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Abstract. Tumor cells have unlimited replicative potential, 
principally due to telomerase activity, which requires assembly 
of components such as dyskerin (hDKC1), human telomerase 
reverse transcriptase and human telomerase RNA (hTR). The 
present study aimed to develop novel inhibitors of telomerase 
to target the interaction between hTR and hDKC1. Based on 
docking‑based virtual screening, the candidates R1D2‑10 and 
R1D2‑15, which exert an in vitro inhibitory effect on telomerase 
activity, were selected. Human mammary adenocarcinoma 
MDA‑MB 231 cell line was selected to evaluate the treatment 
with the aforementioned compounds; the effect on telomere 
length was evaluated by qPCR, where both compounds caused 
telomere shortening. Furthermore, expression of genes related 
to apoptosis and senescence process, as well SA β galactosi‑
dase staining and caspase 3 activity. We determine that only 
compound R1D2‑10 showed and effect on the induction of 
these cellular processes. To identify a lead compound from 
R1D2‑10, 100 analogs were designed by LigDream server 
and then analyzed by AutoDock Vina and Protein‑Ligand 
Interaction Profile to calculate their docking energy and 
target interaction. Those with the best values and specific 
residue interactions were selected for in silico prediction of 
absorption, distribution, metabolism, excretion (ADME), 
off‑target interaction, toxicity and chemical diversity. A total 
of nine chemically different analogs was identified with higher 
docking affinity to the target, suitable ADME properties and 

not off‑target interaction and side effects. These results indi‑
cated R1D2‑10 and its analogs may serve as potential novel 
inhibitors of telomerase and antitumoral drugs in clinical use.

Introduction

Telomerase is one of the primary targets for developing effec‑
tive therapies against cancer due to its expression in most types 
of tumor, as well as in stem‑like tumor cells. As is shown 
in Fig. 1, several strategies were designed to attack positive 
telomerase cells, by targeting different sites of the proteins 
involved in telomere homeostasis. Additionally, normal 
cells‑including stem cells‑have lower telomerase activity and 
generally maintain telomeres at longer lengths in comparison 
to tumor cells. These properties confer a benefit that ensures 
minimum risk for possible telomere shortening in stem cells, 
making telomerase a selective target to cancer cells (1).

Based on experimental evidence that links telo‑
meric homeostasis with drug resistance and antitumor 
treatment (2,3), the development of drugs targeting telomerase 
represents a promising tool for antitumor therapy, both alone 
and in combination with other treatment. For example, the 
treatment with 6‑thio‑2'deoxyguanosine (6‑thio‑dG), a telom‑
erase substrate precursor analogue, it is reported as a novel 
and effective strategy to treat therapy‑resistant melanoma, 
pediatric brain tumors and Non‑Small Cell Lung Cancer 
(NSCLC) (4‑6). Furthermore, Wu et al proposed a nanoplat‑
form containing the specific telomerase inhibitor BIBR1532 as 
a strategy to reverse multidrug resistance in breast cancer (7). 
The telomerase complex is regulated at multiple levels, by 
mechanisms such as epigenetic regulation, transcriptional and 
post‑translational processing, intracellular compartmentaliza‑
tion, recruitment and substrate accessibility (2). Considering 
these processes, different strategies have been adopted to 
develop novel telomerase inhibitor therapies that recognize 
TERT tumour‑associated antigens; small molecule inhibitors 
or oligonucleotides that suppress telomerase activity; disrup‑
tors of telomerase regulation or function such as G‑quadruplex 
stabilizers; targeting TERT gene expression and utilization of 
nucleoside analogues to disrupt elongation of newly extended 
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telomeres (8,9). The primary aim of antitumor therapy 
targeting telomerase is to selectively induce tumor cell death 
without affecting healthy cells (10).

Active human telomerase is a r ibonucleoprotein 
comprising catalytic subunit (human telomerase reverse tran‑
scriptase (hTERT) and template RNA human telomerase RNA 
(hTR) (11). However, other proteins are necessary for in vivo 
assembly, subcellular trafficking and telomere recruitment of 
the functional telomerase holoenzyme. Among these proteins, 
dyskerin (hDKC1), which allows correct assembly and stabili‑
zation of mature hTR, is essential for telomerase activity (11).

Our previous study designed a novel strategy for rational 
development of new holoenzyme telomerase assembly inhibi‑
tors based on interruption of the interaction between hDKC1 
and hTR. An in silico approach was used to obtain a model 
of hDKC1 with accurate model parameters (confidence score, 
template modelling score, root mean square deviation and 
stereochemical property) to identify candidate compounds 
with inhibitory effects on telomerase activity by docking‑based 
virtual screening (DBVS) (11). The present study aimed to 
characterize the effect of two of these candidates: R1D2‑10, 
a carboxy‑phenyl‑benzamide, and R1D2‑15, an indoquinoline. 
Both compounds showed greatest telomerase inhibition at the 
lowest concentration. Here, a breast cancer model was selected 
to validate these candidates as telomerase is a potential target 
for diagnosis and therapy in breast cancer (12). MDA MB 231 
breast cancer cell line was previously used (11) to determine 
the effect of these compounds on telomere shortening, senes‑
cence and apoptosis; the aforementioned study determined 
that R1D2‑10 showed the best performance as a telomerase 
inhibitor. The present study aimed to identify novel drugs 
with potential clinical use for cancer treatment. Analogs of the 
parental compound R1D2‑10 were designed and interaction 
with the target, as well as absorption, distribution, metabolism, 
excretion (ADME) properties, toxicity, off‑target interaction, 
and chemical diversity were assessed.

Materials and methods

Drug preparation. R1D2‑10 and R1D2‑15 lyophilized 
compounds (10 mg) were purchased from Enamine LTD, 
Ukraine. Each compound was solubilized in sterile DMSO 
within a laminar flow to obtain 10 mM stock solution.

Breast cancer cell lines. Breast cancer is a complex and heter‑
ogenous disease classified into at least five subtypes: Luminal 
A and B, human epidermal growth factor receptor 2, basal 
and normal (13). To represent subtypes three breast cancer 
cell lines were selected: Human mammary adenocarcinoma 
MDA MB 231, which is a highly aggressive, invasive and 
poorly differentiated claudin‑low triple‑negative breast cancer 
model; MDA MB 468, which is less aggressive and belongs to 
basal type and MCF‑7, a poorly‑aggressive and non‑invasive 
Luminal A subtype.

Culture conditions. All cell lines were obtained from the 
American Type Culture Collection (cat. nos. HTB‑26, HTB‑132 
and HTB‑22). Cells were grown in DMEM (Thermo Fisher 
Scientific, Inc.) supplemented with 10% heat‑inactivated FBS 
(Sigma‑Aldrich; Merck KGaA), 2 mM glutamine and 80 µg/ml 

gentamicin at 37˚C in 5% CO2 atmosphere. Cell cultures were 
routinely sub‑cultured by trypsinization according to the 
manufacturer's instructions. For MDA MB 468 culture, Gibco 
MEM‑Non‑essential amino acids 100X (Thermo Fisher 
Scientific, Inc.) was added to the medium to a final concentra‑
tion of 1X. DMSO was used as a vehicle. Mycoplasma testing 
was performed for the cell lines by Indirect HoechstStain 
(cat. no. 62249, Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions.

Cell proliferation assay. MDA MB 231, MDA MB 468 and 
MCF‑7 cells (1x104) were plated in 96‑well plates. After 24 h, 
cells were treated with different concentrations of compound 
R1D2‑10 or R1D2‑15 (0.0,3.1,6.3,12.5,25.0,50.0 µM) for 
72 h at 37˚C. Cell survival was measured by colorimetric 
MTT assay (Sigma‑Aldrich; Merck KGaA). Formazan was 
dissolved in DMSO and the plate was read at 570 nm in a 
microplate reader. The concentration producing 50% inhibi‑
tion (IC50), maximmum response (Emax) and goodness of fit 
(R2) values were determined by non‑linear regression function 
of GraphPad Prism 6® (GraphPad Software, Inc.). A total of of 
three independent experiments was performed.

Determination of telomerase activity. Telomerase activity 
was determined by real‑time quantitative telomerase repeat 
amplification protocol (RQ‑TRAP) assay using SYBR‑Green 
(StepOne™ System; Thermo Fisher Scientific, Inc.). MDA 
MB 231, MDA MB 468 and MCF‑7 cells in logarithmic 
growth phase were harvested and washed once with PBS. 
Cells (2x106) were transferred to 1.5 ml conical tubes and 
centrifuged for 8 min at 450 x g at room temperature. 
The pellet was lysed with 200 µl 3‑[(3‑Cholamidopropyl) 
dimethylammonio]‑1‑propanesulfonate buffer 0.5% p/v with 
RNaseOUT (Thermo Fisher Scientific, Inc.) and protease 
inhibitor (Sigma‑Aldrich; MercK KGaA), quantified by Micro 
BCA Protein Assay (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions and stored at ‑20˚C until use. 
RQ‑TRAP assay was performed in a final volume of 10 µl, 
using 2 µl lysate as a template, Power SYBR Green Master 
Mix 1X (Thermo Fisher Scientific, Inc.), 250 nM alternative 
complementary primer  (5'‑GCG CGG CTT ACC CTT ACC CTT 
ACC CTA ACC‑3') and 800 nM telomerase substrate primer 
(5'‑AAT CCG TCG AGC AGA GTT‑3'). Following 20 min 
incubation at 25˚C, thermocycling conditions were as follows: 
Initial denaturation at 90˚C for 10 min, followed by 40 cycles 
of 95˚C for 15 sec and 60˚C for 10 sec. The reaction ended with 
melt curve analysis in which the temperature was increased 
from 55 to 95˚C at a linear rate of 0.2˚C/sec. StepOne Software 
v2.3 (Thermo Fisher Scientific, Inc.) was used to analyze 
results.

Relative telomere length determination. Telomere length was 
determined as described by Cawthon (14). According to the 
manufacturer's instructions, high molecular weight DNA from 
control (DMSO) and treated MDA MB 231 cells was extracted 
using Pure gDNA kit (Productos Bio‑Lógicos). Extracted 
DNA was quantified at 230, 260 and 280 nm absorbance using 
NanoDrop 1000 (Thermo Fisher Scientific, Inc.) spectropho‑
tometer. Specific primers for the repetitive telomere sequence 
were used to quantify telomere length. Specific primers for 
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the single copy gen ribosomal protein lateral stalk subunit 
P0 (rplp0) were used to determine the genome copies on the 
sample. Primer sequences and concentrations were as follows: 
Telomere length (500 nM) forward,  5'‑CGG TTT GTT TGG 
GTT TGG GTT TGG GTT TGG GTT TGG GTT‑3' and reverse, 
5'‑GGC TTG CCT TAC CCT TAC CCT TAC CCT TAC CCT TAC 
CCT‑3' and single copy gen rplp0 (250 nM) forward, 5'‑CAG 
CAA GTG GGA AGG TGT AAT CC‑3' and reverse, 5'‑CCC 
ATT CTA TCA TCA ACG GGT ACA A‑3'. The PCR thermocy‑
cling conditions were as follows: Initial denaturation at 90˚C 
for 10 min, followed by 40 two‑step PCR cycles at 95˚C for 
15 sec and 60˚C for 10 sec. Results were analyzed using v2.3 
StepOne® software (Thermo Fisher Scientific, Inc.).

RNA extraction and copy DNA synthesis. Total RNA was 
extracted from control (DMSO) and treated MDA MB 231 
cells using Bio‑Zol (Productos Bio‑Lógicos) according to the 
manufacturer's instructions. The extracted RNA was quanti‑
fied at 230, 260, and 280 nm absorbance using NanoDrop 
1000 (Thermo Fisher Scientific, Inc.) spectrophotometer. DNA 
was synthesized from 1 µg total RNA in 20 µl reaction mix 
using oligodT18 (PB‑L) and Superscript III (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions.

Evaluation of senescence. Senescence was evaluated in 
control (DMSO) and MDA MB 231 cells treated with 
R1D2‑10 and R1D2‑15. Differential expression of replicative 
senescence‑associated genes, such as glb1 (galactosidase β1) 
and p16ink4a (cyclin‑dependent kinase inhibitor 2A), was 

evaluated by qPCR (ΔΔCq method) (15) using SYBR‑Green 
(StepOne™ System; Thermo Fisher Scientific, Inc.). Primer 
sequences were as follows: Glb1 (900 nM) foward, 5'‑CCA 
CGA TCG AGC ATA TGT TG‑3' and reverse, 5'‑CAG AGT GGC 
TCC AGC TTT C‑3' and p16ink4a (600 nM) forward, 5'‑GCG 
ATG TCG CAC GGT ACC TG‑3' and reverse, 5'‑GGC ATG 
GTT ACT GCC TCT GG‑3'. Thermocycling conditions were as 
follows: Initial denaturation at 90˚C for 10 min, followed by 
40 two‑step PCR cycles at 95˚C for 15 sec and 60˚C for 10 sec. 
Results were analyzed with v2.3 StepOne® software (Thermo 
Fisher Scientific, Inc.), using hprt1 (hypoxanthine phosphori‑
bosyltransferase 1) as a endogenous control (300 nm; forward, 
5'‑AAC GTC TTG CTC GAG ATG TG‑3' and reverse, 5'‑GCT 
TTG ATG TAA TCC AGC AGG‑3'). Quantitative determina‑
tion of SA‑β‑gal (Senescence‑associated beta‑galactosidase) 
activity was performed using Senescence β‑Galactosidase 
Staining kit (Cell Signaling Technology, Inc.) according to 
the manufacturer's instructions. Quantification was made by 
manually counting positive‑stained cells in four randomly 
selected fields/well in a inverted light microscope at a magni‑
fication of 100x (Leica Microsystems). The percentage of 
positive cells is expressed as the mean ± SD.

Evaluation of apoptosis. Apoptosis was determined based on 
differential expression of apoptosis‑associated bcl2 and bax 
in treated and control MDA MB 231 cells via qPCR (ΔΔCq 
method) (15) using SYBR‑Green (StepOne™ System; Thermo 
Fisher Scientific, Inc.). Primer sequences were as follows: bcl‑2 
(125 nM) forward, 5'‑GGA TGC CTT TGT GGA ACT GTA C‑3' 

Figure 1. Telomerase inhibition approaches. Strategies designed to inhibit telomerase by targeting sites of proteins involved in telomere homeostasis. Red, 
action site of compound R1D2‑10. HSP, heat shock protein; REPTIN, RuvB like AAA ATPase 2; PONTIN (RuvB like AAA ATPase 1); hTR, human 
telomerase RNA; hTERT, human telomerase reverse transcriptase; hDKC1, dyskerin; TCAB1, telomerase cajal body protein 1 homolog; AZT, azidothymidine; 
HLA, human leukocyte antigen.
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and reverse, 5'‑TTC ACT TGT GGC CCA GAT AGG‑3' and bax 
(500 nM) forward, 5'‑GGC CGG GTT GTC GCC CTT TT‑3' and 
reverse, 5'‑CCG CTC CCG GAG GAA GTC CA‑3'. Thermocycling 
conditions were as follows: Initial denaturation at 90˚C for 
10 min, followed by 40 two‑step PCR cycles at 95˚C for 15 sec 
and 60˚C for 10 sec. Results were analyzed with v2.3 StepOne 
(Thermo Fisher Scientific, Inc.) software using hprt1 as endoge‑
nous control (300 nm; forward, 5'‑AAC GTC TTG CTC GAG ATG 
TG‑3' and reverse, 5'‑GCT TTG ATG TAA TCC AGC AGG‑3'). 
MDA MB 231 apoptosis was determined via Caspase 3 activity 
measurement using CaspACE™ Assay System according to the 
manufacturer's instructions (Promega Corporation).

Generation of novel ligands and screening. With candidate 
R1D2‑10 as the seed compound, a library of 100 novel 
derivatives was generated using the LigDream web server 
with its default parameters (16). LigDream is a machine 
learning‑based software that uses convolutional and recurrent 
neural networks to generate Simplified Molecular Input Line 
Entry Specification (SMILES) sequences of novel compounds 
based on characteristics of the seed molecule (playmolecule.
com/LigDream/).

SMILES sequences were converted to Protein Data Bank 
(PDB) format using RDKit (rdkit.org/), a specific cheminfor‑
matics Python library (17). The 3D structures of the molecules 
were optimized using the UFF (universal force field) (18) and 
converted to PDB Partial Charge & Atom Type format using 
the AutoDockTools software suite Version 1.5.7 (19).

Docking assay of novel ligands was performed with the 
same parameters in DBVS as previously described (11). 
The interaction between ligands and protein was analyzed 
using Protein‑Ligand Interaction Profile (PLIP) software 
Version 2.2.2 (20) to identify which novel ligands bound to 
hDKC1 with a better docking energy than candidate R1D2‑10 
while also establishing strong interactions with hDKC1 key 
residue (plip‑tool.biotec.tu‑dresden.de/plip‑web/plip/index).

In vitro R1D2‑10 cell viability evaluation in normal 
primary culture derived from p4 neonatal mouse brain. 
Isolation and plating of mixed cortical cells were carried out 
following the procedure described by Schildge et al (21). A 
total of 2.5x104 cells from primary culture was seeded in 
DMEM (Thermo Fisher Scientific, Inc.) supplemented with 
10% heat‑inactivated FBS (Sigma‑Aldrich; Merck KGaA), 
2 mM glutamine and 80 µg/ml gentamicin at 37˚C in 5% 
CO2 atmosphere. Following 72 h treatment with compound 
R1D2‑10, viable cells were determined by trypan blue 0,4% 
p/v staining (Thermo Fisher Scientific, Inc.) following 
supplier's recommendations. Then, stained cells were load 
in hemocytometer and manually counting (4 wells/condi‑
tion) in an inverted light microscope at a magnification of 
200 X (Leica Microsystems GmbH). Data were analyzed 
by two‑way ANOVA followed by Dunnett's test and are 
presented as the mean ± SEM (n=3).

ADME properties, off‑target interaction and toxicity 
prediction. Compound physicochemical and pharmaco‑
kinetic properties were analyzed using ADME descriptor 
algorithm (https://biosig.lab.uq.edu.au/pkcsm/prediction). 
The online server pkCSM ADME was used to analyze the 

ADME descriptors such as absorption, solubility, cytochrome 
CYP2D6, plasma protein binding, distribution volume (VDss), 
fraction unbound (human) and central nervous system (CNS) 
and blood‑brain barrier membrane permeability (22). Off‑target 
protein interaction was analyzed using Swiss Target Prediction 
tool 2019 version (23). Toxicity parameters (hepatotoxicity, 
skin sensitization, mutagenic and tumorigenic, reproductive 
toxicity, irritant) were analyzed by using DataWarrior software 
version 5.5.0 (24). The prediction process relies on a precom‑
puted set of structural fragment that give rise to toxicity alerts 
in case they are encountered in the structure drawn. (openmol‑
ecules.org/propertyexplorer/toxicity‑assessment.html).

Chemical diversity of compounds. Similarity of candi‑
date analogs was estimated to identify chemical diversity. 
Molecular fingerprints encode the presence or absence of 
structural features in a molecule as a bit vector (25,26). Once 
the molecular fingerprint describing two molecules is gener‑
ated, a similarity coefficient is computed. The present study 
used Tanimoto coefficient of similarity (27,28), which ranges 
from 0 to 1, where 1 implies identity. Thus, low Tanimoto 
coefficient of similarity implies dissimilarity.

The present study used four types of fingerprint to estimate 
the similarity between molecules using Tanimoto coefficient 
of similarity. First, 1,024‑bit Morgan 2D fingerprints with a 
radius of 2 were calculated using RDKit (17). Furthermore, 
Murcko scaffold (29) of each molecule was extracted using 
RDKit and 1024‑bit Morgan 2D fingerprint was calculated. 
Molecular access system (MACCS) 166 keys (30) were calcu‑
lated using RDKit. MACCS keys are a coarse‑grain fingerprint 
where each key is associated with a SMILES arbitrary target 
specification pattern (31). Lastly, the 1,024‑bit Extended 
3D fingerprints (32) were calculated for the best conformer 
following UFF energy minimization.

Statistical analysis. All data are presented as the 
mean ± SEM. Comparisons between >2 groups, the signifi‑
cance of differences was determined using one‑way ANOVA 
followed by post hoc Dunnett's test. In case were analyzed 
only two groups were determined by unpaired T‑test. The 
analyses were made using GraphPad Prism 6® (GraphPad 
Software, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

R1D2‑10 and R1D2‑15 inhibit MDA MB 231 cell proliferation. 
To define concentrations for long‑term treatment assay, prolif‑
eration assay was performed on MDA MB 231 cells. At low 
concentrations (3‑25 µM) there was a cytotoxic effect in a 
concentration‑dependent manner for both compounds (data 
not shown). For compound R1D2‑10 and R1D2‑15, IC50 value 
was 9.52 and 12.95 µM, respectively (Fig. 2). Also, maximum 
response (Emax) and goodness of fit (R2) were calculted for both 
curves, obataing a Emax: 60.15% and R2: 0.76 for R1D2‑10 and 
a Emax: 62.71%, R2: 0.81 for R1D2‑15. Since chronic treatment 
requires use of the non‑cytotoxic concentrations to evaluate 
the long‑term effect of the active agents, 2 µM was selected 
for both compounds as this concentration was below IC25 and 
exhibited minimal cytotoxic effects.
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R1D2‑10 and R1D2‑15 inhibit telomerase activity of MDA MB 
231 cells. Telomerase activity was determined following 48 h 
treatment with potential inhibitors. R1D2‑10 and R1D2‑15 
inhibited telomerase activity of by 57.3 and 54.6%, respec‑
tively (P<0.001; Fig. 3). Therefore 2 µM was used for chronic 
exposure of cells to compounds R1D2‑10 and R1D2‑15 to 
evaluate parameters as treatment progresses.

R1D2‑10 and R1D2‑15 chronic treatment cause telomere 
shortening in MDA MB 231 cell line. Telomere length following 
treatment was determined at 10, 25, 40 and 55 cell passages. 
R1D2‑10 and R1D2‑15 chronic exposure, exhibit a downward 
trend in telomere length until passage 40 (Fig. 4). There was 
no significant variation between passages 40 and 55 in both 
to R1D2‑10 as R1D2‑15 treated cells. Chronic treatment with 
R1D2‑10 or R1D2‑15 exhibited a decrease in telomere length 
of 66 and 43%, respectively, after 55 passages (P<0.001).

Considering that telomere shortening triggers senescence 
and apoptosis (33‑35), entry into these processes was evaluated 
following cell treatment.

R1D2‑10 treatment induces senescence in MDA MB 231 cell 
line. Gene expression of two senescence‑associated markers 
was analyzed. Expression of glb1 did not change significantly 
compared with the control following treatment with both 
compounds (Fig. 5A). Same results were obtained for p16ink4a 
expression following treatment with R1D2‑15. However, after‑
chronic treatment with R1D2‑10, expression of this marker 
increased more than four times in comparison with untreated 
cells (Fig. 5B).

Senescence‑associated β galactosidase activity of treated 
cells was evaluated. Control and cells treated with compound 
R1D2‑15 did not show positive staining for β galactosidase 
activity (Fig. 5C). However, 17.4±4.3% of R1D2‑10‑treated 
cells exhibited blue staining associated with senescence‑asso‑
ciated β galactosidase activity (red arrows), in addition to an 
enlarged and rounded morphology with cytoplasmic vacuol‑
ization, consistent with senescence (black arrows; Fig. 5C).

R1D2‑10 promotes apoptosis in MDA MB 231 cells. Apoptosis 
was evaluated by expression of anti‑ and pro‑apoptotic 
bcl2/bax, and Caspase 3 activity of cells following chronic 
treatment with compounds R1D2‑10 and R1D2‑15. R1D2‑10 
and R1D2‑15 decreased Bcl2 expression by 40 and 35%, respec‑
tively (P<0.001 and P<0.01, respectively; Fig. 6A). Regarding 
Bax expression, an increase of 30% was observed following 
treatment with R1D2‑10, whereas no difference following 
R1D2‑15 treatment was observed (Fig. 6B). Bax/Bcl2 ratio was 
2.3 and 2.0 following treatment with R1D2‑10 and R1D2‑15, 
respectively (P<0.001 and P<0.01, respectively; Fig. 6C).

Caspase 3 activity was measured in treated cell lysate. 
Treatment with compound R1D2‑10 led to a 55% increase in 
activity compared with control cells (P<0.01; Fig. 6D), whereas 
R1D2‑15 exhibited similar activity to untreated cells.

Based on in vitro analysis of telomere length, senes‑
cence and apoptosis, R1D2‑10 was selected for subsequent 
experiments.

R1D2‑10 inhibits telomerase in other breast cancer cell lines. 
The aforementioned experiments were performed on MDA 
MB 231 cells, which correspond to a basal‑claudin low breast 
cancer subtype. To eliminate the possibility that the inhibi‑
tory effect was cell line‑dependent, the effect of R1D2‑10 on 
IC50 value and telomerase activity was assessed in luminal A 
MCF‑7 and basal MDA MB 468 cells. For MCF‑7 and MDA 

Figure 2. Effect of R1D2‑10 and R1D2‑15 on cell proliferation. Determination of half maximal inhibitory concentration of the compounds on MDA MB 231 
cell line by MTT assay. Data are presented as the mean ± SEM (n=3).

Figure 3. Determination of relative telomerase activity by real‑time quan‑
titative telomerase repeat amplification protocol. Quantification of relative 
telomerase activity was performed by real‑time PCR with specific primers 
using template protein extract from treated and untreated cells for 48 h. 
Data were analyzed by one‑way ANOVA followed by Dunnett's test and are 
presented as the mean ± SEM (n=6). ***P<0.001 vs. control.
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MB 468, IC50 values were 5.95 (Emax: 67.56%, R2: 0.90) and 
9.79 µM (Emax: 73.36%, R2: 0.91), respectively (Fig. 7A and B). 
Therefore, 2 µM was selected to evaluate telomerase activity. 
R1D2‑10 treatment for 48 h caused telomerase inhibition of 64.7 
in MCF‑7 and 30.8% in MDA MB 468 cells (Fig. 7C and D; 
P<0.05). Furthermore, telomerase activity assay was assessed, 
to validate drug response. MDA MB 231 cells were treated with 
increasing concentrations of R1D2‑10 for 48 h and then evaluted 
by RQ‑TRAP. As is shown in Fig. S1, concentration‑dependent 
behavior was observed, reaching a significant inhibition of 
more than 80% at the higher concentration (P<0.001).

R1D2‑10 shows low cytotoxic effect on nomal culture. A lead 
compound that exhibits the desired biological activity and 
its optimization is a key step in drug discovery. Absence of 
toxicity against healthy cells is a sought feature. Therefore, the 
present study evaluated in vitro toxicity in a normal primary 
culture derived from a p4 neonatal mouse brain. The results 
showed no significant cytotoxic effect below 25 µM (Fig. S2). 
Furthermore, preliminary assays in BALB/c mice revealed no 
toxic effect in vivo. (data not shown).

R1D2‑10 analogs shows improved aff inity to DKC1. 
Considering the aforementioned results, it was hypothesized 
that R1D2‑10 serves as a bioactive molecule in vitro and may 
be used as a seed molecule for analog design. To obtain novel 
candidates with improved activity, R1D2‑10 analogs were 
generated using LigDream web server. A total of 100 candi‑
dates was obtained and used to perform docking assay using 
previously reported parameters (11). Fig. 8 shows docking 
energy value for each analog.

Analogs that exhibited greater affinity than that predicted 
for R1D2‑10 were selected to analyze whether the novel 
compounds exhibited the same interactions with hDKC1 
residues as R1D2‑10 (hydrogen bond and π‑stacking). Table I 
summarizes residue interactions of R1D2‑10 and the selected 
analogs. As a result of this analysis, we selected analogs 
that showed improved affinity values for the target while 
maintaining the main interactions of R1D2‑10.

R1D2‑10 analogs prediction on ADME and toxicity 
properties. Pharmacokinetics, drug‑likeness and medicinal 

chemistry profile of analogs were evaluated using pkCSM 
ADME descriptors algorithm protocol (Table II). All analogs 
complied with Lipinski's rule of five (data not shown). All 
analogs showed suitable profiles of ADME parameters. 
Caco‑2 permeability, intestinal absorption (human) and skin 
permeabilization were used to predict the absorption level of 
compounds. When Papp coefficient is >8x10‑6, the predicted 
value is >0.90; thus, the compound has high Caco‑2 perme‑
ability and is easy to absorb (36). R1D2‑10(10, 12, 44 and 76) 
were predicted to have highest Caco‑2 permeability, followed 
by R1D2‑10(2, 26, 82 and 89). Intestinal absorption <30% is 
considered to be poorly absorbed (37). All the compounds were 
predicted to have absorption >88% (Table II). Logarithmic skin 
permeation coefficient (logKp) >‑2.5 is considered to indicate 
relatively low skin permeability. All analyzed compounds 
showed logKp<2.5 and were considered to have suitable skin 
permeability.

Distribution volume (VDss), fraction unbound (human) 
and central nervous system (CNS) and blood‑brain barrier 
membrane permeability (logBB) were evaluated to charac‑
terize the distribution of compounds. VDss describes the 
relationship between the concentration of drug in the plasma 
and the body (38). VDss<0.71 l/kg (log VDss<‑0.15) is consid‑
ered to be relatively low; VDss>2.81 l/kg (log VDss >0.45) 
is considered to be relatively high (36). VDss of R1D2‑10(2, 
12, 17, 24 and 79) was low, whereas compounds R1D2‑10(10) 
and (82) showed relatively high values. For blood‑brain barrier 
membrane permeability, logBB>0.3 indicates compounds 
cross the blood‑brain barrier easily; logBB<0.3 indicates 
compounds do not easily cross the blood‑brain barrier (39). 
All analogs show values of logBB lower than 0.3, so them 
were predicted to have low blood‑brain barrier perme‑
ability. Regarding CNS crossing, logarithmic permeability 
surface‑area product (logPS) was analyzed. All compounds 
show a logPS value among ‑1,366 and ‑2,370. Suenderhauf et al 
reported that drugs with logPS<‑3 were predicted to not cross 
the central nervous system (CNS) (40). All compounds show a 
lopPS<‑3, therefore, were predicted to cross the CNS.

Cytochrome P450 is a key enzyme system for drug metab‑
olism in the liver. The primary subtypes of cytochrome P450 
are CYP2D6 and CYP3A4 (41). R1D2‑10(12, 21, 24, 26, 57 and 
89) were not substrates for CYP2D6, whereas R1D2‑10(5) was 

Figure 4. Determination of telomere length by quantitative PCR. Quantification of telomere length was performed by real‑time PCR with specific primers 
using template genomic DNA from R1D2‑10 and R1D2‑15 treated and control (DMSO) cells at P10, 25, 40 and 55. Data were analyzed by one‑way ANOVA 
followed by Dunnett's test and are presented as the mean ± SEM (n=3). *P<0.05, **P<0.01, ***P<0.001 vs. control (DMSO). P, passage; ns, non‑significant.
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predicted to be a CYP2D6 inhibitor (Table II). By contrast, all 
compounds were predicted to be substrates and inhibitors of 
CYP3A4 (data not shown).

Drug elimination is associated with molecular weight and 
hydrophilicity of compounds. The prediction analysis showed 
that total clearance of R1D2‑10(82) was highest, followed 
by R1D2‑10(10, 12, 26 and 89). Furthermore, all candidates 
showed low or non‑existent probability of off‑target interaction 
(Table II).

Toxicity of compounds is shown in Table III. All the 
compounds were predicted to generate hepatotoxicity, except 

R1D2‑10(10). Furthermore, R1D2‑10(24, 57 and 82) exhibited 
high probability of generating tumorigenic effects, whereas 
R1D2‑10(57 and 82) were also predicted to be mutagenic. 
Compound R1D2‑10(12) was associated with reproductive 
toxicity.

The predicted results indicated that R1D2‑10(10) was the 
only analog that did not show any non‑desirable side effects. 
R1D2‑10(2, 5, 17, 21, 26, 44, 76 and 89) were predicted to 
induce only hepatotoxicity.

Chemical diversity analysis was performed to determine 
whether the selected analogs were different using four molecular 

Figure 5. Evaluation of senescence after 55 passages. Relative expression of senescence‑associated (A) glb1 and (B) p16ink4a. Gene expression was measured 
by real‑time PCR with specific primers using hprt1 as endogenous control. Analysis was performed using the ΔΔCq method. Data were analyzed using one‑way 
ANOVA followed by Dunnett's test and are presented as the mean ± SEM (n=6). ***P<0.001 vs. control (DMSO). (C) Determination of senescence‑associated 
β‑galactosidase activity by Senescence β‑Galactosidase Staining kit (Magnification x100). Red arrow, positive cell; black arrow, cell with typical senescent 
morphology (dotted line boxes: magnification x200). Images are representative of three independent assays. glb1, galactosidase beta 1; p16ink4a, cyclin 
dependent kinase inhibitor 2A; hprt1, hypoxanthine phosphoribosyltransferase 1.
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Figure 6. Effect of R1D2‑10 and R1D2‑15 on apoptosis. Relative expression of apoptosis‑associated (A) bcl2, (B) bax and (C) bax/bcl2 was measured by 
real‑time PCR with specific primers, using hprt1 as endogenous control. Analysis was performed using the ΔΔCq method. Data were analyzed using one‑way 
ANOVA followed by Dunnett's test and are presented as the mean ± SEM (n=6). (D) Determination of Caspase 3 activity by CaspACE™ Assay System 
(Promega Corporation). Data were analyzed using one‑way ANOVA followed by Dunnett's test and are presented as the mean ± SEM (n=3). **P<0.01, ***P<0.001 
vs. control. hprt1, hypoxanthine phosphoribosyltransferase 1.

Figure 7. Effect of R1D2‑10 on cell proliferation and determination of relative telomerase activity by real‑time quantitative telomerase repeat amplification 
protocol in MCF‑7 and MDA MB 468 cell lines. Determination of half maximal inhibitory concentration in (A) MCF‑7 and (B) MDA MB 468 cells by MTT 
assay. Quantification of relative telomerase activity was performed by real‑time PCR with specific primers, using template protein extract from treated and 
untreated (C) MCF‑7 and (D) MDA MB 468 cells for 48 h. Data are presented as the mean ± SEM (n=3). *P<0.05 vs. control (Unpaired t test).
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fingerprints and Tanimoto coefficient. MACCS fingerprint 
similarity values were notably higher compared with the other 
fingerprints (Fig. 9). Morgan 2D and Murcko Scaffold finger‑
prints analyze similarity based on two‑dimensional molecular 
structure and its backbone (32,42), respectively. These results 
indicated no similarity among the selected compounds. 
Furthermore, 3D extended fingerprint analysis demonstrated 
lower levels of similarity than the aforementioned fingerprints. 
Given that low similarity values imply dissimilarity (Tanimoto 

coefficient <0.8) (43,44), these results indicated that the selected 
analogs derived from a common parent compound represent a 
diverse analog family and may exhibit different activity.

Discussion

The use of telomerase as an antitumor target presents various 
advantages. It is a key and specific component of most tumor 
cells and it is widely expressed in multiple types of tumor (10). 

Figure 8. Docking assay of analog library. Red line indicates the docking energy of R1D2‑10 (‑6.6 Kcal/mol).

Table I. Analog interaction with specific residues of hDKC1.

 hDKC1 residue interaction
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Compound Docking energy, Kcal/mol Ala 305 Ala 308 Lys 314 Met 316 Gly 319 Tyr 311

R1D2‑10 ‑6.6 H H 2HB HB HB π
R1D2‑10(02) ‑6.7 ‑ ‑ ‑ HB HB 2H
R1D2‑10(05) ‑6.9 ‑ ‑ ‑ H HB H
R1D2‑10(10) ‑7.0 H ‑ ‑ HB ‑ π
R1D2‑10(11)a ‑6.7 H ‑ ‑ ‑ ‑ H
R1D2‑10(12) ‑7.0 H ‑ ‑ H ‑ H, π
R1D2‑10(17) ‑6.9 H ‑ ‑ ‑ ‑ H, π
R1D2‑10(20)a ‑7.1 H ‑ ‑ H ‑ 2H
R1D2‑10(21) ‑7.0 H ‑ ‑ ‑ ‑ Π
R1D2‑10(24) ‑7.0 ‑ ‑ H ‑ ‑ ‑
R1D2‑10(26) ‑6.7 H ‑ ‑ H ‑ H, 2π
R1D2‑10(44) ‑6.9 ‑ ‑ ‑ H ‑ Π
R1D2‑10(55)a ‑6.9 H ‑ ‑ ‑ ‑ 2H
R1D2‑10(57) ‑6.7 H ‑ ‑ ‑ ‑ H, π
R1D2‑10(76) ‑6.9 H ‑ ‑ ‑ ‑ Π
R1D2‑10(79)a ‑6.8 H ‑ ‑ ‑ ‑ 3H
R1D2‑10(81)a ‑6.7 H ‑ ‑ H ‑ H
R1D2‑10(82) ‑6.8 H ‑ ‑ ‑ ‑ H, π
R1D2‑10(89) ‑7.1 H ‑ ‑ HB HB 2H

aDiscarded following analysis. hDKC1, dyskerin; H, hydrophobic interaction; HB, hydrogen bond; π, π‑stacking interaction; ‑, not applicable.
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Moreover, telomerase is the most common mechanism to 
evade replicative mortality by tumoral cells. Only one less 
robust compensatory process exists: Alternative lengthening of 
telomeres. This may limit risk of developing resistance to telom‑
erase inhibition‑based therapy (45). On the other hand, low or 
null expression of telomerase in normal tissue promotes speci‑
ficity and diminishes risk of toxicity in healthy cells, concluding 
in a promising therapeutic window (46). Telomerase inhibitors 
include natural compounds, immunotherapies, oligonucleotides, 
gene therapy, small molecules, and nucleoside analogs (8).

R1D2‑10 and R1D2‑15 cytotoxic effect and telomerase 
inhibitory capacity were evaluated on MDA MB 231 cells 
at 0‑50 µM. Following 72 h incubation, IC50 values of 
9.52 and 12.95 µM were obtained for R1D2‑10 and R1D2‑15, 
respectively. These results agree with those reported for other 
telomerase inhibitors (47‑49). Furthermore, both compounds 
demonstrated an inhibitory effect on telomerase activity, 
inducing inhibition >50% following 48 h treatment. R1D2‑10 
showed a concentration‑dependent behavior, validating the 
observed drug response. This effect has been reported for other 
telomerase inhibitors, supporting the present results (50,51).

Furthermore, in comparison with the reported effect of 
other telomerase inhibitors, such as Pterostilbene, BIBR1532 
and AZT, R1D2‑10 and R1D2‑15 exhibited a greater inhibi‑
tory effect at shorter time and lower concentrations (52‑54). 
Obtaining the desired effect using the lowest possible dose 
minimizes undesirable side effects. The present study aimed 
to evaluate capacity to inhibit telomerase activity and effect 
on the proliferative capacity of cells. To evaluate whether 
R1D2‑10 and R1D2‑15 lead to telomere shortening, senescence 
and apoptosis, cells were treated for 55 passages (~22 weeks). 
Considering that the aforementioned process depends on cell 
division, chronic telomerase inhibitor treatment is usually 
among this amount of cell passages (52‑56).

To evaluate telomere length, a relative telomere length deter‑
mination assay based on qPCR was performed. Telomere length 

decreased to 66 and 43% decrease for compounds R1D2‑10 
and R1‑D2‑15, respectively, after 55 passages. Similar results 
have been reported for chronic treatment with Imetelstat (57), 
MST312 (58) and BIBR1532 (59). Cell senescence is primarily 
caused by telomere shortening (49). Senescence involves changes 
in replicative capacity, cellular morphology, gene expression 
and metabolism (60). Senescence is commonly evaluated by 
SA‑β galactosidase activity due to easy detection at pH 6 with 
artificial substrate X‑gal (61) and expression of tumor suppressor 
gene p16ink4a. This gene encodes a protein that exhibits tumor 
suppressor functions by inhibiting CDK4 and CDK6, and then 
regulates cell cycle and senescence (62). The present study 
demonstrated a positive staining for SA‑β galactosidase activity 
and a 4‑fold increase in expression for p16ink4a following 
treatment with compound R1D2‑10. Moreover, positive cells 
were bigger and rounded with cytoplasmic vacuolization. These 
results indicated that R1D2‑10 treatment led to senescence 
entrance triggered by telomere shortening; this was comparable 
with the effect of other reported telomerase inhibitors (59‑65). 
Although it has been reported that increased glb1 expression 
is associated with the senescent phenotype, treatment with 
R1D2‑10 and R1D2‑15 did not affect this marker. However, we 
consider that this result does not invalidate our conclusion, since 
the positive activity observed by X‑gal staining is more relevant 
to the senescent phenotype than a direct correlation with glb1 
mRNA levels (66).

Telomere shortening triggers both senescence and 
programmed cell death (34). Bcl2 protein family (Bax, Bak, 
Bcl2, Bcl‑xL) and the effector Caspases 3 and 6 are key in 
regulation of apoptosis (67). Considering telomere shortening 
was caused by R1D2‑10 and R1D2‑15 treatment, the effect 
on bcl2/bax expression and Caspase 3 activity was evalu‑
ated. R1D2‑10 generated a decrease of 40% in expression of 
anti‑apoptotic bcl2 and increase of 30% of pro‑apoptotic 
bax. The ratio of bax/bcl2 was 2.3, indicating a pro‑apoptotic 
state compared with the control. In addition, >50% increase 

Table III. Prediction of analog toxicity. Analysis was performed using DataWarrior software (24).

Compound Hepatotoxicity Skin sensitization Mutagenic Tumorigenic Reproductive toxicity Irritant

R1D2‑10 Yesa No None None None None
R1D2‑10(02) Yesa No None None None None
R1D2‑10(05) Yesa No None None None None
R1D2‑10(10) No No None None None None
R1D2‑10(12) Yesa No None None Lowb None
R1D2‑10(17) Yesa No None None None None
R1D2‑10(21) Yesa No None None None None
R1D2‑10(24) Yesa No None Higha None None
R1D2‑10(26) Yesa No None None None None
R1D2‑10(44) Yesa No None None None None
R1D2‑10(57) Yesa No Higha Higha None None
R1D2‑10(76) Yesa No None None None None
R1D2‑10(82) Yesa No Higha Higha None None
R1D2‑10(89) Yesa No None None None None

aHigh probability; blow probability.
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in Caspase 3 activity was observed following treatment with 
R1D2‑10, indicating apoptosis. These results are consistent 
with the pro‑apoptotic effect of other telomerase inhibitors in 
cancer (49,65,68,69), supporting the potential role of R1D2‑10 
as a telomerase inhibitor with an in vitro antitumor effect.

By contrast with R1D2‑10, cells treated with R1D2‑15 
showed no difference in senescence or apoptosis. Although 
both compounds were identified by DBVS and used at the 
same concentration, they have different chemical structures 
and different effectiveness as telomerase inhibitor and on telo‑
mere shortening. Therefore, the effect of R1D2‑15 may not be 
enough to trigger senescence and apoptosis.

Once R1D2‑10 was selected as our lead compound, we eval‑
uate that inhibitory effect of telomerase is not dependent of the 
cell line. R1D2‑10 inhibited telomerase activity both in MDA 
MB 468 and MCF‑7 breast cancer cell lines, demonstrating that 
it could be used in different subtypes of human breast cancer.

In drug discovery, a primary feature to select a seed 
compound is absent or low toxicity against normal cells. As 
an in vitro toxicity assay, evaluation in primary cell culture 

is a relatively simple method (70). The effect of R1D2‑10 was 
evaluated in primary cell culture from mouse brain; there was 
no significant cytotoxic effect <25 µM. This was consider‑
ably higher than the concentration used define for long‑term 
treatment (2 µM). Additionally, preliminary data from in vivo 
toxicity study how no toxic effect on mice. Therefore, it was 
hypothesized that R1D2‑10 used in our defined concentration 
of 2 µM had a low or null cytotoxic effect on normal cells.

After identifying a bioactive compound, the design of novel 
chemical entities based on the hit structure is the following step 
in drug discovery. Analogs based on R1D2‑10 were designed 
using LigDream web server. This strategy is widely reported 
in novel drug design (71,72).

A total of 100 novel analogs was evaluated by docking 
assay using the same parameters as previously described (11). 
Considering the structural information obtained from the initial 
DBVS, protein‑ligand interactions were used as criteria for 
selecting novel ligands with improved affinity compared with 
R1D2‑10. We selected candidates that presented, preferably, 
hydrogen bond and π stacking interactions with the residues of 

Figure 9. Chemical diversity of analogs. Estimated similarity between molecules using four types of fingerprints with Tanimoto coefficient (1 represents 
identity). MACCS, molecular access system.
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DKC1, considering that they are stronger than hydrophobic inter‑
actions (73). The selected interaction are reported to improve the 
affinity and selectivity of the drug with a binding site (74).

As ADME and toxicity prediction serve an important role in 
facilitating appropriate selection of candidate drugs by pharma‑
ceutical companies prior to expensive clinical trials, the ADME 
and toxicity parameters of novel candidates were predicted (75). 
All analogs complied with Lipinski's rule of five, which indicates 
a good druggability profile, and most showed suitable values 
of ADME properties using the pkCSM prediction tool, which 
is broadly reported (22,76‑78). Additionally, target prediction 
of small bioactive molecules was analyzed using Swiss Target 
Prediction (63,79). Small molecules are designed to bind to 
proteins or other macro‑molecular targets to modulate their 
activity, resulting in phenotypic effects. For this reason, mapping 
the targets of small bioactive molecules is a key step for unraveling 
the molecular mechanisms underlying bioactivity and predicting 
potential side effects or cross‑reactivity (80). All candidates 
were predicted to exhibit low or null probability of off‑target 
interaction. Toxicity parameters of the analogs were assessed by 
DataWarrior (24,81‑83); analogs that were predicted to exhibit 
mutagenic, tumorigenic or reproductive toxicity were discarded. 
A total of nine analogs with suitable parameters regarding target 
affinity, ADME properties, off‑target interaction and undesirable 
side effects was obtained. Considering that we want to synthe‑
size these candidates in order to find one with improved in vitro 
and in vivo effectiveness, we decided to analyze their similarity. 
The fundamental principle behind similarity‑based study is the 
‘chemical similarity principle,’ which states that if two molecules 
share similar structures, then they will likely have similar 
bioactivities (84) In this way, we would select the analogs that 
are chemically different in order to obtain different effectiveness. 
Several studies proposed that calculation of molecular similarity 
could be carried out by using small‑molecule fingerprints, and 
these fingerprints are calculated by numerous approaches (85,86). 
The present study calculated four types of fingerprints with 
Tanimoto coefficient. These strategies are widely reported as 
methods of refinement and molecule characterization (87‑90). 
Particularly, MACCS fingerprint similarity values were notably 
higher compared with the other fingerprints. This fact was 
expectable considering that MACCS fingerprint bases analysis 
on searching common structural patterns in drug molecules. 
Considering that we designed analogs from a seed molecule 
with drug‑like features, this result supports the idea that all the 
selected analogs maintain these features. In Summary, analogs 
exhibited chemical diversity, so may exhibit different in vitro or 
in vivo activity. Based on the aforementioned results, we propose 
analogs R1D2‑10(2), (5), (10), (17), (21), (26), (44), (76) and (89) 
as candidates to be synthesized and evaluated in further works.

The present study evaluated potential telomerase inhibi‑
tors. The jump from in silico to in vitro assay constitutes one of 
the most important steps of the rational design of novel drugs. 
Furthermore, the finding of the desired activity establishes the 
validation basis of the rational and experimental design.

The primary goal of antitumor telomerase‑based therapy is 
to selectively induce cell death in tumor cells targeting unlim‑
ited replicative capacity, which is associated with apoptosis 
evasion.

The present in vitro evaluation of drug‑like candidates on 
MDA MB 231 cells showed that R1D2‑10 inhibited telomerase 

activity at a dose similar to that of other reported telomerase 
inhibitors such as BIBR1532, MST312 and Imetelstat (47,49,55); 
this induced telomere shortening, senescence and apoptosis.

To the best of our knowledge, destabilization of the 
interaction of hTR/hDKC1 complex has not been reported as 
a strategy for telomerase inhibition. The present results may 
allow development of a directed therapy based on telomerase 
and contributes to rational design of novel antitumor drugs.

The present study identified the hit R1D2‑10, which showed 
activity as telomerase inhibitor and induced cell senescence 
and apoptosis. From this seed compound, analogs were gener‑
ated to identify those with the best profile to be synthesized 
and evaluated. A total of nine chemically diverse analogs with 
suitable parameters regarding predicted affinity, ADME prop‑
erties, off‑target interaction and undesirable side effects was 
identified. These results provide a basis for preclinical assays 
to characterize R1D2‑10 and selected analog effectiveness as 
antitumor therapy in breast cancer models to demonstrate their 
potential use in the clinic.
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