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Abstract
Background Proprotein convertase subtilisin/kexin 9 (PCSK9) serves a key regulatory function in the metabolism of low-density
lipoprotein (LDL)-cholesterol (LDL-C) through interaction with the LDL receptor (LDLR) followed by its destruction that
results in the elevation of the plasma levels of LDL-C. The aims of the present study were to separate and select a number of
single-stranded DNA (ssDNA) aptamers against PCSK9 from a library pool (n > 1012) followed by their characterization.
Methods The aptamers obtained from the DNA-PCSK9 complexes which presented the highest affinity against PCSK9 were
separated and selected using capillary electrophoresis evolution of ligands by exponential enrichment (CE-SELEX). The selected
aptamers were amplified and cloned into a T/Avector. The plasmids from the positive clones were extracted and sequenced. The
Mfold web server was used to predict the secondary structure of the aptamers.
Results Following three rounds of CE-SELEX, the identified anti-PCSK9 ssDNA aptamers, namely aptamer 1 (AP-1) and
aptamer 2 (AP-2), presented half maximal inhibitory concentrations of 325 and 327 nM, lowest dissociation constants of 294
and 323 nM, and most negative Gibbs free energy values of − 9.17 and − 8.28 kcal/mol, respectively.
Conclusion The results indicated that the selected aptamers (AP-1 and AP-2) induced potent inhibitory effects against PCSK9.
Further in vivo studies demand to find out AP-1 and AP-2 aptamers as suitable candidates, instead of antibodies, for using in
therapeutic purposes in patients with hypercholesterolemia and cardiovascular disease.

Keywords Single-stranded DNA aptamer . Proprotein convertase subtilisin/kexin type 9 . Capillary electrophoresis evolution of
ligands by exponential enrichment . Cardiovascular disease

Introduction

Despite numerous studies with rapid advances having been
performed in the field of cardiovascular diseases (CVDs), they
remain the leading cause of mortality globally [1]. Increased
levels of atherogenic lipoproteins, including low-density lipo-
protein-cholesterol (LDL-C), intermediate-density lipopro-
tein-cholesterol, very low-density lipoprotein-cholesterol,

and lipoprotein (a) in the bloodstream are associated with an
elevated risk of CVD [2]. It has been determined that ~ 70% of
plasma cholesterol is carried in LDL, a well-known factor
used for the evaluation of the risk of CVD. On the other hand,
the LDL receptor (LDLR) serves a key role in the regulation
of plasma cholesterol level [3]. The application of various
strategies aiming to lower LDL-C has long been considered
to be effective in preventing CVD and reducing the progres-
sion of atherosclerosis [4]. As demonstrated by numerous
prospective clinical trials, LDL-C reduction is considered to
be an effective intervention to reduce cardiovascular-
associated morbidity and mortality rates [5]. Familial hyper-
cholesterolemia (FH) is characterized by increased levels of
LDL-C and a risk of premature CVDs due to the deficiency in
the uptake of LDL-C by LDLR [6].

In 2003, the newest member of the proprotein convertase
family, proprotein convertase subtilisin/kexin 9 (PCSK9), was
introduced by Seidah et al [7]. In the same year, Abifadel et al
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[8] identified mutations which were not associated with the
genetic variations of LDLR or apolipoprotein B. These muta-
tions result in an increase in the gene expression level of
PCSK9 which results in a novel clinical syndrome, termed
FH3 that is not recognizable when compared with the conven-
tional FH phenotype [8].

The PCSK9 gene is located on the short arm of chromo-
some 1 (1p32.3) and is primarily expressed in the liver, and to
a lesser extent, in the intestine, kidney, pancreas, and central
nervous system. PCSK9 is expressed as a zymogen
(preproPCSK9) which consists of 692 amino acids and
weighs 74 kDa. It is comprised of a signal peptide, pro-do-
main, catalytic domain, hinge region, and a cysteine/histidine-
rich domain at the C-terminal. The conversion of
preproPCSK9 to proPCSK9 in the endoplasmic reticulum oc-
curs through the cleavage of a fragment of the peptide. The
mature form of PCSK9 is then produced via autocatalytic
action [9]. Mature PCSK9 serves a key function in the metab-
olism of LDL-C on the surface of hepatocytes, through inter-
action with the LDLR followed by its degradation, which
results in an increase in the plasma level of LDL-C [10].

Recently, three mechanisms of controlling PCSK9 have been
identified. The first mechanism prevents the binding of PCSK9
to the LDLR and comprises of monoclonal antibodies (mAbs),
mimetic peptides, or adnectins, also termed monobodies [11].
The second mechanism includes the inhibition of the expression
and synthesis of PCSK9. Examples of the second mechanism
include clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 technology, small molecules (ber-
berine and oleanolic acid), antisense oligonucleotides, and small
interfering RNAs [12]. The third mechanism comprises the in-
terruption of PCSK9 secretion. For instance, two particular pro-
teins, namely sortilin and SEC24 homolog A, COPII coat com-
plex component, are known to be involved in PCSK9 secretion
[13]. At present, the application of monoclonal antibodies has
been proposed to be an effective approach of preventing the
interaction between PCSK9 and LDLR [14]. By blocking the
combination of PCSK9 and LDLR, the mAbs may lower
LDL-C levels by 40–70% in patients with heterozygous FH
and without FH [15].

Aptamers, the biomolecular ligands composed of single-
stranded DNA (ssDNA) or RNA oligonucleotides, are devel-
oped by an in vitro selection process known as systematic
evolution of ligands by exponential enrichment (SELEX)
[16]. It has been indicated that aptamers may bind to a variety
of molecules; therefore, they may be applied for diagnostic or
therapeutic purposes [17]. The SELEX process is composed
of isolating DNA or RNA sequences with high affinity and
specificity for molecular targets from a random sequence pool.
In order to select high-affinity aptamers, the process typically
requires 8–15 rounds of enrichment, polymerase chain reac-
tion (PCR) amplification, and nucleic acid purification [18].
Capillary electrophoresis (CE)-SELEX is able to select high-

affinity aptamers in 2–4 cycles of isolation resulting in the
shortening of the process [19]. CE-SELEX is a rapid method
of aptamer isolation using CE. In this method, the nucleic acid
sequences that bind to the target are separated from the non-
binding sequences based on the differential velocity of migra-
tion [20]. A growing body of research has indicated that
aptamers have the potential to be used as therapeutic agents
in a wide variety of human disease types, including cancer,
inflammatory, and CVD [21].

The development of aptamers against various molecular
targets involved in CVDs has been an active field of aptamer
research over the previous decade. Until now, the therapeutic
applications of synthetic nucleic acid aptamers for CVDs in-
clude aptamers selected against thrombin, vonWillebrand fac-
tor, factor IX, factor XII, P-selectin, and vascular endothelial
growth factor (VEGF). Macugen (pegaptanib sodium) is the
first Food and Drug Administration approved aptamer-based
drug against VEGF, which is used for the treatment of
neovascular age-associated macular degeneracy [22–24].

The advantages of aptamers compared with antibodies in-
clude a smaller size, lower immunogenicity in the body, lower
toxicity and modification flexibility, and easy, rapid, and reli-
able synthesis. In addition, aptamers are useful compounds
since the method used for their detection is fast, cheap, and
credible with no complexity [25]. Accordingly, the present
study aimed to design and synthesize aptamers in order to
replace the antibodies used for PCSK9 inhibition. In the pres-
ent study, ssDNA aptamers directed against PCSK9 were de-
signed and selected using CE-SELEX followed by the char-
acterization of their potency.

Materials and Methods

Chemicals

Recombinant human PCSK9 was purchased from Thermo
Fisher Scientific, Inc. (Waltham, MA, USA). The purity and
integrity of PCSK9 were initially confirmed using SDS-
PAGE. The ssDNA library pool used for aptamer selection
consisted of 52 random bases flanked by two primer regions,
as follows: 5′-ATACCAGCTTATTCAATT-[52 random ba-
ses]-AGATTGCACTTACTATCT-3′. The aptamer library
pool (ssDNA) and primers were all synthesized by
Macrogen, Inc. (Seoul, Republic of Korea). Taq DNA
Polymerase Master Mix was obtained from Ampliqon
(Odense, Denmark). Lambda exonuclease III, used for the
digestion of PCR products, and a GeneRuler 50 base pair
DNA Ladder were purchased from Thermo Fisher Scientific,
Inc. The molecular biology grade agarose powder, gel loading
dye, and ethidium bromide for ssDNA characterization were
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
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Germany). All the samples and buffers were prepared using a
syringe filter unit of 0.22 μm (Merck KGaA).

CE Selection of Aptamers

During the first step of CE-SELEX selection, the ssDNA li-
brary (including 1012–1016 sequences) was heated to 90 °C for
5 min in tris (hydroxyamino) methane-glycine-potassium
(TGK) buffer (25 mM Tris-HCl, 192 mM glycine, 5 mM
KH2PO4, and pH 8.3) followed by a cooling down step on
ice to allow for the formation of secondary structures. A total
of 10 μM ssDNA library was used in the first selection round,
and 5 μM purified ssDNA was used for the subsequent
rounds. The target PCSK9 was then added to the ssDNA
library to form a final concentration of 100 nM for the three
rounds of CE selection. The ssDNA library was incubated
with the PCSK9 at room temperature for at least 30 min to
ensure that the binding reached equilibrium. CE-SELEX se-
lection was performed using a 64.5-cm-long (with 56 cm to
the detector) fused silica capillary (50-μm-inner diameter and
360-μm-outer diameter bare (uncoated)) on a 7100 capillary
electrophorese system equipped with a photodiode array de-
tector (Agilent Technologies, Inc., Santa Clara, CA, USA).
The capillary was first washed with 0.1 M NaOH, deionized
water, and TGK buffer, each for 5 min, prior to the injection of
the incubation mixture at 50 mbar for 5 s. The mixture was
separated under 15 kV voltage in TGK buffer at 25 °C and the
separation was monitored using an ultraviolet (UV) absor-
bance detector at 260 nm. The PCSK9-aptamer complex mi-
grated off the capillary prior to the unbound ssDNA and was
collected into a vial containing 100-μL separation buffer
(TGK, pH 7.4) at the capillary outlet. Subsequent to collecting
the bound aptamer sequences, the voltage was turned off and
the capillary was rinsed with TGK buffer for 5 min at high
pressure to remove all unbound aptamer sequences.

In this study, the following equation was used to determine
when the edge of the collection window achieves the capillary

output: tout ¼ LTð Þ tdetð Þ
LD

, where tout is the time that the end of the

collection window reaches the outlet, LT is the total length of
the capillary, LD is the length from inlet to the detector, and tdet
is instead when the start of the collection window reaches the
outlet.

PCR Amplification and ssDNA Aptamer Generation

The collected sequences of the CE-SELEX aptamers were
amplified using PCR to produce a novel oligonucleotide pool
for the second round of selection. Initially, the optimum num-
ber of PCR cycles for the enrichment of the oligonucleotide
pool with no specific amplicons were calculated. The prepar-
ative PCR reactions consisting of 8, 10, 12, and 15 cycles were
then performed to obtain the 12 cycles of PCR that were

selected and amplified to generate further PCR products for
the preparation of the ssDNA aptamers required for the second
round of selection. However, the third round consisted of 25
cycles of PCR for selection and amplification.

The PCR reaction mixture volume in each tube was 30 μL
that contained 15 μLTaq DNA Polymerase Master Mix, 1-μL
forward primer (5′-ATACCAGCTTATTCAATT-3′), 1-μL
phosphate reverse primer (5′-p-AGATTGCACTTACTATCT-
3′), 5-μL collected CE fraction, and 8-μL nuclease-free water.
For each round, the PCR reaction and control (without col-
lected DNA) tubes were placed in a thermal cycler and heated
at 94 °C for 5 min to denature the DNA template and primers,
followed by cycles of denaturation (94 °C for 30 s), annealing
(53 °C for 30 s) and extension (72 °C for 30 s), and a final
extension for 5 min at 72 °C. The success of amplification of
the DNA template was confirmed by gel electrophoresis using
a 2.5% agarose gel stained with ethidium bromide and visu-
alization using a gel documentation system.

Following PCR amplification, the PCR products were
digested with lambda exonuclease III and were then purified
using Amicon centrifugal filters to obtain extra-pure ssDNAs
for the next round of selection. Briefly, the PCR products were
first incubated with lambda exonuclease III for 30 min at 37
°C. The enzyme was then inactivated by incubating the mix-
ture at 80 °C for 15min followed by purification of the desired
forward DNA strand using Amicon® Ultra − 0.5 centrifugal
filter (Merck KGaA) for the next round of selection.
Eventually, a reverse transcription PCR technique was used
for the identification of ssDNAs from the PCR products as
previously described [26].

DNA Cloning and Sequencing

Following three rounds of selection using CE-SELEX, the
ssDNA sequences were amplified using PCR. The PCR prod-
ucts were initially purified using a MinElute PCR Purification
kit (Qiagen GmbH, Hilden, Germany) based on the manufac-
turer’s protocol and were then ligated using a TA cloning
vector (Thermo Fisher Scientific, Inc.) using T4 DNA ligase.
The recombinant TAvectors were then used to transform com-
petent E. coli TOP10 cells (Pasteur Institute of Iran, Tehran,
Iran). The transformed cells (105) were plated on Luria broth
(LB) agar containing 100 μg/mL ampicillin. The positive
clones (ampicillin resistance) were evaluated by colony
PCR. The reaction mixture contained 12.5 μL Taq DNA
Polymerase Master Mix, 2 μL each of forward (5′-TTGT
AAAACGACGGCCAGT-3′) and reverse (5′-ACAG
GAAACAGCTATGACCA-3′) M13 primers, 10.5-μL
nuclease-free water, and the contaminated colony (as in the
template), which was selected using a pipette tip that was then
rinsed in the PCR tube. The total reaction volume was 25 μL.
The PCR reaction consisted of one cycle at 96 °C for 180 s
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followed by 30 cycles at 96 °C for 30 s, 58 °C for 30 s, 72 °C
for 30 s, and a cycle at 72 °C for 300 s in a thermal cycler.

Single colonies were randomly cultured in LB broth sub-
sequent to growing the cells overnight on a LB agar plate at 37
°C, and additionally, the evaluation of positive clones was
performed using colony PCR. The plasmids positively
subcloned with the selected fragments were extracted from
the cells cultured overnight in LB broth in an incubator shaker
at 37 °C using the PrimePrep Plasmid DNA Extraction kit
(GeNet Bio, Daejeon, Korea) based on the manufacturer’s
protocol. Ultimately, the extracted plasmids were sequenced
using M13 universal primers (Macrogen, Inc.).

Estimation of Secondary Structure

The secondary structures of the aptamers were predicted
using the Mfold web server for nucleic acid folding and
hybridization prediction [27]. Based on the obtained re-
sults, two aptamers with the highest thermodynamic

stability and lowest Gibbs free energy (ΔG: kcal/mol)
were selected for further assessments.

Half Maximal Inhibitory Concentration (IC50) and
Dissociation Constant (Kd) Measurements

At first, the two selected aptamers with the highest thermody-
namic stability were evaluated using an enzyme-linked immuno-
sorbent assay (ELISA) method by a PCSK9-biotinylated-LDLR
binding assay kit (BPSBioscience, Inc., SanDiego, USA; cat no.
#72002) according to the manufacturer’s protocol. In brief, mi-
crotiter plate wells coated with LDLR extracellular domain were
incubated (4 °C, overnight) with biotinylated PCSK9 in the pres-
ence of serial dilutions (100, 200, 300, 400, and 500 nM) of the
selected ssDNA aptamers. Following the washing step, the wells
were incubated (1 h at 25 °C) with horseradish peroxidase
(HRP)-labeled streptavidin and binding of PCSK9 to the
LDLR extracellular domain was assessed by the addition of the
HRP substrate and evaluation of the signals using a chemilumi-
nescence microplate reader. The IC50 and Kd were measured by

Fig. 1 Schematic illustration of
the steps in capillary
electrophoresis evolution of
ligands by exponential
enrichment selection. ssDNA,
single-stranded DNA; PCR, po-
lymerase chain reaction; PCSK9,
proprotein convertase subtilisin/
kexin type 9

Fig. 2 Capillary electrophorese electropherogram results. a Peak of the
ssDNA library with a retention time of 3.065 min at 260 nm. b Peak of
recombinant PCSK9 with a migration time of 2.076 min at 280 nm.

Conditions for each experiment were exactly the same. mAU, milli-
absorbant unit; ssDNA, single-stranded DNA; PCSK9, proprotein
convertase subtilisin/kexin type 9
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monitoring the decrease in the intensity of the luminescence
subsequent to binding to the aptamers, as previously described
[28, 29].

Statistical Analysis

A two-tailed Pearson’s correlation analysis and one-way
ANOVA followed by a post hoc Tukey test were used to
analyze the data using GraphPad Prism 6 software
(GraphPad Software, Inc., La Jolla, CA, USA). The data are
presented asmean ± SEM. P < 0.05was considered to indicate
a statistically significant difference. Furthermore, the IC50 val-
ue of the aptamer PCSK9 was evaluated using the following
equation: Log (Cinhibitor) compared with response - variable
slope. Furthermore, the Kd was calculated using the equation

of one site-specific binding using Hill slope as mentioned
above the GraphPad Prism 6 software.

Results

CE-SELEX Selection

The schematic design of the CE-SELEX method is presented
in Fig. 1. Briefly, a random ssDNA library, including 1012–
1016 sequences, was incubated at a low concentration of
PCSK9 and then separated using CE. The specific bound
ssDNA sequences were separated from the unbound and
non-specific ssDNAs. The ultra-pure and specific bound se-
quences were collected for amplification using PCR.

Fig. 3 Agarose gel electrophoresis images. a Products of the different
cycles of enriched DNA library amplification (lane 1, 50 bp ladder; lane
2, 8 cycles; lane 3, 10 cycles; lane 4, 12 cycles, and lane 5, 15 cycles). b
Preparation of PCR for the second round of selection (lane 1, 50 bp
ladder; lanes 2, 3, and 4, 12 cycles; and lane 5, negative control).

Identification of PCR products and ssDNA using reverse transcriptase-
PCR and melting curve analysis indicated that c double-stranded DNA
converted to d ssDNA based on the substantial reduction of the Tm from
77.04 to 46.39 °C. ssDNA, single-stranded DNA; Tm, melting tempera-
ture; bp, base pair
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Consequently, the fraction of the bound sequences was
enriched and purified followed by further amplification of
the ssDNAs for the second round of CE selection. This pro-
cess was repeated in order to achieve maximum affinity.
Eventually, the high affinity and enriched ssDNAs were char-
acterized by sequencing.

CE separates the components of an injected sample based
on electrophoretic mobility and electroosmotic flow (EOF).

Since the EOF is greater compared with the electrophoretic
mobility of the sample components, all injected molecules
migrate from the inlet (anode) to the outlet (cathode) of the
capillary [30]. Considering that the negative charge of ssDNA
sequences is higher compared with that of PCSK9 molecules,
the unbound ssDNAs migrate slower compared with the
ssDNA-PCSK9 complexes. Thus, the ssDNA-PCSK9 com-
plexes were collected from the outlet of the capillary within
the so-called collection window, which is the time between the
beginning of the separation and the time at which unbound
sequences reach the outlet.

In the present study, the specific aptamers with a high af-
finity against the PCSK9 protein were obtained using three
rounds of CE-SELEX selection. To measure the separation
time and the purity of the compounds, the ssDNA library (5
μM) and recombinant PCSK9 (1 μM) were individually
injected into the fused silica capillary of the electrophorese
system. The peaks were analyzed by a UV photodiode array
detector at 260- and 280-nm wavelengths, simultaneously
(Fig. 2).

The first round of separation was performed by incubating
10 μM ssDNA library with 100 nM PCSK9 for 30 min at
room temperature. The success of this process was then
assessed by UVabsorbance detection (260 nm). The optimum
number of PCR cycles (12 cycles) was determined and
ssDNA was generated from double-stranded DNA (dsDNA)
using lambda exonuclease digestion. The second round of
separation was conducted by incubating 5 μM ssDNA library
with 100 nMPCSK9 for 30min at room temperature followed
by an assessment by UV absorbance detection (260 nm).
Figure 3 demonstrates the optimum cycle number of the pre-
parative PCR for the second round of selection. Successful
digestion of dsDNAwith Lambda exonuclease was confirmed
using the reverse transcription PCR (Fig. 3). Finally, the third
round of selection was performed using a similar strategy as
the previous steps, except for the optimum number of PCR
cycles (25 cycles).

Considering that the mole ratio of the ssDNA library/
PCSK9 was high in each round of separation by CE, there
should not be any individual PCSK9 molecules without an
aptamer attachment. Therefore, in Fig. 4, the first peak is as-
sociated with the ssDNA-PCSK9 complex, and the next peak
is associated with the unbound ssDNA sequences. In the last
cycle, all ssDNAs were bonded to the PCSK9 protein and no
further separation was observed.

As presented in Fig. 4, the ssDNA-PCSK9 complexe peak
gradually rose at each step of CE-SELEX. As the electrophe-
rograms of rounds 3 and 4 were similar, no further selection
was performed.

To recognize the specificity of the ssDNA aptamers, 40
selected clones were analyzed. The plasmids were extracted
from selected clones with an enriched ssDNA pool and then
sequenced. In the present experiment, clones with aptamer

Fig. 4 Selection of ssDNA aptamer selection using capillary
electrophoresis evolution of ligands by exponential enrichment. a
Electropherogram of the first round of ssDNA aptamer selection using
UV detection (260 nm). b Electropherogram of the second round of
ssDNA aptamer selection using UV detection (260 nm). c
Electropherogram of the third round of ssDNA aptamer selection using
UV detection (260 nm). ssDNA, single-stranded DNA; UV, ultraviolet;
PCSK9, proprotein convertase subtilisin/kexin type 9; mAU, milli-
absorbant unit
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sequences containing 88 base pairs were selected. The results
indicated the presence of 10 different aptamers with similar
conserved regions (Table 1).

IC50 and Kd of the Selected Aptamers

The secondary structure of the selected ssDNA aptamers was
predicted using the Mfold web server. The calculations indi-
cated that two of the aptamers, namely aptamer 1 (AP-1) and
aptamer 2 (AP-2), were preferred compared with the other 8
due to possessing the highest structural thermodynamic stabil-
ity with ΔG of − 13.06, − 9.17 kcal/mol and − 12.94, − 8.28
kcal/mol at 25 °C and 37 °C, respectively (Fig. 5a and b).
Based on the obtained results, two aptamers with the highest
thermodynamic stability and lowest Gibbs free energy (ΔG:
kcal/mol) were selected for further assessments.

Consequently, the selected aptamers, which presented the
highest thermodynamic stability, were synthesized and evalu-
ated by an ELISAmethod using a PCSK9-biotinylated-LDLR
binding assay which has a high sensitivity for the detection of
biotin-labeled PCSK9 by streptavidin HRP. Serial dilutions of
AP-1 and AP-2 aptamers (100, 200, 300, 400, and 500 nM)
were prepared and assessed using a chemiluminescence
reader.

The IC50 and Kd values were calculated for the two ther-
modynamically selected aptamers by monitoring the decrease
in luminescence intensity subsequent to binding to the
aptamers. Thus, the increase in the aptamer concentrations in
addition to the inhibition of PCSK9 resulted in a decreased

luminescence intensity. The IC50 and Kd values were calculat-
ed using GraphPad Prism 6 software. AP-1 presented the
highest binding affinity for PCSK9 with a Kd value of 294
nM and a very low IC50 value of 325 nM (Fig. 6a and b).
Furthermore, the Kd and IC50 values for AP-2 were 323 nM
and 327 nM, respectively (Fig. 6c and d).

Inhibition of PCSK9-biotinylated-LDLR by aptamers. In
addition to the screening and profiling experiments, the inhi-
bition of PCSK9-biotinylated-LDLR by the selected aptamers
was also evaluated. As presented in Fig. 7, the test inhibitors
AP-1 and AP-2 together with the negative and positive con-
trols were evaluated by increasing the concentration of AP-1
and AP-2. The intensity of the luminescence of the tests was
analyzed. The luminescence intensity (P < 0.05) was signifi-
cantly decreased, compared with the positive control, in the
presence of test inhibitors AP-1 andAP-2, while no significant
changes were detected in the positive or negative controls.

Discussion

Statistically, CVD is one of the leading causes of mortality
globally [31]. FH, as a type IIa hyperlipidemia, serves an
important function in premature CVD [32]. In fact, serum
LDL-C elevation is one of the major risk factors for coronary
artery diseases, by increasing the formation of atherosclerotic
plaques. PCSK9was identified in 2003when gain-of-function
mutations in this gene were introduced as a third gene associ-
ated with FH and the cause of autosomal dominant

Table 1 Determination and characterization of the selected aptamers

Aptamer (clones) ΔG (kcal/mol) Sequences

AP-1 (clone 5) − 9.17 ATACCAGCTTATTCAATTGACCCGTTTCGTTCCCTCTGGGAAGT
TTAGCCCAGTTGCCTGGGCGATACCAAGATAGTAAGTGCAATCT

AP-2 (clone 1) − 8.28 ATACCAGCTTATTCAATTTCTTCGCCAGTGCCAGGATCTCAGTT
GGCGGTTCATTAGCTGGGTTGGTCGAAGATAGTAAGTGCAATCT

AP-3 (clone 6) − 8.09 ATACCAGCTTATTCAATTTTCAAAGTCAAGGGTTGCCTTGGTTC
GCCCTGCGATAATACGCGGTTCCCTCAGATAGTAAGTGCAATCT

AP-4 (clone 27) − 6.20 ATACCAGCTTATTCAATTGGCATGGTAATTTCACAGCTGCCTCT
TCGATGCTCCAACTGGAGTAGGGCCGAGATAGTAAGTGCAATCT

AP-5 (clone 38) − 6.32 ATACCAGCTTATTCAATTTGTAATGGTCCCGCAGGTTCCCCCTT
TCCTACGGCATGACAGGTCGCTGCGCAGATAGTAAGTGCAATCT

AP-6 (clone 8) − 6.51 ATACCAGCTTATTCAATTTCGATGGGTCGGTTTCCCCGCAAAGT
GGCCCTCGCTTATACCCAACAGCGCCAGATAGTAAGTGCAATCT

AP-7 (clone 13) − 5.79 ATACCAGCTTATTCAATTATTCGTGTACGGATCATTGTGCCCCG
GCTACGTTTGGAGCGGTTGTGCATGAAGATAGTAAGTGCAATCT

AP-8 (clone 21) − 5.03 ATACCAGCTTATTCAATTTTAATCGTCGACATCACACGGGCCTT
TAACTTTTTTAAAAGGTGATCTGGTCAGATAGTAAGTGCAATCT

AP-9 (clone 34) − 3.53 ATACCAGCTTATTCAATTTGATGGTCATCGGTCAAATCATCCTG
AGGTCTGTTGTGTAATGATTCTGTGAAGATAGTAAGTGCAATCT

AP-10 (clone 19) − 3.78 ATACCAGCTTATTCAATTCTATTTTTCTACCTAGAGTATGCAAT
TCGAAAGGCTATCCCTGTAGGTTGTGAGATAGTAAGTGCAATCT
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hypercholesterolemia [33]. PCSK9 serves a crucial role in the
metabolism of LDL-C through interaction with LDLR follow-
ed by its destruction, which results in reduced LDLR levels on
the plasma membrane in addition to elevated LDL-C plasma
levels [34]. The function of PCSK9, as one of the emerging
pathways that regulate cholesterol metabolism, has resulted in

researchers initiating efforts to examine PCSK9 as a potential
target for LDL-C reduction.

The main aim of developing PCSK9 inhibitors as a form of
therapy is to reduce serum LDL-C levels by limiting PCSK9
activity. Inhibition of PCSK9 activity results in a decrease in
the LDLR degradation rate, followed by an increase in the

Fig. 6 IC50 andKd of AP-1 and AP-2. Calculation of the a IC50 and bKd of AP-1 and the c IC50 and dKd of AP-2 with GraphPad Prism 6 software. IC50,
half maximal inhibitory concentration; Kd, lowest dissociation constant; AP-1, aptamer 1; AP-2, aptamer 2

Fig. 5 Secondary structure of
AP-1 and AP-2. Secondary struc-
ture of a AP-1 with ΔG = − 9.17
kcal/mol and b AP-2 with ΔG = −
8.28 kcal/mol. AP-1, aptamer 1;
AP-2, aptamer 2
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expression level of LDLR on the surface of hepatocytes,
which consequently results in a decrease in the plasma level
of LDL-C [35]. The results of landmark clinical trials have
indicated that drugs targeting PCSK9 potently reduce LDL-C
levels [14]. One study has demonstrated that treatment with
PCSK9 inhibitors considerably lowers the risk of CVD [36].

Some of the numerous advantages of aptamers compared
with antibodies include their small size, extensive clinical ap-
plicability, non-immunogenic and non-toxic properties, and,
more importantly, the low cost of production and high biolog-
ical stability [37]. Recently, synthetic oligonucleotide
aptamers against a cluster of differentiation 20 have been in-
troduced [38]. Aptamer-conjugated liposome for gene or drug
delivery system which delivered loaded ligands to target cells
with certain specificity and efficiency could be a useful tool
for therapeutic purposes [39].

Designing and selecting aptamers that prevent the binding
of PCSK9 to LDLRmay increase the number of LDLR on the
membrane of hepatocytes and subsequently decrease the plas-
ma levels of LDL-C.

The separation of the protein-aptamer complex using
CE is undertaken based on charge, ion size, hydrophobic-
ity, and stereo-specificity. The separated aptamers are

highly selective with stereo-specificity and with no tenden-
cy to form non-specific binding interactions with non-
specific proteins. Therefore, the CE-SELEX method is a
powerful technique for the selection and separation of
aptamers from a pool of DNA aptamers (> 1012) for the
specific inhibition of PCSK9 activity. Each round of CE-
SELEX is sensitive and accurate. Following 3 rounds of
CE selection, a few aptamers (3 to 10) that finally bound to
PCSK9 were separated and amplified using PCR. The se-
lected aptamer pool was definitely heterogeneous; there-
fore, cloning and sequencing were performed in order to
transform the pool into a single distinct sequence.
Consequently, a single aptamer was selected for further
evaluation, including the determination of its three-
dimensional structure, thermodynamic stability, inhibitory
concentration, affinity potency, and finally calculating IC50

and Kd values. Considering the obtained results in addition
to the highest affinity and selectivity, two aptamers, name-
ly AP-1 and AP-2, which presented the highest thermody-
namic stability, were selected and synthesized for further
experiments. The Gibbs free energy of AP-1and AP-2 at 25
°C and 37 °C is lower than the other 8 aptamers. Therefore,
both aptamers are stable at 25 °C and 37 °C.

Fig. 7 Luminescence intensity
with aptamer concentrations
compared with positive and
negative controls. The positive
and negative controls were groups
treated with and without
proportion convertase subtilisin/
kexin type 9 inhibitor, respective-
ly. P < 0.05. AP-1, aptamer 1; AP-
2, aptamer 2. The asterisks on the
graph indicate there are signifi-
cant differences between AP-1
(**) and AP-2 (*) compared with
positive control

Fig. 8 Schematic representation
of the mechanism of PCSK9
inhibition by AP-1 and AP-2.
PCSK9, proprotein convertase
subtilisin/kexin type 9; AP-1,
aptamer 1; AP-2, aptamer 2; HRP,
horseradish peroxidase; LDLR,
low-density lipoprotein receptor
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The calculated IC50 values of AP-1 and AP-2 were 325
and 327 nM, respectively. These IC50 values indicate the
potency of AP-1 and AP-2 to inhibit the biochemical func-
tion of PCSK9. In general, if the agonist activity reaches
the lowest level of its biological function when there is the
lowest level of inhibitor concentration available, that is a
suitable concentration for treatment. Therefore, the lowest
concentration of AP-1 and AP-2 in inhibiting the PCSK9
was considered to be an acceptable level. The affinity of
AP-1 and AP-2 to bind to PCSK9 reflects the Kd, that is, a
measure of the propensity of the PCSK9-aptamer complex
to dissociate reversibly. Kd is a thermodynamic parameter
and is temperature dependent. AP-1 and AP-2 have a reli-
able Kd at 37 °C that represents the physiological
condition.

Although the validation of the affinity and specificity using
conventional methods, including CE and surface plasmon res-
onance (SPR), was a limitation of the present study for pre-
diction of Kd, the CE approach was used for aptamer selection
in order to achieve the optimal inhibitory effects of the ssDNA
library. It is clear that the aptamers collected from the CE
outlet presented the highest affinity and specificity for
PCSK9 following three rounds of separation in CE.
Therefore, the aptamers, which were selected in difficult con-
ditions of CE, were targeted in the present study. The intended
aptamers should present the lowest Kd; however, it was not
possible to measure the exact Kd value when using CE.
Nevertheless, measuring the exact amount of Kd was not nec-
essary and the temperature was not a key factor at this stage of
the study. In the present study, the potency of the selected
aptamers to inhibit PCSK9 was reflected by their IC50 and
Kd measured using a kit. Therefore, a relative Kd value was
reported in the present study. The purpose of the present study
was to identify an aptamer with a stable conformation (lowest
ΔG) and a high potency for the inhibition of PCSK9.
Although the binding of PCSK9 to LDLR is pH dependent,
the aim of the present study was to identify the optimal
aptamer in terms of inhibitory function to prevent PCSK9
from binding to LDLR at normal pH levels.

PCSK9 is mainly synthesized in the liver and is known to
function as a negative regulator of hepatic LDLRs by binding
to the LDLR ectodomain. PCSK9 regulates plasma LDL-C
levels by diverting the cell-surface LDLR of hepatocytes to
lysosomes for degradation. Thus, PCSK9 plasma levels di-
rectly influence the level of circulating LDL-C. Therefore,
any compound that inhibits or neutralizes PCSK9 directly or
indirectly triggers the lowering serum LDL-C [40]. In order to
characterize the inhibitor specificity of AP-1 and AP-2 against
PCSK9, an ELISA binding assay was performed. The assay
was designed for PCSK9 screening and profiling purposes
[28, 29]. The two novel aptamers identified, AP-1 and AP-2,
presented excellent inhibitory effects against PCSK9, which
interfere with the PCSK9-LDLR interaction (Fig. 8).

Finally, AP-1 and AP-2 were designed, selected, character-
ized, and introduced as appropriate inhibitors of PCSK9.
Furthermore, the potency and efficacy of the antibodies and
aptamers to inhibit PCSK9 were not compared in the present
study. Further experiments are also required to evaluate the
specificity, toxicity, pharmacokinetics, and other associated
aspects of these aptamers in cell culture and animal models.
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