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A B S T R A C T   

Triple-negative breast cancer (TNBC) represents a challenge in the search for new therapeutic targets. TNBCs are 
aggressive and generate resistance to chemotherapy. Tumors of TNBC patients with poor prognosis present a 
high level of adenosine deaminase acting on RNA1 (ADAR1). We explore the connection of ADAR1 with the 
canonical Wnt signaling pathway and the effect of modulation of its expression in TNBC. Expression data from 
cell line sequencing (DepMap) and TCGA samples were downloaded and analyzed. We lentivirally generated an 
MDA-MB-231 breast cancer cell line that overexpress (OE) ADAR1p110 or an ADAR knockdown. Abundance of 
different proteins related to Wnt/β-catenin pathway and activity of nuclear β-catenin were analyzed by Western 
blot and luciferase TOP/FOP reporter assay, respectively. Cell invasion was analyzed by matrigel assay. In mice, 
we study the behavior of tumors generated from ADAR1p110 (OE) cells and tumor vascularization immuno
staining were analyzed. ADAR1 connects to the canonical Wnt pathway in TNBC. ADAR1p110 overexpression 
decreased GSK-3β, while increasing active β-catenin. It also increased the activity of nuclear β-catenin and 
increased its target levels. ADAR1 knockdown has the opposite effect. MDA-MB-231 ADAR1 (OE) cells showed 
increased capacity of invasion. Subsequently, we observed that tumors derived from ADAR1p110 (OE) cells 
showed increased invasion towards the epithelium, and increased levels of Survivin and CD-31 expressed in 
vascular endothelial cells. These results indicate that ADAR1 overexpression alters the expression of some key 
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* Corresponding author at: Centro de Genética y Genómica, Instituto de Ciencias e Innovación en Medicina, Facultad de Medicina Clínica Alemana Universidad del 
Desarrollo, Av. Las Condes 12461, Edificio 3, oficina 205, CP 7590943, Santiago, Chile. 

E-mail address: rarmisen@udd.cl (R. Armisén).  

Contents lists available at ScienceDirect 

Gene 

journal homepage: www.elsevier.com/locate/gene 

https://doi.org/10.1016/j.gene.2022.146246 
Received 20 July 2021; Received in revised form 13 December 2021; Accepted 18 January 2022   

mailto:rarmisen@udd.cl
www.sciencedirect.com/science/journal/03781119
https://www.elsevier.com/locate/gene
https://doi.org/10.1016/j.gene.2022.146246
https://doi.org/10.1016/j.gene.2022.146246
https://doi.org/10.1016/j.gene.2022.146246
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2022.146246&domain=pdf


Gene 819 (2022) 146246

2

components of the canonical Wnt pathway, favoring invasion and neovascularization, possibly through activa
tion of the β-catenin, which suggests an unknown role of ADAR1p110 in aggressiveness of TNBC tumors.   

1. Introduction 

Breast cancer in females is the most diagnosed in the world, with an 
incidence of 24.5%, resulting in 15,5% of all deaths by cancers by 2018 
(Sung et al., 2021). The triple negative breast cancer subtype lacks the 
expression of the Estrogen Receptor (RE-), Progesterone Receptor (RP-) 
and Human Epidermal growth factor Receptor-type 2 (HER2-); repre
sents 11.2% of all breast cancers (Dent et al., 2007), and has a poor 
prognosis and low survival after recurrence (Lin et al., 2008). Most 
deaths occur within 5 years after diagnosis (Dent et al., 2007), mainly 
due to its aggressive behavior (Irvin & Carey, 2008). TNBC presents 
elevated infiltration of tumor-associated macrophages (Yuan et al., 
2014), invasion and metastasis to secondary organs (Neophytou et al., 
2018), including ulcer formation (Sun et al., 2016). Also, TNBC tumors 
have been reported to have a higher density of blood microvessels than 
non-triple-negative tumors (Mohammed et al., 2011). Due to its het
erogeneity and complexity, the players that regulate these processes in 
TNBC are still poorly known (Collignon et al., 2016). 

The enzyme ADAR1 catalyzes the hydrolytic deamination of aden
osine (A) producing inosine (I). There are two isoforms of ADAR1, one 
short - called p110 - expressed constitutively, and another long - called 
p150 - that is inducible by interferon (Patterson & Samuel, 1995). In 
estrogen-receptor-α–positive metastatic lobular breast cancer, ADAR1 is 
the only editing enzyme overexpressed (Shah et al., 2009) and basal-like 
PAM (Prediction Analysis of Microarray) 50 subtype patients with high 
levels of ADAR1 mRNA have a lower survival (Sagredo et al., 2018). 
Also, about 46% of TNBC have high expression of ADAR1 (Song et al., 
2017), and the frequency of RNA editing in tumors is higher in breast 
cancer compared to healthy breast tissue (Fumagalli et al., 2015). 
Additionally, ADAR1–deficient TNBC cells lose the ability to generate 
tumors in vivo, demonstrating that TNBC cells require ADAR1 in 
tumorigenesis (Kung et al., 2021). On the other hand, in relation to the 
characteristics that promote tumor growth, the participation of ADAR1 
in angiogenesis has been exposed in cervical cancer, where ADAR1 
positive tumors show an increase in vascular invasion, and patients 
lower survival, and worse clinical prognosis, compared to ADAR1 
negative tumors (Chen et al., 2017b). These investigations show the 
biological potential associated with changes in the expression of ADAR1. 
However, the exact role of ADAR1p110 in triple-negative breast cancer 
progression is yet undefined. 

β-Catenin is a key component of the canonical Wnt signaling 
pathway. The activation of this pathway generates the translocation of 
β-catenin to the nucleus where it interacts with lymphoid enhancer 
factor/T-cell factor proteins (LEF/TCFs) and activates the transcription 
of genes like Cyclin D1, c–Myc and Matrix metallopeptidase-9 (MMP-9) 
(Shtutman et al., 1999; He et al., 1998) (Wu et al., 2007). In the inactive 
state of the pathway, Glycogen synthase kinase-3 beta (GSK-3β) phos
phorylates β-catenin inducing its degradation in the proteasome (Saito- 
Diaz et al., 2013). In a mouse model, blocking the Wnt/β-catenin 
pathway inhibits the growth of tumors from triple negative breast cancer 
cells MDA–MB-231 (Wang et al., 2016), indicating that the deregulation 
of the Wnt/β–catenin pathway is involved in the progression of breast 
cancer (Mukherjee et al., 2012). Also, about 40% of primary breast 
cancers present high levels of cytoplasmic and nuclear β-catenin and 
correlates with poor prognosis and survival of patients (Incassati et al., 
2010). 

ADAR1 has been linked to the Wnt signaling pathway in Chronic 
Myeloid Leukemia (CML), where Wnt/β-catenin signaling pathway 
serves as a self-renewal pathway in progenitors of CML during pro
gression to Blastic Crisis (BC). BC cells possess an in-frame splice dele
tion of the GSK-3β kinase domain due to missplicing. Due to the 

dysregulation of GSK-3β, the activation of β-catenin would be promoted, 
with an increase in the activation of β-catenin in BC CML, an increase in 
its translocation to the nucleus and high transcriptional activity (Abra
hamsson et al., 2009). Also, it has been reported that high expression of 
ADAR1p150 promotes malignant reprogramming of myeloid pro
genitors (Jiang et al., 2013). In breast cancer, it is not clear in which 
cellular process the ADAR1p110 isoform might participate. In the RNA 
editing public Database of RNA Editing (DARNED) (Kiran & Baranov, 
2010), we found that transcripts of β-catenin (CTNNB1) and GSK-3β 
(GSK3B) present adenosine (A) to inosine (I) editing (Bahn et al., 2012). 
Also, sequencing analysis of RNA immunoprecipitation (RIP–seq) in 
HeLa cells indicates that ADAR1p110 interacts with the transcripts of 
CTNNB1 and GSK3B (Galipon et al., 2017). 

We hypothesized that ADAR1p110 promotes activation of the ca
nonical Wnt pathway in TNBC, thereby inducing invasion and vascu
larization. Thus, we first studied the correlation of the expression of 
ADAR1 with key components of the canonical Wnt pathway in different 
TNBC cell lines, to later demonstrate the co-expression of ADAR1 with 
genes that encode proteins involved in signaling pathways that partici
pate in the progression of TNBC. Next, we examine the effect of 
ADAR1p110 on the canonical Wnt pathway in MDA-MB-231 cells. We 
report that the overexpression of ADAR1p110 activates this signaling, 
inducing overexpression of some of its targets as Cyclin D1, c-Myc, 
MMP-9 and Survivin. Also, in subcutaneous tumors (SCTs) we show that 
ADAR1p110 is involved in the process of invasion and correlates with an 
increased neo-vascularization in vivo in MDA-MB-231 cells. In summary, 
we suggest ADAR1p110 as a new regulator of the canonical Wnt 
signaling pathway, and its role during invasion in TNBC. 

2. Materials and methods 

2.1. Correlation analysis between ADAR1 and components of the 
canonical Wnt pathway in breast cancer 

The transcriptomic levels of ADAR1 (consider both isoforms) and 
components of the canonical Wnt pathway from 61 breast cancer cell 
lines were downloaded from the Cancer Dependency Map (DepMap) 
public database portal (https://depmap.org/portal/) [Expression Public 
20Q4]. The breast cancer cell lines were filtered to obtain only 25 triple 
negative breast cancer cell lines. Correlation analysis between ADAR1 
and the component of this transduction pathway was performed by 
Pearson correlation using Graph Pad Prism (Version 7.02v). 

2.2. Pathway enrichment analysis of ADAR1 co-expressed genes in breast 
cancer 

Gene expression and clinical data were obtained from The Cancer 
Genome Atlas (TCGA) Project (https://www.cancer.gov/tcga), breast 
cancer cohort (TCGA-BRCA) through the Genomic Data Commons 
(GDC) data portal (https://portal.gdc.cancer.gov/) (Grossman et al., 
2016). Co-expression analysis of ADAR1 and protein-coding genes was 
performed using Pearson correlation method in R software v3.6.3 (R 
Core Team, 2020) in tumor samples and TNBC tumor samples. A Pearson 
coefficient | r | ≥ 0.2 and a False Discovery Rate (FDR, Benjamini- 
Hochberg method) ≤ 0.05 was considered as cut-off criteria. Reac
tome database (https://reactome.org/) was used to perform the 
pathway enrichment analysis of ADAR1 co-expressed genes using 
Cytoscape software (https://cytoscape.org/) (Shannon et al., 2003) and 
ClueGO plugin v2.5.6 (Bindea et al., 2009). 
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2.3. Cell culture 

The human breast cancer cell line MDA-MB-231 (ATCC, HTB-26) and 
epithelial breast cell line MCF-10A (ATCC, CRL-10317) was purchased 
from the American Type Cell Culture Collection (ATCC, Maryland, 
USA). MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle’s 
Medium/Ham’s F-12 50/50 Mix (DMEM/F12, Corning) media supple
mented with 10% heat-inactivated fetal bovine serum (FBS, Corning), 
100 U/ml penicillin and 100 μg/mL streptomycin (Corning). In partic
ular, the culture medium for MCF-10 cells was supplemented with 10% 
heat-inactivated horse serum (Corning), Recombinant Human 
Epidermal Growth Factor (EGF) 20 ng/mL (R&D Systems), Insulin 10 
μg/mL (Sigma-Aldrich) and Hydrocortisone 100 µg/mL (Sigma- 
Aldrich). The cell cultures were maintained at 37 ◦C in a humidified 
atmosphere containing 5% CO2. Cell lines were tested for contamination 
with mycoplasma using the EZ-PCR™ Mycoplasma Detection Kit (Bio
logical Industries). 

2.4. ADAR1 knockdown 

MDA-MB-231 cell line was transduced using lentiviral vectors 
(GenTarget Inc) expressing a small hairpin RNA (shRNA) targeted 
against ADAR1 transcript at a multiplicity of infection (MOI) of 10. The 
lentiviral vectors and their respective sequences correspond to: pLenti- 
U6-shRNA (TRCN0000336832) and pLenti-U6-shRNA 
(TRCN0000336886), called shRNA#1 and shRNA#2, respectively, 
using as control the pLenti-U6-shRNA vector (shControl) that lacks the 
shRNA insert. Puromycin 1.5 μg/ml (InvitroGen) for 48 h was used to 
select the stably transduced cells, to subsequently sorting the cells by 
monitoring the reporter signal Red Fluorescent Protein (RFP) that was 
encoded. 

2.5. ADAR1p110 overexpression 

The MDA-MB-231 cell line was transduced with the lentiviral vector 
ADAR1p110 (NM_001025107, GenTarget Inc) or with Mock control 
(Null-Control, GenTarget Inc) at a MOI of 5. Blasticidin 10 μg/ml 
(InvitroGen) for 48 h was used to select the stably transduced cells. 

2.6. RNA isolation and Reverse real-time quantitative PCR (RT-qPCR) 

Total RNA was extracted using Trizol® reagent (Life Technologies) 
and treated with deoxyribonuclease (DNase, TURBO DNA-free™ kit, 
Ambion). The RNA was quantified by UV absorbance with the BioTekTM 

Cytation 3TM (Thermo Fisher Scientific). One μg of total RNA was used 
to synthesize DNA complementary to RNA (cDNA) using the Affinity
Script™ RT-qPCR cDNA synthesis Kit (Agilent) using standard proced
ure. RT-qPCR was performed using Brilliant II SYBR® Green QPCR 
Master Mix (Agilent Technologies). Actin was used as housekeeping 
gene. At least three independent experiments were performed, and 
technical triplicates were measured, along with the no template control 
in an Eco Real-Time (Illumina) qPCR machine. The results are expressed 
as the fold of change relative to values obtained for Mock-transduced 
cells. The relative abundance of each mRNA was calculated using the 
2-ΔΔCt method. The programs and specific oligonucleotide primers (IDT 
DNA) used to amplify ADAR1, β-catenin, and MMP-9 are listed in Sup
plementary Table S1 and S2, respectively. 

2.7. Protein extraction and Western blot 

Total protein extracts were obtained from MDA-MB-231 in 80% 
confluent cultures in 100-mm2 plates or tumor tissue. The cells were 
homogenized with radioimmunoprecipitation assay (RIPA) buffer (25 
mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate (SDS), pH 7.6 in the presence of a cocktail of 
protease (Calbiochem®) and phosphatase inhibitors (Roche) and then 

sonicated with Ultrasonic Homogenizer Systems (Sonic Ruptor 250, 
USA). Proteins are quantified using, Pierce ™ BCA Protein Assay kit 
(Thermo Scientific ™) and the absorbances were read at 562 nm in the 
BioTekTM Cytation 3TM equipment. The tumor tissues were disrupted in 
liquid nitrogen with a BioPulverizer (Biospec Products) and then protein 
extracted as described for the cell cultures. 25–45 μg total protein ex
tracts were separated in gels of 8–12% SDS–PAGE depending on the 
protein to be evaluated. The resolved proteins were transferred to 
nitrocellulose membrane (Bio-Rad). The membranes were blocked with 
5% bovine serum albumin (BSA) in buffer TTBS 1X (20 mM Tris, 137 
mM de NaCl, 0,1% Tween-20, pH 7,6). Supplementary Table S3 and S4 
list the antibodies and dilutions. The signal of the detection antibodies 
was observed using SuperSignal West Pico Chemiluminescent substrate 
(Thermo Fisher Scientific) and the images were revealed by exposing the 
membranes in the Chemiluminescence Imaging System (Clinx Science 
Instruments Co., Ltd.). The intensity of the signal detected was measured 
by densitometry using Image Studio Lite Western Blot Analysis software 
(LI-COR). The results were normalized by α-Tubulin or β–Actin protein 
levels. 

2.8. Indirect Immunofluorescence (IFI) staining cultured cells 

The cells were seed and grown in Chamber Slides System (Thermo 
Fisher Scientific) and were fixed in 3.7% formaldehyde solution (Sigma- 
Aldrich) for 15 min. After fixation the excess of fixative was rinsed using 
phosphate-buffered saline (PBS). 0.2% Triton X-100 PBS (Winkler) was 
used to permeabilized the cells and then blocked with 3% BSA in 0.2% 
Triton X-100 (Winkler) in PBS (Corning) for 45 min in a humid chamber 
at 4 ◦C. Primary antibodies were incubated overnight at 4 ◦C and sec
ondary antibodies were incubated 45 min in a humid chamber at 4 ◦C in 
darkness. Supplementary Table S3 and S4 list the antibodies and di
lutions. After the incubation and washing steps ProLong™ Gold Antifade 
Mountant with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher 
Scientific) was added to each condition and cover slips were mounted. 
The images were captured with the BX53 Fluorescence Microscope 
(Olympus, Japan). ImageJ software (NIH, Version 1.47) was used to 
analyze the images. 

2.9. TCF/LEF TOP/FOP luciferase reporter assay 

MDA-MB-231 cells were seeded in 6-well plates. 24 h post-seeding 
(approximately ~ 70% confluence) the MDA-MB-231 transduced cells 
were co-transfected with 1200 ng TOP-Flash or FOP–Flash with 200 ng 
control vector pRL-TK (Promega), using Lipofectamine 3000 (Invi
troGen) according to the supplier instructions. 48 h post-transfection the 
luciferase activity was measured using the Dual Luciferase® Reporter 
Assay kit (Promega). The luciferase activity was measured using Bio
TekTM Cytation 3TM (Thermo Fisher Scientific). The activity of Top-Flash 
and Fop-Flash Firefly luciferase were normalized with Renilla luciferase 
activity, to finally obtain the TOP/FOP ratio. Each experiment was made 
in triplicate and technical triplicates were measured. As positive controls 
of the reporter assays two GSK-3β inhibitors were used independently at 
24 h post-transfection, MDA–MB-231 cells were stimulated 24 h with 25 
mM of lithium chloride (LiCl, Sigma-Aldrich) and 20 μM of SB–216763) 
(Fernández et al., 2014), using 25 mM of sodium chloride (NaCl, Merck) 
and 20 μM of dimethyl sulfoxide (DMSO, Sigma-Aldrich) as their 
respective controls. 

2.10. Transwell migration assay 

Cell migration assays were performed on Transwell chamber with 
insert of polycarbonate membrane of 8.0 μm (Corning) and 2 μg/mL 
Fibronectin (Sigma-Aldrich) was added to the bottom of the Transwell 
inserts and allowed to incubate overnight at 4 ◦C. Then 2x105 homog
enized cells were seeded on top of Transwell inserts in 200 µL of DMEM/ 
F12 medium FBS free, and 500 μL of DMEM/F12 medium supplemented 
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with 10% SBF, used as a chemoattractant was added under the inserts in 
each well (Mendoza et al., 2013). After 24 h incubation at 37 ◦C in a 
humidified atmosphere and 5% CO2, the culture medium was removed 
from the chambers and the non-migrated cells were removed with a 
cotton swab. The chambers were then immersed in 3.7% formaldehyde 
solution (Sigma-Aldrich) for fixed cells. Then, to stain the migrated cells, 
the chambers were immersed in a 0.1% Crystal Violet solution (Sigma- 
Aldrich) with methanol (Millipore). Ten images per condition were 
captured using BioTekTM Cytation 3TM (Thermo Fisher Scientific) and 
the number of cells per field was counted using the ImageJ software 
(NIH, Version 1.47). 

2.11. Matrigel invasion assay 

Transwell inserts of polycarbonate membrane of 8.0 μm pore 
covered with Matrigel (Corning) were incubated for two hours in 
DMEM/F12 (Corning) free medium fetal bovine serum (FBS) at 37 ◦C. 
2x104 cells MDA-MB-231 suspended in 500 μL of DMEM/F12 medium 
FBS free were seeded on the inserts. In the lower chamber 500 μL 
DMEM/F12 medium 10% FBS was used as a chemoattractant. The sys
tem was kept for 24 h at 37 ◦C in humidified atmosphere and 5% CO2 
(Mendoza et al., 2013). The cells that did not invade the matrigel were 
removed with a cotton swab. The filter inserts and embedded cell were 
fixed in 3.7% formaldehyde solution (Sigma-Aldrich) and permeabilized 
with 0.2% Triton X-100 in PBS (Winkler). The membranes were sepa
rated from the insert and placed on a slide. ProLong®-DAPI (Life
technologies) was added on top and coverslips mounted. Ten images per 
condition were captured with the BX53 Fluorescence Microscope 
(Olympus, Japan) and the number of cells nuclei per field was counted 
using the ImageJ software (NIH, Version 1.47). 

2.12. Animals 

Immunodeficient BALB/c NOD-SCID pathogen-free female mice of 
12 weeks of age were from Jackson Laboratories (Bar Harbor, Maine, 
USA). Animals were randomly distributed in the experimental design 
and were kept in the bioterium of the Andes Biotechnologies. All the 
procedure and experimental conditions were approved by Facultad de 
Medicina at Universidad de Chile Animal Research Bioethics Commit
tee, following the National Research Council of The National Academies 
(USA) guidelines for laboratory animals use and care. 

2.13. Tumor growth assay 

MDA-MB-231 wild-type (WT), MDA-MB-231 Mock (Mock) and 
MDA-MB-231 ADAR1p110 overexpress (ADAR1p110 (OE)) cells were 
seeded in flasks until they reached a maximum of 70% confluence. The 
cells were harvested with trypsin 1X (Corning) at 37 ◦C, trypsin was then 
inactivated with DMEM/F12, 10% FBS (ratio 2:1). The cells were 
centrifuged at 2000 r.p.m. for 5 min. The cell pellet was washed twice 
with sterile 0.9% NaCl and subsequently the cells were suspended in 
physiological saline solution sterile. The cells were counted using the 
Luna-FL™ Dual Fluorescence Cell Counter (Logos Biosystems), in 
duplicate. 2.5x106 cells in 100 µL of 0.9% NaCl were injected subcuta
neously in the back of the mice with regular protocol (Lobos-Gonzalez 
et al., 2014), in blind. Once the presence of the primary tumor was 
detected by palpation the volume of the tumor was periodically 
measured with caliper and recorded. Tumor Volume is measured as =
width2 × length × π/6. 

2.14. Evaluation of cellular invasion in tumor 

When observing the reddening of the skin, loss of hair and presence 
of scab in the subcutaneous tumors, mice were anesthetized with keta
mine/xylazine (100:10 v/v) and the tumors were extracted by surgery. 
After surgery the animals were treated with palliative medication. The 

animals were maintained under close observation and managed in 
compliance with the established criteria for tumor models in vivo 
(Morton, 2000; “United Kingdom Co-ordinating Committee on Cancer 
Research (UKCCCR) Guidelines for the Welfare of Animals in Experi
mental Neoplasia (Second Edition),” 1998; Schuh, 2004). Consequently, 
animals that showed signs of tumor aggressiveness received euthanasia 
as needed before the day the study ended (day 58). At day 58 after 
inoculation, after euthanizing the animals, the subcutaneous tumors not 
removed previously were extracted. To evaluate the invasion of the 
epithelium in the animal SCTs, a histopathological analysis of Hema
toxylin/Eosin (H/E) stains was performed in blind. Mouse image of the 
experimental diagram obtained from https://biorender.com/. 

2.15. Immunohistochemistry (IHC) 

Part of the tumor was fixed with 4% neutral paraformaldehyde and 
embedded in paraffin. Slices of 5 μm were deparaffinized in xylene and 
re-hydrated through battery of alcohols. For antigen recovery, Target 
Retrieval (DACO) was used for 20 min in a steamer. The slices were then 
treated with 3% H2O2 in PBS 1X for 10 min and blocked with 2% goat 
serum in 0,3% Triton X-100 PBS for 30 min. The primary antibodies 
were incubated overnight at 4 ◦C and were detected with DAB Substrate 
Kit (Abcam) Supplementary Table S3 and S4 lists the antibodies and 
dilutions. After detection the tissues were counter-stained with Contrast 
Blue. Finally, the tissue was dehydrated, and coverslip were mounted 
with Entellan® (Sigma-Aldrich). To analyze ADAR1 and Survivin, one 
section per tumor sample was used, and for Cluster of Differentiation-31 
(CD-31), three sections were histopathologically analyzed (start, center, 
and end of the tissue sample). A negative control without primary 
antibody was performed as well. A histopathological analysis of CD-31 
was performed and the blood vessels from the animal tissue surround
ing the SCTs were discarded from the study. 5–15 images were captured 
for ADAR1 and Survivin; and 7–45 images were captured to analyze CD- 
31 in the endothelial cells that make up the blood vessels in primary 
tumors. The images were captured with the Leica Microsystem CMS 
GmbH (DM 1000 LED, Germany) microscope. The densitometry analysis 
was carried out using the Image Pro Plus 6.0v software to obtain the 
Density and the representative images were captured using digital slide 
scanner NanoZoomer XR (Hamamatsu Photonics, Japan). 

2.16. Statistical analysis 

Data analysis was performed using Graph Pad Prism (Version 7.02v). 
The data are presented as mean values of at least three independent 
experiments with S.D. or S.E.M. The data was tested with Kolmogorov- 
Smirnov to establish whether it has normal distribution or not. The non- 
parametric data was analyzed with the Mann-Whitney test, and the 
parametric Paired t test. The tumor volumes over time were analyzed by 
one-way ANOVA, and post-test analysis was performed using Tukey’s 
multiple comparisons test. Differences were considered statistically 
significant when p < 0.05. 

3. Results 

3.1. Expression of ADAR1 relates to the canonical Wnt signaling pathway 
in TNBC 

To investigate whether the expression of ADAR1 is related to the 
expression of key components of the canonical Wnt signaling pathway in 
breast cancer, the first step consisted in the analysis of the correlation 
between ADAR1 transcriptomic level and GSK3B, CTNNB1, BIRC5, 
CCND1, MYC, AKT1, AKT2, AKT3 transcriptomic level in 61 breast 
cancer cell lines (Supplementary Table 5). Transcript Per Million (TPM) 
expression analysis reveals that ADAR1 shows positive correlation with 
GSK3B, CTNNB1, BIRC5, MYC, AKT1, AKT2 (Fig. 1, green dots). Then, 
according to the negative expression of ER, PR and HER2, 25 TNBC cell 
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lines were evaluated (Supplementary Table 5). Consequently, we find 
that ADAR1 presents a positive correlation with GSK3B, CTNNB1, 
BIRC5, CCND1, AKT1 and AKT2 (Fig. 1, purple dots). MYC was not 
statistically significant. No correlation of ADAR1 with AKT3 was found 
in the evaluated cell lines (Fig. 1). 

Then, we extended the study to analyze the protein-coding genes that 
are co-expressed with ADAR1 in tumor samples from public databases of 
breast cancer patients (TCGA-BRCA cohort), followed by a specific 
analysis for tumor samples from TNBC patients. The results showed that 
ADAR1 co–expressed protein-coding genes belonging to the signal 
transduction, organization of the extracellular matrix, signaling path
ways related to β-catenin and with the vascularization process, through 
Vascular Endothelial Growth Factor (VEGF) signaling pathways (Fig. 2a 
and see Supplementary Table 6), among other gene ontologies (Sup
plementary Table 7). Interestingly, using clinical data from patients with 
TNBC, it was found that ADAR1 also is connected to signaling pathways 
related to the organization of the extracellular matrix, β-catenin, and 
VEGF. (Fig. 2b and see Supplementary Table 8), among other gene on
tologies (Supplementary Table 9). Taken together, these results suggest 
that ADAR1 could be involved in the Wnt/β-catenin signaling pathway 

in TNBC. 

3.2. Overexpression of ADAR1p110 in MDA-MB-231 cells activates the 
canonical Wnt signaling pathway 

To assess the role of ADAR1p110 on the Wnt/β-catenin pathway in 
triple-negative breast cancer, we first turned to examine the protein 
level of ADAR1p110 in the non-tumor epithelial cell line, MCF-10, and 
in the MDA-MB-231 cell line, which is a widely accepted model for 
studying triple–negative subtype breast cancer (Chavez et al., 2011). In 
both cell lines quantifiable levels of the ADAR1p110 isoform were ob
tained, finding that the MDA-MB-231 metastatic breast cancer cell line 
has a lower content of ADAR1p110, with respect to MCF-10 cells 
(Fig. 3A). Next, ADAR1p110 was overexpressed by lentiviral trans
duction in a triple negative breast cancer cell line, generating two lines 
of MDA-MB-231: one transduced with a vector that overexpresses 
ADAR1p110 (ADAR1p110 (OE)) and another transduced with the 
empty vector (Mock). Quantitative PCR and Western blot analysis 
showed (Fig. 1B and 1C, respectively) that ADAR1p110 overexpression 
increased more than two-fold the basal level, both in transcript and 

Fig. 1. Positive correlation between the expression of ADAR1 and the expression of components of the canonical Wnt signaling pathway in breast cancer cell lines. 
Correlation analysis between ADAR1 transcript level and GSK-3β (GSK3B), β-catenin (CTNNB1), Survivin (BIRC5), Cyclin D1 (CCND1), c-Myc (MYC), AKT1 (AKT1), 
AKT2 (AKT2), AKT3 (AKT3) transcript level in breast cancer cell lines (green dots, n = 61) and in TNBC cell lines (purple dots, n = 25). The graph shows the TPM 
expression levels for each gene. Data presented the Pearson correlation (r) and p value. **** p < 0.0001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 2. ADAR1 expression is associated with components of the canonical Wnt signaling pathway in breast cancer. a Reactome pathway enrichment analysis for 
ADAR1 co-expressed protein-coding genes in tumor samples from TCGA-BRCA (n = 1097). b Reactome pathway enrichment analysis for ADAR1 co-expressed 
protein-coding genes in TNBC tumor samples from TCGA-BRCA cohort (n = 115). Significant pathways (FDR ≤ 0.05) related to β-catenin, VEGF, extracellular 
matrix and signal transduction pathways are depicted. 

Fig. 3. Characterization of ADAR1p110 overexpression in MDA-MB-231 metastatic breast cancer cell line. a Protein levels of ADAR1p110 in MCF-10 and MDA-MB- 
231 were analyzed by Western blot. Representative blots are displayed. Data represent means of fold change relative to the MDA-MB-231 cells ± S.E.M; n = 5; ** p <
0.01. b After ADAR1p110 overexpression, transcript levels for ADAR1 analyzed by RT-qPCR. Results normalized to the expression of β-Actin (n = 4). Data correspond 
to mean of the fold change, relative to the Mock ± S.E.M, * p < 0.05. c After ADAR1p110 overexpression protein level of ADAR1p110 analyzed by Western blot. 
Representative blots are displayed, fold of change relative to the Mock condition. Data presented means ± S.E.M from n = 4; * p < 0.05 d Immunofluorescence of 
ADAR1 in MDA-MB-231 ADAR1p110 (OE) and MDA-MB-231 Mock cells. Nuclei stained with DAPI, images obtained at 60X. The graph shows the Nucleus/Cytoplasm 
ratio as arbitrary units (AU), data correspond from n = 1. Scale bar in all the pictures corresponds to 12 μm. 
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protein. Fluorescence microscopy analyses of total ADAR1 location 
suggested that ADAR1 increased its location in the nucleus as compared 
to the cytoplasm in OE cells (Fig. 3D). To study the activation of the 
canonical Wnt pathway, protein levels of critical components of this 
pathway, GSK-3β and β-catenin, were assessed. In cells ADAR1p110 
(OE), levels of GSK-3β decreased (Fig. 4A) while β-catenin (Fig. 4B) and 
active β-catenin (i.e. not phosphorylated in Ser37/Thr41) increased 
(Fig. 4C) respect to Mock cells. No changes were detected in β-catenin 
mRNA levels (Fig. 4D). Accordingly, β-catenin protein levels are 
diminished in MDA-MB-231 ADAR1 knockdown cells (Fig. 5A and 5B). 

Fluorescence microscopy was used to measure β-catenin location in 
ADAR1p110 (OE) cells. β–Catenin increased in the nucleus of 

ADAR1p110 (OE) compared to the Mock cells (Fig. 4F). Also, over
expression of ADAR1p110 induced ~ 24% activation of a TCF/LEF gene 
reporter (TOP/FOP luciferase reporter assay) compared to reporter ac
tivity in the Mock cells (Fig. 4G). This increase is close to the maximal 
Wnt/β-catenin signaling pathway activation achieved with the in
hibitors of GSK–3β SB-216763 and LiCl, 39% and 41% respectively, used 
as positive controls (Supplementary Fig. S1). 

To further confirm that the overexpression of ADAR1p110 activates 
the Wnt/β-catenin signaling pathway, protein levels of canonical key 
targets were evaluated. ADAR1p110 significantly induced an increase of 
the protein levels of Survivin, Cyclin D1 and c-Myc (Fig. 4H), compared 
to control cells. Accordingly, Survivin, Cyclin D1 and c-Myc protein 

Fig. 4. Increased ADAR1p110 promotes the activation the canonical Wnt signaling pathway in MDA–MB-231 cell line. a Protein level of GSK-3β (n = 4); b β-catenin 
(n = 4) and c Non–phospho β–catenin (n = 4) analyzed by Western blot. Representative blots are displayed. The graph shows the densitometric analysis of the 
Western blots. Data correspond to mean of the fold change, relative to the Mock ± S.E.M; * p < 0.05. d RT-qPCR analysis of β-catenin transcript. Data was normalized 
to the expression of β-Actin (n = 4). Results correspond to mean of the fold change, relative to the Mock ± S.E.M. p greater than 0.05. e Immunofluorescence of 
analysis of β-catenin in MDA–MB–231 Mock cells and MDA-MB-231 ADAR1p110 (OE) cells. Nuclei were stained with DAPI. Images obtained at 60X. The graphs show 
the Nucleus/Cytoplasm ratio as arbitrary units (AU), data presented from n = 1. Scale bar in all the pictures corresponds to 12 μm. f Luciferase reporter activity in 
MDA-MB-231 Mock cells, and MDA-MB-231 ADAR1p110 (OE) cells using TOP/FOP reporter assay. Results are expressed with TOP/FOP (AU) and data correspond to 
mean of the fold change, relative to the Mock ± S.D, n = 3, *** p < 0.01. In the graph, S.D is a low value, for that reason the deviations are imperceptible. g The 
protein levels of Survivin, Cyclin D1 and c-Myc were analyzed by Western blot. Representative blots are displayed. Data represent means of fold change relative to the 
Mock condition ± S.E.M; n = 4; * p < 0.05. 
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levels are diminished in MDA–MB–231 total ADAR1 knockdown cells 
(Fig. 5C). Altogether, these results suggest that overexpression of 
ADAR1p110 promotes the stabilization and nuclear translocation of 
β-catenin to act as a positive modulator of the Wnt/β-catenin pathway in 
a TNBC cell line. 

3.3. ADAR1p110 induces cell invasion in vitro in MDA-MB-231 cells and 
in vivo in subcutaneous tumors 

To address the possible participation of ADAR1 in the remodeling of 
the extracellular matrix found in our previous in silico results, we 
decided to explore the effect of ADAR1p110 on cell invasion, performing 
matrigel assays with the MDA-MB-231 cells. The assay revealed that the 
ADAR1p110 (OE) cells are more invasive than the Mock cells (Fig. 6A). 
This increase in cell invasion was associated with an increase in mRNA 
levels of MMP-9 (Fig. 6B). In addition, a Transwell cell migration assay 
shows that ADAR1p110 (OE) cells display a larger migratory capacity 
than Mock cells (Fig. 6C). 

To further examine the above finding in vivo we used a xenograft 
mice model. BALB/c NOD–SCID mice were injected subcutaneously 
with either MDA-MB-231 ADAR1p110 (OE), MDA-MB-231 Mock, or 
MDA-MB-231 parental cells. The tumor formation in each animal was 
examined by palpation daily. Tumors were palpable at 10th day post- 
inoculation, whose subsequent evaluation is outlined in Fig. 6D. On 
day 24 post-inoculation, a slight reddening of the skin and slight hair 

loss appeared in the primary tumor in 2 of 5 animals (40%) in MDA-MB- 
231 wild-type injected; in 3 of 5 animals (60%) in MDA-MB-231 Mock; 
and in 8 of 9 animals (88.9%) in MDA-MB-231 ADAR1p110 (OE) as 
indicated in Fig. 6E. Then, 100% of the SCTs in each condition were 
evaluated up to day 26 post-inoculation. At least one animal of each 
condition presented increased reddening of the skin, loss of hair and 
presence of scab or wound. Therefore, following the criteria of Morton 
(Morton, 2000), to ensure the welfare of the animals, primary tumors 
were resected. During the development of the study, the tumors were 
removed in 3 of 5 animals (60%) injected with MDA–MB–231 wild-type; 
in 4 of 5 animals (80%) injected with MDA-MB-231 Mock, and in 8 of 9 
animals (88.9%) injected with ADAR1p110 (OE). No differences were 
found in the volumes of the tumors (Supplementary Fig. S2). 

Therefore, the histopathological analysis of the tumors showed that 
none of the animals inoculated with wild-type cells presented skin lesion 
(0 of 5), and 1 of 5 animals (20%) inoculated with Mock cells presented 
skin lesion at a tumor volume of 1688 mm3, in comparison to 5 of 9 
animals (55.6%) inoculated with ADAR1p110 (OE) cells that presented 
visible skin lesion at a tumor volume of 870.8 ± 198.8 mm3. The day on 
which the lesion was observed for each animal is also indicated in the 
graphs (Fig. 6E). In tissue sections stained with H/E, it was possible to 
appreciate the conservation of the skin in the tumor formed from wild- 
type cells and Mock cells. On the other hand, the massive invasion of the 
ADAR1p110 (OE) cells was observed from the inside of the tumor to
wards the skin of the animal, resulting in the focal loss of the epithelium. 

Fig. 5. Decreased ADAR1p110 induces the down regulation the canonical Wnt signaling pathway in MDA-MB-231 cell line. ADAR1 silencing effects on the (a) 
protein levels of ADAR1p110 (n = 4) and (b) β-catenin (n = 3) analyzed by Western blot. Representative blots are displayed, The graph shows the densitometric 
analysis of the Western blots. Data correspond to mean of the fold change, relative to the shControl condition ± S.E.M; * p < 0.05; ** p < 0.01. c The protein levels of 
Survivin, Cyclin D1 and c-Myc were analyzed by Western blot. Representative blots are displayed. Data represent means of fold change relative to the shControl 
condition ± S.E.M; n = 3; * p < 0.05; ** p < 0.01; *** p < 0.001; NS: no differences were found between the conditions. 
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In the wild-type condition, the only case of death of an animal with a 
final tumor volume of 794 mm3 was presented, and in the histopatho
logical analysis of the lung tissue, only one animal of this same condition 
developed pulmonary metastasis. Also, all the SCTs in this study pre
sented inflammation and necrosis. 

During the development of this study, carcinomatosis was observed 
in 2 of 9 (22.2%) animals inoculated with ADAR1p110 (OE) cells. The 

tumors reached a final volume at the time of surgery of 839 mm3 and 
898 mm3, along with an invasion of tumor cells towards the thoracic 
space and peritoneum, respectively. All animals that presented aggres
sive tumor characteristics received euthanasia. In the wild-type condi
tion, euthanasia was performed in 1 of 5 (20%) animals; in the Mock 
condition in 2 of 5 (40%) animals; and in the ADAR1p110 (OE) condi
tion in 3 of 9 (33.3%) animals. Taken together, these results indicate that 

Fig. 6. ADAR1p110 overexpression in SCTs induces epithelial lesion in vivo. a Matrigel Invasion assay (n = 4), b MMP-9 transcript was analyzed by RT-qPCR (n = 3); 
c Transwell migration assay (n = 3). The results show the fold change, relative to the Mock, data are means ± S.E.M; * p < 0.05; ** p < 0.01; **** p < 0.0001. 
d Experimental design of in vivo tumorigenesis assay. BALB/c NOD–SCID female mice were inoculated subcutaneously in the flank with MDA-MB-231 cells. e Time 
course of the tumor volume in each animal inoculated with MDA-MB-231 wt cells (black) (n = 5 mice per group) and MDA-MB-231 Mock cells (blue) (n = 5 mice per 
group); and in green each animal inoculated with MDA-MB-231 ADAR1p110 (OE) cells (n = 9 mice per group). Orange points indicate appearance of skin symptoms 
(from day 24 after inoculation) and red points indicate epithelial lesion. For an animal of the Mock condition, an epithelial lesion was presented to a tumor volume of 
1688 mm3, and in the ADAR1p110 (OE) condition, 5 animal presented epithelial lesion to a tumor volume of 870,8 ± 198,8 mm3 (Mean ± S.E.M). f Images of H/E 
staining of tumor sections observed in the different conditions from left to right. In purple, live tumor cells are observed, while necrotic tissue is present in the pink 
center of the tumor. Scale bar correspond to 2.5 mm. Selected area (black box) is magnified. Black arrows indicate the conserved epithelium where the epithelial is 
preserved of tumor formed from MDA-MB-231 wt and MDA-MB-231 Mock cells, and the epithelial invasion with loss of the epithelial structure of tumor formed from 
MDA-MB-231 ADAR1p110 (OE) cells are shown. Scale bar correspond to 1 mm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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overexpression of ADAR1p110 could confer an aggressive invasive ca
pacity on a TNBC cell line. 

3.4. ADAR1p110 is involved in the vascularization in vivo in 
subcutaneous tumors 

Since our bioinformatics results connected ADAR1 with signaling 
pathways related to the process of vascularization in TNBC tumor, we 
analyzed in vivo the relationship of overexpression of ADAR1p110 in the 
Wnt/β-catenin pathway with the neovascularization process. We 
examined sections of tumors obtained in the xenograft model by 
immunohistochemistry. Tumors formed from MDA–MB–231 
ADAR1p110 (OE) cells presented high levels of total ADAR1 compared 
to the tumors formed from MDA-MB-231 wt and MDA-MB-231 Mock 
cells (Fig. 7A). Also, protein levels of Survivin, a Wnt/β-catenin target 
related with apoptosis and neovascularization (Sanhueza et al., 2015), 
were higher than in controls, as well as they were observed both in the 
nucleus and in the cytoplasm (Fig. 7B). 

During histological analysis and macroscopic observation, an 
apparent increase in the number of blood vessels in SCTs formed from 
MDA-MB-231 ADAR1p110 (OE) cells was found. Endothelial cells ex
press CD-31 (Newman, 1999), a widely used as an angiogenesis marker 
(Sapino et al., 2001). When CD-31 was detected in subcutaneous tumors, 
positive labeling of CD-31 was found in endothelial cells of new blood 
vessels. The densitometry analysis of a large area of the tumor (3 tumor 
sections) showed that tumors formed by MDA-MB-231 ADAR1p110 
(OE) cells contained a higher abundance of CD–31, compared to tumors 
formed by MDA-MB-231 wt and MDA-MB-231 Mock cells (Fig. 7C). 
Protein levels of ADAR1p110, Survivin and CD-31 were also determined 
in extracts of SCTs. The primary tumors formed from MDA-MB-231 
ADAR1p110 (OE) presented high content of ADAR1p110, Survivin 
and CD-31, in comparison to tumors of control conditions (Fig. 7D). 
Therefore, our results implied that abundant ADAR1 could contribute to 
the ability to develop blood vessels in TNBC tumors. 

4. Discussion 

TNBC has an aggressive behavior characterized by distant re
currences compared to other subtypes of breast cancer (Dent et al., 
2007). TNBC tumors possess high genomic heterogeneity which may 
explain the broad resistance to drugs exhibited by patients (Jhan & 
Andrechek, 2017). Nowadays there are important advances in new 
therapies for TNBC patients, including immunotherapy (Mediratta et al., 
2020) and drugs for patients with a germline BRCA mutation (Robson 
et al., 2017). However, these monotherapies do not benefit all TNBC 
patients across the board. Implying that for both early and late stages of 
the disease, the primary treatment continues to be chemotherapy 
(Bianchini et al., 2016), thereby finding possible-signaling pathways 
involved in the aggressiveness that characterizes this subtype of cancer 
is crucial. In this sense, our studies and others have reported that 
aberrant expression of ADAR1 in breast cancer alters different biological 
processes in e.g., proliferation, apoptosis, variations in the expression of 
lncRNA (Fumagalli et al., 2015; Sagredo et al., 2020; de Santiago et al., 
2021; Kung et al., 2021). In this way ADAR1 up-regulated is related to 
poor prognosis in breast cancer (Sagredo et al., 2018; Kung et al., 2021). 
A recent study highlights the requirement of ADAR1p150 in the survival 
of TNBC cell lines (Kung et al., 2021). However, the implication of 
ADAR1p110 in TNBC remains unclear. 

Here, we aimed to study the effect of ADAR1p110 overexpression on 
the canonical Wnt pathway characterized by being active in TNBC and 
participating in multiple processes that favor the development of cancer 
(Bilir et al., 2013). To this purpose, analysis of public sequencing da
tabases in cell lines followed by pathway enrichment analysis of ADAR1 
co-express genes in TNBC identified that GSK-3β, β-catenin, Survivin, 
AKT1, AKT2 possess positive correlation with the expression of ADAR1 
and that in turn, ADAR1 connects with signaling pathways related to 

β-catenin, respectively. Considering these findings, it is possible to infer 
that ADAR1 could be involved in modulation of the Wnt/β-catenin 
pathway in TNBC. Previous research showed that in CML ADAR1 relates 
to the deregulation of GSK-3β and with an increase in activated nuclear 
β-catenin (Abrahamsson et al., 2009) (Jiang et al., 2013). Although the 
activation of this pathway is canonically dependent on the Wnt ligand, 
our investigation showed that ADAR1p110 is a new intracellular 
modulator of it. 

In our experiments, cells were lentiviral transduced as a batch and no 
single clones were derived for Mock or ADAR1p110 OE cells, trying to 
avoid clonal-selection derived phenotypes. We successfully in show that 
ADAR1p110 overexpression alters the expression levels of keys com
ponents of the canonical Wnt pathway along with their activation. MDA- 
MB-231 cells with abundant ADAR1 present a low protein level of GSK- 
3β and increase the basal activation of the canonical Wnt pathway in 
MDA–MB-231. On the other hand, GSK-3β can be inactivated by phos
phorylation at Ser9 (Sutherland et al., 1993) by AKT (Cross et al., 1995), 
a kinase that is overexpressed in MDA-MB-231 ADAR1p110 (OE) cells, 
suggesting that the increase in ADAR1p110 could promote the inacti
vation of GSK-3β in an AKT-dependent manner. Meanwhile, analysis of 
the clinical data from patients with TNBC revealed that among the 
protein-coding genes that are co-expressed with ADAR1 in tumor sam
ples are AKT1 and AKT2. Our results are consistent with previous re
ports. In this regard, investigations in leukemia cells indicate that 
ADAR1p110 interacts with the family of AKT kinases (AKT-1, AKT-2 and 
AKT-3), while unlike AKT-1 and AKT-2, AKT-3 is practically undetect
able at the nuclear level. Nevertheless, in HEK293T cells ADAR1p110 is 
a substrate for AKT isoforms. Then, nuclear AKT inhibits the deaminase 
activity of ADAR1p110 by phosphorylation at Thr738, preferentially 
mediated by AKT-1 (Bavelloni et al., 2019). However, it should be added 
that ADAR1 also has functions independent of its RNA editing activity 
(Licht & Jantsch, 2017; Ota et al., 2013). Future studies could evaluate if 
ADAR1 induces the decrease of GSK-3β and an increase in the different 
isoforms of AKT in a dependent or independent way of its RNA editing 
activity in breast cancer cells. The other isoform of GSK-3 corresponds to 
GSK-3α, capable of attenuating co-transcriptional activity of β–catenin 
en Chinese hamster ovary (CHO) cells (Asuni et al., 2006) and like GSK- 
3β, GSK-3α has been considered an important study factor in leukemia 
(Banerji et al., 2012). Nevertheless, although GSK-3α and β are 
expressed ubiquitously (Woodgett, 1990) and functional redundant 
(Frame & Cohen, 2001), GSK-3α unlike GSK-3β has been studied to a 
lesser extent in breast cancer. Thus, in-depth experiments are needed to 
determine whether ADAR1p110 exerts any effect on GSK-3α in TNBC. 
The use of a mutated ADAR1 expression vector would be a suitable 
experimental tool to address alterations in the components that partic
ipate in the activation of the canonical Wnt pathway, as well as its 
negative feedback. Subsequently, we observed an increase of dephos
phorylated β-catenin by Western blot and confirmed the activation of 
nuclear β-catenin by TOP/FOP assay. Our results further support the 
findings of previous studies connecting ADAR1 to the Wnt/β-catenin 
signaling pathway in cancer (Abrahamsson et al., 2009; Galipon et al., 
2017). On the other hand, the overexpression of ADAR1p110 not affects 
the β-catenin mRNA levels. In this sense, TPM expression analysis re
veals that ADAR1 shows positive correlation with CTNNB1 in breast 
cancer cell lines and as well, specifically in TNBC cell lines. Since the 
MDA-MB-231 cell line corresponds to the TNBC subtype Mesenchymal 
stem-like (168), it would be reasonable to evaluate the impact of the 
ADAR1p110 overexpression in other TNBC subtypes. Also, cells that 
overexpress ADAR1p110 show up–regulation of c-Myc and Cyclin D1, 
and cells knockdown for ADAR1 showed diminished levels of these 
proteins. Conversely, studies in HCT116 colon cancer cells described 
that an ADAR1 mutant defective in editing induces the increase in ac
tivity of a TCF4 reporter, while in epithelial intestinal cells the loss of 
ADAR1 induces transcription of c-Myc but not Cyclin D1 (Galipon et al., 
2017). These findings suggest that the effect of ADAR1p110 on the Wnt/ 
β–catenin pathway may be dependent on the type of cancer. 
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Fig. 7. Overexpression of ADAR1p110 correlates with neovascularización. Ex vivo immunohistochemistry analysis of ADAR1, Survivin and CD-31 in tumor sections 
from top to bottom are shown (a, b and c). Representative staining images of tissue sections (40X) are shown throughout with H/E and negative control of SCT 
formed from MDA-MB-231 wild type cells (n = 4 mice per group), MDA-MB-231 Mock cells (n = 5 mice per group) and MDA-MB-231 ADAR1p110 (OE) cells (n = 9 
mice per group). ADAR1 and Survivin are located both in nuclei and cytoplasm (a and b, respectively). In (c) The marking in coffee corresponds to CD-31 present in 
endothelial cells that make up the micro-vessels. In the graphs the measurement by densitometry is expressed by Normalized Density and data represent means ± S.E. 
M; * p < 0.05, **** p < 0.0001. Scale bar in all the pictures correspond to 50 μm, blood vessels amplification are presented to a 25 μm scale bar. d In protein extracts 
from tumor samples the protein levels of ADAR1, Survivin and CD-31 were analyzed by Western blot. Densitometric analysis of representative blots are shown. 
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Although in TNBC the deregulation of the Wnt pathway and 
increased metastasis are already known (Dey et al., 2013), our work is 
the first report exploring the participation of ADAR1p110 in the acti
vation of canonical Wnt pathway and its downstream effects on inva
sion. We found an increase in the invasive and migratory capacity in 
cells with high levels of ADAR1p110. Similarly, ADAR1p110 is the more 
expressed isoform and its silencing decreases invasion in human 
Esophageal Squamous Cell Carcinoma (ESCC) cells (Qin et al., 2014). 
Also, ADAR1 edits the transcript of Focal Adhesion Kinase (FAK) gene 
promoting invasion in Lung Adenocarcinoma (LUAD) cells (Amin et al., 
2017). Moreover, human Hepatocellular Carcinoma (HCC) ADAR1p110 
edits the transcript of Antizyme inhibitor 1 (AZIN1) gene, which induces 
a conformational change of AZIN1 protein, making it more stable. Cells 
that express edited AZIN1 present a higher invasive capacity, together 
with higher tumor growth (Chen et al., 2013). Additionally, MMP-9 is a 
transcriptional target dependent on the Wnt/β–catenin signaling 
pathway (Wu et al., 2007). In MDA-MB-231 cells, MMP-9 silencing re
duces the invasive capacity characteristic of these cells by 90% (Mehner 
et al., 2014). Our data revealed that ADAR1 connects with gene ontology 
regarding extracellular matrix degradation and in vitro ADAR1 over
expression up-regulated the MMP-9 transcript. Thus, our analyzes add 
new evidence that supports the implication of ADAR1 in the process of 
cell invasion in cancer. 

Thus, to expand our findings, we studied the impact of high levels of 
ADAR1p110 on tumor cells, which were subcutaneously inoculated in 
immunodeficient mice. The histopathological analysis of the tumors 
revealed massive areas of invasion by cancer cells that overexpressed 
ADAR1p110, which, unexpectedly, finally generated epidermal injury, 
confirming our in vitro findings. Interestingly, this injury is like that 
normally observed in stage IV of breast cancer (Güth et al., 2005) and 
TNBC (Sun et al., 2016). Also, ADAR1p110 induces the increase of active 
β-catenin. In murine excisional model, β–catenin participates in the 
cutaneous wound healing process, where abundant β-catenin is associ
ated with larger wounds (Cheon et al., 2002; Cheon et al., 2006). In 
addition, epithelial lesions in tumors formed from cells that overex
pressed ADAR1p110 were formed at lower tumor volumes compared to 
the SCT that presented epithelial lesions in the Mock condition. This 
would indicate that ADAR1p110 could be involved malignancy in TNBC 
cells through the activation of the canonical Wnt signaling pathway 
favoring invasive capacity in TNBC cells. 

Survivin is an anti-apoptotic protein (Shin et al., 2001; Mita et al., 
2008) overexpressed both in vitro and in vivo in our model of 
ADAR1p110. This is consistent with other studies in breast cancer 
showing induction of apoptosis after ADAR1 silencing (Fumagalli et al., 
2015; Sagredo et al., 2020). In stressed cells, ADAR1p110 is phosphor
ylated at the nucleus and interacts with Exportin-5, thus allowing the 
export of Survivin towards the cytosol (Sakurai et al., 2017). Survivin 
also participates in angiogenesis by inducing VEGF in a β-catenin- 
dependent manner (Sanhueza et al., 2015; Fernández et al., 2014). In 
this study, our analyzes showed that ADAR1 also connects to VEGF- 
related signaling pathways in TNBC patients. VEGF induces the tyro
sine phosphorylation of β–catenin, allowing the interaction with the 
adhesion protein CD-31, a recognized marker of angiogenesis (Sapino 
et al., 2001). CD-31 is expressed in endothelial cells of blood vessels, 
where it serves as a reservoir of β-catenin while maintaining its location 
at the plasma membrane (Ilan et al., 1999). In our study the positive 
CD–31 labeling in IHCs showed the presence of small blood vessels and a 
subsequent densitometric analysis showed an increase of CD-31 in tu
mors overexpressing ADAR1p110. These results are similar to observa
tions in cervical carcinoma, where about 86% of ADAR1+ samples in 
patients have vascular invasion (Chen et al., 2017b). Thus, our data 
suggest that ADAR1p110 may promote tumor development by 
contributing to its blood supply. 

A study conducted on ESCC cells that overexpress ADAR1p110 
showed that changes in its expression are involved in cell trans
formation. Like our research, they studied the behavior of tumor volume 

in animals subcutaneously inoculated with cells that overexpress 
ADAR1p110, finding that ADAR1p110 induces the tumor growth rate, 
and the increase in tumor volume compared with the control condition 
(Qin et al., 2014). We analyze the tumor volume over time and 
throughout the study we had to perform surgery some animals, to 
remove tumors due to lesions in the epithelium, showing evidence of 
high aggressiveness. Since it was not possible to observe the growth of 
all primary developed tumors over the time of study, we cannot rule out 
that ADAR1p110 is required in tumorigenesis. Overall, results in this 
work and several others (Xu & Öhman, 2018) are increasingly showing 
that ADAR1 overexpression induces cancer growth in e.g., lung adeno
carcinoma (Amin et al., 2017), cervical cancer (Chen et al., 2017a), 
hepatocellular carcinoma (Chen et al., 2013), esophageal cancer (Qin 
et al., 2014) and breast cancer (Nakano et al., 2017). 

In our study the impact of ADAR1p110 on the Wnt/β-catenin 
pathway and the targets that this enzyme over-regulates was addressed. 
Given that many mRNAs are edited and more than 85% of pre–mRNAs 
are edited at intron sequences (Athanasiadis et al., 2004), we cannot rule 
out the role of other components of the canonical Wnt pathway. Future 
studies may contribute to define whether other pathways are affected by 
ADAR1p110 in TNBC. 

5. Conclusions 

In conclusion, our findings reveal that ADAR1p110 could be a new 
modulator of the canonical Wnt pathway and through this induces an 
invasive and migratory capacity in tumor cells as well as formation of 
new blood vessels, all-critical biological processes that allow the ma
lignant progression of TNBC. We suggest that ADAR1p110 may function 
as an oncogene, which it may be evaluated as a new therapeutic 
approach for this cancer subtype. 
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