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Acute promyelocytic leukemia (APL) is associated with PML-RAR«a oncogene, which is treated using all-trans
retinoic acid (ATRA)-based chemotherapy. However, chemoresistance is observed in 20-30% of treated patients
and represents a clinical challenge, raising the importance of the development of new therapeutic options. In the
present study, the effects of three synthetic cyclopenta[blindoles on the leukemia phenotype were investigated
using NB4 (ATRA-sensitive) and NB4-R2 (ATRA-resistant) cells. Among the tested synthetic cyclopenta[b]in-
doles, compound 2, which contains a heterocyclic nucleus, was the most active, presenting time-dependent
cytotoxic activity in the uM range in APL cells, without cytotoxicity for normal leukocytes, and was selected
for further characterization. Compound 2 significantly decreased clonogenicity, increased apoptosis, and caused
cell cycle arrest at S and Ga/M phases in a drug concentration-dependent manner. Morphological analyses
indicated aberrant mitosis and diffuse tubulin staining upon compound 2 exposure, which corroborates cell cycle
findings. In the molecular scenario, compound 2 reduced STMNI1 expression and activity, and induced PARP1
cleavage and H2AX and CHK2 phosphorylation, and modulated CDKN1A, PMAIP1, GADD45A, and XRCC3 ex-
pressions, indicating reduction of cell proliferation, apoptosis, and DNA damage. Moreover, in the in vivo tubulin
polymerization assay, NB4 and NB4-R2 cells showed a reduction in the levels of polymerized tubulin upon
compound 2 exposure, which indicates tubulin as a target of the drug. Molecular docking supports this hy-
pothesis. Taken together, these data indicated that compound 2 exhibits antileukemic effects through disrupting
the microtubule dynamics, identifying a possible novel potential antineoplastic agent for the treatment of ATRA-
resistant APL.

1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematopoietic
system-related cancer characterized by abnormal clonal proliferation
and impaired differentiation of myeloid precursors (De Kouchkovsky
and Abdul-Hay, 2016; Short et al., 2018). Acute promyelocytic leukemia
(APL) is AML subtype characterized by bone marrow infiltration by
promyelocyte-like blasts, which corresponds to the M3 and M3 variant

subtypes (M3v) according to the French-American-British classification,
and AML subtype associated with a translocation between chromosomes
15 and 17 [t (15; 17)] and variants according to the World Health Or-
ganization classification (Arber et al., 2016; Bennett et al., 1976; Van
den Berghe, 1988). Indeed, approximately 90% of APL cases are asso-
ciated with t(15; 17) (q22; q21) translocation, resulting in the fusion of
the PML (promyelocytic leukemia) and RARa (alpha retinoic acid re-
ceptor) genes and creating the hybrid oncogene PML-RARa (Melnick
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and Licht, 1999; Rowley et al., 1977), which has successfully been tar-
geted by all-trans retinoic acid (ATRA) and/or arsenic trioxide (ATO)
(Avvisati et al., 2001; Reiter et al., 2004; Sanz et al., 2009; Wang and
Chen, 2008).

The main mechanisms related to ATRA resistance in APL patients are
genetic mutations in the RARa domain, fusions of the RARa gene with
other genes limiting the therapeutic effectiveness of ATRA, increased
ATRA catabolism, presence of the acid-binding protein cytoplasmic
retinoic (CRABP), and the abnormal passage from ATRA to the cell
nucleus (Duprez et al., 1992; Kitamura et al., 1997; Nason-Burchenal
et al., 1997). Although the good clinical response of most ATRA-treated
APL patients, relapse still occurs in about 20-30% of these patients and
clinical resistance to ATRA represents a therapeutic challenge.

Therefore, the discovery and development of new therapeutic mol-
ecules become of great importance in the field. Cyclopenta[b]indoles are
present in several biologically active natural and synthetic compounds,
being directly responsible for their biological effects (Qiao et al., 2010;
Ratni et al., 2009; Roll et al., 2009; Talaz et al., 2009). Recently, our
research group synthesized new molecules with the structure based on
cyclopenta[blindole, and the analysis of the cytotoxic activity of these

A
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compounds in solid tumors showed the ability to disrupting tubulin
microtubules and to inhibit cell migration (Santos et al., 2016). In the
present study, we characterized the antileukemia activity of a novel
series of three synthetic enantiomerically pure cyclopenta[blindoles in
ATRA-sensitive and -resistant APL cellular models.

2. Material and methods
2.1. Cell culture and reagent chemicals

Acute myeloid leukemia cell lines sensitive to ATRA (NB4) and
resistant to ATRA (NB4-R2) were kindly provided by Prof. Dr. Eduardo
Magalhaes Rego (University of Sao Paulo, Ribeirao Preto, Brazil). Cell
lines were cultured in RPMI supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and maintained at 5% CO5 and
37 °C. The authenticity of the cells was determined by Short Tandem
Repeat (STR). The compounds 1, 2, and 3 were obtained as described in
Supplementary Information and prepared as a 10 mM stock solution in
dimethyl sulfoxide (MezSO4; DMSO). Of note, all compounds are en-
antiomers that present >95% of purity and absolute stereochemistry (R,

/ ’ CO;Me CO;Me
HO. :]’ (r HO o~ j
“ 2 "{ -0 K | [ 0
PN
H = - le) H j
P o]
™~
R=3,4,57(CH30)3 R=3,4'(OCH,0) R=3,4-(0C,H,0)
B Compound 1 Compound 2 Compound 3
ICso ICso ICso
14070 NB4cells  >50 uM =1207e NB4cells 23uM _1207e NB4cells 6.7uM
S ® NB4-R2 cells 49 uM o ® NB4-R2cells 2.2 uM ° ® NB4-R2 cells 9.9 uM
£ 1201 . £ 1001 £ 100
c c c
8 100 - 3 8
5 A 5 801 5 8]
X 809 X X
g X 60 < 60
Z ool z z
8 8 40 3 40
& 40 8 S
> > 20 > 20
T 20 3 °
o o s o o
05 00 05 10 15 20 05 00 05 10 15 20 05 00 05 10 15 20
log [Compound 1 (uM)] log [Compound 2 (uM)] log [Compound 3 (uM)]
C NB4 cells NB4-R2 cells
120 ICs0 120+ ICso
—_ Bl 24 hours <125 M Bl 24 hours <12.5uM
° 3 48 hours 1.4 pM <) 3 48 hours 1.3 pM
5 100 m o I [ 72hours 1.3 uM ‘E 1004 m = — l [ 72hours 1.3 uM
: [ : o
Ny o ox * w801 b o
o 9]
2 2 el
g . E. ok
S 401 o o 401
© ok © ”; ek
S S
= 20 = 204 Rk
3 rlv? ﬁm -, 3 wox ox
oL ML ' ' ' A oL ML ' ' ' i ol
(%) 0.8 1.6 3.2 6.3 12,5 %] 0.8 1.6 3.2 6.3 12.5

Compound 2 (uM)

Compound 2 (uM)

Fig. 1. Characterization of the cytotoxic activity of synthetic cyclopenta[b]indoles in acute myeloid leukemia cell lines. (A) The synthetic cyclopenta[b]indoles were
arbitrarily named as compound 1 (molecular weight: 397.43), 2 (molecular weight: 351.36), and 3 (molecular weight: 365.39), and their molecular chemical
structures are illustrated. (B) Dose-response curves for compound 1, 2, and 3 (0.8-50 uM) after 72 h of exposure in NB4 and NB4-R2 cells. The ICs, values of each
compound are shown. (C) Bar graph represents to dose- and time-responses for compound 2 (0.8-12.5 uM) after 24, 48, and 72 h of exposure in NB4 and NB4-R2
cells. Values were expressed as a percentage of DMSO-treated (@) cells. The results are presented as mean + S.D. of at least three independent experiments. The P
values and cell lines are shown in the graphs: *P < 0.05; **P < 0.01; ***P < 0.001 for cells treated with compound 2 compared to DMSO-treated (&) cells; ANOVA

and Bonferroni post-test.
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R) for the two chiral centers. Molecular structures of the cyclopenta[b]
indoles used are illustrated in Fig. 1A. Colchicine was obtained from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and prepared as a
10 mM stock solution in DMSO.

2.2. Cell viability assay

To evaluate the effects on cell viability of synthesized compounds,
methylthiazoletetrazolium (MTT) assays were performed. Briefly, a total
of 2 x 10* cells per well were seeded in a 96-well plate and exposed to
increasing concentrations of the compounds (@, 0.8, 1.6, 3.2, 6.3, 12.5,
25 and 50 pM) in RPMI 10% FBS for 24, 48 and/or 72 h. To evaluated
cytotoxicity in normal leukocytes, peripheral blood mononuclear cells
(PBMC) were obtained by Ficoll-Hypaque gradient centrifugation
(Sigma-Aldrich, St Louis, MO, USA) from three healthy donors (3 males,
aged 26-33 years). Informed consent was obtained from all healthy
donors and the Ethics Committee of the Institute of Biomedical Sciences
of the University of Sao Paulo approved this study (Protocol number:
4423074; CAAE: 39510920.1.0000.5467). Primary PBMC were cultured
in RPMI-1640 medium containing 30% FBS, penicillin/streptomycin
and recombinant cytokines (PeproTech, USA) (30 ng/ml IL3, 100 ng/ml
IL7, 100 ng/ml FLT3-ligand, and 30 ng/ml SCF), at a density of 2 x 10°
cells/ml, in presence of vehicle or compound 2 (@, 0.8, 1.6, 3.2, 6.3,
12.5, 25 and 50 pM) for 72 h. Then, after incubation, 10 pul MTT solution
(5 mg/ml) was added and incubated at 37 °C, 5% COq for 4 h. The re-
action was stopped by using 100 pl of 0.1N HCI in anhydrous iso-
propanol. Cell viability was evaluated by spectrophotometry measuring
the absorbance at 570 nm. The inhibitory concentration of 50% (ICs)
values was calculated using non-linear regression analysis on GraphPad
Prism 5 (GraphPad Software, Inc., San Diego, CA, USA).

2.3. Colony formation assay

Colony formation was carried out in semisolid methylcellulose me-
dium (0.5 x 102 cells/ml; MethoCult 4230; StemCell Technologies Inc.,
Vancouver, BC, Canada) in the presence, or not, of compound 2 (0.8, 1.6
and 3.2 pM) for 8 days (long-term exposure). Colonies were detected
after 8 days of culture by adding 150 pl (5 mg/ml) of MTT reagent and
scored by Image J quantification software (U.S. National Institutes of
Health, Bethesda, MD, USA).

2.4. Cell cycle analysis

A total of 6 x 10° cells per well were seeded in six-well plates in the
presence, or not, of compound 2 (0.8, 1.6 and 3.2 pM), harvested at 48 h,
fixed with 70% ethanol and stored at 4 °C for at least 2 h before analysis.
Alternatively, NB4 and NB4-R2 cells were synchronized by the double
thymidine block method. In brief, cells were incubated in 10% FBS RPMI
plus 2 mM thymidine for 16 h (first block). Thymidine was removed by
washing with PBS and fresh 10% FBS RMPI was add to release cells for 8
h. Then, cells were incubated in 10% FBS RPMI plus 2 mM thymidine for
additional 16 h (second block). To release cells for cell cycle progression,
thymidine was removed by washing with PBS and fresh 10% FBS RMPI
with vehicle or compound 2 (3.2 pM) was add. Cells were harvested and
fixed with 70% ethanol at indicated time points. Fixed cells were stained
with 20 pg/ml propidium iodide (PI) containing 10 pg/ml RNase A for
30 min at room temperature in a light-protected area. DNA content
distribution was acquired in a FACSCalibur cytometer (Becton-Dick-
inson) and analyzed using FlowJo software (Treestar, Inc.).

2.5. Apoptosis assessment by annexin V and 7AAD staining

A total of 1 x 10° cells per well were seeded in a 24-well plate in
RPMI 10% FBS in the presence, or not, of compound 2 (0.8, 1.6 and 3.2
pM) for 48 h. Then, cells were washed twice with ice-cold PBS and
resuspended in binding buffer containing 1 pg/ml 7AAD and 1 pg/ml
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annexin V-FITC. All specimens were analyzed by flow cytometry
(FACSCalibur; Becton Dickinson) after incubation for 15 min at room
temperature in a light-protected area. Ten thousand events were ac-
quired for each sample, using FlowJo software (Treestar, Inc., San
Carlos, CA, USA).

2.6. Western blot analysis

NB4 and NB4-R2 were treated with compound 2 (0.8, 1.6 or 3.2 pM)
or vehicle for 48 h and submitted for total protein extraction using a
buffer containing 100 mM Tris (pH 7.6), 1% Triton X-100, 150 mM
NaCl, 2 mM PMSF, 10 mM Na3VO4, 100 mM NaF, 10 mM Na4P207, and
4 mM EDTA. Equal amounts of protein (30 pg) of the samples were then
subjected to electrophoresis on SDS-PAGE polyacrylamide gel in an
electrophoresis device, followed by electrotransfer of the gel proteins to
the nitrocellulose membrane. The membrane was blocked with 5% milk
and then incubated with specific primary antibodies diluted in blocking
buffer and then with secondary antibodies conjugated to HRP (horse-
radish peroxidase). Western blot analysis with the indicated antibodies
was performed using the SuperSignal™ West Dura Extended Duration
Substrate system (Thermo Fisher Scientific, San Jose, CA, USA) and G:
BOX Chemi XX6 gel document system (Syngene, Cambridge, UK
United). The antibodies against Stathmin 1 (OP18; sc-55531), p-Stath-
min 15'® (p-OP18 Serl6; sc-12948-R), and yH2AX (sc-517348) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
antibodies against PARP1 (#9542), GAPDH (#5174), p-CHK2T®®
(#2197), CHK2 (#6334) and o-tubulin (#2144) were from Cell
Signaling Technology (Danvers, MA, USA).

2.7. Quantitative RT-PCR (qRT-PCR)

NB4 and NB4-R2 were treated with compound 2 (3.2 pM) or vehicle
for 48 h and total RNA was obtained using TRIzol reagent (Thermo
Fisher Scientific). cDNA was synthesized from 1 pg of RNA using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).
Quantitative PCR (qPCR) was performed using a QuantStudio 3 Real-
Time PCR System in conjunction with a SybrGreen System for the
expression of DNA damage-related genes (Supplementary Table 1).
HPRT1 and ACTB were used as reference genes. Relative quantification
values were calculated using the 2247 equation (Livak and Schmittgen,
2001). A negative ‘No Template Control” was included for each primer
pair. Data were illustrated using multiple experiment viewer (MeV)
4.9.0 software (http://www.tm4.org/mev/).

2.8. Cell morphology analysis

An amount of 1 x 10° cells was seeded per well in 24-well plates,
with vehicle or compound 2 (1.6 pM) for 48 h. After the incubation, the
treated cells were adhered to microscopic slides using cytospin (Sero-
cito, Model 2400, FANEM, Brazil), and subsequent hematoxylin and
eosin staining (rapid panotic). The morphological analyzes of the nu-
cleus and cytoplasm of the treated cells were made from the visualiza-
tion of them in a Leica DM 2500 optical microscope and acquisition of
the photos performed by the LAS V4.6 software (Leica, Germany).

2.9. Immunofluorescence microscopy

Thymidine-synchronized NB4 and NB4-R2 cells, treated with vehicle
or compound 2 were attached on coverslips coated with poly-L-lysine (1
mg/ml) 6 h after thymidine release, fixed with 3.7% formaldehyde,
permeabilized with 0.5% Triton X-PBS and blocked with 3% bovine
serum albumin (BSA) PBS. Cells were then incubated with anti-a-tubulin
Alexa Fluor® 488 conjugate (1:200 in 3% BSA PBS, Thermo Fisher
Scientific) for 12 h, and followed by PBS wash. The slides were mounted
in ProLong Gold Anti-Fade Mounting Medium with DAPI (Thermo
Fisher Scientific). Images were generated using fluorescence microscopy
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(LionHeart FX, BioTek, Winooski, VT, USA).

2.10. Microtubule polymerization in vivo analysis

The intracellular levels of microtubule polymerization were evalu-
ated as previously described (Mistry and Atweh, 2001) with minor
modifications. Briefly, an equal number of NB4 and NB4-R2 cells (1 x
10°) treated with vehicle, compound 2 (1.6 pM) or paclitaxel (5 nM) for
48 h were lysed in microtubule-stabilizing lysis buffer containing 0.1 M
PIPES pH 6.9, 2 M glycerol, 5 mM MgCl2, 2 mM EGTA, 0.5% Triton
X-100, 4 pM Taxol, and 5 pg/ml leupeptin and submitted to centrifu-
gation at 20,000 x g for 45 min at 22 °C. Supernatants containing soluble
tubulin (soluble (S) fraction) were separated from the pellets containing
the polymerized tubulin (polymerized (P) fraction). Then, pellets were
solubilized in the microtubule-stabilizing buffer and subjected to ultra-
sonic waves for 20 min. S and P fractions were submitted to Western blot
analysis for a-tubulin detection. GAPDH expression, which is presented
only in S fraction, was used as control of fractionation.

2.11. Molecular modeling

For docking analysis the GOLD 5.1 software (Cambridge Crystallo-
graphic Data Centre, Cambridge, UK), crystallographic model of
tubulin/colchicine (PDB 1SA0) and the structure of compounds 1, 2 and
3 were used.
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2.12. Statistical analysis

Statistical analysis was performed using GraphPad Instat 5 (Graph-
Pad Software, Inc., San. Diego, CA, USA). For comparisons, ANOVA and
Bonferroni post-test or Student t test were used. A P-value < 0.05 was
considered as statistically significant.

3. Results
3.1. Cyclopenta[bJindoles cytotoxicity in acute myeloid leukemia cells

Firstly, three synthetic cyclopenta[b]indoles 1, 2, and 3 were tested
in ATRA-sensible and ATRA-resistant acute myeloid leukemia cellular
models. Among the evaluated compounds, compound 2 presented
greater cytotoxic potential for both leukemia cell lines. However, the
same cytotoxic potential was not observed for compounds 1 and 3,
which showed less potency and/or efficacy (Fig. 1B). To further char-
acterize the pharmacological proprieties of compound 2, a dose and time
concentration analysis was performed. In both, NB4 and NB4-R2 cells,
compound 2 exerts dose- and time-dependent reduction of cell viability
at similar extension between ATRA-sensitive and ATRA-resistance cells,
as evidenced by the similar ICso (NB4: 1.3 and 1.4 uM; NB4-R2: 1.3 and
1.3 pM, upon 48 and 72 h of exposure, respectively; P < 0.05) (Fig. 1C).
Colchicine was used as a reference compound in initial assays and its
dose and time concentration curves for NB4 and NB4-R2 cells are shown
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Fig. 2. Compound 2 inhibits autonomous clonal growth and induces apoptosis in NB4 and NB4-R2 cells. (A) Colonies containing viable cells were detected by the
addition of MTT after 8 days of culture of NB4 and NB4-R2 cells treated with compound 2 (0.8, 1.6, 3.2 pM) for 24 h and normalized to the corresponding DMSO-
treated controls (). Colony images are shown for one experiment and the bar graphs show the mean =+ S.D. of at least three independent experiments. *P < 0.05;
***P < 0.0001; ANOVA and Bonferroni post-test. (B) Apoptosis was detected by flow cytometry in NB4 and NB4-R2 cells treated with graded concentrations of
compound 2 (0.8, 1.6 and 3.6 pM) for 48 h using an annexin V/7AAD staining method. Representative dot plots are shown for each condition; the upper and lower
right quadrants (Q2 plus Q3) cumulatively contain the apoptotic population (annexin V+ cells). Bar graphs represent the mean + S.D. of at least four independent
experiments quantifying apoptotic cell death. The P values and cell lines are indicated in the graphs; *P < 0.05, **P < 0.01; ***P < 0.0001 for cells treated with

compound 2 compared to DMSO-treated (&) cells; ANOVA and Bonferroni post-test.
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in Supplementary Fig. 1. Of note, compound 2 did not reduce the
viability of normal leukocytes, suggesting selectivity for malignant
blood cells (ICsp > 50 uM; Supplementary Fig. 2).

3.2. Compound 2 decreases autonomous clonal growth and promotes
apoptosis and cell cycle arrest in NB4 and NB4-R2 cells

Next, to define the cellular events involved in the reduction of cell
viability upon compound 2 treatment, multiple cellular assays were
performed. Long-term exposure to compound 2 strongly decreased
autonomous clonal growth in both AML cell lines (Fig. 2A). In NB4 and
NB4-R2 cells, 48 h of exposure to compound 2 induces significant levels
of apoptosis (P < 0.05, Fig. 2B).

In the cell cycle analysis, a significant increase in cells in 5,,G; was
observed in NB4 an NB4-R2 upon compound 2 treatment, which cor-
roborates the findings of apoptosis (all P < 0.05, Fig. 3A-B). Addition-
ally, a significant reduction in a concentration-dependent manner of
cells at Go/G; was observed (P < 0.05), indicating an accumulation of
cells in S and Go/M phases, and failure in the cell cycle progression
(Fig. 3C). Due to the large proportion of cells in 4,,G; after treatment for
24 h with compound 2 that impacts the distribution of the other cell
cycle phases, NB4 and NB4-R2 cells were synchronized with double-
thymidine block and the impact of the compound 2 was evaluated
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during the early progression of the cell cycle. Notably, compound 2
induces a strong cell arrest at Go/M from 6 h of treatment (Fig. 3D and
Supplementary Fig. 3).

3.3. Compound 2 reduces STMN1 expression/activity, and induces
apoptosis and DNA damage markers in NB4 and NB4-R2 cells

In the molecular analysis, STMN1 expression and its inactive form
(phospho—STMNlSl6) (proliferation marker), YH2AX and CHK2 (DNA
damage marker) and cleaved PARP1 (apoptosis marker) were investi-
gated by Western blot and a panel of 14 DNA damage-related genes
(BAX, BBC3, CDKN1A, CDKNIB, ERCC1, GADD45A, MSH3, PCNA,
PMAIP1, RNF168, RNF8, RPA1, XPC, and XRCC3) were investigated by
quantitative RT-PCR. Increased doses of compound 2 significantly re-
duces STMN1 expression and increases STMN1 phosphorylation, as
well, induces H2AX and CHK2 phosphorylation, and PARP1 cleavage in
both acute myeloid leukemia cell lines (all P < 0.05) (Fig. 4A and B).
Among the DNA damage-related genes investigated, 4 out of 14
(CDKN1A, PMAIP1, GADD45A, and XRCC3) were significantly modu-
lated by compound 2 in NB4 and NB4-R2 cells (all P < 0.05, Fig. 5 and
Supplementary Table 2).
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Fig. 3. Compound 2 leads to cell cycle arrest at S and G»/M phases in acute leukemia cells. (A) The phases of the cell cycle were determined by analyzing the DNA
content through staining with propidium iodide and flow cytometry in NB4 or NB4-R2 cells treated with compound 2 (0.8, 1.6 or 3.2 pM) or vehicle for 48 h. A
representative histogram for each condition is illustrated. (B) The bar graph represents the mean + S.D. of the percentages of cells in g,,G; from at least three
independent experiments. (C) The mean + S.D. of the cell distributions that are in the Go/G1, S and G»/M phases of the cell cycle (excluding ,,G1) of at least three
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Fig. 4. Compound 2 induces molecular markers of
DNA damage and apoptosis in NB4 and NB4-R2
cells. (A) Western blot analysis for levels of pho-
pho (p)-Stathmin 151, STMN1, yH2AX, p-CHK2T®%,
CHK2, and PARP1 (total and cleaved) in total cell
extracts of NB4 and NB4-R2 cells treated with
compound 2 (0.8, 1.6 or 3.2 pM) or vehicle for 48 h;
The membranes were incubated with the indicated
antibodies and developed with the SuperSignal ™
West Dura Extended Duration Substrate and Gel Doc
XR + system. (B) Bar graphs represent the mean +
S.D. of three independent experiments quantifying
band intensities of indicated proteins. *P < 0.05,
**Pp < 0.01, ***P < 0.001; ANOVA and Bonferroni
post-test. Note that compound 2 treatment induces
Stathmin 1 phosphorylation at serine 16 site (an
inhibitory site), H2AX phosphorylation at serine
139 and CHK2 at threonine 68 (DNA damage
markers) and PARP1 cleavage (an apoptosis marker)
in NB4 and NB4-R2 cells.
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Fig. 5. Compound 2 modulates CDKN1A, PMAIP1, GADD45A, and XRCC3 in NB4 and NB4-R2 cells. (A) The heatmap illustrates the quantitative RT-PCR analysis of
the DNA damage-related genes in NB4 and NB4-R2 cells upon treatment with compound 2 (3.2 pM; mean; n = 3) for 48 h. The data are represented as fold-change of
vehicle-treated cells, down and upregulated genes are given by blue and red, respectively. (B) The bar graph represents mean =+ S.D. of the fold-change of vehicle-
treated cells for CDKN1A, PMAIP1, GADD45A, and XRCC3 in NB4 and NB4-R2 cells upon compound 2 (3.2 pM; mean; n = 3) exposure for 48 h. The p values and cell

lines are indicated in the graphs; *P < 0.05; **P < 0.01; Student ¢ test.

3.4. Compound 2 causes microtubule instability and generates mitotic
aberrations in NB4 and NB4-R2 cells

NB4 and NB4-R2 cells stained with H&E and analyzed by optical
microscopy showed a high frequency of mitotic aberrations after treat-
ment with 1.6 pM of compound 2 for 48 h (Fig. 6A). Since compound 2
induces a strong Gy/M arrest after 6 h of thymidine release in syn-
chronized NB4 and NB4-R2 cells, we evaluated nuclear and microtu-
bules morphology through immunofluorescence at this time point. In
NB4 and NB4-R2 cells, compound 2 induced diffuse tubulin staining,
indicating instability of microtubules, also, cells with condensed chro-
mosomes or large nuclei were observed, indicating failure to complete
mitosis, which corroborates the data obtained in flow cytometry
(Fig. 6B). Quantitative data analysis confirms that 6 h after the thymi-
dine block release, vehicle-treated cells present a higher proportion in
interphase (Go/G1), which indicates the ability of these cells to complete
the mitosis. In contrast, the proportion of compound 2-treated NB4 and
NB4-R2 cells with large nuclei or aberrant mitotic spindle were signifi-
cantly increased (P < 0.05; Fig. 6B). Moreover, in vivo tubulin assay
indicates that compound 2 leads to reduction of microtubule polymer-
ization (Fig. 6C). In docking analysis, two main interactions for com-
pound 2 and tubulin colchicine site were observed: one with the sp>
oxygen atom of the carboxyl group and other with a sp> oxygen atom of
the dioxolane five-membered ring, indicating that compound 2 has more
efficient interactions than compounds 1 and 3 at the tubulin colchicine
site (Fig. 6D).

4. Discussion

Herein, the anti-leukemia effects of novel synthetic cyclopenta[b]
indoles in ATRA-sensitive and -resistant APL cell lines were investigated.

Cyclopenta[b]indoles are present in several biologically active natural
and synthetic compounds, being directly responsible for their biological
effects (Baran and Richter, 2005; Richter et al., 2008; Uhlig et al., 2009).
Among biological functions described for compounds that contain the
cyclopenta[blindole portion have been reported abortive and
anti-estrogenic activities, prostaglandin D2 receptor antagonist activity,
progesterone receptor agonist activity, antioxidant and insecticidal ac-
tivity (Levesque et al., 2007; Nicoll-Griffith et al., 2007; Qiao et al.,
2010; Ratni et al., 2009; Roll et al., 2009; Sturino et al., 2007; Talaz
et al., 2009; Wong et al., 1998).

Due to the great relevance of these class of compound, several syn-
thetic protocols have been described to synthesize this heterocyclic
nucleus, such as Fischer indolization, Friedel-Crafts intramolecular re-
action and palladium-catalyzed cyclization, but many of these protocols
have low yield and low stereoselectivity (Sorensen and Pombo-Villar,
2004; Xu et al., 2012). The cyclopenta[b]indoles used for the present
study were obtained wusing a sequence of reactions using
Morita-Baylis-Hillman (MBH) adducts as building blocks and Indium
Chloride III as an acid catalyst (Supplementary Information). The dif-
ferential of this synthesis is that it is a diastereoselective synthesis,
already reported by our research group (Santos et al., 2016), which also
evaluated the effects of some cyclopenta[blindoles against a panel of
human tumor cell lines. Some of the tested cyclopenta[b]indoles showed
antitumor activity like doxorubicin, but with better selectivity. For
instance, the cyclopenta[b]indole derivative substituted by a 4-methox-
yphenyl group at C3 (methyl-7-hydroxy-3-(4-methoxyphenyl)-1,2,3,
4-tetrahydrocyclopenta[b]indole-2-carboxylate) presented 12 times
more potency than doxorubicin to completely inhibit the cell growth in
ovarian cancer cell lines, OVCAR-3 (Santos et al., 2016).

In the present study, among the three pure enantiomer of novel
synthetic cyclopenta[blindoles tested, compound 2 displayed higher
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Fig. 6. Compound 2 treatment generates aberrant mitoses and microtubule instability in leukemia cell lines. (A) NB4 and NB4-R2 cells were treated with vehicle or
compound 2 (1.6 pM) for 48 h, fixed and stained with hematoxylin and eosin (H&E). 400 x and 1000 x magnification images are illustrated. (B) Nuclear and
microtubules morphology was evaluated by immunofluorescence analysis in synchronized NB4 and NB4-R2 cells treated with vehicle or compound 2 after 6 h of
thymidine release. The zoomed area displays details in compound 2-treated NB4 or NB4-R2, a-Tubulin (green) and DAPI (blue). Scale bars are shown in figure (200
pm). Bar graphs represent the mean =+ S.D. of the proportion of NB4 or NB4-R2 treated with vehicle or compound 2 from three independent experiments (at least 150
cells per condition), which were classified according to morphology into interphase, cells with a condensed nucleus (mitosis), large nuclei or aberrant mitotic spindle.
*P < 0.05, **P < 0.01, ***P < 0.001; Student t test. (C) NB4 and NB4-R2 cells were treated with vehicle or compound 2 (1.6 pM) for 48 h and submitted extraction of
the soluble (S) and precipitated (P) cellular fractions and Western blot. Free tubulin is present in fraction S, while polymerized tubulin is present in fraction P. The
expression of GAPDH, which is present only in fraction S, was used to verify the efficiency of fractionation. Paclitaxel was used as a control for the polymerization of
microtubules. The ratio of a-tubulin present in fractions S and P are described. The membranes were incubated with the indicated antibodies and developed with the
SuperSignal ™ West Dura Extended Duration Substrate and Gel Doc XR -+ system. (D) Conformation proposal of the interaction compound 2 (panel I) on the binding
site of colchicine of the tubulin compared with the interactions of compounds 1 and 3 (panel II).

cytotoxic effects, reduced autonomous clonal growth, which is usually directly inducing microtubule-catastrophe, and high STMN1 expression
associated with aggressiveness in leukemia (Lowenberg et al., 1993), has been associated with acceleration in mitosis, migration, and inva-
and induced apoptosis and cell cycle arrest in ATRA sensible and resis- sion (Belletti and Baldassarre, 2011). Despite the importance of STMN1
tant APL cells. Additionally, compound 2 did not exhibit cytotoxicity in in the malignant type of several types of hematological and solid can-
normal leukocytes, which suggest selectivity for malignant hematopoi- cers, effective pharmacological inhibitors of STMN1 have not yet been
etic cells. Of note, initial observations using NB4 as a cellular model of described (Biaoxue et al., 2016). PARP1 is one of several known cellular
APL generate evidence of the therapeutic potential of ATRA and arsenic substrates of caspases and be cleaved and inactivated by active caspases
trioxide (Idres et al., 2001; Shao et al., 1998), which are currently the 3 and 7 and this cleavage is considered as a hallmark of apoptosis
first line of treatment in this disease with clinical outcomes superior to forming fragments of 24 kDa and 89 kDa (Castri et al., 2014; Desroches
previous therapeutic options (Rego et al, 2013). NB4-R2 is a and Denault, 2019).

ATRA-resistant subclone of the NB4 APL cell line, which changes the H2AX is a variant of the H2A protein family, which is a component of
amino acid GIn903 to an in-phase stop codon, generating a truncated the histone octamer in nucleosomes. In the presence of DNA damage,

form of PML-RARa which has lost 52 amino acids at its C-terminal H2AX is phosphorylated at the serine 139, being called yH2AX (Kuo and
(Duprez et al., 2000). In the clinic, ATRA resistance represents a ther- Yang, 2008; Rogakou et al., 1998, 1999). Similarly, CHK2 is also
apeutic challenge in the treatment of APL and new therapeutic options phosphorylated upon DNA damage (Zannini et al., 2014). In the in vivo

are of interest (Baljevic et al., 2011; Noguera et al., 2019). tubulin polymerization assay, NB4 and NB4-R2 cells showed a great

In the molecular scenario, compound 2 reduced STMN1 expression, reduction in the levels of polymerized tubulin. The accumulation of DNA
and induced PARP1 cleavage, H2AX and CHK2 phosphorylation. In damage is one of the hallmarks of the mitotic catastrophe, a type of cell
acute leukemia cells, STMNI1 plays an important role in cell cycle pro- death that occurs during mitosis (Castedo et al., 2004). Among the DNA

gression and clonogenicity, being a proliferation marker of normal and damage-related genes investigated, CDKN1A, GADD45A, PMAIP1, and
malignant hematopoietic cells (Machado-Neto et al., 2014a, 2014b). In XRCC3 were modulated by compound 2 in NB4 and NB4-R2 cells.
malignant tumors, STMN1 integrates multiple signaling pathways by CDKN1A and GADD45A expressions are induced by DNA damage and
regulation of microtubule dynamics, sequestering free tubulin dimers or associated with growth arrest and apoptosis (Kreis et al., 2019; Salvador
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et al., 2013). PMAIP1 (also known as NOXA) is a BH3-only member of
the BCL2 family that acts as a pro-apoptotic protein, and its expression is
also activated in response to DNA damage (Morsi et al., 2018). XRCC3
plays a role in DNA double-strand break/recombinational repair to
maintain chromosome stability, and its downregulation have been
associated with increased chemotherapy-induced apoptosis (Roos et al.,
2018). Taken together, these data indicated that the compound 2 dis-
turbs microtubule dynamics, which reduces cell viability by cell cycle
arrest and DNA damage, ultimately, triggering apoptosis.

Regarding structure-activity, our results suggest that the trimethoxy
that has the freest O-methyl groups presented the lower cytotoxic ac-
tivity, and when their freedom were restricted using the O-CH,-CH»-O,
the cytotoxic activity increased, being even improved by restricting it
even more with O-CH;-O. These data suggest that the restriction of the
freedom groups favors interactions of hydrogen bonding with functional
groups in the active site. Molecular docking experiments support this
hypothesis, since the main interactions, one with the sp? oxygen atom of
the carboxyl group and other with a sp® oxygen atom of the dioxolane
five-membered ring, were observed for compound 2.

In summary, the present study identified a novel synthetic cyclo-
penta[blindole that display antineoplastic effects, inducing cell cycle
deregulation and apoptosis in NB4 and NB4-R2 cell lines. Our explor-
atory molecular analysis identified reduction of proliferation markers
and tubulin stability, and induction of DNA damage and apoptosis
markers. These results shed light on the structure-activity relationship of
cyclopenta[b]indoles allowing new molecular modifications to improve
potency and selectivity, increasing the antineoplastic arsenal.
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