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Abstract: Proliferative retinopathies produces an irreversible type of blindness affecting working
age and pediatric population of industrialized countries. Despite the good results of anti-VEGF
therapy, intraocular and systemic complications are often associated after its intravitreal use, hence
novel therapeutic approaches are needed. The aim of the present study is to test the effect of the
AS1411, an antiangiogenic nucleolin-binding aptamer, using in vivo, ex vivo and in vitro models
of angiogenesis and propose a mechanistic insight. Our results showed that AS1411 significantly
inhibited retinal neovascularization in the oxygen induced retinopathy (OIR) in vivo model, as well
as inhibited branch formation in the rat aortic ex vivo assay, and, significantly reduced proliferation,
cell migration and tube formation in the HUVEC in vitro model. Importantly, phosphorylated NCL
protein was significantly abolished in HUVEC in the presence of AS1411 without affecting NFκB
phosphorylation and -21 and 221-angiomiRs, suggesting that the antiangiogenic properties of this
molecule are partially mediated by a down regulation in NCL phosphorylation. In sum, this new
research further supports the NCL role in the molecular etiology of pathological angiogenesis and
identifies AS1411 as a novel anti-angiogenic treatment.

Keywords: nucleolin; AS1411; proliferative retinopathy; HUVEC; oxygen induced retinopathy; aortic
rings assay; miR-221 expression levels

1. Introduction

Pathological angiogenesis in the retina resulting from proliferative diabetic retinopa-
thy (PDR), wet age-related macular degeneration (AMD), retinal artery occlusion, retinal
vein occlusion and retinopathy of prematurity (ROP) have in common the production of
proangiogenic growth factors [1]. Since the pathophysiology of the aforementioned dis-
eases involves a disruption of the blood-retinal barrier (BRB) and pathological angiogenesis,
the final consequence is irreversible blindness affecting working age and pediatric popula-
tion of industrialized countries. This abnormal and disproportionate hyper-vascularization
is a compensatory mechanism to overcome the metabolic equilibrium to the hypoxic retina
due to microvessel degeneration [2]. Vascular endothelial growth factor (VEGF) has being
strongly implicated in the disruption of the (BRB) [3], perpetuating inflammation [4] and
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developing proliferative retinopathies [5]. Therefore, intravitreal humanized monoclonal
antibodies (huMAb) against VEGF, such as ranibizumab and aflibercept, have being used
for PRD, AMD, ROP, macular edema after retinal vein occlusion, vitreous hemorrhage,
neovascular glaucoma, among other retinovascular diseases [6]. Unfortunately, VEGF is
necessary in many physiologic processes such as wound healing [7], placental trophoblast
invasion [8], endometrial regeneration [9], collateral blood vessels formation after my-
ocardial infarction [10], neurogenesis and it has neuroprotective activities [11]. VEGF
is produced by different types of cells in the retina, including vascular endothelial cells,
pericytes, Müller cells [12], retinal pigment epithelium (RPE) [13] and astrocytes [14]. VEGF
has been shown to be critical for ocular development, and acts as a survival factor for the
RPE and in non-pathological endothelial cells [15]. Chronic VEGF starvation leads to a
significant loss of retinal ganglion cells in patients with AMD [16]. Also, VEGF inhibition
has been associated with irreversible photoreceptor damage and RPE-choriocapillaris de-
generation [17], endophthalmitis [18], and intraocular pressure elevation [19]. Rare side
events after intravitreal injection are traction retinal detachment [20], massive subretinal
hemorrhage [21], hemorrhagic macular infarction [22], and retinal vascular occlusions [23].
Although, huMAb against VEGF are applied intravitreal, there is evidence supporting
their systemic absorption [24]. Unilateral bevacizumab injections resulted in bilateral re-
sponse in patients with diabetic macular edema [25]. A prospective non-comparative study,
demonstrated that a unique intravitreal injection of bevacizumab was enough to produce a
transient narrowing effect on retinal arteriolar diameter in the fellow non-treated eye, with
no other possible cause explaining this adverse effect [26]. Due to its chronicity, patients
normally receive multiple intravitreal injections of anti-VEGF molecules over time. Many
studies found that patients with AMD produce systemic neutralizing antibodies (nAbs)
against ranibizumab, arguing that this could explain tachyphylaxis [27]. Tachyphylaxis
has been documented in many clinical trials in patients with DR [28,29]. Patients with
DR often have other comorbidities such as heart, brain and kidney ischemia [30]. Chronic
therapy with VEGF antagonists may prevent the formation of vascular collateral branches
and compromise irrigation, hence deteriorating the cardiovascular system. Systemic VEGF
inhibition is likely to cause cardiovascular complications [31] and renal dysfunction [32].

Since VEGF-VEGFR pathway is ubiquitously present in human organs and tissues,
and its function is diverse, it is crucial to find other molecular targets to treat pathological
angiogenesis such as DR. VEGF has mitogenic functions in different cells [33], autocrine
effects on endothelial cells that plays an important role on survival and retinal cell via-
bility [15], and functions as a chemotactic factor [34]. Chronic inhibition of VEGF could
be deleterious and probably has been underestimated [35]. Previous studies have indi-
cated that VEGF stimulation increases cell surface nucleolin (NCL) expression in human
microvascular endothelial cells. Importantly, cell surface NCL and VEGF are upregulated
in proliferative retinopathies and different types of cancer [36].

NCL is a protein that was firstly described as a nucleolar protein related with ribosome
biogenesis, but it has been currently demonstrated that is present in different cell compart-
ments where adopts diverse functions. An altered expression of NCL has been observed
in many cancers. For example, in breast and colorectal cancer, NCL protein expression
level is increased by six-fold. Previous studies have shown that VEGF, through the VEGFR
pathway, leads to phosphorylation of NCL and this event promotes NCL translocation to
the membrane. Moreover, NCL redistribution is related to the phosphorylation states of
NCL [37]. High cytoplasmic amount of NCL is associated with poor prognosis in patients
with gastric and pancreatic cancer [38,39]. The presence of glycosylated form of NCL
localized at the surface of glioblastoma cells increases the malignancy of the tumor [40].
Surface and cytoplasmic NCL are differentiated from nuclear NCL by a minor change in
their isoelectric point, which could be due to post-translation modifications of surface/
cytoplasmic NCL, such as phosphorylation, which it has been associated to its membrane
localization and essential to its angiogenic activities [41]. Cumulative evidence has been
proposed cell surface NCL as an important target to inhibit both tumor and angiogenic
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capacities on various angiogenic-mediated diseases (discussed on [42]). Cell surface NCL
has been reported in endothelial and cancer cells acting as a membrane-anchored receptor.
At this cellular localization, NCL regulates adhesion [36], differentiation, proliferation and
angiogenesis by facilitating the uptake, trafficking and signaling of angiogenic molecules,
thus its inhibition promotes affective anti-angiogenesis activities [43]. In this context, our
laboratory documented for the first time that NCL is able to translocate onto the de-novo
endothelial cell surface after an angiogenic stimulus in an in vivo corneal neovasculariza-
tion model, and this translocation was abolished when bevacizumab was topically applied,
suggesting a direct effect of VEGF in NCL cell surface translocation in aberrant corneal
neovessels [44]. Moreover, we have recently described that topical application of nucleolin-
binding aptamers AS1411, formerly known as AGRO100, inhibit VEGF-mediated corneal
angiogenesis downregulating miR-21 and -221 proangiogenic miRNAs [45]. Aptamers
are short single-stranded oligonucleotides that have biological properties that overcome
monoclonal antibodies. They have unlimited targets, short production time, cost-effective,
thermally stable, high level of tissue penetration and are non-immunogenic (reviewed
in [46]). In the present work we describe cell surface NCL as a specific target to reduce
pathological angiogenesis by means of using nucleolin-binding aptamers AS1411.

2. Results
2.1. Hyperoxia Developed Pathological Angiogenesis in Retinas from Neonatal Mice

To determine the differences between mice exposed to normoxia and hyperoxia,
neonatal mice were divided aleatory into two groups. Mice exposed to normoxia was
assigned to group 1, while mice exposed to hyperoxia was assigned to group 2. As shown
in Figure 1, hyperoxia induced severe effects on retinal architecture. Retinas from this group
presented a disorganized morphology specially at the internal limiting membrane (ILM),
where multiple vessels were present. The pathological angiogenesis was primarily located
at the superficial retina as previously described [47]. In contrast, normoxia group had a
normal retinal and vascular morphology, corresponding to physiological angiogenesis.
Normoxia group had lower vessels and presented a normal distribution through the
retinal tissue.
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Figure 1. Hyperoxia exposure induces pathological angiogenesis generating a proliferative retinopathy model. Micrographs
of retinal histological slides using H&E staining. (1) Normoxia exposure developed a physiological angiogenesis in pups
at P18. Retinal morphology was normal, no pathological angiogenesis was observed. (2) Hyperoxia condition developed
pathological angiogenesis located at the superficial retina with a disorganized distribution. Black arrows indicate the
neovascular formation at the inner limiting membrane. Representative micrographs of 2 independent assays (n = 5 of each
assay). Bars = 20 µm.
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2.2. Intravitreal Injection of AS1411 Aptamers Reduced Pathological Angiogenesis in the Oxygen
Induced Retinopathy (OIR) Mouse Model

To determine the effect of the nucleolin binding aptamers AS1411 on pathological
retinal neovascularization in an OIR model, the hyperoxia group was subdivided into
four groups. Mice exposed to hyperoxia (A, B, C and D groups) were intravitreally in-
jected from P14 to P17 with different treatments. Group A received 0.01 M PBS; group B
received 0.2 nmol AS1411; group C received 0.2 nmol CRO; and group D received 20.8 µM
ranibizumab. At P18 all groups were ethically euthanised and eye sections were obtained
as described in methods section. The retinal sections were used to visualized endothelial
cells extending beyond the ILM into the vitreous. To compare the differences among groups
(A, B, C and D) endothelial cell nuclei was quantified. Nuclei counting was achieved by an
independent (blinded to the research protocol) veterinary pathologist expert in the mouse
OIR model. It is important to consider that mice at P18 have residual fragments of the
hyaloid artery located behind the lens, the endothelial nuclei quantification was performed
without considering endothelial cells located posterior to the lens. PBS and CRO group pre-
sented endothelial cell agglomerations. AS1411 and ranibizumab presented lower amount
of endothelial cell agglomerations and normal retinal morphology was visualized. When
mice were treated with both PBS and CRO, the number of retinal endothelial cells were
similar among them; however, and as expected, when the mice were ranibizumab treated,
the endothelial cell number was significantly lower when compared to both PBS and CRO
groups. Interestingly, AS1411 was also able to significantly inhibit retinal angiogenesis
similar as the ranibizumab group. Neovessels were identified with PAS staining due to
the pink coloration that endothelial basement membrane adopts after staining. Neovas-
cular agglomeration was located at the superficial retina, presenting disorganized vessel
distribution at the superficial retina. PBS and CRO groups presented abnormal neovessels
formation, their distribution was disorganized and protruded into the vitreous. AS1411
and ranibizumab had lower neovessels at the superficial retina, and their distribution
presented an organized pattern. Endothelial cell nuclei have an oval shape with central
distribution over the cell, this characteristic was useful to count endothelial cell nuclei and
determined the effect of the different treatments. The optic nerve was used as a topographic
reference to perform the analysis with similar topographic orientation (Figure 2).
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treated retinas developed the same amounts of neovascularization as the CRO group (black arrows). (B) AS1411 aptamer 
presented lower number of neovascular formation at the ILM and the retinal layers architecture was conserved. (C) CRO 
group presented similar amounts of neovascular as the PBS group. (D) Ranibizumab treated retinas developed lower 
number of neovascularization similar to AS1411 treated retinas. (E) The bars represent the mean and (±SE) of the endothe-
lial cells per field. PBS and CRO groups had up to around 50 endothelial cells per field; while the mean number of AS1411 
and Ranibizumab decreased around to 20 cells per field (a decreased of 2.5-fold compared to PBS and CRO groups). There 

Figure 2. AS1411 reduces retinal angiogenesis in a proliferative retinopathy model. Micrographs of retinal histological slides
using PAS staining (40×). Endothelial basement membranes were visualized by positive PAS staining. (A) PBS treated
retinas developed the same amounts of neovascularization as the CRO group (black arrows). (B) AS1411 aptamer presented
lower number of neovascular formation at the ILM and the retinal layers architecture was conserved. (C) CRO group
presented similar amounts of neovascular as the PBS group. (D) Ranibizumab treated retinas developed lower number of
neovascularization similar to AS1411 treated retinas. (E) The bars represent the mean and (±SE) of the endothelial cells
per field. PBS and CRO groups had up to around 50 endothelial cells per field; while the mean number of AS1411 and
Ranibizumab decreased around to 20 cells per field (a decreased of 2.5-fold compared to PBS and CRO groups). There
was no difference between AS1411 aptamer and ranibizumab. Micrographs of 2 independent assays (n = 5 of each assay).
Bars = 20 µm. ** p < 0.01.

To corroborate the presence of endothelial cell at the ILM, immunolabeling of type IV
collagen (Col4) was evaluated by indirect immunofluorescence. Col4 is the main collagen
component of the basement membranes, hence is a reliably method to detect endothelial
cells in retinal tissue. Our results showed that mice treated with AS1411 presented lower
Col4 immunostaining in the retina than CRO treated group. Thus, AS1411 was capable
to reduce pathological angiogenesis in the OIR model. Similar to AS1411, ranibizumab
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presented lower Col4 immunostaining in the retina, and no difference where visualized
compared to AS1411 group. In contrast, CRO, failed to inhibit retinal neovascularization.
The positive staining for Col4 was mainly observed at the ILM similar to PDR (Figure 3).
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Figure 3. Intravitreally injected reduced Col4-endothelial cell staining at the superficial mice retina. Retinal immunofluo-
rescent micrographs showing Col4 immunolabeling in red. (A) CRO intravitreally injected failed to reduce pathological
angiogenesis at the retina, these retinas presented augmented number of endothelial cells at the retinal surface, the sprouting
neovessels were localized at the vitreous infiltrating through the ILM (white arrows). Extra-retinal neovascularization was
characterized by neovessels protruding to the vitreous similar to PDR. (B) AS1411 reduced Col4 immunolabeling signal at
the retina, hence AS1411 reduced the number of endothelial cells in the retinal ILM near to the vitreous. (C) Similarly, to
AS1411, ranibizumab treatment reduced immunolabeling signal of Col4-endothelial cells, indicating lower pathological
angiogenesis at retinal surface in comparison to the inactive CRO aptamer treatment. These are representative micrographs
of 5 independent assays. Nucleus were DAPI (Blue) stained. Bar = 20 µm.

2.3. AS1411 Reduces Angiogenesis in Rat Aortic Ring Assay

Rat aortic ring model is an ex vivo assay that has been used to study the inhibitory
effect of multiple antiangiogenic molecules. Therefore, we performed this suitable study
to determine the antiangiogenic activities of AS1411. As expected, neovessels protruded
from the rat aortic rings seeded on matrigel matrix in a time dependent manner, reaching
its peak at 7 days after rhVEGF-treatment. Aortic rings stimulated with rhVEGF induced
more angiogenesis compared to the control (FBS alone). Endothelial cells in aortic ring are
quiescent and unable to spontaneously induced vessel formation. Our results show that
rhVEGF potentiated vascular sprouting similar to previous studies [48]. Trainable WEKA
3.0 free software (https://imagej.net/plugins/tws/, accessed on 10 May 2021) was used
to distinguish neovessels from fibroblast and subtract noisy background, this recognition
pattern algorithm confers robust quantification [49] Our results showed that AS1411 sig-
nificantly reduced vascular vessel sprouting from aortic rings (p < 0.05) in comparison
with aortic rings exposed to CRO or rhVEGF. Likewise, ranibizumab significantly reduced
vascular vessel sprouting compared with both CRO and rhVEGF groups but was similar
to AS1411 group (p > 0.05). CRO failed to produce any effect on vascular neoformation
because this molecule has no biological target in endothelial cells, and as expected, the
number of vascular branches was similarly to that treated with rhVEGF. Our results indi-
cated that rat aortic rings exposed to AS1411 produced a smaller number of endothelial
branches compared to rings exposed to CRO. Moreover, ranibizumab, produced smaller
number of branches compared to rhVEGF and CRO conditions (p < 0.05). Suggesting
that AS1411 and ranibizumab possess similar antiangiogenic activity in the rat aortic ring
assay (Figure 4).

https://imagej.net/plugins/tws/
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Figure 4. AS1411 reduced vascular sprouting in the rat aortic ring assay. Top panel. Rat aortic rings
were cultured for 7 days in matrigel without rhVEGF (A,a) or with rhVEGF (B,b–E,e) in matrigel.
The sprouting vessels were visualized and photographed in an inverted microscope, the photographs
were converted to 8-bit images (Capital letters) and analyzed and skeletonized using WEKA software
(lower-case letters). Control group (A,a); rhVEGF alone group (B,b); rhVEGF+AS1411 group (C,c);
rhVEGF+ranibizumab (D,d) and rhVEGF+ CRO (E,e). Vascular neoformations extended predomi-
nantly in a radial shape outwards the aortic rings, besides vascular neoformations extended inwards
aortic rings in a minor proportion. Representative images of 15 rings per condition. Bottom panel.
The vessels sprouting per aortic ring were compared among the 5 groups. Bars represent the mean
(±SE). n = 15 rings per condition. * p < 0.05.

2.4. AS1411 Reduced Cell Proliferation, Migration and Tube Formation on Human Umbilical
Endothelial Cells (HUVEC)

It has been widely described that many functions of HUVEC such as proliferation
migration and tube formation are VEGF-mediated, thus, antiangiogenic molecules are
currently tested on these cells. Firstly, we determined that 1.25 to 10 µM of AS1411 inhibited
HUVEC proliferation at 72 h; these results were comparable with those obtained with
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ranibizumab. (Figure 5A). In confluent HUVEC culture a scratch was performed, and
after 24 h photographs were taken in an inverted microscope. The photographs were 8-bit
converted and analyzed using ImageJ free software (https://imagej.nih.gov/, accesed
on 15 June 2021). Cell migration was considered as the cells that migrated into the basal
scratch. Thus, the higher the area, the higher the cell migration. AS1411 and ranibizumab
in HUVEC culture, similarly reduced the area covered by cells in the scratch, in comparison
with the HUVEC cultured only in complete medium (Figure 5B). Similarly, AS1411 and
ranibizumab were equally effective to inhibit HUVEC tube formation on matrigel, in
comparison with HUVEC cultured in complete medium (Figure 5C).
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2.5. AS1411 Inhibited Nucleolin Phosphorylation in HUVEC

It has been described that posttranslational modifications such as glycosylation and
phosphorylation lead to NCL localization in the cell membrane and mediate its angiogenic
activity. We sought to determine whether AS1411 treatment affected NCL phosphorylation
in HUVEC. Cells were cultured in the presence of AS1411 or ranibizumab for 24 h, the
proteins were obtained and SDS-PAGE electrophoresed and immunoblotted with p-NCL,
NCL, p-NFκB, NFκB and tubulin (as a loading control), comparisons were performed with
HUVEC cultured in complete medium. Densitometric assays were achieved on the blots.
AS1411 nucleolin binding aptamers were able to significantly inhibit the phosphorylation
of NCL in HUVEC when compared with HUVEC in the presence of complete medium
alone and with ranibizumab. In contrast, ranibizumab did not exert any effect on nucleolin
phosphorylation. Interestingly, AS1411 or ranibizumab did not affect the phosphoryla-
tion process of NFκB. Suggesting that AS1411 phosphorylation inhibition is exclusively
to NCL (Figure 6).
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Figure 6. AS1411 decreases phospho-NCL in HUVEC. Cells were cultured in complete medium,
AS1411 and ranibizumab were added for 24 h. After incubation period, the cells were lysed and
proteins were blotted as indicated. AS1411 (10 µM) was able to significantly inhibit NCL phosphory-
lation, compared to the control, while ranibizumab did not significantly affect NCL phosphorylation
compared to the control (A). AS1411 and ranibizumab treatments did not affect NFκB phosphory-
lation with respect to the control (B). Representative blots of three independent assays. Graphical
representation of percentage of the pNCL/NCL (C), and pNFκB/NFκB ratio (D) among groups.
Blots are representative of three independent assays. Bars represent mean (±SE). n = 3. ** p < 0.01.

2.6. AS14111 Does Not Affect miR-21 and -221 Expression in HUVEC

As aforementioned, AS1411 nucleolin binding aptamers were capable to inhibit the
expression of both miR-21 and -221 in corneal cells stimulated with rhVEGF. In an attempt
to determine whether AS1411 exerted similar effects on HUVEC, total RNA was obtained,
and miR-21 and -221 expressions were compared among conditions. The expression of miR-
21 and -221 angiomiRs from both AS1411 and ranibizumab treatments were similar and
there were no statistical differences when compared with the non-treated cells, suggesting
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that AS1411 nucleolin-binding aptamers exert their antiangiogenic activities in HUVEC
independently form angiomiRs (Figure 7).
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HUVEC. (A) AS1411 aptamer and ranibizumab failed to reduced miR21 relative expression levels in
cultured HUVEC. (B) AS1411 aptamer and ranibizumab failed to reduced miR-221 relative expression
levels in cultured HUVEC. The bars represent the mean (±SE) of three independent assays.

3. Discussion

In the present study we describe that nucleolin binding AS1411 aptamers were able to
reduce pathological angiogenesis in the OIR in vivo model, reduced aortic branching in
the rat aortic ring ex vivo model of angiogenesis, and reduced proliferation, cell migration
and tube formation in the HUVEC in vitro model. Mechanistically, we showed that AS1411
aptamers exerted their anti-angiogenic activities through inhibition of NCL phosphory-
lation and downregulation of the expression of the angiogenic miR-221 molecule. We
tested AS1411 in three different experimental models which mimic PDR. Using OIR in vivo
model and rat aortic ring ex vivo model, we showed that AS1411 induced an inhibition
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in neoangiogenesis similarly as ranibizumab did, which is a VEGF-inhibitor clinically
approved for human retinopathies. Although anti-VEGF treatments are widely used with
good results in patients, recent studies report that long-term treatments with these drugs
induce several complications such as retinal atrophy development [50]. Furthermore,
repeated intravitreal injections of anti-VEGF molecules cause the activation of fibrocytes
and development of fibrovascular membrane, leading to tractional retinal detachment and
retinal hemorrhage [51]. Interestingly, in our experiments we did not observe any toxic
effect with the AS1411 intravitreal injection, suggesting its safety profile. Moreover, AS1411
aptamer has shown promising utility as a treatment for cancers in Phase I and Phase II
clinical trials without causing major side effects [52]. The aim of this study arose from
the fact that NCL is a nucleolar protein involved in cell growth, survival and tumorige-
nesis. Previous studies in our group revealed that there is a cell surface localization of
NCL in angiogenic cells in a suture-induced corneal neovascularization model [44] and
that AS411 was able to inhibit corneal neovascularization downregulating the angiogenic
miR-21 and-221 molecules [45]. Our results are consistent with previous studies where
intravitreal injection or topical application of G-Quartet aptamer targeting NCL amelio-
rated choroidal neovascularization in a model of age-related macular degeneration [53].
Recently, proteomic analysis of OIR-treated retinas and samples obtained from human PDR
patients showed that the vascular leakage positively correlates with the amount of MyH9,
a heavy chain of nonmuscle myosin IIA [54]. Myh9 regulates angiogenesis through signal
transductions modulating VEGF-A expression in tissue [55] and by promoting cell surface
NCL translocation [36]. The low increase in NCL expression demonstrated by mass spec-
trometry in the OIR model, suggests that the effects of NCL in angiogenesis are related to its
translocation from the nucleus to the cell surface rather than its de novo synthesis [54]. Re-
cently, N6L nucleolin-binding pseudo peptide intraperitoneally administered significantly
diminished retinal neoangiogenesis in two models of proliferative retinopathy, reinforcing
the rationale to use cell surface NCL as a possible target in proliferative retinopathies [56].
To determine the effect of AS1411 on retinal vasculature we used eye cross sections to
count endothelial cell nuclei in retinas in the OIR model. This method has been validated
to evaluate retinal neoangiogenesis in the ROP in vivo model [57]. AS1411 intravitreally
injected diminished the number of endothelial nuclei in PAS stain sections, which was
corroborated using immunostaining for Col4. It has been described that cell surface NCL
is responsible of driving the angiogenesis process [36,58]. Therefore, inhibiting cell surface
NCL with AS1411 inhibits nucleolin-dependent angiogenesis in the OIR in vivo model.
We consider that although these results showed an effect of AS1411 on retinal neovascular
angiogenesis, further studies in whole flat mount retinas need to be evaluated to determine
the impact of AS1411 on vaso-obliteration, neovascular tuft formation, neovessels regrowth
and tuft regression [59].

In our experiments aortic rings treated with rhVEGF presented more tube forma-
tions compared to the aortic rings incubated with FBS alone, in accordance to a previous
study [60]. After 7 days of culture, the vascular proliferation induced with rhVEGF was
significantly inhibited with AS411, but not with the inactive oligonucleotide CRO. This sug-
gest that the inhibition was mediated specifically through cell-surface NCL. As expected,
ranibizumab significantly reduced the number of vascular branches in the aortic rings
compared to aortic rings cultured with rhVEGF alone. This is the first study describing the
antiangiogenic effects of AS1411 on both the OIR in vivo model and the rat aortic angiogen-
esis ex vivo assays. The antiangiogenic activity of AS1411 was also corroborated in HUVEC.
HUVEC are VEGF-dependent cells. Thus, they are suitable cells to test antiangiogenic
molecules and to dissect some mechanistic insights. AS1411 inhibited essential functions
of HUVEC such as proliferation, migration and tube formation. HUVEC constitutively
express cell surface NCL which serves as a receptor for kallistatin and the interaction of
both cell surface NCL and kallistatin mediates the antiangiogenic effects of kallistatin [61];
similarly, AS1411 inhibited HUVEC proliferation. MyH9 a protein associated with cell
surface NCL promotes angiogenesis favoring cell motility [62], whether AS1411 nucleolin-
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binding aptamers downregulate MyH9 expression in HUVEC cannot be ruled out. It has
been described that cell surface antagonists such as the pseudopeptide HB-19 and N6L
inhibit the in vitro adhesion, migration and HUVEC proliferation through SRC, ERK1/2,
AKT and FAK kinases [63,64]. Although VEGF can promote the activation of downstream
genes such as protein kinases (e.g., PKC, Akt), and thus could regulate the distribution
of NCL by the PI3K/Akt pathway and lead to phosphorylation of NCL. Similarly, in the
present study we show that AS1411 aptamers were able to inhibit HUVEC proliferation
and tube formation. These cell activities were closely related to the inhibition of NCL
phosphorylation. In this context, NCL phosphorylation is associated with its cell surface
translocation [37], while downregulating NCL phosphorylation, significantly inhibits cell
migration [41,65]. In order to determine whether these findings were mediated through the
down regulation of NCL phosphorylation, we evaluated the ratio of phopho-NCL/NCL.
Our findings indicate that AS1411 significantly reduced phopho-NCL/NCL ratio protein
levels [61]. However, the effect of AS1411 on protein kinases down regulation or protein
phosphatases up regulation is still matter of further research.

In contrast, ranibizumab failed to reduce phospho-NCL/NCL ratio protein levels.
Thus, AS1411 mechanisms of action over proliferation, cell migration and tube formation
on HUVEC are different by those mediated by the antiangiogenic molecule ranibizumab.
Surprisingly, AS1411 did not affect the phosphorylation of NFκB; these results disagree
with those reported by Girva et al., showing that AGRO-100 aptamers (same sequence
as AS1411) inhibited NFκB activity in tumor cells suggesting a role in regulation of IKK
complex [66]; but, NFκB signaling is often deregulated in many cancer cells, which could
explain our findings. miRNAs are small non-coding RNAs that function as a negative
regulators of gene expression. Numerous types of miRNAs have been related with the
angiogenic process, defined as angiomiRs [67]. There are angiomiRs that regulate angio-
genesis, such as miR-221 and miR-222 [68]. For example, mir-21 has been implicated as an
angiogenic inducer through the activation of AKT and ERK pathway. Meanwhile, it has
been described that mir-221 modulates the expression of multiple targets through VEGF
signaling output [69]. Although, it has been described an intricate relationship between
phospo-NCL and miRNA maturation in cardiomiocytes [70], miR-21 and -221 expression
in HUVEC remained unmodified in the presence of AS411 and ranibizumab in the present
study. Suggesting that AS1411 nucleolin-binding antiangiogenic activities on HUVEC are
angiomiR-21 and-221 independent.

4. Materials and Methods
4.1. Reagents

The oligodeoxynucleotides AS1411 (5′-dGGTGGTGGTGGTTGTGGTGGTG GTGG -3′)
and the inactive control oligonucleotide CRO (5′-dCCTCCT CCTCCTTCTCCTCCTCCTCC-3′),
were purchased from IDT (Coralville, IA). We use ranibizumab as a negative control for all
angiogenesis assays, as previously described. Ranibizumab (Lucentis) was obtained from
Novartis (Mexico City, Mexico), and stored at 2–8 ◦C [71] (Montassar et al., 2017). The other
reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated.

4.2. Animal Model

The study was performed in accordance with the ARVO statement for the use of
animals in Ophthalmology and Vision Research as well as with the Mexican Federal Reg-
ulations for use of laboratory animals (NOM-062-200-1999). The protocol was approved
by the Comité Interno para el Cuidado y Uso de los Animales de Laboratorio–Facultad
de Química, UNAM (FQ/CICUAL/335/18; 9 October 2018). The OIR mouse model was
performed as previously described. Briefly, 7-day-old (p7) C57BL/6J (n = 20) were ex-
posed to 75% oxygen for 5 days, this caused a down-regulation of VEGF and therefore
vaso-obliteration, afterwards the mice returned to normoxia to induce ischemic retinopathy
characterized by pathological neovascularization that can be seen as vascular neoformation
with disorganized morphology and at P17–P18 [72]. It is well known that retinal neovascu-
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larization is maximal at p17 and has been associated with high concentration of VEGF after
ischemia. To compare physiological retinal neovascularization, the normoxia group was
exposed to 21% oxygen during 17 days, at P18 normoxia group was properly euthanized
to obtain the ocular globes. All groups were housed and bred at 22 ◦C ± 2 ◦C with 40–70%
humidity and at a 12:12 light/dark cycle with access to a standard rodent pellets and water
ad libitum. Nursing dams stayed with their own litters throughout the entire experiment in
order to nourish the mice pups. The smallest pups according to their body weight on P14
were excluded from the experiment.

4.3. Intravitreal Injection of Nucleolin-Binding Aptamer and Controls

C57BL/6 mice (2 weeks old, 6–7.5 g) were used. All mice at P14 were anaesthetized
using sevoflurane (Abbott Laboratories, Mexico City, Mexico), and treated with one drop
of tetracaine, tropicamide and 2.5% phenylephrine (Sophia, Guadalajara, Mexico) to reduce
corneal reflex and dilate pupils, respectively. To determine the effect of AS1411 in the OIR
mice model, mice exposed to hyperoxia were randomly divided into four different groups
and injected with 0.5 µL (final volume) using a Hamilton syringe depending of the group:
(A) group of OIR treated with 0.01 M sterile PBS as a positive control of angiogenesis or as
a negative control of treatment, (B) group of OIR treated with 0.2 nmol sterile AS1411 as
previously reported by Leaderer et al. [53], (C) group of OIR treated with 0.2 nmol sterile
CRO which is the negative control for AS1411 due to its changes in citosines instead of
guanines, and (D) group treated with 20.8 µM sterile ranibizumab corresponding to a
negative control of angiogenesis. The procedure of intravitreal injection was performed
using a 10 µL gastight Hamilton syringe equipped with a 33-gauge sharp needle under
a stereoscopic microscope (Carl Zeiss, Jena, Germany). The incision was made with a
sharp needle 1 mm posterior to the temporal limbus. After the intravitreal injections
were performed, topical ophthalmic antibiotic was applied. Intravitreal injections were
performed for 4 consecutive days starting on P14.

4.4. Quantification of Neovascular Proliferative Retinopathy

At P18 mice were ethically euthanized administrating 60 mg kg-1pentobarbital (Pis-
abental, PiSA, Guadalajara, Mexico) by intraperitoneal injection. Immediately, eyes spec-
imens were carefully enucleated under a stereoscopic microscope (Carl Zeiss, Jena, Ger-
many) and immersed in 4% paraformaldehyde solution (Bio Basic, Markham, ON, Canada)
during 24 h. Tissue was properly dehydrated by gradually replacing water with alcohol
and thereafter xylene. Eyes were placed in warm paraffin wax for 30 min to achieve
proper embedding. Serial sections of 6 µm were obtained in a sagittal orientation. The
mice cornea was oriented in a parallel way to the optic nerve; and then mounted on
microscope glass slides. To achieve tissue staining all slides were deparaffinized and rehy-
drated with xylene/ethanol decrease gradient concentration. Periodic Acid-Schiff (PAS)
and hematoxylin-eosin (H&E) staining was performed. Nuclei from new vessels could be
distinguished from other structures in the retina, only nuclei which protrude through the
inner limiting membrane (ILM) into the vitreous body. This method quantifies extra-retinal
neovascularization abnormally present in a vasoproliferative retinopathy model. Single
blinded test was performed for the endothelial nuclei quantification; this was achieved by
a certified veterinary pathologist from UNIPREC (preclinical investigation unit that has
been certified by COFEPRIS [Mexican Federal Commission for Protection against Sanitary
Risks]). Cross-sections that included the optic nerve were excluded because normal vessels
emerged from the optic nerve.

4.5. Immunofluorescence

Eye tissues cuts on pre-charged slides were deparaffinized and rehydrated with a
gradient of xylene/ethanol concentrations. Antigen retrieval was performed by heating
the samples in 10 mM citrate buffer (pH 6.0). Samples were incubated for 1 h with blocking
solution (BSA 5% + Triton 0.1%). Sections were incubated with rabbit polyclonal antibodies
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to type IV Collagen (ab6586) overnight at 4 ◦C, afterwards, the samples were incubated
with Alexa Fluor 594 donkey anti-rabbit for 1 h, at room temperature. Negative controls
were performed by leaving out the primary antibody. Finally, the samples were washed,
mounted with DAPI and images were obtained with an ApoTome II microscope (Carl Zeiss,
Jena, Germany).

4.6. Rat Aortic Ring Assay

Rat aortic rings were cultured on a matrix and supplemented with recombinant human
(rh)VEGF (R&D Systems, Minneapolis, MN, USA) to stimulate angiogenesis. Quantifying
sprouting vessels from rat aortic ring have been used to determine the effect of antiangio-
genic molecules. The aortic ring assay was performed as previously described. Briefly,
male wistar rats (n = 4, 200 (±10) g, 6–7 weeks old) were purchased from the National
Autonomous University of Mexico (UNAM) and housed in a room with a 12-h light dark
cycle maintained at 22 (±2 ◦C), with a relative humidity of 60 ± 2%. Food and water
were supplied ad libitum. Then, 96-well plates were covered with 70 µL growth factors
reduced-(GFR) Matrigel (BD Biosciences, San Jose, CA, USA) at 4 ◦C. Animals were eth-
ically euthanised, thoracic aortas were dissected and fibroadipose tissue was carefully
removed, aortic tissue was cut sagittally in order to obtain 1 mm rings [73]. Aortic rings
were placed on GFR-Matrigel and cultured with endothelial basal medium (Clonetics
Lonza, Basel, Switzerland), supplemented with 2.5% fetal bovine serum (FBS) and antibi-
otics. Aortic rings were randomly distributed into five groups: (1) Only with 2.5% FBS to
evaluate basal vessels sprouting, (2) 2.5% FBS plus 30 ng/mL rhVEGF, (3) 2.5% FBS plus
30 ng/mL rhVEGF supplemented with 150 µM AS1411 since rat aortic ring is a tissue struc-
ture aptamer dose was inferred by previous reports using higher aptamer concentration
because is an explant tissue [74,75], (4) 2.5% FBS plus 30 ng/mL rhVEGF supplemented
with CRO 150 µM used as an aptamer control, (5) 2.5% FBS plus 30 ng/mL rhVEGF sup-
plemented with 20.8 mM ranibizumab. Aortic rings were incubated 7 days in aseptically
conditions at 37 ◦C with 5% CO2. Aortic ring cultures were visualized and photographed
under an inverted microscope, and a digital image was generated for later analysis. Images
were analyzed by manually encircling the outgrowth area and computing square pixels. All
images were analyzed by trainable Weka segmentation (version 3.0). Aortic ring skeletonization
was analyzed using FIJI software (https://imagej.nih.gov, accesed on 15 June 2021).

4.7. Aptamer Effects on Human Umbilical Vein Endothelial Cells (HUVEC)

Human umbilical vein endothelium cells were gently gifted by Dr. Arturo Flores
from the Instituto Nacional de Perinatología México, City, Mexico; obtained from um-
bilical cords of healthy fetuses from uncomplicated pregnancies and healthy women
that underwent cesarean sections at term with no evidence of hypertension disorders
through the pregnancy in order to avoid endothelial cell damage. HUVECs were cul-
tured in Kaighn’s modification of Ham’s F12 medium (F-12K) purchased from Invitrogen
(Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (FBS), endothelial cell
growth supplement (ECGS) and 100 µg/mL heparin. HUVEC were successively seeded
until confluent monolayer was reached. HUVEC were divided aleatory in three groups:
(1) complete F12K medium was assigned as control group, (2) complete F12K medium
supplemented with 10 µM AS1411 aptamer as previously reported by Futami et al. [76,77]
and (3) complete F12K medium supplemented with 20.8 mM ranibizumab. Proliferation,
cell migration and tube formation assays were performed using the same AS1411 and
ranibizumab concentrations. Proliferation evaluation: proliferations assays were achieved
using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) in 96-well cell
culture plates at a density of 2 × 103 cells per well. Briefly, at the end of the cell culture
(72 h), HUVEC were treated with 20 µL of MTT solution (5 mg/mL) and incubated for 4 h.
Then the medium was removed and replaced with 150 µL of 0.01 M sterile PBS. Immedi-
ately after the water insoluble formazan crystals were completely dissolved, optical density
values were obtained with an automatic spectrophotometer (Multiskan Ascente, Lab X,
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Markham, ON, Canada) using a wavelength of 590 nm. The MTT assays were performed
in triplicate. Cell migration evaluation: scratch wound healing assays were performed
as previously described with modification [78]. Briefly, HUVEC (2 × 104) were seeded
in 6 well cell culture plates. Shaped wounds were performed with a sterile p200 pipet
tip across each well, in order to create a cell free area to allow cell migration; to remove
loose and dead cells, each well was gently rinsed with FBS-free medium and cultured in
different conditions during 24 h. Five images of the scraped area were captured using a
phase contrast microscope Olympus CK-2 (Olympus, Southend-on-Sea, UK). The cells that
migrated into the basal wounded area at five different points per image were measured.
The wound healing assays were performed in triplicate. Tube formation: HUVEC (2 × 103)
were seeded on 24 well microplates previously coated with 50 µL of GFR-Matrigel and
600 µL of complete F12K medium was added with different treatments. After 3 h of incu-
bation, tube formation was documented using an inverted microscope. Tube formation
assays were performed in triplicate.

4.8. Nucleolin Immunoblotting

Proteins were isolated from the first elute of the RLT buffer lysis using the RNAeasy
Kit (Qiagen, Hilden, Germany), as the manufacturer indicates. Briefly, after the different
culture conditions, HUVEC were lysed with RLT buffer (300 µL/1 × 106 cells); afterwards,
the lysed cells were passed through a DNA/RNA binding column and the eluted fraction
which contains the proteins was incubated with 4-fold the initial volume of iced-cold
acetone overnight at –20 ◦C. The precipitated proteins were washed with ethanol and
suspended in 1× Laemmli buffer without β-mercaptoethanol and bromophenol blue. The
proteins were quantified by the BCA/DC method using a protein quantification assay kit
(BioRad, Hercules, California, CA, USA). Twenty µg of total protein was loaded in each
lane; samples were resolved by SDS-Tris-Glycine polyacrylamide gel electrophoresis on
precast gradient gels (BioRad, Hercules, CA, USA). Immediately, gels were transferred
onto nitrocellulose membrane with 0.45 µm (BioRad, Hercules, CA, USA) in Tris-glycine
buffer containing 10% methanol. Proteins were detected by immunoblotting. Membranes
were reprobed as described in the corresponding figure legend.

4.9. MiRNA Arrays

Total RNA was extracted from HUVEC that were cultured in different conditions
using the RNAeasy Kit (Qiagen, Hilden, Germany), as indicated by the manufacturer. One
hundred ng of total RNA were reverse transcribed, and then, real-time qPCR assays were
performed. The relative expression of miR-21 and mir-221 normalized to that of snRNA U6
was calculated and presented by values of 2 -∆∆CT (relative expression). The assays were
performed in triplicate.

4.10. Statistical Analysis

All data were assembled, and Mann-Whitney U tests were used to determine differ-
ences between groups in case of non-parametric distribution, using p < 0.05 as statistically
significant. Statistical analysis was made by GraphPad Prism software (GraphPad, La Jolla,
California, CA, USA).

5. Conclusions

Aptamers are novel molecules that are being used to improve therapeutic outcomes in
humans, with lower side effect than conventional chemotherapy such as myelosuppression
and cardiotoxicity. These molecules have higher binding affinity and specificity compared
to monoclonal antibodies. The chemical production presents lower costs compared to
therapeutic antibodies, and they are not immunogenic. All these properties make them
suitable for biomedical applications [46,79]. AS1411 is an aptamer that specifically binds
to NCL, it has anti-proliferative effects over tumor cells, inhibits NF-κB pro-survival
mechanism, blocks DNA-replication and induces cell cycle arrest. Furthermore, anti-VEGF
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intravitreal therapy produces tachyphylaxis over time, and systemic side effect have been
reported. In this study we have shown that intravitreal application of AS1411 reduces
retinal neovascularization in the OIR model, reduces aortic vessel branching in rat aortic
rings model. AS1411 also reduced HUVEC proliferation, cell migration and tube formation.
These antiangiogenic effects are mediated through inhibition of NCL phosphorylation.
These experimental approaches mimic pathological angiogenesis stimulated by VEGF and
hypoxia such as DR; hence, the use of these aptamers opens new perspectives to treat
retinal neovascularization in humans.
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