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Introduction

Aim. A comparative analysis of the anti-cancer activity of 1-(4-methylpiperazin-1-yl)isoqui-
nolines with different heteroaromatic substituents in C-3 position: 2-methylthiazol-4-yl,
2-phenylthiazol-4-yl, 2-(pyridin-4-yl)thiazol-4-yl, imidazo[2,1-b]thiazol-6-yl, quinoxalin-2-yl,
6,7-dimethylquinoxalin-2-yl. Methods. Biological tests; statistic methods. Results. /n vitro
screening of the anticancer activity showed that the derivatives with 2-phenylthiazol-4-yl,
quinoxaline-2-yl, 6,7-dimethylquinoxalin-2-yl substituents demonstrated the highest level of
anticancer activity; however, they were inferior to 2-(pyridin-4-yl)thiazol-4-yl. The product
with the 2-methylthiazol-4-yl residue almost did not demonstrated cytotoxicity. Comparative
analysis showed no significant correlation with known drugs; hence these compounds have
specific molecular targets. Conclusions. The resulting 1-amino-3-hetarylisoquinolines are a
promising class of compounds for anticancer drug development. The level and direction of the
activity significantly depend on the nature of heterocyclic substituents.

Keywords: in vitro screening, anticancer activity, 1-amino-3-hetarylisoquinolines.

Cancer remains a painful problem even today.
A long-known class of bioactive heterocycles,
isoquinolines, has received significant attention
in the search of new anticancer drugs. The high
biological activity of naturally occurring iso-
quinoline alkaloids prompted the active devel-
opment of the chemistry of this class of het-

erocycles, and the increasing diversity of iso-
quinoline modifications led to the discovery
of new types of biological activity.

Although numerous examples confirmed
the prospects for isoquinoline-based drugs in
the cancer treatment, many questions remain
about the mechanism of action and the synthe-
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sis of new derivatives to establish the SAR
more clearly. Review [1] summarized an ex-
tensive array of the data on the anticancer
activity of widespread natural alkaloids of the
1soquinoline group (Berberine, Sanguinarine,
Chelerythrine, Noscapine, etc.). These com-
pounds are quite effective against many types
of cancer. For example, isoquinoline alkaloids
display the anticancer effects such as induction
of cell cycle arrest, apoptosis, and autophagy.
The effects are partly attributed to their bind-

ing to DNA or proteins, inhibition of enzyme
activity, or epigenetic modulation. The natural
polycondensed structures with an isoquinoline
fragment, such as Saframycin A, show high
cytotoxicity (Fig. 1) [2], which became the
basis for the development of the synthetic
anticancer drug Phthalascidin (Pt 650) [3] and
several related structures [4, 5]. The anticancer
activity of the natural antibiotic (-)-Quinocarcin
[6] inspired the authors [7] to create the com-
pounds of general structure 1, which also

OAc
Phthalascidin  11©
(Pt 650) O
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Fig. 1. Natural and synthetic isoquinolines with anticancer activity
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showed some cytotoxicity. Anticancer activity
was also confirmed for tetracyclic compounds
2 [8] and indolylisoquinolines 3 [9]. (Fig. ).

Therefore, the methods for synthesizing
isoquinoline derivatives of various structures
have been developed to create new anticancer
drugs. However, complex modifications are
not necessary to achieve biological effects. For
example, [10, 11] show different biological
activities (in particular, cytotoxicity) of alkyl-
and benzylisoquinolines and protoberberines
of a relatively simple structure. The structure
of 5-aryl-2,3-dihydroimidazo[2,1-a]isoquino-
lines 4 [12] and 1-oxoisoquinolines Sa, b [13]
(Fig. 1) is also relatively simple, and antican-
cer activity was established for some of them.

Among various bioactive derivatives of
isoquinoline, the isoquinolines with (hetero)
aromatic substituents in C-3 position and the
aliphatic amine residues in C-1 position drew
our attention for studying their anticancer ac-
tivity.

Several facts confirm the prospects of this
type of derivatives. Thus, in [14] KNN QSAR
models were developed for 3-arylisoquinoline
antitumor agents with general structure 6

O
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(Fig. 1). The authors of paper [15] studied
isoquinolines 7 (Scheme 1) with a nitrogen-
containing substituent (preferably an aliphatic
amine residue) in C-/ position and a hetero-
cyclic substituent (mainly thiophene and pyr-
role) in C-3 position. The experimentally de-
termined anticancer activity of such derivatives
was supported by molecular docking, which
showed the importance of binding to the
Topoisomerase I and II active site by the ami-
no group and heterocyclic substituent in par-
ticular (respectively, due to hydrogen bonds
and 7-7 stacking interactions). However, the
group of isoquinolines such as compounds 7
1s not very numerous, mainly due to their com-
plicated synthesis. For example, the mentioned
publication employed isoquinoline-1-one and
two consecutive nucleophilic substitution reac-
tions to introduce an amine residue in C-/ of
isoquinoline (Scheme 1), and condensation of
ortho-toluylamides with the corresponding
nitriles in the presence of butyllithium to con-
struct the 3-hetarylisoquinolones themselves.
This approach provides various synthetic pos-
sibilities but is limited by the intolerance of

Cl
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such a strong base to certain functional groups
and heterocyclic systems.

Alternatively, to diversify the set of 1-ami-
no-3-hetarylisoquinolines, we previously pro-
posed [16] a synthetic sequence based on the
use of bromoketone 8 and subsequent recycli-
zation of isochromone to isoquinolone 10
(Scheme 2, Het — substituted thiazoles, qui-
noxalines, and imidazothiazole, X — O, NMe).

The preliminary evaluation of anticancer
activity performed for the derivatives with
2-(thiophen-2-yl)thiazol-4-yl substituent (see
structure below in Table 1) confirmed the ef-
fectiveness of 1-aminoisoquinoline derivatives,
whereas all their precursors almost did not
display any cytotoxicity [17]. The morpholine
derivative was also inferior in the activity
compared to the compound with the N-methyl
piperazine residue. Thus, the next logical step
was to determine the ability of 1-(N-methyl-
piperazin-1-yl)isoquinolines with various he-
teroaromatic substituents in C-3 position to
inhibit the growth of cancer cells.

40

Materials and Methods

Compounds

The derivatives marked with their NSC codes
(Fig. 2) were chosen for the anticancer activ-
ity studies; their methods of synthesis and
characteristics were given in [16].

In Vitro Anticancer Screening of the
synthesized compounds

One Doses Full NCI 60 Cell Panel Assay.
Six compounds NSC 831583, 831584,
831585, 831587, 831588, 831589 were sub-
mitted to National Cancer Institute NCI,
Bethesda, Maryland, U.S.A., under the
Developmental Therapeutic Program DTP
(https://dtp.cancer.gov/discovery _develop-
ment/nci-60/default.htm). The cell line panel
engaged 60 different human tumor cell lines
derived from nine cancer types. {Primary
in vitro one dose anticancer screening was
initiated, in which the full NCI 60 panel lines
were inoculated onto a series of standard
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Fig. 2. Investigated compounds

96-well microtiter plates on day 0 at 5000—
40,00 cells/well in RPMI 1640 medium con-
taining 5 % fetal bovine serum and 2 mM
L-glutamine, and then preincubated in the
absence of drug at 37 °C, and 5 % CO, for
24 h. The test compounds in the concentra-
tion of 1073 M were added to all 60 cell lines
(the preparation of drug solution see in [18])
and incubated for 48 h under the same incu-
bation conditions. The media were removed,
and the cells were fixed in situ, washed, and
dried. The sulforhodamine B assay was used
for the cell density determination based on
the measurement of cellular protein content.
After the incubation period, cell monolayers
were fixed with 10 % (wt/vol) trichloroacetic
acid and stained for 30 min. The excess dye
was removed by repeated washing with 1 %
(vol/vol) acetic acid. The bound stain was
resolubilized in 10 mM Tris base solution
and measured spectrophotometrically on au-
tomated microplate readers for OD determi-
nation at 510 nm.

Five Doses Full NCI 60 Cell Panel Assay.
All 60 cell lines, representing nine cancer

NSC 831585
?i[N ?i[N
- -
‘1 ‘trx
N N
NSC 831588 NSC 831589

subpanels (Fig. 1), were incubated in five dif-
ferent concentrations (0.01, 0.1, 1, 10, and
100 uM; drug solution preparation see in [18])
of the tested compounds. The outcomes were
used to create log;, concentration versus per-
centage growth inhibition curves, and three
response parameters (Gls,, total growth inhibi-
tion (TGI), and LCs,) were calculated for each
cell line. The Gls, value (growth inhibitory
activity) corresponds to the concentration of
the compound, causing a 50 % decrease in the
net cell growth. The TGI value (cytostatic
activity) is the concentration of the compound
resulting in total growth inhibition. The LCs,
value (cytotoxic activity) is the concentration
of the compound causing a net 50 % loss of
initial cells at the end of the incubation period
of 48 h. Data calculations were made accord-
ing to the method described by the NCI
Development Therapeutics Program (https://
dtp.cancer.gov/discovery development/nci-60/
default.htm).

COMPARE correlations were performed as
described in [19]. Vectors of Log GI;, concen-
trations were correlated with the set of corre-
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sponding average Gls, vectors from the stan-
dard agents’ database (https://dtp.cancer.gov/
discovery development/nci-60/default.htm) or
all public NCI-60 vectors that contained at
least 40 overlapping cell lines.

Results and Discussion

In Vitro Screening

One Doses Assay. Table 1 presents the pri-
mary data on the test compounds’ inhibition

Table 1. The effect of investigated compounds on the growth of cancer cells, determined by single-dose
assay (C = 10-5 M); GP — Growth Percent, Mean — average value GP, Range — range of values GP, %;
N5y — number of lines with GP <50 %; N, — number of lines with GP <0 %

Compound

NSC code GP, Mean GP, Range Nso

No

The most significant inhibition, GP

831583 93.8 47.7 -

61.1 HOP-92 (Non-Small Cell Lung Cancer)

831584 22.1 182.5 35

15

-84.7 HCC-2998 (Colon Cancer)
-84.4 COLO 205 (Colon Cancer)
-80.7 LOX IMVI (Melanoma)

831585 51.6 124.6 22

-26.45 RXF 393 (Renal Cancer)
-18.55 M 14 (Melanoma)
-18.2 SR (Leukemia)

831587 83.1 97.1 4

17.4 MCF7 (Breast Cancer)
17.7 HOP-92 (Non-Small Cell Lung Cancer)

831588 53.1 180.5 18

-80.0 M14 (Melanoma)
-65.2 COLO 205 (Colon Cancer)
-52.15 K-562 (Leukemia)

831589 3.7 186.9 39

25

-87.8 MDA-MB-435 (Melanoma)
-85.7 M14 (Melanoma)

-85.7 HCT-116 (Colon Cancer)
-84.3 HCC-2998 (Colon Cancer)
-83.8 LOX IMVI (Melanoma)

814061 86.2 123.5 8

0.6 (MALME-3M / Melanoma)
5.8 (MDA-MB-468 / Breast Cancer)

814060 39.8 145.7 35

-51.1 COLO 205 (Colon Cancer)
-44.9 M 14 (Melanoma)
-38.2 HCC-2998 (Colon Cancer)
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of 60 cancer cell lines. The corresponding data
obtained previously for isoquinolines NSC
814061 and NSC 814060 with 2-(thiophen-
2-yl)thiazole-4-substitute are given after the
list of the studied objects for comparison.
The data obtained unequivocally indicate a
significant influence of the nature of heterocy-
clic substituent in C-3 position of the studied
isoquinolines on the level of anticancer acti-
vity. Particularly striking is the sharp increase
in the activity of 2-methylthiazol-4-yl com-
pared to 2-phenylthiazol-4-yl derivative (com-
pounds NSC 831583 and NSC 831584, respec-
tively): while the first substance shows virtu-
ally no cytotoxicity, slightly inhibiting the
development of only several separate lines, the
second compound demonstrates significant
anticancer activity and is even lethal for
15 lines; showing the most significant effec-
tiveness against Colon Cancer and Melanoma.
In contrast, isoquinoline NSC 831585 with
2-(pyridin-2-yl)thiazol-4-yl substituent in C-3
position, despite the structural parameters
close to phenylthiazole, was significantly less
active. However, it was lethal to some
Leukemia, Melanoma, and Renal Cancer lines.
These facts are consistent with the estimates

[15] for binding the heterocyclic substituent at
C-3 position of isoquinoline to the enzyme
active site by n-m stacking interactions.

The inhibitory ability of the imidazothiazole
derivative NSC 831587 is, on average, low.
Furthermore, the cytotoxicity of compounds
NSC 831588 and 831589 with quinoxaline
substituents is high, and dimethylquinoxaline
NSC 831589 was the most active for the stud-
ied series (7able 1). Compound NSC 831589,
like phenylthiazole derivative NSC 831584, is
particularly effective at inhibiting Colon
Cancer and Melanoma (7able 2).

Five Doses Assay. Out of 6 tested isoqui-
nolines, 3 that showed the best results in sin-
gle-dose tests were selected for a five doses
assay. Table 3 shows the cell lines, the Gl
concentration for which was the lowest.

Unfortunately, the tested compounds weak-
ly inhibit the growth of cancer cells at a con-
centration below micromolar. On the other
hand, these compounds remain lethal to many
cancer cell lines at the same order of concen-
tration. In general, given the strong depen-
dence of anticancer activity on the nature of
the heterocycle, the search for more effective
drugs should continue, focusing on quinoxa-

Table 2. The effect of compounds NSC 831584 and NSC 831589 on the growth of Colon Cancer and

Melanoma cells

Colon Cancer Growth Percent, % Mela Growth Percent, %
NSC 831584 NSC 831589 NSC 831584 NSC 831589

COLO 205 -84.4 -57.9 LOX IMVI -80.7 -83.8
HCC-2998 -84.7 -84.3 MALME-3M 49.0 -69.1
HCT-116 2.3 -85.7 M14 -70.8 -85.7
HCT-15 -48.6 -69.7 MDA-MB-435 7.3 -87.8
HT29 -52.0 -60.4 SK-MEL-28 -25.3 -69.9
KM12 18.7 -3.5 SK-MEL-5 58.7 16.2
SW-620 -19.1 1.5 UACC-257 46.6 99.1

UACC-62 -38.4 -46.6
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Table 3. The effect of compounds NSC 831584, NSC 831588, NSC 831589 on the growth of cancer cells,
determined by a five-dose assay (the concentrations Gls,, TGI, and LCs,", mol/l, given as log)

Compound Cell line Value of cancer cell lines growth inhibition
NSC code log Gl log TGI log LCs
831584 Mean value -5.57 -5.17 -4.74
COLO 205 (Colon Cancer) -5.78 -5.50 -5.22
HCC-2998 (Colon Cancer) -5.78 -5.51 -5.24
HCT-116 (Colon Cancer) -5.79 -5.53 -5.26
SW-620 (Colon Cancer) -5.79 -5.51 -5.22
LOX IMVI (Melanoma) -5.78 -5.51 -5.24
831588 Mean value -5.08 -4.49 -4.25
HL-60(TB) (Leukemia) -5.77 -5.44 -5.10
COLO 205 and HCT-116 -5.75 -5.49 -5.22
(Colon Cancer)
LOX IMVI (Melanoma) -5.77 -5.49 -5.21
SK-MEL-28 (Melanoma) -5.75 -5.49 -5.23
831589 Mean value -5.36 -4.87 -4.47
HL-60(TB) (Leukemia) -5.81 -5.45 -5.09
HCC-2998 (Colon Cancer) -5.77 -5.50 -5.22
HCT-116 (Colon Cancer) -5.78 -5.51 -5.24
M14 and SK-MEL-28 (Melanoma) -5.76 -5.49 -5.23
CAKI-1 (Renal Cancer) -5.79 -5.51 -5.22

* Gl (growth inhibitory activity) — concentration of the compound causing 50 % decrease in net cell growth; TGI (cytostatic
activity) — concentration of the compound resulting in total growth inhibition; LCs, (cytotoxic activity) — concentration of the
compound causing net 50 % loss of initial cells at the end of the incubation period of 48 h

line derivatives and structurally related hetero-
cycles.

NCI 60 Cell Panel COMPARE Correlations.
COMPARE analysis, the results of which are
summarized in Table 4.

Compound NSC 831583 showed a moderate
correlation with Flavoneacetic acid (FAA) for
all parameters tested. The antitumor effects of
FAA are due to its immunomodulatory activity,
leading to an indirect antiproliferative effect on
human tumor cells by induction of physiolog-
ical factors involved in the immune response,
as well as the effects on the vasculature, which
include impaired blood flow up to the closure
of blood vessels, followed by the impaired
blood supply to the tumor. FAA-induced im-
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munomodulation consists of activating natural
killer cells and releasing several cytokines,
among which TNF-a plays a significant role
[20, 21]. The latter promotes the release of
nitric oxide due to iNOS activation [22]. At
that, pharmacological inhibition of nitric oxide
synthesis reduces the antitumor activity of FAA
[20]. Moreover, the growth inhibition matrix
of this compound moderately correlated with
Dihydrolenperone, being a haloperidol analog,
appears to act mainly through the blockade of
the dopamine D2 receptor leading to inhibition
of cancer cell proliferation [23]. At the same
time, its cytostatic activity is also moderately
correlated with O6-methylguanine, leading to
the formation of Guanine — Adenosine transi-
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Table 4. Standard agents showing the highest COMPARE correlation with tested compounds

Cl\;’s"ép&‘)‘(;‘ed log Gl log TGI log LCs,

831583 Dihydrolenperone (0.60) 0O6-methylguanine (0.61) Flavoneacetic acid (0.50)
Flavoneacetic acid (0.58) Flavoneacetic acid (0.60)

831584 5-HP (0.56) Tamoxifen (0.50) Tamoxifen (0.47)

831585 Tamoxifen (0.66) Tamoxifen (0.61) Thalicarpine (0.51)

831587 Tamoxifen (0.56) Flavoneacetic acid (0.56) PALA (0.44)

831588 Tamoxifen (0.66) Tamoxifen (0.65) Tamoxifen (0.55)

831589 L-cysteine analogue (0.61) Tamoxifen (0.65) Tamoxifen (0.55)
Tamoxifen (0.59)

tion mutations, a known mechanism of human
oncogene activation and tumor suppressor gene
inactivation [24, 25].

The Gls, vector of compound NSC 831584
moderately correlated with the inhibitor DNA
polymerase, 5-HP, and weakly correlated with
Tamoxifen in cytostatic and cytotoxic activities.
The antiproliferative activity of compounds
NSC 831585, NSC 831588, and NSC 831589
moderately correlated with an antineoplastic
nonsteroidal selective estrogen receptor modula-
tor Tamoxifen. Additionally, tamoxifen up-reg-
ulates the production of transforming growth
factor B (TGFDb), a factor that inhibits tumor cell
growth, and down-regulates insulin-like growth
factor 1 (IGF-1), a factor that stimulates the
breast cancer cell growth. Tamoxifen also down-
regulates the protein kinase C (PKC) expression
in a dose-dependent manner, inhibiting signal
transduction and producing an antiproliferative
effect in tumors that overexpress PKC. This
agent is also most closely correlated with com-
pounds 831588 and 831589 in cytotoxicity.

In contrast, compound NSC 831585 was
closer in this parameter to Thalicarpine, which
inhibits p-glycoprotein, the multidrug resis-
tance efflux pump. Thalicarpine also induces
single-strand breaks in DNA and arrests cancer

cells at the G2/M and G1 phase of the cell
cycle [26]. Compound NSC 831587 showed
a uniform correlation with Tamoxifen and
Flavoneacetic acid for the Gls, and TGI vec-
tors, respectively, and only a weak correlation
with PALA for cytotoxicity.

In general noteworthy, the lack of a high cor-
relation with standard agents suggests that these
compounds have specific molecular targets un-
derlying their antitumor activity. The latter, of
course, does not exclude the possible involvement
of the mechanisms inherent in the above drugs.

Conclusions

The studied isoquinolines with heteroaromatic
residues at C-3 position and 4-methylpipera-
zin-1-yl residue at C-1 position demonstrate a
significant impact of the heterocyclic substitu-
ent on their anticancer activity levels.
Derivatives with thiazole substituent differed
the most: the activity of 2-phenylthiazol-4-yl
derivative was relatively high, 2-(pyridin-4-yl)
thiazol-4-yl’s was above average, whereas
2-methylthiazol-4-yl does not exhibited almost
any activity. The product with 6,7-dimethyl-
quinoxalin-2-yl substituent has the highest
activity (this compound was lethal for 25 out
of 60 cancer cell lines at the concentration of
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105 M). This interrelation can serve as the
reason for finding new, more effective antican-
cer agents among l-amino-3-hetarylisoquino-
lines through the variation of their substituents.
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BnimB npupoau reTeporuKJIiYHOro 3aMiCHUKA
y nosaoxenHi 3 1-(4-merunninepasin-1-ii)
130XiHOJIIHIiB Ha NPOTHNYXJINHHY AKTHBHICTH

A. C. Konosanenko, O. B. Illa6bnukin, B. B. XKupHos,
O. B. llla6nukina, B. C. Mocksina, B. C. bpoBapenb

Mera. [IpoBeneHO MOPIBHAIBHUIN aHAJII3 POTHPAKOBOT
aKkTHBHOCTI 1-(4-MeTuininepasin-1-11)i30XiHOMIHIB 3 pi3-
HUMU I'€TepOapOMATHYHUMHE 3aMiICHUKAMH B 3-My T10JIO-
JKeHHI: 2-MeTuiTia3on-4-i, 2-eninriazon-4-it, 2-(mipu-
nuH-4-11)Tia3on-4-i1, iMinaso[2,1-b]ria3zom-6-i1, XiHO-
KcamiH-2-i1, 6,7-IuMeTUIXiHOKCcamiH-2-11. Meroau.
Bionoriuni mOCHII)KEHHS; CTATUCTHUYHI METOIH.
Pe3ynwraTn. In vitro CKpUHIHT IPOTHPAKOBOT AKTHBHOCTI
ITOKa3aB, 110 HAWBUINWI PiBEHb JEMOHCTPYIOTH MOXiTHI
13 2-deHinTiazon-4-IbHUM, XiHOKCaIiH-2-1JIbHUM,
6,7-IMMETUIXIHOKCATIH-2-17IbHUM 3aMIiCHUKaMH, iM IO
TIOCTYTIAETHCS 130XIHOMIH i3 2-(mipuanH-4-i1)Tia30n-4-
UTbHMM 3aMiCHHKOM, a CIIOJIyKa i3 2-MeTHITIa30/1-4-1IbHUM
(bparMEHTOM MUTOTOKCUYHOCTI Maiibke HE BHUSBHIIA.
COMPARE anarni3 He BUSIBUB 3HAUHHUX KOPEJIALIH 3 Bifo-
MHMH TIperapaTaMu, OTXKe, I1i CITOIYKHA MAlOTh CIIeIiudid-
Hi MOJIEKYJISIpHI MitteHi. BucHoBku. 1-Amino-3-rerapu-
J30XIHONIHU — EPCTICKTUBHIUM KJIAC CTIONYK ISl TIOIIYKY
MIPOTHUPAKOBHUX 3aCO0IB, PIBEHD 1 HAIIPSIM aKTHBHOCTI SIKMX
CYTTEBO 3aJICKUTH BiJl XapaKTepy TeTEPOIUKITIYHOrO 3a-
MiCHUKA.

Kaw4doBi ciaoBa: in vitro CKpUHIHL, IPOTUPAKOBA
aKTUBHICTB, 1-aMiHO-3-TeTapisli30XiHOMIHM.
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