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Simple Summary: Aptamers are oligonucleotides that recognise their target with high specificity
and affinity, having properties comparable to those of antibodies; however, they present important
advantages in terms of their size, production, and modification. These characteristics make them
excellent candidates for the development of new biotechnological platforms and their application as
imaging or therapy agents. The Sgc8-c aptamer binds to PTK7, allowing the recognition of haemato-
oncological malignancies, among others. Thus, we have developed aptamer-drug conjugates by
chemical synthesis, hybridizing Sgc8-c and dasatinib, a drug proposed for lymphoma chemotherapy.
Here, we demonstrated that the aptamer-drug conjugate, Sgc8-c-carb-da, specifically inhibited
lymphocyte growth, produced cell death, caused cell proliferation arrest, and affected mitochondrial
potential. In addition, Sgc8-c-carb-da showed higher (2.5-fold) cytotoxic effects than dasatinib in an
in vitro cell-directed assay that mimics in vivo conditions. These findings provide proof-of-concept of
the therapeutic value of Sgc8-c-carb-da for lymphoma, creating new opportunities for the chemical
synthesis of novel targeted biotherapeutics.

Abstract: Aptamers are emerging as a promising new class of functional nucleic acids because they
can specifically bind to any target with high affinity and be easily modified chemically with different
pharmacophoric subunits for therapy. The truncated aptamer, Sgc8-c, binds to tyrosine-protein kinase-
like 7 receptor, a promising cancer therapeutic target, allowing the recognition of haemato-oncological
malignancies, among others. We have previously developed aptamer-drug conjugates by chemical
synthesis, hybridizing Sgc8-c and dasatinib, a drug proposed for lymphoma chemotherapy. One of
the best-characterised Sgc8-c-dasatinib hybrids, namely Sgc8-c-carb-da, was capable of releasing
dasatinib at an endosomal-pH. Herein, we probed the therapeutic potential of this aptamer-drug
conjugate. Sgc8-c-carb-da specifically inhibited murine A20 B lymphocyte growth and produced
cell death, mainly by late apoptosis and necrosis. In addition, Sgc8-c-carb-da generated an arrest
in cell proliferation, with a cell cycle arrest in the Sub-G1-peak. The mitochondrial potential was
altered accordingly to these pathways. Moreover, using an in vitro cell-targeting assay that mimics
in vivo conditions, we showed that Sgc8-c-carb-da displayed higher (2.5-fold) cytotoxic effects than
dasatinib. These findings provide proof-of-concept of the therapeutic value of Sgc8-c-carb-da for
lymphoma, creating new opportunities for the chemical synthesis of targeted biotherapeutics.

Keywords: lymphoma; aptamer; drug delivery; aptamer-drug conjugates; biotherapeutics; PTK7

1. Introduction

Aptamers are oligonucleotides that recognise their target with high affinity and speci-
ficity and have properties comparable to antibodies; however, they have significant advan-
tages in terms of size, production, and chemical modifications [1-3]. Therefore, they are

Cancers 2023, 15, 922. https:/ /doi.org/10.3390/ cancers15030922

https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers15030922
https://doi.org/10.3390/cancers15030922
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0003-1256-3786
https://orcid.org/0000-0003-2679-8981
https://orcid.org/0000-0002-7294-6693
https://doi.org/10.3390/cancers15030922
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers15030922?type=check_update&version=1

Cancers 2023, 15,922

20f13

excellent candidates for the development of new biotechnological platforms for applications
as imaging or therapeutic agents [3-6].

Sgc8-c is a DNA aptamer, a truncated form of Sgc8, which has 41 bases and specifically
binds to the tyrosine-protein kinase-like 7 (PTK7) receptor [7], also known as colon carci-
noma kinase 4 (CCK4). This receptor, which acts as a co-receptor in several cell pathways, is
a tumour biomarker that is overexpressed in different types of leukaemia, gastric tumours,
colon, lung, breast, and prostate cancers, and even in metastases [8-12]. Likewise, it is
involved in the migration and endothelial invasion of tumour cells [8,13,14].

Our research group has studied the truncated DNA aptamer Sgc8-c as a tool for the
development of tumour imaging agents [15-21]. We found that Sgc8-c was able to recognise
the PTK7 receptor in vivo in murine melanoma and lymphoma models. These findings
provided us with the basis to develop potential therapeutic agents, using this truncated
aptamer to direct anti-tumour drugs specifically to the site of action via the PTK7 receptor.

The use of aptamers as probes for the selective delivery of drugs for clinical use has
already been described in the literature [22,23]. Among the first examples, the use of
DNA-intercalating drugs, like doxorubicin and daunorubicin, has been reported [22,24,25];
however, due to the intercalation process, such agents could affect aptamer target recog-
nition, leading to a loss of specificity. A series of covalent binding strategies between
the drug and the aptamer at a non-relevant site for recognition have been explored to
avoid bioactivity loss [26]. Partially stable covalent bonds were used, such as amides [26].
Nevertheless, these constructions do not ensure the release of the drug under physiological
conditions, potentially losing the activity provided by the drug component of the molecule.
We recently described a molecular hybridisation strategy to covalently incorporate the anti-
tumour agent dasatinib into the structure of Sgc8-c to generate potential biotherapeutics
for haemato-oncology [27].

Dasatinib is a BCR-ABL kinase inhibitor approved by the Food and Drug Administra-
tion (FDA; USA) for the treatment of chronic myelogenous leukaemia and Philadelphia
chromosome-positive acute lymphoblastic leukaemia [28]. We analysed different covalent
connectors between dasatinib and the truncated aptamer and found that a carbamate
moiety was able to preferentially release the drug at endosomal pH, which is optimal as
the endosome is the Sgc8-c cellular uptake route [27]. Thus, we envisioned the generated
hybrid agent, Sgc8-c-carb-da (Figure 1), to be highly attractive for therapeutic intervention.
Therefore, we selected a lymphoma model to evaluate the potential of Sgc8-c-carb-da as
a proof-of-concept for an aptamer-drug conjugate (ApDC) for biotherapy.
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Figure 1. Schematic representation of Sgc8-c-carb-da structure and characteristics. Fragments corre-
spond to anti-tumour activity (dasatinib-derived moiety), target recognition (Sgc8-c-derived frag-
ment), and carbamate connectors (hydrolysable at endosomal pH [27]).
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2. Material and Methods
2.1. Chemical Components

Dasatinib was purchased from Hong Kong Guokang Bio-Technology Co., Ltd. (Baoji City,
China).

The 5'-(6-aminohexyl)-modified Sgc8-c aptamer [12813 Da, 5'-(aminohexyl) ATC TAA
CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GA -3/, Sgc8-c-NH,] was
purchased from IDT Technologies (Coralville, IA, USA).

Sgc8-c-carb-da (Figure 1) was synthesised and purified as described previously [27].
Briefly, dasatinib was coupled to a reactive pool, carbonate [29]. This intermediate product,
dasatinib phenyl carbonate, was dissolved in dimethyl sulfoxide (DMSO). The aptamer
Sgc8-c-NH; was dissolved in a sodium phosphate buffer (0.1 M) and a sodium bicarbonate
buffer (0.1 M) (50:50 v:v) (pH 8.3) and then mixed with dasatinib phenyl carbonate, and
the mixture was maintained at 60 °C. After 1 h, N,N-dimethylformamide was added, and
the reaction was maintained at 60 °C for 47 h. The reaction was stopped by washing
Sgc8-c-carb-da with Milli-Q water using Microcon® centrifugal filters. Finally, the product
was purified by reversed-phase high-performance liquid chromatography.

Water was purified and deionised (18 MQ)/cm?) in a Milli-Q water filtration system
(Millipore Corp., Milford, UK).

2.2. Biological Components

All cell lines were obtained from the American Type Culture Collection (ATCC; Man-
assas, VA, USA): Mus musculus B lymphoma A20 cell line (TIB-208), Homo sapiens acute lym-
phoblastic leukaemia CCRF-CEM cell line (CCL-119) as the PTK7-positive control [30], and
Homo sapiens glioblastoma U87 MG cell line (HTB-14) as the PTK7-negative control [31]. A20
and CCRF-CEM were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) foetal calf serum
(FCS; Capricorn, Ebsdorfergrund, Germany) and 2 mM L-glutamine (Sigma-Aldrich) at
37 °C with 5% CO,. U87 MG was grown in Dulbecco’s Modified Eagle’s Medium (DMEM,;
Capricorn) supplemented with 10% FCS and 2 mM L-glutamine.

2.3. In Vitro Biological Assays
2.3.1. Cytotoxicity Assay

Cells (5 x 10* cells/well) were seeded in a 96-well plate and cultured for 48 h at 37 °C
in 5% CO,, with different concentrations of Sgc8-c-carb-da, Sgc8-c, or dasatinib, ranging
from 400 to 80,000 nM. In addition, cells were incubated with 20% DMSO (Sigma-Aldrich)
and culture medium as controls. Then, the medium was removed, and cells were washed
with 1X phosphate buffered saline (PBS), and 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich) was added to each well. The plates
were incubated for 4 h at 37 °C in 5% CO,. To dissolve MTT crystals, a 20% sodium dodecyl
sulfate (SDS) solution (Sigma-Aldrich) was added to the plates and further incubated
overnight at room temperature in dark conditions. Finally, the plates were read at 570 nm
to determine the optical density (OD) in each well. Cell cytotoxicity (%) was calculated
using the following formula: [(OD in the studied condition—OD with DMSO)/(OD in
control medium—OD with DMSO)] x 100. The half maximal inhibitory concentrations
(ICsp), defined as the concentrations that induce 50% cytotoxicity, were determined from
the viability vs. concentration curves using the software GraphPad8 (version 8.0.1).

2.3.2. Washing Method

To study the role of Sgc8-c as a delivery system, we used an adaptation of a previously
described Washing Method (WM) [32], which mimics the in vivo conditions. Cells were
incubated with the studied agents (Sgc8-c-carb-da, Sgc8-c, or dasatinib) for 30, 60, or
120 min to allow specific binding to PTK-7. Afterward, the media was removed, and the
cells were washed with PBS. Then, cells were incubated at 37 °C in the corresponding
culture medium for up to 48 h. The MTT assay was developed as described above.
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2.3.3. Cell Death Studies

Induction of cell death was studied by flow cytometry to detect early and late apoptosis
and necrosis using Annexin V conjugated to FITC (AV; BD Pharmingen) and propidium
iodide (PI; Sigma-Aldrich). For this, cells (5 x 10° cells/well in 24-well plates) were
incubated with 200, 400, and 800 nM of Sgc8-c-carb-da or dasatinib for 24 h at 37 °C with
5% CO;. The washing method was also carried out in these studies to evaluate the role of
Sgc8-c as a delivery system.

After the incubation period, the cells and supernatant were washed with cold FACS
buffer (1x PBS, 2% FCS, and 25 mM EDTA), then centrifuged at 1800 rpm for 3 min at 4 °C.
After that, the pellets were resuspended in 200 pL of FACS buffer and incubated with 2 pL
of AV for 30 min in ice. Two more washes were performed with cold FACS buffer, and
cells were further incubated with 5 pL of IP for 5 min. Samples were acquired in a FACS
Canto II (BD Biosciences, San Diego, CA, USA). The results were analysed using FACS
Diva (version 6.1.3) and Flow]Jo software (version 7.6).

2.3.4. Mitochondrial Membrane Potential Assay

Changes in the mitochondrial membrane potential (Alm) were analysed using the
cationic carbocyanine dye JC-1. A20 cells were seeded in a 24-well plate (5 x 10° cells/well)
and incubated with 200, 400, and 800 nM of Sgc8-c-carb-da or dasatinib for 24 h at 37 °C
with 5% CO,. To assess the potential of Sgc8-c as a delivery system, after 1 h of in-
cubation with the compounds, cell cultures were washed with PBS and further incu-
bated in the culture medium for 24 h. Likewise, cells were incubated with 1000 nM
of the uncoupler carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP; Sigma-
Aldrich) for 15 min at 37 °C, as a positive control (100% JC-1 monomer retention, back-
ground of J-aggregate formation), or with culture medium, as a negative control (100%
J-aggregate formation, background of JC-1 monomers). All samples were washed with
PBS, centrifuged at 1800 rpm for 3 min, and incubated with 500 nM of 5,5’ ,6,6'-tetrachloro-
1,1,3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Sigma-Aldrich, St. Louis, MO,
USA) [33,34] in culture medium for 30 min at 37 °C. Cells were washed again with PBS and
analysed by flow cytometry, determining green monomers (Ex 485 nm/Em 535 nm) and red
J-aggregates (Ex 560 nm/Em 595 nm). Ten thousand events were acquired and analysed us-
ing the Diva and Flow]o software (version 7.6). The percentage of JC-1 monomer retention
was calculated using the following formula: % JC-1 monomer in the studied condition—%
JC-1 monomer FCCP. Likewise, the percentage of J-aggregate formation was calculated
using the following formula: % J-aggregates in the studied condition—% J-aggregates in
control media.

2.3.5. Arrest of Cell Proliferation Assay

To evaluate cell proliferation, cells (2.6 x 10° cells/mL) were stained with 3 uM of
the fluorescent compound succinimidyl-carboxyfluorescein ester (CFSE; Sigma-Aldrich)
for 10 min at 37 °C with 5% CO,. Afterward, cells were washed with 1 mL of FCS for
every 3 mL of cell suspension, then with PBS. Cells were resuspended in the corresponding
medium, seeded in 24-well plates, and incubated with the ICsq of the agents (Sgc8-c-carb-da
or dasatinib, determined for each of the cell lines) and two serial dilutions. In addition,
cells were incubated with 20% DMSO or culture medium as controls for cell arrest and
proliferation, respectively. Once again, the washing method was performed to assess
the potential of Sgc8-c as a delivery system. After 48 h, cells and supernatants were
collected together, washed with PBS, and analysed by flow cytometry. For each sample,
10,000 events were acquired in a FACS Canto II. The results were analysed using FACS Diva
and Flow]o software. Cell proliferation (%) was calculated using the following formula:
[(% cell proliferation in the studied condition—% cell proliferation with DMSO) /(% cell
proliferation in control medium—% cell proliferation with DMSO)] x 100.
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2.3.6. Cell Cycle Analysis by DNA Content

A20 cells were seeded in 24-well plates (5 x 10° cells/well) and incubated with 200,
400, and 800 nM of Sgc8-c-carb-da or dasatinib at 37 °C with 5% CO, for 24 h. To determine
the role of Sgc8-c as a delivery system, samples were washed with PBS after one hour of
incubation to remove compounds and further incubated with only the culture medium until
24 h were completed. Then, all samples were fixed with cold 70% ethanol at 4 °C for 2 h.
To avoid the formation of lumps and guarantee cell fixation, the cell suspension was added
dropwise to the ethanol with continuous, gentle shaking. Samples were washed twice
with PBS and centrifuged at 2000 rpm at 4 °C for 3 min, then incubated with 0.1 mg/mL of
Ribonuclease A (RNAse A; from bovine pancreas, Sigma-Aldrich, St. Louis, MO, USA) in
0.1% Triton X-100 (in PBS) at 37 °C for 30 min. After that, samples were stained with 5 pL
of PI in cold RNAse buffer and incubated at 4 °C for 5 min. Samples were analysed by flow
cytometry, acquiring 10,000 events, and the height, width, and area of the PI curve were
acquired to perform an adequate analysis [35] using FACS Diva (version 6.1.3) and FlowJo
software (version 7.6).

2.4. Statistical Analysis

Statistical analysis was performed using the Student’s t-test, and the p values of
significance are indicated in each figure.

3. Results and Discussion
3.1. Sgc8-c-carb-da Displays Cytotoxic Activity against A20 Cells

The capability of Sgc8-c-carb-da to act as a biotherapeutic agent was determined. First,
its cytotoxic potential was evaluated against A20 lymphoma cells by MTT assay, showing an
ICsp of 820 nM (Figure 2, Table 1). In parallel, the cytotoxic potential of dasatinib against A20
cells was assessed (ICs( of 740 nM) (Figure 2, Table 1), demonstrating that Sgc8-c-carb-da
maintained the cytotoxic activity of dasatinib (ICs0,dasatinib/IC50,5gc8-c-carb-da = 0.91)
(Figure 2, Table 1). Therefore, this drug-delivery system would not affect the biologi-
cal activity of dasatinib. Additionally, dasatinib does not have the ability to intercalate
with DNA since it is not a pi-rich system [36,37]. Therefore, we expect no topological
modifications of the aptamer and, consequently, no loss of target recognition.

1004
-+ dasatinib
-% Sgc8-c-carb-da
754
2
E 50+
>
2 L.
25+ I
0 4 k« ,ﬁ

0 1000 2000 3000 10,000 20,000 30,000 60,000 80,000
nM

Figure 2. Doses-response curves for dasatinib and Sgc8-c-carb-da in A20 cells using the MTT
method. Cytotoxicity was evaluated by MTT. Graph shows mean =+ standard deviation (SD), n = 10
per condition.
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Table 1. Cytotoxic effects of Sgc8-c-carb-da, dasatinib, and Sgc8-c against A20 cells, PTK7-positive
CCRF-CEM, and negative U87 MG controls, expressed as ICs.

IC50 (IIM)
ICSO,dasatinib/ ICSO,SgS—c-carb-da
Cell Line Sgc8-c-carb-da Sgc8-c Dasatinib
A20 820 £ 30 >80,000 740 £ 20 0.91
CCRF-CEM 7477 + 80 >80,000 12,260 + 30 1.64
Us7 MG 16,350 £ 30 >80,000 20,160 £ 70 1.23

To further test whether Sgc8-c-carb-da activity was the result of each component of
the hybrid agent (i.e., dasatinib and Sgc8-c), the cytotoxicity of Sgc8-c was also evaluated,
being higher than 80,000 nM (Table 1, Figure S1A in Supplementary Materials). These
results clearly showed that the Sgc8-c-carb-da cytotoxic activity against A20 lymphocytes
is the result of the dasatinib component since the truncated aptamer Sgc8-c did not display
cytotoxic activity in the experimental assayed conditions. Hence, Sgc8-c was not included
in the following mechanistic experiments.

As expected, the ICsy for Sge8-c-carb-da in PTK7-negative U87 MG cells [31] was
higher than in A20 cells (IC5p 16,350 nM) (Table 1, Figure S1C in Supplementary Materials),
and no difference was observed for Sgc8-c-carb-da and dasatinib activities (ICs( gasatinib /
IC50,5gc8-c-carb-da = 1-23), with both ICsy values being extremely high. These cells are
considered negative controls, as they are not susceptible to any of these agents.

On the other hand, the ICs, for Sgc8-c-carb-da in PTK7-positive CCRF-CEM cells [30]
was also higher than in A20 cells (IC5¢ 7477 nM) (Table 1, Figure S1B in Supplementary
Materials), revealing that this biotherapeutic agent is less effective in these cells, albeit
CCRF-CEM cells express the PTK7 receptor, unlike U87 MG cells.

However, Sgc8-c-carb-da displayed almost 2-fold higher activity than dasatinib
(ICs50,dasatinib / IC50,Sng_C_Carb_da = 1.64), suggesting the relevance of the PTK7 receptor in
facilitating drug delivery into these cells, which are less sensitive to dasatinib.

The lack of differences in cytotoxic activity between dasatinib and the new ApDC
(ICs0,dasatinib / IC50,8gc8-c-carb-da = 0.91) could suggest the absence of Sgc8-c’s functional
effect. In order to investigate whether the cellular binding of Sgc8-c-carb-da via PTK7
enhances its bio-response, an in vitro cell-binding study was performed. For that, a
washing protocol was applied (see Materials and Methods Section 2.3.2), where cells
were incubated with different concentrations of Sgc8-c-carb-da for 30, 60, or 120 min
to allow binding to PTK7, then the assay media containing the biotherapeutic agents
were removed, and the cells were washed. The ICsy values were determined as de-
scribed before [32] (Table 2, Figure S2 in Supplementary Materials). Sgc8-c-carb-da in-
creased the activity of dasatinib against A20 cells in all studied incubation times (Table 2,
Figure 3, and Figure S2A,D in Supplementary Materials), being four times more cytotoxic
after 120 min of incubation. Even at shorter incubation periods, the cytotoxic activities
expressed as ICs( gasatinib / IC50,5gc8-c-carb-dar WeTe higher (2.82 and 2.42 for 30 and 60 min,
respectively). Moreover, Sgc8-c-carb-da showed an increase in cytotoxic activity in PTK7-
positive CCRF-CEM cells compared to dasatinib, particularly after 120 min of incubation
(ICs50,dasatinib / IC50,5gc8-c-carb-da = 2:08, Table 2, Figure S2B,E in Supplementary Materials).
However, Sgc8-c-carb-da did not display different activity than dasatinib, with or with-
out the washing step, in PTK7-negative U87 MG cells (ICs0,dasatinib / ICs0 sgc8-c-carb-da ~ 1/
Table 2, Figure S2C,F in Supplementary Materials). The reduced ICs) gocg.c.carb-da I these
cells could be explained by the lack of receptor mediation in the biopharmaceutical up-
take (ICs0,5gc8-c-carb-da 16,350 nM versus 32,580 nM after 48 h and 120 min of incubation,
respectively), confirming that this limited activity is PTK7-independent.



Cancers 2023, 15,922

7 of 13

Table 2. Cytotoxic effects of dasatinib and Sgc8-c-carb-da against A20 cells, PTK7-positive CCRF-
CEM, and negative U87 MG controls after different drug exposure times, expressed as ICsp.

Exposure Time (min) IC59 (nM)
ICSO,dasatinib/ ICSO,Sch—c-carb-da
A20 Dasatinib Sgc8-c-carb-da
30 1070 + 20 380 + 20 2.82
60 1650 £ 80 680 £ 130 243
120 1750 + 20 440 + 20 3.98
CCRF-CEM
30 18,460 + 40 15,110 + 20 1.22
60 11,800 £ 20 9520 + 20 1.24
120 12,650 £ 20 6060 + 20 2.08
U87 MG
30 30,120 £+ 20 31,310 4+ 40 0.96
60 33,950 + 30 32,230 + 10 1.05
120 32,010 £+ 20 32,580 £+ 20 0.98
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Figure 3. Evaluation of Sgc8-c-carb-da binding via PTK7 in A20 cells. Dose-response curves for
dasatinib or Sgc8-c-carb-da after 48 h of incubation with A20 cells, with (WM) or without the washing
method (60 min of drug exposure followed by a wash and further incubation). Cytotoxicity was
evaluated by MTT. Graph shows mean + SD, n = 10 per condition.

Altogether, these results show the potential of Sgc8-c-carb-da as a biotherapeutic
agent since it promotes A20 cell cytotoxicity in a PTK-7-mediated manner; however, the
MTT assay is a comprehensive measurement of cell cytotoxicity and reflects many altered
pathways, including cell death, cell proliferation arrest, and changes in mitochondria
dynamics, among others. Therefore, the next experiments were addressed to unravel the
mechanisms behind Sgc8-c-carb-da’s cytotoxic effect.

3.2. Sgc8-c-carb-da Promotes A20-Cell Apoptosis and Necrosis

The mechanisms of A20 cell death (i.e., early and late apoptosis and necrosis) promoted
by Sgc8-c-carb-da were assessed by flow cytometry using AV and PI. For that, A20 cells
were incubated with 800 nM of Sgc8-c-carb-da or dasatinib in the same conditions as
described above. After 24 h of incubation, 45.6% of dasatinib-treated A20 cells died, mainly
by late apoptosis (17.8%) and necrosis (20.6%), whereas 69.3% of Sgc8-c-carb-da-treated
cells died, triggering a significant increase in late apoptosis (33.6%, p < 0.01) and necrosis
(30.5%, p < 0.01) (Figure 4). Note 11.2% of cell death was observed in the control conditions.
When A20 cells were exposed to the biomolecules for only 60 min, then washed away and
incubated for another 23 h, a reduction in cell death was observed (p < 0.01). Dasatinib
induced early apoptosis (9.5%) as much as late apoptosis (10.4%) and necrosis (9.9%), while
for Sgc8-c-carb-da, early apoptosis was significantly lower (6.0%, p < 0.01), slightly shifting
the death process toward late apoptosis (11.2%) and especially to necrosis (13.6%, p < 0.05).
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Figure 4. Percentage of cell death of A20 cells obtained after incubation with 800 nM dasatinib
or Sgc8-c-cab-da for 24 h, with (WM) or without the washing method (60 min of drug exposure
followed by a wash and further incubation). Graph shows mean =+ SD, n = 3 per condition. * p < 0.05,
** p <0.01 (Student’s t-test).

To assess whether the observed cell death was preceded by alterations in mitochon-
drial structure and transmembrane potential, changes in mitochondrial membrane po-
tential were analysed using the JC-1 assay. In living cells (normal AYM), the JC-1 dye
enters and accumulates in the mitochondria and spontaneously forms red fluorescent
J-aggregates. Conversely, in unhealthy (apoptotic) cells (altered AYM), the JC-1 dye does
not reach sufficient concentration at the mitochondrial to promote J-aggregate formation,
thus retaining its original green fluorescence [38]. This assay was performed after the treat-
ment of A20 cells with different doses of Sgc8-c-carb-da or dasatinib, as described above.
Sgc8-c-carb-da caused a decrease in J-aggregate formation (Figure 5A) and an increase in
the retention of JC-1 monomers, slightly greater than that of dasatinib in a dose-dependent
manner (Figure 5B); however, no differences were observed when cells were treated with
Sgc8-c-carb-da or dasatinib for only 60 min, washed, and later incubated for another 23 h
(Figure 5A,B). These results showed a Apm that is indicative of a mitochondrial membrane
compromise, in agreement with previous data for dasatinib in other cellular systems [39].
This behaviour could be related to the activation of cellular pathways, particularly apopto-
sis, which is associated with the response to this drug and generates an uncoupling of the
mitochondrial potential [33,34]. In this regard, no differences in the percentage of (early
plus late) apoptotic cells were observed when cells were treated with Sgc8-c-carb-da or
dasatinib for only 60 min, washed, and later incubated for another 23 h (Figure 4).

3.3. Sgc8-c-carb-da Triggers Cell Proliferation Arrest, Mainly in the subG1 Phase

Along with cell death, we assessed the potential of Sgc8-c-carb-da to promote cell
proliferation arrest. A20, CCRF-CEM, and U87 MG cells were stained with CFSE to track
cell division. In each cell division, daughter cells will receive half of the CFSE label of
their parent cell and so on, allowing the tracking of different cell generations. Thus,
when cells proliferate, CFSE fluorescence decreases. CFSE-stained tumour cells were
treated with the ICsy of Sgc8-c-carb-da or dasatinib for 48 h. The results showed that
both compounds caused the arrest of A20- and CCRF-CEM-cell proliferation, revealed by
a higher percentage of cells that did not undergo division (Figure 6A and Figure S3A in
Supplementary Materials). On the other hand, no differences were observed between U87
MG cells treated with Sge8-c-carb-da or dasatinib with the control condition (Figure S3B in
Supplementary Materials).
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Figure 5. Changes in mitochondrial membrane potential induced by Sgc8-c-carb-da. Quantification
of the JC-1 assay obtained from incubation of the A20 cell line with 200, 400, and 800 nM of dasatinib
or Sgc8-c-carb-da for 24 h, with (WM) or with the washing method (60 min of drug exposure followed
by a wash and further incubation). (A) Percentages of J-aggregate formation and (B) percentages
of JC-1 monomer retention are shown. Graph shows mean + SD, n = 3 per condition. * p < 0.05
(Student’s t-test).
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Figure 6. Arrest of cell proliferation in A20 cells after incubation with Sgc8-c-carb-da and dasatinib
(800 nM) for 48 h, with (WM) or without the washing method (60 min of drug exposure followed by
a wash and further incubation). (A) Cell proliferation histogram, controls of proliferation, and cell
arrest: incubation with medium (100% proliferating cells) and 20% of DMSO (0% proliferating cells),
respectively. (B) Percentages of proliferating cells are shown. (C) Mean fluorescence indices (MFI) for
CFSE. Graph shows mean + SD, n = 3 per condition. * p < 0.05, ** p < 0.01 (Student’s t-test).

The percentage of proliferating cells was lower, and concordantly, the CFSE mean
fluorescence index (MFI) was higher after treatment with 800 nM Sgc8-c-carb-da than
dasatinib for 48 h (Figure 6B,C). Likewise, when A20 cells were incubated for 60 min
(washing method), Sgc8-c-carb-da promoted a higher cell arrest than dasatinib, with the
percentage of proliferative cells being 81.0% and 87.0% for Sgc8-c-carb-da and dasatinib,
respectively (Figure 6B). These observations could be explained by the ability of the aptamer
to interact with PTK7 and facilitate the delivery of dasatinib intracellularly, arresting
cell proliferation.

Since A20 cell proliferation arrest was detected upon Sgc8-c-carb-da treatment, the cell
cycle distribution was assessed via flow cytometry. Sgc8-c-carb-da generated significant
changes in the cell cycle with respect to dasatinib, observing a decrease in the G1, S, and
G2/M phases and an increase in the Sub-G1 (Figure 7A-C,F). After 24 h of incubation
with Sgc8-c-carb-da (800 nM), 51.10% of the cell population had stopped in Sub-G1, while
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30.30% of the cells were in G1, 8.60% in S, and 10.15% in the G2/M phases (Figure 7C,F).
This cell cycle distribution differed from that found after 24 h of incubation with dasatinib
(800 nM) (37.60% of the cell population stopped in Sub-G1, while 56.05% were in G1, 3.25%
in S, and 3.00% in the G2/M phases; Figure 7B,F). The Sub-G1 peak is associated with cell
apoptosis [40], confirming that Sgc8-c-carb-da facilitated dasatinib-mediated apoptosis. In
line with previous assays, when A20 cells were incubated with Sgc8-c-carb-da (800 nM)
for only 60 min, followed by a washing method, only 17.85% of the cell population was
arrested in Sub-G1, while 71.20% of the cells were in G1, 5.75% in S, and 5.15% in the G2/M
phases (Figure 7D-F). These analyses confirmed that both agents have similar effects on the
cell cycle progression in a dose-dependent manner (Figure S4 in Supplementary Materials).
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Figure 7. Analysis of cell cycle phases. Assay was performed on A20 cells after incubation with
800 nM Sgc8-c-carb-da and dasatinib for 24 h, with (WM) or without the washing method (60 min
of drug exposure followed by a wash and further incubation). Histograms of cells incubated with
(A) control culture medium, (B) dasatinib for 24 h, (C) Sgc8-c-carb-da for 24 h, (D) dasatinib for
60 min then washed, and (E) Sgc8-c-carb-da for 60 min then washed. (F) Percentages of cells in the
different cell cycle phases after incubation under the mentioned conditions. Graph shows mean =+ SD,
n = 3 per condition. * p < 0.05, ** p < 0.01 (Student’s t-test).

4. Conclusions

Here, we report the potential Sgc8-c-carb-da ApDC, which combines a truncated
aptamer that recognises the PTK7 receptor as a target-specific component and dasatinib
sub-structure as a cytotoxic component. The site-specific drug attachment was achieved
by covalent conjugation via a carbamate moiety of the amino aptamer to the dasatinib
primary alcohol [27]. One of the relevant properties of Sgc8-c-carb-da is its capability to
release dasatinib in a pH-dependent manner, with the endosome (pH 5.0) being the optimal
place for drug release. This property is highly relevant because it implies some advantages
to traditional treatment. On the one hand, Sgc8-c aptamer-based probes have significant
tumour uptake and blood clearance [16,19,21]. Hence, the in vivo use of Sgc8-c-carb-da
would facilitate drug delivery to the site of action with minimal hydrolysis at the non-
target sites, enhancing drug availability at the tumour site and reducing systemic toxicity.
On the other hand, since the endosomal route has been confirmed for some aptamers’
internalisation [16,41,42], and particularly endosomal Sgc8-c-uptake in A20 cells [15], once
Sgc8-c-carb-da penetrates lymphoma cells, dasatinib release would take place, facilitating
drug delivery at the appropriate site of action. Thus, this system merits further exploration
in haemato-oncology indications.
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The objective of the current study was to establish the potential of Sgc8-c-carb-da
as an ApDC on A20 lymphoma cells. Here, we demonstrated these hypotheses: (i) the
dasatinib does not undergo biological activity loss; (ii) higher cytotoxic activity is observed
in the PTK7-over-expressing cells (A20 and CCRF-CEM vs. U87 MG cells); and (iii) the
ApDC displays higher activity than dasatinib in a washing method set-up, highlighting the
relevance of Sgc8-c as a delivery system.

In addition, we explored the mode of action of this ApDC in different biological-
behaviour studies (i.e., the PTK7-dependence of cytotoxic effects, cell death pathways, and
cell cycle perturbation) and compared it to the drug alone. Sgc8-c-carb-da reveals signifi-
cant cytotoxicity against A20 cells, potentiating dasatinib biological activity.
Sgc8-c-carb-da promotes cell death by necrosis and apoptosis, accompanied by changes
in the mitochondrial membrane potential. It also generates cell proliferation arrest, which
results in an increase in the Sub-G1 peak and decreases in the S and G2/M phases. Collec-
tively, these results confirm the hypothesis that the Sgc8-c aptamer acts as a tumour-specific
vehicle for dasatinib, binding to PTK7 and delivering the drug into the cell, enhancing its
biological activity. To further translate the Sgc8-c platform as a drug delivery system into
tumours, there is still a need for pre-clinical and, ultimately, clinical investigations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15030922 /51, Figure S1: Dose-response curves for dasatinib,
Sgc8-c-carb-da, and Sgc8-c-NH, using the MTT method in (A) A20, (B) CCRF-CEM, and (C) U87
MG cells. Figure S2: Dose-response curves for dasatinib or Sgc8-c-carb-da after 48 h of incubation,
with (WM) or without the washing method (60 or 120 min of drug exposure followed by a wash and
further incubation), in the different cell lines: (A) A20 (60 min), (B) CCRF-CEM (60 min), (C) U87
MG (60 min), (D) A20 (120 min), (E) CCRF-CEM (120 min) and (F) U87 MG (120 min). Cytotoxicity
was evaluated by MTT. Graph shows mean + SD, n = 10 per condition. Figure S3: Arrest of cell
proliferation induced by Sgc8-c-carb-da and dasatinib in (A) CCRF-CEM and (B) U87 MG cell lines.
Figure S4: Phases of the cell cycle induced by Sgc8-c-carb-da and dasatinib in A20 cells. Assay
performed on the A20 cells after incubation with 200, 400, and 800 nM Sgc8-c-carb-da and dasatinib
for 24 h, with (WM) or without the washing method (60 min of drug exposure followed by a wash
and further incubation). Graph shows mean + SD, n = 3 per condition.
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