosen based on quadruplex PCR
using F‐C1 forward and R‐C1 reverse primers (Table 1).
The vector construct was brought into cells to assure that
the cells are able to process the mature miRNA out of the
precursor form.

2.5 | Transfection of the HEK293T cells

Recombinant pEGFP‐C1 expression vector containing
CDH1‐i2‐miR‐1 precursor was transfected into HEK293T
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cells using TurboFect transfection reagent (Thermo Sci-
entific). About 2 × 105 cells were seeded in 12‐well plates,
incubated 24 h. After that 2 µg of recombinant pEGFP‐C1
expression vector were diluted in 200 µl serum‐free
DMEM and 3.5 µl of TurboFect transfection reagent
was added. This mixture was given to each well and 24,
48, and 72 h posttransfection amount and accuracy of the
transfection was checked with a fluorescence microscope
(Nikon eclipse Te2000‐s). The maximum amount of
transfection was observed by 48 h and was chosen for the
exogenous verification. The pEGFP‐C1 empty vector was
used as a control for the transfection assay. Transfected
and nontransfected cells were cultured identically.

2.6 | Quantitative PCR (qPCR)
verification of the mature miRNA

Total RNA was extracted from transfected cells at 48 h
using Trizol (Invitrogen) according to the manufacture's
protocol. A poly‐A tail was added to 1 µg of extracted
RNA using poly‐A polymerase enzyme (NEB). One
hundred nanograms were taken for complementary DNA
(cDNA) synthesis using the R‐Anchored OligodT primer
(Table 1). qPCR (StepOne, Applied Biosystems) was
performed using one specific primer based on the
predicted mature form of miRNA (F2‐CDH1‐i2‐miR‐1,
Table 1) and a universal reverse primer. PCR conditions

TABLE 1 The list of used primers ordered by first occurrence

Primer name Primer sequence, 5′–3′ Purpose

F‐M13 GTAAAACGACGGCCAGT Forward primer on backbone of TA cloning vector

R‐M13 CAGGAAACAGCTATGAC Reverse primer on backbone of TA cloning vector

F‐C1 AGTCCGCCCTGAGCAAAG Forward primer on backbone of pEGFP‐C1 vector

R‐C1 ACAAATGTGGTATGGCTGATTATG Reverse primer on backbone of pEGFP‐C1 vector

F‐pre CDH1‐i2‐miR‐1 TTCAGCAAATGCTCTTGGAAG Forward primer to amplify precursor structure

R‐pre CDH1‐i2‐miR‐1 ATTCCACAACGGCTTTCCTGT Reverse primer to amplify precursor structure

F2‐CDH1‐i2‐miR‐1 GACTGTGGGAAATGCCTC Final primer for identification of the miRNA

R‐outer GTCACTCTGCTCACTGG Reverse primer on the anchor

R‐inner GCTTGAGCTCGAGTCCTC Ditto.

F‐SNORD48 (U48) TGACCCCAGGTAACTCTGAGTGTGT Internal control for miRNA expression in cell lines

F‐GAPDH GCCACATCGCTCAGACAC Internal control for gene expression in cell lines

R‐GAPDH GGCAACAATATCCACTTTACCAG Ditto. reverse primer

R‐Anchored Oligo dT GCGTCGACTAGTACAACTCAAGGTTCTTC
CAGTCACGACGT18X

Anchored oligo dt primer for cDNA synthesis in
miRNA amplification. X: is G for cell line
experiments and GAA for tissue samples.

F‐miR‐191‐5p CGGAATCCCAAAAGCAG Internal control for miRNA expression analysis in
tissue samples

F‐5S rRNA ATCTCGGAAGCTAAGCAGGGTCG 2 cd internal control

F‐miR‐21‐5p GGCGTAGCTTATCAGACTGATG Forward primer to detect hsa‐miR‐21‐5p in breast
tissue samples

F‐BAX CCCGAGAGGTCTTTTTCCGAG Forward primer to detect BAX expression after
overexpression of CDH1‐i2‐miR‐1

R‐BAX CCAGCCCATGATGGTTCTGAT Ditto. reverse primer

F‐PTEN AGGGACGAACTGGTGTAATGA Forward primer to detect PTEN expression after
overexpression of CDH1‐i2‐miR‐1

R‐PTEN CTGGTCCTTACTTCCCCATAGAA Ditto. reverse primer

F‐CDH1 AGTGCCAACTGGACCAT Forward primer to detect CDH1 expression after
overexpression of CDH1‐i2‐miR‐1

R‐CDH1 CGGCCCCTTCACAGTCACA Ditto. reverse primer

Abbreviations: miRNA, microRNA; rRNA, ribosomal RNA.
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are as follows: 95°C denaturation step for 15 s, 58°C an-
nealing for 20 s, 72°C polymerization for 20 s, running 40
cycles. Amplification was performed using the Ampliqon
RealQ Plus 2x Master Mix Green (Ampliqon) and each
experiment was done in duplicates. qPCR data were
normalized by U48 small nucleolar RNA (SNORD48) as
the internal control and analyzed using the ∆∆2 C‐ tratio.41

2.7 | Analyzing cell proliferation using
the 3‐(4,5‐dimethylthiazol‐2‐yl)−2,5‐
diphenyltetrazolium bromide (MTT) assay

An MTT assay provides a quantitative measure of the cell
viability. Cells were seeded in a 96‐well plate at 104 cells/
well, cultured until they reach a 60% confluence, and
transfected with a recombinant vector system.42 24, 48,
and 72 h posttransfection, MTT was added (final con-
centration 5mg/ml) to each well and plates were in-
cubated at 37°C for 4 h. After careful removal of the MTT
solution, 150 μl of dimethyl sulfoxide was added and
plates were incubated at 37°C for 10min. Finally, the
absorbance was measured at 570 nm by a microplate
reader (Biotek ELx800).

2.8 | Flow cytometry and fluorescence‐
activated cell sorting (FACS) procedures

Transfected and nontransfected HEK293T cell lines were
harvested 48 h posttransfection for cell cycle analyses.
The cells were suspended in propidium iodide (PI,
Thermo Fisher Scientific) and annexin V/7‐AAD (Bio-
Legend) according to the manufacturer's protocol. All
assays were performed in duplicates. Analysis of samples
was done with a BD FACSCalibur flow cytometer with
Cell Quest software (BD Biosciences) and analyzed
by Flowing software v.2.5.1 (BD Biosciences, https://
bioscience.fi/services/cell-imaging/flowing-software/).

2.9 | Endogenous CDH1‐i2‐miR‐1
verification by quantitative real‐time‐PCR
(qRT‐PCR)

Two normal (HEK293T and HUVEK) and five cancerous
cell lines (breast cancer: MCF7, MDA‐MB‐231, colon
cancer: SW480, HT‐29, and lung cancer: A549) were
used. Total RNA was extracted from these cells and
subjected to qPCR to determine endogenous expression
of the identified miRNA in the different cell lines. The
differences of the normal versus cancer situations were
analyzed.

The 35 breast cancer tissues and it's marginal normal
tissues were attained from Kerman Nime‐Shaban Clinic.
Each sample was examined by two pathologists (Table 2).
All tissue samples were immediately frozen in liquid
nitrogen after departing from surgery and then stored at
−80°C until RNA isolation. The women of the study have
an average age of 50.7 years (range 34–81). The patient
samples were categorized based on the tumour, node and
metastasis staging system (TNM) and grading system. All
except one case belongs to the ductal breast carcinoma
type. The grade included 9 samples of Grade I, II and 26
samples of Grade II/III and III. The stage groups in-
cluded 19 samples in Stage II (II, IIA) and 9 samples in
Stage III (IIIA, IIIB, IIIC). All the clinical data of the
patients are provided in Table 2.

Total RNA was extracted from the tissue samples by
using DENA RNA extraction solution according to the
manufacturer's protocol (DENAzist Asia). RNA was
analyzed for purity through density spectrophotometry
and gel electrophoresis. For miRNA detection, a poly‐A
tail was added to 3′ end of RNA using poly‐A polymerase
enzyme (NEB) followed by cDNA synthesis by reverse
transcriptase enzyme (Fermentas). qRT‐PCR was done
by Amplicon SYBR green Master Mix in the Applied
Biosystems StepOne Real‐Time PCR. hsa‐miR‐191‐5p
and 5S ribosomal RNA (rRNA) were used as internal
controls. The relative expression level was calculated by
the ∆∆2 C‐ t ratio.41

2.10 | Statistical analysis

All calculations were done in R (v.4.1) or GraphPad
Prism 5.04 (GraphPad). Significant group differences
were evaluated by t test and in case by variance adjusted
procedures (Welch's t‐test). In the case of qPCR
differentiation analysis on breast cancer samples,
paired t‐test was applied. Multiple testing correction
(Bejamini–Hochberg) was applied where necessary. The
significance level was set in all cases to 5%. The sig-
nificance levels in figures were denoted by stars re-
presenting p‐value ranges: n.s.: not significant, *p< 0.05,
**p< 0.01, ***p< 0.001, ****p< 0.0001.

3 | RESULTS

3.1 | Computational prediction of
putative miRNA sequences in the
CDH1 gene

The application of MiRNAfold, MIREval, and SSCprofiler
revealed several stable hairpin structures across the
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CDH1 ORF containing 16 exons. The minimum free
energy values as indicators for stability were in the range
of −23 to −29 kcal/mol. The in silico validation by
iMiRNA‐PseDPC, iMiRNA‐SSF, and miRNA‐dis give
support that the selected precursor structures are valid

miRNA structures. From the 27 miRNA candidates, one
well conserved and promising precursor sequence was
selected which is located in the huge second intron of
CDH1 gene comprising approximately 64% of the ORF of
the canonical transcript of CDH1. The predicted novel

TABLE 2 Clinical data of patient
samples

Patient number Grade Staging Type Age Sex

1 II T2 NX MX (ІІ) Ductal 34 Female

2 II/III T4 N1 MX (ІІІB) Ductal 81 Female

3 II T2 N3 MX (III) Ductal 50 Female

4 III T2 N3 MX (ІІІC) Ductal 73 Female

5 II T2 N0 MX (IIA) Ductal 41 Female

6 II T2 N0 MX (IIA) Ductal 36 Female

7 II/III T2 Nx MX (IIA) Ductal 35 Female

8 II/III T2 N0 MX (IIA) Lobular 68 Female

9 II/III T2 N0 MX (IIA) Ductal 48 Female

10 II/III T2 N0 MX (IIA) Ductal 57 Female

11 II/III T2 N0 MX (IIA) Ductal 75 Female

12 II/III T2 N0 MX (IIA) Ductal 55 Female

13 II/III T2 N1 MX (IIB) Ductal 45 Female

14 II/III T2 NX MX (IIA) Ductal 66 Female

15 I T2 N0 MX (IIA) Ductal 46 Female

16 II/III T2 N0 MX (IIA) Ductal 48 Female

17 II/III T2 N2 MX (IIIA) Ductal 47 Female

28 II/III T1 N1 MX (IIA) Ductal 59 Female

19 II/III T2 N2 MX (IIIA) Ductal 48 Female

20 II T1 N0 MX (II) Ductal 45 Female

21 II/III T2 N2 MX (IIIA) Ductal 39 Female

22 III T2 N0 MX (IIA) Ductal 52 Female

23 I T2 N0 MX (IIA) Ductal 36 Female

24 II/III T4 N0 MX (IIIB) Ductal 53 Female

25 II/III T2 N3 MX (IIIc) Ductal 45 Female

26 II T2 N0 MX (IIA) Ductal 40 Female

27 II/III T4 N3 MX (IIIC) Ductal 39 Female

28 III T2 N0 MX (IIA) Ductal 41 Female

29 III T2 N0 MX (IIA) Ductal/medullary 65 Female

30 II/III T2 NX MX (IIA) Ductal 79 Female

31 II T2 N0 MX (IIA) Ductal 57 Female

32 III T2 N0 MX (IIA) Ductal 46 Female

33 II/III T2 NX MX (IIA) Ductal 35 Female

34 II/III T2 N0 MX (IIA) Ductal 43 Female

35 II/III T2 N2 MX (IIIA) Ductal 34 Female
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miRNA was named provisionally CDH1‐i2‐miR‐1 and its
physical position is indicated in Figure 1A by a blue
triangle. The hairpin structure of CDH1‐i2‐miR‐1 calcu-
lated by MIREval is shown in Figure 1B.

A BLASTN and FASTA search of the detected CDH1‐
i2‐miR‐1 mature sequence (cf. 3.2) against all human
mature sequences of the miRBase database showed that
no registered miRNA sequence is identical to ours.
Nevertheless, there are some sequence similarities with a
continuous stretch of maximal nine nucleotides which is
in line with values which can be observed for well‐
established miRNAs like hsa‐miR‐21‐3p and hsa‐miR‐
200a/b/c‐3p as a reference (Supporting Information S1).
Sometimes there is also some overlap in the seed
sequence, but this observation can also be made using
the same procedures for the reference miRNAs.

The BLASTN search (EBI‐Ensemble) with the mature
form of CDH1‐i2‐miR‐1 against the human genome

revealed as expected the CDH1 gene and two further very
similar motives at chr19:4386842‐4386858 (SH3GL1,
reverse strand) and chr11:127371420‐127371436 (no
gene, reverse strand, Supporting Information S2).

The sequence of CDH1‐i2‐miR‐1 (cf. 3.2), is well
conserved through several species (Figure 1C) based on
the UCSC genome database and the GRCh38/hg38
release.

The analysis of putative gene targets for the 3′UTR
region revealed based on a sliding window approach
from physical start position chr16:68786827 to 68786839
several weaker to stronger overlapping gene sets
(Figure S1). A remarkably higher than average overlap is
at start position 68786831/2 and 68786833/4. In that
range, the GO analysis also exposed 25–28 cancer genes
in the standardized KEGG pathway sheet Hsa05200
(Figure S2). All the mentioned cancer genes show a
miRDB rank score above the median.

FIGURE 1 Novel microRNA (miRNA) CDH1‐i2‐miR‐1 and conservation status of the sequence. (A) The genomic structure of the
canonical CDH1 transcript contains 16 exons. The huge second intronic region between exon 2 and 3 is harboring the novel miRNA (blue
triangle). It is quite obvious that intron two is having a lot of space for regulatory elements. (B) The candidate which passed all verification
experiments is shown here folded to a secondary structure by MIREval. The genomic sequence is not including the possible U‐to‐C editing
here. The secondary structure is symbolized by nucleotides in circles (green/white), partly paired (blue linker lines), and the location of the
validated mature form is indicated by green circles. The computed minimum free energy is −23.2 kcal/mol. (C) The UCSC database of the
human genome (GRCh38/hg38) was used to show the conservation status of the sequence. Twenty‐seven primates and three further
mammals were included. The black box indicates the mature CDH1‐i2‐miR‐1 sequence. It can be seen that the conservation status is high.
On top, the sequence positions of chromosome 16 are given. The green and brown and bluish area graphs denote the conservation status by
further algorithms as described inside the graph. In yellow, the ENCODE information on putative regulatory elements is given
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FIGURE 2 Exogenous validation of CDH1‐i2‐miR‐1. (A) The HEK293T cells were transfected with a recombinant pEGFP‐C1
expression vector carrying the predicted precursor structure of the CDH1‐i2‐miR‐1. The presence and also the strength of the exogenous
CDH1‐i2‐miR‐1 expression was confirmed by quantitative real‐time polymerase chain reaction (qRT‐PCR) which shows eightfold
upregulation posttransfection. The measurements are normalized with the SNORD48 (U48) gene as an internal control. (B) The qRT‐PCR
product was verified by Sanger sequencing and resulted in a 21 base long mature microRNA (position 82‐102)

The target list genes were also analyzed if they are
part of known protein complexes to generate some more
insight into putative engaged functional pathways. The
CORUM database was used for this purpose and pointed
in its top eight list to the spliceosome, chromatin re-
modeling, TNF‐alpha and NF‐kappa B pathway, and
RNA biosynthesis on different levels (Figure S3). These
theoretical results inspired us to verify the new miRNA
CDH1‐i2‐miR‐1 in breast cancer samples.

3.2 | Exogenous expression validates the
mature CDH1‐i2‐miR‐1 sequence

The CDH1‐i2‐miR‐1 precursor is located at chromosome
16 starting at the physical position of 68786810 and
ending at 68786888 (GRCh38). This part of the sequence
was used to design the forward primer (F2‐CDH1‐i2‐miR‐
1) for the induced exogenous expression of the assumed
mature miRNA sequence in the HEK293T host cell and to
verify that this precursor indeed will be processed to a
mature form by the Drosha/Dicer machinery. The
HEK293T cells were either transfected with an empty
pEGFP‐C1 vector or one containing the CDH1‐i2‐miR‐1
precursor sequence. Figure 2A shows that the mature
CDH1‐i2‐miR‐1 sequence could be exemplified and the
exogenous expression of CDH1‐i2‐miR‐1 is enhanced
eight times.

The product was re‐sequenced and yielded a product
(ACTGTGGGAAATGCCTCACTCA18) representing a
mature part of the CDH1‐i2‐miR‐1 miRNA (Figure 2B).
The gray shading in the sequence denotes the primer
sequence (F2‐CDH1‐i2‐miR‐1, Table 1). The C before the
poly‐A sequence starts (R‐Anchored Oligo dT, Table 1) is
in the GRCh38 genome sequence a T. It can be seen in
Figure 1C that this T is also the right base in the human
genomic consensus sequence and many other primate

species. An SNP is not known here therefore it might be
more likely a posttranscriptional editing despite U‐to‐C
editing might be a less common event.43,44 Together with
the theoretical results, the starting point of the genomic
sequence of CDH1‐i2‐miR‐1 miRNA is therefore set to
chr16:68786830 (alternatively also ~32) and the end to
~50 as denoted in Figure 1C.

To confirm the presence of a real miRNA out of the
premature sequence, the exogenous overexpression of
CDH1‐i2‐miR‐1 in HEK293T cells was also used to see
if the expression of typical tumor‐related genes like
BAX, PTEN, and also CDH1 itself is affected in this
scenario (Figure S4, for primer, see Table 1). The
selection strategy for BAX and PTEN is based on the
results of the theoretical pathway analysis and there on
the cancer relevance.45,46 The KEGG pathways for
apoptosis were consulted and the relevant gene group
was consisting of BAK, BAX, PIDD, Bid, Fas, TRAIL2,
PUMA, and NOXA. Out of these groups, BAK and BAX
were the only ones that are well described in breast
cancer. We decided to choose BAX for a functional
analysis of CDH1‐i2‐miR‐1 overexpression because the
confirmatory aspect of the analysis was the primary
objective. PTEN is associated with the oncogenesis of
breast cancer and part of the important PI3K–AKT‐ and
MAP kinase pathway, also documented in KEGG as
master upstream regulator of, that is, cell cycle and
apoptosis.

CDH1‐i2‐miR‐1 seems to upregulate BAX which is
a proapoptotic gene and its increased expression
facilitates the initiation of programmed cell death. We
also observed upregulation of the tumor suppressor
gene PTEN which suppresses cell growth and led to
cell cycle arrest and apoptosis. CDH1 expression
seems not to be altered so no self‐regulatory effect of
the identified miRNA CDH1‐i2‐miR‐1 on its host gene
could be observed.
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3.3 | Cell viability is suppressed by
CDH1‐i2‐miR‐1

The HEK293T cells were transfected with a p‐EGFP‐C1
vector containing CDH1‐i2‐miR‐1 precursor sequences. The
cells were harvested for the MTT assay at 24, 48, and 72 h
posttransfection to assess the effects of mature CDH1‐i2‐
miR‐1 on cell viability. The time point of 24 h was discarded
because the transfection efficiency was too low. At 48 or
72 h posttransfection CDH1‐i2‐miR‐1 could decrease the
number of viable cells significantly (Figure 3A). The max-
imal efficiency was at 48 h posttransfection. Therefore, this
time was considered for subsequent experiments.

3.4 | CDH1‐i2‐miR‐1 is endogenously
expressed in tumor and normal cells at
different rates

The in vivo activity of CDH1‐i2‐miR‐1 was evaluated
using qPCR in two different normal cells HUVEC and
HEK293T, and five cancerous cells MCF7, HT‐29,
MDA‐MB‐231, SW480, and A549. The expression of
CDH1‐i2‐miR‐1 was significantly upregulated in HT‐

29, and significantly downregulated in MDA‐MB‐231
and SW480 compared to the normal cell lines HUVEC
and HEK293T (Figure 5A). MCF7 and A549 do not
clearly differ from the controls. This broad expression
range might point to different roles of this new
miRNA in different pathophysiological states.

3.5 | CDH1‐i2‐miR‐1 is inducing cellular
apoptosis

The tumor suppressor effect of CDH1‐i2‐miR‐1 on cell
cycle and apoptosis was analyzed by an annexin‐7AAD
assay. HEK293T cells were again transfected with an
empty pEGFP‐C1 vector and with a pEGFP‐C1 expres-
sion vector containing the CDH1‐i2‐miR‐1 precursor.
Figure 3B shows the percentage of cells in necrotic state,
early‐ and late apoptosis, and pro‐survival state. CDH1‐
i2‐miR‐1 induction in cells increased the cell numbers in
the early apoptosis stage from 20% to 33% compared to
the control while the late apoptosis stage is only slightly
increased from 2% to 5%. The percentage of living cells
decreased after treatment compared to the control, con-
firming the initiation of apoptosis in these cells.

FIGURE 3 CDH1‐i2‐miR‐1 affects the cell cycle and apoptosis in HEK293T cells. (A) The 3‐(4,5‐dimethylthiazol‐2‐yl)−2,5‐
diphenyltetrazolium bromide assay of CDH1‐i2‐miR‐1 after overexpression in HEK293T cells using two different incubation times of 48 and
72 h. The averaged results of both time points show that there is a significant decrease in cell viability in transfected cells compared to
control cells. In the right panel (B), the flow cytometry results of CDH1‐i2‐miR‐1 on HEK293T cells using annexin‐7AAD reveal more
details. Control denotes cells without vector. Next, cells are transfected with an empty vector. Below, cells transfected with a vector
containing the miRNA CDH1‐i2‐miR‐1 and to the right the quantification: black bars represent the early apoptosis area (Q3) while the dark‐
red bars denote the late apoptosis area (Q2). The results indicate that the percentage of transfected cells in early and late apoptosis is
significantly increased by transfecting cells with CDH1‐i2‐miR‐1
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3.6 | CDH1‐i2‐miR‐1 affects cell cycle

To test whether the apoptotic effect induced by CDH1‐i2‐
miR‐1 is associated with cell cycle arrest, HEK293T cells
were treated with a recombinant pEGFP‐C1 vector loa-
ded with CDH1‐i2‐miR‐1, stained by PI, and analyzed by
FACS. As shown in Figure 4, significant changes were
observed in the cell stages after treatment with CDH1‐i2‐
miR‐1. The percentage of cells in the G2/M phase after
treatment with CDH1‐i2‐miR‐1 increased from 19% in
the control situation to 34%, while the percentage of cells
in the G1 and S phases decreased. These results indicated
that CDH1‐i2‐miR‐1 inhibited cell proliferation very ef-
fectively by inducing cell cycle arrest at G2/M phase.

3.7 | CDH1‐i2‐miR‐1 is differentially
expressed in normal and breast tumor
tissue samples

The differential expression of CDH1‐i2‐miR‐1 was eval-
uated in 35 breast tumor specimens compared to their
noncancerous marginal tissues (Figure 5B–D). The ra-
tionale for breast cancer resulted from the theoretical
analysis at the beginning of the study and their pointers

to breast cancer but also because of its high incidence
in Iran.47 As a positive control hsa‐miR‐21‐3p was mea-
sured in parallel. Two different internal controls
hsa‐miR‐191‐5p and 5S rRNA were tested for this
experimental approach. hsa‐miR‐191‐5p was finally
chosen because of its low variation in breast samples.
The observed good performance of hsa‐miR‐191‐5p is
consistent with results we published in a previous miR-
NA expression study.48 In the primarily ductal invasive
breast cancer cohort, CDH1‐i2‐miR‐1 was downregulated
(fc −3.95) and hsa‐miR‐21‐3p upregulated (fc 2.42) both
in relation to the paired normal tissue.

We also compared the expression of these two miR-
NAs in a subgrouping of patients with lower grades
(Grade I + II) versus the higher grade (II/III + III). The
expression of CDH1‐i2‐miR‐1 was significantly more
downregulated in higher grades. A trend but no sig-
nificance could be established for a decreased in higher
grades for hsa‐miR‐21‐5p. This might suggest CDH1‐i2‐
miR‐1 as a progression marker in breast cancer and
indicates a role in breast cancer progression.

Summing up all the results we could verify the pre-
sence and action of a new miRNA, provisionally termed
CDH1‐i2‐miR‐1, in the large second intron of CDH1 and
exemplified it's in vivo occurrence in breast cancer

FIGURE 4 CDH1‐i2‐miR‐1 shows cell cycle
arrest. In the bottom line, the flow cytometry
results of HEK293T cells using propidium iodide
staining expose a G2/M arrest. On the left, the
cells are transfected with the empty vector. In
the middle, cells were transfected with the
vector containing CDH1‐i2‐miR‐1. On the right,
the cell count values (percent) from the G1
phase (yellow bar), S phase (brown bar), and
G2/M phase (dark orange bar) of the two
conditions. The statistical analysis supports the
validity and stability of the differences between
the three cell cycle phases
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samples. The expression of CDH1‐i2‐miR‐1 in compar-
ison to the well‐characterized miRNA hsa‐miR‐21‐5p and
based on the internal control hsa‐miR‐191‐5p shows a
comparable strength but acts in an antagonistic way. The
new miRNA CDH1‐i2‐miR‐1 might take part in cell cycle
regulation and apoptosis.

4 | DISCUSSION

Due to the importance of Cadherin 1 in EMT and its
involvement in oncogenesis, we searched for the pre-
sence of regulatory miRNAs in its ORF by bioinformatics
procedures. The selected candidate miRNA provisionally
termed CDH1‐i2‐miR‐1 was verified by cloning and
exogenous validation studies. An extensive pathway
analysis to reveal the biological role of the new miRNA

was performed and lead to several cancer‐related
pathways. The lab assays indicate possible functions of
the new miRNA in breast cancer pathogenesis and
exemplified the role of CDH1‐i2‐miR‐1 in the regulation
of the cell cycle and apoptosis.

The detection of miRNAs is complicated by their
small size and their often low abundance in tissue sam-
ples and cell cultures. So, the combination of bioinfor-
matical approaches with experimental verification
studies is a helpful strategy to identify and annotate a
novel miRNA. Because of bioinformatic tools differ often
by their theoretical concepts and their algorithmic im-
plementations and therefore have their own specificity,
we used three tools in parallel to generate stable miRNA
candidates.49 The resulting stable and conserved miRNA
candidate is located in the second intron of CDH1 and
therefore can be termed intronic miRNA which is the

FIGURE 5 CDH1‐i2‐miR‐1 expression is bound to differentiation and physiological state. CDH1‐i2‐miR‐1 expression in cell lines and
tumor tissues of breast cancer samples. (A) The endogenous CDH1‐i2‐miR‐1 expression is remarkably different across several tumor cell
lines (BC, breast cancer; CC, colon cancer; LC, lung cancer). The expression of the tumor cell lines is shown in relation to the average
expression of both as normal defined cell lines HUVEC and HEK293T. (B) The panel shows the antagonistic activity of the microRNA
(miRNA) CDH1‐i2‐miR‐1 (fc −3.95, decreased) and as a positive control hsa‐miR‐21‐5p (fc 2.42, increased). The measurement is based on
the internal control hsa‐miR‐191‐5p. The left bar (black) denotes adjacent normal breast tissue as a reference. (C and D) The expression
pattern of each miRNA was assessed based on their grading. The expression of CDH1‐i2‐miR‐1 is significantly more downregulated in Grade
II/III and III compared to Grade I and II. A trend but no significant difference (n.s.) was observed concerning the positive control of miRNA
hsa‐miR‐21‐5p
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greatest group of miRNAs.50 The analysis of different
CDH1‐i2‐miR‐1 lengths on the 5′ end resulting in dif-
ferent seed regions revealed different gene target sets.
The adjacent target sets overlap in a certain way but
some overlaps are remarkably higher. This might in-
dicate the natural seed sequence which in our case is
associated prominently with cancer pathways. The GO
analysis of predicted target genes as well as the appear-
ance of the corresponding proteins in protein complexes
expose several interesting cancer‐related pathways and
processes. The performed experiments in turn support
these theoretical observations. The sequence of CDH1‐i2‐
miR‐1 is very unique and the sequence overlap to exist-
ing miRNAs is in line with well‐characterized reference
miRNAs. Two very homologous genomic regions exist.
One on chromosome 19, SH3GL1, part and activator of
the EGFR/ERK/NF‐kappa B signaling and further
cancer‐associated pathways51,52 might have a similar
cancer characteristic compared to CDH1. The other on
chromosome 11 is located in an intergenic region and no
annotation is available. These miRNA regions are not
described to our knowledge up to now.

The CDH1‐i2‐miR precursor structure is processed to
a mature miRNA. The exogenous expression of the ma-
ture miRNA followed by Sanger sequencing revealed a
sequence which might be posttranscriptionally edited in
one 3′ base. As already mentioned, the U‐to‐C editing
might be a less common event but in‐depth studies are
still rare.43,44

The small functional experiment with CDH1‐i2‐miR‐
1 overexpression on BAX, PTEN, and CDH1 is ad-
ditionally underlining the scope of CDH1‐i2‐miR‐1 ac-
tion. No self‐regulation but a clear effect on apoptosis
and cell cycle via BAX and PTEN. BAX is reported to be a
proapoptotic protein53 which regulates programmed cell
death by inducing mitochondrial permeability transi-
tion.54 The last study also showed that overexpression of
BAX in Jurkat cells is initiating programmed cell death
within 2 h. They also observed typical manifestation of
apoptosis by caspase activation, DNA fragmentation, and
cytochrome C release following BAX overexpression.
PTEN is described as a tumor suppressor which regulates
cell growth, cell cycle, and apoptosis.55 Li et al. showed
that PTEN overexpression suppresses cell growth and
induces apoptosis in human breast cancer cells by in-
hibition of the PI3K/AKT or MAP kinase pathways.
Moreover, reexpression of PTEN in various tumor cell
lines enhances apoptosis.56

CDH1‐i2‐miR‐1 is the first miRNA reported in the
CDH1 gene. This is curious for such a large gene.
Therefore we were interested to see if for other members
of this superfamily of Cadherins already miRNAs were
reported. Rahimi et al.57 showed the presence of a novel

miRNA in CDH4's ORF likewise embedded in the similar
sized second intron of the CDH4 gene. This miRNA was
also linked to cancer pathways and has a role in cell
migration. Despite these parallels, the overall structure of
CDH1 and ‐4 is different and they are hosted on different
chromosomes. Nevertheless, it seems that intronic miR-
NAs can be coded by Cadherins.

Several further regulatory elements are already re-
ported in the second intron of CDH1. It has to be noted
that in recent years, the physical position of the CDH1
gene has slightly changed. Nevertheless, the positions of
further and already described regulatory sequence motifs
could be located and neither own a direct overlap to
CDH1‐i2‐miR‐1 nor are in close vicinity. In particular, the
comprehensive publication of Stemmler et al.58 is de-
scribing one tissue‐specific genomic enhancer region
(tse3) on the upstream side of CDH1‐i2‐miR‐1. But this
region is not further characterized in this publication and
therefore it could only be speculated that this region
might rule CDH1‐i2‐miR‐1. Pinheiro et al.59 described
four alternate transcripts which are characterized by a
new starting exon inside intron 2–3 but the alternate
exons do not overlap with the CDH1‐i2‐miR‐1 region
which is more or less in the middle of the (alternate)
intronic region 1–2 in these transcripts. Tedaldi et al.60

tries to widen the epigenetic aspect for the regulatory
elements of CDH1 especially in gastric cancer. CDH1‐i2‐
miR‐1 is situated between two FANTOM5 enhancers
there termed F and G and at the flank of a small chro-
matin alteration peak of the histone H3 (H3K27Ac es-
tablished from normal stomach cells). The methylation
status of the two enhancers F and G shows that all eight
analyzed gastric cancer cell lines have merely fully me-
thylated CpG islands and there is no differential behavior
between the cell lines. It does not seem that the reported
structural features directly interact with the CDH1‐i2‐
miR‐1 region or explain expression of CDH1‐i2‐miR‐1.

Cell viability assay showed that CDH1‐i2‐miR‐1
overexpression decreases the number of live cells sig-
nificantly. This led us to see if this overexpression in-
fluence apoptosis and cell cycle as well. Annexin V/
7AAD staining showed both early and late apoptosis are
affected by CDH1i2‐miR‐1 overexpression and the cells
arrested significantly at the G2/M stage. These three
observations expose CDH1‐i2‐miR‐1 involvement in cell
cycle regulation and apoptosis and define its tumor
suppressor characteristics. In accordance with these re-
sults, our GO analysis concerning cancer pathways re-
sulted in CDK4/661,62 and PI3K63 as two main players of
cell growth. Additionally, two further molecular players
for apoptosis, APAF1 and cytochrome c (CYCS) showed
up in the cancer pathway analysis.64 These two mole-
cules are important components of the apoptosome and
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play a major role in initiating the programmed cell
death.64–66

The significant alteration of CDH1‐i2‐miR‐1 expres-
sion in breast (MDA‐MB‐231) and colorectal (SW480 and
HT‐29) cell lines compared to normal cell lines showed
that CDH1‐i2‐miR‐1 plays a relevant role not only in
breast cancer. The exception of breast cancer cell line
MFC7 and lung cancer cell line A549 indicates that even
cancer subtypes might behave differently. Due to our
interest in ductal invasive breast cancer, a growing dis-
ease in Iran, we evaluated the expression pattern of
CDH1‐i2‐miR‐1 in 35 breast cancer tissues and found it
significantly downregulated in accordance with the es-
tablished tumor suppressor phenotype of CDH1‐i2‐miR‐
1. In contrast, the expression of hsa‐miR‐21‐5p which is a
prominent oncogene was upregulated in these samples.
This opposite expression of CDH1‐i2‐miR‐1 compared to
hsa‐miR‐21‐5p is in line with the further experimental
observations of cell cycle arrest under CDH1‐i2‐miR‐1
induction and less cell viability in the MTT assay.

We also observed that CDH1‐i2‐miR‐1 expression was
significantly upregulated between cancer Grade I/II and
III while stage classification was a less valid factor for
distinction. Such a clear difference in the grade situation
was not observed in the case of the positive control hsa‐
miR‐21‐5p. Qian et al.67 could observe a grade but not
stage dependency in hsa‐miR‐21‐5p while Wang et al.68

who assessed the plasma levels of hsa‐miR‐21‐5p in be-
nign and breast cancer samples shows an increase in
expression with increased stage but did not analyze the
grade. Nouraee et al. reported that hsa‐miR‐21‐5p was
infiltrating the marginal tissues and fibroblast cells there
could elevate the hsa‐miR‐21‐5p expression levels. This
could partly explain why our expected differential values
for our control miRNA hsa‐miR‐21‐5p were insignif-
icant.69 Overall, the validity of the CDH1‐i2‐miR‐1 grade
dependency seems to have a strong evidence.

The putative action of CDH1‐i2‐miR‐1 on cancer‐
related genes based on the pathway maps shown in
Figure S2 are diverse. The common interaction candi-
dates are growth factors (TGFBR1, FGFR170,71), kinases
(CDK4, MAPK8, PIK3CA72,73), a kinase inhibitor which
is acting on CDK4/6 and is an effector of the TGFB1
induced cell cycle arrest (CDKN2B74), a G protein
(GNA1175), a cyclase ADCY1 which takes part in cAMP
signaling76 in response to G‐protein signaling, a med-
iator of structural elements (CTNNA177), and bone
differentiation factor (BMP278) inducing EMT and
stemness of breast cancer cells via the Rb/CD44 path-
ways. The WNT pathway might also be involved by
Frizzled (FZD7, eventually further family members),
or Dvl.79 All the factors show relevance in tumor
processes, especially breast cancer, and together point,

that is, towards cell division, metastasizing, and
dedifferentiation.

5 | CONCLUSION

The first novel miRNA CDH1‐i2‐miR‐1 in the second
intron of CDH1 is opening perspectives to understand the
activity of Cadherin 1 on other pathway proteins in a
more consistent way. The activity of CDH1‐i2‐miR‐1 is
addressing the cell cycle and the apoptosis pathway and
these interactions underline the important function of
Cadherin 1 as a hub molecule in the EMT process. The
effect of CDH1‐i2‐miR‐1 overexpression on BAX and
PTEN is consistent with a tumor suppressor role. The
observations that CDH1‐i2‐miR‐1 is differentiating tumor
grade in breast cancer suggest it as a marker for tumor
progression. The predicted cancer‐related downstream
targets show the potential of the CDH1‐i2‐miR‐1 miRNA
in the context of tumor biology.
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