
Abstract. Background/Aim: The aim of this study was to
investigate the role of Neocarzinostatin (NCS) conjugated
with epithelial cell adhesion molecule (EpCAM) aptamer in
EpCAM-positive cancer cells. NCS is an antitumor
antibiotic protein chromophore that has the ability to cleave
double stranded DNA and can be used as a potential drug
for the treatment of EpCAM-positive cancers. EpCAM
aptamer is an oligonucleotide ligand that binds specifically
to EpCAM, a protein overexpressed in tumor cells.
Materials and Methods: NCS was conjugated with EpCAM
aptamer using Sulfo-Succinimidyl 6-(3-(2-pyridyldithio) -
propionamide hexanoate) LC-(SPDP) cross-linker to deliver
it to EpCAM-positive tumor cells. The conjugates were
characterized using polyacrylamide gel electrophoresis
(PAGE) and high-performance liquid chromatography
(HPLC). Flow cytometry was used to study the binding
efficiency of the aptamer and the conjugates in cancer cells.
The effect of the conjugate on cancer cells was studied
using propidium iodide (PI) to analyze the cell cycle phase
changes. The apoptosis assay was performed using the IC50
concentration of NCS. Microarrays were performed to study
the gene level changes in cancer cells upon treatment with
NCS and the conjugate. Results: Flow cytometry revealed
significant binding of aptamer and conjugate in the MCF-7

and WERI-Rb1 cell lines. Briefly, 62% in MCF and 30% in
WERI-Rb1 cells with conjugate treated cells (p<0.005). The
cell-cycle analysis indicated G2 phase arrest in MCF-7 cells
and S phase arrest in WERI-Rb1 cells (p<0.005).
Microarray analysis showed differentially expressed genes
involved in cell cycle, DNA damage, and apoptosis. The
BrDU assay and the apoptosis assay showed that the
expression of BrDU was reduced in conjugate-treated cells
and the PARP levels were increased confirming the double
stranded DNA breaks (p<0.005). In MCF-7 and WERI-Rb1
cells, most of the cells underwent necrosis (p<0.005).
Conclusion: The EpCAM aptamer conjugated NCS showed
specificity to EpCAM-positive cells. The effect of the
conjugates on cancer cells were impressive as the conjugate
arrested the cell cycle and promoted apoptosis and necrosis.
The high levels of PARP expression confirmed the DNA
breaks upon conjugate treatment. Our study demonstrates
that the NCS conjugated with EpCAM can be targeted to
cancer cells sparing normal cells.

Cancer treatment without adverse side-effects is a challenge.
Chemotherapy is a conventional method for cancer treatment
and on a high priority of research due to its off-targeting
effects. Chemotherapeutic drugs, however, show limitations of
low bioavailability and off-target effects to normal cells and
tissues (1). Targeted therapy is a type of cancer treatment
where, the drugs can be targeted to the cancer cells using
molecules that are uniquely expressed in the tumors (2-4).
Targeted therapy can potentially increase bioavailability and
lower side-effects. The antibody-drug conjugation approach
was initiated in the late 1900 and has shown tremendous
potential for targeted cancer therapy (5-7). However, several
antibody conjugates have been tested against many cancers,
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and an adverse reaction is commonly encountered. NCS
antibody conjugate in Phase II clinical trials resulted in
thrombocytopenia and acute allergic reactions in patients for
which the exact reason is unknown (8, 9). Aptamers are the
small oligonucleotide or peptide sequences that bind
specifically to a target molecule (10). The epithelial cell
adhesion molecule (EpCAM) is a transmembrane glycoprotein
involved in proliferation, migration, differentiation and in
various signaling pathways in cancers (11). EpCAM plays a
substantial role in tumorigenesis and metastasis and is
expressed in the majority of epithelial tumors. Hence,
targeting EpCAM may provide an approach for treating
cancers (12). The specificity of EpCAM aptamers has already
been reported in the literature (13, 14). 

Toxin-based therapy has gained attention for treating
cancers in recent years as they are highly potent and can kill
tumor cells at very low dosages (15-18). NCS obtained from
Streptomyces carzinostaticus (19-21) is a single chain acidic
protein (113 amino acids, 11 kDa) bound to an enediyne
chromophore that contains an active naphthoate ester. NCS
intercalates with DNA, by positioning the diene into the
minor groove. The diradical reacts with C4’ and C5’-atoms
of the deoxyribose sugar, usually at deoxyadenosine and
thymidine residues of DNA (22).

NCS antibody conjugates have been used for targeting
pancreatic cancer (23) and melanoma (24) however due to the
adverse reactions elicited in patients, stage II clinical trials
were not continued (25). In order to overcome the immune
responses elicited by earlier study, an aptamer was
synthesized against EpCAM. Our group had already delivered
antitumor drugs to the tumor cells using EpCAM aptamer as
a ligand (13, 26). We have also investigated the biophysical
interaction between NCS and EpCAM aptamer (27). In
continuation, in this study, we conjugated EpCAM aptamer
with NCS toxin as mentioned in Figure 1. The conjugates
were synthesized using Sulfo-LC-SPDP cross-linker and
characterized by HPLC and SDS-PAGE. We investigated its
effects on MCF7 and WERI-Rb1 cells. The impact of the
conjugate on cell viability, cell cycle, apoptosis and the whole
transcriptome was evaluated. Whole transcriptome microarray
analysis was also performed to identify changes in the
expression of genes caused by the NCS conjugate. 

Materials and Methods

Conjugation of neocarzinostatin with EpCAM aptamer. The
heterobifunctional crosslinker Sulfo-LC- N-succinimidyl-3-(2-
pyridylodithio) propionate (Sulfo-LC-SPDP, Thermo Scientific,
USA) was used to conjugate NCS with EpCAM aptamer (28).
Briefly, EpCAM aptamer 5’S-S-GCGACUGGUUACCCGGUCG-3’
(Dharmacon Inc, Lafayette, CO, USA) with and without fluorescein
(FAM) was diluted using RNAse and DNAse free water to make 
100 μM concentration. The aptamer was reduced using 2 mM
Dithiothreitol (DTT, Sigma-Aldrich, Bangalore, India). Excess DTT

was removed using Sephadex Columns (NAP-5 columns, G25-DNA
grade column, GE Healthcare, Bangalore, India). NCS solution was
treated with the SPDP cross-linker for 1 h at RT using constant
stirring. The unreacted SPDP was removed using Zeba micro spin
desalting columns (Thermo Scientific, Carlsbad, California, USA).
The NCS-SPDP solution was added dropwise to a 5-fold molar
excess of reduced EpCAM aptamer and reacted overnight at 4˚C. 2
mM iodoacetamide (Sigma, Bangalore, India) was added to the
reaction mixture to block the unreacted aptamer. The conjugation
reaction was monitored through the appearance of pyridine 2-thione
at 340 nm using a multimode microplate reader (Spectramax,
Molecular Devices M4, Sunnyvale, California, USA). The
unconjugated aptamer was washed with PBS (10 mM sodium
phosphate, 150 mM NaCl (pH 7.2), and the conjugate was eluted
with 10 mM sodium phosphate, 1M NaCl as per the previous reports
(28). The conjugates were then subjected to the spin filtration (Spin
Filter columns, Millipore, Bangalore, India) to remove the unreacted
salts and reactants. Filtered conjugates were then stored at –80˚C
until being used for in vitro studies.

Characterization of Conjugates
Gel retardation assay. The Ep-NCSFi conjugates were identified
using SDS-PAGE (Polyacrylamide gel electrophoresis). NCS alone
5 μM, NCS-SSEpFi conjugate 5 μM and the DTT-reduced NCS-
SSEpFi 5 μM were diluted with 1X protein loading buffer (50 mM
Tris pH 7.5; 2% SDS; 8% glycerol; 0.5% bromophenol blue), and
the samples were run on a 18% gel. The samples loaded were
Native NCS, Native aptamer, the prepared conjugate and DTT-
reduced conjugate. 

High-performance liquid chromatography (HPLC) analysis. The
Ep-NCSF: aptamer conjugates were characterized through a
reversed phase-HPLC to analyze the conjugates as described earlier
(29). The purification of the Ep-NCSFi conjugate was carried out
using Agilent Zorbax oligo column (1200 series). The mobile phase
contained 20% acetonitrile (A) and 80% 0.02 M sodium phosphate
(monobasic, B) pH 7.0, (B-A) + 2.0M NaCl. A linear gradient of
0% B to 100% B in 120 min with a flow rate of 0.5 ml/min was
used for separation. The gradient was controlled by the Agilent
software. The column temperature was maintained at 25˚C. The
fractions were collected at one-minute intervals and absorbance
measured at 260 nm and 480 nm using Diode Detection Array
(DAD). The fractions were concentrated using Spin filter columns
(Amicon-3KDa), and the purified conjugates were also checked for
the excitation and emission at 480 nm and 520 nm using a
multimode plate reader.

In Vitro Evaluation of Ep-NCSFi conjugates 
Cell culture. WERI-Rb1 retinoblastoma cells (RIKEN BioResource
Center, Ibaraki, Japan) were maintained in RPMI 1640 (GIBCO,
Rockville, MD) supplemented with 10% foetal bovine serum (FBS-
GIBCO, Rockville, MD) and 0.1X penicillin–streptomycin
antibiotics (Himedia, Bangalore, India). MCF-7 breast cancer
(ATCC, Manassas, VA 20108, USA) and MIOM1 Muller glial cell
line [a gift from Dr. G. A. Limb (UCL Institute of Ophthalmology,
London, England)], were maintained in DMEM 1640 (GIBCO,
Rockville, MD) supplemented with 10% Foetal bovine serum and
0.1X penicillin–streptomycin antibiotics (Himedia, Bangalore,
India). All cell lines were maintained in 5% CO2 saturated
humidified incubator at 37˚C. 
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Figure 1. Schematics of Neocarzinostatin-EpCAM aptamer conjugate synthesis using Sulfo-LC-SPDP chemistry.



Flow cytometry analysis. The binding efficiency of aptamer and
Ep-NCSFi conjugate with EpCAM cells was measured using a
Flow cytometer (BD FACSCalibur, BD Lifesciences, Franklin
Lakes, NJ, USA). Briefly, 2×106 cells WERI-RB1, MCF-7 and
MIOM1 cell lines were washed twice with 1X PBS and incubated
with 0.1 μM-1 μM of native aptamer and Ep-NCSFi conjugates in
100 μl DMEM media for 1 h. A control sample for all the three cell
lines was maintained to gate the cells for Flow cytometry analysis.
The cells were centrifuged at 1500 RPM post-incubation for 5 min,
the pellet was washed twice with 1X PBS and suspended in sheath
fluid. Cells were acquired using a green laser (480 nm) and
analyzed for FITC expression based on the histogram obtained.

Fluorescence microscopy. Fluorescence microscopy was used to
study the aptamer and Ep-NCSFi conjugates binding in cancer and
normal cells. Approximately 1×103/well WERI-Rb1, MCF-7, and
MIOM1 cells, were seeded on Poly-L-Lysine coated coverslips
placed in 24-well plates. Post-seeding, cells were incubated with
150 nM concentrations of SSEpFi alone, Ep-NCSFi conjugate and
NCS alone at 37˚C for 1 h. Post incubation, cells were washed twice
with 1X PBS, fixed with cold 4% paraformaldehyde (PFA). Cells
were then washed twice with 1X PBS and counterstained with
DAPI for 10 min and images were acquired with Zeiss fluorescence
microscopy and analyzed using Axio Vision software.

Gene Expression Study by Microarray Analysis
Cell Culture and RNA isolation. Briefly, 2×106 MCF-7 cells/well
were seeded in 6-well plates and allowed to grow overnight. The
cells were treated with NCS alone (100 nM) or NCS-EpFI
conjugated (50 nM) and incubated for 24 h. Cells were trypsinized
after incubation and washed twice with 1×PBS. Total RNA was
isolated from the untreated control cells (C1, C2), NCS (N1, N2)
and NCS Conjugate (NC1, NC2) treated cells in duplicates using
Qiagen RNeasy mini kit (Qiagen, Valencia, CA, USA). RNA was
checked for quality and quantity using BioSpec-nano (Shimadzu,
Kyoto, Japan). Total RNA was diluted as per the requirement for
further microarray analysis.

Experimentation protocol. The Affymetrix microarray platform was
used for gene expression study. Briefly double-stranded cDNA was
synthesized from 100 ng total RNA using poly-A RNA controls by
reverse transcriptase PCR. The further in vitro transcription was
done to synthesize biotin labeled amplified RNA (aRNA) using 3’
IVT PLUS Reagent Kit (902416, GeneChip 3’ IVT PLUS Reagent
Kit, Thermofisher scientific, Bangalore, India). RNA was purified
and quantified using BioSpec-nano. Further, it was fragmented and
observed in 1% Agarose gel for the fragmentation pattern. Fifteen
μg of labeled fragmented aRNA was used for preparing the
hybridization cocktail. One hundred and thirty μl of hybridization
cocktail was loaded on to the GeneChip PrimeView Human Gene
Expression Array cartridges and hybridized for 16h in rotation at 60
rpm and 45˚C using Gene Chip Hybridization oven 640. After
hybridization, the array cartridges were washed and stained using
the Affymetrix Fluidic station 450. Stained arrays were scanned
using Affymetrix GeneChip scanner (3000 7G) at 570 nm.

Microarray data analysis. The Raw Expression Array feature intensity
data (.CEL file) generated from the scanner was processed initially
with the Affymetrix Expression Console software (version 4.0) using
RMA algorithm to generate probeset summarization values ‘.CHP’

files. Normalized Raw data were submitted to NCBI Gene Expression
Omnibus (Accession number GSE69160). Further microarray
statistical analysis, fold change analysis, and biological interpretation
were done using the Gene Spring (Version 13.0) software. The analysis
was done for three different samples in biological duplicates, i.e.,
control; NCS treated cells, and EP-NCSFi conjugate treated cells (C1,
C2, N1, N2, NC1, and NC2). The .CEL files were imported to Gene
spring software (Version 13.0-GX). Quality control was performed
based on filtration of probe set by expression and by error. The
interpretation was done individually between control vs. NCS treated,
control vs. EP-NCSFi conjugate treated and NCS vs. EP-NCSFi
Conjugate averaged samples of duplicate treatments. The statistical
analysis was also performed separately between the three groups.
Statistics was applied using moderate T-Test with the asymptotic
computation of p-value and multiple testing correlations using
Benjamini-Hochberg FDR. The downstream entities with a fold
change of >2.0 with a p-value of <0.05 were taken further for fold
change interpretation. The fold change threshold was kept two-fold.
The gene list of fold change for both the control vs. NCS and Control
vs. EP-NCSFi conjugate treated cells were analyzed for common gene
set of differentially expressed genes using Venn diagram. Further
biological interpretation on the differentially expressed gene list of
NCS vs. EP-NCSFi Conjugate analysis was performed for
understanding the differential expression upon EP-NCSFi conjugate
treatment. The differentially expressed gene set data was taken further
for Gene Ontology (GO) analysis with a p-value of 0.05.

BRDU, H2AX and PARP assay. Bromodeoxyuridine (BrDU)
incorporation assay was performed using the BrDU assay kit (BD
pharming 562253, Excel Bioscience, Chennai, India). Briefly, 2×106
cells (MCF-7 and WERI-Rb1) were grown in a 6-well plate, and the
cells were treated with the NCS and Ep-NCSFi conjugates and
incubated for 12 and 24 h. The cells were then washed twice with
1XPBS and processed with 10 μM final concentration of BrdU in
cell culture media. The cells were then incubated for 12 h, washed
twice with 1X PBS and treated as per the standard protocol given in
the manufacturer’s kit. Accordingly, the cells were washed and fixed
with BD Perm wash buffer and incubated with anti-BrDU, anti-
H2AX and cleaved anti-PARP antibodies. The cells were incubated
for 45min at RT and washed twice with 1X BD wash buffer and
acquired through the flow cytometer. Cells were grown on the
coverslips, and the same procedure was followed for the microscopic
analysis. The cells were fixed and stained with the DAPI. The
images were acquired with a Zeiss fluorescence microscopy.
Bangalore, India and analyzed using Axio Vision software. 

Cell cycle assays by flow cytometry. MCF-7 and WERI-Rb1 cells
were cultured in 6-well plates, incubated with Native NCS (200 nM),
and Ep-NCSFi conjugates (100 nM) for 24 h. Post-incubation, cells
were collected, washed twice with 1X cold PBS and fixed with 70%
cold ethanol. Cells were washed twice with 1XPBS and incubated
with RNase (10 μg/ml) and Propidium Iodide (PI-50 μg/ml) at 37˚C
for 3 h. Post incubation, cells were washed twice with 1XPBS,
suspended in sheath fluid and acquired through the Flow cytometer.

Apoptosis assay. MCF-7 and WERI-Rb1 cells were grown at a
confluence of 60-75% for 24 h and incubated with NCS alone
(200 nM) or Ep-NCSFi conjugates (100 nM) for 24 h. Post-
incubation, cells were washed twice with 1X PBS and fixed with
4% PFA. Cells were washed twice with 1X PBS and incubated
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with Annexin-V FITC and PI according to the manufacturer’s
protocol (556547, BD Pharmingen™, San Jose, CA, USA) for 1hr
at 4˚C. Further, cells were washed twice with PBS and acquired
through the Flow cytometer.

Trypan blue exclusion analysis of cell viability. MCF-7 and WERI-
Rb1 cells were seeded in 96-well plate at a cell density of 6000/well.
Different concentrations (100 nM, 200 nM, 300 nM, 400 nM 500 nM)
of both (NCS and NCS-SSEPFi) were prepared and added to the cells
in triplicates. The samples were incubated at 37˚C in a humidified
incubator for 24 h. 100 μl of trypan blue dye was added to the cells,
and the number of dead cells which had taken up the dye was counted
in the hemocytometer under a compound microscope. The procedure
was repeated for all the wells, and triplicate value and the percentage
cytotoxicity was calculated by using the standard formula.

Statistical analysis. The statistical analysis for the microarray was
done using Gene Spring software and the correlation between the
NCS, and the conjugate were performed using Benjamini-Hochberg
algorithm, where duplicates of Control, NCS, and the conjugates
were considered, and the statistics were performed between the
Control vs. NCS and Control vs. Conjugate. The p-value was set to
be p<0.05 which was deemed to be significant. The statistics for the
binding assay, cell cycle assay, apoptosis assay and the trypan blue
assay was performed with Student t-test, and the values were
p<0.05 and p<0.001 which were considered to be significant.

Results 
Conjugation and characterization. Conjugation of NCS with
EpCAM aptamer (SSEpFi) was performed using Sulfo-LC-
SPDP cross-linker, and the reaction was monitored by
measuring the absorbance at 340 nm using a multi-mode
microplate reader. The appearance of the absorption peak at
340 nm confirmed the release of Pyridine-2-thione that was
produced as a by-product (28) during the conjugation
reaction. The HPLC results indicated that NCS was eluted

from the Zorbax oligo column at 12.5th min, whereas the
conjugate eluted at 30.0th min. Measurement of absorbance
at 260 nm and 480 nm confirmed the presence of the protein
and the aptamer respectively in the conjugate (Figure 2A, B,
C and D). The conjugation was further confirmed by SDS-
PAGE (Figure 2E). 

In vitro evaluation of NCS-aptamer conjugates 
Flow cytometry and fluorescence microscopy. The native
aptamer and the conjugate showed better binding profiles in
MCF-7 breast cancer cells and WERI-Rb1 retinoblastoma
cells compared to MIOM1 Muller glial cells. Binding of the
native aptamer and Ep-NCSFi conjugate were found to be
62% and 35% respectively for MCF-7 cells with the IC50
values (Figure 3A). Native aptamer and conjugate were
found to have a binding of 35% and 30% respectively for
WERI-Rb1 cells at the IC50 (Figure 3B). MIOM1 cells
(deprived of EpCAM expression) showed a very weak
binding (3 and 10%) for aptamer and conjugates respectively
at the IC50 value (Figure 3C).

The results were confirmed by immunofluorescence that
revealed that the native aptamer and conjugates were bound
to the cell membrane. Both FITC labeled native aptamer and
aptamer conjugates showed higher levels of membrane
positivity in MCF-7 cells (Figure 3D) than WERI-Rb1 cells
(Figure 3E) and conjugate did not bind to MIOM1 cells. The
above results indicated the specificity of the aptamer and
conjugate to EpCAM positive cells (Figure 3F). 

Gene expression by microarray analysis
Expression profiling of genes. Microarray analysis was
performed using the Gene Spring Software. 1,714 genes were
found to be differentially expressed in NCS treated, and 747
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Figure 2. Characterization of EpCAM RNA aptamer conjugate: (A&B) the HPLC chromatographs of NCS and Ep-NCSFi aptamer conjugate showed
the confirmation of conjugation by the difference in the retention time between the NCS (12.5 min at 260 nm and 480 nm) and the (C&D)Ep-NCSFi
conjugate (30.0, 30.02 at 260 nm and 480 nm). (E) The SDS-PAGE analysis showed the proof-of-concept of the conjugation initially with the
difference in the bands between the NCS and the Ep-NCSFi conjugate with 18% gel stained with Coomassie blue. 
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genes in NCS conjugate treated cells with a normalized p-
value<0.05 and a fold change threshold of 2 against the
control sample. The gene entities between the control vs. NCS
treated, and control vs. Ep-NCSFi conjugate treated cells were
overlapped; the overlapped genes revealed a participation of
a considerable number of transcription factors, to show the
targeted therapy of the NCS (MCF-7) (Figure 4A).

The Gene Ontology (GO) analysis showed the biological
processes that are altered in both NCS and Ep-NCSFi
conjugate treated cells. The differential process observed in
NCS- treated cells include cellular events such as cell-cycle
phase, mitotic process, regulation of cell cycle, cell-cycle
checkpoint, cell division, apoptotic process, DNA excision,
programmed cell death, DNA-template transcription,
termination and histone exchange. The Ep-NCSFi conjugate
treatment displayed significant changes in biological process
(Figure 4B) such as DNA replication-independent
nucleosome assembly, histone exchange, DNA conformation
change, cell cycle, protein complex biogenesis, cell
morphogenesis involved in differentiation, adherens junction
organization, mitotic cell cycle, etc.. 

GO analysis showed differential molecular functions in
NCS-treated cells such as protein binding, heterocyclic
compound binding, purine NTP-dependent helicase activity,
ATP binding, DNA-dependent ATPase activity, helicase
activity RNA polymerase II carboxyl-terminal domain kinase
activity, ARF GTPase activator activity, etc. (Figure 4B). Ep-
NCSFi conjugate treatment displayed differential molecular
functions that included, protein binding, anion binding,
alpha-catenin binding, carbohydrate derivative binding,
calmodulin-dependent protein phosphatase activity, and R-
SMAD binding. Cell component genes induced by NCS
conjugate included encode (Encyclopedia of DNA Elements)
for condensed chromosome kinetochore, mitochondrial
matrix, protein – DNA complex, DNA bending complex and
DNA packing complex (Figure 4B). 

GO analysis with NCS and Ep-NCSFi conjugate treatment
displayed the cell component genes (Figure 4B) encoding for
pyruvate dehydrogenase complex, condensed nuclear
chromosome, centromere region, condensed chromosome,
eukaryotic translation initiation factor 4F complex, carboxyl-
terminal domain protein kinase complex, and ubiquitin ligase

complexes. The clustering analysis of NCS and Ep-NCSFi
conjugate-treated cells indicates down-regulated genes
involved in apoptotic and cell cycle processes.

Kyoto Encyclopaedia of Genes and Genomes (KEGG)
pathway analysis and Natural Language Processing (NLP)
networks. KEGG analysis was performed using online
DAVID software to find the gene interaction involved in
cancer pathways (30). KEGG analysis revealed highly
deregulated genes participating in the cell cycle process
which included E2F2, E2F5, CDC20, MYC, and genes
involved in small lung cancer, and TGF-beta signaling
pathways. The KEGG analysis helped to reveal the
deregulated genes involved in post treatments of NCS and
Ep-NCSFi conjugate in the breast cancer tumor models.
Also, KEGG pathway analysis revealed increased expression
of histone molecules like H2AX, which clearly indicated the
activation of DNA damage repair mechanism. Cell-cycle
checkpoint genes were up-regulated including BCL2 and
cyclins (Table I). In the microarray results, NLP networks
showed the direct biological link between the genes and
processes that were highly up-regulated or highly down-
regulated. The results clearly indicated that the differentially
expressed genes upon treatment with Ep-NCSFi conjugate
were involved in apoptosis and necrosis (Figure 5A and B).

Gene expression studies were performed to investigate the
possible effect of NCS conjugate involved in targeting the drug
directly to the cancer cells. The list of genes associated with
the EpCAM has led us to investigate further the effect of the
conjugate on different cancer cells having EpCAM expression.

BrDU, H2AX and PARP assay. BrDU incorporation assay
revealed that the BrDU uptake is higher in untreated cells
(WERI- Rb1 & MCF-7) than NCS and conjugate-treated cells
indicating a reduction in cell proliferation. Consequently, the
expression of histone molecule (H2AX), a significant
regulator of the DNA repair mechanism was observed to be at
elevated levels in the conjugate-treated cells (Figure 6B,C and
D). Cleaved PARP level was found to be increased in the
conjugate-treated cells as this enzyme recruits the α-H2AX
through serine 139 during DNA repair response indicating the
induction of an early DNA damage response.
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Figure 3. The EpCAM aptamer binding profiles: (A&D) The MCF-7 cells showed a significant EpCAM aptamer and Ep-NCSFi conjugate binding to
the cells with increase in the concentration of both aptamer and the Ep-NCSFi conjugate through flow cytometry. The fluorescence microscopy revealed
the membrane positivity for aptamer and the Ep-NCSFi conjugate treatment. (B&E) The WERI Rb1 cells showed the promising binding of both aptamer
and the Ep-NCSFi conjugate, the fluorescence microscopy also revealed the membrane positivity of the aptamer and the Ep-NCSFi conjugate. (C&F)
The MIOM1 (Normal Muller Glial cells) showed poor aptamer and Ep-NCSFi conjugate binding to the cells, the fluorescence microscopy also revealed
no binding of the aptamer or Ep-NCSFi conjugate even with the higher concentrations. Results=Mean±SEM) *p<0.05, **p<0.01 and ***p<0.001.

’
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Figure 4. Microarray Gene Expression Studies: (A) Cluster analysis of the Ep-NCSFi conjugate treated cells revealed the genes responsible for the
Apoptosis and Necrosis, through an evidence of DNA damage. (B) The Gene Ontology (GO) analysis showed the biological processes, cell component
processes and molecular functions of the differentially expressed genes between the NCS and Ep-NCSFi conjugate treatments with significant p-values. 

Trypan blue cell viability assay. Trypan blue cell viability
assay revealed the IC50 value of 50 nM for Ep-NCSFi -
conjugate and 150 nM for NCS in MCF-7 cells (Figure 7A).
The IC50 value was found to be 75nM and 300 nM for Ep-
NCSFi-conjugate and NCS respectively in WERI-Rb1 cells
(Figure 7B). 

Cell cycle and apoptosis assay. Cell-cycle assay revealed
that 78% of MCF-7 cells were arrested in ‘G2’ phase by
NCS treatment and 86% by Ep-NCSFi- conjugate
treatment (Figure 5). Interestingly, WERI-Rb1cells showed
“S” phase elongation leading to arrest of 29% from
treatment with NCS and 45% from treatment with Ep-
NCSFi- conjugate (Figure 6A).

The effect of toxin and the conjugate on cancer cells was
revealed by an apoptosis/necrosis assay using PI and
annexin. The toxin had a direct impact on DNA damage and
consequently the cells undewent necrosis. The native toxin
resulted in 47% necrosis and the conjugates resulted in 50%
necrosis in WERI-Rb1 cells (Figure 7E). Similarly, native
toxin caused 24% necrosis and the conjugate caused 32%
necrosis in MCF-7 cells (Figure 7D). The NCS and Ep-
NCSFi conjugate showed 5.59% and 8.09% of late apoptosis

in WERI-Rb1 cells, respectively. In the case of the MCF-7
cell line, NCS, and the Ep-NCSFi conjugate brought about
2.4 and 2.1% of late apoptosis, respectively.

Discussion

The selectivity and specificity of aptamers to tumor cells
have been reported earlier (31). Gelonin toxin has been
delivered to prostate cancer cells using anti-PSMA aptamer
(32). In this study, the potent DNA damaging anti-tumor
antibiotic protein NCS was conjugated with the EpCAM
aptamer for delivering NCS precisely to cancer cells. 

Since aptamers by themselves are non-immunogenic and
can carry the toxic payloads to cancer cells with minimal side
effects (33), we conjugated NCS to the EpCAM aptamer in
order to target EpCAM positive cells. The ability of the
conjugate to induce DNA breaks in the cancer cells leading to
‘G2’ phase arrest and apoptosis or necrosis is in agreement
with an earlier report (34, 35). Microarray analysis revealed
the dominant genes that are highly expressed in MCF-7 cells
treated with NCS and conjugate. Evidence revealing the
involvment of DNA damage response signaling pathways in
conjugate-treated cells is in agreement with earlier reports on
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Figure 5. Gene spring analysis of NLP showed the Network of genes and process involved with NCS and NCS-EpCAM conjugate treatments.



targeted tumor therapy (36-38). DNA damage induced by
NCS possibly releases reactive oxygen species through an
H2AX-Nox1/Rac1 pathway leading to the activation of a
DNA damage repair mechanism (34). NQO1 (NAD (P)
Quinone oxidoreductase) gene is involved in the protection of
cytosolic enzymes in adaptive stress conditions, and also helps
in the oxidation of NADH, which is a crucial component in
cellular redox reactions. Moreover, it also stabilizes p53 and
PARP1 activity (39). In our study, NQO1 was up-regulated in
conjugate-treated MCF-7 cells, revealing the activation of

stress responses in the tumor cells. PANK3, which is
associated with the panthione synthesis pathway and in
Acetyl-CoA production, facilitates the cellular redox process.
The genes IFIT1, PANK3, and GCL3 are markers of DNA
damage which are involved in cell proliferation and apoptosis
(40). We observed that PANK3 and GCL3, are highly up-
regulated, indicating the activation of DNA damage response
and induction of apoptosis. The most down-regulated genes in
our study were AKT2, B4GALNT4, ZNF451 and PARP6, that
are involved in the cell cycle process and DNA repair
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Table I. Selected genes (both up-regulated and down-regulated) with KEGG pathways using DAVID software.

ID                                       Gene Name                                                                                       KEGG_PATHWAY

ABCA3                                ATP-binding cassette, sub-family A (ABC1), member 3              ABC transporters
CNOT4                               CCR4-NOT transcription complex, subunit 4                                RNA degradation
DDX58                               DEAD (Asp-Glu-Ala-Asp) box polypeptide 58                             RIG-I-like receptor signaling pathway, hsa04623:
                                                                                                                                                     Cytosolic DNA-sensing pathway
OGT                                    O-linked N-acetylglucosamine (GlcNAc) transferase (UDP-       O-Glycan biosynthesis
                                           N-acetylglucosamine:polypeptide-
                                           N-acetylglucosaminyl transferase)
ACTN1                                Actinin, alpha 1                                                                                Focal adhesion, Leukocyte transendothelial migration
APP                                    Amyloid beta (A4) precursor protein                                             Alzheimer’s disease
CSNK1A1                           Casein kinase 1, alpha 1                                                                  Wnt signaling pathway, Hedgehog signaling pathway
CPT1B                                Choline kinase beta; carnitine palmitoyltransferase                     Fatty acid metabolism, PPAR signaling pathway, 
                                           1B (muscle)                                                                                      Adipocytokine signaling pathway
CCNL2                               Cyclin L2; chemokine (C-C motif) receptor 6                               Cytokine-cytokine receptor interaction, 
                                                                                                                                                     Chemokine signaling pathway
DNM1                                 Dynamin 1                                                                                        Endocytosis, Fc gamma R-mediated phagocytosis
GANAB                               Glucosidase, alpha; neutral AB                                                       N-Glycan biosynthesis
GCLM                                 Glutamate-cysteine ligase, modifier subunit                                  Glutathione metabolism
GPAA1                                Glycosylphosphatidylinositol anchor attachment                          Glycosylphosphatidylinositol(GPI)-anchor biosynthesis
                                           protein 1 homolog (yeast)
IFIH1                                  Interferon induced with helicase C domain 1                                RIG-I-like receptor signaling pathway
LIG1                                   Ligase I, DNA, ATP-dependent                                                      DNA replication, Base excision repair, Nucleotide 
                                                                                                                                                     excision repair, Mismatch repair
MAN2C1                            Mannosidase, alpha, class 2C, member 1                                       Other glycan degradation
NFAT5                                 Nuclear factor of activated T-cells 5, tonicity-responsive             Wnt signaling pathway, VEGF signaling pathway, 
                                                                                                                                                     Natural killer cell mediated cytotoxicity, T cell receptor 
                                                                                                                                                     signaling pathway, B cell receptor signaling pathway
NSD1                                  Nuclear receptor binding SET domain protein 1                           Lysine degradation
PANK3                                Pantothenate kinase 3                                                                      Pantothenate and CoA biosynthesis,
POLR2J2, POLR2J3         Polymerase (RNA) II (DNA directed) polypeptide J3;                Purine metabolism, RNA polymerase, 
                                           Polymerase (RNA) II (DNA directed) polypeptide J2                  Huntington’s disease
PPM1B                               Protein phosphatase 1B (formerly 2C),                                         MAPK signaling pathway
                                           Magnesium-dependent, beta isoform
PTPRF                                Protein tyrosine phosphatase, receptor type, F                              Cell adhesion molecules (CAMs), 
                                                                                                                                                     Insulin signaling pathway,
TXNRD2                             Thioredoxin reductase 2                                                                  Pyrimidine metabolism,
TRA2A                                Transformer 2 alpha homolog (Drosophila)                                   Spliceosome,
AKT2                                  v-akt murine thymoma viral oncogene homolog 2                        MAPK signaling pathway, ErbB signaling pathway, 
                                                                                                                                                     mTOR signaling pathway, Apoptosis, VEGF signaling 
                                                                                                                                                     pathway, Toll-like receptor signaling pathway, 
                                                                                                                                                     Jak-STAT signaling pathway, Pathways in cancer, 
                                                                                                                                                     Endometrial cancer, Glioma, Prostate cancer, Melanoma, 
                                                                                                                                                     Acute myeloid leukemia, Small cell lung cancer, 
                                                                                                                                                     Non-small cell lung cancer,



mechanisms (41). AKT2 is a thymoma viral oncogene
homolog 2 that enhances cell migration, invasion, and
proliferation (42) which has been hugely involved in various
signaling pathways in cancers such as colorectal, pancreatic,
prostate, non-small cell lung cancer, myeloid leukemia and
glioma (KEGG) (Table I). Mosesson et al. reported that the
integrin molecule is transported in the direction of cancer
invasion by endocytosis of RAB12 (43). We found that
RAB12 is highly downregulated in conjugate-treated cells, and
this may be significant in the prevention of cancer invasion.
PCB2 is involved in regulation of post-transcriptional and
translational processes in stressed conditions (44). Complete

down-regulation of PCB2 possibly reveals that conjugate
treatment drive cells to necrosis. The epigenetic alteration
predicted in conjugate-treated cells is evident by observing
complete down-regulation of the PHF20L1 gene, which
stabilizes methyltransferase activity in the genome (45).
Knockdown of PolQ expression suppresses the DNA repair
mechanism (46). Interestingly in our study, we witnessed a
remarkable down-regulation of PolQ (47) which is involved
in recruiting mitotic checkpoint proteins and regulating mitosis
during DNA damage (48). In our study PCID2 was highly
down-regulated which can be correlated to the inability of
cells to overcome cell cycle arrest in the mitotic phase. 
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Figure 6. The aptamer internalization and cellular effects: (A) The cell-cycle analysis revealed the ‘G2-M’ phase arrest in MCF-7 cell line with
NCS and Ep-NCSFi conjugate treatments. The WERI Rb1 cell line showed the retardation of ‘S’ phase or elongation of ‘S’ phase leading to phase
arrest with NCS and Ep-NCSFi conjugate. (B,C,D) The DNA damage was monitored by incorporation of BrDU, anti-PARP, and α-H2AX. The intake
of the BrDU in both NCS and Ep-NCSFi treatment was found to be minimal, which shows the reduction in the cell proliferation. The DNA-damage
was monitored with the release of PARP enzyme, the release of PARP was clearly seen in NCS and Ep-NCSFi conjugate treatment. The overall
PARP was highest in Ep-NCSFi conjugates comparatively with NCS. The α-H2AX also revealed that the increased levels of the α-H2AX in NCS
and Ep-NCSFi conjugate treatments that were recruited by serine 139. Results=Mean±SEM *p<0.05, **p<0.01 and ***p<0.001.



Cell-cycle analysis revealed that NCS and the NCS conjugate
caused G2 phase arrest in about 78 and 86% of MCF-7 cells
respectively. On the other hand, NCS and conjugate induced S
phase arrest in 29% and 45% of WERI-Rb1 cells respectively.
The differences observed could be due to the variation in the
biology of the tumor cells. BRCA1 which is a significant factor

in the DNA repair pathway that helps tumor suppression was
observed to be highly expressed in our microarray data (49, 50).
Higher levels of cleaved poly (ADP-ribose) polymerase (PARP)
were found in NCS conjugate-treated MCF-7 cells indicating
that there was active participation of DNA repair detection and
caspase-3 induction. Also, PARP detects double-strand breaks

ANTICANCER RESEARCH 37: 3615-3629 (2017)

3626

Figure 7. (A,B,C) The trypan blue assay confirmed increase in cell death with increase in concentration in MCF-7 and WERI-Rb1 cell lines. (D&E)
The apoptosis-necrosis assay revealed the highest percentage of positivity of necrosis in both MCF-7 and WERI-Rb1 cell line through flow cytometry
analysis. Results=Mean±SEM *p<0.05, **p<0.01 and ***p<0.001.



and immediately activates ATM signaling, which in turn
increases H2A histone family member X (H2AX) activity for
the DNA repair mechanism to function (49, 51-53). There was
less proliferation in NCS conjugate-treated cells as evidenced
by BrdU incorporation in both MCF-7 and WERI-Rb1 cells.
Lower levels of incorporation of BrdU in the growing
population indicated that the conjugate induced DNA damage.
The increased expression of H2AX has been reported in DNA
damage conditions when treated with anti-cancer agents such
as cisplatin (54). Higher expression of H2AX in conjugate-
treated cells due to DNA damage was evidenced (Figure 8). As
a result, we observed more PARP-1 cleavage in treated cells.
Early DNA damage response was triggered through recruitment
of H2AX, and toxicity of conjugates rendered lethal damage to
MCF-7 cells. However, in WERI-Rb1 cells, we did not observe
increased levels of cleaved PARP1 thus cell deathoccured via a
different unknown mechanism. Only a small increase in early
apoptotic population from 0.04% to 2.56% and 3.4% in WERI-
Rb1 cells was observed. A similar profile was obtained for the
late apoptotic population as well. More importantly, the necrotic
population was increased (up to 50%) in conjugate treated
WERI-Rb1 cells. A similar pattern of necrosis was obtained for
MCF-7 cells when treated with conjugates. This result is very
much in agreement with the BrdU incorporation and H2AX
recruitment assay results in our study. Further, cell death was
confirmed through the MTT and Trypan blue assays. BCL-2

family genes involved in apoptosis and necrosis were revealed
in our Microarray study. Akito Sato et al. have shown that the
transduction of BCL-2 genes leads to the releaseof cytochrome
C, which enhances mitochondrial dysfunction and leads to
apoptosis (55). Also, the mitochondrial dysfunction is also
directed by BAX genes that are members of the BCL-2 gene
family. Mitochondrial dysfunction causes both necrosisand
apoptosis (56, 57), which was clearly shown in our apoptotic
data through Annexin-V and PI-stained flow cytometry results.

Conclusion

Our study demonstrates the effect of NCS on tumor cells
when conjugated with the EpCAM aptamer. Conjugates
deliver NCS to the EpCAM-positive cancer cells. The
conjugates target the tumor cells by cleaving the DNA and
thereby causing cell phase arrest. Microarray and BrDU
assay revealed that the conjugate causes apoptosis and
necrosis of tumor cells.
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