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Abstract
The aim of this study was to determine the anticancer potential of Leonurus sibiricus extract derived from in vitro transgenic 
roots transformed by Agrobacetrium rhizogenes with AtPAP1 transcriptional factor, and that of transformed roots without 
construct, on grade IV human glioma cells and the U87MG cell line, and attempt to characterize the mechanism involved 
in this process. The anticancer effect induced by the tested extracts was associated with DNA damage, PARP cleavage/
increased H2A.X histone levels and UHRF-1/DNMT1 down-regulation of mRNA levels. Additionally, we demonstrated 
differences in the content of compounds in the tested extracts by HPLC analysis with ATPAP1 construct and without. Both 
the tested extracts showed anticancer properties and the better results were observed for AtPAP1 with transcriptional factor 
root extract; this effect could be ascribed to the presence of higher condensed phenolic acids such as neochlorogenic acid, 
chlorogenic acids, ferulic acid, caffeic acid and p-coumaric acid. Further studies with AtPAP1 (with the transcriptional fac-
tor from Arabidopisi thaliana) root extract which showed better activities in combination with anticancer drugs are needed.

Keywords TR and AtPAP1 roots of Leonurus sibiricus · UHRF1 and DNMT1 gene expression · DNA damage · 
Phosphorylation of H2A.X · Cleaved PARP1

Introduction

Traditional medicinal plants have been used in treating 
cancer for several millennia in several parts of the globe 
and herbal medicines are currently being used for treating a 
variety of ailments worldwide, either alone or in combina-
tion with conventional therapeutics [1, 2]. Plant-based bio-
active compounds are known to exert anti-cancer activities 
in various ways: altering the carcinogen metabolism, induc-
ing DNA damage, activating the immune system, inhibit-
ing cell cycle progression and inducing apoptosis. They are 
also known to possess chemotherapeutic and chemopreven-
tive activities against cancer cells [3, 4]. One such plant is 
Leonurus sibiricus L, of the family Lamiaceae, which has 
been used in traditional medicine for hundreds of years. The 
active compounds in L. sibirius, such as phenolic acids and 
diterpenes possess various biological activities [5–9]. Our 
previous studies showed that transformed root extract of 
Leonurus sibiricus induces the extrinsic and intrinsic apop-
tosis pathways in glioma cells by altering the expression of 
antiapoptotic and proapoptotic genes [8]. Additionally, in 
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this study we used an extract with transcriptional factor from 
Arabidopsis thaliana (AtPAP1) insert by transformation 
by Agrobacterium rhizogenes into L. sibirius roots which 
enhances the production of phenolic acids and may improve 
its biological properties [10]. The aim of this project was to 
better understand the mechanism of the anticancer effects 
on grade IV glioma cells and U87MG cells after treatment 
of L. sibiricus transformed root extract (TR) and transgenic 
root extract with transcriptional factor AtPAP1; these effects 
may be facilitated by increased DNA damage, PARP cleav-
age, H2A.X histone and UHRF-1/DNMT1 regulation. PARP 
helps repair DNA damage and restores its activity in three 
ways: catalysing poly (ADP-ribose) synthesis, modifying 
nuclear proteins and binding to DNA strand breakage [11]. 
γ-H2A.X is the phosphorylated form of histone H2A.X, 
which appears at the site of DNA damage, particularly dou-
ble SBs, and is a sensitive indicator of damage [12]. UHRF1 
is a nuclear protein which plays an important role in the 
development of cancer by epigenetic regulation. DNMT1, an 
enzyme that interacts with UHRF1, is also known to accu-
mulate at DNA damage locations [12].

Materials and Methods

Material and Reagents

The U87MG cell line (89081402) was purchased from 
Sigma. EMEM (EBSS) medium was purchased from 
LONZA. TaqMan® Real-Time PCR Master Mix and 
UHRF1, DNMT1, 18S RNA genes were purchased from Life 
Technologies. Apoptosis, DNA Damage and Cell Prolifera-
tion Kit was purchased from BD Pharmingen (562253).

Plant Material Obtained from L. sibiricus 
Transformed Roots (TR) and Transgenic Roots 
with Transcriptional Factor (AtPAP1)

The TR and AtPAP1 root cultures were established as 
described previously [7, 10], as was the PCR (polymerase 
chain reaction) protocol used to confirm TR root transforma-
tion with the rolB and rolC genes in T-DNA [13], and the 
confirmation of the AtPAP1 root transformation itself [10]. 
Briefly, about 10 g d.w. of lyophilized and powdered TR 
and AtPAP1 root was used. The yields (w/w) were 52.5% 
initial d.w. for the TR extract and 50.25% for the AtPAP1 
extract [10].

Analysis of Compounds by HPLC and LC–MS/MS 
Methods

Chemical analysis of TR and AtPAP1 root extracts with all 
conditions were performed as described earlier by Sitarek 

et al. [10]. Phenolic compounds were identified by LC-MS/
MS and their contents were determined by HPLC according 
to Sitarek et al. [7].

In Vitro Cell Cultures

Grade IV glioma cells derived from surgical specimens were 
maintained as described previously [7]. The U87MG cell 
line (89081402, Sigma) was cultured in EMEM (EBSS) 
medium (LONZA) supplemented with 10% Fetal Bovine 
Serum (FBS), as instructed by the manufacturer.

RNA Isolation, cDNA Synthesis and Real‑Time PCR

Total RNA isolation kit (A&A Biotechnology) was used for 
RNA isolation and purification, TranScriba Kit (A&A Bio-
technology) was used to transcribe the RNA into cDNA. The 
TaqMan® Real-Time PCR Master Mix (Life Technologies) 
and Agilent Technologies Stratagene Mx300SP working on 
MxPro software were then used to perform qRT-PCR. Two 
genes (UHRF1, DNMT1), with 18S RNA (Life Technologies) 
acting as a reference gene, were analysed using TaqMan 
probes (Life Technologies). The procedure was as follows: 
95 °C for 10 min, 30 cycles of 95 °C for 15 s and 60 °C for 
60 s.

Analysis of Phosphorylated H2A.X and Cleaved 
PARP Levels

Grade IV glioma cells and U87MG cells were plated in a 
6-well plate at a density of 2 × 105 viable cells. The fol-
lowing day, TR and AtPAP1 root extracts were added at 
a concentration corresponding to 50% viability. After 24-h 
incubation, the cells were collected and phosphorylated 
H2A.X and cleaved PARP-positive cells were detected using 
Apoptosis, DNA Damage and Cell Proliferation Kit (BD 
Pharmingen, 562253) according to the protocol attached 
by the manufacturer. The cells were analyzed with a FACS 
Canto II cytometer (Becton Dickinson, USA).

Additionally, the level of phosphorylated histone 
γ-H2A.X was performed using an H2A.X Phosphorylation 
Assay Kit (Millipore, Billerica, MA, USA) according to 
the protocol. Chemiluminescence detection was performed 
using attached HRP-substrates using a GloMax-Multi device 
(Promega).

Comet Assay Measurement of DSBs

The cells were treated with 0.3, 1 and 1.5 mg/ml of TR and 
AtPAP1 root extracts for up to 24 h before washing twice 
with 1 ml PBS and collecting into 1 ml PBS and analysed 
by a neutral version of the comet assay to detect DSBs, 
as described before with modifications according to Czyż 
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et al. [14]. Briefly, cells were suspended in 0.75% LMP 
agarose and casted onto microscope slides precoated with 
0.5% NMP agarose. The cells were then lysed for one hour 
at 4 °C in a buffer consisting of 2.5 mM NaOH, 100 mM 
EDTA, 1% Triton X-100, 10 mM Tris, pH 10. After lysis, 
the slides were placed in an electrophoresis unit, DNA was 
allowed to unwind for 20 min in an electrophoresis buffer 
consisting of 100 mM Tris and 300 mM sodium acetate at 
a pH adjusted to 9.0 by glacial acetic acid. Electrophoresis 
was conducted in this electrophoresis buffer at 4 °C for 
60 min at an electric field strength of 0.41 V/cm (100 mA). 
The slides were then washed in water, drained and stained 
with 2 µg/ml of DAPI and examined with a microscope 
image analysis system: This entire system comprised an 
Eclipse fluorescence microscope (Nikon, Tokyo, Japan) 
attached to a COHU 4910 video camera (Cohu, San Diego, 
CA, USA) equipped with a UV-1 filter block, consisting of 
an excitation filter (359 nm) and a barrier filter (461 nm); 
this setup was connected to a Lucia-Comet v. 5.41 personal 
computer-based image analysis system (Laboratory Imag-
ing, Praha, Czech Republic). Fifty images were randomly 
selected from each sample and the percentage of DNA in 
the tail of comets (% tail DNA) was measured. The mean 
value of the % tail DNA in a particular sample was taken 
as an index of DSBs in the sample.

Statistical Analysis

All experiments were performed in triplicate. The results 
are expressed as mean ± SD. Shapiro–Wilk test was used 
to verification the data normality. The Kruskal–Wallis test 
with multiple comparisons of average ranks and the one-
way analysis of variance (ANOVA) and the subsequent 
Tukey post hoc test were used to determine differences 
between samples (p < 0.05).

Results

Establishment and Genetic Characterization of L. 
sibiricus Transgenic Root with Arabidopsis AtPAP1 
Construct and TR Roots

The AtPAP1 with gene under the control of the pCAMBIA 
1305.1 promoter was transferred into L. sibiricus by A. 
rhizogenes as described previously [10]. Confirmation of 
genetic transformation was performed with hptII specific 
primers for the AtPAP1 root extract and with the rolB and 
rolC genes to T-DNA for the TR root extract as described 
previously by Sitarek et al. [10].

HPLC Analysis of Phenolic Acids in AtPAP1 and TR 
Root Extracts

The quantitative determination of phenolic acids in TR 
and AtPAP1 extracts was performed as described previ-
ously [10]. Briefly, HPLC analysis indicated that all phe-
nolic acids (neochlorogenic acid, chlorogenic acid, caffeic 
acid, p-coumaric acid and ferulic acid) were present in 
greater amounts in the AtPAP1 root extract than the TR 
roots without construct. The first dominant phenolic acid 
in both extracts was chlorogenic acid. The chlorogenic 
acid content in the AtPAP1 root extract was 19392 µg of 
dry weight, i.e. 4.7 times higher than in the TR root extract 
(4104 µg/g of dry weight) (p < 0.05). The second phenolic 
acid, i.e. caffeic acid, constituted 11380 µg/g of dry weight 
in the AtPAP1 root extract, i.e. 2.7-times higher than that 
in the TR root extract (4176 µg/g of dry weight). Results 
are shown in Table 1.

Dose‑Dependent Inhibition of Cell Viability After 
Treatment with L. sibiricus TR and AtPAP1 Root 
Extracts

As shown in Fig. 1, TR and AtPAP1 root extracts of L. 
sibiricus reduced the viability of treated grade IV glioma 
cells and U87MG cells in a dose-dependent manner. Based 
on the cell viability measured after 24 h, the approximate 
50% inhibitory concentrations of TR and AtPAP1 L. sibiri-
cus root extracts for grade IV glioma cells were approx-
imately 2.5 and 1 mg/ml, respectively. In turn, TR and 
AtPAP1 root extract concentrations were approximately 
2.5 and 1.5 mg/ml for U87MG cells, respectively. The 
tested cancer cell lines were the most sensitive after treat-
ment with AtPAP1 L. sibiricus root extracts.

Table 1  The contents of phenolic acids in Leonurus sibiricus TR and 
AtPAP1 transformed root extracts

The phenolic acids were determined in 80% aqueous methanol 
extracts from TR (used as the control) and transgenic roots with 
AtPAP 1 transcriptional factor (AtPAP1). Different superscript letter 
within the rows indicates significant differences in the mean values at 
p < 0.05

No. Phenolic compounds TR extract
µg/g DW

AtPAP1 extract
µg/g DW

1 Neochlorogenic acid 8 ± 0.4a 18 ± 6.0b

2 Chlorogenic acid 4104 ± 8.7a 19392 ± 110.1b

3 Caffeic acid 4176 ± 9.0a 11380 ± 136.6b

4 p-Coumaric acid 30 ± 0.1a 52 ± 1.1b

5 Ferulic acid 660 ± 27.1a 1172 ± 36.3b
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DNA Damage Measured by Comet Assay

Furthermore, we examined the DNA damage induced by TR 
and AtPAP1 root extract of L. sibiricus after 24 h of incuba-
tion. Induction of DNA strand breaks was dose dependent 
in both cell lines (Fig. 2) and the percentage of DNA strand 
breaks was approximately the various for each concentra-
tion used. Level of total DNA damage was about 65% for 
the higher concentration in U87MG cells after treatment of 
AtPAP1 root extract. U87MG cells were less sensitive to 
DNA damage compared with the glioma cells after treatment 
with AtPAP1 root extract.

PARP1 and H2A.X Level Measured by Flow 
Cytometry

In order to obtain data concerning the number of cells 
expressing the apoptosis marker, i.e. cleaved Poly ADP-
Ribose Polymerase 1 (PARP1), flow cytometry analysis was 
performed on both U87MG cell line and grade IV glioma 
cells (Fig. 3a). After 24-h incubation with the analysed TR 
and AtPAP1 root extracts, the percentage of cleaved PARP1-
positive cells increased significantly in both cell lines. 
Although both extracts elevated the content of apoptotic 
cells, AtPAP1 root extract was more efficient in this regard, 
raising the level of PARP1-positive cells that of the TR root 
extract (Fig. 3b). In the same experiment, the content of 
γH2A.X-expressing cells was accessed to reveal whether 
the analysed extracts induced DNA double-strand breaks 
and induced the action of DNA repairing machinery. In the 

U87MG cell line, the level of γH2A.X- positive cells did not 
differ between the treatment variants but in patient-derived 
grade IV glioma cells, AtPAP1 caused slightly higher eleva-
tion of the number of cells expressing the analysed marker 
(Fig. 3b′). Additionally, the level of γH2A.X was measured 
by Elisa test. The results indicated that TR and AtPAP1 root 
extracts of L. sibiricus increased the level of γH2A.X in both 
tested cell lines (Fig. 3c).

Gene Expression

The expression of several apoptosis-related genes was deter-
mined by qRT-PCR analysis of grade IV glioma cells and 
U87MG cells exposed to TR and AtPAP1 root extracts of 
L. sibiricus. As depicted in Fig. 4, both plant extracts (with 
 IC50 concentration for grade IV glioma cells and U87MG 
cells) showed down-regulation of UHRF1 and DNMT1 
gene expression after treatment with TR and AtPAP1 root 
extracts on both tested lines. Better results were noticed for 
AtPAP1 root extract compared to TR extract in all tested 
genes (Fig. 4).

Discussion

Medicine is constantly looking for a new mechanisms and 
strategies which may be the key to inducing the apoptosis in 
cancer cells [15]. Disturbances of this process in cancer cells 
have been studied in detail, and induction of apoptosis is one 
of the strategies for anticancer drug development [16, 17]. 
Plant extracts and their bioactive compounds are becoming 
useful resources for developing less toxic and more effec-
tive drugs to manage cancer progression [18]. In addition, 
biotechnology has also played a large role in the past few 
years, by allowing the genetical manipulation of plants to 
increase the production of effective compounds for low-cost 
treatment [19].

Our findings indicate that both tested extracts induced 
apoptosis in glioma cell lines in a concentration-dependent 
manner, but the AtPAP1 root extract demonstrated the bet-
ter results. We assume that these differences can be caused 
by the different content of the compounds present in the 
extracts. The quantitative HPLC analysis revealed a higher 
amount of phenolic acids (chlorogenic acid, caffeic acid, fer-
ulic acid, p-coumaric acid) in the AtPAP1 root extract than 
the TR root extract [10]. These properties can be attributed 
to the pCAMBIA1305.1-AtPAP1 vector which contains a 
transcriptional factor from Arabidopsis thaliana introduced 
by genetic engineering. This factor is known to increase the 
production of phenolic acids [20] which is consistent with 
our earlier research [10]. Our first test showed that both 
tested extracts may induce double-strand breaks in glioma 
cells, detectable by comet assay after 24-h treatment. The 
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DNA-damaging effect might be induced by the phenolic 
acid content in the two sets of tested extracts. It has been 
suggested that phenolic compounds may intercalate with 
DNA, resulting in the mutagenic and pro-oxidant effects 
seen in the present study [21]. Our results are agreement 
with Koňariková et al which showed that black tea extract 
(BTE) rich in polyphenolic compounds induced also DNA 
strand breaks and oxidative damage to DNA in HT-29 and 
MCF-7 carcinoma cells [22]. Similarly, Aslanturk and Celik 
demonstrated that Euphorbia platyphyllos L extract (rich in 
polyphenolic compounds) induced significant DNA damage 
in MCF-7 breast cancer cells [23]. In turn, Burgos-Morón 
et al. revealed that phenolic acid (chlorogenic acid) caused 
increased DNA damage in A549 lung cancer cells [24]. In 
our studies one of the main compounds contained in the TR 
and AtPAP1 root extracts was chlorogenic acid, which can 
confirm our earlier hypothesis. This DNA damage response 
pathway may be the route by which apoptosis can be induced 
in cancer cells.

Additionally, flow cytometry analysis revealed that this 
effect can be related to PAPR1 cleavage and an increase 
of γ-H2A.X level. PARP1 is believed to maintain genomic 
integrity by repairing DNA repair, and its cleavage is an 
indicator of apoptosis [25]. Another clear indicator of apop-
tosis is PARP-1 activation, which also increases the rate of 
cellular disassembly [11]. Excessive activation of PARP-1 
following extensive DNA damage is an indicator of NAD+ 
(a PARP-1 substrate) and ATP depletion; this depletion 
induces a dramatic reduction of cellular energetic pools, 
typically seen during apoptosis [11], resulting in cell dys-
function and cell death [26]. Our results are agreement with 
those of Krifa et al., which demonstrate that the polyphe-
nolic extract of L. guyonianum enhances apoptotic effects in 
U373 cells via DNA damage and PARP cleavage [27]. How-
ever, Robles-Escajeda et al. showed that GB (green barley) 
extract induced apoptosis in the Nalm-6 cells by a caspase-3 
activation →PARP-1 cleavage cascade [28]. This confirms 
our previous studies which revealed that the tested extract 
activates cascade of caspases [8]. Furthermore, Lin et al. 
showed that Ginkgo biloba polyphenolic extract caused a 
dose-dependent increase DNA double-strand breaks (DSBs) 
and activated the DNA damage signalling pathway with 
increased γH2A.X levels in L5178Y cells [29].

The next step in our study checked UHRF1 and DNMT1 
expression after 24-h treatment with TR and AtPAP1 root 
extracts of L. sibiricus. Our findings reveal the down-reg-
ulation of the UHRF1 and DNMT1 genes. UHRF1 is an 
ubiquitin-like protein which contains PHD (plant homeo-
domain) and RING finger domains. It plays a fundamental 
role in DNA epigenetic marker inheritance [30] and activates 
the pro-apoptotic pathway inhibiting the proliferation and 
transformation of cells, and preventing tumour vasculariza-
tion [31]. Moreover, UHRF1 interacts with DNMT1 (DNA 
methyltransferase 1); this methylates the cytosine residues 
present on CpG islands of hemimethylated DNA [32–34]. 
The DNA of cells lacking UHRF1 are known to be hyper-
sensitive to damage from genotoxic agents, indicating that 
UHRF1 helps maintain the integrity of the genome. Krifa 
et al. found that polyphenolic extract of Limoniastrum guyo-
nianum induced apoptosis in a human cervical cancer HeLa 
cell line, probably via the activation of a  p16INK4A -depend-
ent cell cycle checkpoint signalling pathway orchestrated 
by UHRF1 and DNMT1 down-regulation [35]. Similarly, 
Achour et al. report that epigallocatechin-3-gallate (poly-
phenolic compound) induces apoptosis in Jurkat cells by 
UHRF1 downregulation and  p16INK4A upregulation [36]. In 
turn, Alhosin et al. note that bilberry extract rich in polyphe-
nols caused reactive oxygen species (ROS)- dependent but 
p53-/p73-independent UHRF1 downregulation in chronic 
lymphocytic leukaemia cells [37]. Therefore, it is possible 
that the high phenolic acid content in our tested TR and 
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AtPAP1 root extracts may cause down-regulation of UHRF1 
and DNMT1, but further studies are needed.

Conclusion

We demonstrate for the first time that TR and AtPAP1 root 
extracts of Leonurus sibiricus containing high amounts of 
phenolic acid may activate specific molecular signalling 
pathways and significantly interfere with the survival and 
proliferation of grade IV glioma cells and U87MG cancer 
cells by two routes: firstly, by inhibition of PARP activity, 
which increases the susceptibility of cells to DNA dam-
aging agents, possibly by preventing DNA strand break 
rejoining; secondly, by decreasing UHRF1 and DNMT1 
expression, thus influencing epigenetic regulation. Further 

investigations are needed with AtPAP1 root extract (with 
the transcriptional factor from Arabidopsis thaliana), 
which demonstrated better results in combination with 
anticancer drugs.
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Fig. 4  Expression profiles of UHRF1 and DNMT1 genes. qRT-PCR 
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U87MG cells cultured for 24 h in the presence of L. sibiricus TR and 
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were calculated from three independent experiments. *p < 0.05 
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