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Abstract

Background: Many plant secondary metabolites (PSMs) were shown to intercalate into DNA helix or interact with DNA grooves. This
may influence histone-DNA interactions changeing chromatin structure and genome functioning. Methods: Nucleosome stability and
linker histone H1.2, H1.4 and H1.5 localizations were studied in HeLa cells after the treatment with 15 PSMs, which are DNA-binders
and possess anticancer activity according to published data. Chromatin remodeler CBL0137 was used as a control. Effects of PSMs
were studied using fluorescent microscopy, flowcytometry, quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR),
western-blotting. Results: We showed that 1-hour treatment with CBL0137 strongly inhibited DNA synthesis and caused intensive linker
histone depletion consistent with nucleosome destabilization. None of PSMs caused nucleosome destabilization, while most of them
demonstrated significant influence on linker histone localizations. In particular, cell treatment with 11 PSMs at non-toxic concentrations
induced significant translocation of the histone H1.5 to nucleoli and most of PSMs caused depletion of the histones H1.2 and H1.4 from
chromatin fraction. Curcumin, resveratrol, berberine, naringenin, and quercetin caused significant redistribution of all three variants of
the studied linker histones showing some overlap of PSM effects on linker histone DNA-binding. We demonstrated that PSMs, which
induced the most significant redistribution of the histone H1.5 (berberine, curcumin and naringenin), influence the proportion of cells
synthesizingDNA, expressing or non-expressing cyclin B and influence cell cycle distribution. Berberine induction of H1.5 translocations
to nucleoli was shown to occur independently on the phases of cell cycle (metaphase was not analyzed). Conclusions: For the first time
we revealed PSM influence on linker histone location in cell nuclei that opens a new direction of PSM research as anticancer agents.

Keywords: plant secondary metabolites; chromatin structure; linker histones; cancer preventive activity; cancer prevention; DNA-
binding compounds; cell cycle; cytotoxicity; nucleosome stability; linker histone depletion

1. Introduction
A series of significant studies clearly demonstrated

that the Mediterranean diet may slow down the incidence
of various forms of cancer [1]. This effect is proposed to be
due at least partly to high concentrations of plant secondary
metabolites (PSMs) from the group of polyphenols. These
compounds are characterized by the presence of one or
more aromatic rings with different hydroxyl groups, which
determine their chemical properties and biological effects.
A large number of cellular targets for these small molecules
have been found, as well as mediated changes in specific
signaling pathways that prevent tumor growth or carcino-
genesis. Many studies have demonstrated antiproliferative,

proapoptotic, anti-inflammatory, and immunomodulatory
effects of resveratrol, quercetin, genistein and other PSMs
in the experiments in vitro [2–5]. In the experiments in
vivo, a number of PSMs were demonstrated to reduce the
incidence and multiplicity of colon tumors induced by 1,2-
dimethylhydrazine or azoxymethane, ovarian tumors in-
duced by 7,12-dimethylbenz(a)anthracene, and mammary
tumors induced by 7,12-dimethylbenz(a)anthracene and N-
methyl-N-nitrosourea [6–9]. Their chemopreventive ef-
fects was shown in a number of clinical trials [10–12].

The pleiotropy of the effects of PSMs makes it ex-
tremely difficult to interpret the integral result of their ac-
tion. PSMs are able to bind to a large number of protein
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molecular targets, including cellular receptors, enzymes of
xenobiotic metabolism, components of signaling pathways,
enzymes of DNA metabolism and epigenetic regulation of
transcription [13–16]. However, one of the commonest
properties of PSMs is their affinity to DNA.

Noteworthy, PSMs do not form covalent bonds with
DNA, but interact with the biopolymer via van der Waals,
ionic, and hydrogen bonds. This explains why PSMs are
mainly not mutagenic. Using various spectroscopic meth-
ods, PSM intercalation into DNA helix was demonstrated
for resveratrol and genistein [17], quercetin and delphini-
din [18], apigenin and naringenin [19], fisetin [20], epi-
gallocatechin gallate (EGCG) [21], and sanguinarine [22].
DNA minor groove binding was shown for curcumin [17]
and sanguinarine [23]. Binding DNA, PSMs can affect the
geometric characteristics and thermodynamic stability of
the duplex, the flexibility and physicochemical properties
of the biopolymer, as well as influence the formation and
stabilization of various alternative DNA structures, such
as G-quadruplexes, H-DNA, and cruciforms. Binding and
stabilization of G-quadruplexes by PSMs were shown for
fisetin [20], curcumin [24], EGCG [25], kaempferol [26],
berberine [27], sanguinarine [28], quercetin [29], and thy-
moquinone [30]. G4-mediated downregulation of c-MYC
expression was shown by reporter analysis for sanguinar-
ine, quercetin, kaempferol and thymoquinone [31]. More-
over, they can shield the sites of DNA interaction with en-
zymes that are involved in replication, transcription, and
repair. All the DNA-mediated effects of PSMs may influ-
ence the three-dimensional organization of chromatin and
DNA packaging processes and change the access to DNA
landing sites for chaperones, epigenetic factors, and other
regulatory proteins [32,33]. In our previous studies, the ef-
fects of chromatin destabilization by DNA-binding agents
have been described for the new anticancer and chemo-
preventive drug Curaxin CBL0137 [34,35] and for minor
groove binding ligands (MGBL) [36]. CBL0137 does not
affect the chemical structure of DNA, but it causes dose-
dependent destabilization and disassembly of the nucleo-
some [35], followed by histone chaperone FACT trapping
to chromatin [37] and cell cycle arrest at G0/G1 and G2/M
phases.

Influence of PSMs on cell chromatin structure has
never been analyzed. The main goals of our study were
to analyze PSM effects on chromatin stability, nucleosome
histones and histone chaperone facilitates chromatin tran-
scription (FACT) localization in the cell nuclei, linker hi-
stones localization in the nuclei and their relative content
in chromatin fraction and total protein pool, cell cycle dis-
tribution under the treatment of PSMs and the dependence
of PSM effects on cell cycle phase. 15 PSMs of different
chemical structures, which demonstrate DNA-binding and
possess anticancer activity, were chosen for our study.

2. Materials and Methods
2.1 Chemicals and Reagents

All of the studied compounds were obtained from
Chemlight, Moscow, Russia (1) and from Selleckchem,
Houston, TX, USA (2). We studied apigenin, CAS 520-
36-5, Lot. 0436771-86, (1); berberine, CAS 633-65-
8, Lot. S904601, (1); coumarin, CAS 91-64-5, (1);
curcumin, CAS 458-37-7, (1); delphinidin, CAS 13270-
61-6, Lot. 117271994, (1); EGCG, CAS 989-51-5,
Lot. SLBL3516V, (1); fisetin, CAS 528-48-3, Lot.
477164536, (1); genistein, CAS 446-72-0, Lot. S134201,
(1); ginsenoside, Rb1, CAS 41753-43-9, Lot S392401,
(1); kaempferol, CAS 520-18-3, Lot. S231406, (1);
naringenin, CAS 480-41-1, (1); quercetin, CAS 117-39-
5, Lot. LRAB3054, (1); resveratrol, CAS 501-36-0, Lot.
139609, (1); sanguinarine chloride hydrat, CAS 5578-73-
4, Lot. S903202, (1); thymoquinone, CAS 490-91-5, Lot.
S476101, (1). Curaxin CBL0137 was provided by In-
curon, Inc., Russia. Triton X-100 (CAS 9002-93-1, Lot.
19H2156267) was purchased from BioInnlabs, Rostov-on-
Don, Russia. Phenol – chloroform – isoamyl alcohol mix-
ture (CAS 136112-00-0), TopVision Low Melting Point
Agarose (CAS 39346-81-1, Lot. 91339087), cOmplete™,
Mini Protease Inhibitor Cocktail (cat. 11836153001, Lot.
33576300), Laemmli Sample Buffer x2 (CAS 53123-88-
9, Lot. S3401), Phosphate-buffered saline (PBS, P4417,
Lot. M8254), DAPI (CAS 28718-90-3, Lot. 378275275),
thymidine (50-89-5, Lot. WXBD3213V), 5-Ethynyl-2′-
deoxyuridine (EdU, 61135-33-9, Lot. 2161886), 4%
paraformaldehyde (CAS 30525-89-4), bovine serum albu-
min (CAS 9048-46-8), Resazurin sodium salt (CAS 62758-
13-8, Lot. MKCG9800) and G418 disulfate salt solution
(CAS 108321-42-2) were purchased from Sigma Aldrich
(Merck), Bengaluru, Karnataka, India. Micrococcal nucle-
ase derived from Staphylococcus aureus (CAS 9013-53-
0, Lot. 00473368), Q5® High-Fidelity DNA Polymerase
(M0491L, Lot. 509DR50200), T4 Polynucleotide Kinase
(M0201L) and T4 DNA ligase (M0202T) were obtained
from NEB, USA. DC™Protein Assay Kit I (5000111EDU)
was purchased from Bio-Rad (Moscow, Russia). Clar-
ity Max™ Western ECL Substrate for Chemiluminescent
Detection of Horseradish Peroxidase (HPR) Conjugates
(cat. 1705062, Lot. 102031834) was purchased from
Helicon, Moscow, Russia. Click-iT™ EdU Cell Prolif-
eration Kit (C10337, Lot. 2161886), TRIzol™ Reagent
(15596026, Lot. 03211240170), TurboFect Transfection
Reagent (R0531), M-MLV Reverse Transcriptase Buffer
(18057018, Lot. EA029021173) and FastAP alkaline phos-
phatase (EF0651) were purchased from Thermo Scientific
(Invitrogen), Waltham, MA, USA. Nuclear Marker and
ChIP Grade (ab1791, Lot. 00211074) was purchased from
Abcam (Cambridge, UK). Hexanucleotides (6-random,
Random Hexa Primer, D0300) was purchased from Sileks
(Moscow, Russia). 2.5x Reaction mixture for quantita-
tive reverse transcriptase-polymerase chain reaction (RT-
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qPCR) in the presence of SYBR Green I dye (M-427,
Lot. SA001021272) was purchased from Syntol (Moscow,
Russia). Plasmid pCMV(CAT)T7-SB100 (34879) was ob-
tained from Addgene (Watertown, MA, USA).

2.2 Cell Cultures
Human cervical cancer cells (HeLa) was obtained

from the Blokhin Cancer Research Center (CRC) cell col-
lection, HeLa_SSRP1-GFP_H2B-mCherry were obtained
from the Department of Cell Stress Biology at Roswell Park
(Buffalo, NY, USA). HeLa_H1.5-mCherry cells were con-
structed as described below. Cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented
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). Cell lines were in-
cubated at 37 °C and 5% CO2. All cell lines were validated
by STR profiling and tested negative for mycoplasma.

2.3 Constructing HeLa-H1.5-mCherry Cell Line
Vector pSB/IR-TRE3G-H1-mCherry was constructed

in order to provide expression of fluorescent linker histone
H1.5 in HeLa cells. This plasmid includes the gene of H1-
mCherry fusion protein and inverted repeats that are crucial
for transposition (via “sleeping beauty” mechanism).

The sequence of H1-mCherry gene and the gene of
resistance to geneticin was amplified from pReceiver-M55
plasmid provided by the laboratory of Katerina Gurova.
Amplification was carried out with Q5 polymerase (NEB,
Ipswich, MA, USA) and the following primers:

forward: 5′-GAGATATCTAAGATACATTGATGA
GTTTGGAC-3′

reverse: 5′-CGCCACCATGGTGAGCAAGGGCG-
3′

Blunt ends of the product were kinated with T4
Polynucleotide Kinase (NEB, Ipswich, MA, USA).

Plasmid pSB-IR-TRE3G-5.1, which contains inverted
repeats for transposition and TRE3G promotor (with the
tetracycline controlled transcriptional activation), was hy-
drolyzedwith EvoRV restrictase resulting inDNA fragment
with blunt ends. Linear DNA fragment was incubated with
FastAP alkaline phosphatase (ThermoScientific, Waltham,
MA, USA) in order to avoid circularization of the fragment
during ligation.

Two fragments were ligated with T4 DNA ligase
(SibEnzyme, Novosibirsk, Russia). Bacterial colonies with
the proper construction were selected in PCR with the fol-
lowing primers:

forward: 5′-CTGAGCTAGCTTACTTGTACAGCT
CGTCC-3′

reverse: 5′- CGATTTTTGTGATGCTCGTCAGG-3′
PCR with proper construction resulted in the DNA

product of 1773 bp. Plasmid sequence was confirmed by
sequencing.

Final plasmid pSB/IR-TRE3G-H1-mCherry was
transfected into HeLa cells in 60 mm dishes using Turbo-
Fect Transfection Reagent (ThermoScientific, Waltham,
MA, USA) according to the manufacturer’s protocol. It
was transfected with plasmid pCMV(CAT)T7-SB100
(Addgene, 34879) in the ratio of 4 to 1. pCMV(CAT)T7-
SB100 encodes sleeping beauty SB100X transposase,
which inserts the construction into cell genome. Cells
containing the construction in their genome were selected
with geneticin (G418).

2.4 Cell Viability Assay

The nontoxic concentrations of phytonutrients for
Hela cells were measured using the resazurin test based on
the fluorescent determination of the metabolic activity of
viable cells. For analysis, HeLa cancer cells were seeded in
96-well plates (10,000 cells per well in 180 µL of DMEM).
Cells were treated with phytonutrients of various concen-
trations for 24 hours. Then, 20 µL of resazurin reagent so-
lution (0.18 mg/mL) was added to each well and incubated
for 4 h at 37 °C. The plates were read on a Fluoroscan FL
(Thermo Scientific, Waltham,MA, USA) using a test wave-
length of 530 nm. IC50 and IC20 values and nontoxic con-
centrations were derived from aproximate logistic function
of resorufin fluorescence intensity at 592 nm. Maximum
non-toxic concentrations were confirmed using propidium
iodide (PI)/annexin cell staining and subsequent flow cyto-
metric analysis. All experiments were carried out in parallel
and in triplicate.

2.5 Micrococcal Nuclease Digestion Assay

Micrococcal nuclease digestion assay was performed
as previously described [35] with some modifications.
HeLa cells were trypsinized, harvested, and washed once
with 1× RSB buffer (10 mM Tris, pH7.6, 15 mM NaCl
and 1.5 mM MgCl2). After centrifugation, the cell pellet
was resuspended in 1× RSB buffer with 1% Triton X-100
and homogenized by five strokes with a loose-fitting pestle
to release nuclei. Nuclei were collected by centrifugation
(2000 g, 5 min) and washed twice with 1 mL of fresh buffer
A (15 mM Tris, pH 7.5, 15 mM NaCl, 60 mM KCl, 0.34 M
sucrose, 0.5 mM spermidine, 0.15 mM spermine, 0.25 mM
PMSF and 0.1%-mercaptoethanol). Finally, nuclei (from
20 × 106 cells) were resuspended in 1.5 mL of buffer A,
and 15 µL of 0.1 M CaCl2 was added. Concentrated solu-
tions of all analyzed compounds were prepared in dimethyl
sulfoxide (DMSO) or ethanol, and the concentration of sol-
vents in the incubation medium of cell nuclei after the ad-
dition of compounds was 0.4%, which had no significant
effect on either the epigenetic regulation of transcription or
transcription activity in HeLa TI cells. HeLa cell nuclei
were treated at first with CBL0137 or PSMs for 30 min at
37 °C and then with NEB micrococcal endonuclease for 15
min. To control the quality of the untreated chromatin used
in the experiment, nuclease digestion was stopped immedi-
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ately after the enzyme addition to the nuclei untreated with
PSMs. For digestion, 1 µL of 200U/mLmicrococcal nucle-
ase (NEB, Ipswich, MA, USA) was added to 0.5 mL nuclei
suspension at 37 °C. Aliquots (60 µL) were taken after 15
min, and 1.5 µL 0.5MEDTAwas added to stop the reaction
(final concentration: 12.5 mM). Subsequently, 18 µL H2O,
12 µL of 10% SDS and 24 µL of 5 M NaCl were added
to each tube. The mixtures were extracted with phenol–
chloroform followed by ethanol-based precipitation. DNA
was analyzed on a 1.5% agarose gel, stained with 0.5 g/mL
ethidium bromide in 1× TAE for 30 min, destained for 2×
15 min in ddH2O, and imaged as described above.

2.6 Cell Microscopy

To visualize the localization of core histone H2B
and linker histone H1.5 cells HeLa_SSRP1-GFP_H2B-
mCherry or HeLa_H1.5-mCherry were seeded in 6-well
plates (150,000 cells per well) with cover glass 22 × 22
mm for microscopy. After 24 hours, cells were incu-
bated with CBL0137 (positive control) for 1 hour or with
phytonutrients for 1 hour or 24 hours. After the treat-
ment, cells were washed twice with PBS and fixed in 4%
paraformaldehyde at room temperature for 15 min. Af-
ter three washes, the nuclei were stained with DAPI. The
coverslips were mounted on the glass slides using Mowiol
mounting medium. Images were obtained with a Zeiss
Axio Observer A1 inverted microscope (Carl Zeiss, Mu-
nich, Germany) with N-Achroplan 100×/1.25 oil lens (Carl
Zeiss, Munich, Germany), ZeissMRC5 camera (Carl Zeiss,
Munich, Germany), and AxioVision Rel.4.8 software (Carl
Zeiss Microscopy, LLC, White Plains, NY, USA). Exper-
iments were performed three times. 200 cells were anal-
ized for each point. Image analyses was done using ImageJ
(version 1.48; National Institute of Health, Bethesda, MD,
USA).

2.7 Cell Fractionation for Chromatin and Nucleoplasmic
Proteins Extraction, Gel Electrophoresis, and
Immunoblotting

For isolation of total protein, cells were incubated
with RIPA buffer (50 mM Tris–HCl, pH 7.4, 1% NP-40,
0.5%Na-deoxycholate, 450mMNaCl, 1mMEDTA, 1mM
EGTA), with Complete Protease Inhibitor Cocktail (Roche,
Basel, Switzerland) on ice for 30 min. For chromatin and
nucleoplasmic fraction extraction 10 million cells were re-
suspended in 1 mL of Buffer A (10 mM HEPES-KOH, pH
7.9, 1.5 mMMgCl2, 10 mMKCl, 0.5 mMDTT) with Com-
plete Protease Inhibitor Cocktail (Roche, Basel, Switzer-
land) and incubated for 10 min on ice. Then the cell pellet
was homogenized by 50 strokes with a loose-fitting pestle.
The homogenized suspension was centrifuged at 600 g for 5
min at 4 °C. The remaining pellet was resuspended in High
Salt Buffer-1 (20 mMHEPES-KOH, pH 7.9, 25% glycerol,
1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA) with Com-
plete Protease Inhibitor Cocktail (Roche, Basel, Switzer-

land) and was incubated 90 min at 4 °C gently mixing on a
shaker. Then it was centrifuged at 16,000 g for 30 min at 4
°C and the supernatant was taken as the nucleoplasmic frac-
tion. The pellet was resuspended in High Salt Buffer-2 (20
mM HEPES-KOH, pH 7.9, 25% glycerol, 1.5 mM MgCl2,
0.75 M NaCl, 0.2 mM EDTA) with Complete Protease In-
hibitor Cocktail (Roche, Basel, Switzerland) and boiled 5
min at 95 °C. Then it was centrifuged at maximum velocity
for 15 min at 4 °C and the supernatant was collected as the
chromatin-bound fraction of proteins [38].

Protein concentrations were determined with the Bio-
Rad DC protein assay kit (Hercules, CA, USA). Samples
were mixed with Laemmli Gel Loading buffer and boiled
for 5 min at 95 °C.

Samples were exposed to polyacrylamide gel with
sodium dodecyl sulfate (SDS-PAGE) (10%), transferred to
a Polyvinylidene fluoride (PVDF) membrane, blocked with
5% non-fat milk for 1 hour, incubated with primary anti-
bodies over night at 4 °C and secondary antibodies conju-
gated to peroxidase for 1 hour at room temperature. Bands
were detected using Clarity Western substrate for enhanced
chemiluminescence (ECL) visualization reagent (1705061,
Bio-Rad, Hercules, CA, USA) and ImageQuant LAS 4000
digital imaging system (GEHealthcare, Chicago, IL, USA).
Densitometric analysis of the blots was performed using
ImageJ software. Experiments were performed minimum
three times.

We used the following pimary antibodies: SSRP1,
mouse monoclonal 10D1 (BioLegend, cat# 609702, San
Diego, CA, USA); SPT16, mouse monoclonal 8D2 (Bi-
oLegend, cat# 607002, San Diego, CA, USA); β -actin
(Santa Cruz Biotechnology cat# sc-47778; 1:20,000, Dal-
las, TX, USA); H3 (abcam cat# 1791, Cambridge, UK);
H1.2 (abcam cat#17677, Cambridge, UK); H1.4 (abcam
cat#105522, Cambridge, UK); PARP1 (Cell Signaling
cat#9532S, Danvers, MA, USA) and secondary antibodies:
mIG-HRP (Santa Cruz Biotechnology cat#sc-516102, Dal-
las, TX, USA).

2.8 Quantitative Reverse Transcriptase-Polymerase Chain
Reaction (RT-qPCR)

The effect of phytonutrients on H1 genes expression
was evaluated in cell line HeLa using the RT-qPCR as-
say. Cells were incubated for 24 h in the medium with
various phytonutrients using concentration IC20 in 6-well
plates. Then, total RNA was extracted with TRIzol reagent
(ThermoScientific, Waltham, MA, USA) according to the
manufacturer’s protocol. For cDNA synthesis, total RNA
(1 µg from both untreated and phytonutrient-treated cells)
was reverse transcribed using Moloney Murine Leukemia
Virus Reverse Transcriptase (MMLV-RT) reverse transcrip-
tase and random hexanucleotide primers in 25 µL of the
reaction mixture according to the manufacturer’s protocol
(Syntol). Each PCR was based on 5 ng of DNA, 1× PCR
Buffer, 0.3 mM dNTPs, 3 mMMgCl2, 0.2 U Syn Taq DNA
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polymerase, and 0.2 µM forward and reverse primers in
a 25-µL reaction volume. RT-qPCR was carried out with
a CFX96 Touch™ Real-Time PCR detection system from
Bio-Rad Laboratories (Moscow, Russia). Real-time RT-
qPCR was performed using the following thermal cycling
conditions: initial denaturation step by heating at 95 °C for
5min, followed by 40 cycles of 15 s denaturation (at 95 °C),
20 s at the appropriate temperature (depending on the Tm
values of the primer used) and 25 s of extension at 72 °C.
Expression of the gene of interest was normalized to the
constitutively expressed housekeeping gene RPL27. The
relative expression level was calculated for each sample us-
ing the 2−∆∆Ct method.

The sequences of the gene-specific primers used for
RT-qPCR were as follows:

• RPL27 F: 5′ACCGTCACCCCCGCAAAGTG 3′
• RPL27 R: 5′CCCGTCGGGCCTTGCGTTTA 3′
• H1-0 F: 5′CCTGCGGCCAAGCCCAAGCG 3′
• H1-0 R: 5′AACTTGATCTGCGAGTCAGC 3′
• H1-1 F: 5′CTCCTCTAAGGAGCGTGGTG 3′
• H1-1 R: 5′GAGGACGCCTTCTTGTTGAG 3′
• H1-2 F: 5′GGCTGGGGGTACGCCT 3′
• H1-2 R: 5′TTAGGTTTGGTTCCGCCC 3′
• H1-3 F: 5′CTGCTCCACTTGCTCCTACC 3′
• H1-3 R: 5′GCAAGCGCTTTCTTAAGC 3′
• H1-4 F: 5′GTCGGGTTCCTTCAAACTCA 3′
• H1-4 R: 5′CTTCTTCGCCTTCTTTGGG 3′
• H1-5 F: 5′CATTAAGCTGGGCCTCAAGA 3′
• H1-5 R: 5′TCACTGCCTTTTTCGCCCC 3′

2.9 Analysis of Cell Cycle Phase Distribution and
Monitoring of Cell Cycle Synchronization Using Flow
Cytometry

For Analysis of cell cycle phase distribution
HeLa_H1.5-mCherry was seeded in 6-well plates (100,000
cells per well). After 24 hours, cells were treated with
compounds of interest at IC20 concentrations for 1 hour.
Next, the cells were incubated for 20 min with EdU (20
µM) and removed from the substrate with trypsin.

For monitoring of cell cycle synchronization
HeLa_H1.5-mCherry was seeded in 6-well plates (50,000
cells per well). After 24 hours to synchronize cells in S
phase, cells were treated with thymidine (final concentra-
tion 2 µM), incubated for 14–16 hours, then cells were
washed twice with PBS, culture medium was added and
incubated for 6–10 hours. Cells were then washed twice
with PBS and treated again with thymidine. Cells were
incubated for 20 min with EdU (20 µM) and removed
from the substrate with trypsin: for S-phase fixation after
15 hours, for G2/M-phase fixation after 21 hours, for
G1-phase fixation after 29 hours.

After the above treatments, cell lines were washed
several times with PBS and fixed in cold 4% paraformalde-
hyde for 15 min. After three washes, they were per-
meabilized with cold Triton-X100 for 7 min and blocked

with bovine serum albumin for 1 hour. Then S-phase
labeling was carried out in a fast, highly-specific click
reaction (Invitrogen™Click-iT™ EdU Cell Proliferation
Kit, Waltham, MA, USA). To mark the G2/M phase, im-
munofluorescent staining of cells with antibodies to cy-
clin B1 (Invitrogen cat#MA5-13128, Waltham, MA, USA)
and subsequent binding with secondary antibodies Alex-
aFluor647 (Abcam cat#150115, Cambridge, UK) were per-
formed in darkness. Cells were washed with PBS and an-
alyzed on a FACS Canto-2 flow cytometer. Thus, a cell in
S-phase had a phenotype (EdU+, cyclin B1–), and in a cell
in G2/M-phase it had a phenotype (EdU–, cyclin B1+). The
absence of both markers (EdU–, cyclin B1–) is a sign of cell
identification in the G1/G0 phase.

Also cell cycle analysis was carried out according to PI
staining protocol (Invitrogen, Waltham, MA, USA). Cells
were collected, washed twice with ice-cold PBS and fixed
with 70% ethanol at 4 °C 30 min. Then cells were stored at
–20 °C for 24 h, then washed with PBS and stained with
0.02 mg/mL PI, 0.1% v/v Triton X-100 and 0.2 mg/mL
DNase-free RNase A in PBS. After 30 min incubation at
room temperature in the dark, cells were analyzed by flow
cytometer FACS Canto-2. Percent of cells in each cell cy-
cle phase was analyzed and calculated using kaluza soft-
ware, version 2.2.1 (https://www.beckman.co.il/ru/flow-
cytometry/software/kaluza).

2.10 Synchronization, Immunostaining and Microscopy

Synchronization of the cell cycle of the HeLa H1.5-
mCherry line was carried out using a double thymidine
block with subsequent analysis of the distribution of the cell
population over the phases of the cell cycle at different time
points after the removal of the thymidine block by analyz-
ing immunofluorescently stained cells on a flow cytometer.

HeLa_H1.5-mCherry was seeded in 6-well plates
(50,000 cells per well) with a 22 × 22 mm coverslip for
microscopy. After 24 hours, to synchronize the cells in the
S phase, the cells were treated with thymidine (final con-
centration 2 µM), incubated for 14–16 hours, then the cells
were washed twice with PBS, culture medium was added,
and incubated for 6–10 hours. Cells were thenwashed twice
with PBS and treated again with thymidine. Cells were
treated with compounds of interest for 1 hour and then incu-
bated for 20 minutes with EdU (20 µM): for S-phase fixa-
tion after 15 hours, for G2/M-phase fixation after 21 hours,
for G1-phase fixation after 29 hours.

To identify cells in certain cell phases after the above
cell line treatments cells were washed twice with PBS
and fixed in 4% paraformaldehyde at room temperature
for 15 min. After three washes, they were permeabi-
lized with Triton-100 for 7 min at room temperature and
blocked with bovine serum albumin for 1 h. Then S-
phase labeling was carried out in a fast, highly-specific
click reaction (Invitrogen™Click-iT™ EdU Cell Prolifer-
ation Kit, Waltham, MA, USA). To mark the G2/M phase,
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Table 1. Сytotoxicity of PSMs against HeLa cells after 24-hour exposure.
№ Сompound IC50 (µM) IC20 (µM) Solvent (%) СPBR IC0 (µM) Solvent (%) СPBR

1 apigenin 52 ± 9 12 ± 2 0.01 DMSO 0.5 5 ≤0.01% DMSO ≤0.2
2 berberine 709 ± 48 108 ± 11 0.15% DMSO 4.3 10 ≤0.03% DMSO ≤0.4
3 coumarin 1868 ± 98 860 ± 66 0.21% EtOH 34.4 260 ≤0.06% EtOH ≤10.4
4 curcumin 32 ± 2 15 ± 1 0.02% DMSO 0.6 7.5 ≤0.01% DMSO ≤0.3
5 delphinidin 874 ± 78 284 ± 34 water 11.4 100 water ≤4
6 EGCG 282 ± 28 133 ± 20 0.14% EtOH 5.3 65 ≤0.07% EtOH ≤2.6
7 fisetin 553 ± 45 118 ± 13 0.06% DMSO 4.7 27 ≤0.01% DMSO ≤1.1
8 genistein 842 ± 43 176 ± 18 0.18% DMSO 7 60 ≤0.06% DMSO ≤2.4
9 ginsenoside Rb1 285 ± 22 80 ± 4 0.09% DMSO 3.2 30 ≤0.03% DMSO ≤1.2
10 kaempferol 115 ± 9 10 ± 2 0.01% DMSO 0.4 2 ≤0.01% DMSO ≤0.08
11 naringenin 457 ± 17 236 ± 11 0.19% EtOH 9.4 52 ≤0.04% DMSO ≤2.1
12 quercetin 109 ± 6 34 ± 3 0.06% EtOH 1.4 10 ≤0.02% EtOH ≤0.4
13 resveratrol 707 ± 57 233 ± 24 0.11% EtOH 9.3 50 ≤0.02% EtOH ≤2
14 sanguinarine 4.0 ± 0.2 2.1 ± 0.2 0.02% DMSO 0.08 0.8 ≤0.01% DMSO ≤0.03
15 thymoquinone 33 ± 1 18 ± 1 0.02% DMSO 0.7 3 ≤0.01% DMSO ≤0.12
PSMs, plant secondary metabolites; EGCG, epigallocatechin gallate; CPBR, compound per base ratio; DMSO, dimethyl
sulfoxide; EtOH, ethanol.

immunofluorescent staining of cells with antibodies to cy-
clin B1 (Invitrogen cat#MA5-13128, Waltham, MA, USA)
and subsequent binding with secondary antibodies Alex-
aFluor647 (Abcam cat#150115, Cambridge, UK) were per-
formed in darkness. Thus, cells in S-phase had a phenotype
(EdU+, cyclin B1–), cells in G2/M-phase had a phenotype
(EdU–, cyclin B1+). The absence of both markers (EdU–,
cyclin B1–) made it possible to identify cells in the G1/G0
phase. The nucleus was stained with DAPI. The coverslips
were mounted on the glass slides using Mowiol mounting
medium. 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 soft-
ware. Experiments were performed three times. 200 cells
were analized for each point. Image analyses and quantiti-
fication was done using ImageJ.

2.11 Statistical Analysis
We compared data of the treatments and controls us-

ing one-way analysis of variance (ANOVA) and Dunnett’s
post hoc test. Differences between groups were considered
to be significant at a p value of <0.05. Statistically signif-
icance of the differences of the histone contents in nucleoli
and intermediate position in cell nucleos was by Pearson’s
chi-squared test. Statistical analyses were performed using
GraphPad Prism 8.3.0 (GraphPad Software Inc., San Diego,
CA, USA).

3. Results
3.1 HeLa Cell Viability under the Treatment of Plant
Secondary Metabolites

We wanted to use non-toxic concentration of PSMs,
and before studying the effects of PSMs on the chromatin
structure we measured their cytotoxicity using resazurin as-

Table 2. Concentrations of DNA-binding compounds used in
the experiment with micrococcal nuclease.

№ Compound Concentration (µM) CPBR Solvent*

1 CBL0137 100 1.5 DMSO
2 CBL0137 50 0.8 DMSO
3 apigenin 460 6.7 DMSO
4 berberine 370 5.4 DMSO
5 coumarin 2000 30.0 EtOH
6 curcumin 340 4.9 DMSO
7 delphinidin 300 4.3 DMSO
8 EGCG 450 6.6 EtOH
9 fisetin 1000 14.5 DMSO
10 genistein 500 7.3 DMSO
11 ginsenoside Rb1 450 6.7 DMSO
12 kaempferol 440 6.3 DMSO
13 naringenin 610 8.9 EtOH
14 quercetin 275 4.0 EtOH
15 resveratrol 1050 15.2 EtOH
16 sanguinarine 50 0.8 DMSO
17 thymoquinone 380 5.5 EtOH
* solvents were used in concentrations 0.4% or less (up to 0%).

say. IC50 and IC20 were determined from the fit curves to
dose-response data (Table 1, Supplementary Fig. 1). IC0
was determined as a maximal non-toxic concentration, at
which an alive cell proportion was higher than 95% that was
controlled by flow cytometry using PI/annexin staining and
trypan blue dye exclusion test. Fluorescent activity of all
the PSMs was checked not to have any interference with
signals of proteins or antibodies tagged by fluorophores
(Supplementary Table 1, Supplementary Fig. 2). All
the studied PSMs are DNA-binding compounds, and taking
into account the cultural medium volume to calculate the
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Fig. 1. Effects of DNA-binding non-mutagenic plant secondary metabolites (PSMs) on nucleosome stability. (A) Gel electrophore-
sis of DNA isolated from nuclei of HeLa cells incubated with CBL0137 followed by digestion with micrococcal nuclease. 1, 18—DNA
marker; 2, 19—DNAcontrol; 3, 20—negative control; 4, 21—CBL0137, 100 µM; 5, 22—CBL0137, 50 µM; 6—quercetin; 7—coumarin;
8—apigenin; 9—kaempferol; 10—resveratrol; 11—sanguinarine; 12—EGCG; 13—naringenin; 14—genistein; 15—thymoquinone;
16—curcumin; 17—fisetin; 23 ginsenoside Rb1; 24—delphinidin; 25—berberine. (B) HeLa SSRP1-GFP H2B-mCherry cells treated
with CBL0137 (50 µM, 1 hour) or berberine (IC0, 24 hours). (C) Western blotting of the nucleoplasmic and chromatin fractions of HeLa
cells treated with CBL0137 (50 µM, 1 hour) or PSMs (IC0, 24 hours). Scale bar 10 microns.

amount of the compound added and the number of cultured
cells to calculate the amount of nuclear DNA in the sam-
ple, we estimated maximal achievable compound per base
ratio (CPBR), however, interactions of PSMs with different
proteins were ignored in the calculations. Among 15 PSMs
analyzed in our study delphinidin is the only one to demon-
strate good solubility in water solutions (Supplementary
Fig. 3). The rest 14 PSMs were dissolved in organic sol-
vents (DMSO or ethanol) and added to the reaction mixture
or cultural medium of HeLa cells at the concentrations not
affecting the studied processes. Final concentrations of the
solvents in the cultural medium are also provided in Table 1.

Thus, we demonstrated that all PSMs studied may
cause cytotoxic effect and determined maximal non-toxic
and IC20 concentrations, which were used in our further
study of PSM effects on chromatin structure in cultured
HeLa cells.

3.2 Nucleosome Stability of HeLa Cells Treated with PSMs

The study of molecular effects caused by PSMs on
nucleosome stability was performed using three alternative
approaches: (1) analysis of DNAcleavage products of chro-
matin treatment with micrococcal endonuclease; (2) mi-
croscopy of cells with fluorescently labeled H2B histone
using HeLa SSRP1-GFP H2B-mCherry cells; (3) measure-
ment of the content changes of the FACT histone chaperone

subunits in the nucleoplasm and chromatin-bound protein
fractions of HeLa cells using Western blotting.

3.2.1 Nuclear DNA Cleavage by Micrococcal Nuclease
(NEB) of Chromatin from the Cells Pretreated with PSMs

Nucleosomal DNA is inaccessible for the micrococ-
cal nuclease cleavage of DNA shielded by nucleosome his-
tones, while the linker regions of DNA are digestible. This
leads to DNA fragmentation seen at the electropherograms
as the so-called “ordered ladder” (Fig. 1, tracks 3, 20). The
lack of this order can be observed only when the cell nu-
clei are treated with compounds that disrupt the binding of
DNA to the nucleosome core histones. CBL0137, which is
known to cause chromatin destabilization, was taken as a
positive control [35].

After 30 min incubation of HeLa cell nuclei with
CBL0137 at concentrations of 50 µM and 100 µM, ac-
tive DNA cleavage by mnase was observed, while no
nucleosome-protected fragments or uncleaved DNA were
revealed (Fig. 1A, tracks 4, 5, 21, 22). All the stud-
ied PSMs caused the pattern of DNA cleavage showing
nucleosome-bound DNA fragments not-digested by NEB
(Fig. 1A, tracks 6–17, 23–25).

The choice of concentrations of PSMs used in the re-
action mixtures in this experiment was limited by their sol-
ubility in water, and we added the compounds even at the
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cytotoxic concentrations to for HeLa cells. PSM concen-
trations and CPBRs used in this experiment are provided in
Table 2.

3.2.2 Intranuclear Localization of Histone H2B in HeLa
Cells Treated with PSMs

Two copies of histone H2B together with two copies
each of histones H2A, H3 and H4 form the octamer core of
the nucleosome, around which DNA is wrapped. H2B is a
canonical histone: it is distributed throughout the chromatin
in all phases of the cell cycle. Using in vivo microscopy of
HeLa cells with fluorescently labeled H2B histone, a com-
plete redistribution of histone H2B from chromatin to the
nucleoli was observed after the cells were treated with 50
µMCBL0137 for 1 hour [35]. We used CBL0137 cell treat-
ment as a positive control. Neither berberine nor all the
other PSMs at IC20 concentrations after the cells exposi-
tion for 1 and 24 hours affected the intranuclear localization
of H2B histone, which remained associated with chromatin
(Table 2, Fig. 1B).

3.2.3 Intranuclear Localization of Histone Chaperone
FACT after HeLa Cell Treatment with PSMs

The FACT histone chaperone is involved in DNA
packaging by the complex interaction with core histones
when the inner parts of the nucleosome are accessible. This
protein is a dimeric subunit of SSRP1 and SPT16. In
addition to the interaction of the SPT16 subunit with the
H2A/H2B dimer, the SSRP1 FACT subunit interacts with
DNA after nucleosome unfolding [35,39]. Using Western-
blotting method, we assessed the redistribution of the his-
tone chaperone FACT subunits between the chromatin and
nucleoplasmic fractions under the influence of the studied
PSMs. CBL0137 was shown to induce FACT trapping on
chromatin and we analyzed its influence on SSRP1 and
SPT16 redistribution between the chromatin and nucleo-
plasmic fractions as a positive control. PARP1 of the nu-
cleoplasmic fraction and core histone H3 of the chromatin-
associated fraction were taken as reference proteins. At
concentrations not exceeding IC20, PSMs did not affect the
FACT subunits distribution in the nuclei of HeLa cells both
after 1- and 24-hour treatment, while the treatment of the
cells with 50 µM CBL0137 for 1 hour caused significant
increase in the relative content of SPT16 and SSRP1 sub-
units in the chromatin fraction and a decrease of their rela-
tive content in the nucleoplasm (Fig. 1C).

Thus, using three different approaches we did not re-
veal PSM influence on nucleosome stability.

3.3 Induction of Linker Histones Relocation by PSMs in
HeLa Cells
3.3.1 Influence of the PSMs on the Linker Histone H1.5
Localizations in HeLa Cell Nuclei

We analyzed the localization of the mCherry-tagged
linker histone H1.5 in HeLa cells using fluorescent mi-
croscopy. Linker histone H1.5 is mainly associated with

chromatin and in the cells non-treated with any compounds
we observed its distribution over the cell nucleus. When the
cells were treated with 25 µM CBL0137 for 1 hour, histone
H1.5 was translocated to the nucleoli in almost all the cells
(97%). In the cells treated with non-toxic concentrations
of PSMs for 1 and 24 hours, similar changes were found
when cells were treated with berberine (IC0, 1 hour and 24
hours): in more than 85% of cells, the linker histone H1.5
was translocated to the nucleoli. For the compounds del-
phinidin, fisetin, genistein, sanguinarine, resveratrol, cur-
cumin, naringenin, quercetin, thymoquinone, and EGCG, a
significant change in the proportions of cells with different
localization of the linker histone H1.5 (in chromatin, inter-
mediate, in nucleoli) was also demonstrated (Fig. 2).

3.3.2 Depletion of the Linker Histones H1.2 and H1.4
from Chromatin under the Influence of PSMs

Having demonstrated a significant change in the nu-
clear localization of the linker histone H1.5 in the cells ex-
posed to both CBL0137 and a number of PSMs, we took
into consideration the following facts: (1) treatment of cells
with both CBL0137 and a number of PSMs was demon-
strated to induce interferon signaling [34,40], and (2) in the
study of Izquierdo-Bouldstridge et al. [38], knockdown of
the linker histones H1.2 and H1.4 was shown to increase
the expression of endogenous retroviruses, accompanied by
the triggering of interferon signaling. Accordingly, we sug-
gested that CBL0137 and PSMs can cause depletion from
the chromatin fraction of not only histone H1.5, but also
other linker histone variants. Since the functional activ-
ity of H1.2 and H1.4 histones is associated with the sup-
pression of endogenous retroviruses, on the next stage of
our study the effects of CBL0137 and PSMs on the relative
content of these linker histone variants in chromatin were
analyzed. We also analyzed the effects of PSMs on the rel-
ative content of these histone variants in the total pool of
cell proteins and on the expression levels of linker histone
genes. The relative content of the linker histones H1.2 and
H1.4 in the chromatin fraction, as well as in the total pool of
cell proteins was assessed using Western blotting followed
by densitometry analysis of the blots (Fig. 3, Table 3). Un-
treated cells served as a negative control.

In the cells treated with 25 µMCBL137 for 1 hour, de-
pletion of histones H1.2 and H1.4 from chromatin fraction
was observed, leading to a decrease in their relative content
by 9.1 and 6.7 times, respectively. When cells were treated
with fisetin, genistein, delphinidin, berberine, sanguinar-
ine, quercetin, and resveratrol at the IC20 and IC0 for 24
hours, we observed significant decrease of both chromatin-
bound H1.2 and H1.4 relative contents. The amount of
linker histones H1.2 and H1.4 in the chromatin fraction un-
der the influence of the substances at the IC20 decreased,
respectively: for fisetin by 4.5 and 16.7 times, genistein—
by 2.3 and 2.5 times, delphinidin—by 3.0 and 6.7 times;
berberine—by 2.3 and 2.3 times; sanguinarine—2.7 and 4.5
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Fig. 2. Redistribution of mCherry-tagged linker histone H1.5 under the influence of PSMs. (A) Histogram of the proportions of
cells with the different localization of the linker histone H1.5 after 1-hour treatment with CBL0137 or PSMs. (B) Histogram of the
proportions of cells with the different localization of the linker histone H1.5 after 1-hour treatment with CBL0137 or 24-hour treatment
with PSMs. Statistically significance of the differences between control untreated cells and PSM treated cells by the histone contents in
nucleoli and intermediate position (Pearson’s chi-squared test): * — p < 0.05, **—p < 0.01. (C) Images of the cells after the treatment
with 25 µM CBL0137 for 1-hour or resveratrol for 24-hours. Scale bar 10 microns.
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Fig. 3. Influence of PSMs on the relative content of H1.2 and H1.4 linker histones in chromatin fraction. (A) Western blotting
analysis of the chromatin fraction of HeLa cells treated with PSMs for 24 h. (B) Densitometry analysis of the blots: Mean ± SD;
statistically significance of the differences of control untreated cells and PSM treted cells by the relative histone contents (analysis of
variance (ANOVA) test and Dunnett’s post hoc test): *—p < 0.05, **—p < 0.01, ***—p < 0.001, ****—p < 0.0001.
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Table 3. Influence of the PSMs on the relative content of H1.2 and H1.4 linker histones in chromatin fraction, cell protein pool and on the relative level of H1.2 and H1.4 gene
expression*.

# Compound Concentration
Chromatin fraction Total cell protein pool mRNA level of the linker histones

H1.2 H1.4 H1.2 H1.4 1 1.1 1.2 1.3 1.4 1.5

1 - (control) - 1 1 1 1 1 1 1 1 1 1
2 CBL0137 25 µM 0.11 ± 0.03 0.15 ± 0.05 0.75 ± 0.04 0.77 ± 0.12

3 apigenin
IC0 0.69 ± 0.05 0.76 ± 0.08
IC20 0.67 ± 0.09 0.71 ± 0.09 1.19 ± 0.07 0.81 ± 0.17 1.17 ± 0.21 0.92 ± 0.09 0.77 ± 0.16 1.45 ± 0.42 1.03 ± 0.05 0.92 ± 0.11

4 berberine
IC0 0.45 ± 0.11 0.46 ± 0.13
IC20 0.44 ± 0.13 0.44 ± 0.17 0.97 ± 0.13 0.57 ± 0.18 1.73 ± 0.46 0.91 ± 0.18 1.26 ± 0.44 1.15 ± 0.25 1.46 ± 0.24 1.24 ± 0.22

5 coumarin
IC0 0.70 ± 0.11 0.72 ± 0.19
IC20 0.56 ± 0.16 0.74 ± 0.24 1.18 ± 0.16 0.86 ± 0.21 0.93 ± 0.27 1.44 ± 0.43 1.14 ± 0.34 1.36 ± 0.14 1.30 ± 0.07 1.38 ± 0.24

6 curcumin
IC0 0.65 ± 0.09 0.60 ± 0.11
IC20 0.28 ± 0.14 0.12 ± 0.05 0.97 ± 0.05 0.73 ± 0.20 1.13 ± 0.33 1.26 ± 0.28 0.9 ± 0.08 1.19 ± 0.2 1.36 ± 0.09 1.11 ± 0.2

7 delphinidin
IC0 0.30 ± 0.09 0.27 ± 0.13
IC20 0.33 ± 0.07 0.15 ± 0.05 0.89 ± 0.14 0.89 ± 0.10 1.06 ± 0.1 0.82 ± 0.10 1.39 ± 0.21 0.73 ± 0.29 0.82 ± 0.13 0.80 ± 0.10

8 EGCG
IC0 0.65 ± 0.08 0.67 ± 0.13
IC20 0.64 ± 0.11 0.39 ± 0.1 1.01 ± 0.2 1.00 ± 0.13 1.75 ± 0.32 1.56 ± 0.41 1.30 ± 0.21 1.12 ± 0.37 1.35 ± 0.36 1.34 ± 0.19

9 fisetin
IC0 0.40 ± 0.17 0.44 ± 0.14
IC20 0.22 ± 0.13 0.06 ± 0.03 1.31 ± 0.08 0.58 ± 0.16 1.58 ± 0.51 0.73 ± 0.14 0.87 ± 0.25 0.74 ± 0.22 1.6 ± 0.40 0.92 ± 0.17

10 genistein
IC0 0.48 ± 0.15 0.60 ± 0.09
IC20 0.43 ± 0.11 0.40 ± 0.12 0.78 ± 0.09 0.57 ± 0.15 1.68 ± 0.24 0.85 ± 0.2 1.21 ± 0.25 0.68 ± 0.33 0.74 ± 0.23 0.90 ± 0.17

11 ginsenoside Rb1
IC0 0.87 ± 0.21 0.76 ± 0.24
IC20 0.74 ± 0.3 0.82 ± 0.25 0.87 ± 0.28 0.79 ± 0.11 1.43 ± 0.42 0.82 ± 0.18 0.83 ± 0.12 1.12 ± 0.02 1.14 ± 0.09 1.55 ± 0.14

12 kaempferol
IC0 0.68 ± 0.02 0.43 ± 0.06
IC20 0.66 ± 0.09 0.49 ± 0.13 1.13 ± 0.17 1.02 ± 0.31 1.06 ± 0.36 0.95 ± 0.09 1.14 ± 0.31 0.94 ± 0.08 1.47 ± 0.21 1.25 ± 0.13

13 naringenin
IC0 0.63 ± 0.19 0.78 ± 0.24
IC20 0.37 ± 0.15 0.24 ± 0.09 0.60 ± 0.11 0.27 ± 0.05 1.13 ± 0.18 1.47 ± 0.68 1.21 ± 0.14 1.08 ± 0.18 1.29 ± 0.23 1.34 ± 0.06

14 quercetin
IC0 0.27 ± 0.15 0.32 ± 0.10
IC20 0.25 ± 0.15 0.29 ± 0.12 1.57 ± 0.37 0.84 ± 0.23 1.40 ± 0.22 1.13 ± 0.16 0.97 ± 0.21 1.19 ± 0.1 1.54 ± 0.29 1.20 ± 0.13

15 resveratrol
IC0 0.43 ± 0.13 0.39 ± 0.17
IC20 0.22 ± 0.08 0.03 ± 0.01 0.43 ± 0.06 0.60 ± 0.21 0.99 ± 0.16 1.30 ± 0.40 1.37 ± 0.25 0.96 ± 0.35 0.91 ± 0.47 0.63 ± 0.06

16 sanguinarine
IC0 0.60 ± 0.08 0.08 ± 0.07
IC20 0.37 ± 0.05 0.22 ± 0.07 1.49 ± 0.25 0.59 ± 0.13 1.01 ± 0.67 1.40 ± 0.21 1.33 ± 0.39 1.13 ± 0.23 1.02 ± 0.11 1.06 ± 0.18

17 thymoquinone
IC0 0.83 ± 0.06 0.70 ± 0.07
IC20 0.73 ± 0.08 0.65 ± 0.08 0.83 ± 0.22 0.86 ± 0.11 0.99 ± 0.04 1.01 ± 0.27 0.77 ± 0.13 1.77 ± 0.54 1.62 ± 0.46 1.33 ± 0.17

* The differences were estimated for control untreated cells and PSM treated cells. Red: statistically significant decrease, rose: less than 0.6 decrease; Dark blue: statistically significant
increase, blue: more than 1.4 increase.11
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times; quercetin — 4.0 and 3.4 times; resveratrol—4.5 and
33.3 times. With this treatment of the cells with all of the
compounds listed above, we did not detect any significant
changes in H1.2 and H1.4 relative content in the cell protein
pool, with the exception of IC20 resveratrol, which caused
a decrease in the relative level of H1.2 in the cell protein
pool by 2.3 times. The treatment of cells with resveratrol
at the non-toxic concentration led to a statistically signifi-
cant reduction in the relative content of both H1.2 and H1.4,
without any influence on the histones level in the total pro-
tein pool of the cells. Curcumin at the IC20, caused a statis-
tically significant decrease in the chromatin bound fraction
of the relative content of H1.2 by 3.6 times and H1.4 by 8.3
times, with a slight non-significant decrease of the relative
content of these histones in the total protein pool. When
cells were exposed to naringenin at the IC20, it also showed
a statistically significant decrease in the relative contents of
linker histones H1.2 and H1.4 in the chromatin fraction by
2.7 and 4.2 times respectively, however, a decrease of these
proteins in the total cell protein pool was also observed:
by 1.6 times for H1.2 and by 3.7 times for H1.4. EGCG
and kaempferol at the IC20 caused a significant decrease of
H1.4 content in the chromatin fraction by 2.6 and 2.0 times
respectively, with no changes in the relative content of this
histone in the total protein pool. For apigenin, coumarin,
ginsenoside, and thymoquinone, there were no statistically
significant changes in the relative content of the linker his-
tones H1.2 and H1.4 in the chromatin fraction (Fig. 3).

Possible influence of PSMs on the expression of
mRNA of 6 somatic variants of linker histones H1.0, H1.1,
H1.2, H1.3, H1.4, and H1.5 was analyzed by RT-qPCR. Af-
ter 24 hours of cell treatment with PSMs at the IC20 there
were no significant changes detected in the relative level of
mRNA expression for H1.0, H1.1, H1.2, H1.3, H1.4, and
H1.5 (Table 3).

Thus, we reveled significant PSM influence on linker
histone localizations. In particular, a 1-hour treatment with
11 PSMs at IC0 induced significant translocation of the
linker histone H1.5 to nucleoli; 6 PSMs at IC0 caused statis-
tically significant depletion of the histone H1.2 from chro-
matin fraction and 3 more PSMs did it at IC20; statistically
significant depletion of the histone H1.4 from chromatin
fraction was observed for 8 PSM treatment at IC0 and for
3 more PSMs at IC20. Curcumin, resveratrol, berberine,
naringenin, and quercetin caused redislocation of all three
variants of the studied linker histones showing some over-
lap of PSM effects on linker histone DNA-binding. To anal-
yse whether PSMs effects on linker histones in chromatin
fraction is not specific only for HeLa cells.

We studied influence of resveratrol, genestein, EGCG
and CBL0137 on linker histone H1.2 in another cancer cell
line—T47D, human breast cancer cells. We observed sta-
tistically significant decrease in the amount of this protein
in cromatin fraction after 24-hour treatment of the cells with
resveratrol at the concentration of 233 µM and genistein at

the concentration of 176 µM at 24 hours. In T47D cells
1-hour treatment with CBL0137 at a concentration of 25
µM caused complete depletion of linker histone H1.2 in the
chromatin fraction. The data obtained are comparable in
two cell lines, that suggest general character of observation
independent on cell types (Supplementary Fig. 4).

3.4 The Effect of Naringenin, Curcumin and Berberine on
the Cell Cycle

Linker histones H1.2 and H1.4 are involved in the
regulation of the cell cycle. In particular, linker histone
H1.2 depletion induced in T47D cells by shRNA-mediated
knockdown was shown to cause cell arrest in the G1 phase
and inhibit cell proliferation [41]. In addition, in CBL0137
treatment of the cells of breast cancer and hematological
malignancies showed significant changes in cell cycle pro-
gression [42,43].

PSM influence on cell cycle in HeLa cells was studied
for the compounds berberine, naringenin, curcumin, which
produced the most significant redistribution of the linker
histones H1.5, H1.2 and H1.4. HeLa cells were treated
with PSMs at the concentrations IC20 (for 24-hour treat-
ment, Table 1) for 1-hour and then cell populations were
analyzed by flow cytometry. Modified thymidine analogue
EdU efficiently incorporated into DNA was fluorescently
labeled with the bright, photostable dye Alexa Fluor488 in a
fast, highly-specific, mild click reaction to detect cells with
active DNA synthesis. To mark the G2/M phase, we per-
formed immunofluorescent staining of cells with antibod-
ies to cyclin B1 and then the secondary antibodies Alex-
aFluor647. Treatment of HeLa cells with CBL0137 caused
a significant decrease of the cell proportions (EdU+, cyclin
B1–) and (EdU+, cyclin B1+), correspondingly to 0.79%
and 0.15% versus 42.10% and 11.95% in the control and in-
crease of the cell proportion (EdU–, cyclin B1–) and (EdU–,
cyclin B1+) to 79.20% and 20.53% versus 37.27± 4% and
8.57% in the control (Fig. 4A, Supplementary Fig. 5).

Cell treatment with curcumin leads to less intensive
but also significant reduction in proportions of the cells in-
corporating EdU, both cyclin B1– and cyclin B1+, and en-
largement of proportions of the cells not incorporating EdU
also cyclin B1– and cyclin B1+. Proportions of cells which
did not incorporate EdU and both expressing and not ex-
pressing cyclin B1 significantly changed ubder influence
of all PSMs analysed in this experiment. In particular, after
the cell treatment with berberine proportion of cells (EdU–
, cyclin B1–) was 42.67%, with curcumin—50.33%, and
with naringenin—43.67% against 37.27% in the control cell
population. In the untreated cell population, the proportion
of cells (EdU–, cyclin B1+) was 8.57%, and it increased af-
ter the treatment with with berberine, curcumin, and narin-
genin up to 15.17%, 12.93% and 12.67%, correspondingly
(Fig. 4A, Supplementary Fig. 5).

Significant changes in the proportion of cells incor-
porting EdU within just 1-hour PSM treatment revealed a
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Fig. 4. PSM influence on the cell cycle distribution. (A) Histograms of cell proportions detected by 5-Ethynyl-2′-deoxyuridine (EdU)
and cyclin B1 markers after 1-hour treatment with CBL0137, berberine, curcumin, and naringenin (M ± SD). (B,C) Histograms of cell
cycle distributions based on DNA content (PI staining) after the treatment with CBL0137, berberine, curcumin, and naringenin (M ±
SD). (B) After 1-hour treatment. (C) After 24-hour treatment. Significance of the differences between control untreated cells and PSM
treated cells was performed using ANOVA test and Dunnett’s post hoc test: *—p < 0.05, **— p < 0.01, ***—p < 0.001, ****—p <

0.0001.

decrease in DNA synthesis, and PSM effects were similar
to those of CBL0137, although less pronounced.

Analyzing the cell cycle distribution after 1-hour treat-
ment with CBL0137 using PI staining, we observed a sta-
tistically significant increase in the proportion of cells in

the G1 phase: (55.04%) relative to control (48.73%), and a
statistically significant decrease in the proportion of cells in
G2/M: phase: (23.18%) compared to control (31.59%). Un-
der naringenin treatment we observed a statistically signifi-
cant increase in the proportion of cells in S phase (16.75%)
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relative to control (13.28%) and decrease inG2/M (25.10%)
compared to control (31.59%) (Fig. 4B, Supplementary
Fig. 6).

Analysis of cell cycle distribution after 24 hours cell
treatment with compounds in non-toxic and IC20 concen-
tration using PI staining showed a statistically significant
reduction in the proportion of cells in the G1 phase after
the treatment with CBL0137 at concentrations of 0.5 µM
(28.77%) and 0.75 µM (18.77%) and after the treatment
with curcumin at the IC20 concentration (34.18%) rela-
tive to control (48.73%). We demonstrated a statistically
significant decrease in the proportion of cells in S phase
(7.75%) after the treatment with CBL0137 at the concen-
trations of 0.5 µM (7.00%), 0.75 µM (7.63%) and PSMs:
curcumin IC20 (7.74%), berberine IC0 (8.45%), berber-
ine IC20 (6.10%) relative to untreated cells (13.28%) and
a statistically significant increase in the proportion of cells
in G2/M phase after the treatment with 0.5 µM CBL0137
(54.70%), 0.75 µM CBL0137 (56.81%), berberine IC20
(43.25%) and curcumin IC20 (49.72%) compared to con-
trol (31.59%) (Fig. 4C, Supplementary Figs. 5,7).

3.5 Influence of Berberine on the Linker Histone H1.5
Nuclear Localizations at Different Cell Cycle Phases

Causing linker histone depletion from chromatin,
PSMs should influence the degree of DNA packaging. The
process of DNA packaging depends on the phase of the cell
cycle, and we propose that the effect of PSMs may be dif-
ferent depending on the stage of the cell cycle, at which
the treatment occurs. To clarify it, we analyzed the effect
of berberine, one of the most active PSM, which induced
linker histone H1.5 depletion up to 85% after the only 1-
hour treatment, and it also influences proportions of the
cells in other cell cycle phases. Immunostaining of the cells
and the result interpretation were performed analogous to
the analysis at the previous part of the study on the PSM
influence on cell cycle progression. Synchronization of the
cell cycle of the HeLa H1.5-mCherry cells was performed
using a double thymidine block. Since the double thymi-
dine block should lead to cell cycle arrest before S-phase,
its removal should be followed by an increase in the number
of cells in S-phase compared to the unsynchronized popu-
lation. Subsequent flow cytometry analysis of the cell pop-
ulation distribution by cell cycle phases after the different
periods following the removal of the thymidine block con-
firmed the enrichment of cell proportions at the different
cell cycle phases. Cell cycle distributions were analyzed
using EdU-based S-phase detection and cyclin B1-based
G2/M-phases detection. The cells without both markers
(EdU–, cyclin B1–) were attributed to the G1/G0 phases.
According to the data obtained, a significant increase in the
proportion of cells in the corresponding phases of the cell
cycle was obtained compared to the unsynchronized cul-
ture. In particular, after removal of the double thymidine
block, the proportion of cells in the S-phase was up to 91

± 7%, which is more than 2 times higher than that of the
unsynchronized culture (42 ± 5%). 6 hours after the re-
moval of the double thymidine block, the cells should pass
into the G2/M phase, and indeed, their proportion was up
to 48± 4%, in contrast to the corresponding cell portion of
the unsynchronized culture—7.5 ± 1.2%. And finally, 14
hours after the removal of the double thymidine block, mi-
tosis should already occur and the cells should go into the
G1/G0 phase. In the synchronized cell culture, 14 hours af-
ter the removal of the thymidine block, the proportion of
cells in the G1/G0 phase was up to 79 ± 9%, while in the
unsynchronized culture it was 37 ± 3% (Fig. 5A–C).

We have shown that linker histone H1.5 translocation
to the nucleoli after the treatment with berberine for oc-
curred at each of the cell cycle phases: G1/G0, S, G2/M,
and G2. Thus, no significant changes of berberine effect on
the linker histone H1.5 localization depending on the cell
cycle phase were found (Fig. 5D).

4. Discussion
DNA-binding PSMs are small molecules, which do

not form covalent bonds with DNA, but intercalate DNA
or interact with DNA grooves and DNA alternative struc-
tures (Table 4, Ref. [4,17,19,21,22,25,44–89]).

Recently a different experimental system has shown
significant influence of many DNA-binding PSMs with an-
ticancer activity on epigenetic regulation of transcription
(Table 4). It is in agreement with an increasing body of
data obtained by modern sophisticated technologies reveal-
ing that epigenetic enzymes and non-coding part of our
genome have key roles in regulation of gene expression,
and by this in cell behaviour and carcinogenesis [90,91].
Epigenetic regulation is highly sensitive to environmental
signals, which act as “phenotypic-inducer” of defined ac-
quired traits. In particular, a group of small DNA-binding
molecules was shown to remodel chromatin structure and
activate epigenetically silenced genes [34,44,92]. More-
over, berberine was shown to interact with both DNA and
linker histones, which should impact in cooperative inter-
action with nucleosomes [93]. All the data provided in the
Table 4 support our hypothesis that PSMs may remodulate
chromatin structure influencing histones interaction with
DNA and by this have direct influence on cell transcrip-
tome.

However, analyses of PSM influence on cell chro-
matin structure have never been performed in spite of the
fact of their possible shielding or changing spatial char-
acteristics of the binding sites for histones, epigenetic en-
zymes, transcription factors, and other DNA-mediated pro-
teins [32,33]. This information is important for profound
understanding of the molecular mechanism of PSM anti-
cancer activity and could help to advance cancer chemo-
prevention drug discovery.

The first goal of our study was to analyze chromatin
structure in Hela cells treated with PSMs using approaches
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Fig. 5. Berberine influence on H1.5 intranuclear translocation in HeLa H1.5-mCherry cells. (A) Fluorescent microscopy of the
cells in the different cell cycle phases; Scale bar 10 microns. (B) Results of the fluorescent microscopy and flow cytometry analyses of
the cells (1) of the unsynchronized populations, (2) of the population enriched by the cells in G1/G0 phases 14 hours after removal of
the thymidine block, (3) of the population enriched by the cells in S phases immediately after removal of the thymidine block, (4) of the
population enriched by the cells in G2/M phases 6 hours after removal of the thymidine block; Scale bar 50 microns. (C) The histogram
of cell proportions in the unsynchronized population and the populations enriched by the cells in G1/G0-, S-, and G2/M-phases by the
thymidine block. (D) Berberine influence on the linker histone H1.5 nuclear localization on the synchronized cell population. Scale bar
10 microns.
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Table 4. Plant secondary metabolite DNA-binding and epigenetic activity.
№ Compound Effect Reference

1 Apigenin

DNA-binding (intercalation) [19,45]
DNA-binding (minor groove) [46]

Epigenetic activation (inhibition HDAC) [45,47,48]
Epigenetic activation (inhibition DNMT) [45]

2 Berberine

DNA-binding (intercalation) [49]
DNA-binding (minor groove) [50]

Epigenetic activation (inhibition HDAC) [51]
Epigenetic activation (inhibition DNMT) [52]

3 Coumarin DNA-binding (minor groove) [53,54]

4 Curcumin

DNA-binding (intercalation) [46]
DNA-binding (minor groove) [17,44,55,56]

Epigenetic enzyme 1 (inhibitor HDAC) [48,56]
Epigenetic enzyme 2 (inhibitor DNMT) [48,57,58]

5 Delphinidin

DNA-binding (intercalation) [74]
DNA-binding (minor groove) [75]

Epigenetic activation (inhibition HDAC) [59,60]
Epigenetic activation (inhibition DNMT) [61]

6 EGCG

DNA-binding (intercalation) [21,25,62,63]
DNA-binding (minor groove) [21]

Epigenetic activation (inhibition HDAC) [58,64–67]
Epigenetic activation (inhibition DNMT) [57,58,65,66]

7 Fisetin
DNA-binding (intercalation) [4,68]

Epigenetic activation (inhibition HDAC) [69]
Epigenetic activation (inhibition DNMT) [70]

8 Genistein

DNA-binding (intercalation)
[47]

DNA-binding (minor groove)
Epigenetic activation (inhibition HDAC) [48,71]
Epigenetic activation (inhibition DNMT) [71]

9
Ginsinoside DNA-binding (minor groove) [72]

Rb1 Epigenetic activation (inhibition HDAC) [73]

10 Kaempferol

DNA-binding (intercalation)
[74]

DNA-binding (minor groove)
Epigenetic activation (inhibition HDAC) [75]
Epigenetic activation (inhibition DNMT) [76,77]

11 Naringenin

DNA-binding (intercalation) [4,19]
DNA-binding (minor groove) [46]

Epigenetic activation (inhibition HDAC) [78,79]
Epigenetic activation (inhibition DNMT) [80]

12 Qeurcetin

DNA-binding (intercalation) [74]
DNA-binding (minor groove) [81]

Epigenetic activation (inhibition HDAC) [48,58,82]
Epigenetic activation (inhibition DNMT) [55,58,82]

13 Resveratrol

DNA-binding (intercalation) [17,81,83]
DNA-binding (minor groove) [17]

Epigenetic activation (inhibition HDAC) [48,58,84]
Epigenetic activation (inhibition DNMT) [57,58,84]

14 Sanguinarine

DNA-binding (intercalation) [22]
DNA-binding (minor groove) [85]

Epigenetic activation (inhibition HDAC)
[86]

Epigenetic activation (inhibition DNMT)
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Table 4. Continued.
№ Compound Effect Reference

15 Thymoquinone

DNA-binding (intercalation) [60]
DNA-binding (minor groove) [87]

Epigenetic activation (inhibition HDAC) [88,89]
Epigenetic activation (inhibition DNMT) [88]

HDAC, Histone deacetylase; DNMT, DNA methyltransferase.

revealing both strong nucleosome destabilization and weak
effects on DNA-binding of linker histone. We have shown
that PSMs, unlike the antitumor drug CBL0137, do not
cause any a destabilizing effect on the structure of nucle-
osomes. None of the studied PSMs affected the pattern of
DNA cleavage, when chromatin was treated withmicrococ-
cal nuclease. PSMs did not influence localization of the
nucleosome core histone H2B tagged by fluorescent mark.
Moreover, the relative content of histone chaperone FACT
in chromatin fraction measured using Western blotting did
not change after HeLa cell treatment with PSMs. Thus, the
effects of PSMs on the intranuclear localization of histone
H2B and FACT are in good agreement with the data on the
absence of the PSM effect on the profile of nuclear DNA
cleavage by microccocal nuclease (NEB). By analysis of
DNA cleavage products of chromatin treatment with NEB
in the positive control, where Hela cell nuclei were treated
with CBL0137 for only an hour, we observed entire disap-
pearance of any DNA fragments, which corresponds to pre-
viously published data [35]. Moreover, HeLa cell treatment
with CBL0137 caused significant redislocation of H2B in
nuclei and a significant increase of FACT relative content
in chromatin fraction that is in accordance with previously
published data concerning CBL0137 effects on chromatin
[37,94,95].

We proposed that effects of PSMs on chromatin struc-
ture may be significantly weaker compared to CBL0137 as
it was demonstrated for indolocarbazole derivative LCS-
1269 [44]. Using HeLa cells with mCherry-tagged H1.5
we demonstrated significant redistribution of H1.5 into the
nucleoli for 11 PSMs out of 15, in particular, for berber-
ine, delphinidin, fisetin, genistein, sanguinarine, resvera-
trol, curcumin, naringenin, quercetin, thymoquinone, and
EGCG just after 1-hour treatment. The strongest effect was
caused by berberine, and this effect is in agreement with
the data of Rabbani-Chadegani et al. [93], who described
cooperative interaction of berberine with DNA, linker his-
tone and nucleosome. Then we analyzed the relative con-
tent of H1.2 and H1.4 in chromatin fraction by Western
blotting. The reason we chose these linker histone vari-
ants to further analyze is they are the predominant variants
in most somatic cells additionally, Izquierdo-Bouldstridge
et al. [38] had shown of these histone variants caused sig-
nificant transcriptome consequences including activation of
endogenous retrovirus expression accompanied by the trig-
gering of interferon signaling. Statistically significant de-

pletion of the histone H1.2 in chromatin fraction of HeLa
cells was observed for the treatment with six PSMs at IC0:
berberine, delphinidin, fisetin, genistein, quercetin, resver-
atrol, and three more PSMs, in particular, curcumin, narin-
genin and sanguinarine, caused H1.2 depletions from chro-
matin fraction at IC20. Statistically significant depletion
of the histone H1.4 in chromatin fraction of HeLa cells
was observed for 8 PSM treatment at IC0: berberine, del-
phinidin, fisetin, genistein, kaempferol, quercetin, resver-
atrol, and sanguinarine. Three more PSMs, in particular,
curcumin, EGCG and naringenin caused H1.4 depletions
from chromatin fraction at IC20. The strongest depletion
of both linker histone variants from chromatin fraction was
observed, when HeLa cells were treated with IC20 fisetin,
resveratrol, curcumin, delphinidin and quercetin. The rela-
tive protein level of linker histone variants H1.2 and H1.4
in chromatin fraction decreased by 70% or more. Notewor-
thy, that linker histones H1.2-H1.3-H1.5 depletion by triple
knockdown in mouse embryonic stem cells (50% reduc-
tion total H1) caused dramatic chromatin structure changes
Yuhong Fan et al. [96] and depletion of 80–90% of the
linker histone variants H1.2 and H1.4 by their knockdown
was most deleterious [37]. On the whole, we identified
8 compounds (kaempferol, EGCG, delphinidin, curcumin,
genistein and berberine, sanguinarine, fisetin) that cause a
statistically significant displacement of linker histones H1.2
and H1.4 from chromatin. Thus, we demonstrated for the
first time that some PSMsmay realize their effect via deple-
tion of linker histone and that curcumin, resveratrol, EGCG,
berberine, naringenin, and quercetin caused depletion of
all three variants of linker histones H1.2, H1.4 and H1.5
showing some overlap with PSM effects on linker histone
DNA-binding. However, four PSMs, in particular, api-
genin, coumarin, ginsenoside Rb1 and thymoquinone, did
not cause statistically significant quantitative changes ei-
ther in the total pool of proteins or in the chromatin-bound
protein fraction, which may indicate their low ability to in-
fluence the interaction of DNA and linker histones.

We demonstrated that PSMs do not cause any statis-
tically significant effects on the transcription of linker hi-
stone genes of six somatic variants. Moreover, the total
amount of linker histones H1.2 and H1.4 in cells was not
significantly changed, the only two exeptions being resver-
atrol and naringenin (Table 3). Under the treatment of cells
with naringenin and resveratrol, not only a direct deple-
tion of linker histones from chromatin occurs, but other
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effects on the maturation/degradation of linker proteins in
cells also take place. Resveratrol caused depletion of linker
histone H1.2 from chromatin fraction up to 4.55 times on
the background of decrease in the total amount of linker
histones in 2.33 times and significant depletion of linker
histones H1.4 (up to 33.33 times) on the background of in-
significant decrease of its total amount in nuclei. Narin-
genin caused significant depletion of linker histones H1.2
and H1.4 from chromatin fraction on the background of in-
significant decrease in the total amount of linker histone
H1.2 and significant decrease in the total amount of linker
histone H1.4. Thus, for most of PSMs depletion of linker
histones H1.2 and H1.4 from chromatin fraction was ob-
served on the background of insignificant change in the to-
tal pool of H1.2 and H1.4 in nuclei.

Displacement of linker histones from chromatin by
PSMs may be proposed to involve either significant com-
petition between PSMs and linker histones for the binding
sites of DNA or an influence on the rate of exchange of
linker histones with DNA. It can be achieved by increasing
post-transcriptional modifications of linker histones, such
as phosphorylation, acetylation, formylation, propionyla-
tion and crotonylation, leading to a decrease in the posi-
tive charge of linker histones that affects DNA packaging
and accommodation of a less compact state of chromatin
[97,98]. Noteworthy, the PSM effect on H1.5 localization
in cell nuclei was observed under 1-hour treatment indicat-
ing the most likely competitive inhibition mechanism

Linker histone condensation/decondensation is in-
volved in regulation of cell cycle, DNA repair, thanscrip-
tion [98–100]. It has been found that relative content
of linker histones, their pattern of expression and post-
translational modifications in cancer cells are different from
characteristics of normal cells and this change is associ-
ated with tumor grade and aggressiveness [101]. For ex-
ample, high expression of H1.5 was found in high-grade tu-
mors (pulmonary neuroendocrine tumors and prostate can-
cer) against decreased expression of H1.5 observed in low-
grade tumors [102,103]. H1.0 is highly expressed in ter-
minally differentiated cells, and its expression is gener-
ally downregulated in various cancers [104,105]. Levels
of linker histone variants H1.0, H1.1, H1.4 and H1x have
been found to be reduced in malignant adenocarcinomas
compared to benign adenomas [106,107]. However, on the
contrary, high levels of H1.2 expression correlate with poor
treatment results for pancreatic cancer [108].

Loss of linker histones or production of a mutant pro-
tein can cause aberrant chromatin states. Reduction of H1
stoichiometry leads to decreased H3K27 methylation, in-
creased H3K36 methylation, and intensifies interaction fre-
quency between compartments followed by deregulation of
the cell survival pathways [32]. The local density of H1
controls the balance of repressive and active chromatin do-
mains by DNA packaging. Depletion of linker histones
may be a marker of genomic instability in tumor cells and

be a precursor to more serious transcriptome abnormali-
ties and expression of non-coding regions. A local deple-
tion of some H1 variants was associated with the intensive
expression of major satellite and then other components
of heterochromatin: LINE, minor satellite, Long terminal
repeate (LTR) [109]. In breast cancer cells, coordinated
loss of H1.2 and H1.4 was demonstrated to trigger an in-
terferon response due to derepression of heterochromatin
regions, that is a characteristic hallmark of many cancers
[40]. Noteworthy, that depletion of any linker histone vari-
ant induced by the corresponding gene knocked-down is
usually compensated by overexpression of other variants,
however it does not prevent changes in higher-order chro-
matin folding [110,111]. Thus, our study data showing that
both CBL0137 and a number of DNA-binding PSMs cause
the depletion of linker histone variants from chromatin, let
us propose their influence on higher-order chromatin fold-
ing, enabling LINE, minor satellite, LTR expression and by
this activation of interferon I-type signaling.

Linker histones play diverse roles in different cellu-
lar processes including cell cycle. Many linker histone
variants contain multiple cyclin-dependent kinase (CDK)
motifs, which undergo site-specific phosphorylation [97].
These modifications are variant-specific and some of them
are highly cell cycle-dependent, reaching a maximum in M
phase [112]. Loss of linker histones in chromatin, in addi-
tion to transcriptome changing in the expression of a num-
ber of genes, can also cause abnormalities in cell cycle pro-
gression. Thus, we decided to analyze whether PSMs caus-
ing strong depletion of linker histones from chromatin frac-
tion may influence cell cycle distribution. According to our
data berberine, curcumin and naringenin influence the cell
cycle distribution causing a decrease in DNA synthesis and
a significant increase in the proportions of cells in G1/G0
and G2/M phases were observed.

After 1-hour CBL0137 treatment at high concentra-
tion (10 µM) we observed significant increase of the pro-
portion of cells in G1-phase that is in agreement with al-
most entire disappearance of the cells synthesizing DNA
(by EdU incorporation): up to 1% against 54% in control
untreated cell population. After 1-hour naringenin treat-
ment at the concentration IC20 we observed significant in-
crease of the proportion of cells in S-phase that is also in
agreement with significant inhibition of DNA synthesis (by
EdU). Significant decrease of the proportion of cells incor-
porating EdUwas also observed under 1-hour cell treatment
with curcumin and berberine. We could also conclude that
PSMs studied in our cell cycle experiments did not cause
fast block before S-phase that opposed to CBL0137 at high
concentrations. However, after 24-hour CBL0137 treat-
ment with low concentration we observed significant in-
crease of the proportion of the cells in G2/M-phase; analo-
gous changes also significant but less pronounced, were ob-
served for 24- hour treatments with curcumin and berberine
at the concentration of IC20.
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These results are in agreement with the data of San-
cho et al. [41], who showed that in T47D human breast
cancer cells knock-down of H1.2 reduces the levels of sev-
eral proteins required for the cell cycle, including CDK2,
MCM2 and PCNA, causing an arrest in the G1 phase of the
cell cycle. Moreover, H1.2 depletion inhibits progesterone
receptor isoform A (PRA)-mediated cell proliferation and
promotes entry into the G2/M and S phases of the cell cy-
cle [113]. It is in accordance with the data on cell arrest
in the G0/G1 or G2/M phases shown in a number of studies
on cell lines of different cancers, in particular, for berberine
in human melanoma A375 and colorectal cancer HCT 116
cells [114,115], curcumin in acute myeloid leukemia K562,
colorectal cancer HCT 116, SK-N-SH neuroblastoma and
glioblastoma cells [116–119] and naringenin in breast can-
cer MDA-MB-231 cells [120].

Previously, it was shown that using immunofluores-
cence labeling by the specific antibodies in synchronized
HeLa cells makes phosphorylation of H1.5 Ser17 appear
early in G1 at discrete speckles followed by phosphory-
lation of Ser172. Thr10 phosphorylation started during
prophase, showed highest phosphorylation levels during
metaphase, and disappeared clearly before chromatin de-
condensation occurred [112]. Thus, our data demonstrates
the translocation of H1.5 into the nucleoli after berberine1-
hour treatment of cells in various phases of the cycle for
only 1 hour (except mitosis, when chromatin condenses)
which may be interpreted as follows: berberine causes con-
current inhibition of linker histone DNA-binding either in-
dependently on its post-translational phosphorylation and
other post-translational modifications or on those variants
of linker histone post-translational modifications that sta-
bly present in chromatin.

Functional role of linker histones in the regulation of
endogenous retroelements, in particular, LINEs and SINEs,
is well known [40,121–123]. In turn, a number of studies
have recently revealed involvement of endogenous retroele-
ments in activation of interferon type I signaling, and by
this, in both normal physiological functioning of the im-
mune system and pathogenesis of immune disorders [124,
125]. Moreover, inhibition of interferon type I signaling
was shown to immunosuppress tumor microenvironment
while its restoring is followed by antitumor immunity ac-
tivation [126]. Herein, we demonstrated for the first time
that PSMs cause linker histone depletion from chromatin
fraction, that may represent a possible mechanism for in-
duction of interferon type I signaling, which has been de-
scribed for a number of PSMs, and it represents one of the
possible mechanisms of PSM anticancer activity.

5. Conclusions
Recently, great progress has been achieved in under-

standing of chromatin organization and functioning. In
particular, the role of linker histones, the most abundant
chromatin-associated proteins, was demonsrated in the reg-

ulation of such dynamic processes in cells as replication,
cell cycle, DNA repair, RNA turnover, transcription and de-
velopment was demonstrated. Affinity of every linker his-
tone variant for chromatin depends on its post-translational
modifications occurring in various positions and differing
by several types, that finally determines accessibility of
the DNA region for other DNA-mediated proteins. It ex-
plains diverse and complex peculiarities of linker histone
functions both in the open and closed states of chromatin.
In our study we demonstrated PSM influence on interac-
tion of DNA with linker histones H1.2, H1.4 and H1.5
that is significant for understanding of xenobiotic influence
on genome functioning and for elucidation of the mech-
anism of anticancer effect of PSM. In future it will be
important to find out influence of PSM on DNA interac-
tion with other variants of linker histones and studied vari-
ants possessing different post-translational modifications.
Linker histone variants H1.2 and H1.4 involvement in reg-
ulations of expression of LINEs and SINEs, influencing in-
terferon type I signaling, demonstrates how linker histones
may impact physiological functioning of the immune sys-
tem. In this context our finding of the ability of PSMs to
cause H1.2, H1.4 and H1.5 translocations from chromatin
not only demonstrates one of the possible mechanisms of
PSM biological activity, but also reveal the way how small
DNA binding molecules may cause transcriptome adaptive
changes. That extends our understanding of the complex
peculiarities of linker histone functioning and opens a new
approach for their further studies, in particular, their influ-
ence on LINE expression in respect to immune control of
cancer cell clone formation.
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