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protein inhibits retinoblastoma
cell proliferation†
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We describe a novel synthetic strategy for conjugating HMGA2 siRNA and the HMGA aptamer to the

nucleolin aptamer and nucleolin antibody, respectively. Our studies demonstrate that these conjugates

inhibit cell proliferation in retinoblastoma cells.
Retinoblastoma (RB) is a childhood eye cancer and approxi-
mately 9000 children are diagnosed every year.1 Current treat-
ments include systemic chemotherapy using a combination of
drugs such as vincristine, etoposide, and carboplatin with local
chemotherapy of intravitreal melphalan and intra-arterial
chemotherapy using carboplatin to save the vision of these
children. These therapies result in severe toxicity to the retina
and retinal pigment epithelial cells and in advanced stages,
removal of the eye becomes inevitable.2–5 Therefore, it is
important to identify targets that could complement the local
chemotherapy to improve the efficiency, reduce the toxicity of
these drugs and importantly prevent the vision loss. Studies
have shown that targeted molecular therapy has great potential
to improve the therapeutic outcome.6 However, the limitation is
a lack of a suitable vehicle for selective delivery of molecular
therapeutics such as siRNA or aptamers that possess the ability
to alter the functionality at genetic levels.

In retinoblastoma, the high mobility group A (HMGA)
protein has been identied as an important therapeutic target,
and is associated with invasiveness and metastasis of the
Research Foundation, Kamalnayan Bajaj

lmology, Chennai, India. E-mail: drkk@

om

Missouri, Columbia, MO, USA. E-mail:

Research Foundation, Kamalnayan Bajaj

lmology, Chennai, India

ision Research Foundation, Kamalnayan

phthalmology, Chennai, India

sity, Jefferson City, MO, USA

ersity of Missouri, Columbia, MO, USA

nd Physiology, University of Missouri,

iences (MU-iCATS), School of Medicine,

E-mail: upendrana@health.missouri.edu
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disease.7 HMGA family proteins comprise two non-histone
nuclear protein subsets, HMGA1 and HMGA2, and binds to
AT-rich minor groove of the DNA. Upon binding, it alters the
DNA chromatin structure and facilitates attachment of tran-
scription factors leading to differential regulation of the tran-
scription of genes. Previous studies indicated that RB tumors
over express HMGA proteins and correlated with high risk
histopathology features such as diffused invasion of the choroid
and optic nerve.8,9 HMGA proteins are important target for
molecular cancer therapy as these proteins are overexpressed
only in tumors and not expressed in healthy adult tissues.10,11

HMGA proteins and mRNA transcripts can be selectively
targeted using siRNA, aptamers, or DNA minor groove binders
such as netropsin.12 Previous studies have shown that siRNA
targeting HMGA2, promoted cell death through apoptosis and
cell cycle arrest in cancer cells.13–15 Similarly, HMGA2 aptamer
increased the sensitivity to gemcitabine treatment in pancreatic
cancer cell lines.16 In RB tumours, HMGA aptamer reduced cell
proliferation by activation of TGFb-SMAD4-mediated apoptotic
pathway and a synergistic effect was also observed with etopo-
side.17 Indeed, our previous studies revealed that targeting
HMGA at the transcript as well as protein levels compromised
RB survival in in vitro.13,17 The selective delivery of either HMGA2
siRNA or HMGA aptamer to retinoblastoma can be achieved by
targeting cell surface proteins those are overexpressed in RB
cells. Previous studies have showed that nucleolin (NCL) is
overexpressed on the surface of RB cells, and could be used for
selective delivery of siRNA or aptamer.18 NCL shuttles from
nucleolus to nucleoplasm, cytoplasm and cell surface. Targeting
NCL needs a delivery vehicle and entry into the tumor cells.

Antibodies, peptides, or nanoparticles are commonly used as
agents for delivery of siRNA or aptamer to cells.19–23 Antibody–
aptamer pincers, antibody–siRNA conjugates, chemically
programmable antibodies conjugated to RNA aptamers
improve the affinity to target molecules.24–28 Aptamer conju-
gated with drugs are known;29–33 however, antibody–aptamer
conjugates are sparse in the literature.25 Although, the above
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra06026f&domain=pdf&date_stamp=2018-09-07
http://orcid.org/0000-0001-8521-2042
http://orcid.org/0000-0003-1980-3797
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06026f
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA008055


Fig. 2 Characterization of conjugates. (A) Non-denaturing PAGE of
HMGA2 siRNA (lane 4), NCL aptamer (lane 5), unpurified NCLap–
HMGA2si (lane 6), and purified NCLap–HMGA2si (lane 8) showing the
absence of free aptamer and siRNA in purified conjugate. (B) UV
spectral and (C) zeta potential analysis of NCLAb–HMGAap, NCL
antibody and HMGA aptamer exhibiting difference in conjugate
compared to NCLab and HMGA aptamer.
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listed strategies improved the delivery,34 the bottle-necks are:
poor conjugation yield, and weak stability resulting in poor
efficacy and increased toxicity. Therefore, it is important to
overcome the above listed problems for successful delivery of
siRNA or aptamer to RB tumor.

In this study, we synthesized and investigated two different
delivery systems: NCL aptamer mediated delivery of HMGA2
siRNA (NCLap–HMGA2si) and NCL antibody mediated delivery
of HMGA aptamer (NCLAb–HMGAap) for targeting HMGA in RB
cells.

Synthesis of NCLap–HMGA2si and NCLAb–HMGAap are
shown in Fig. 1. The newly synthesized conjugates were char-
acterized; subsequently, stability, internalization, and in vitro
toxicity were investigated. Internalization studies were per-
formed in WERI-Rb-1 cells to validate the selective delivery of
HMGA2si as well as HMGAap through NCLap and NCLAb
respectively. Functional activity was demonstrated and
compared with transfected HMGA2si or HMGAap in WERI-Rb-1
cells (described in ESI†).

For synthesizing NCLap–HMGA2si conjugate, the 50 end of
NCL aptamer was modied with amine group using a spacer,
and the 50 end of HMGA2 siRNA was modied with thiol.35,36

The 30 end of NCL aptamer was modied with uorescein, while
the cytosine and uracil bases of siRNAmodied with 20 uoro to
improve its stability. For synthesizing NCLAb–HMGAap, we
used amine modied HMGA2-cy5 aptamer and nucleolin anti-
body.37 The sequence of amine–NCL aptamer, thiol–HMGA2
siRNA, and amine modied HMGA aptamer is shown in ESI-
Table 1.†

As shown in Fig. 1, we synthesized NCLap–HMGA2si by
treating equimolar concentrations of NCL aptamer and HMGA2
siRNA, in the presence of sulfo-SMPB bispecic linker.36 We
analyzed the reaction mixture by gel electrophoresis. The
conjugate showed gel retention at a higher molecular weight
compared to that of free aptamer or siRNA. The presence of
both NCL aptamer and HMGA2 siRNA in the conjugate were
conrmed by respective bands in EtBr and uorescein channels
(Fig. 2A). The presence of bands corresponding to reactants
suggests that the conjugation yield is only modest (40–50%) and
Fig. 1 Synthesis of (A) NCLap–HMGA2si; (B) NCLAb–HMGAap.

This journal is © The Royal Society of Chemistry 2018
required further purication. Previous literature showed that
similar reactions, using sulfo-SMPB for conjugation of oligo-
nucleotides with streptavidin, contain unreacted starting
materials in the reaction mixture.38 To remove free aptamer and
siRNA, NCLap–HMGA2si conjugate was excised from gel and
puried by modied crush and soak method.39

The NCLAb–HMGAap conjugate was prepared using EDC/
sulfo-NHS procedure40 and the excess aptamer was removed
by passing through centrifugal lter (30 kD Amicon). The
NCLAb–HMGAap conjugate was characterized by gel electro-
phoresis, UV absorption, uorescence and zeta potential
measurements. The successful conjugation and isolation of
pure NCLAb–HMGAap conjugate was conrmed by gel electro-
phoresis through uorescent imaging (ESI-Fig. 1†). The pres-
ence of individual components of the conjugate, NCLAb and
HMGAap was conrmed by coomassie blue and gel red staining
respectively (ESI-Fig. 2 and 3†). The UV absorption spectrum of
the conjugate showed characteristic peaks corresponding to
antibody at 230 nm and aptamer at 260 nm (Fig. 2B). The zeta
potential of the conjugate shied towards less negative value
(�13 � 3 mV) compared to antibody (�17 � 3 mV) and the
aptamer (�40 � 5 mV) conrming the formation of the conju-
gate. The zeta potential of NCLAb–HMGAap conjugate
compared with free antibody and aptamer is shown in Fig. 2C.
To conrm that conjugate contains both protein and aptamer,
we quantied the protein using Bradford and Nanodrop, and
aptamer by both uorescent and Nanodrop measurements. The
studies conrmed conjugation efficiency of �65% and �25%
composition of the conjugate. There are fewer literature prece-
dence on detailed characterization of the aptamer–oligo body
conjugates25 and therefore, the analytical measurements used
to conrm NCLAb–HMGAap could serve as a predicate to
analyze these types of conjugates.

We investigated the stability of both the conjugates, NCLap–
HMGA2si and NCLAb–HMGAap, in 1� PBS and 10% FBS at
24 h, 48 h, and 72 h and monitored using electrophoresis and
RSC Adv., 2018, 8, 31510–31514 | 31511
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Fig. 3 Stability of the conjugates. (A) Non-denaturing PAGE demon-
strate the stability of NCLap–HMGA2si conjugate in 1� PBS and 10%
FBS at 0 h, 24 h, 48 h and 72 h; (B) graphical presentation of the
stability; (C) and (D) UV spectral analysis of NCLAb–HMGAap conju-
gates in 1� PBS and 10% FBS at 0 h, 24 h and 48 h (E) and (F) Fluo-
rescence spectra of NCLAb–HMGAap in 1� PBS and 10% FBS
respectively.

Table 1 In vitro cytotoxicity data showing IC50 (nM) when treated with
WERI-Rb-1 cells

Conjugate IC50 (nM) IC50 (mg mL�1)

NCLap 200 2.4
HMGA2 siRNA >200 >2.7
NCLap–HMGAsi 72 1.0
NCLAb >200 >20
HMGAAp 1400 >10
NCLab–HMGAap 90 9.8
PM (Ab + Ap) >200 >20

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
25

 4
:2

4:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
optical spectroscopy (Fig. 3). The presence of single band in
PAGE and stable peak in UV and uorescence spectra conrmed
the conjugates are stable.

The targeting ability of the newly synthesized conjugates
were evaluated in WERI-Rb-1 cells by analyzing the receptor
binding affinity. The cells were treated with the uorescent
labeled conjugates for two hours. Fluorescent microscopy was
used to analyze the uptake of the conjugates in the cells. Co-
localization of DAPI and FITC channels showed NCLap–
HMGA2si internalize in to the nuclear region (Fig. 4A). The
surface and nuclear localization conrmed the binding ability
of NCL aptamer to nucleolin protein present on the surface and
subsequent internalization. Similar studies were performed
with NCLAb–HMGAap conjugate to visualize aptamer internal-
ization through NCL antibody. Co-localization of DAPI and CY-5
channels conrmed surface localization of the NCLAb–
HMGA2ap conjugate. Fluorescent images showed selective
uptake of NCLAb–HMGAap conjugate on the surface of the
WERI-Rb-1 cells conrming receptor mediated uptake of HMGA
aptamer (Fig. 4B). The uorescent image shows higher degree of
cellular internalization of NCLAb–HMGAap conjugate
compared to that of transfected HMGA aptamer. These results
conrm that NCL antibody is effective in transporting the
HMGA aptamer into the cells through the nucleolin receptors
and retention of structural integrity.
Fig. 4 Binding and internalization of conjugates. Fluorescence
microscopic images of WERI-RB1 cells treated with (A) NCL aptamer
and NCLap–HMGA2si showed surface as well as nuclear localization
of both aptamer and conjugate; (B) cells transfected with HMGA
aptamer and treatment of NCLAb–HMGAap conjugate revealed
increased cell surface binding of the conjugate.

31512 | RSC Adv., 2018, 8, 31510–31514
To investigate functional effects of the conjugates, in vitro
cytotoxicity assays were performed in WERI-Rb-1 cells. MTT cell
proliferation assay showed increased cytotoxicity in both the
conjugates compared to HMGA2siRNA and HMGA aptamer
(Table 1). NCLap–HMGA2si showed IC50 of 72 nM (0.99 mg
ml�1), whereas, NCLAb–HMGAap showed IC50 of 90 nM (9.75 mg
ml�1). Both NCLap–HMGA2si and NCLAb–HMGAap conjugates
showed signicant decrease in cell viability compared to their
respective controls (Fig. 5A). The percentage cell viability for
NCLap–HMGA2si conjugate was found to be 59% and 47% with
50 nM and 100 nM conjugate respectively. Likewise, the cell
viability for NCLAb–HMGAap conjugate was 67% and 41% at
65 nM and 130 nM respectively (Fig. 5B). The enhanced cyto-
toxicity of the NCLap–HMGA2si conjugate is probably due to the
synergistic effect of NCL aptamer and HMGA2 siRNA as both
aptamer and siRNA are functional.13,18

We compared the cytotoxicity of NCLAb–HMGAap with free
HMGA aptamer, NCL antibody and its physical mixture (Table
1). Based on the quantication data, we found that 90 nM of
NCLAb–HMGAap conjugate contains 26 nM of HMGAap. The
IC50 of NCLAb–HMGAap conjugate was 90 nM suggesting that it
is �50 fold (p < 0.001; ESI-Fig. 4†) more cytotoxic compared to
the free aptamer (1400 nM). The NCLAb showed no signs of
cytotoxicity (IC50 > 200 nM); therefore, we believe that the
enhanced cytotoxicity of the NCLAb–HMGAap conjugate could
be attributed to targeted delivery of HMGA aptamer to RB cells.
In addition to its role as a targeting vector, NCLAb camouages
the HMGA aptamer thereby facilitating the retention of struc-
tural integrity and functional property.
Fig. 5 Cytotoxicity of conjugates. (A) WERI-RB1 cells treated with
NCLap–HMGAsi, NCL aptamer and HMGA2 siRNA. (B) WERI-RB1 cells
treated with NCLAb–HMGAap, NCLAb, HMGA aptamer and physical
mixture of NCLAb and HMGA aptamer. *Dosage represented here are
based on pristine antibody concentration (ESI-Table 2†).

This journal is © The Royal Society of Chemistry 2018
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In summary, we synthesized, characterized, and investigated
the in vitro HMGA targeting ability of both NCL aptamer
conjugated siRNA and NCL antibody conjugated aptamer in
human RB cells. Our data demonstrate that the NCLAb–
HMGAap conjugate has unique and translatable characteristics
compared to that of NCLAp–HMGA2si conjugate and listed as
follows: (i) easier synthesis; (ii) scalable and better conjugation
efficiency; (iii) higher degree of cellular internalization inWERI-
RB1 cells through receptor mediated internalization; and (iv)
enhanced cytotoxicity, �50 fold higher, in WERI-RB1 compared
to free HMGA aptamer. Taken together, our data suggests that
NCLAb-HMGAap is a potential candidate for future pre-clinical
applications.
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