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ABSTRACT

During epithelial to mesenchymal transition, the ability of cancer cells to transform and
metastasize is primarily determined by N-cadherin-mediated migration and invasion. This study
aimed to evaluate whether the N-cadherin promoter can induce diphtheria toxin expression as a
suicide gene in epithelial to mesenchymal transition (EMT)-induced cancer cells and whether this can
be used as potential gene therapy.

To investigate the expression of diphtheria toxin under the N-cadherin promoter, the promoter
was synthesized, and was cloned upstream of diphtheria toxin in a pGL3-Basic vector. The A-549
cells was transfected by electroporation. After induction of EMT by TGF- and hypoxia treatment,
the relative expression of diphtheria toxin, mesenchymal genes such as N-cadherin and Vimentin,
and epithelial genes such as E-cadherin and B-catenin were measured by real-time PCR. MTT assay
was also performed to measure cytotoxicity. Finally, cell motility was assessed by the Scratch test.

After induction of EMT in transfected cells, the expression of mesenchymal markers such as
Vimentin and N-cadherin significantly decreased, and the expression of B-catenin increased. In
addition, the MTT assay showed promising toxicity results after induction of EMT with TGF-8 in
transfected cells, but toxicity was less effective in hypoxia. The scratch test results also showed that
cell movement was successfully prevented in EMT-transfected cells and thus confirmed EMT
occlusion.

Our findings indicate that by using structures containing diphtheria toxin downstream of a
specific EMT promoter such as the N-cadherin promoter, the introduced toxin can kill specifically
and block EMT in cancer cells.
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Specific Expression of Toxin in Cancer Cells

INTRODUCTION

Although more than a century of research has been
dedicated to identifying and treating cancer, it remains the
leading cause of death worldwide.%? In response to
external stimuli, primary tumor cells undergo phenotypic
changes during tumor development. The epithelial to
mesenchymal transition (EMT) is one of the most
important changes.®* This phenomenon increases cancer
cells' aggressiveness and migratory capability, which is
required for cancer metastasizing and spreading to other
tissues.> Cancerous tumor metastasis also depends on
reversible transmission from mesenchymal to epithelial
(MET), which is also required for reciprocating modes of
transmission.®” According to recent research, a small
number of cancer cells may cause EMT-induced signals
such as TGFB due to impaired cell adhesion® mediated by
E-cadherin,® which eventually leads to invasion and
metastasis, ' although this has been disputed.-?

The EMT occurs when epithelial genes like E-
cadherin are downregulated, and mesenchymal genes like
N-cadherin and Vimentin are upregulated.® Oxygen
deprivation and hypoxia, as well as other signaling
pathways, can cause EMT. Deficiency of oxygen due to
the increase of cytoplasmic HIF-1a results in the
induction of EMT-related genes such as TGF-p, TWIST,
and lysyl oxidase (LOX).* The heterodimer of HIF-1a/pB
can be attached directly to the hypoxia-responsive
element (HRE) specified on several genes like the TWIST
promoter.}*6 HIF-10 also increases the expression of
HDACS3, which is involved in the formation of histone
methyltransferase complexes such as Vimentin and N-
cadherin, which are markers of mesenchymal cells.” The
EMT is also induced by the release of Transforming
growth factor- B (TGF- B), which promotes the return of
cells to a mesenchymal state.'® The TGF-p belongs to the
TGF superfamily, composed of TGF-Bs and other related
proteins such as bone morphogenetic proteins (BMPS).
Inhibition of tumor growth occurs whenever TGF- 3
signaling blocks the induced cell cycle and increases
apoptosis, while prometastatic production and EMT
suppress tumor cell proliferation.'*2

A delivery structure that expresses a toxic protein in
cancer cells must encode a level of regulation to limit its
expression in normal cells. It is common for bacterial
toxins to be delivered as recombinant proteins attached to
a targeting moiety.?! The cytotoxic nature of toxins,
including adenine dinucleotide phosphate (ADP)
ribosylation, makes them excellent treatments for
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cancer.?2. ADP-ribosyltransferase, a component of
Pseudomonas exotoxin (PE), has entered clinical trials for
anticancer drugs.?® Various antibodies can be conjugated
with various toxins or fragments, making them a viable
option for developing cancer drugs. Diphtheria toxin (DT-
A) is another source of ribosyltransferase, which is used
to inactivate cancer cell factors in cancer treatment.?+2
On the other hand, immunoconjugate diphtheria toxin and
its fusion with therapeutic agents have increased its ability
to penetrate and target cancer cells.?

Since EMT s associated with a poor prognosis,?’ it
is essential to know and understand its underlying genes
in vitro and in vivo. Also, no effective treatment has
been developed in clinical conditions.?® Therefore, to
identify the mechanisms involved and provide an
appropriate therapeutic approach, the different modes of
EMT and the expression conditions of the genes
involved should be examined.® A bacterial toxin is used
to treat cancer based on the creation of a protein toxin
attaching to the cancer cell and identifying specific
antigens on its surface that eventually cause the cancer
cell's death.?® In this regard, a study showed that
immunotoxin (VGRNb-DT) obtained by chemical
conjugating diphtheria toxin with the vascular
endothelial growth factor receptor 2 (VEGFR-2)
inhibited cell growth in prostate cancer.®® The H19
protein is found in various tumor cells, including liver
cells, bladder cells, and colon cancer cells.?* In addition,
DT-A expression and its effect on luciferase activity
were investigated in human liver cancer cells, mouse
bladder cancer cells, and T24P bladder cancer cells.® In
recent years, diphtheria toxin has become increasingly
popular as an immunotoxin. It was also studied whether
PDTA-PBH19 immunotoxin expression affected the
814 bp promoter flanking the 5'-region of the H19 gene
in bladder, choriocarcinoma, colorectal, and ovarian
cancer cells.*> Furthermore, immunotoxins PRAD51-
DTA and PRAD51C-DTA have been studied on the
promoters of Rad51, Rad51C, and XRCC2 regulatory
elements in cervical and breast cancer.*%® In some
studies were investigated diphtheria Surp1430-DTA
immunotoxin in ovarian, gastric, non-small, small-cell
lung, and breast cancers.3¢

Despite the effectiveness of this approach,
disadvantages such as possible drug leakage into the
bloodstream, Capillary leakage syndrome in blood
neoplasms, or thrombocytopenia ¥, The development of
immunotoxins necessitates the development of safer and
more efficient methods.®3% A study was conducted

Iran J Allergy Asthma Immunol/ 221

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

Z. Mehmandoostli, et al.

using diphtheria immunotoxin as a nanoparticle
structure to inhibit CXCR4+ lymphocyte proliferation,
showing that immunotoxin-induced cell death has
cytotoxic effects.?® However, more studies will be
needed to establish more effective and safe therapy
because of the complexity of the mechanisms in this
field and the diversity of genes involved in signaling the
EMT process in cancer.

Using a specific expression of diphtheria toxin in
EMT-induced A549 cell lines, this study evaluated the
capability of N-cadherin promoters to block EMT.

MATERIALS AND METHODS

pGL-DTA Construction

Generay Biotech (China) provided the pGH vector
containing DT-A and a pGL3-Baic vector containing the
N-cadherin promoter. As part of the preparation of the
PGL-DTA vector, the pGH vector containing the
inserted DT-A was digested twice with Ncol and xbal
enzymes (Jena Bioscience, France), and then the DT-A
was purified from an agarose gel (GENETBIO, Korea).
In addition, xbal was used to linearize pGL3-Baic
vectors containing the N-cadherin promoter before
partial digestion with Ncol. DT-A was successfully
replaced with luciferase fragments cleaved from the
transporter. The pGL-DTA vector was modified to
include the DT-A fragment downstream of the N-
cadherin promoter, using a T4 ligase enzyme (Sigma,
Germany) to complete the construct.

Cell Line

In this study, A549 cell line, as a common EMT cell
model,** was purchased from the National Cell Bank of
the Pasteur Institute (Tehran, Iran) and cultured in a high
glucose DMEM medium. We supplemented the medium
with 10% fetal bovine serum (FBS) (Gibco, USA), 100
IU/mL penicillin, and 100 pg/mL streptomycin (Gibco,
USA). The cell culture was kept in an atmosphere of
37°C humidified with 5% CO2 and cells were passaged
every 3-4 days. Cells were divided into two groups for
the investigation.

The first study

1) Control (not treated and not transfected),

2) TGF-B1+ (treatment with 5ng/ml TGF-B1),

3) Transfected (transfected with pGL3 -DTA), and

4) Transfected + TGF-B1 (transfected with pGL-DTA
and treated with 5 ng/ml TGF-B1).
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The second study

1) Hypoxia (induced by hypoxia conditions), and

2) Transfected +hypoxia (transfected with pGL-DTA
and cells cultured in hypoxia conditions).

Electroporation and Determination of Transfection
Efficiency

The electroporation mix was prepared by dissolving
the 2x10° cells in 100 uL of PBS buffer with 2 ug of
plasmid (pGL-3Basic vector-NCAD-DT Toxin). Then,
cells were transferred to a sterile 0.2 cm cuvette (Bio-
Rad, USA) and electroporated using the Genepulser
Xcell Bio-Rad electroporation system's default program
(10 msec, 150 V, square wave pulse). The transfected
cells were gently resuspended in 1 ml of prewarmed
high-glucose DMEM medium supplemented with 20%
FBS, then plated in 24- and 96-well plates for RT-PCR
and MTT, respectively, at 37°C and 5% CO2. An
electroporation system (Bio-Rad) was used to transfect
the pIRES2-EGFP plasmid into A549 cell lines (2 x 10°
cells) of the same length as the PGL-DTA vector.
Afterward, the cells were seeded into 24-well culture
plates. Fluorescence microscopy was performed 48
hours after transfection of the cells. By counting the
number of GFP-positive cells determined the percentage
of transfected cell populations.

EMT Induction: Treatment with TGF-B1 or Hypoxia
Condition

Hypoxia was accomplished by replacing the medium
in the first study the day after transfection with DMEM
containing 5% FBS and 5 ng/mL recombinant human
TGF-B1 (Calbiochem, Billerica, MA, USA) and
incubating the cells at 37°C with 5% CO2 for a further
48 hours. In the second study, under standard hypoxia
conditions (<1% 02, 5% CO2, 94% N2), which was
prepared with a hypoxia chamber (STEMCELL
Technologies, USA), the medium of cells was replaced
by a DMEM medium supplemented with 5% FBS.

Proliferation Assay

For assessment of cell proliferation following
transfection and EMT induction was measured using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (MTT) (Sigma, USA). First, plasmids
were electroporated into cells as described previously.
Following seeding, cells adhered for 24 hours in a
growth medium supplemented with 10% FBS in two sets
of 96-well plates. In order to induce EMT by TGF-31
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treatment, a fresh medium containing 5% FBS and 5
ng/ml TGF-B1 medium was added to the cells, and cells
were incubated at 37°C for an additional 48 h. Under
hypoxic conditions (<1% 02, 5% CO2, 94% N2), the
cells were incubated for 48 h at 37 °C with a fresh
medium containing 5% FBS. After transfection and
EMT induction, MTT assays were conducted using 20
uL of MTT stock reagent (5 mg/mL) per well. After
incubation for 4 hours at dark, the medium was removed,
and 100 uL DMSO was added to each well. An
absorbance measurement at 570 nm and reference at 630
nm was performed after 15 minutes of incubation by
using a microplate reader.

Real-time PCR

Total RNAs of the A549 cell line were isolated using
a RiboEXTM kit (Geneall, Portugal), and the total RNAs
were separated by chloroform phase separation and
precipitated with isopropanol. Also, the quality and
quantity of isolated RNAs were evaluated using a
nanodrop spectrophotometer, with absorption at the
optimal density of 260 and 280 (OD). RNA samples (1
ng) were amplified with SuperScript™ double-stranded
cDNA synthesis kit for cDNA synthesis using an oligo-
dT primer (InvitrogenTM, USA). Then the amount of
cDNAs was measured using the Real-time PCR method
with primer pair for GAPDH and studied genes using
SYBR Green PCR Master Mix (Takara, USA). Real-
time PCR was performed using a Rotor-Gene Q kit
(USA). Finally, the 2-244CT method was used to quantify
the relative expression of genes. Amplification of the
GAPDH gene was used as an internal control for real-
time PCR, and fold changes (FC) in gene expression
were also normalized with the GAPDH gene. The
sequence of primers used for Real-time PCR is shown in
Supplementary Table 1.

Scratch Test

To simulate cell motility, scratch or direct
manipulation of cells was implemented as a
complementary assay to monitor the effect of TGF-p1
and hypoxia on the migration of the cells. 24 h after the
transfection, seeding the cells, and before replacing the
medium, two crossed gaps were created by scratching
the monolayer of the cells with a p100 pipette tip. After
48h, the cell migration was observed under the light
microscope, and photos have been provided for
qualitative evaluation of cell migration.

Vol. 23, No. 2, April 2024

Statistical Analysis

Three separate experiments were conducted in
triplicate (n=9), and the results were expressed as
meanztstandard deviation. The results means were
compared using the Mann-Whitney U test. The analysis
was performed using SPSS (Statistical Package for
Social Sciences, Inc., Chicago, IL) version 20, and the
display was performed using GraphPad Prism
(GraphPad Software, San Diego, CA). Statistical
significance was defined as a p<0.05.

RESULTS

Diphtheria Toxin Expression under N-cadherin
Promoter

As shown in Figure 1, Diphtheria toxin subunit A,
585 bp, cloned downstream of human N-cadherin
promoter, which was about 2900 bp.

Morphological Changes after EMT Induction

After cell treatment with TGF-B1, or exposing cells
to hypoxia for 48 h, significant morphological changes
in A549 cells were observed (Figure 1), demonstrating a
fibroblast-like morphology (Figure 2B and C) compared
to the basic epithelial form of A549 cells (Figure 2A).

Transfection Efficiency

Figure 3 shows the expression of GFP in transfected
cells as an indicator of transfection efficiency through
electroporation. The approximate efficiency of
transfection was low and estimated to be about 20%.

pGL-DTA Affects the Relative Expressions of
Epithelial and Mesenchymal Markers to Block EMT

Figure 3 shows the effect of TGF-B1 and hypoxia as
independent factors inducing EMT on epithelial and
mesenchymal markers after 48 hours. As expected, after
EMT induction, the mesenchymal markers expression,
N-cadherin and vimentin, were increased and epithelial
markers like B-catenin and E-cadherin decreased. Thus,
the pGL-DTA construct was successfully expressed, and
EMT induction was confirmed. In transfected groups,
the expression of DT-A was significantly increased and
consequently, the expression of mesenchymal markers,
decreased and expression of epithelial markers increased
in comparison with the EMT group. However, despite
our expectation, E-cadherin did not in line with others
and not increase (data not shown). Figure 3).
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Figure 1. Morphologic changes of A549 cells induced by TGF-B1 or exposure to hypoxia for 48 h. A: Untreated A549 cells,
B: A549 cells treated with TGF-g1 for 48 h (5 ng/mL), C: A549 cells exposed to hypoxia (<1% 02, 5% CO2, 94% N2) for 48 h.

(Images at 20x magnification).

Figure 2. Schematic view of EGFP-transfected A549 cells by inverted fluorescence microscopy after 48 h. A: Transfected cells
light field B: Transfected cells fluorescent field (Images at 10x magnification).
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Figure 3. Real-time PCR analysis for relative expressions of (A) DT-A, (B) N-cadherin, (C) Vimentin, and (D) B-catenin. Results
are presented as the mean +standard error of the mean from triplicate experiments. (** p<0.01, *** p<0.001). As you mentioned
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Moreover, the decrease in N-cadherin expression
indicates that the pGL-DTA structure effectively blocks
EMT. This result was repeated in vimentin (Figure 4C).
Transfected cells also produced more N-cadherin and
Vimentin mRNA when hypoxia was applied, confirming
the effectiveness of the pGL-DTA construct in inhibiting
EMT (Figure 3B and 3C).

For epithelial markers, the results showed that the
expression of E-cadherin in transfected cells decreased
after treatment with TGF-B1. Also, the expression of B-
catenin decreased after treatment with TGF-f1, which
confirms EMT. However, B-catenin expression was
increased in transfected cells, suggesting that pGL-DTA
inhibited EMT (Figure 4). Also, B-catenin mRNA
expression was increased in transfected cells exposed to
hypoxia compared to non-transfected cells (Figure 3D).

pGL-DTA Hinders the Migration of Cells Induced by
TGF-p1 and Hypoxia

After treatment cells with TGF-B1 for 48 hours, the
migration of cells (Figure 4c) was significantly higher
compared to the control group (Figure 4a). Despite high
cell migration in the TGF-B1-treated group (Figure 4b),

the movement of transfected cells was suppressed
entirely (Figure 4d). Similar results were obtained in cell
groups under hypoxia (Figure 4a). Transfected cells
showed significantly less migration under hypoxic
conditions than non-transfected cells (Figure 4f). These
data support the ability of TGF-B1 and hypoxia to induce
EMT separately and that the presented construct can
block EMT by inhibiting cell migration.

Cytotoxicity Assessment of pGL-DTA on EMT-
Induced Cells

Figure 5 shows the results of the MTT test that A549
cells treated with TGF-p1 did not show growth
suppression compared to the control group. On the other
hand, the proliferation of cells transfected with pGL-
DTA followed by treatment with 5 ng/mL TGF-p1 was
significantly lower than cells treated with TGF-p1
(p<0.01), indicating toxicity in the present structure.
Also, based on the data obtained from hypoxia group
cells, the effect of pGL-DTA cytotoxicity on transfected
cells under hypoxia conditions was significantly higher
than non-transfected cells (p>0.05).

Tl *

Figure 4. Microscopic view of cell migration in A549 cell lines. (a) Control A549 cells (b) Transfected A549 cells (c) A549 cells
treated with TGF-B1 for 48 h (d) Transfected A549 cells treated with TGF-$1 for 48 h. (e) A549 cells under hypoxia condition
for 48 h (f) Transfected A549 cells under hypoxia condition for 48h.
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Figure 5. Cytotoxic effect of pGL-DTA on EMT-induced A549 cells after 48 h. Data represent the mean (+ SD) of percent
viability from three independent experiments performed in triplicate. Error bars indicate £SD. (*p< 0.05, **p< 0.01). As was
explained in the result, the transfection efficiently was only 20% and consequently the toxin expression was shown no significant
difference. However, with considering transfection in 80% of cells, the result will be significant.

DISCUSSION

Despite immense advances in treatment methods,
cancer-related deaths remain significant worldwide.
Understanding the molecular pathways of cancer and
developing effective treatment methods will lead to a
reduction in the death rate.** Suicide gene therapy
strategies using bacterial toxins, including diphtheria
toxin, have provided good therapeutic potential for
cancer treatment.?! In this regard, a DNA plasmid
containing the H19 promoter regulatory sequences was
shown to induce toxicity in bladder cancer cells by
expressing diphtheria toxin intracellularly.*> Moreover,
other models based on plasmids capable of directing the
expression of the diphtheria toxin chain have previously
been developed for cancer treatment in liver* and
ovarian cells.** Two studies have shown that diphtheria
toxin induces cell death in cancer tumors when alpha-
fetoprotein promoters and prostate-specific antigens are
used in some liver and prostate cancer cells.*546

Epithelial mesenchymal transition, which is
primarily involved in the differentiation of normal cells
during early development, is required for metastasis.*’ It
can reprogram malignant tumors into mesenchymal-like
cells in most cancers.*® In this process, epithelial cells
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migrate and spread to the adjacent tissues to create
metastasis. Therefore, understanding the molecular
pathways of EMT is essential for achieving cancer
treatment goals.*°

Extracellular factors such as hypoxia and TGF-p can
activate the EMT process. However, it has been reported
that TGF-p can induce pro- and anti-apoptotic effects on
epithelial cells.®® Human cancer cells also become
significantly invasive under hypoxic conditions, which
stimulates the EMT process independently.® An
important feature of EMT is the decreased expression of
E-cadherin and increased expression of N-cadherin
during cancer development.>?

Studies on the N-cadherin promoter are limited
compared to E-cadherin. A potential E-box sequence in
the first intron of the N-cadherin gene at +2,627 to
+2,632 bp has been found as the specific binding site for
Twistl. Mutagenesis in the E-box sequence eliminated
Twistl's ability to induce N-cadherin promoter activity.
Twistl siRNAs confirmed its potential role in regulating
N-cadherin promoter activity, resulting in a 50%
decrease in N-cadherin mRNA expression. The role of
Twistl in regulating EMT is suspected to be related to
hypoxia.>®
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This study focused on using a specific gene
promoter, N-cadherin, to activate diphtheria toxin in
cancer cells undergoing EMT. The goal was to induce
cell death and inhibit EMT. The study found that all
EMT inducers were successful in activating the
process.*® However, there was an unexpected response
to E-cadherin expression.

This study suggests that inducing apoptosis in cancer
cells and inhibiting EMT can be achieved by targeting
the N-cadherin promoter with diphtheria toxin. The
vector containing the N-cadherin promoter competes
with transcription factors involved in EMT, attracting
and engaging endogenous N-cadherin and Vimentin,
which are mesenchymal markers. However, not all
transcription factors involved in EMT may be inhibited,
and unknown factors may influence E-cadherin
expression, which was not as desired. The scratch test
results indicate that EMT inhibition depends on the
expression of N-cadherin and Vimentin, while E-
cadherin may not be involved. Further research is
needed to fully understand the complex interactions
between the promoter, transcription factors, and
mesenchymal markers involved in EMT. A study found
that inhibiting EMT did not result in the expected
increase in E-cadherin expression. The study blocked
certain sequences on the E-cadherin promoter to prevent
its expression from being reduced during EMT.
However, this change did not lead to the desired
expression pattern of E-cadherin. In fact, the expression
of E-cadherin unexpectedly decreased, while other
markers associated with EMT also showed decreased
expression.>*

In addition, cells that were transfected with pGL-
DTA and treated with TGF-1 showed a lower rate of cell
growth compared to cells treated with TGF-1 alone. This
confirms that the current construct is toxic. There was
also a significant difference between transfected and
non-transfected cells in terms of cytotoxicity caused by
pGL-DTA under hypoxia conditions (p>0.05). This
finding is consistent with previous studies and suggests
that oxygen deficiency in cancer cells, along with
reactive oxygen species (ROS), leads to the selection of
tumor cells with aggressive characteristics and high
growth ability.5®

In line with previous studies, the results obtained
from the study conducted by Sadeghi et al. demonstrated
that exposure to 150 mM and 200 mM CoClI2 did not
have a significant impact on the viability of HEK293T
cells after 24 and 48 hours.*® This finding aligns with the
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notion that hypoxia can stabilize hypoxia-inducible
factor (HIF), which in turn affects various cellular
processes such as anaerobic metabolism, angiogenesis,
invasion, and survival.>” Additionally, the study
conducted by Gupta et al. revealed that cancer cell line
survival increased under hypoxic conditions after 24 and
48 hours. These findings further support the role of
hypoxia in influencing cellular responses and highlight
the potential implications for cancer cell survival and
adaptation.>®

In a similar study, the impact of the designed
structure on cell viability did not demonstrate a
significant effect on A549 cells, despite the inhibition of
EMT induced by TGF-B1.5° However, previous research
has indicated that TGF-B1 is the most potent inducer of
EMT.® Our findings support this, as we observed that
TGF-B1 can induce EMT in the cell line by transforming
polygonal cells into spindle-shaped cells, which aligns
with previous findings.8? Additionally, our study
revealed a decrease in E-cadherin expression and an
increase in N-cadherin, pB-catenin, and Vimentin
expression, further supporting the findings of the
aforementioned study.5!

The engineered pGL-DTA construct could block
EMT by downregulating N-cadherin and Vimentin and
upregulating B-catenin. Furthermore, results from cell
migration indicate that N-cadherin has a regulatory role
in preventing tumor cell migration and metastasis. Also,
the cytotoxic effect of diphtheria toxin demonstrated that
using specific event promoter, like an important
molecule in EMT, can be a potential cancer treatment.
Overall, pGL-DTA showed an inhibitory effect on EMT
and concomitant Killing of EMT-induced cells. It is
necessary to conduct further research like animal model
to gain a deeper understanding of this strategy
effectiveness.
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