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ARTICLE INFO ABSTRACT

Keywords: The cytotoxicity properties of the f-carboline alkaloids have been broadly investigated. However, the potential
p-Carboline application of p-carbolines was hindered due to the moderate activity in cancer. In the present study, thirty
NO donor

p-carboline-(phenylsulfonyl)furoxan hybrids (11a—j, 12a—j and 13a—j) were designed and synthesized through
esterification and amidation reaction strategy, and their inhibitory activities against the human breast cancer cell
lines MCF-7 and MDA-MB-231 were evaluated by CCK-8 assay. Biological evaluation presented that the most
promising amide derivative 13h, substituted with p-methoxyphenyl group at position 1, generated high con-
centration of NO and evidently depressed the MCF-7 (ICso = 0.89 pM) and MDA-MB-231 (ICso = 0.62 uM) cells
proliferation. Particularly, the wound healing and transwell assays demonstrated that 13h significantly inhibited
the migration and invasion of MDA-MB-231cells. Furthermore, the preliminary mechanisms studies indicated
that 13h induced G2/M phase arrest and apoptosis possibly causing by ROS accumulation and ROS-mediated
DNA damage. Based on these considerations, 13h may be a promising antimetastatic agent for breast cancer,

Breast cancer
Migration apoptosis

which is noteworthy for further exploration.

Although substantial advances in treatment have been achieved,
cancer remains the second leading cause of death globally in 2019,
which outnumber the human immunodeficiency syndrome, malaria,
and tuberculosis sum.' Strikingly, breast cancer, the most common
malignant neoplasms affecting women, is the leading cause of cancer-
associated deaths.”® Currently, the treatment strategy for breast can-
cer mainly covers surgical mastectomy, hormone based therapies, ra-
diation therapy, chemotherapy, and anti-angiogenic therapies based on
tyrosine kinase receptors and hypoxia inducible factors (HIF) small
molecule inhibitors and so on.* For estrogen receptor positive breast
cancer, these therapies exert a better prognosis, however, which fail to
produce prominent clinical benefits in the treatment of triple negative
breast cancers (TNBC).>® TNBC are short of human epidermal growth
factor receptor 2 (HER2), progesterone receptor (PR), and estrogen re-
ceptor (ER) expression, possessing highly metastatic and aggressive with
a worse prognosis.” Moreover, some targeted therapeutics are also
barely satisfactory for TNBC.5 !

The alarming increase in cancer mortality has driven the search for
new anti-tumor drugs, and one of the feasible ways to look for effective
antineoplastic agents is still getting back to nature for answers.'%' At

* Corresponding authors.

present, roughly 25% of drugs are arisen from natural resources, and the
others are synthetic derivatives based on prototype compounds isolated
from plants.'® p-carboline alkaloids, possessing the common tricyclic
pyrido-[3,4-blindole ring, are mainly isolated from Zygophyllaceae,'”
Simaroubaceae,'® Caryophyllaceae'” and Rubiaceae.'® Additionally,
this class of alkaloids has been extensively researched due to their broad-
spectrum of pharmacological activities, including anti-tumorigenic,'’
anti-Alzheimer’s disease,”’ anti-Huntington’s disease,?! antidepres-
sant,”>  anti-diabetic  (inhibiting dual  specificity  tyrosine
phosphorylation-regulated kinase 1A (DYRK1A)),%® antimicrobial,*
anti-inflammatory,?® and antiplasmodial®® effects and so on. Among
them, the antitumor activity of f-carbolines has become a hot research
topic. Accumulating evidences demonstrated that these alkaloids
restrained cancer cell proliferation and induced apoptosis through
diverse mechanisms, such as intercalating with DNA,”” blocking
angiogenesis,28 depressing I-Kappa-B kinase (IKK),%° topoisomerases I
and 1I (Topo I and II),°° mitogen activated protein kinase-activated
protein kinase 2 (MK-2),®! cyclin-dependent kinase (CDK),*? polo-like
kinase (PLK),>* kinesin-like protein Eg5°* and histone deacetylases
(HDACs).>® Recent studies indicated that harmine (Fig. 1) inhibited
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Fig. 1. Natural g-carboline alkaloids with anti-breast cancer properties.

Fig. 2. NO donating derivatives with anti-breast cancer effects.

breast cancer resistance protein (BCRP) to decrease resistance to the
anticancer drugs mitoxantrone and camptothecin in MDA-MB-231
cells.>® Wink et al. showed that harmine suppressed telomerase activ-
ity of MCF-7 cells by down-regulating the expression of human telo-
merase reverse transcriptase (hTERT) mRNA, and inducing the
accelerated senescence phenotype through the p53/p21 pathway.®’
Moreover, harmine restrained breast cancer cells growth and migration,
induced apoptosis in vitro (MDA-MB-231 and MCF-7 cells) and in vivo
(MCF-7 xenograft mice model), the underlying molecular mechanism
identified that harmine exerted these properties through reducing the
expression of transcriptional co-activator with PDZ-binding motif (TAZ),
phosphorylation of extracellular regulated protein kinases (p-ERK),
phosphorylation of v-Akt murine thymoma viral oncogene (p-Akt) and
Bcl-2, and increasing Bax expression.38 Picrasidine G (Fig. 1), a natural
dimeric p-carboline, caused apoptosis and inhibited proliferation
through aggrandizing chromatin condensation, sub-G1 population,
cleavage of caspase 3 and poly(ADP-ribose) polymerase (PARP), sup-
pressing the epidermal growth factor receptor (EGFR)-induced signal
transducer and activator of transcription 3 (STAT3) phosphorylation
and survivin transcription in the EGFR-overexpressed MDA-MB 468
cells.”” In addition, Sheu et al. found that flavopereirine (Fig. 1) induced
apoptosis and S phase cell cycle arrest via the Akt/p38/mitogen-
activated protein kinases (MAPK)/ERK1/2 signaling pathway in MDA-
MB-231 cells.*’

Besides participating in a majority of physiological and pathophys-
iological processes, nitric oxide (NO) was found to be an effective
anticancer candidate via different mechanisms, including ERK, Akt,
mammalian target of rapamycin (mTOR), Ras, cyclin D1/retinoblas-
toma (Rb), nuclear factor kappa B (NF-kB) signaling pathways and so
on.*"** Nevertheless, the role of NO is quite intricate in tumor biology,
since it inhibits or promotes tumor proliferation mainly depending on
concentration and cell sensitivity to NO.** It is worth mentioning that
high concentration of NO released by NO donors not only induces tumor
cells apoptosis through reducing the cell cycle proteins translation, but
also sensitizes cells to radiation, immunotherapy, and chemotherapy in
vitro and in vivo.* " Engagingly, a recent study showed that NO-
targeted therapy inhibited cancer stem cells and increased anti-
hormonal therapy efficacy avoiding drug resistance in estrogen
receptor-positive breast cancer cells.*® Pervin et al. reported that DETA-

Bioorganic & Medicinal Chemistry Letters 40 (2021) 127952

NONOate (A) (Fig. 2), a long-acting NO donor, induced the mitochon-
drial apoptosis apoptosis in African American by enhancing Bax and
reactive oxygen species (ROS) levels, activating caspase-3, and depola-
rizing mitochondrial membrane potential in TNBC."® Additionally, JS-K
(B) (Fig. 2), a NO-releasing prodrug, induced autophagy by up-
regulating microtubule light chain 3-II expression in breast cancer
cells, while sparing normal mammary epithelial cells.” Subsequently,
Huang et al. found that O?-3-aminopropyl diazeniumdiolate (C) (Fig. 2)
inhibited highly metastatic TNBC cells proliferation, and decreased
adhesion, invasion and migration in vitro. Moreover, C also suppressed
implanted TNBC growth and metastasis in vivo via blocking microvescile
formation through NO-based epigenetic regulation of miR-203/RAB22A
expression.”! Considerable evidences suggest that NO donors may be
potential benefits for the treatment of breast cancer.

Particularly interesting is the role of furoxans as NO donors in cancer
cells, there was report that furoxan derivative (D) (Fig. 2) inhibited
MCF-7 cells colony formation, and restrained MDA-MB-231 cells
migration by down-regulating pNF-kB-p65 expression.®> Our group has
developed several (phenylsulfonyl)furoxan-based NO-donor derivatives
possessing potent selective antitumor effects.”>>° Given that both
p-carboline and NO exert antiproliferative activity against breast cancer
cells, we envisioned that novel furoxan/p-carboline hybrids could
release high concentrations of NO, leading to superactive cytotoxicity
against breast cancer cells. In the present study, a series of NO-releasing
p-carboline derivatives (11a—j, 12a—j and 13a-j) were designed and
synthesized by conjugating the carboxyl group of 5a-c to
phenylsulfonyl-substituted furoxan via different chemical linkers.
Whereafter, their antiproliferative activity against MCF-7 and MDA-MB-
231 cells, NO-releasing ability, cell cycle analysis, induction of
apoptosis, comet assay, and the inhibitory effects of migration and in-
vasion were evaluated.

The synthesis of target hybrids 11a-j, 12a-j and 13a-j is illustrated
in Scheme 1. The p-carboline intermediates 5a-c were obtained by a
four-step sequence. First, i-tryptophan 1 was treated with differently
substituted aldehydes in the presence of sodium hydroxide solution or
trifluoroacetic acid (TFA) and 1,2-dichloroethane (DCE) to offer 2a—c by
Pictet-Spengler reaction.®® Then 3a—c were prepared by esterification of
2a-c through using SOCl,. Meanwhile, 3a-c were oxidized by KMnOj4 in
anhydrous N,N-dimethylformamide (DMF) to afford 4a—c. Finally, 4a—c
were hydrolyzed by sodium hydroxide to generate intermediates 5a—c.
Next, 9 was synthesized by a three-step strategy.®' Briefly, benzenethiol
6 was reacted with chloroacetic acid to gain compound 7. 7 was then
oxidized by 30% H»O2 to give 8. Diphenylsulfonylfuroxan 9 was syn-
thesized from 8 accordingly with fuming HNOs, which was next con-
verted to diverse furoxan intermediates 10a—j by reaction with various
amino-substituted alcohol and diol. Finally, the treatment of S-carbo-
line intermediates 5a-c with furoxan derivatives 10a—f in the presence
of 4-dimethylaminopyridine (DMAP) and 1-(3-(dimethylamino)-pro-
pyl)-3-ethylcarbodiimide hydrochloride (EDCI) produced eighteen
novel p-carboline/phenylsulfonylfuroxan derivatives 11a—f, 12a—f and
13a-f. Simultaneously, twelve novel hybrids 11g-j, 12g—j and 13g—j
were synthesized by acylation of 5a-c with 10g—j under the condition of
EDCI and 1-hydroxybenzotriazole (HOBT). The target compounds
11a-j, 12a-j and 13a—j were purified by silica gel column chromatog-
raphy, and all structures were identified by 'H NMR, '3C NMR, and high
resolution mass spectrometry (HR-MS). (data in Supplementary
Materials.)

To estimate the antineoplastic activity of the target derivatives, the
inhibitory action on the proliferation of human mammary gland tumor
cell line MCF-7 and TNBC cell line MDA-MB-231 was primarily tested by
CCK-8 assay.®? The ICsq values of all test compounds against two solid
tumor cells are emerged in Table 1. The results displayed that most of
the synthesized derivatives were remarkably more potent than the
natural harmine. Eleven out of 30 hybrids even stronger than doxoru-
bicin or 9. The structure-activity relationships (SARs) analysis showed
that 11a-j, 12a—j and 13a—j with different linkers or a variety of 1-
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Scheme 1. Synthesis of compounds 11a—j, 12a—j and
13a-j. Reagents and conditions: (a) 0.4 N NaOH so-
lution, 37% formaldehyde solution, 37 °C, 3 d; or
TFA, DCE, acetaldehyde/p-methoxybenzaldehyde,
110 °C, 0.5 h; (b) SOCl,, MeOH, 0 °C, 1 h, and then
reflux, 6 h; (¢) KMnOy4, anhydrous DMF, 0 °C, 1 h, and
then rt, 24 h; (d) NaOH/MeOH, reflux, 6 h; (e)
CICH,COOH, NaOH solution, reflux, 2 h; (f) 30%
H,0,, AcOH, rt, 3 h; (g) Fuming HNO3, 90 °C, 4 h; (h)
Diol or alkanolamine, THF, NaH, 0 °C, 4 h; (i) 10a-f,
EDCI, DMAP, anhydrous DCM, rt, 8-12 h; or 10g-j,
HOBT, EDCI, anhydrous DCM, rt, 8-12 h.
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Table 1
The antiproliferative activities of 11a—j, 12a-j and 13a-j against MCF-7 and
MDA-MB-231 cells.

Compounds ICs0 (UM)”

MCEF-7 MDA-MB-231
1la 11.47 + 0.39 9.56 + 0.43
11b 4.64 +0.28 7.96 + 0.45
11c 9.57 £ 0.23 12.54 + 0.68
11d 13.73 £ 0.70 8.87 £ 0.76
1le 19.04 + 0.65 15.85 + 0.52
11f 5.27 + 0.40 5.89 +0.31
11g 7.53 £ 0.38 6.75 £+ 0.47
11h 4.64 + 0.44 7.50 + 0.42
11i 6.94 + 0.36 5.97 +0.27
11j 8.28 £ 0.47 6.83 £ 0.35
12a 4.58 + 0.35 7.46 + 0.37
12b 4.88 +0.19 2.24 +0.20
12¢ 4.28 +0.15 4.54 +0.22
12d 6.85 £+ 0.30 5.75 £ 0.24
12e 5.89 + 0.41 7.67 £ 0.52
12f 8.86 + 0.48 6.91 + 0.55
12g 4.96 + 0.35 3.84 £ 0.16
12h 2.97 +0.14 1.62 + 0.10
12i 3.80 £ 0.17 2.20 £ 0.15
12j 3.29 £ 0.27 3.47 £0.19
13a 4.80 + 0.16 3.59 + 0.29
13b 3.49 + 0.16 2.86 +0.22
13c 292 £0.27 4.26 £ 0.29
13d 5.36 + 0.32 2.98 + 0.44
13e 3.92 +0.21 2.53 +0.26
13f 2.35 + 0.27 1.16 + 0.08
13g 1.45 + 0.12 0.87 £+ 0.05
13h 0.89 + 0.05 0.62 + 0.05
13i 1.56 + 0.10 2.27 £0.16
13j 1.33 £ 0.11 0.92 £+ 0.04
S5a > 30 > 30
5b 19.24 + 0.67 22.64 £+ 0.86
5c 14.30 + 0.32 12.63 + 0.28
9 3.92 + 0.10 4.84 +0.22
harmine 16.94 + 0.47 21.91 £1.25
doxorubicin 3.09 + 0.16 2.86 + 0.18

? ICso: Half inhibitory concentrations were measured by the CCK-8 assay, cells
were treated with indicated compounds for 72 h, and the values are expressed as
averages + standard deviations of three independent experiments.
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Fig. 3. NO-releasing ability of several selected target compounds. The values
are expressed as averages of three independent experiments.

substituted p-carbolines indicated discrepant antiproliferative activity
against breast cancer cells. For instance, the antitumor activity of
p-carbolines derivatives (13a—j) substituted with p-methoxyphenyl
group at position 1 was significantly stronger than that of analogues
substituted with methyl (12a-j) or H (11a-j) at position 1, which re-
flected that the steric hindrance and electric effect of substituted groups
were of great importance in the biological activities. Furthermore, the
compounds (11g-j, 12g-j and 13g—j) linked with alkanolamine
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presented more potent inhibitory activity than the compounds (11a-f,
12a—f and 13a-f) linked with diol, which might be due to the fact that
the ester-linked hybrids were usually easily metabolized into acids and
alcohols in the body to cause weakened activity. As a matter of fact, the
ester derivatives (11a, 11¢, 11d and 11e) showed the lowest activity
against breast cancer cells.

Among the amide hybrids of g-carbolines, compounds 13h with an
aminopropanol linker possessed evidently inhibition on the prolifera-
tion of breast cancer cells, compared with aminoalcohol linkers, such as
13g, 13i and 13j. As previously noticed, the compounds 13g—j indicated
relatively low ICsq values (1.45, 0.89, 1.56 and 1.33 pM, respectively)
against MCF-7 cells, compared with the ICso values of 5¢, harmine,
positive control doxorubicin (14.3, 16.94, and 3.09 pM, respectively).
By contrast, the compounds 13g, 13h and 13j showed the minimum ICsg
values (0.87, 0.62, and 0.92 pM, respectively) against MDA-MB-231
cells, compared with the ICsy values of 5c¢, harmine, doxorubicin
(12.63, 21.91, and 2.86 pM, respectively). To take these elements into
consideration, compound 13h was the most promising for in depth
exploration into the action mechanism against TNBC MDA-MB-231
cells.

Compound 13h was consisted of the f-carboline moiety (compound
5c¢) and furoxan (9) through an aminopropanol linker. As shown in
Table 1, the ICsg values of 13h against MCF-7 (0.89 pM) and MDA-MB-
231 cells (0.62 pM) were obviously lower than that of 5¢ (14.3 and
12.63 pM) and 9 (3.92 and 4.84 uM), respectively. These data showed
that the potent anti-breast cancer activity of 13h might be attributed to
the synergistic effects of -carboline and NO donor. Therefore, in order
to affirm the contribution of NO to the antiproliferative activity, the NO
released concentrations by several selected target derivatives were
tested using the Griess assay.®® As outlined in Fig. 3, hybrids (13a, 13d
and 13g—j) substituted with p-methoxyphenyl at position 1 possessed
stronger NO release ability than that of analogues substituted with
methyl group (12d, 12df, 12h and 12i) or H (11d, 11e, 11f and 11h).
Among compounds 13a, 13d, and 13g-j, the amide hybrids (13g—j)
released higher NO levels than that of the ester derivatives (13a and
13d). Intriguingly, the most promising compound 13h produced the
highest concentration of NO. These results supported that the NO levels
released by several selected target derivatives were positively correlated
with their antiproliferative activity against MDA-MB-231 cells.

Numerous compounds suppressed cancer cell growth mainly by
decreasing cell division to arrest cell cycle.®* To verify whether 13h
affects cell cycle progression, propidium iodide (PI) staining-based cell
cycle analysis was conducted by flow cytometry. As shown in Fig. 4a,
treatment with 13h hindered the cell cycle at the G2/M stage. Compared
to the control cells, the culture of MDA-MB-231 cells with different
concentrations of 13h (0.15, 0.3 and 0.6 pM) enhanced the cells per-
centage in the G2/M phase from 10.90% to 23.54%, simultaneously the
cells percentage of G1 phase reduced, and that of S phase remained
essentially unchanged (Fig. 4b). The above results affirmed that 13h
inhibited MDA-MB-231 cells proliferation via arresting cell cycle at G2/
M phase.

Since various anticancer drugs cause the tumor cells death through
inducing apoptosis,®” additionally, cell cycle arrest induced by multiple
factors may also lead to apoptosis. So whether compound 13h induced
cancerous cell apoptosis was also investigated. Whereafter, vehicle- or
13h-incubated MDA-MB-231 cells were stained with Annexin V-FITC
and PI As illustrated in Fig. 5a and b, treatment with 13h caused a
concentration-dependent (0.15, 0.3, and 0.6 pM) increase in both the
early- and late-stage apoptosis of MDA-MB-231 cells (12.67%, 23.99%
and 54.18%, respectively), which demonstrated that 13h inhibited
MDA-MB-231 cells proliferation by inducing apoptosis.

ROS plays a central role in modulating cell apoptosis by disturbing
the intracellular environment in various tumor cells, and accesses to the
nucleus to inflict DNA damage.®® Accordingly, to study whether com-
pound 13h promoted intracellular ROS generation, the 2',7'-dichlor-
odihydrofluorescein diacetate (DCFH-DA) was used to survey the levels
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Fig. 4. Compound 13 h induced G2/M arrest in MDA-MB-231 cancer cells. MDA-MB-231 cells were incubated with different concentrations of 13 h (0, 0.15, 0.3, and
0.6 pM) for 72 h. (a) Cells were harvested and stained with PI and then analyzed by flow cytometry. (b) Histograms display the cell cycle distribution percentages.
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pL). After 24 h of incubation with 0, 0.15, 0.3 and 0.6 pM compound 13 h, representative images were captured using phase contrast microscopy. (b) Wound-healing
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231 cells were incubated with 13 h (0, 0.15, 0.3 and 0.6 pM) in 96-well plates, and the nonadherent cells were washed away with phosphate-buffered saline, while
the adhesive cells were counted using phase contrast microscopy. All data are represented as the mean + SD of three independent experiments. *p < 0.05 vs the

control group.

of ROS in the presence and absence of 13h. As listed in Fig. 6a and 6b,
13h increased the generation of intracellular ROS in a dose-dependent
manner. The DCFH-DA positive cells ratio increased from 3.04% in
cells incubated with dimethyl sulfoxide (DMSO) to 51.62% in cells
incubated with 0.6 pM 13h.

As is well known, DNA damage is deemed to a mark of apoptosis.
Moreover, it was well documented that excess accumulation of intra-
cellular ROS might led to DNA damage and lipid membrane peroxida-
tion, eventually causing cell death.®” Therefore, the DNA damage by
detecting double-strand DNA breaks (DSBs) adducts in MDA-MB-231
cells using neutral comet assays was evaluated. Fig. 7a revealed that

13h significantly increased the endogenous DSBs generation. Addi-
tionally, 13h remarkably raised tail DNA percentage with increasing
concentration, and by contrast, reduced the head DNA percentage.
Meanwhile, DNA migration of tail and Olive tail was perceived with
increasing concentration of 13h (Fig. 7b), announcing that 13h inhibi-
ted DNA replication and induced DNA damage. Taken together, these
results preliminarily proved that compound 13h induced MDA-MB-231
cells apoptosis by stimulating ROS generation, which in turn led to DNA
damage.

It is noteworthy that TNBC is the most invasive and metastatic sub-
type of breast cancer, the effects of compound 13h on migration and
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Fig. 8. (continued).

invasion by wound healing and transwell assays in MDA-MB-231 cells
were further explored. As shown in Fig. 8a and b, after treating without
drugs for 24 h, the wound closure distance was significantly shortened,
yet the addition of 13h had remarkable inhibitory effect on wound
closure. Moreover, the wound closure rate of cells exposed to 0.3 pM
13h was less than half compared to the control. With the increasing of
13h to 0.6 pM, the wound closure rate decreased lower than that treated
with 0.3 pM, revealing that 13h significantly inhibited MDA-MB-231
cells migration via a concentration-dependent manner. The results of
the transwell assay are presented in Fig. 8c and d. Treatment with 13h
distinctly restrained the invasion of MDA-MB-231 cells at micromolar
concentrations (0.3-0.6 pM). Subsequently, the adhesion assays
(Fig. 8e) verified that 13h dose-dependently suppressed the adhesion of
MDA-MB-231 cells. As outlined above, 13h possessed superactive ac-
tivity against the migration, invasion, and adhesion of MDA-MB-231
cells in vitro.

In conclusion, thirty hybrids of f-carbolines and (phenylsulfonyl)
furoxan (11a-j, 12a-j and 13a-j) were designed, synthesized and

10

biologically evaluated. After incubating the tumor cells for 72 h, most
derivatives presented stronger antiproliferative activity than harmine
against MCF-7 and MDA-MB-231 cells. Notably, 13g, 13h and 13j dis-
played more potent inhibition on MDA-MB-231 cells compared to those
of doxorubicin. Particularly, 13h exhibited the most excellent anti-
proliferative activity, with an ICsg value of 0.62 pM against MDA-MB-
231 cells. Interestingly, 13h also generated a continuous NO release in
vitro, and produced the NO concentration of above 65 pM/L at 3 h.
Accordingly, 13h was selected for further research to explore the action
mechanisms in MDA-MB-231 cell lines. The results demonstrated that
13h induced G2/M-phase arrest and cell apoptosis by the activation of
ROS-mediated DNA damage. Additionally, compound 13h suppressed
the MDA-MB-231 cells metastasis, invasion, and adhesion. Collectively,
the novel p-carboline-(phenylsulfonyl)furoxan hybrid 13h possessed
prominent antineoplastic activity and sustained NO release capacity in
vitro. Hence, compound 13h may be a promising antimetastatic agent
for TNBC, which is noteworthy for further investigation.
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