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A B S T R A C T   

Hyaluronic acid (HA) plays a crucial role in tumor growth and invasion through its interaction with cluster of 
differentiation 44 (CD44), a non-kinase transmembrane glycoprotein, among other hyaladherins. CD44 
expression is elevated in many solid tumors, and its interaction with HA is associated with cancer and angio
genesis. Despite efforts to inhibit HA-CD44 interaction, there has been limited progress in the development of 
small molecule inhibitors. As a contribution to this endeavour, we designed and synthesized a series of N- 
aryltetrahydroisoquinoline derivatives based on existing crystallographic data available for CD44 and HA. Hit 2e 
was identified within these structures for its antiproliferative effect against two CD44+ cancer cell lines, and two 
new analogs (5 and 6) were then synthesized and evaluated as CD44-HA inhibitors by applying computational 
and cell-based CD44 binding studies. Compound 2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5-ol 
(5) has an EC50 value of 0.59 μM against MDA-MB-231 cells and is effective to disrupt the integrity of cancer 
spheroids and reduce the viability of MDA-MB-231 cells in a dose-dependent manner. These results suggest lead 
5 as a promising candidate for further investigation in cancer treatment.   

1. Introduction 

Cancer represents an unmet clinical need and intellectual challenge 
for the scientific community and is considered responsible for more than 

19 million new cases worldwide and nearly 10 million deaths in 2020. 
Female breast cancer has surpassed lung cancer as the most frequently 
diagnosed cancer, with an estimated 2.3 million new cases (11.7%), 
followed by lung (11.4%) cancers [1]. 
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The implication of hyaluronic acid (HA) in cancer biology is well 
documented. The expression of CD44 is upregulated in many types of 
malignancies in comparison to corresponding normal tissues. HA acts as 
a potent modulator of the tumor microenvironment via interaction with 
the cluster of differentiation 44 (CD44), creating a wide range of 
extracellular stimuli for tumor growth, angiogenesis, invasion, and 
metastasis [2]. Pathological conditions promote alternate splicing and 
post-translational modifications to produce diversified CD44 molecules 
with enhanced HA binding, leading to an increase in tumorigenicity [3, 
4]. 

Strategies to disrupt HA-CD44 interactions have been proposed as a 
means to target HA-induced tumorigenesis. Small HA oligosaccharides 
(~2.5 kDa) that compete with the endogenous HA polymer were found 
to inhibit downstream cell survival and proliferation pathways, stimu
late apoptosis and upregulated the expression of cancer suppressor 
PTEN, and inhibit the growth of several tumors implanted as xenografts 
in vivo [5]. A natural product isolated from fungi has demonstrated 
potent activity as an HA antagonist (IC50 = 24 μM), although the 
molecule (fusion of a long fatty acid and trisaccharide) has not been 
synthesized [6]. Etoposide has been shown to inhibit the binding of 
MDA-MB-231 CD44+ breast cancer cells to HA, disrupting key functions 
that drive malignancy [7]. 

Crystal structure and mutagenesis studies of murine and human 
CD44 have described essential residues in the binding of HA to CD44 [8, 
9]. The CD44 HA binding domain (CD44-HABD) is located in the 
N-terminal domain at the extracellular region of the receptor. After 
conducting biophysical binding assays, fragment screening, and 

crystallographic characterization of complexes with CD44-HABD, an 
inducible pocket was discovered adjacent to the HA binding groove in 
which small molecules were proposed to bind [9]. Iterations of fragment 
combination and structure-driven design established the tetrahy
droisoquinoline (THIQ) pharmacophore as an attractive starting point 
for lead optimization. However, these THIQ derivatives were found to 
bind to CD44-HABD in the low millimolar range [9], and there is a vital 
need for new CD44 inhibitors with improved affinity, efficacy, and 
physicochemical properties. 

Our group recently designed a novel THIQ derivative (JE22) that can 
interact with CD44-HABD. Computational studies demonstrated 
(Fig. 1A) that this compound binds in a similar manner to those reported 
in publications on the relevant crystal structures [9,10]. This finding 
was supported by the results of a competitive binding assay using a 
fluorescence-labeled HA derivative (HA-FITC) in cells. Preincubation of 
CD44+ cells with JE22 produces a 1.3-fold reduction in fluorescence 
intensity in comparison to cells incubated with HA-FITC. Furthermore, 
JE22 has an EC50 of 8 μM against the CD44+ breast cancer tumor line 
MDA-MB-231 [10]. To our best knowledge, this THIQ derivative is the 
first reported inhibitor of HA-CD44 interaction that exerts an anti
proliferative effect. 

The present study reports on the design, synthesis, and biological 
evaluation of a new series of THIQ derivatives, measuring the CD44- 
binding capacity, performing molecular dynamics simulations to eluci
date interactions, and proposing a three-dimensional cancer model for 
selection of the most promising compound. 

Fig. 1. (A) Crystallographic structure of CD44-HABD in white (PDB ID: 5BZK) highlighting the localization of HA in PDB ID: 2JCR is shown in red and JE22 docked 
structure in blue. Two different strategies were followed to design target compounds based on the chemical structure of JE22. (B) Molecular docking studies reveal 
compounds 1–4 in the THIQ binding site close to the HA binding groove of CD44-HABD. The general chemical structure of compounds 1–4 is displayed where the 
linker corresponds to –CH2– or –SO2–. 
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2. Results and discussion 

2.1. Design 

The previous computational studies of JE22 (Fig. 1A) on the crys
tallographic structure of CD44-HABD show the close distance of the 
THIQ moiety to the HA binding groove. Thus, it is possible to envisage 
derivatives incorporating the THIQ pharmacophore that extend further 
into the HA binding groove. An attempt was made to achieve more se
lective THIQ derivatives by replacing the alkyl chain of JE22 with ar
omatic rings to specifically block the binding of HA (strategy A) and 
adding substituents to different positions in the THIQ moiety to increase 
the affinity for the THIQ binding site (strategy B). 

In this way, a first series of N-aryl THIQ derivatives was designed, 
comprising non-substituted THIQ (1), 5-aminoTHIQ (2), 8-aminoTHIQ 
(3), and 6,7-dimetoxyTHIQ (4) derivatives (Fig. 1B and Table 1). The 
aromatic moiety encompasses phenyl (a), p-nitrophenyl (b and f), p- 
bromophenyl (c), p-trifluoromethyphenyl (d), 3,4,5-trimetoxyphenyl 
(e), and p-methylphenyl (g). 

Docking studies were carried out, and protein–ligand interactions 
between murine CD44-HABD and compounds 1–4 were analyzed at 
atomic level. According to these results, these compounds occupy both 
THIQ and HA binding sites, validating our initial hypothesis (Fig. 1B). 

2.2. Chemical synthesis 

The THIQ scaffold was constructed either by the reduction of 5- 
amino and 8-amino isoquinolines using platinum oxide (PtO) as cata
lyst (i, Scheme 1) [11] or by the utilization of commercially available 
THIQ and 6,7-dimethoxy THIQ hydrochloride. 5 and 8-amino THIQs 
were obtained with yields of 56% and 48%, respectively. 

The target compounds (1–4) were synthesized by alkylation of the 
nitrogen atom of THIQ with the corresponding aryl methyl (ii, Scheme 
1) or aryl sulfonyl halide (iii, Scheme 1). The reaction was carried out in 
dichloromethane (DCM) or absolute EtOH using triethylamine (TEA) as 
base. 

Compounds 1a-1e were synthesized following the methodology 
described for 1a [12]. Reactions were carried out in DCM using two 
equivalents (eq.) of 9 for each eq. of corresponding aryl methyl halide to 
avoid the formation of the quaternary ammonium salt as a product of 
N-dialkylation of THIQ. The reaction time was 20 h, and target products 
were obtained with an average yield of 73%. 

Sulfonyl derivatives 1f and 1g were obtained using 1 eq. of 9 and 1.2 
eq. of sulfonyl halide in DCM as described for 1g [13] given the 
non-formation of quaternary ammonium salt. TEA served as base (1.2 
eq.). Reaction time was 1 h due to the higher electrophilicity of the 
halide. The average yield was 81%. 

5-amino (7) and 8-amino (8) THIQ reagents were dissolved by using 
absolute EtOH in the synthesis of amino THIQ derivatives (2a-2e and 
3a-3e). Despite using 1 THIQ eq. per halide eq., no quaternary 

Table 1 
Chemical structures of target compounds. 

COMPOUND R5 R6 R7 R8 LINKER R3’ R4’ R5’ 

1a H H H H CH2 H H H 
1b H H H H CH2 H NO2 H 
1c H H H H CH2 H Br H 
1d H H H H CH2 H CF3 H 
1e H H H H CH2 OCH3 OCH3 OCH3 

1f H H H H SO2 H NO2 H 
1g H H H H SO2 H CH3 H 

2a NH2 H H H CH2 H H H 
2b NH2 H H H CH2 H NO2 H 
2c NH2 H H H CH2 H Br H 
2d NH2 H H H CH2 H CF3 H 
2e NH2 H H H CH2 OCH3 OCH3 OCH3 

2f NH2 H H H SO2 H NO2 H 
2g NH2 H H H SO2 H CH3 H 

3a H H H NH2 CH2 H H H 
3b H H H NH2 CH2 H NO2 H 
3c H H H NH2 CH2 H Br H 
3d H H H NH2 CH2 H CF3 H 
3e H H H NH2 CH2 OCH3 OCH3 OCH3 

3f H H H NH2 SO2 H NO2 H 
3g H H H NH2 SO2 H CH3 H 
3h H H H p-NO2PhNH CH2 H NO2 H 
3i H H H p-CF3PhNH CH2 H CF3 H 

4a H OCH3 OCH3 H CH2 H H H 
4b H OCH3 OCH3 H CH2 H NO2 H 
4c H OCH3 OCH3 H CH2 H Br H 
4d H OCH3 OCH3 H CH2 H CF3 H 
4e H OCH3 OCH3 H CH2 OCH3 OCH3 OCH3 

4f H OCH3 OCH3 H SO2 H NO2 H 
4g H OCH3 OCH3 H SO2 H CH3 H 

5 OH H H H CH2 OCH3 OCH3 OCH3 

6 Br H H H CH2 OCH3 OCH3 OCH3  
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ammonium salts were isolated, and the average yield was 60% (vs. 73% 
for compounds 1a-1e). Only dialkylated products at the exocyclic N in 
position 8 (3h and 3i) were isolated in the reactions. The reaction time 
was 3 h for compounds 2a, 2b, 2d, 3a and 3c, and 20 h for 2c, 2e, 3b, 3d 
and 3e. Sulfones f and g were obtained with an average yield of 86% 
under the same conditions as used to obtain 2 and 3. The reaction time 
for these four compounds (2f, 2g, 3f and 3g) was 3 h. 

Finally, derivatives of set 4 were obtained following a reported 
protocol for 4a [14]. The free base of THIQ was obtained by the reaction 
of hydrochloride of 6,7-dimethoxy THIQ (10) (1 eq.) with 1 eq. of TEA in 
absolute EtOH for 1 h. Then, the corresponding halide (1 eq.) and 
another eq. of the base were added. The reaction time was 3.5 h with the 
exception of 4e (20 h). Overall, the average yield was 63%. 

2.3. In vitro antiproliferative screening 

Two CD44-overexpressing tumor cell lines were initially selected: 
MDA-MB-231 breast adenocarcinoma and A549 epithelial lung carci
noma cell lines. Flow cytometry studies using an anti-CD44 antibody 
IM7 verified that both cell lines overexpress CD44, as previously re
ported [15–17], confirming their suitability to test the cytotoxic effect of 
HA-CD44 inhibitors (Fig. S1). The synthesized compounds (1–4) were 
then screened against the two cell lines, and their antiproliferative ef
fects are depicted in Fig. 2 and Table S1. 

All compounds generally showed similar activities in both cell lines 

(Fig. 2A). The most active compound, 2e, had an EC50 of 2.31 μM against 
MDA-MB-231 cells (Fig. 2B); it has a 3,4,5-trimethoxybenzyl substituent 
at position 2 of THIQ, a CH2 group as linker, and a NH2 at position 5 of 
THIQ. Interestingly, all compounds bearing 3,4,5-trimethoxybenzyl (1e, 
2e, 3e and 4e) showed antiproliferative activity in MDA-MB-231 cells 
(≤70 μM). The amino group at position 5 is essential for the biological 
activity, while the non-substitution of THIQ (1e), a change in its position 
(3e) or introduction of the methoxy group in positions 6 and 7 (4e) 
significantly decreased their antiproliferative activity (2e > 1e > 3e >
4e, EC50 MDA-MB-231 = 2.31 > 19.75>57.44 > 70.32 μM, respec
tively). These four compounds showed the same pattern of activity 
against A549 cells, although with slightly higher values (2e > 1e > 3e >
4e, EC50 A549 = 3.48 > 48.19>72.42 > 77.73 μM, respectively). 
Compounds bearing 4-trifluoromethylbenzyl (1d, 2d, 3d and 4d) exer
ted modest antiproliferative activity in both cell lines (EC50 MDA-MB- 
231 = 52.15–97.07 μM and EC50 A549 = 34.74–70.07 μM). Likewise, 
compounds with the 4-bromobenzyl moiety (1c, 2c, 3c and 4c) showed 
a marked increase in activity against A549 cells (EC50 MDA-MB-231 =
77.07–100 μM and EC50 A549 = 37.90–69.90 μM). The subside product 
3i showed unexpected antiproliferative activity in both MDA-MB-231 
and A549 cells (EC50 MDA-MB-231 = 31.49 μM and EC50 A549 =
36.96 μM). With regard to the linker, compounds bearing the sulfonyl 
group (1f, 1g, 2f, 2g, 3f, 3g, 4f and 4g) lack antiproliferative activities 
(≥100 μM) except for compound 1f (EC50 MDA-MB-231 = 61.77 μM) 
(Fig. 2 and Table S1). 

Scheme 1. Reagents and conditions: (i) H2, PtO, AcOH, H2SO4 96%, rt, 55 psi, 24 h; (ii) Method a: aryl methyl halide, TEA, DCM or EtOH, 0 ◦C 10 min, rt 3 h or 20 h, 
for compounds 1a-1e, 2a-2e, 3a-3e; Method b: (10, TEA, EtOH, rt 1 h), aryl methyl halide, TEA, rt 3.5 h, for compounds 4a-4d, 20 h for 4e; (iii) Method a: aryl 
sulfonyl halide, TEA, DCM or EtOH, 0 ◦C 10 min, rt 1 h or 3 h, for compounds 1f-1g, 2f-2g and 3f-3g; Method b: (10, TEA, EtOH, rt 1 h), aryl sulfonyl halide, TEA, rt 
3.5 h for 4f-4g. 
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2.4. Hit to lead optimization 

2.4.1. Design and synthesis of compounds 5 and 6 
Taking the structure of Hit 2e as model compound, derivatives were 

synthesized with different substituents at position 5 of THIQ but with 
the trimethoxybenzyl moiety preserved at position 2. Specifically, de
rivatives with OH and Br substituents (5 and 6 respectively, Scheme 2) 
were synthesized to study interactions of these groups in the THIQ 
binding pocket. 

5-hydroxy THIQ acetate (11) was obtained by reduction of 5-hydrox
yisoquinoline [18] (97%) while 5-bromo THIQ (12) is commercially 
available as hydrochloride. Both THIQ salts (1 eq.) reacted with 1 eq. of 
TEA in absolute EtOH for 1 h, and 1 eq. of the 3,4,5-trimetoxibenzyl 

chloride and 1 eq. of TEA were then added (Scheme 2). Reaction time 
was 20 h, and yields were 24% and 74%, respectively. 

2.4.2. Computational studies 
Molecular modelling was performed, using compounds 5 and 6, to 

gain insight into atomic interactions between compounds and glyco
protein and to compare their binding sites with that of HA. Docking 
study results showed that the binding of compounds 5 and 6 to CD44- 
HABD is similar to that of compound 2e. The THIQ moiety of the 
three compounds occupied the THIQ binding site, while the trime
thoxybenzyl group interacted with residues corresponding to the HA 
binding site (Fig. 3A). Compound 2e shows the formation of two 
hydrogen bonds between Val30 of CD44-HABD and the NH2 group at 
position 5 of THIQ. The oxygen of the hydroxyl group in position 5 of the 
THIQ moiety of compound 5 establishes a hydrogen bond with the ni
trogen of the Arg155 backbone, whereas the bromo atom of compound 6 
in position 5 of the THIQ moiety does not establish any of these in
teractions (Fig. 3B). The trimethoxybenzyl substituent of 2e and 5 in
teracts in a similar manner in the HA binding groove, whereas this group 
is rotated in 6 (Fig. 3A). 

The size of conformational space sampled is limited because the re
ceptor is rigid during docking, and the solvent is only explicitly 
considered. This limitation was overcome by subjecting the docking 
poses selected for compounds 2e, 5 and 6 to molecular dynamics (MD) 
simulations. In all five replicas of each system, comparable values to the 
resolution of the crystal structure were obtained for the RMSD of the 
backbone of the α-helical and β-sheet components of the protein, indi
cating that the structure of CD44-HABD is structurally stable during 
simulations. 

Some shallow pockets close to the initial binding site could accom
modate the trimethoxybenzyl group of inhibitors 2e, 5, and 6. In sim
ulations with 2e, the ligand departed to the solution during the first 35 

Fig. 2. In vitro antiproliferative screening of 1–4. (A) Heatmap of EC50 values of target compounds against MDA-MB-231 and A549 cells after 5 days of treatment. 
Compounds with high activity are displayed in yellow and those with low activity in black. Each piece of data corresponds to the mean values of three replicas. (B) 
Dose-response curves for 2e against MDA-MB-231 (green) and A549 (blue) cells after 5 days of treatment. Error bars: ±SD from n = 3. 

Scheme 2. Reagents and conditions: (i) H2, PtO, AcOH, H2SO4 96%, rt, 55 psi, 
24 h; (ii) (11 for 5 and 12 for 6, TEA, EtOH, rt 1 h), 3,4,5-trimetoxibenzyl 
chloride, TEA, rt 20 h. 
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ns in all five simulations, and only in one replica returned to the protein 
surface, establishing transient contacts with the residues described in 
Table 2 and Fig. 4. In simulations with 5, the ligand left the binding site 
in two of the simulations, whereas it continued to interact with the 
protein in a third replica, exploring different areas of its surface. In just 
one of the five simulations with 6, the ligand left the protein surface and 
returned to the surface of CD44-HABD at 75 ns after the start of the 200- 

ns trajectory. Compounds 6 and 5 sometimes occupied spaces reported 
to be occupied by HA, especially in the vicinity of Arg155, Asn29, and 
Val30. 

Many interactions between each ligand and the protein were shared, 
and the only apparent difference was in the length of time (Table 2 and 
Fig. 4). Overall, any of these compounds might compete with HA for the 
area of the protein in which HA was observed to bind crystallographi
cally, given that the computational studies predict similar interactions 
between 2e, 5, 6 and CD44-HABD. 

2.4.3. Assessment of CD44-binding capacity 
A competitive binding assay was performed with flow cytometry to 

validate the target molecules 2e, 5 and 6 as CD44 inhibitors, applying a 
previously reported procedure with slight modifications [19]. HA-FITC, 
which has a high capacity to bind the CD44 receptor, was used as 
fluorescent ligand. As depicted in Fig. 5, pre-treatment of overexpressing 
CD44 cells MDA-MB-231 with 2e, 5 and 6 (4 ◦C, 30 min, 120 μg/mL) 

Fig. 3. Computational studies of the interactions of 2e, 5 and 6 with CD44-HABD. (A) Selected poses of compounds 2e, 5 and 6 in the THIQ binding site, expanding 
along the HA binding groove. (B) Individual selected poses for compounds 2e, 5 and 6 indicating their interactions with key residues of CD44-HABD. 

Fig. 4. Initial location of the cluster (in blue) composed by the nine residues of 
CD44 (PDB ID: 5BZK) (in white) found to establish interactions with 2e, 5 and 
6. HA is shown in red. During the MD, movement of the protein loops and side 
chains of the residues that established contacts with the selected compounds 
displaced the blue cluster towards the localization of HA. 

Table 2 
Contacts between the protein and each ligand in a combined analysis of the 
trajectories from all five replicas. Contact between protein and ligand is 
considered when any atom of the protein is closer than 4 Å (cut-off) to any atom 
of the ligand. The percentage of simulation time before the observation of 
contact is shown. Only contacts observed after 10% of simulation time are re
ported. Nine residues (Arg155, Val153, Asn29, Asp156, Asn154, Gly157, 
Arg159, Val30, and Thr31) established interactions with all three ligands 
studied, and some of these were the most long-lasting interactions established 
during the simulations.  

Compound 2e Compound 5 Compound 6 

ARG-155 21% ARG-155 23% ARG-155 57% 
VAL-153 18% THR-31 19% VAL-153 47% 
ASN-154 17% ASP-156 19% ASN-29 45% 
ASN-29 17% ASN-29 18% ASP-156 42% 
VAL-30 15% ASN-154 18% ASN-154 38% 
GLY-157 15% VAL-153 18% GLY-157 35% 
ASP-156 14% VAL-30 18% ARG-159 31% 
ARG-159 13% GLY-157 18% VAL-30 25% 
VAL-137 12% GLU-41 16% THR-31 25% 
THR-31 11% HSD-39 16% GLU-41 21% 
PRO-141 11% ARG-50 16% LYS-71 15% 
PHE-60 11% PHE-85 14% ASP-27 15% 
ASN-125 10% ARG-159 14% LEU-72 15% 
ASP-139 10% LEU-64 14% SER-75 15% 
LEU-111 10% ALA-54 13% ASN-43 14% 
PHE-38 10% ALA-53 13% LEU-74 14%   

CYS-57 13% GLY-107 13%   
TYR-119 11% LYS-42 13%   
LEU-111 10% ARG-94 12%     

Asp-68 12%     
THR-106 11%     
ARG-45 10%  
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significantly reduced the fluorescent intensity, which was 1.5-fold lower 
with 6 and 1.8-fold lower with 2e in comparison to HA-FITC-incubated 
cells (20 μg/mL). These results suggest that these molecules displace 
HA-FITC binding (Fig. 5) and effectively block HA-CD44 binding. 

2.4.4. Antiproliferative activity 
Lead compounds 5 and 6 were only evaluated in MDA-MB-231 cells, 

because these had shown higher CD44 expression analysis in compari
son to A549 cells, and the antiproliferative effect was also higher against 
MDA-MB-231 cells (Fig. S1). Both compounds were more active than 2e, 
with EC50 values of 0.59 and 1.77 μM, respectively (Fig. 6). In this way, 
replacement of the amino in position 5 of THIQ by either hydroxyl or 
bromo substituents led to a significant increase in antiproliferative ef
fect. Compounds 5 and 6 were 4-fold and 1.3-fold more active than 2e, 
respectively. 

To establish how much of the effect observed on cell viability in 
MDA-MB-231 cancer cells is caused by CD44 inhibition, a competitive 
binding experiment was conducted (Fig. S2). Cells were preincubated 
with the anti-CD44 antibody IM7 before treatment with the target 
compounds (2e, 5 and 6), showing a significant decrease of the anti
proliferative effect respect to cells without pretreatment (13%, 21% and 
24%, respectively). This results suggest that the pretreatment with the 
antibody effectively blocks the CD44 cell-binding sites which prevent 
the ligand’s recognition of epitopes indicating that the therapeutic effect 
of compounds 2e, 5 and 6 is associated with CD44 recognition. 

2.4.5. Three-dimensional cancer model evaluation 
The use of cell cultures is of great significance in the testing of drugs, 

as well as in the investigation of cell biology and specific cell mecha
nisms. However, the widely adopted two-dimensional (2D) monolayer 
cell culture models do not reflect the natural cell environment, lacking 
essential cell-cell and cell-extracellular matrix interactions. To establish 
a more realistic in vitro model, three-dimensional (3D) cultures are 
preferred. One of such methods involves the formation of spheroids 
which is feasible in many cell lines and are thus, spheroids are widely 
used as models for evaluating bioactive compounds because they 
resemble the complex tissue environment and architecture of tumors 
[20]. Here, after a first screening in 2D monolayer cultures, the effect of 
lead compound 5 was evaluated in an established model that appears to 
be more clinically predictive [20]. To this end, MDA-MB-231 cells were 
cultured in 3D, and the resulting spheroids were treated with 5 and the 
negative control (DMSO) at a range of concentrations (1–100 μM) for 5 
days. As shown in Fig. 7A, exposure to 5 altered the integrity of 
MDA-MB-231 spheroids at even the lowest concentration tested (1 μM), 
and a large number of dead cells detached from the spheroid core. 
Complete disaggregation was observed after 5 days of treatment with 
100 μM. The viability of the MDA-MB-231 spheroid was also monitored 
(Fig. 7B), finding it to be significantly reduced by treatment with 5 in 
comparison to DMSO, with a dose-dependent decrease in viable cells. 

3. Conclusions 

A series of N-aryl THIQ derivatives was designed with different 
substituents and linked to an aromatic moiety in order to increase af
finity for the THIQ binding site of CD44-HABD and/or extend into the 
HA binding groove. Computational studies showed that the designed 
resulting compounds occupy both THIQ and HA binding sites. Among 
these compounds, the highest antiproliferative activity is exerted by the 
3,4,5-trimethoxybenzyl substituent and amino group at position 5 in 
compound 2e. This antiproliferative effect was enhanced by synthesiz
ing derivatives of the hit compound (2e) through replacement of the 
amino group at position 5 with hydroxyl (5) or bromine (6) substituents. 
Molecular dynamics studies suggested that these ligands can compete 
with HA for binding to CD44-HABD. These findings were also supported 
by the results of competitive binding assays with fluorescein-labeled HA, 
which showed that compounds 2e, 5 and 6 effectively block HA-CD44 
binding, as indicated by the significant reduction in fluorescent in
tensity. Compounds 5 and 6 proved to be more effective than 2e to 
inhibit cell growth in MDA-MB-231 cells, observing a 4-fold increase for 
compound 5. Evaluation of lead compound 5 in three-dimensional 
spheroids provided a more clinically predictive model of the effect of 
this bioactive compound in tumor environments. Exposure to lead 
compound 5 disrupts the integrity of MDA-MB-231 spheroids, 

Fig. 5. HA-CD44 competitive assay. Flow cytometry analysis of MDA-MB-231 
cells after treatment with 2e, 5 and 6 (30 min, 4 ◦C) followed by incubation 
with HA-FITC (15 min, 4 ◦C). Cells incubated with HA-FITC and non- 
fluorescently-labeled HA were used as positive and negative controls, respec
tively. Error bars: ±SD from n = 3; ****p < 0.0001 (ANOVA). 

Fig. 6. Dose-response curves of target compounds 5 (blue) and 6 (red) against MDA-MB-231 cells after 5 days of treatment. Error bars: ±SD from n = 3.  

J.M. Espejo-Román et al.                                                                                                                                                                                                                      



European Journal of Medicinal Chemistry 258 (2023) 115570

8

increasing the number of dead cells detached from the spheroid core and 
decreasing the number of viable cells. This reduction in viability is dose- 
dependent, indicating the potential of lead compound 5 as a promising 
candidate for further investigation in cancer treatment. 

4. Experimental section 

4.1. Chemistry 

4.1.1. General methods 
Analytical thin layer chromatography (TLC) was performed using 

Merck Kieselgel 60 F254 aluminium plates and visualized by UV light 
(254 nm). Evaporation was carried out in vacuo in a Büchi rotary 
evaporator, and the pressure controlled by a Vacuubrand CVCII appa
ratus. Purifications were carried out through preparative layer chro
matography or by flash column chromatography using silica gel 60 with 
a particle size of 0.040–0.063 nm (230–440 mesh ASTM). Melting points 
were taken in open capillaries on a Stuart Scientific SMP3 electro
thermal melting point apparatus and are uncorrected. 

NMR spectra were recorded on 500 MHz 1H and 126 MHz 13C NMR 
with a Varian Direct Drive spectrometer at ambient temperature. 
Chemical shifts (δ) are reported in ppm relative to the residual solvent 
peak. The multiplicity of each signal is given as s (singlet), d (doublet), 
dd (double doublet), t (triplet), q (quadruplet) and m (multiplet). J 
values are given in Hz. Samples were solved in deuterated solvents 
(CDCl3, CD3OD or DMSO). Spectra were analyzed and interpreted using 
MestreNova 12 software. High-resolution electrospray ionization time- 
of-flight (ESI-TOF) mass spectra were carried out on a Waters LCT Pre
mier Mass Spectrometer. The samples studied were dried in a Gallen
camp oven at reduced pressure with P2O5 inside. 

All chemical reagents were supplied by Sigma-Aldrich, Thermo 
Fisher Scientific, VWR International Ltd and Fluorochem. Intermediates 
7 [11], 8 [11], 11 [18], 1a [12], 1g [13] and 4a [14], were synthesized 
as reported. Although target compounds 1c [21], 1d [22], 1f [23], 4b 
[24], 4c [25], 4e [26], 4f [27], and 4g [28] are reported, they were 
synthetized following the described protocols for 1a [12], 1g [13] and 
4a [14]. 

Fig. 7. MDA-MB-231 spheroid assay. (A) Images of spheroids treated with DMSO and 5 (1, 10, and 100 μM) at time zero (top) and at day 5 (bottom) of treatment. 
Scale bar: 100 μm. (B) Quantification of spheroid viability after 5 days of treatment with 5 (1, 10 and 100 μM). DMSO served as control. Error bars: ±SD from n = 3; 
**p < 0.01, ****p < 0.0001 vs. control group (ANOVA). 
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4.1.2. General procedure for the synthesis of compounds 1a-1e 
To a solution of 9 (2 eq.) and TEA (1 eq.) in DCM (2 mL/mmol), the 

corresponding halide (1 eq.) was added for 10 min at 0 ◦C. The mixture 
was stirred at rt for 20 h. Then, it was washed with a saturated NaCl 
solution (3 × 20 mL), dried (anhydrous Na2SO4), filtered and concen
trated under vacuum. The residue was purified by flash chromatography 
using hexane/ethyl acetate (AcOEt) (8:2) as eluent, except for 1e which 
was purified using hexane/AcOEt (1:1). 

N-benzyl-1,2,3,4-tetrahydroisoquinoline (1a). Yellow oil (971 
mg, 87%). 1H NMR (500 MHz, CDCl3) δ 7.44 (d, J = 7.32 Hz, 2H), 7.38 
(t, J = 7.34 Hz, 2H), 7.32 (d, J = 7.10 Hz, 1H), 7.20–7.10 (m, 3H), 7.02 
(d, J = 7.2 Hz, 1H), 3.71 (s, 2H), 3.66 (s, 2H), 2.93 (t, J = 5.9 Hz, 2H), 
2.77 (t, J = 5.9 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 138.42, 134.93, 
134.40, 129.09, 128.70, 128.30, 127.10, 126.61, 126.08, 125.56, 62.81, 
56.14, 50.65, 29.18. HRMS (m/z): calcd. for C16H18N (M + H)+: 
224.1361; found: 224.1437. 

2-(4-nitrobencyl)-1,2,3,4-tetrahydroisoquinoline (1b). Yellow 
solid (1.218 g, 90%). Mp: 62–63 ◦C. 1H NMR (500 MHz, CDCl3) δ 8.21 
(d, J = 8.5 Hz, 2H), 7.64 (d, J = 8.5 Hz, 2H), 7.18–7.12 (m, 3H), 6.99 (d, 
J = 7.5 Hz, 1H), 3.85 (s, 2H), 3.72 (s, 2H), 2.97 (t, J = 5.7 Hz, 2H), 2.85 
(t, J = 5.7 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 147.56, 133.76, 
133.55, 130.60, 129.87, 128.91, 126.73, 126.71, 126.09, 123.82, 61.45, 
55.77, 50.75, 28.65. HRMS (m/z): calcd. for C16H17N2O2 (M + H)+: 
269.1212; found: 269.1310. 

2-(4-bromobencyl)-1,2,3,4-tetrahydroisoquinoline (1c). White 
solid (1.520 g, 84%). Mp: 72–74 ◦C. 1H NMR (500 MHz, CDCl3) δ 7.47 
(d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.18–7.09 (m, 3H), 6.99 (d, 
J = 6.8 Hz, 1H), 3.70 (s, 2H), 3.68 (s, 2H), 2.94 (t, J = 5.8 Hz, 2H), 2.81 
(t, J = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 136.53, 133.93, 
133.33, 131.68, 131.05, 128.87, 126.75, 126.59, 125.99, 121.47, 61.59, 
55.65, 50.49, 28.65. HRMS (m/z): calcd. for C16H17BrN (M + H)+: 
302.0466; found: 302.0564. 

2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinoline 
(1d). White solid (230 mg, 86%). Mp: 64–68 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 7.60 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 7.19–7.09 (m, 
3H), 7.00 (d, J = 7.7 Hz, 1H), 3.75 (s, 2H), 3.65 (s, 2H), 2.92 (t, J = 5.8 
Hz, 2H), 2.76 (t, J = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 142.92, 
134.73, 134.35, 129.24, 128.87, 126.70, 126.37, 125.81, 125.41, 
125.37, 123.07, 62.31, 56.26, 50.87, 29.26. HRMS (m/z): calcd. for 
C17H17F3N (M + H)+: 292.1235; found: 292.1309. 

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline 
(1e). White solid (31 mg, 20%). Mp: 87–89 ◦C. 1H NMR (500 MHz, 
CD3OD) δ 7.12–7.08 (m, 3H), 7.02–6.99 (m, 1H), 6.74 (s, 2H), 3.84 (s, 
6H), 3.77 (s, 3H), 3.64 (s, 2H), 3.63 (s, 2H), 2.92 (t, J = 6.0 Hz, 2H), 2.77 
(t, J = 6.0 Hz, 2H). 13C NMR (126 MHz, CD3OD) δ 154.48, 138.36, 
135.45, 135.15, 134.70, 129.65, 127.62, 127.47, 126.86, 107.77, 63.89, 
61.10, 57.05, 56.59, 51.74, 29.60. HRMS (m/z): calcd. for C19H24NO3 
(M + H)+: 314.1756; found: 314.1755. 

4.1.2.1. General procedure for the synthesis of compounds 1f and 1g. A 
solution of 9 (1 eq.) and TEA (1.2 eq.) in DCM (20 mL/mmol) was cooled 
to 0 ◦C. The corresponding halide (1.2 eq.) was added to the mixture and 
stirred for 10 min. The reaction was then stirred for 1 h at rt. It was 
washed with water (1 × 10 mL) and saturated NaCl solution (3 × 10 
mL), dried (anhydrous Na2SO4), filtered and concentrated under vac
uum. The crude was purified by flash column chromatography using a 
hexane/AcOEt (5:1 → 1:1) solvent gradient as eluent. 

2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline 
(1f). Yellow solid (194 mg, 61%). Mp: 180–182 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 8.35 (d, J = 8.7 Hz, 2H), 8.01 (d, J = 8.7 Hz, 2H), 7.19–7.13 (m, 
2H), 7.10–7.01 (m, 2H), 4.35 (s, 2H), 3.47 (t, J = 5.9 Hz, 2H), 2.92 (t, J 
= 5.9 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 150.25, 143.10, 132.83, 
131.02, 129.03, 128.82, 127.21, 126.72, 126.37, 124.46, 47.51, 43.84, 
28.71. HRMS (m/z): calcd. for C15H15N2O4S (M + H)+: 319.0674; 
found: 319.0733. 

2-tosyl-1,2,3,4-tetrahydroisoquinoline (1g). White solid (312 mg, 
100%). Mp: 148–150 ◦C. 1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 8.2 
Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.16–7.11 (m, 2H), 7.09–7.06 (m, 1H), 
7.04–7.01 (m, 1H), 4.25 (s, 2H), 3.36 (t, J = 5.9 Hz, 2H), 2.93 (t, J = 5.9 
Hz, 2H), 2.42 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 143.78, 133.44, 
133.20, 131.78, 129.82, 128.92, 127.87, 126.84, 126.48, 126.45, 47.67, 
43.85, 29.00, 21.65. HRMS (m/z): calcd. for C16H18NO2S (M + H)+: 
288.0980; found: 288.1082. 

4.1.3. General procedure for the synthesis of 5-amino (2a-2g) and 8-amino 
(3a-3i) derivatives 

A solution of 7 or 8 (1 eq.) and TEA (1.2 eq.) in absolute EtOH (3 mL/ 
mmol) was cooled to 0 ◦C. The corresponding phenylmethyl or phe
nylsulfonyl halide (1 eq.) was added and stirred for 10 min. Then, the 
reaction was stirred at rt for 3 h for compounds 2a, 2b, 2d, 2f, 2g, 3a, 3c, 
3f and 3g and 20 h for compounds 2c, 2e, 3b, 3d and 3e. The mixture 
was concentrated under vacuum and the residue was purified by flash 
column chromatography using a hexane/AcOEt (3:1 → 1:1) solvent 
gradient as eluent, except compounds 2e and 3e which were purified 
using a mixture of DCM/MeOH (9.9:0.1 → 9.6:0.4) solvent gradient as 
eluent. 

2-benzyl-1,2,3,4-tetrahydroisoquinolin-5-amine (2a). Yellow oil 
(53 mg, 66%). 1H NMR (500 MHz, CD3OD) δ 7.42–7.38 (m, 2H), 
7.38–7.33 (m, 2H), 7.33–7.29 (m, 1H), 6.90 (t, J = 7.7 Hz, 1H), 6.59 (d, 
J = 7.5 Hz, 1H), 6.40 (d, J = 7.5 Hz, 1H), 3.69 (s, 2H), 3.58 (s, 2H), 2.81 
(t, J = 6.1 Hz, 2H), 2.62 (t, J = 6.1 Hz, 2H). 13C NMR (126 MHz, CD3OD) 
δ 146.12, 138.26, 135.79, 130.85, 129.42, 128.56, 127.46, 120.43, 
117.60, 114.41, 63.52, 57.31, 51.54, 24.98. HRMS (m/z): calcd. for 
C16H19N2 (M + H)+: 239.1548; found: 239.1533. 

2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (2b). 
Yellow solid (105 mg, 55%). Mp: 144–146 ◦C. 1H NMR (500 MHz, 
DMSO) δ 8.22 (d, J = 8.7 Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 6.80 (t, J =
7.7 Hz, 1H), 6.45 (d, J = 7.5 Hz, 1H), 6.21 (d, J = 7.5 Hz, 1H), 4.78 (s, 
2H), 3.76 (s, 2H), 3.47 (s, 2H), 2.71 (t, J = 6.0 Hz, 2H), 2.48 (t, J = 6.0 
Hz, 2H). 13C NMR (126 MHz, DMSO) δ 147.13, 146.60, 145.96, 134.79, 
129.59, 125.83, 123.43, 117.99, 114.20, 111.65, 60.77, 55.88, 50.46, 
24.28. HRMS (m/z): calcd. for C16H18N3O2 (M + H)+: 284.1399; found: 
284.1376. 

2-(4-bromobenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (2c). 
Yellow oil (74 mg, 69%). 1H NMR (500 MHz, CD3OD) δ 7.49 (d, J = 8.4 
Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 6.89 (t, J = 7.7 Hz, 1H), 6.58 (d, J =
7.1 Hz, 1H), 6.39 (d, J = 7.1 Hz, 1H), 3.64 (s, 2H), 3.55 (s, 2H), 2.78 (t, J 
= 6.2 Hz, 2H), 2.61 (t, J = 6.2 Hz, 2H). 13C NMR (126 MHz, CD3OD) δ 
146.13, 137.83, 135.76, 132.63, 132.51, 127.47, 122.28, 120.38, 
117.59, 114.41, 62.66, 57.30, 51.56, 25.04. HRMS (m/z): calcd. for 
C16H18BrN2 (M + H)+: 317.0653; found: 317.0663. 

2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-5- 
amine (2d). Yellow solid (68 mg, 66%). Mp: 70–72 ◦C. 1H NMR (500 
MHz, CD3OD) δ 7.65 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.2 Hz, 2H), 6.89 (t, 
J = 7.7 Hz, 1H), 6.59 (d, J = 7.8 Hz, 1H), 6.40 (d, J = 7.8 Hz, 1H), 3.76 
(s, 2H), 3.58 (s, 2H), 2.80 (t, J = 6.1 Hz, 2H), 2.62 (t, J = 6.1 Hz, 2H). 13C 
NMR (126 MHz, CD3OD) δ 146.13, 143.48, 135.80, 131.13, 130.53, 
127.46, 126.27, 126.25, 120.40, 117.58, 114.41, 62.84, 57.44, 51.71, 
25.12. HRMS (m/z): calcd. for C17H18F3N2 (M + H)+: 307.1422; found: 
307.1425. 

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5- 
amine (2e). White solid (61 mg, 55%). Mp: 145–147 ◦C. 1H NMR (500 
MHz, DMSO) δ 6.80 (t, J = 7.7 Hz, 1H), 6.65 (s, 2H), 6.44 (d, J = 7.8 Hz, 
1H), 6.23 (d, J = 7.8 Hz, 1H), 4.76 (s, 2H), 3.75 (s, 6H), 3.65 (s, 3H), 
3.53 (s, 2H), 3.45 (s, 2H), 2.66 (t, J = 5.7 Hz, 2H), 2.45 (t, J = 5.7 Hz, 
2H). 13C NMR (126 MHz, DMSO) δ 152.80, 145.96, 136.29, 135.11, 
134.35, 125.83, 118.23, 114.30, 111.61, 105.54, 61.90, 60.00, 56.07, 
55.81, 50.25, 24.30. HRMS (m/z): calcd. for C19H25N2O3 (M + H)+: 
329.1865; found: 329.1846. 

2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinolin-5- 
amine (2f). Orange solid (92 mg, 82%). Mp: 201–203 ◦C. 1H NMR (500 
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MHz, DMSO) δ 8.42 (d, J = 8.7 Hz, 2H), 8.09 (d, J = 8.7 Hz, 2H), 6.86 (t, 
J = 7.7 Hz, 1H), 6.48 (d, J = 7.8 Hz, 1H), 6.35 (d, J = 7.8 Hz, 1H), 4.89 
(s, 2H), 4.17 (s, 2H), 3.40 (t, J = 6.0 Hz, 2H). 13C NMR (126 MHz, 
DMSO) δ 149.93, 146.16, 141.77, 131.48, 128.93, 126.39, 124.57, 
116.66, 113.88, 112.26, 47.58, 43.49, 23.51. HRMS (m/z): calcd. for 
C15H16N3O4S (M + H)+: 334.0862; found: 334.0838. 

2-tosyl-1,2,3,4-tetrahydroisoquinolin-5-amine (2g). White solid 
(84 mg, 82%). Mp: 182–184 ◦C. 1H NMR (500 MHz, CDCl3) δ 7.72 (d, J 
= 8.2 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 7.03 (t, J = 7.8 Hz, 1H), 6.74 (d, 
J = 7.7 Hz, 1H), 6.62 (d, J = 7.7 Hz, 1H), 4.18 (s, 2H), 3.37 (t, J = 5.9 Hz, 
2H), 2.74 (t, J = 5.9 Hz, 2H), 2.42 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
143.91, 140.93, 133.14, 133.08, 129.87, 127.94, 127.20, 120.34, 
119.18, 115.32, 47.95, 43.56, 24.42, 21.67. HRMS (m/z): calcd. for 
C16H19N2O2S (M + H)+: 303.1167; found: 303.1156. 

2-benzyl-1,2,3,4-tetrahydroisoquinolin-8-amine (3a). Yellow 
solid (47 mg, 58%). Mp: 90–92 ◦C. 1H NMR (500 MHz, CD3OD) δ 7.41 
(d, J = 7.4 Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.28 (t, J = 7.5 Hz, 1H), 6.90 
(t, J = 7.7 Hz, 1H), 6.55 (d, J = 7.9 Hz, 1H), 6.50 (d, J = 7.9 Hz, 1H), 
3.75 (s, 2H), 3.50 (s, 2H), 2.82 (t, J = 5.8 Hz, 2H), 2.68 (t, J = 5.8 Hz, 
2H). 13C NMR (126 MHz, CD3OD) δ 144.75, 138.45, 135.67, 130.79, 
129.41, 128.50, 127.69, 121.04, 119.73, 114.22, 63.89, 53.12, 50.73, 
30.09. HRMS (m/z): calcd. for C17H18N2F3 (M + H)+: 307.1402; found: 
307.1422. 

2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (3b). 
Yellow solid (43 mg, 45%). Mp: 138–140 ◦C. 1H NMR (500 MHz, 
DMSO) δ 8.21 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 6.82 (t, J =
7.7 Hz, 1H), 6.43 (d, J = 7.9 Hz, 1H), 6.33 (d, J = 7.9 Hz, 1H), 4.66 (s, 
2H), 3.81 (s, 2H), 3.32 (s, 2H), 2.73 (t, J = 5.7 Hz, 2H), 2.62 (t, J = 5.7 
Hz, 2H). 13C NMR (126 MHz, DMSO) δ 147.12, 146.55, 144.48, 134.14, 
129.56, 126.02, 123.36, 118.86, 116.41, 111.62, 61.18, 51.78, 49.77, 
29.29. HRMS (m/z): calcd. for C16H18N3O2 (M + H)+: 284.1371; found: 
284.1399. 

2-(4-bromobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (3c). 
Yellow oil (63 mg, 60%). 1H NMR (500 MHz, CD3OD) δ 7.50 (d, J = 8.4 
Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 6.90 (t, J = 7.7 Hz, 1H), 6.55 (d, J =
7.8 Hz, 1H), 6.50 (d, J = 7.8 Hz, 1H), 3.71 (s, 2H), 3.47 (s, 2H), 2.83 (t, J 
= 5.8 Hz, 2H), 2.68 (t, J = 5.8 Hz, 2H). 13C NMR (126 MHz, CD3OD) δ 
144.74, 138.03, 135.64, 132.57, 132.51, 127.71, 122.21, 121.03, 
119.75, 114.25, 63.05, 53.05, 50.88, 30.16. HRMS (m/z): calcd. for 
C16H18N2Br (M + H)+: 317.0647; found: 317.0653. 

2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-8- 
amine (3d). Yellow oil (60 mg, 58%). 1H NMR (500 MHz, CD3OD) δ 
7.65 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.5 Hz, 2H), 6.91 (t, J = 7.7 Hz, 
1H), 6.56 (d, J = 7.9 Hz, 1H), 6.51 (d, J = 7.9 Hz, 1H), 3.84 (s, 2H), 3.51 
(s, 2H), 2.84 (t, J = 5.8 Hz, 2H), 2.72 (t, J = 5.8 Hz, 2H). 13C NMR (126 
MHz, CD3OD) δ 144.74, 143.58, 135.62, 131.07, 130.63, 127.73, 
126.28, 125.79, 120.98, 119.76, 114.28, 63.18, 53.12, 51.06, 30.20. 
HRMS (m/z): calcd. for C17H18N2F3 (M + H)+: 307.1402; found: 
307.1422. 

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-8- 
amine (3e). Yellow solid (20 mg, 63%). Mp: 127–129 ◦C. 1H NMR (500 
MHz, DMSO) δ 6.81 (t, J = 7.7 Hz, 1H), 6.67 (s, 2H), 6.43 (d, J = 7.5 Hz, 
1H), 6.32 (d, J = 7.5 Hz, 1H), 4.68 (s, 2H), 3.76 (s, 6H), 3.64 (s, 3H), 
3.60 (s, 2H), 3.34 (s, 2H), 2.70 (t, J = 5.5 Hz, 2H), 2.56 (t, J = 5.5 Hz, 
2H). 13C NMR (126 MHz, DMSO) δ 152.75, 144.52, 136.23, 134.42, 
134.37, 125.97, 119.23, 116.45, 111.60, 105.52, 62.18, 59.94, 55.78, 
51.99, 49.38, 29.34. HRMS (m/z): calcd. for C19H25N2O3 (M + H)+: 
329.1848; found: 329.1865. 

2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinolin-8- 
amine (3f). Orange solid (90 mg, 80%). Mp: 216–218 ◦C. 1H NMR (500 
MHz, DMSO) δ 8.44 (d, J = 9.0 Hz, 2H), 8.15 (d, J = 9.0 Hz, 2H), 6.85 (t, 
J = 7.7 Hz, 1H), 6.47 (d, J = 7.9 Hz, 1H), 6.33 (d, J = 7.9 Hz, 1H), 5.02 
(s, 2H), 3.98 (s, 2H), 3.30 (t, J = 5.9 Hz, 2H), 2.78 (t, J = 5.9 Hz, 2H). 13C 
NMR (126 MHz, DMSO) δ 149.99, 144.66, 141.51, 132.98, 129.07, 
126.83, 124.54, 116.39, 115.19, 112.17, 44.10, 43.14, 28.57. HRMS 
(m/z): calcd. for C15H16N3O4S (M + H)+: 334.0832; found: 334.0862. 

2-tosyl-1,2,3,4-tetrahydroisoquinolin-8-amine (3g). White solid 
(126 mg, 100%). Mp: 260–262 ◦C. 1H NMR (500 MHz, DMSO) δ 7.78 (d, 
J = 8.3 Hz, 2H), 7.45 (d, J = 8.3 Hz, 2H), 6.85 (t, J = 7.7 Hz, 1H), 6.47 
(d, J = 7.9 Hz, 1H), 6.32 (d, J = 7.9 Hz, 1H), 4.99 (s, 2H), 3.88 (s, 2H), 
3.16 (t, J = 5.8 Hz, 2H), 2.76 (t, J = 5.8 Hz, 2H), 2.41 (s, 3H). 13C NMR 
(126 MHz, DMSO) δ 144.68, 143.49, 133.11, 132.72, 129.73, 127.63, 
126.69, 116.37, 115.56, 112.12, 44.15, 43.18, 28.68, 20.98. HRMS (m/ 
z): calcd. for C16H19N2O2S (M + H)+: 303.1167; found: 303.1167. 

N,2-bis(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine 
(3h). Orange solid (14 mg, 10%). Mp: 170–172 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 8.18 (dd, J = 17.0, 8.6 Hz, 4H), 7.61 (d, J = 8.6 Hz, 2H), 7.48 
(d, J = 8.6 Hz, 2H), 7.00 (t, J = 7.8 Hz, 1H), 6.61 (d, J = 7.6 Hz, 1H), 
6.28 (d, J = 7.6 Hz, 1H), 4.49 (s, 2H), 3.87 (s, 2H), 3.52 (s, 2H), 2.92 (t, J 
= 5.6 Hz, 2H), 2.76 (t, J = 5.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 
147.45, 147.37, 147.35, 146.52, 146.46, 143.42, 135.12, 129.45, 
127.71, 127.10, 124.04, 123.83, 118.96, 108.22, 62.23, 52.07, 50.03, 
47.58, 29.79. HRMS (m/z): calcd. for C23H23N4O4 (M + H)+: 419.1719; 
found: 419.1745. 

N,2-bis(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahy
droisoquinolin-8-amine (3i). Yellow solid (14 mg, 10%). Mp: 
123–125 ◦C. 1H NMR (500 MHz, CD3OD) δ 7.64 (q, J = 8.4 Hz, 4H), 7.56 
(d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 6.88 (t, J = 7.8 Hz, 1H), 
6.44 (d, J = 7.5 Hz, 1H), 6.26 (d, J = 7.5 Hz, 1H), 4.45 (s, 2H), 3.86 (s, 
2H), 3.58 (s, 2H), 2.84 (t, J = 5.8 Hz, 2H), 2.72 (t, J = 5.8 Hz, 2H). 13C 
NMR (126 MHz, CD3OD) δ 146.61, 145.33, 143.63, 135.46, 131.06, 
128.44, 127.75, 126.90, 126.87, 126.27, 126.23, 124.75, 124.71, 
120.36, 118.68, 109.33, 63.15, 53.21, 50.79, 47.84, 30.30. HRMS (m/ 
z): calcd. for C25H23F6N2 (M + H)+: 465.1765; found: 465.1785. 

4.1.4. General procedure for the synthesis of compounds 4a-4g, 5 and 6 
A solution of 10, 11 or 12 (1 eq.) and TEA (1 eq.) in absolute EtOH (3 

mL/mmol) was stirred at rt for 1 h. Then, the corresponding halide (1 
eq.) and a second eq. of TEA were added and the reaction mixture was 
stirred at rt for 3.5 h or 20 h for 4e, 5 and 6. The EtOH was removed 
under vacuum and the residue was dissolved in DCM and washed with a 
saturated NaCl solution (3 × 10 mL), dried (anhydrous Na2SO4), filtered 
and concentrated under vacuum. The reaction crude was purified by 
flash chromatography using a hexane/AcOEt (3:1 → 1:1) solvent 
gradient as eluent. 

Once the reaction time has ended, for compounds 4b, 4f and 4g, a 
suspension with a high amount of solid was observed and filtered under 
vacuum. This solid turned out to be the target compound. The filtering 
followed the same procedure described above; its purification enabled to 
obtain a small additional amount of the target compound. The yield of 
the reaction indicated for each of the compounds is the result of both 
fractions. 

2-benzyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (4a). 
Yellow solid (732 mg, 59%). Mp: 110–112 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 7.41–7.31 (m, 2H), 7.34–7.29 (m, 2H), 7.28–7.22 (m, 1H), 6.58 
(s, 1H), 6.47 (s, 1H), 3.82 (s, 3H), 3.79 (s, 3H), 3.67 (s, 2H), 3.53 (s, 2H), 
2.86–2.77 (m, 2H), 2.75–2.66 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 
147.45, 147.14, 138.37, 129.09, 128.25, 127.06, 126.67, 126.18, 
111.40, 109.47, 62.74, 55.88, 55.86, 55.65, 50.76, 28.68. HRMS (m/z): 
calcd. for C18H22NO2 (M + H)+: 284.1572; found: 284.1654. 

6,7-dimethoxy-2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquino
line (4b). Yellow solid (60 mg, 55%). Mp: 116–118 ◦C. 1H NMR (500 
MHz, CDCl3) δ 8.20 (d, J = 8.6 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 6.61 (s, 
1H), 6.47 (s, 1H), 3.86 (s, 2H), 3.84 (s, 3H), 3.80 (s, 3H), 3.65 (s, 2H), 
2.95–2.80 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 148.06, 147.72, 
147.66, 147.60, 130.01, 125.47, 124.64, 123.83, 111.55, 109.50, 61.19, 
56.07, 55.20, 50.77, 28.04. HRMS (m/z): calcd. for C18H21N2O4 (M +
H)+: 329.1423; found: 329.1489. 

2-(4-bromobenzyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquino
line (4c). Yellow solid (263 mg, 67%). Mp: 108–110 ◦C. 1H NMR (500 
MHz, CDCl3) δ 7.48 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 6.60 (s, 
1H), 6.46 (s, 1H), 3.83 (s, 3H), 3.80 (s, 3H), 3.77 (s, 2H), 3.67 (s, 2H), 
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2.95–2.85 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 148.13, 147.72, 
132.78, 131.82, 131.38, 131.36, 131.09, 130.80, 111.51, 109.54, 56.08, 
56.07, 50.32, 47.16, 29.83, 25.77. HRMS (m/z): calcd. for 
C18H21BrNO2 (M + H)+: 362.0677; found: 362.0787. 

6,7-dimethoxy-2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahy
droisoquinoline (4d). Yellow solid (54 mg, 61%). Mp: 106–108 ◦C. 1H 
NMR (500 MHz, CDCl3) δ 7.60 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 8.3 Hz, 
2H), 6.61 (s, 1H), 6.48 (s, 1H), 3.84 (s, 3H), 3.81 (s, 3H), 3.78 (s, 2H), 
3.60 (s, 2H), 2.90–2.84 (m, 2H), 2.83–2.77 (m, 2H). 13C NMR (126 MHz, 
CDCl3) δ 147.88, 147.52, 142.00, 129.48, 128.38, 125.82, 125.67, 
125.47, 125.43, 122.97, 111.56, 109.56, 61.80, 56.05, 55.41, 50.78, 
28.34. HRMS (m/z): calcd. for C19H21F3NO2 (M + H)+: 352.1446; 
found: 352.1536. 

6,7-dimethoxy-2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahy
droisoquinoline (4e). White solid (120 mg, 49%). Mp: 116–117 ◦C. 1H 
NMR (500 MHz, CDCl3) δ 6.64 (s, 2H), 6.61 (s, 1H), 6.51 (s, 1H), 
3.87–3.82 (m, 15H), 3.61 (s, 2H), 3.57 (s, 2H), 2.82 (t, J = 5.7 Hz, 2H), 
2.72 (t, J = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 153.06, 147.64, 
147.26, 136.88, 133.40, 126.16, 126.13, 126.01, 111.50, 109.61, 
106.30, 62.91, 60.72, 55.97, 55.92, 55.78, 55.51, 50.63, 28.11. HRMS 
(m/z): calcd. for C21H27NO5 (M + H)+: 374.1967; found: 374.1974. 

6,7-dimethoxy-2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahy
droisoquinoline (4f). White solid (293 mg, 67%). Mp: 118–120 ◦C. 1H 
NMR (500 MHz, CDCl3) δ 8.35 (d, J = 8.8 Hz, 2H), 8.01 (d, J = 8.8 Hz, 
2H), 6.54 (s, 1H), 6.50 (s, 1H), 4.27 (s, 2H), 3.82 (s, 3H), 3.81 (s, 3H), 
3.44 (t, J = 5.9 Hz, 2H), 2.83 (t, J = 5.9 Hz, 2H). 13C NMR (126 MHz, 
CDCl3) δ 150.27, 148.26, 148.06, 143.19, 128.82, 124.77, 124.46, 
122.76, 111.52, 108.95, 56.10, 56.04, 47.23, 43.89, 28.31. HRMS (m/ 
z): calcd. for C17H19N2O6S (M + H)+: 379.0886; found: 379.0955. 

6,7-dimethoxy-2-tosyl-1,2,3,4-tetrahydroisoquinoline (4g). 
White solid (323 mg, 86%). Mp: 142–144 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 6.54 (s, 1H), 
6.50 (s, 1H), 4.16 (s, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.32 (t, J = 5.9 Hz, 
2H), 2.83 (t, J = 5.9 Hz, 2H), 2.41 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
147.97, 147.82, 143.73, 133.47, 129.78, 127.84, 125.13, 123.53, 
111.45, 109.10, 56.05, 56.01, 47.35, 43.90, 28.54, 21.63. HRMS (m/z): 
calcd. for C18H22NO4S (M + H)+: 348.1191; found: 348.1258. 

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5-ol 
(5). White solid (43 mg, 24%). Mp: 196–200 ◦C. 1H NMR (500 MHz, 
DMSO) δ 9.25 (s, 1H), 6.91 (t, J = 7.8 Hz, 1H), 6.66 (s, 2H), 6.61 (d, J =
7.6 Hz, 1H), 6.48 (d, J = 7.6 Hz, 1H), 3.76 (s, 6H), 3.66 (s, 3H), 3.53 (d, 
J = 20.1 Hz, 4H), 2.63 (s, 4H). 13C NMR (126 MHz, DMSO) δ 155.28, 
153.26, 136.77, 136.65, 134.75, 121.61, 126.42, 117.38, 112.37, 
105.99, 62.39, 60.43, 56.26, 56.14, 50.53, 24.07. HRMS (m/z): calcd. 
for C19H24NO4 (M + H)+: 330.1693; found: 330.1681. 

5-bromo-2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahy
droisoquinoline (6). White solid (174 mg, 74%). Mp: 88–91 ◦C. 1H 
NMR (500 MHz, CDCl3) δ 7.40 (d, J = 7.4 Hz, 1H), 7.02–6.95 (m, 2H), 
6.62 (s, 2H), 3.86 (s, 6H), 3.85 (s, 3H), 3.62 (s, 2H), 3.61 (s, 2H), 2.86 (t, 
J = 5.9 Hz, 2H), 2.76 (t, J = 6.0 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 
153.34, 137.59, 137.12, 134.45, 134.14, 130.31, 127.10, 125.89, 
125.41, 105.72, 62.73, 61.00, 56.34, 56.28, 50.70, 30.43. HRMS (m/z): 
calcd. for C19H23BrNO3 (M + H)+: 392.0861; found: 392.0843. 

4.2. Computational 

4.2.1. Systems set up 
The crystal structure of the murine CD44-HABD at 1.4 Å resolution 

(PDB ID: 5BZK) [9] was used as a starting point for the computational 
work. The binding modes of the set of compounds employed in this study 
were investigated by docking and subsequently, MD simulations were 
performed with a selection of those. The geometries of the ligands were 
first built with the GaussView6 software, and the ground state geome
tries of the neutral compounds were optimized with the GAUSSIAN 
package first at the Hartree-Fock level of theory using the 6-31G (d, p) 
basis set, and subsequently, using the B3LYP functional with the same 

basis set. 

4.2.2. Molecular docking calculations 
Docking was performed on 1–6 using AutoDock4.0 [29]. Crystal 

water molecules were removed from the PDB file. Protonation states of 
the protein were assigned using PropKa [30]. AutoDock4.2 was used for 
all docking calculations. The Lamarckian genetic algorithm and an 
empirical free energy function were used to search the conformational 
and orientation space of the inhibitors while keeping the protein 
structure rigid [31]. 

Docking parameters included an initial population of 150 randomly 
placed individual ligands, a maximum number of 25 million energy 
evaluations, a maximum of 27,000 generations, mutation and crossover 
rates of 0.02 and 0.80, respectively, and an elitism value of 1. AutoTors, 
as implemented in Autodock Tool Kit [32] was used to define the ligand 
torsional degrees of freedom. The grid maps representing the protein 
during the docking process were calculated with AutoGrid 4.2, with a 
grid dimension of 60 × 60 × 60 grid points, a spacing of 0.375 Å, and the 
center of the box was placed at the CD44-HABD binding site reported in 
some crystal structures (PDB entries: 4MRF, 4MRG, 4 NP2, 4 NP3, 5BZK, 
5BZL, 5BZJ, 5BZM, 5BZQ, 5BZR and 5BZS). Ten independent runs were 
carried out for each ligand, and the docking solutions were clustered by 
root mean square deviation (RMSD), using a threshold of 2 Å. (Table S2). 
The search methods employed are stochastic and a set of optimal docked 
conformations is predicted. To evaluate the docking protocol used, a 
comparison with poses observed in some of the available crystal struc
tures negative controls were considered. The poses resulted were 
analyzed using two approaches: (1) The docking results were visually 
inspected, (negative controls). The conformations with comparable 
orientations for each ligand were then selected. (2) The docking results 
were clustered spatially and classified considering the lowest energy for 
each ligand. The solutions obtained were highly clusterized which is an 
indication that the conformational search procedure is exhaustive 
enough to ensure coverage of the accessible conformational space. 

4.2.3. MD simulations 
The software NAMD2.14 [33] was used to perform the MD simula

tions of compounds 2e, 5 and 6. CHARMM 36 parameters were used for 
the protein and ions [34,35], and the transferable intermolecular po
tential with 3 points (TIP3P) model was used for water [36]. The charges 
and parameters for the ligands were compiled using the CHARMM-GUI 
ligand modeller interface [37] that generates the ligand force field pa
rameters and topology files by searching for small molecules in the 
verified CHARMM force field library or using the CHARMM general 
force field (CGenFF). The protein was inserted in a water box of 90 × 90 
× 90 A3 dimensions and KCl was added up to a final concentration of 
150 mM. The final systems were composed of ~45,000 atoms. 

Five independent replicas were considered per system and each of 
them was run for 200 ns. In total, 3 μs of trajectories were analyzed after 
disregarding the equilibration period. The same equilibration protocol 
was used for all the simulations, consisting of 10,000 steps of energy 
minimization, followed by 10 ns of dynamics in the constant- 
temperature, constant-pressure (NPT) ensemble with timestep equal to 
1 fs and 200 ns of dynamics in the NPT ensemble with timestep equal to 
1 fs. In the course of the equilibration, restraints on the heavy atoms of 
the protein were gradually reduced to zero in four stages of 50 ps (1.0, 
0.5 0.25 and 0.1 kcal mol for the backbone and 0.5, 0.25 0.125 and 0.05 
kcal mol for the sidechain). Restraints on heavy atoms of the ligand were 
also released in a similar way (1.0, 0.5 0.25 and 0.1 kcal mol run for 50 
ps each). Long-range electrostatic interactions were calculated with the 
Particle Mesh Ewald method using a grid spacing of 1.0 Å [38] and 
NAMD defaults for spline and κ values. A 12 Å cut-off was applied to 
non-bonded forces. Both electrostatics and van der Waals forces were 
smoothly switched off between the switching distance of 10 Å and the 
cut-off distance of 12 Å, using the default switching function in NAMD. 
The multi-time step algorithm Verlet-I/r-RESPA was used to integrate 
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the equations of motion [39]. The temperature was controlled at 298 K 
by coupling to a Langevin thermostat with a damping coefficient of 1 
ps− 1 [40]. A pressure of 1 atm was maintained by coupling the system to 
a Langevin piston [41], with a damping constant of 25 ps and a period of 
50 ps. Analysis of the trajectories was performed using tcl scripts written 
in-house. 

4.3. Biology 

4.3.1. General methods 
A NuAire NU-4750E US AutoFlow incubator was used for cell cul

ture. Cell-based experiments were carried out in a TELSTAR BIO II Class 
II A laminar flow cabinet. Flow cytometry assays were performed on a 
FACSCanto II system using the Flowjo® 10 software for analysis. Cell 
viability was carried out using a GloMax-Multi Detection System to 
measure fluorescence. Spheroids images were acquired using an 
Olympus CKX53 microscope. Gibco (Thermo Fisher Scientific) was the 
supplier for the biological products including fetal bovine serum (FBS), 
trypsin-EDTA, DMEM, 1% penicillin/streptomycin, and L-glutamine. 
Unlabelled HA (50 KDa) and HA-FITC (50 KDa) were purchased from 
HAworks LLC. 

4.3.2. Cell culture 
Human breast carcinoma MDA-MB-231 and lung carcinoma epithe

lial A549 cells were provided by the Cell Bank the Center of Scientific 
Instrumentation of the University of Granada, and obtained from the 
American Type Culture Collection. These cells were cultured in DMEM 
with serum (10% FBS), L-glutamine (2 mM), and 1% penicillin/strep
tomycin and incubated in a tissue culture incubator at 37 ◦C, 5% CO2 
and 95% relative humidity. Cells were frequently tested negative for 
mycoplasma infection. 

4.3.3. Flow cytometry analysis of CD44 expression 
Adherent MDA-MB-231 and A549 cells were trypsinized and counted 

to have 105 cells/tube. Cells were washed twice with Staining Buffer and 
then incubated anti-CD44 monoclonal antibody IM7 (eBioscience) for 1 
h at rt. Cells were then washed twice and incubated with a secondary 
Rabbit anti-Mouse IgG (H + L) antibody Alexa Fluor™ 488 
(AB_2534106, Thermo Fisher Scientific) for 30 min at rt. Cells were 
washed twice and analyzed by flow cytometry using FACSCanto II 
(Becton Dickinson & Co., Franklin Lakes, NJ, USA) and Flowjo® 10 
software (Becton Dickinson & Co., Franklin Lakes, NJ, USA). Untreated 
cells together with cells treated with Mouse IgG1 isotype control 
(AB_2532935, Thermo Fisher Scientific) and cells treated only with IgG 
secondary antibody were used as negative controls. 

4.3.4. Cell viability assays 
Target compounds were dissolved in DMSO and stored at − 20 ◦C. For 

each experiment, the stock solution (100 mM) was further diluted in 
culture media to obtain the desired concentrations. MDA-MB-231 
(2,000 cells/well) and A549 cells (1,500 cells/well) were seeded in a 
96-well plate format and incubated for 24 h before treatment. Each well 
was then replaced with fresh media, containing target compounds 
(0.01–100 μM) and incubated for 5 days. Untreated cells (DMSO, 0.1% 
v/v) were used as control to detect any undesirable effects of culture 
conditions on cell viability. Each condition was performed in triplicates. 
PrestoBlue™ cell viability reagent (10% v/v) was added to each well and 
the plate incubated for 120 min. Fluorescence emission was detected 
using a GloMax-Multi Detection System (excitation filter at 540 nm and 
emission filter at 590 nm). All conditions were normalized to the un
treated cells (100%) and the curve fitted using GraphPad Prism using a 
sigmoidal variable slope curve. The EC50 value is expressed as the mean 
± SD of three independent experiments. 

The cell viability of compounds 2e, 5 and 6 was also determined 
preincubating with anti-CD44 antibody IM7 (eBioscience) for 30 min at 
rt. 

4.3.5. HA-FITC binding assay 
Adherent MDA-MB-231 cells were trypsinized, counted, and diluted 

in DMEM in order to have 5 × 104 cells/eppendorf tube. Cells were 
centrifuged for 5 min, and pellets were resuspended in DMEM media 
containing compounds 2e, 5 or 6 (120 μg/mL). Samples were incubated 
at 4 ◦C for 30 min. Then, cells were centrifuged for 5 min, and pellets 
were resuspended in DMEM media containing HA-FITC (20 μg/mL) and 
incubated at 4 ◦C for 15 min. Cells incubated with unlabelled HA were 
used as the negative control, whereas cells incubated with HA-FITC 
served as the positive control. After incubation, cells were centrifuged 
and resuspended in PBS, and samples were analyzed by flow cytometry 
(FACSCanto II). Flowjo® 10 software was used for data analysis. Results 
are expressed as the MFI ±SD of three independent experiments. 

4.3.6. Statistical analysis 
One-way ANOVA analysis and Student’s t-test was performed using 

the GraphPad 8.0 software. 

4.3.7. Spheroids assay 
MDA-MB-231 spheroids were generated using the centrifugal forced- 

aggregation technique. Briefly, cells were separated from the flasks 
using trypsin, washed with PBS, resuspended, and counted. 5,000 cells 
per well/100 μL were seeded in ultra-low attachment round bottom 96- 
well plates. Plates were centrifuged at 290 g for 3 min and placed in a 
tissue culture incubator. After 24 h, 50 μL of complete medium con
taining 18 μg/mL of collagen was added to each well to get the optimal 
concentration of collagen (6 μg/mL). Then, plates were centrifuged at 
100 g for 3 min and placed back for 3 days in the incubator until the 
complete formation of spheroids. On day 5, spheroids were treated with 
5 at various concentrations (1 μM, 10 μM and 100 μM), and DMSO (0.1% 
v/v) was used as vehicle control. Each condition was performed in three 
biological replicas. 

On day 10 (5 days after treatment), a cell viability assay of 3D 
spheroids was performed. PrestoBlue™ cell viability reagent (10% v/v) 
was added to each well and the plates were incubated for 6 h. Following 
this, the plates were centrifuged at 290 g for 3 min and fluorescence 
emission was determined using a GloMax-Multi Detection System 
(excitation filter at 540 nm and emission filter at 590 nm). The data were 
exported to Microsoft Excel and GraphPad Prism for analysis. 

In addition, spheroids were imaged at time zero and after 5 days of 
treatment using an Olympus CKX53 microscope (4 × objective magni
fication) and processed with ImageJ® software. 
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