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Abstract: Novel indolocarbazole derivatives named LCS were synthesized by our research group.
Two of them were selected as the most active anticancer agents in vivo. We studied the mechanisms
of anticancer activity in accordance with the previously described effects of indolocarbazoles. Cyto-
toxicity was estimated by MTT assay. We analyzed LCS-DNA interactions by circular dichroism in
cholesteric liquid crystals and fluorescent indicator displacement assay. The effect on the activity of
topoisomerases I and II was studied by DNA relaxation assay. Expression of interferon signaling
target genes was estimated by RT-PCR. Chromatin remodeling was analyzed–the effect on histone H1
localization and reactivation of epigenetically silenced genes. LCS-induced change in the expression
of a wide gene set was counted by means of PCR array. Our study revealed the cytotoxic activity
of the compounds against 11 cancer cell lines and it was higher than in immortalized cells. Both
compounds bind DNA; binding constants were estimated—LCS-1208 demonstrated higher affinity
than LCS-1269; it was shown that LCS-1208 intercalates into DNA that is typical for rebeccamycin
derivatives. LCS-1208 also inhibits topoisomerases I and IIα. Being a strong intercalator and topoi-
somerase inhibitor, LCS-1208 upregulates the expression of interferon-induced genes. In view of
LCSs binding to DNA we analyzed their influence on chromatin stability and revealed that LCS-1269
displaces histone H1. Our analysis of chromatin remodeling also included a wide set of epigenetic
experiments in which LCS-1269 demonstrated complex epigenetic activity. Finally, we revealed
that the antitumor effect of the compounds is based not only on binding to DNA and chromatin
remodeling but also on alternative mechanisms. Both compounds induce expression changes in
genes involved in neoplastic transformation and target genes of the signaling pathways in cancer
cells. Despite of being structurally similar, each compound has unique biological activities. The
effects of LCS-1208 are associated with intercalation. The mechanisms of LCS-1269 include influence
on higher levels such as chromatin remodeling and epigenetic effects.

Keywords: LCS-1208; LCS-1269; indolocarbazoles; antitumor activity; intercalation; chromatin
remodeling; interferon; epigenetics
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1. Introduction

One of the key directions in modern anticancer therapy is the search for antitumor
agents among those small molecules that noncovalently bind to nucleic acids. These inter-
actions have been shown to disrupt replication and transcription culminating in cellular
death. Being non-genotoxic, the compounds are less likely to induce second malignancies
that is their crucial advantage. Moreover, when being used in combination chemotherapy
with genotoxic agents, they allow the reduction of the effective dose of cytostatics.

The variety of DNA-binding small molecules demonstrating antitumor activity in-
cludes above 90 natural indolo[2,3-a]carbazoles as well as their synthetic derivatives. This
class of heterocyclic compounds is characterized by a plain core consisting of indole and car-
bazole fragments. Growing interest in the class is attracted by the antibacterial, antimycotic,
antiviral, and, especially, anticancer activities of indolo[2,3-a]carbazoles [1–4].

The studies on indolo[2,3-a]carbazole derivatives show that their antitumor activity
is based on the molecular mechanisms of two types. The first one is noncovalent binding
to DNA with associated effects: inhibition of topoisomerases, suppression of replication
and transcription [5–11]. This mechanism is typical of rebeccamycin analogs—indolo[2,3-
a]carbazoles that include in their structure an imide group and have one bond between
the plain fragment and the carbohydrate component. Intercalation is facilitated by a plain
indolocarbazole core while the carbohydrate moiety binds the minor or major DNA grooves.
Inhibition of topoisomerase is associated with the ability to intercalation: rebeccamycin
analogs intercalate between base pairs (that flank one-strand or double-strand breaks
induced by topoisomerases) thus preventing the enzyme from ligating DNA. Hence,
indolocarbazoles act as ‘topoisomerase poisons’ causing inhibition by interaction with
DNA without interaction with the enzyme [12,13].

The second branch is the inhibition of serine/threonine and tyrosine protein ki-
nases that implies direct modulation of the key signal transduction pathways in cancer
cells [14–25]. This molecular mechanism is mainly realized by staurosporine and its deriva-
tives. This group of indolo[2,3-a]carbazoles is characterized by an amide group in their
structure and two bonds between the plain fragment and the carbohydrate component.
Staurosporine analogs compete with ATP molecules for the ATP-binding sites of protein
kinases: indolocarbazole rings interact with the adenine-binding pocket and the carbohy-
drate moiety is connected with the ribose-binding site by hydrogen bonds and hydrophobic
interactions [26–28]. Staurosporine and its derivatives imitate ATP form and its pattern of
chemical bonds. It allows them to inhibit a wide range of enzymes—serine/threonine and
tyrosine protein kinases as well as ABC-transporter family (P-glycoprotein and ABCG2)
which contribute to multiple drug resistance [29,30].

Our research group synthesized a set of indolocarbazole derivatives named LCS that
had not been described in the literature before (Figure 1). A number of them were proved
to have anticancer activity. The recent research showed that LCS-1208 demonstrated the
highest antitumor activity among 10 LCS indolocarbazoles in the following mouse tumor
models: P-388 (lymphocytic leukemia), LLC (Lewis lung epidermoid carcinoma) and B-16
(melanoma) [31]. Other study (with 14 compounds of LCS group) revealed that LCS-1269 is
the most active in ascitic and 5 solid models. It also demonstrated high anticancer activity
in 5 solid models [32].
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Figure 1. Structural formulae of LCS-1208 (A) and LCS-1269 (B). 

These two most active compounds—LCS-1208 and LCS-1269—were selected for sub-
sequent research. Their cytotoxic activity in cancer cell lines was estimated by MTT assay. 
We studied the mechanisms of anticancer activity in accordance with the two aforemen-
tioned directions. Firstly, we analyzed LCS-DNA interactions in circular dichroism (cir-
cular dichroism in cholesteric liquid crystals) and electrophoretic mobility experiment. In 
view of LCS-DNA complex formation, the impact on the catalytic activity of topoisomer-
ases I and II was also addressed. As it is known that intercalation and inhibition of topoi-
somerases induces interferon signaling [33,34], expression of its target genes was also es-
timated. In addition, chromatin remodeling was analyzed as a probable consequence of 
LCS-DNA binding—particularly, the effect of the compounds on histone H1 localization 
and epigenetic control of gene expression. 

What is more, the particular item was the analysis of LCS-induced expression 
changes in a wide gene set. It included genes involved in neoplastic transformation and 
target genes of the main signaling pathways in cancer cells. 

2. Materials and Methods 
2.1. Cell Culture 

Cell lines were obtained from Blokhin CRC cell collection. Cells were cultured in 
DMEM (for adhesion cell cultures) or RPMI-1640 (for suspension cell cultures) supple-
mented with L-glutamine (0.584 mg/mL), penicillin (50 U/mL) and streptomycin (50 
μg/mL) (PanEco, Moscow, Russia) and 10% fetal bovine serum (PanEco, Russia). Cell lines 
were incubated at 37 °C in 5% CO2. 

2.2. Cell Cytotoxicity Assay 
Adhesion and suspension cell lines were seeded in 96-well plates (10,000 cells per 

well) in 200 μL of DMEM. They were treated with various concentrations of compounds 
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added to each well and incubated for 4 h at 37 °C. The medium was removed. Formazan 

Figure 1. Structural formulae of LCS-1208 (A) and LCS-1269 (B).

These two most active compounds—LCS-1208 and LCS-1269—were selected for sub-
sequent research. Their cytotoxic activity in cancer cell lines was estimated by MTT assay.
We studied the mechanisms of anticancer activity in accordance with the two aforemen-
tioned directions. Firstly, we analyzed LCS-DNA interactions in circular dichroism (circular
dichroism in cholesteric liquid crystals) and electrophoretic mobility experiment. In view
of LCS-DNA complex formation, the impact on the catalytic activity of topoisomerases
I and II was also addressed. As it is known that intercalation and inhibition of topoi-
somerases induces interferon signaling [33,34], expression of its target genes was also
estimated. In addition, chromatin remodeling was analyzed as a probable consequence of
LCS-DNA binding—particularly, the effect of the compounds on histone H1 localization
and epigenetic control of gene expression.

What is more, the particular item was the analysis of LCS-induced expression changes
in a wide gene set. It included genes involved in neoplastic transformation and target
genes of the main signaling pathways in cancer cells.

2. Materials and Methods
2.1. Cell Culture

Cell lines were obtained from Blokhin CRC cell collection. Cells were cultured
in DMEM (for adhesion cell cultures) or RPMI-1640 (for suspension cell cultures) sup-
plemented with L-glutamine (0.584 mg/mL), penicillin (50 U/mL) and streptomycin
(50 µg/mL) (PanEco, Moscow, Russia) and 10% fetal bovine serum (PanEco, Russia). Cell
lines were incubated at 37 ◦C in 5% CO2.

2.2. Cell Cytotoxicity Assay

Adhesion and suspension cell lines were seeded in 96-well plates (10,000 cells per well)
in 200 µL of DMEM. They were treated with various concentrations of compounds for 72 h.
Then 10 µL of MTT-reagent (PanEco, Russia) solution (5 mg/mL; 0.9% NaCl) was added
to each well and incubated for 4 h at 37 ◦C. The medium was removed. Formazan was
dissolved in 100 µL of DMSO. The absorbance was recorded at 570 nm by an automated
microplate reader Multiscan FC (Thermo Scientific, Waltham, MA, USA). All experiments
were performed in parallel and in triplicate.
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2.3. Treatment, RNA Isolation, cDNA Preparation, and qRT-PCR

The influence of the compounds on the expression of target genes was evaluated
in HT29 cancer cell line using qRT-PCR analysis. Cells were incubated for 24 h in the
medium with various concentrations of the compounds in 6-well plates. Then the total
RNA was extracted with TRIzol reagent (ThermoScientific, USA) according to the man-
ufacturer’s protocol. cDNA was synthesized by a reverse transcription reaction. Total
RNA (2 µg, from both control and treated cells) was reverse-transcribed using MMLV-RT
reverse transcriptase and random hexamer primers in a 25 µL reaction volume following
the manufacturer’s protocol (Syntol, Moscow, Russia). Real-time PCR was conducted in
96-well plates RT2 ProfilerTM PCR Array Human Cancer PathwayFinder (QIAGEN, Hilden,
Germany) and RT2 ProfilerTM PCR Array Human Signal Transduction PathwayFinder
(QIAGEN, Germany). Reaction mixture in each well was prepared according to the manu-
facturer’s protocol. The thermal cycling conditions were as follows: an initial denaturation
step by heating at 95 ◦C for 10 min, followed by 40 cycles of 15 s initial denaturation (at
95 ◦C) and 1 min of annealing and extension in 60 ◦C. The expression of the gene of interest
was normalized to the constitutively expressed housekeeping genes (ACTB, B2M, GAPDH,
HPRT1, RPLP0). The relative expression level was calculated for each sample using the
2−∆∆Ct method in the manufacturer’s software. All experiments were performed three
times and in triplicate.

2.4. Circular Dichroism in Cholesteric Liquid Crystals

Circular dichroism (CD) spectra were registered with a spectrometer Chirascan (Ap-
plied Photophysics Ltd., UK) in quartz cuvettes (0.4 × 1.0 cm) with an optical path length
of 1 cm. Spectra were recorded in the wavelength range 220–600 nm. Salmon sperm DNA
was used with molecular weight (0.5–0.8) × 106 Da. Cholesteric liquid crystals (CLC) were
prepared by mixing salt DNA solution (0.3 M NaCl, 0.01 M NaH2PO4; pH 6.8) with equal
volume of PEG (molecular weight—4000 Da; 340 mg/mL). CD spectra were registered 1 h
after mixing. Absorption peak at 285 nm with ∆ε = 130–140 M−1 cm−1 was the evidence
of CLC formation. In the next step, the compound (1 mM solution in DMSO) was added
in small portions (10 µL) with intensive mixing. Then CD spectra were registered in the
absorption bands of DNA and ligand (310–330 nm).

2.5. Fluorescent Intercalator Displacement Assay (FID)

Concentrations of thiazole orange and oligonucleotide were optimized and equaled
0.5 and 0.25 µM, respectively. The compounds were added in an optimized range of
concentrations. Mixture also included buffer for FID (50 mM KCL, 10 mM KH2PO4,
1 mM K2EDTA, pH 7.4). Mixtures were incubated at room temperature for 30 min to
establish thermodynamic equilibrium. Every concentration was analyzed in triplicate
and every experiment was performed three times. The assay was conducted in 96-well
plates. Fluorescence was registered with Spectra Max Plus Microplate Spectrophotometer
(Molecular Devices, San Jose, CA, USA) (λex = 513 nm; λem = 533 nm).

Binding constant was calculated according to the following equation:

Kb = (I(0)/I(L) − 1) ∗ (1 + KfF)/L

where Kb and Kf—compound and thiazole orange binding constants, respectively;
L and F—compound and thiazole orange concentrations, respectively;
I(0) and I(L)—thiazole orange fluorescence without compound and in the presence of

compound with concentration of L.
Thiazole orange binding constant for DNA duplexes was applied in accordance

with the published data: Kf = 3 × 106 M−1. DNA duplex sequence was as following:
5′-CAATCGGATCGAATTCGATCCGATTG-3′ [35].
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2.6. Topoisomerase I Activity Assay

Nuclear extract from MCF-7 cell line including topoisomerase I was incubated with
200 ng of supercoiled pUC19 plasmid DNA and compounds at 37 ◦C for 30 min. Reaction
mixture included topoisomerase I buffer (10 mM tris-HCl, pH 7.9; 1 mM EDTA; 0.15 M
NaCl; 0.1% BSA; 0.1 mM spermidine, 5% glycerol) and final volume was 10 µL. Reaction
was stopped with the addition of SDS (final concentration of 1%) and proteinase K (final
concentration of 50 µg/mL) and subsequent incubation at 55 ◦C for 1 h. Reaction products
were separated by electrophoresis in a 1% agarose gel with TAE-buffer (40 mM tris-base,
1 mM EDTA, 20 mM acetic acid). Electrophoresis was conducted at a voltage of 2 V/cm for
3 h. DNA was stained with EtBr (0.5 µg/mL) and visualized in ultraviolet (240–360 nm).

2.7. Topoisomerase II Activity Assay

Human topoisomerase IIα (TopoGEN, Buena Vista, CO, USA) was incubated with
200 ng of supercoiled pHOT-1 plasmid DNA and compounds at 37 ◦C for 30 min. Reaction
mixture included Topoisomerase II Assay Buffer (TopoGEN, Mundelein, IL, USA) and
final volume was 20 µL. Reaction was stopped with the addition of SDS (2 µL of 10%
solution) and proteinase K (final concentration of 50 µg/mL) and subsequent incubation at
37 ◦C for 15 min. Reaction products were separated by electrophoresis in a 1% agarose gel
with TAE-buffer (40 mM tris base, 1 mM EDTA, 20 mM acetic acid). Electrophoresis was
conducted at a voltage of 2 V/cm for 3 h. DNA was stained with EtBr (0.5 µg/mL) and
visualized in ultraviolet (240–360 nm).

2.8. Live Cell Microscopy

Cells were seeded in 6-well plates (150,000 cells per well) with cover glass 22 × 22 mm
for microscopy. After 24 h, cells were incubated with CBL0137 (positive control) or with
LCS-1208 and LCS-1269 for 24 h. After treatment, cells were washed with PBS and fixed in
4% paraformaldehyde at room temperature for 10 min. Images were obtained with a Zeiss
Axio Observer A1 inverted microscope with N-Achroplan 100×/1.25 oil lens, Zeiss MRC5
camera, and AxioVision Rel.4.8 software. Experiments were performed three times.

2.9. Flow Cytometry

Flow cytometry was used to analyze the ability of the drugs to reactivate the expression
of epigenetically repressed GFP. Cells were seeded in 24-well plates at 2.5 × 104 cells
per well and incubated with LCS-1208 (concentration range 2–0.25 µM) and LCS-1269
(concentration range 4–0.5 µM) for 72 h. The medium in the wells was replaced with fresh
one 24 h after treatment and then the cells were incubated for an additional 48 h. Next, the
cells were detached from the culture plates using 0.25% trypsin-EDTA solution (PanEco,
Russia) and washed with PBS. To maintain high cell viability, PBS solution with 2% fetal
bovine serum was used as a cell-storing buffer. The relative number of GFP-positive cells
was assessed using BD FACSCanto™ II flow cytometer. Histone deacetylase inhibitor
Trichostatin A (TSA) was used as a positive control. Maximum concentration of DMSO
for TSA, LCS-1208, and LCS-1269 in media was 0.01%. Experiments were performed
three times.

2.10. Treatment, Histone Extraction and Western Blot

The effect of LCS-1269 on histone modifications was assessed on HeLa TI cells using
Western blotting. Cells were incubated with LCS-1269 at concentrations of 2 and 4 µM for
8, 24 and 72 h in 60 mm Petri dishes. The histone fraction of proteins was obtained using
the Abcam acid extraction protocol and trichloroacetic acid precipitation as previously
described [36]. Histone proteins were separated by 15% PAGE and transferred to 0.22 µm
nitrocellulose membranes for 40 min at 100 mA; membrane blocking was performed
using a 2.5% BSA solution in PBST for 30 min. Membranes were incubated with the
following primary antibodies at 4 ◦C overnight: poly-H3ac (sites K9, K14, K18, K23, K27)
(ab47915), H3K9me3 (ab8898), H4K20me3 (ab9053) and H4 as loading control (ab10158).
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Incubation with anti-rabbit (ab6721) and anti-mouse (ab6728) secondary antibodies was
carried out at 4 ◦C for 2.5 h. Proteins were detected using Clarity Western ECL Substrate
visualization reagent (1705061, Bio-Rad, Hercules, CA, USA) and ImageQuant LAS 4000
digital imaging system (GE Healthcare, Chicago, IL, USA). Densitometric analysis of the
blots was performed using ImageJ software. Experiments were performed three times.

2.11. Treatment, Nuclear Extraction and Western Blot

The effect of LCS-1269 on HDAC expression was assessed on HeLa TI cells using
Western blotting. Cells were incubated with LCS-1269 at concentrations of 2 and 4 µM for
24 h in 60 mm Petri dishes. The nuclear fraction of the cells was obtained according to the
Abcam Nuclear extraction and fractionation protocol. Nuclear proteins were separated by
10% PAGE and transferred to 0.22 µm nitrocellulose membranes; transfer conditions for
proteins up to 25 kDa were 40 min at 100 mA, for proteins from 25 to 100 kDa—40 min at
100 mA and 20 min at 200 mA. Blocking with BSA, primary and secondary antibodies was
performed as described above. The study used Abcam antibodies to HDAC1 (ab53091),
histone H4 (load control, ab10158) and secondary anti-rabbit antibodies (ab6721). Protein
detection and densitometric analysis were performed as described above. Experiments
were performed three times.

2.12. Treatment, DNA-Isolation, DNA Methylation ELISA and Methylation-Sensitive HpaII/MspI
Restriction Enzyme Assay (MSRE)

The effect of LCS-1269 on integral DNA methylation was analyzed on CasKi cells
using two methods: DNA Methylation ELISA and methylation sensitive HpaII/MspI
restriction assay. Cells were seeded in 6-well plates (1.5 × 105 cells per well) and incubated
with 4 nM of compound for 72 h. After every 24 h of incubation, half of the culture medium
was replaced with fresh medium and the drug was added to the original concentration.
Genomic DNA was extracted from the cells using the GeneJET Genomic DNA Purifica-
tion Kit (K0721, Thermo Scientific, Mundelein, IL, USA). First, the level of global DNA
methylation after LCS-1269 treatment was performed using The MethylFlash™ Global
DNA Methylation (5-mC) ELISA Easy Kit (P-1030-96, EpiGentek, Farmingdale, NY, USA)
according to manufacturer’s protocol. The enzymatic reaction with HpaII and MspI restric-
tion enzymes was performed using EpiJet kit (K1441, Thermo Scientific, Mundelein, IL,
USA) according to the manufacturer’s protocol. Restriction products were analyzed by 1%
agarose gel electrophoresis with TAE-buffer and detected on a Typhoon 9400 scanner (GE
Healthcare, Chicago, IL, USA). All experiments were performed three times.

2.13. qRT-PCR for Interferon Signaling and Gene Expression of Histone Methyltransferases,
Histone Deacetylases and DNA Methyltransferases

The effect of the compounds on interferon signaling and gene expression of histone
methyltransferases, histone deacetylases and DNA methyltransferases was studied by
means of qRT-PCR analysis. The influence of the compounds was evaluated in HeLa cancer
cell line. Cells were incubated for 24 h in the medium with various concentrations of
the compounds in 6-well plates. Then the total RNA was extracted with TRIzol reagent
(Thermo Scientific, Mundelein, IL, USA) according to the manufacturer’s protocol. cDNA
was synthesized by a reverse transcription reaction. Total RNA (1 µg, from both control
and treated) was reverse-transcribed using MMLV-RT reverse transcriptase and random
hexamer primers in a 25 µL reaction volume following the manufacturer’s protocol (Syntol,
Russia). Real-time PCR was conducted in reaction mixture according to manufacturer’s
protocol (Syntol, Russia). The thermal cycling conditions were as follows: an initial
denaturation step by heating at 95 ◦C for 5 min, followed by 40 cycles of 15 s initial
denaturation (at 95 ◦C), 20 s at appropriate melting temperature according to the primers
and 25 s of extension in 72 ◦C. The expression of the gene of interest was normalized against
the constitutively expressed housekeeping gene RPL27. The relative expression level was
calculated for each sample using the 2−∆∆Ct method. All experiments were performed
three times and in triplicate.



Molecules 2021, 26, 7329 7 of 19

The sequences of primers used for qRT-PCR were as listed in Table 1.

Table 1. Primers for interferon-induced genes and genes of histone methyltransferases, histone deacetylases and DNA
methyltransferases.

Forward Primer Reverse Primer

RPL27 5′-ACCGCTACCCCCGCAAAGTG-3′ 5′-CCCGTCGGGCCTTGCGTTTA-3′

IFNB1 5′-ACGCCGCATTGACCATCTAT-3′ 5′-GTCTCATTCCAGCCAGTGCT-3′

IRF9 5′-CAACTGAGGCCCCCTTTCAA-3′ 5′-CGCCCGTTGTAGATGAAGGT-3′

OAS1 5′-TGGAGACCCAAAGGGTTGGA-3′ 5′-AGGAAGCAGGAGGTCTCACC-3′

GAS 5′-ACGTGCTGTGAAAACAAAGAAG-3′ 5′-GTCCCACTGACTGTCTTGAGG-3′

STING 5′-ATATCTGCGGCTGATCCTGC-3′ 5′-GGTCTGCTGGGGCAGTTTAT-3′

HDAC1 5′-CACCCATTCTTCCCGTTCTT-3′ 5′-GGCATTTCAGGAGTTTGTCTTAT-3′

HDAC2 5′-CTTATTGTGTGTCTGCCCATTT-3′ 5′-ATTTGTCTGCTTCCTGCTACT-3′

HDAC3 5′-AATGCCTTCAACGTAGGCGA-3′ 5′-GGGTTGCTCCTTGCAGAGAT-3′

DNMT1 5′-AGCACAGAAGTCAACCCAAA-3′ 5′-TGCGTCTCTTCTCCTCCTTT-3′

DNMT3A 5′-AGCCCAAGGTCAAGGAGATT-3′ 5′-TACGCACACTCCAGAAAGC-3′

DNMT3B 5′-CAACAGCATCGGCAGGAA-3′ 5′-GTCCTCTGTGTCGTCTGTGA-3′

SUV420H1 5′-CCCGTGTAGCATAAAAGCAGC-3′ 5′-CCAGTTTCACCAAGGAACCAG-3′

SUV420H2 5′-CGTGCTTGGAAGAAGAATGA-3′ 5′-GCAGTCATGGTTGATGAAGG-3′

SUV39H1 5′-GCTAGGCCCGAATGTCGTTA-3′ 5′-TAGAGATACCGAGGGCAGGG-3′

SUV39H2 5′-GCAGGACGAACTCAACAGAA-3′ 5′-CAACCAAAGGTGGCTTCATT-3′

2.14. Statistical Methods

To assess the significance of differences between the groups, including the expression
levels, a paired two-sample Student’s t-test with a level of statistical significance of p < 0.05
was used.

3. Results
3.1. Cytotoxicity of LCS-1208 and LCS-1269 in Human Cancer Cell Lines

Cytotoxicity was analyzed in 8 adhesion and 4 suspension human cell lines. Cytotoxi-
city level is presented in Table 2.

Table 2. IC50 of LCS-1028 and LCS-1269 in 11 human cell lines (µM). All data are presented as M ± SD.

LCS-1269 LCS-1208 Histogenesis/Cancer Type

Adhesion lines

HeLa 26.6 ± 2.1 28.1 ± 1.8 Cervical adenocarcinoma

MCF-7 31 ± 1 5.5 ± 0.7 Breast adenocarcinoma

HepG2 2.5 ± 0.5 1.7 ± 0.3 Hepatocellular carcinoma

U251 1.2 ± 0.06 0.36 ± 0.08 Glioblastoma

A549 3.2 ± 0.3 1.0 ± 0.01 Lung adenocarcinoma

PC-3 24 ± 4 0.97 ± 0.01 Prostatic adenocarcinoma

HT29 1.4 ± 0.5 0.13 ± 0.01 Colorectal adenocarcinoma

HaCaT 29 ± 2 31 ± 3 Spontaneously immortalized keratinocytes

Suspension lines

CCRF CEM 6.8 ± 0.7 2.0 ± 1.2 Acute lymphoblastic leukemia

K562 >500 6.0 ± 0.06 Chronic myelogenous leukemia

KG-1 7.1 ± 2.3 0.6 ± 0.2 Acute myelogenous leukemia

Granta-519 0.60 ± 0.02 0.071 ± 0.008 B-cell lymphoma
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LCS-1269 demonstrated cytotoxicity with IC50 in the range of 1.2 to 31 µM. Minimal
cytotoxicity was observed in breast adenocarcinoma cell line MCF-7 and immortalized
keratinocytes HaCaT (31 and 29 µM, respectively); maximal cytotoxicity was detected for
glioblastoma cell line U251 (1.2 µM).

LCS-1208 demonstrated the IC50 range of 0.13 to 31 µM. Minimal LCS-1208 cytotoxicity
was found in HaCaT cell line (31 µM); maximal one—in colorectal adenocarcinoma cells
HT29 (0.13 µM).

LCS-1208 showed higher cytotoxicity than LCS-1269 in all cell lines. Both compounds
demonstrated the highest cytotoxicity level in HT29 and U251. The lowest level was
registered in HaCaT. Thus, LCS-1208 and LCS-1269 are more active against tumorigenic
cancer cell lines than immortalized cells.

Among the suspension cell lines, LCS-1269 showed minimal cytotoxicity in chronic
myelogenous leukemia cells K562; the maximum of cytotoxicity—in B-cell lymphoma cell
line Granta-519. LCS-1208 demonstrated the activity with IC50 in the range of 0.071 to
6 µM. The highest level was detected in Granta-519, the lowest level—in K562.

Cytotoxicity of LCS-1208 was higher than the activity of LCS-1269 in all suspension
cell lines. IC50 for K562 under LCS-1269 treatment was not detected as it exceeds the range
of solubility.

3.2. Affinity of LCS-1208 and LCS-1269 to DNA Duplex

To determine the possible intracellular targets of the compounds, we firstly analyzed
the effects on the most probable one—DNA molecules. The affinity of polyphenols to DNA
duplexes was measured by means of FID assay [37]. The method is based on fluorophore
(thiazole orange) displacement from an oligonucleotide by a competing molecules (ligands).
Displacement leads to fluorescence quenching. The affinity of compounds is characterized
by a binding constant which is derived from the fluorescence intensity-concentration curve.

Binding constant of LCS-1208 equals (1.24± 0.07)× 106 M−1. LCS-1269 demonstrated
lower affinity with binding constant (2.52 ± 0.4) × 105 M−1. Therefore, both compounds
bind DNA that is typical of rebeccamycin derivatives.

3.3. Analysis of LCS-DNA Complexes by Means of Circular Dichroism in Cholesteric Liquid
Crystals

We also analyzed the mechanism of interaction between LCSs and DNA by means of
circular dichroism in cholesteric liquid crystals (CD in CLC). CD in CLC was previously
described [38–40].

It is a crucial moment that CD spectra of compounds, that include chromophores and
bind DNA, allowing the estimation of the angle between the chromophore and helical axis
of DNA. If the angle is in the range of 54–90◦—the CD band has a minus sign. If the angle is
in the range of 0–54◦—the CD band has a plus sign. Thus, the intercalation (α ~ 90◦) can be
detected by registration of a negative peak in the absorption wavelength of the compound.

For instance, being chromophores nitrogen bases of DNA demonstrate a negative
peak in the absorbance band of DNA. Negative peak is registered due to the angle between
nitrogen bases and helical axis of DNA being about 90◦.

CD spectra in the presence of LCS-1208 and LCS-1269 are presented in Figure 2A,B.
LCS-1208 is detected by a negative peak in the absorbance band of the compound

(325 nm). Minus sign of the peak means that the angle between the chromophore plane
and the helical axis of DNA is in the range of 54–90◦. This range is typical of intercalation
complexes [39].

Significant decrease of DNA peak indicates a partial disruption of CLC which can be
the consequence of intercalation.

CD spectrum in the presence of LCS-1269 demonstrates a decrease of the DNA peak.
It is the evidence of LCS-1269 binding to DNA. However, the type of complex cannot be
unambiguously defined because of the low peak of LCS-1269. Its minus sign may indicate
intercalation with the angle being about 54◦ [40]. This type of intercalation is presumably
caused by large substituents in the chromophore.
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Figure 2. (A,B). CD spectra of CLC of DNA without compounds and in the presence of: (A) LCS-1208; (B) LCS-1269.
(C) Distribution of reaction products visualized after electrophoresis in 1% agarose gel. Line pUC19—supercoiled plasmid
DNA; pUC19 + topoI—products of relaxation by topoisomerase I. Lines with concentrations—products of relaxation by
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products visualized after electrophoresis in 1% agarose gel. Line pHOT—supercoiled plasmid DNA; pHOT + topoII—
products of relaxation by topoisomerase IIα. Lines with concentrations—products of relaxation by topoisomerase IIα in the
presence of LCS-1208 and LCS-1269 in respective concentrations (µM).

Low amplitude may also be explained by multiple mechanisms of interaction. For in-
stance, simultaneous binding by intercalation mode, groove binding, and external binding—
in this case bands with opposite signs become superimposed.

3.4. Topoisomerase I Assay

As LCS-1208 and LCS-1269 are derivatives of rebeccamycin, their anticancer and cyto-
toxic effects are expected to be based on intercalation into DNA molecules and inhibition
of topoisomerases. The effect of the compounds on topoisomerase I activity was studied
in the reaction of plasmid relaxation. Products of the reaction were separated in agarose
gel by means of electrophoresis. Relaxation leads to a decrease of mobility. As a result
of incomplete relaxation, topoisomers can also be observed as additional lines in close
proximity to the relaxed form (Figure 2C).

LCS-1208 inhibited the enzyme in a concentration of 43.7 µM. The compound also
partially inhibited topoisomerase I in a concentration of 12.5 µM. Lower concentrations
did not cause any suppression of catalytic activity. Thus, LCS-1208 inhibits the enzyme in a
dose-dependent manner.

LCS-1269 did not show any effect on topoisomerase I activity.

3.5. Topoisomerase IIα Assay

To study the effect of LCS-1208 and LCS-1269 on the activity of topoisomerase IIα,
we performed the reaction of plasmid relaxation by the purified enzyme. Products of the
reaction were separated in agarose gel by means of electrophoresis (Figure 2D).

LCS-1208 inhibits topoisomerase IIα in a dose dependent manner. Concentration of
3.57 µM is associated with partial inhibition and maximal concentration (12.5 µM)—with
full inhibition.

The experiment with LCS-1269 in the same range of concentrations did not reveal
inhibitory activity.
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3.6. The Effect of LCS-1208 and LCS-1269 on Interferon Signaling

Recent studies show that intercalators and topoisomerase IIα inhibitors activate in-
terferon signaling due to the induction of DNA breaks. We analyzed the influence of the
compounds on the activity of interferon pathways. By means of qRT-PCR, we detected the
effects of the compounds on the expression of interferon-induced genes in HeLa cell line.

LCS-1208 upregulates expression of interferon-induced genes (IFNB1, IFN9, OAS1,
and STING) in a dose-dependent manner (Figure 3).
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The influence of LCS-1269 was not registered (Figure 3). Increase of expression was
observed for IRF9 in maximal concentration.

3.7. Chromatin Remodeling
3.7.1. Linker Histone H1 Displacement

DNA-binding compounds are able to remodel chromatin due to displacement of the
linker and core histones. We studied the effect of LCS-1208 and LCS-1269 on histone H1
localization by means of live cell microscopy in HeLa cell culture with mCherry-tagged H1
(HeLa-H1-mCherry).

CBL0137 (as a positive control) relocalized H1 into nucleoli as it intercalates into DNA
molecules and displaces linker histones from chromatin to the nucleoplasmic fraction
(Figure 4A). LCS-1208 did not induce statistically significant relocalization of H1. On the
other hand, LCS-1269 displaces histone H1 with statistical significance (p < 0.05) after
treatment with concentrations of 20 and 10 µM in 25% and 19% of cells, respectively.
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Figure 4. (A). Displacement of histone H1 from chromatin in HeLa-H1-mCherry cells after treatment with LCS-1208
and LCS-1269 for 24 h; types 1,2,3—different types of histone H1 localization in nucleus. (B). Analysis of the epigenetic
activity of LCS-1208 and LCS-1269 in HeLa TI cell-based assay, flow cytometry results. (C). Analysis of the LCS-1269 effects
on histone modifications, Western blot results. (D). Analysis of the LCS-1269 effects on gene expression of the histone
methyltransferases, qRT-PCR results. (E,F). Analysis of the LCS-1269 effects on HDACs expression, Western blot, and
RT-PCR results. (G–I). Analysis of the LCS-1269 effects on DNA methylation, ELISA, MSRE assay, and qRT-PCR results. All
data are presented as M ± SD. *—differences are statistically significant as compared to the control (p < 0.05).
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3.7.2. Analysis of the LCS-1208 and LCS-1269 Ability to Reactivate the Expression of the
Epigenetically Repressed GFP Gene in HeLa TI Cell-Based Assay

Our analysis of chromatin remodeling also included a wide set of epigenetic experi-
ments. To determine the epigenetic activity of LCS-1208 and LCS-1269, the HeLa TI test
system was used. HeLa TI is a polyclonal population of HeLa cells containing a genome-
integrated vector (derived from avian sarcoma retrovirus) carrying epigenetically repressed
GFP and capable of detecting inhibitors of histone deacetylases, DNA methyltransferases,
bromodomains and some histone methyltransferases [41,42]. The baseline level of GFP-
positive cells in the population ranges from 3.5 to 5%. Epigenetic reactivation of the GFP
gene is realized by an increase in the number of cells with a GFP-positive phenotype. The
results of flow cytometry showed that when the cells were treated with the compound
LCS-1269, there was a dose-dependent increase in the number of GFP-positive cells, which
reached a 6-fold increase in the maximum concentration. Under the action of LCS-1208, a
weak reactivation of the GFP gene was revealed (Figure 4B). For all concentrations used,
cell survival did not decrease less than 90%. Thus, the LCS-1269 substance was identified
as a potential epigenetic modulator; therefore, we further focused on studying the effects
of LCS-1269 on histone modifications and DNA methylation.

3.7.3. Analysis of LCS-1269 Effect on Histone Modifications

Analysis of the effect of LCS-1269 on histone modifications was carried out at several
levels. In the first part of the study, we evaluated the effect of the agent on the change in the
level of histone modifications associated with actively transcribed chromatin (acetylation
of histone H3 in sites K9, K14, K18, K27) and modifications associated with transcription
repression (H3K9me3, H4K20me3, H3K27me3) by the method of Western blot. The experi-
mental results showed that under the action of LCS-1269, there is a small but statistically
significant increase in histone H3 acetylation (1.2 times) (Figures 4C and S1). At the same
time, no changes in the level of other modifications under the action of LCS-1269 were
observed. In addition, we assessed the level of expression of genes encoding histone
methyltransferases responsible for the modifications H3K9me3 (SUV39H1, SUV39H2) and
H4K20me3 (SUV420H1, SUV420H2) (Figure 4D). Thus, the data obtained demonstrate that
LCS-1269 does not affect both the level of the modifications themselves and the level of
expression of the genes of the histone methyltransferases associated with them. Acetyla-
tion of histone H3 is mainly regulated by enzymes from the class of histone deacetylases
(HDACs), therefore, at the next stage, we analyzed the ability of the compound to inhibit
the expression of the HDAC1 protein and mRNA genes HDAC1, HDAC2, HDAC3. It was
shown that LCS-1269 caused a decrease in HDAC1 expression at both the mRNA (1.2
times) and protein levels (1.6 times) (Figures 4E,F and S2). Additionally, a slight decrease
in expression of the HDAC3 gene was shown (Figure 4F).

3.7.4. Analysis of LCS-1269 Effect on DNA Methylation

To analyze the effect of the agent on integral DNA methylation, we used 2 methods:
methyl-sensitive restriction analysis and DNA Methylation ELISA. Restriction analysis is
based on the action of the enzymes MspI and HpaII, the former of which recognizes C ˆ
CGG sites and cleaves them independently of their methylation, while HpaII recognizes
and cleaves only unmethylated C ˆ CGG sites. Thus, the demethylating activity of the
compounds can be determined based on the ratio of DNA restriction products to undigested
DNA from treated and untreated cells. The second method involves the interaction of
specific antibodies with methylated cytosine (5-µC) of total DNA, followed by enzymatic
detection. DNA Methylation ELISA allows one to assess the effect of a compound on global
DNA methylation and to determine the total percentage of methylated cytosines in DNA.
The data obtained with both methods showed that there is a 20% decrease in the degree
of DNA methylation under the action of LCS-1269 (Figures 4G,H and S3). In addition,
DNA methyltransferase gene expression analysis was performed, which showed a 1.3-fold
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decrease in the expression level of DNMT1 and DNMT3A after treatment of cells with the
compound (Figure 4I).

3.8. The Analysis of LCS-Induced Expression Changes in a Gene Set of Neoplastic Transformation

We also suggested that the antitumor and cytotoxic activities of the compounds
are based not only on mechanisms typical of rebeccamycin analogs (intercalation and
topoisomerase inhibition) but on alternative ones such as alterations in signaling pathways.
The latter mechanism is also widespread among indolocarbazoles.

96-well plates RT2 ProfilerTM PCR Array Human Cancer PathwayFinder (QIAGEN,
Germany) were used in the experiment. This kit includes primers for 84 genes involved
in: regulation of cell cycle; apoptosis; DNA repair and response to DNA damage; angio-
genesis; epithelial-mesenchymal transition; regulation of telomerase activity and telomere
maintenance; cellular senescence; metabolism; response to hypoxia. Malfunction of these
genes contributes to neoplastic transformation.

Treatment with LCS-1208 resulted in the change of expression in 6 genes (Table S1).
2 genes were downregulated and 4—upregulated. LCS-1208 modulated the following
clusters: angiogenesis (FLT1), apoptosis (BCL2L11, BIRC3, CASP7), cellular senescence
(IGFBP3, IGFBP7).

LCS-1269 modulated expression of 9 genes (Table S1). 8 genes demonstrated reduction
of expression and 1 gene was upregulated. These 9 genes are in the following clusters: an-
giogenesis (KDR, VEGFC), apoptosis (BIRC3, FASLG), cell cycle (SKP2), cellular senescence
(IGFBP3), DNA repair and response to DNA damage (GADD45G), epithelial-mesenchymal
transition (KRT14), response to hypoxia (EPO).

3.9. The Analysis of LCS-Induced Expression Changes in a Set of Target Genes of Signal Pathways

96-well plates RT2 ProfilerTM PCR Array Human Signal Transduction Pathway Finder
(QIAGEN, Germany) were used in the experiment. This kit includes primers for 84 target
genes of signal pathways.

Incubation with LCS-1208 led to the change of expression of 15 genes (Table S1). 4
genes were downregulated and 11—upregulated. LCS-1208 modulated the following
signal pathways: PPAR (OLR1, SORBS1), Wnt (AXIN2, MMP7, CCND1), NFκB (CSF1,
CCL5, ICAM1, TNF), JAK/STAT (CCND1, MCL1), TGFß (GADD45B), Notch pathway
(JAG1), Hedgehog pathway (BMP4) and signaling associated with response to hypoxia
(CA9, LDHA).

Change of expression after treatment with LCS-1269 was registered in 8 genes: 5 of
them were downregulated and 3 were upregulated (Table S1). These genes are the targets
of PPAR signal pathway (SORBS1), TGFß pathway (CDKN1B), NFκB (CCL5), JAK/STAT
(CCND1) and Wnt (AXIN2, CCND1), Hedgehog (BMP4), Notch (LFNG) and signaling
associated with response to hypoxia (LDHA).

4. Discussion

Our study was focused on the cytotoxic activity and molecular mechanisms of anti-
cancer activity of LCS-1208 and LCS-1269 (Table 3). These indolocarbazoles demonstrated
the highest antitumor activity in LCS group on mouse tumor models in vivo.

MTT assay on adhesion cell lines revealed the highest cytotoxicity level in HT29
and U251. In this view, HT29 cell line was selected for subsequent studies on signaling
pathways. The lowest level was registered in HaCaT. Thus, LCS-1208 and LCS-1269 are
more active against tumorigenic cancer cell lines than immortalized cells. Analysis of the
published data concerning gold standard treatment for our cell lines show that, in many
cases, our compounds demonstrate comparable effects. For some lines, cytotoxic activity is
even superior to that of the gold standard. The data are presented in Table S2. It is also
noteworthy that the difference in cytotoxicity level varies between cell lines. While IC50
for HepG2 and A549 were within one order, IC50 of LCS-1269 in MCF-7, HT29, and PC-3
exceeds IC50 of LCS-1208 by 4.8, 10.8 and 24.7 times, respectively. This difference can be
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explained by the compounds having several intracellular targets. On the other hand, a
similar pattern of cytotoxic activity between the two compounds (specificity of cytotoxicity
in relation to the cell line) may be determined by the cell membrane permeability of certain
cell lines.

Table 3. The effects of LCS-1208 and LCS-1269 in the study.

LCS-1208 LCS-1269
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A Mechanism of interaction (CD in CLC) Intercalation Intercalation or groove binding

Binding constant (FID) 1.24 × 106 M−1 2.52 × 105 M−1

Decrease of DNA electrophoretic
mobility (Electrophoresis) + -

Inhibition of topoisomerase I + -

Inhibition of topoisomerase IIα + -

Activation of interferon signaling + -

Displacement of histone H1 - +
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ow
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en

et
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gu
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ne
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on
: Expression of epigenetically repressed GFP gene (HeLa

TI cell-based assay) - Reactivation

DNA methylation Decrease

DNA methyltransferase gene expression Decrease

Histone modifications associated with actively
transcribed chromatin and repressed transcription

Increase in H3 acetylation (actively
transcribed chromatin)

Expression of genes of histone deacetylases Decrease in HDAC1 and HDAC3
expression

Expression of genes encoding histone methyltransferases -

To determine these targets, we firstly analyzed the effects on the most probable one—
DNA molecules. LCS-1208 and LCS-1269 demonstrated affinity to DNA duplexes in FID
experiments. Binding constant of LCS-1208 was higher than that of LCS-1269 and was
close to the results of the other group [43]. CD experiment revealed that LCS-1208 binds
DNA by intercalating into molecules. However, the conditions required for CLC formation
sharply differ from the physiological ones. In view of this fact, we also analyzed LCS-DNA
interactions by means of electrophoresis (data not provided). Its results were consistent
with CD data. LCS-1208 demonstrated binding to plasmid DNA causing a decrease of
electrophoretic mobility. LCS-1269 did not show any change in electrophoretic mobility.
This difference can be determined by the substituent in the imide nitrogen atom: the
amino group of LCS-1208 facilitates intercalation due to its positive charge [44] while
the large picolinamide substituent of LCS-1269 prevents it from intercalating between
nitrogenous bases.

LCS-1208 and LCS-1269 are derivatives of rebeccamycin. Anticancer and cytotoxic
effects of this group are mainly based on intercalation into DNA molecules and inhibition
of topoisomerases [4]. Hence, we analyzed their effects on human topoisomerases I and IIα.
LCS-1208 inhibited topoisomerase I and topoisomerase IIα. Its effect on topoisomerase I is
consistent with the study of the other group in which it is demonstrated that the enzyme is
inhibited in a dose-dependent manner [43]. Inhibition of topoisomerase IIα by LCS-1208
was firstly revealed in our study. LCS-1269 did not demonstrate any influence.

Recent studies show that intercalators and topoisomerase IIα inhibitors activate inter-
feron signaling due to induction of DNA breaks [33,34]. In this study, we demonstrated
that LCS-1208 upregulates the expression of interferon-induced genes, while the influ-
ence of LCS-1269 is relatively low. These data are consistent with the results of CD and
topoisomerase IIα inhibition experiments. Being a strong intercalator and topoisomerase
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IIα inhibitor, LCS-1208 may induce double-strand breaks with subsequent activation of
type I interferon signaling via cGAS-STING cascade [33,34,45]. This pathway is involved
in the response to infection as it is activated by bacterial and viral dsDNA [46]. Indeed,
dose-dependent upregulation of IFN-α/IFN-β signaling target genes (OAS1, IFNB1, and
STING) indicates activation of the type I interferon pathway.

DNA-binding compounds—intercalators as well as minor groove binders—are able
to destabilize chromatin due to displacement of the linker and core histones from chro-
matin [47,48]. We studied the effect of LCS-1208 and LCS-1269 on histone H1 localization
by means of live cell microscopy in HeLa cell culture with tagged H1 (HeLa-H1-mCherry).
LCS-1208 did not cause relocalization of H1 despite being an intercalator according to CD
experiments. It can indicate that LCS-1208 does not alter DNA topology. It is known that
some intercalators—perpendicular intercalators (their long axis orients perpendicular to
the flanking base pairs)—do not cause DNA unwinding, so LCS-1208 can be from this
class [49]. On the other hand, LCS-1269 displaces histone H1 after treatment with both
concentrations. According to CD in CLC LCS-1269 binds DNA. However, the type of
complex cannot be unambiguously defined. LCS-1208 is a weak intercalator or simultane-
ously binds by intercalation mode, groove binding and external binding. We have already
shown that intercalators and minor groove binders displace H1 from chromatin [50]. Thus,
both types of interaction (intercalation as well as groove binding) are able to result in H1
relocalization. As histone H1 interacts with DNA minor groove [51] its displacement by
LCS-1269 may indicate that this compound binds the minor grooves of DNA molecules.

The study of chromatin remodeling also included a wide set of epigenetic experiments.
They revealed that strong epigenetic modulation (detected in HeLa TI cell-based assay)
is provided by a combination of weak effects on H3 histone acetylation (via a decrease in
HDAC1 and HDAC3 expression) and total DNA methylation (decrease in the degree of
DNA methylation and the expression level of DNMT1 and DNMT3A). It is noteworthy that
overexpression of HDACs, in most cases, is associated with advanced disease and poor
survival in cancer patients. Several inhibitors of HDACs are used in cancer treatment. In
this view, downregulation of HDAC1 and HDAC3 expression is an important advantage
of LCS-1269 and can contribute into its anticancer activity [52]. The influence of DNA
methylation is more ambiguous. However, promoters of tumor suppressor genes are
shown to be hypermethylated in cancer cells. Thus, for instance, tumor cells treated with
5-azaC (a compound that causes hypomethylation of DNA) lose many of their cancer-
like properties [53]. Therefore, decrease in the level of DNA methylation facilitates the
antitumor effect of LCS-1269.

As LCS-1269 shows weak binding with DNA and associated effects, we suggest that
the antitumor and cytotoxic activities of LCS-1269 are based not on mechanisms typical of
rebeccamycin analogs (intercalation and topoisomerase inhibition) but on alternative ones
such as alterations in signaling pathways.

PCR array with a gene set of neoplastic transformation revealed some patterns. Upreg-
ulation of BCL2L11 and CASP7 (proapoptotic genes) caused by LCS-1208 can be associated
with multiple DNA breaks. We showed that LCS-1208 inhibits human topoisomerases I and
IIα. It is known that inhibition of topoisomerases leads to double-strand breaks in human
cells irrelevantly to the mechanism of inhibition (in the case of ‘topoisomerase poisons’ as
well as ‘catalytic inhibitors’) [54]. Double-strand breaks induce cell cycle arrest and activate
DNA repair systems. Critical number of multiple DNA breaks results in cell death.

LCS-1269 reduced the expression of genes controlling angiogenesis and lymphangio-
genesis. Positive regulators of angiogenesis VEGFC and KDR (VEGFR2) demonstrated
decrease of expression. For instance, VEGFC is known to initiate lymphangiogenesis. Its
product binds VEGFR-3 receptor stimulating proliferation, survival, and migration of
lymphatic endothelial cells. What is more, this factor increases the permeability of the
endothelial barrier in lymphatic vessels. These functions facilitate the metastasis of tumors,
including colorectal cancer [55]. Thus, the reduction of VEGFC expression in the colorectal
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cancer cell line HT29 is the evidence of a potential antiangiogenic and antimetastatic effects
of LCS-1269.

Concerning the analysis of LCS effects on signaling target gene expression, it is
noteworthy that LCS-1208 and LCS-1269 downregulate CCND1 expression. This gene
encodes cyclin D1 and is a target of JAK/STAT, Wnt, PI3K, and MAP-kinase pathways.
Since CCND1 is a positive regulator of cell proliferation, downregulation of its expression
can lead to cytostatic effect. LCS-1208 and LCS-1269 also downregulate AXIN2—another
target gene of Wnt pathway [56]. This cascade is characterized by malfunction in most
cases of colorectal adenocarcinoma [57].

5. Conclusions

Revealed molecular mechanisms clarify the base of the anticancer effect of LCS-1208
and LCS-1269. Despite of being structurally similar, each of these compounds has a unique
range of biological activities. The effects of LCS-1208 are mainly centered around interca-
lation and associated mechanisms (inhibition of topoisomerases, induction of interferon
signaling, and activation of proapoptotic gene expression). The mechanisms of LCS-1269
antitumor activity are less typical of rebeccamycin derivatives. They include influences
on higher levels such as chromatin remodeling and epigenetic effects as well as a few
alterations in signal pathways. These nonstandard (for indolocarbazole class) mechanisms
of LCS-1269 anticancer activity require further studies.
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the genes in HT29 cell line after treatment with LCS-1208 and LCS-1269 for 24 h, Table S2: The data
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Analysis of the LCS-1269 effects on histone modifications, Western blot results. Figure S2: Analysis of
the LCS-1269 effects on HDACs expression, Western blot results. Figure S3: Analysis of the LCS-1269
effects on DNA methylation MSRE assay results.

Author Contributions: R.G.Z., O.A.V., V.P.M., T.I.F., N.Y.K., E.A.L., V.G.P. and O.G.U.—investigation;
L.V.E. and V.A.E.—resources; R.G.Z., K.I.K. and G.A.B. formal analysis and visualization; R.G.Z.,
K.I.K. and M.G.Y. conceptualization, supervision and writing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Russian Foundation for Basic Research grant number 20-315-
70038.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide); FID, fluorescent intercalator
displacement; CD in CLC (circular dichroism in cholesteric liquid crystals).

References
1. Janosik, T.; Rannug, A.; Rannug, U.; Wahlström, N.; Slätt, J.; Bergman, J. Chemistry and Properties of Indolocarbazoles. Chem.

Rev. 2018, 118, 9058–9128. [CrossRef] [PubMed]
2. Sánchez, C.; Méndez, C.; Salas, J.A. Indolocarbazole natural products: Occurrence, biosynthesis, and biological activity. Nat. Prod.

Rep. 2006, 23, 1007–1045. [CrossRef] [PubMed]
3. Schmidt, A.W.; Reddy, K.R.; Knölker, H.J. Occurrence, biogenesis, and synthesis of biologically active carbazole alkaloids. Chem.

Rev. 2012, 112, 3193–3328. [CrossRef] [PubMed]
4. Zenkov, R.G.; Ektova, L.V.; Vlasova, O.A.; Belitskiy, G.A.; Yakubovskaya, M.G.; Kirsanov, K.I. Indolo[2,3-a]carbazoles: Diversity,

biological properties, application in antitumor therapy. Chem. Heterocycl. Compd. 2020, 56, 644–658. [CrossRef]

http://doi.org/10.1021/acs.chemrev.8b00186
http://www.ncbi.nlm.nih.gov/pubmed/30191712
http://doi.org/10.1039/B601930G
http://www.ncbi.nlm.nih.gov/pubmed/17119643
http://doi.org/10.1021/cr200447s
http://www.ncbi.nlm.nih.gov/pubmed/22480243
http://doi.org/10.1007/s10593-020-02714-4


Molecules 2021, 26, 7329 17 of 19

5. Bailly, C.; Riou, J.-F.; Colson, P.; Houssier, C.; Rodrigues-Pereira, E.; Prudhomme, M. DNA Cleavage by Topoisomerase I in the
Presence of Indolocarbazole Derivatives of Rebeccamycin. Biochemistry 1997, 36, 3917–3929. [CrossRef]

6. Kojiri, K.; Kondo, H.; Yoshinari, T.; Arakawa, H.; Nakajima, S.; Satoh, F.; Kawamura, K.; Okura, A.; Suda, H.; Okanishi, M. A new
antitumor substance BE-13793C, produced by a streptomycete. Taxonomy, fermentation, isolation, structure determination and
biological activity. J. Antibiot. 1991, 44, 723–728. [CrossRef] [PubMed]

7. Ling-Hua, M.; Zhi-Yong, L.; Pommier, Y. Non-camptothecin DNA topoisomerase I inhibitors in cancer therapy. Curr. Top. Med.
Chem. 2003, 3, 305–320. [CrossRef]

8. Long, B.H.; Rose, W.C.; Vyas, D.M.; Matson, J.A.; Forenza, S. Discovery of antitumor indolocarbazoles: Rebeccamycin, NSC
655649, and fluoroindolocarbazoles. Curr. Med. Chem. Anticancer Agents 2002, 2, 255–266. [CrossRef]

9. Moreau, P.; Anizon, F.; Sancelme, M.; Prudhomme, M.; Sevère, D.; Riou, J.-F.; Goossens, J.-F.; Hénichart, J.-P.; Bailly, C.; Labourier,
E.; et al. Synthesis, Mode of Action, and Biological Activities of Rebeccamycin Bromo Derivatives. J. Med. Chem. 1999, 42,
1816–1822. [CrossRef] [PubMed]

10. Moreau, P.; Gaillard, N.; Marminon, C.; Anizon, F.; Dias, N.; Baldeyrou, B.; Bailly, C.; Pierré, A.; Hickman, J.; Pfeiffer, B.;
et al. Semi-synthesis, topoisomerase I and kinases inhibitory properties, and antiproliferative activities of new rebeccamycin
derivatives. Bioorg. Med. Chem. 2003, 11, 4871–4879. [CrossRef]

11. Prudhomme, M. Rebeccamycin analogues as anti-cancer agents. Eur. J. Med. Chem. 2003, 38, 123–140. [CrossRef]
12. Bailly, C.; Qu, X.; Anizon, F.; Prudhomme, M.; Riou, J.-F.; Chaires, J.B. Enhanced Binding to DNA and Topoisomerase I Inhibition

by an Analog of the Antitumor Antibiotic Rebeccamycin Containing an Amino Sugar Residue. Mol. Pharmacol. 1999, 55, 377.
[CrossRef]

13. Staker, B.L.; Feese, M.D.; Cushman, M.; Pommier, Y.; Zembower, D.; Stewart, L.; Burgin, A.B. Structures of Three Classes of
Anticancer Agents Bound to the Human Topoisomerase I−DNA Covalent Complex. J. Med. Chem. 2005, 48, 2336–2345. [CrossRef]

14. Civenni, G.; Longoni, N.; Costales, P.; Dallavalle, C.; García Inclán, C.; Albino, D.; Nuñez, L.E.; Morís, F.; Carbone, G.M.; Catapano,
C.V. EC-70124, a Novel Glycosylated Indolocarbazole Multikinase Inhibitor, Reverts Tumorigenic and Stem Cell Properties in
Prostate Cancer by Inhibiting STAT3 and NF-κB. Mol. Cancer Ther. 2016, 15, 806–818. [CrossRef] [PubMed]

15. Fathi, A.T.; Levis, M. Lestaurtinib: A multi-targeted FLT3 inhibitor. Expert Rev. Hematol. 2009, 2, 17–26. [CrossRef]
16. Garcia, J.S.; Percival, M.E. Midostaurin for the treatment of adult patients with newly diagnosed acute myeloid leukemia that is

FLT3 mutation-positive. Drugs Today 2017, 53, 531–543. [CrossRef]
17. Lawrie, A.M.; Noble, M.E.; Tunnah, P.; Brown, N.R.; Johnson, L.N.; Endicott, J.A. Protein kinase inhibition by staurosporine

revealed in details of the molecular interaction with CDK2. Nat. Struct. Biol. 1997, 4, 796–801. [CrossRef] [PubMed]
18. Maroney, A.C.; Finn, J.P.; Connors, T.J.; Durkin, J.T.; Angeles, T.; Gessner, G.; Xu, Z.; Meyer, S.L.; Savage, M.J.; Greene, L.A.; et al.

Cep-1347 (KT7515), a semisynthetic inhibitor of the mixed lineage kinase family. J. Biol. Chem. 2001, 276, 25302–25308. [CrossRef]
[PubMed]

19. Meggio, F.; Donella Deana, A.; Ruzzene, M.; Brunati, A.M.; Cesaro, L.; Guerra, B.; Meyer, T.; Mett, H.; Fabbro, D.; Furet, P.; et al.
Different susceptibility of protein kinases to staurosporine inhibition. Kinetic studies and molecular bases for the resistance of
protein kinase CK2. Eur. J. Biochem. 1995, 234, 317–322. [CrossRef]

20. Omura, S.; Sasaki, Y.; Iwai, Y.; Takeshima, H. Staurosporine, a potentially important gift from a microorganism. J. Antibiot. 1995,
48, 535–548. [CrossRef] [PubMed]

21. Sato, S.; Fujita, N.; Tsuruo, T. Interference with PDK1-Akt survival signaling pathway by UCN-01 (7-hydroxystaurosporine).
Oncogene 2002, 21, 1727–1738. [CrossRef] [PubMed]

22. Senderowicz, A.M. The cell cycle as a target for cancer therapy: Basic and clinical findings with the small molecule inhibitors
flavopiridol and UCN-01. Oncologist 2002, 7, 12–19. [CrossRef] [PubMed]

23. Strock, C.J.; Park, J.-I.; Rosen, M.; Dionne, C.; Ruggeri, B.; Jones-Bolin, S.; Denmeade, S.R.; Ball, D.W.; Nelkin, B.D. CEP-701 and
CEP-751 Inhibit Constitutively Activated RET Tyrosine Kinase Activity and Block Medullary Thyroid Carcinoma Cell Growth.
Cancer Res. 2003, 63, 5559. [PubMed]

24. Osada, H.; Koshino, H.; Kudo, T.; Onose, R.; Isono, K. A new inhibitor of protein kinase C, RK-1409 (7-oxostaurosporine). I.
Taxonomy and biological activity. J. Antibiot. 1992, 45, 189–194. [CrossRef] [PubMed]

25. Rüegg, U.T.; Burgess, G.M. Staurosporine, K-252 and UCN-01: Potent but nonspecific inhibitors of protein kinases. Trends
Pharmacol. Sci. 1989, 10, 218–220. [CrossRef]

26. Komander, D.; Kular, G.S.; Bain, J.; Elliott, M.; Alessi, D.R.; Van Aalten, D.M. Structural basis for UCN-01 (7-hydroxystaurosporine)
specificity and PDK1 (3-phosphoinositide-dependent protein kinase-1) inhibition. Biochem. J. 2003, 375, 255–262. [CrossRef]

27. Rodrigues Pereira, E.; Belin, L.; Sancelme, M.; Prudhomme, M.; Ollier, M.; Rapp, M.; Sevère, D.; Riou, J.-F.; Fabbro, D.; Meyer, T.
Structure−Activity Relationships in a Series of Substituted Indolocarbazoles: Topoisomerase I and Protein Kinase C Inhibition
and Antitumoral and Antimicrobial Properties. J. Med. Chem. 1996, 39, 4471–4477. [CrossRef] [PubMed]

28. Speck, K.; Magauer, T. The chemistry of isoindole natural products. Beilstein J. Org. Chem. 2013, 9, 2048–2078. [CrossRef]
[PubMed]

29. Conseil, G.; Perez-Victoria, J.M.; Jault, J.-M.; Gamarro, F.; Goffeau, A.; Hofmann, J.; Di Pietro, A. Protein Kinase C Effectors Bind
to Multidrug ABC Transporters and Inhibit Their Activity. Biochemistry 2001, 40, 2564–2571. [CrossRef]

http://doi.org/10.1021/bi9624898
http://doi.org/10.7164/antibiotics.44.723
http://www.ncbi.nlm.nih.gov/pubmed/1652582
http://doi.org/10.2174/1568026033452546
http://doi.org/10.2174/1568011023354218
http://doi.org/10.1021/jm980702n
http://www.ncbi.nlm.nih.gov/pubmed/10346933
http://doi.org/10.1016/j.bmc.2003.09.014
http://doi.org/10.1016/S0223-5234(03)00011-4
http://doi.org/10.1124/mol.55.2.377
http://doi.org/10.1021/jm049146p
http://doi.org/10.1158/1535-7163.MCT-15-0791
http://www.ncbi.nlm.nih.gov/pubmed/26826115
http://doi.org/10.1586/17474086.2.1.17
http://doi.org/10.1358/dot.2017.53.10.2717625
http://doi.org/10.1038/nsb1097-796
http://www.ncbi.nlm.nih.gov/pubmed/9334743
http://doi.org/10.1074/jbc.M011601200
http://www.ncbi.nlm.nih.gov/pubmed/11325962
http://doi.org/10.1111/j.1432-1033.1995.317_c.x
http://doi.org/10.7164/antibiotics.48.535
http://www.ncbi.nlm.nih.gov/pubmed/7649849
http://doi.org/10.1038/sj.onc.1205225
http://www.ncbi.nlm.nih.gov/pubmed/11896604
http://doi.org/10.1634/theoncologist.7-suppl_3-12
http://www.ncbi.nlm.nih.gov/pubmed/12165651
http://www.ncbi.nlm.nih.gov/pubmed/14500395
http://doi.org/10.7164/antibiotics.45.189
http://www.ncbi.nlm.nih.gov/pubmed/1556009
http://doi.org/10.1016/0165-6147(89)90263-0
http://doi.org/10.1042/bj20031119
http://doi.org/10.1021/jm9603779
http://www.ncbi.nlm.nih.gov/pubmed/8893841
http://doi.org/10.3762/bjoc.9.243
http://www.ncbi.nlm.nih.gov/pubmed/24204418
http://doi.org/10.1021/bi002453m


Molecules 2021, 26, 7329 18 of 19

30. Robey, R.W.; Shukla, S.; Steadman, K.; Obrzut, T.; Finley, E.M.; Ambudkar, S.V.; Bates, S.E. Inhibition of ABCG2-mediated
transport by protein kinase inhibitors with a bisindolylmaleimide or indolocarbazole structure. Mol. Cancer Ther. 2007, 6, 1877.
[CrossRef]

31. Kiseleva, M.P.; Smirnova, Z.S.; Borisova, L.M.; Kubasova, I.Y.; Ektova, L.V.; Miniker, T.D.; Plikhtiak, I.L.; Medvedeva, L.A.;
Eremina, V.A.; Tikhonova, N.I. Search for new antitumor compounds among N-glycoside indolo[2,3-a]carbazole derivatives.
Ross. Onkol. Zhurnal 2015, 20, 33–37. (In Russian)

32. Golubeva, I.S.; Eremina, V.A.; Moiseeva, N.I.; Ektova, L.V.; Yavorskaya, N.P. Derivative of the Class of n-glycosides indolo[2,3-
a]pyrrolo[3,4-c]carbazole-5,7-dione-n-{12-(β-d-xylopyranosyl)-5,7-dioxo-indolo[2,3-a]pyrrolo[3,4-c]carbazol-6-yl} pyridine-2-
carboxamide, Which has Cytotoxic and Antitumor Activity. Russia Patent 2667906c1, 21 March 2017.

33. Luthra, P.; Aguirre, S.; Yen, B.C.; Pietzsch, C.A.; Sanchez-Aparicio, M.T.; Tigabu, B.; Morlock, L.K.; García-Sastre, A.; Leung, D.W.;
Williams, N.S.; et al. Topoisomerase II Inhibitors Induce DNA Damage-Dependent Interferon Responses Circumventing Ebola
Virus Immune Evasion. mBio 2017, 8, e00368-17. [CrossRef]

34. Pépin, G.; Nejad, C.; Thomas, B.J.; Ferrand, J.; McArthur, K.; Bardin, P.G.; Williams, B.R.; Gantier, M.P. Activation of cGAS-
dependent antiviral responses by DNA intercalating agents. Nucleic Acids Res. 2017, 45, 198–205. [CrossRef] [PubMed]

35. Bhattacharjee, S.; Chakraborty, S.; Sengupta, P.K.; Bhowmik, S. Exploring the Interactions of the Dietary Plant Flavonoids Fisetin
and Naringenin with G-Quadruplex and Duplex DNA, Showing Contrasting Binding Behavior: Spectroscopic and Molecular
Modeling Approaches. J. Phys. Chem. B 2016, 120, 8942–8952. [CrossRef] [PubMed]

36. Shechter, D.; Dormann, H.L.; Allis, C.D.; Hake, S.B. Extraction, purification and analysis of histones. Nat. Protoc. 2007, 2,
1445–1457. [CrossRef]

37. Monchaud, D.; Allain, C.; Teulade-Fichou, M.P. Development of a fluorescent intercalator displacement assay (G4-FID) for
establishing quadruplex-DNA affinity and selectivity of putative ligands. Bioorg. Med. Chem. Lett. 2006, 16, 4842–4845. [CrossRef]
[PubMed]

38. Nordén, B. Applications of linear Dichroism Spectroscopy. Appl. Spectrosc. Rev. 1978, 14, 157–248. [CrossRef]
39. Yevdokimov, Y.M.; Skuridin, S.G.; Lortkipanidze, G.B. Invited Article Liquid-crystalline dispersions of nucleic acids. Liq. Cryst.

1992, 12, 1–16. [CrossRef]
40. Yevdokimov, Y.M.; Skuridin, S.G.; Nechipurenko, Y.D.; Zakharov, M.A.; Salyanov, V.I.; Kurnosov, A.A.; Kuznetsov, V.D.; Nikiforov,

V.N. Nanoconstructions based on double-stranded nucleic acids. Int. J. Biol. Macromol. 2005, 36, 103–115. [CrossRef]
41. Poleshko, A.; Einarson, M.B.; Shalginskikh, N.; Zhang, R.; Adams, P.D.; Skalka, A.M.; Katz, R.A. Identification of a functional

network of human epigenetic silencing factors. J. Biol. Chem. 2010, 285, 422–433. [CrossRef]
42. Maksimova, V.; Shalginskikh, N.; Vlasova, O.; Usalka, O.; Beizer, A.; Bugaeva, P.; Fedorov, D.; Lizogub, O.; Lesovaya, E.; Katz,

R.; et al. HeLa TI cell-based assay as a new approach to screen for chemicals able to reactivate the expression of epigenetically
silenced genes. PLoS ONE 2021, 16, e0252504. [CrossRef] [PubMed]

43. Kiseleva, M.P.; Shprakh, Z.S.; Borisova, L.M.; Kubasova, I.Y.; Dezhenkova, L.G.; Kaluzhny, D.N.; Lantsova, A.V.; Sanarova, E.V.;
Shtil, A.A.; Oborotova, N.A.; et al. Preclinical study of antitumor activity of indolocarbazoles N-glycosides derivative LCS-1208.
Report II. Russ. J. Biother. 2015, 14, 41–48. (In Russian) [CrossRef]

44. Strekowski, L.; Wilson, B. Noncovalent interactions with DNA: An overview. Mutat. Res. 2007, 623, 3–13. [CrossRef] [PubMed]
45. Härtlova, A.; Erttmann, S.F.; Raffi, F.A.; Schmalz, A.M.; Resch, U.; Anugula, S.; Lienenklaus, S.; Nilsson, L.M.; Kröger, A.; Nilsson,

J.A.; et al. DNA damage primes the type I interferon system via the cytosolic DNA sensor STING to promote anti-microbial
innate immunity. Immunity 2015, 42, 332–343. [CrossRef] [PubMed]

46. Paludan, S.R.; Bowie, A.G. Immune sensing of DNA. Immunity 2013, 38, 870–880. [CrossRef] [PubMed]
47. Käs, E.; Izaurralde, E.; Laemmli, U.K. Specific inhibition of DNA binding to nuclear scaffolds and histone H1 by distamycin. The

role of oligo(dA).oligo(dT) tracts. J. Mol. Biol. 1989, 210, 587–599. [CrossRef]
48. Pang, B.; Qiao, X.; Janssen, L.; Velds, A.; Groothuis, T.; Kerkhoven, R.; Nieuwland, M.; Ovaa, H.; Rottenberg, S.; van Tellingen,

O.; et al. Drug-induced histone eviction from open chromatin contributes to the chemotherapeutic effects of doxorubicin. Nat.
Commun. 2013, 4, 1908. [CrossRef] [PubMed]

49. Mukherjee, A.; Sasikala, W.D. Drug-DNA intercalation: From discovery to the molecular mechanism. Adv. Protein Chem. Struct.
Biol. 2013, 92, 1–62. [CrossRef]

50. Leonova, K.; Safina, A.; Nesher, E.; Sandlesh, P.; Pratt, R.; Burkhart, C.; Lipchick, B.; Gitlin, I.; Frangou, C.; Koman, I.; et al.
TRAIN (Transcription of Repeats Activates INterferon) in response to chromatin destabilization induced by small molecules in
mammalian cells. eLife 2018, 7, e30842. [CrossRef] [PubMed]

51. Syed, S.H.; Goutte-Gattat, D.; Becker, N.; Meyer, S.; Shukla, M.S.; Hayes, J.J.; Everaers, R.; Angelov, D.; Bednar, J.; Dimitrov, S.
Single-base resolution mapping of H1-nucleosome interactions and 3D organization of the nucleosome. Proc. Natl. Acad. Sci.
USA 2010, 107, 9620–9625. [CrossRef] [PubMed]

52. Li, Y.; Seto, E. HDACs and HDAC Inhibitors in Cancer Development and Therapy. Cold Spring Harb. Perspect. Med. 2016, 6,
a026831. [CrossRef] [PubMed]

53. Klutstein, M.; Nejman, D.; Greenfield, R.; Cedar, H. DNA Methylation in Cancer and Aging. Cancer Res. 2016, 76, 3446–3450.
[CrossRef]

54. Jain, C.K.; Majumder, H.K.; Roychoudhury, S. Natural Compounds as Anticancer Agents Targeting DNA Topoisomerases. Curr.
Genomics 2017, 18, 75–92. [CrossRef] [PubMed]

http://doi.org/10.1158/1535-7163.MCT-06-0811
http://doi.org/10.1128/mBio.00368-17
http://doi.org/10.1093/nar/gkw878
http://www.ncbi.nlm.nih.gov/pubmed/27694309
http://doi.org/10.1021/acs.jpcb.6b06357
http://www.ncbi.nlm.nih.gov/pubmed/27491376
http://doi.org/10.1038/nprot.2007.202
http://doi.org/10.1016/j.bmcl.2006.06.067
http://www.ncbi.nlm.nih.gov/pubmed/16837195
http://doi.org/10.1080/05704927808060393
http://doi.org/10.1080/02678299208029034
http://doi.org/10.1016/j.ijbiomac.2005.04.004
http://doi.org/10.1074/jbc.M109.064667
http://doi.org/10.1371/journal.pone.0252504
http://www.ncbi.nlm.nih.gov/pubmed/34115770
http://doi.org/10.17650/1726-9784-2015-14-3-41-48
http://doi.org/10.1016/j.mrfmmm.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17445837
http://doi.org/10.1016/j.immuni.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25692705
http://doi.org/10.1016/j.immuni.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23706668
http://doi.org/10.1016/0022-2836(89)90134-4
http://doi.org/10.1038/ncomms2921
http://www.ncbi.nlm.nih.gov/pubmed/23715267
http://doi.org/10.1016/b978-0-12-411636-8.00001-8
http://doi.org/10.7554/eLife.30842
http://www.ncbi.nlm.nih.gov/pubmed/29400649
http://doi.org/10.1073/pnas.1000309107
http://www.ncbi.nlm.nih.gov/pubmed/20457934
http://doi.org/10.1101/cshperspect.a026831
http://www.ncbi.nlm.nih.gov/pubmed/27599530
http://doi.org/10.1158/0008-5472.CAN-15-3278
http://doi.org/10.2174/1389202917666160808125213
http://www.ncbi.nlm.nih.gov/pubmed/28503091


Molecules 2021, 26, 7329 19 of 19

55. Huang, C.; Chen, Y. Lymphangiogenesis and colorectal cancer. Saudi Med. J. 2017, 38, 237–244. [CrossRef] [PubMed]
56. Yan, D.; Wiesmann, M.; Rohan, M.; Chan, V.; Jefferson, A.B.; Guo, L.; Sakamoto, D.; Caothien, R.H.; Fuller, J.H.; Reinhard, C.; et al.

Elevated expression of axin2 and hnkd mRNA provides evidence that Wnt/beta -catenin signaling is activated in human colon
tumors. Proc. Natl. Acad. Sci. USA 2001, 98, 14973–14978. [CrossRef]

57. Schatoff, E.M.; Leach, B.I.; Dow, L.E. Wnt Signaling and Colorectal Cancer. Curr. Colorectal Cancer Rep. 2017, 13, 101–110.
[CrossRef] [PubMed]

http://doi.org/10.15537/smj.2017.3.16245
http://www.ncbi.nlm.nih.gov/pubmed/28251217
http://doi.org/10.1073/pnas.261574498
http://doi.org/10.1007/s11888-017-0354-9
http://www.ncbi.nlm.nih.gov/pubmed/28413363

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Cytotoxicity Assay 
	Treatment, RNA Isolation, cDNA Preparation, and qRT-PCR 
	Circular Dichroism in Cholesteric Liquid Crystals 
	Fluorescent Intercalator Displacement Assay (FID) 
	Topoisomerase I Activity Assay 
	Topoisomerase II Activity Assay 
	Live Cell Microscopy 
	Flow Cytometry 
	Treatment, Histone Extraction and Western Blot 
	Treatment, Nuclear Extraction and Western Blot 
	Treatment, DNA-Isolation, DNA Methylation ELISA and Methylation-Sensitive HpaII/MspI Restriction Enzyme Assay (MSRE) 
	qRT-PCR for Interferon Signaling and Gene Expression of Histone Methyltransferases, Histone Deacetylases and DNA Methyltransferases 
	Statistical Methods 

	Results 
	Cytotoxicity of LCS-1208 and LCS-1269 in Human Cancer Cell Lines 
	Affinity of LCS-1208 and LCS-1269 to DNA Duplex 
	Analysis of LCS-DNA Complexes by Means of Circular Dichroism in Cholesteric Liquid Crystals 
	Topoisomerase I Assay 
	Topoisomerase II Assay 
	The Effect of LCS-1208 and LCS-1269 on Interferon Signaling 
	Chromatin Remodeling 
	Linker Histone H1 Displacement 
	Analysis of the LCS-1208 and LCS-1269 Ability to Reactivate the Expression of the Epigenetically Repressed GFP Gene in HeLa TI Cell-Based Assay 
	Analysis of LCS-1269 Effect on Histone Modifications 
	Analysis of LCS-1269 Effect on DNA Methylation 

	The Analysis of LCS-Induced Expression Changes in a Gene Set of Neoplastic Transformation 
	The Analysis of LCS-Induced Expression Changes in a Set of Target Genes of Signal Pathways 

	Discussion 
	Conclusions 
	References

