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A B S T R A C T

Methyltransferase DNMT2 is suggested to be involved in the regulation of numerous processes, however its
biological significance and underlying molecular mechanisms remain elusive. In the present study, we have used
WI-38 and BJ human fibroblasts as an in vitro model system to investigate the effects of siRNA-based DNMT2
silencing. DNMT2-depleted cells were found to be sensitive to oxidative stress conditions as judged by increased
production of reactive oxygen species and susceptible to DNA damage that resulted in the inhibition of cell
proliferation. DNMT2 silencing promoted upregulation of proliferation-related and tumor suppressor miRNAs,
namely miR-28-3p, miR-34a-3p, miR-30b-5p, miR-29b-3p, miR-200c-3p, miR-28-5p, miR-379-5p, miR-382-5p,
miR-194-5p, miR-193b-3p and miR-409-3p. Moreover, DNMT2 silencing induced cellular senescence and
DNMT2 levels were elevated in replicatively senescent cells. Taken together, we found that DNMT2 may take
part in the regulation of cell proliferation and longevity in human fibroblasts and speculate that the manip-
ulation of DNMT2 levels that limits cell proliferation may be potentially useful anticancer strategy.

1. Introduction

Human DNA methyltransferase 2 (DNMT2), a member of nucleic
acid modification enzyme family, catalyzes the transfer of a methyl
group from the cofactor S-adenosyl-methionine (SAM) to the carbon-5
of cytosine residues [1,2]. DNMT2 is suggested to be both DNA and
RNA methyltransferase (MTase) [1,2], but more recently DNMT2-based
DNA methylation has been shown to be marginal [3,4] and DNMT2 has
been reported to be a highly specific tRNAAsp methyltransferase [4].
Despite numerous studies involving different model systems, the bio-
logical role of DNMT2 is still enigmatic [1,2,4–13].

More recently, human DNMT2 has been reported to participate in
RNA processing during cellular stress [14]. Moreover, we have found
that the levels of human DNMT2 and mouse Dnmt2 are elevated during
oxidative stress conditions being a part of an adaptive response to
protect RNA from degradation [15–17]. This phenomenon seems uni-
versal as oxidant-mediated upregulation of human DNMT2 and mouse
Dnmt2 was observed in normal cells, immortalized cells and cancer
cells [15–17] and sustained even after 6 days of removal of oxidative

stress-promoting agents [17]. Overexpression of DNMT2 homologs also
conferred resistance to oxidative and nitrosative stresses in lower or-
ganisms [18–20].

As dDnmt2 is a pro-longevity factor in the fruit fly Drosophila mel-
anogaster [18] and there are no data on DNMT2-mediated effects on
human cell vitality, viability and reproductive potential, in the present
study, we have used siRNA-based system to diminish DNMT2 levels in
two human fibroblast cell lines, namely WI-38 and BJ cells and found
that reduced levels of DNMT2 limited cell proliferation and induced
cellular senescence that was mediated by oxidative stress, DNA damage
and changes in proliferation-related miRNAs. The effects of hydrogen
peroxide-induced oxidative stress were also addressed. DNMT2 levels
were shown to be upregulated in replicatively senescent cells that
suggest that DNMT2 may be considered as a novel regulator of long-
evity in human fibroblasts.
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2. Materials and methods

2.1. Cell culture

Human fetal lung fibroblasts WI-38 (ATCC® CCL-75™) and human
foreskin fibroblasts BJ (ATCC® CRL-2522™) were obtained from
American Type Culture Collection (ATCC, Manassas, Virginia, USA).
According to ATCC certificate, WI-38 cells (maximum PDL = 50±10)
were provided at population doubling level (PDL) 31.2 and BJ cells
(maximum PDL = 72) at PDL 24. Fibroblasts (10,000 cells/cm2) were
cultured at 37 °C in Dulbecco's Modified Eagle's medium (DMEM)
containing 10% fetal calf serum (FCS), 100 U/ml penicillin, 0.1 mg/ml
streptomycin and 0.25 µg/ml amphotericin B (Sigma-Aldrich, Poznan,
Poland) in a cell culture incubator in the presence of 5% CO2.
Fibroblasts were passaged using trypsin-EDTA solution (Sigma-Aldrich)
and PDL was calculated according to the formula: PDL = PDLi + 3.322
(log ath – log ats); where PDLi is an initial population doubling level, ath
is a total number of cells at harvest and ats is a total number of cells at
seed. Except of replicative senescence experiments, proliferatively ac-
tive fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43
and BJ cells at PDLs from 27 to 43.

2.2. siRNA transfection

For RNAi-based transient silencing of DNMT2 mRNA, cells were
transfected with DNMT2 siRNA (h) (Santa Cruz Biotechnology, Dallas,
Texas, USA, sc-35205) using Lipofectamine® RNAiMAX Reagent
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to
the manufacturer's instructions. As a control, cells were transfected
with control siRNA (fluorescein conjugate)-A (Santa Cruz
Biotechnology, sc-36869). Silencing of DNMT2 was monitored using
qRT-PCR and probes 21 (left primer ttggcattccaaattcaagg, right primer
ggggaactccatcagtacca) and 65 (left primer tcctaaagaaatagcaaatctccttg,
right primer cgctgtttcactgttatcttctca) from Universal Probe Library
(Roche, Basel, Switzerland, 04686942001 and 04688643001, respec-
tively), and Western blotting and anti-DNMT2 anti-bodies (Santa Cruz
Biotechnology and Thermo Fisher Scientific and Abcam, Cambridge,
UK). Briefly, RNA was isolated using GenElute™ Mammalian Total RNA
Miniprep Kit (Sigma-Aldrich) and cDNA was synthesized using 2 µg of
RNA and Transcriptor First Strand cDNA Synthesis Kit (Roche).
LightCycler® 480 Real-Time PCR System and LightCycler® 480 Probes
Master were used (Roche) according to the manufacturer's instructions.
G6PD glucose-6-phosphate dehydrogenase gene was used as a house-
keeping gene. Results are expressed as the target/reference ratio of each
sample divided by the target/reference ratio of a calibrator. Western
blotting protocol can be found within the subsection Western blotting.

2.3. Apoptosis

Fibroblasts were treated with 100 µM hydrogen peroxide (HP)
(Sigma-Aldrich) for 2 h and then cultured for 1, 2 or 7 days. HP con-
centration and exposure time were selected on the basis of MTT results
(data not shown). HP-induced apoptosis was evaluated using Muse™
Cell Analyzer and Muse™ Annexin V and Dead Cell Assay Kit (Merck
Millipore, Warsaw, Poland) as described elsewhere [21].

2.4. Cell cycle analysis

Fibroblasts were treated with 100 µM HP for 2 h and DNA-based cell
cycle analysis was performed using Muse™ Cell Analyzer and Muse™
Cell Cycle Kit according to the manufacturer's instructions (Merck
Millipore) [22].

2.5. Senescence-associated β-galactosidase activity (SA-β-gal)

Fibroblasts were treated with 100 µM HP for 2 h, and 7 days after

HP removal SA-β-gal activity was analyzed as described elsewhere
[22].

2.6. Oxidative stress

Fibroblasts were treated with 100 µM HP for 2 h and reactive
oxygen species (ROS), total and mitochondrial superoxide production
were evaluated using a chloromethyl derivative of H2DCF-DA (CM-
H2DCF-DA), dihydroethidium and MitoSOX™ Red reagent, respectively
(Thermo Fisher Scientific) [23]. Protein carbonylation was assayed
using an OxyBlot™ Protein Oxidation Detection Kit (Merck Millipore)
using the standard protocol according to the manufacturer's instruc-
tions [23].

2.7. Genotoxicity and DNA damage response

Neutral comet assay (analysis of DNA double-strand breaks, DSBs)
was performed upon stimulation with 100 µM HP for 2 h as described
comprehensively elsewhere [24]. Comets (n = 200) were analyzed
using OpenComet, an open-source software tool (http://www.
cometbio.org/) [25]. The Olive Tail Moment (OTM) was used for the
assessment of DNA integrity [26]. Micronuclei production was revealed
using a BD™ Gentest Micronucleus Assay Kit according to the manu-
facturer's instructions (Becton Dickinson, Franklin Lakes, New Jersey,
USA). The phosphorylation status of ATM and H2AX was evaluated
using Muse™ Cell Analyzer and Muse™ Multi-Color DNA Damage kit
(Merck Millipore) as described elsewhere [22].

2.8. Immunostaining

An immunostaining procedure was used as described comprehen-
sively elsewhere [21]. The following primary and secondary antibodies
were used: anti-Ki67 (1:500, PA5-19462), anti-53BP1 (1:100, PA5-
17578) (Thermo Fisher Scientific) and anti-DNMT2 (1:200, sc-365001,
ab82659, PA5-11187) and a secondary antibody conjugated to Texas
Red (1:1000, T2767) (Thermo Fisher Scientific). Digital cell images
were captured using imaging cytometry (In Cell Analyzer 2000
equipped with a high performance CCD camera, GE Healthcare, Little
Chalfont, UK). Ki67 signals were scored [%], 53BP1 foci were scored
per nucleus and DNMT2 cytosolic signals were presented as relative
fluorescence units (RFU). Moreover, DNMT2 nuclear/cytosolic ratio
was calculated.

2.9. qRT-PCR using TaqMan® arrays

Fibroblasts were treated with 100 µM HP for 2 h and RNA was ex-
tracted using GenElute™ Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich) and cDNA was synthesized using 2 µg of RNA and Transcriptor
First Strand cDNA Synthesis Kit (Roche) according to the manufac-
turer's instructions. The expression patterns of selected genes, namely
cyclins, cell cycle regulation-associated genes, DNA methylation and
transcriptional repression-associated genes were investigated using
Applied Biosystems StepOnePlus™ Real-Time PCR System and dedi-
cated Real-Time PCR TaqMan® Array Plates, namely TaqMan® Array 96-
Well FAST Plate Human Cyclins and Cell Cycle Regulation (4418768,
Applied Biosystems™) and TaqMan® Array 96-Well FAST Plate Human
DNA Methylation and Transcriptional Repression (4418772, Applied
Biosystems™), respectively, according to the manufacturer's instruc-
tions. GUSB gene was used as a reference gene. Heat maps were created
using Genesis 1.7.7 software [27] (https://genome.tugraz.at/
genesisclient/genesisclient_download.shtml) based on ΔCt values and
selected functions, namely log2 transform ratio and hierarchical clus-
tering functions.
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Fig. 1. DNMT2 silencing and siRNA-mediated immunogenic response in WI-38 and BJ human fibroblasts. (A) The analysis of DNMT2 mRNA levels using qRT-PCR. DNMT2/G6PDH ratio
is presented. The effect of HP treatment is also included. Fibroblasts were treated with 100 μM HP for 2 h and 1, 2 and 7 days after HP removal DNMT2 mRNA levels were assayed (upper
panel, bars indicate SEM, n = 3, #p<0.05 compared to CTRL, *p<0.05, **p<0.01 compared to control siRNA (siFITC) (ANOVA and Dunnett's a posteriori test) or fibroblasts were
treated with 100 μM or 200 μM HP for 2 h and 24 h after HP removal DNMT2 mRNA levels were assayed (lower panel, scatter plots, bars indicate SEM). (B) The analysis of DNMT2
protein levels using Western blotting. HP effect on DNMT2 silencing is highlighted (red frames). Data were normalized to β-actin. Bars indicate SD, n = 3, *p<0.05, **p<0.01,
***p<0.001 compared to CTRL, #p<0.05, ##p<0.01, ###p<0.001 compared to HP-treated CTRL (ANOVA and Dunnett's a posteriori test). (C) The analysis of IFN-β levels using
Western blotting. Data were normalized to β-actin. Bars indicate SD, n = 3, **p<0.01, ***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test). Proliferatively active
fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43 and BJ cells at PDLs from 27 to 43. CTRL, non-transfected control fibroblasts; siFITC, fibroblasts transfected with control
FITC-conjugated siRNA; siDNMT2, fibroblasts transfected with DNMT2 siRNA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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2.10. Western blotting

Western blotting protocol was used as described comprehensively
elsewhere [28]. The following primary and secondary antibodies were
used: anti-p16 (1:200, MA5-17093), anti-p21 (1:500, MA5-14949),
anti-p53 (1:500, MA5-12557), anti-DNMT1 (1:500, sc-271729), anti-
DNMT2 (1:200 or 1:500, sc-365001, ab82659, PA5-11187), anti-
DNMT3A (1:250, sc-373905), anti-DNMT3B (1:500, sc-376043), anti-
IFN-β (1:1000, ab176343) or anti-β-actin (1:40000, A3854) (Thermo
Fisher Scientific, Santa Cruz, Sigma-Aldrich and Abcam) and secondary
antibodies conjugated to HRP (1:50000, A2554, A0545, Sigma-Al-
drich). Protein levels were normalized to β-actin.

2.11. DNA and RNA methylation

To measure the levels of 5-methyldeoxycytosine (5-mdC) in DNA, 5-
methylcytosine (5-mC) in RNA and N6-methyladenosine (m6A) in RNA,
ELISA-based assays were used, namely, MethylFlash Methylated DNA 5-
mdC Quantification Kit, MethylFlash 5-mC RNA Methylation ELISA
Easy Kit and EpiQuik m6A RNA Methylation Quantification Kit, re-
spectively (EpiGentek, Farmingdale, New York, USA).

2.12. Site-specific methylation of 18S rRNA gene promoter

Promoter sequence of 18S rRNA was obtained from Ghoshal et al.
[29]. DNA was isolated using Wizard Genomic DNA Purification Kit
(Promega, Germany) and modified with sodium bisulfite using Epitec
Bisulfite Conversion Kit (Qiagen, Germany). Investigated regions were
amplified using BSPCR primers designed using Methyl Primer Express®

Software v1.0 (Supplementary Table 1). BSPCR reaction mixture con-
tained: 10 ng template, 1 × PCR buffer (Tris-HCl, KCl, (NH4)2SO4, pH
8.7), 2 mM MgCl2, 0.2 mM dNTP (Applied Biosystems, CA, USA),
0.125 μM starters, 1 U HotStart Taq polymerase (5 U/μl) (Qiagen,
Germany) and milliQ water to a final volume of 20 μl. The following
BSPCR reaction conditions were: initial denaturation at 95 °C for
15 min, 5 cycles of denaturation at 97 °C for 5 s, annealing for 2 min
(2nd Ta in Supplementary Table 1), elongation at 72 °C for 45 s, 35
cycles of denaturation at 97 °C for 5 s, annealing (1st Ta in
Supplementary Table 1) for 2 min, elongation at 72 °C for 45 s and final
elongation at 72 °C for 7 min. The BSPCR products were digested using
enzyme solution mix (1 U/μl SAP and 20 U/μl ExoI) and incubated at
37 °C for 30 min followed by heat inactivation at 80 °C for 15 min.
BSPCR products were sequenced from both complementary strands
with the use of BigDye® Terminator v3.1 Cycle Sequencing Kit. Se-
quencing products were purified using BigDye® XTerminator Purifica-
tion Kit according to manufacturer's instructions and separated in the
presence of polymer POP-7 using Genetic Analyzer ABI3130xl (Applied
Biosystems, CA, USA). Converted DNA samples showing fuzzy methy-
lated CpG sites in the rRNA gene promoter were amplified in the 50 μl
of BSPCR reaction mixture using above-mentioned reaction conditions.
BSPCR products were purified using MinElute PCR purification kit
(Qiagen, Germany) and cloned into TOPO TA Cloning vector (Thermo
Fisher Scientific). 17–23 clones were sequenced using universal primers
using BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific). Bisulfite sequencing reads were used for the assessment of
the methylation levels in CG context (number of clones with cytosine at
particular CpG sites after bisulfite sequence alignment to the un-
converted genomic reference) using BISMA software [30].

2.13. miRNA expression profiles

RNA was isolated using GenElute™ Mammalian Total RNA Miniprep
Kit (Sigma-Aldrich) and cDNA was synthesized using 100 ng of RNA
and EPIK miRNA Panel Assays (Bioline Ltd.) that involved RT Primer
Pool, EPIK RT Enzyme, EPIK RT Buffer and RNA Spike according to the
supplier's instructions. The expression of 176 miRNAs (http://www.
bioline.com/list-of-stemcell-panel-plates#table1) involved in the reg-
ulation of cell proliferation, differentiation and stress responses was
evaluated using Applied Biosystems StepOnePlus™ Real-Time PCR
System and dedicated EPIK Stem Cell miRNA Panel (Hi-ROX Plate 0.1Y,
BIO-66035, Bioline Ltd.) according to the manufacturer's instructions.
The qRT-PCR products that were amplified after 32 cycles were dis-
carded. The expression profiles were created using Genesis 1.7.7 soft-
ware (https://genome.tugraz.at/genesisclient/genesisclient_download.
shtml) on the basis of global normalized Ct values and log10 to log2,
log2 transform ratio and hierarchical clustering functions.

2.14. Statistical analysis

The results represent the mean± SD from at least three in-
dependent experiments. Alternatively, box and whisker plots with
median, lowest and highest values or scatter plots with mean and SEM
were used. Statistical significance was assessed by 1-way ANOVA using
GraphPad Prism 5, and with the Dunnett's multiple comparison test.
The differences in miRNA expression between control siRNA- vs
DNMT2 siRNA-treated samples were analyzed using Student's t-test.

3. Results

3.1. siRNA transfection induces DNMT2-mediated immunogenic response

DNMT2 was silenced at mRNA levels using dedicated siRNA
(Fig. 1A).

The silencing effect was augmented upon hydrogen peroxide (HP)
treatment (oxidative stress conditions) in WI-38 cells (Fig. 1A). DNMT2
was also downregulated at protein levels in WI-38 cells and the silen-
cing effect was lost after 7 days of cell culture (Fig. 1B). However, re-
duced levels of DNMT2 protein was also observed after control siRNA
transfection (Fig. 1B). HP treatment enhanced silencing effect in
DNMT2 siRNA-transfected WI-38 cells compared to HP-treated non-
transfected and control siRNA-transfected WI-38 cells, especially after
48 h of HP removal (Fig. 1B, in a red frame). In contrast, silencing effect
was observed only after prolonged culture in BJ cells (Fig. 1B). DNMT2
was more downregulated upon HP treatment in DNMT2 siRNA-trans-
fected BJ cells compared to HP-treated non-transfected and control
siRNA-transfected BJ cells (Fig. 1B, in a red frame). Thus, DNMT2
protein levels were downregulated in DNMT2 siRNA-transfected fi-
broblasts only upon oxidative stress conditions and after 48 h of HP
removal. Perhaps, the remaining pool of DNMT2 protein is more effi-
ciently degraded in stress conditions compared to control conditions.
Surprisingly, DNMT2mRNA levels were elevated after transfection with
control siRNA that suggest that DNMT2 may be involved in antiviral
response (Fig. 1A). Immunomodulatory response upon siRNA trans-
fection was the most accented in DNMT2-silenced WI-38 cells as judged
by elevated levels of beta-interferon (IFN-β) (Fig. 1C).

Fig. 2. DNMT2 silencing-mediated effects on apoptosis (A), cell cycle (B) and cell proliferation (C). HP treatment is also considered. (A) DNMT2 silencing enhances HP-induced apoptosis
in WI-38 and BJ human fibroblasts. Phosphatidylserine externalization was evaluated using Annexin V staining and flow cytometry. Bars indicate SD, n = 3, *p<0.05, **p<0.01,
***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test). (B) DNA content-based analysis of cell cycle was performed using flow cytometry. Cells were treated with 100 μM
HP for 2 h and then cultured for 24 h. Bars indicate SD, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test). (C) Cell proliferation was
measured using Ki67 immunostaining and imaging cytometry. Ki67 signals were scored [%]. Box and whisker plots are shown, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to
CTRL (ANOVA and Dunnett's a posteriori test). Proliferatively active fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43 and BJ cells at PDLs from 27 to 43. CTRL, non-
transfected control fibroblasts; siFITC, fibroblasts transfected with control FITC-conjugated siRNA; siDNMT2, fibroblasts transfected with DNMT2 siRNA.
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3.2. DNMT2 silencing sensitizes cells to HP-induced apoptosis

DNMT2 silencing resulted in an increase in apoptotic cell death in
the control conditions, especially after 7 days of culture (Fig. 2A).

DNMT2-silenced cells were more sensitive to HP-induced apoptosis
than control non-transfected and control siRNA-transfected cells that
was observed after 24 h of HP removal in BJ cells and after 48 h of HP
removal in WI-38 cells (Fig. 2A). Moreover, 7 days after HP removal,
DNMT2-silenced BJ cells were more prone to apoptosis than DNMT2-
silenced WI-38 cells (Fig. 2A).

3.3. DNMT2 silencing results in permanent inhibition of cell proliferation

DNMT2 silencing did not promote massive changes in the cell cycle
both in the control and stress conditions (HP treatment) compared to
unmodified control and control siRNA treatment (Fig. 2B). HP induced
G2/M cell cycle arrest, but the level of cells in the G2/M phase of the
cell cycle was comparable in DNMT2-silenced cells and control cells
(Fig. 2B). In contrast, DNMT2 silencing promoted the inhibition of cell
proliferation in the control conditions and of course the cytostatic effect
was augmented after HP treatment (Fig. 2C). We have then considered
the expression profiles of selected genes involved in the regulation of
cell cycle (n = 44) (Fig. 3A and B).

In general, HP treatment stimulated similar changes in gene ex-
pression patterns as all HP-treated cell categories were grouped to-
gether (Fig. 3A). HP treatment resulted in upregulation of CDKN2C
(p18), CCNB1 (cyclin B1), CCNB2 (cyclin B2) and E2F1 (transcription
factor E2F1) mRNA levels in all cells analyzed (Fig. 3B). Moreover,
increased mRNA levels of CCNA2 (cyclin A2), CCNE1 (cyclin E1), C-
CNE2 (cyclin E2) and CDC2 (cyclin-dependent kinase 1, CDK1) were
observed in all HP-treated WI-38 cells and increased mRNA levels of
CDKN2D (p19), TP53 (p53), CCND3 (cyclin D3), CDK2 (cyclin-depen-
dent kinase 2), CDK4 (cyclin-dependent kinase 4), E2F4 (transcription
factor E2F4) and HDAC5 (histone deacetylase 5) were documented in
all HP-treated BJ cells (Fig. 3B). HP treatment also caused a decrease in
mRNA levels of CCND1 (cyclin D1) and CCNH (cyclin H) in all cells
analyzed (Fig. 3B). A decrease in mRNA levels of CDK4 (cyclin-de-
pendent kinase 4) and CDK7 (cyclin-dependent kinase 7) was ex-
clusively observed in HP-treated DNMT2-silenced WI-38 cells and a
decrease in mRNA levels of CCNE1 (cyclin E1) and CCNE2 (cyclin E2)
was exclusively documented in HP-treated DNMT2-silenced BJ cells
(Fig. 3B). As mRNA levels of TP53 (p53) were increased in all HP-
treated BJ cells and mRNA levels of CDKN2A (p16) were upregulated in
DNMT2-silenced BJ cells, we decided then to evaluate protein levels of
p53, p16 and also p21 that is regulated by p53 (Fig. 3C and D). The
levels of cell cycle inhibitors, namely p16, p21 and p53 were elevated in
DNMT2-silenced cells in the control and stress conditions and the effect,
except of p53, was also permanent and observed after 7 days of cell
culture (Fig. 3C and D). However, upregulation of p21 (Fig. 3C and D)
did not correspond to increased mRNA levels of CDKN1A (p21)
(Fig. 3B). Perhaps, increased p21 levels are achieved by protein stabi-
lization rather than increased CDKN1A gene expression. DNMT2 si-
lencing also promoted cellular senescence as judged by increased
number of senescence-associated-beta-galactosidase (SA-beta-gal) po-
sitive cells of DNMT2-silenced cells in the control conditions (Fig. 4A).

We have also considered stress-induced premature senescence (HP
treatment), but DNMT2 silencing did not potentiate the action of HP in
terms of the levels of SA-beta-gal positive cells (Fig. 4A). In contrast, the

levels of SA-beta-gal positive cells were slightly decreased compared to
HP-treated control cells (Fig. 4A). As DNMT2 silencing may stimulate
cellular senescence (Fig. 4A), the protein levels of DNMT2 and DNMT2
localization were also evaluated during replicative senescence of
human fibroblasts (Fig. 4B and C). Senescent cells with increased levels
of p21, a biomarker of cellular senescence, were characterized by ele-
vated levels of DNMT2 (Fig. 4B). Moreover, DNMT2 nuclear/cytosolic
ratio was decreased, whereas cytosolic fraction of DNMT2 was in-
creased in WI-38 fibroblasts during replicative senescence (Fig. 4C).

3.4. DNMT2 silencing promotes oxidative stress

The production of reactive oxygen species, ROS (total ROS, total
superoxide and mitochondrial superoxide) was augmented in DNMT2-
silenced fibroblasts compared to unmodified cells in the control con-
ditions (Fig. 5A).

HP potentiated ROS production in DNMT2-depleted cells (Fig. 5A)
that resulted in protein carbonylation (Fig. 5B).

3.5. DNMT2 silencing induces genomic instability

The levels of DNA damage (DNA double strand breaks) and micro-
nuclei production were increased in DNMT2-silenced fibroblasts com-
pared to unmodified cells in the control conditions (Fig. 6A).

DNMT2 silencing also induced DNA damage response (increased
phosphorylation of ATM and H2AX) in WI-38 cells in the control con-
ditions (Fig. 6B). HP treatment moderately intensified DNA damaging
effect in DNMT2-silenced cells compared to control cells that was
especially seen in WI-38 cells (Fig. 6). HP treatment promoted DNA
damage response in all cell lines examined (ATM activation, H2AX
phosphorylation, 53BP1 foci formation) (Fig. 6).

3.6. DNMT2 silencing results in epigenetic changes

We have then evaluated if DNMT2 silencing and HP treatment may
have a prolonged effect on the expression of genes involved in DNA
methylation and transcriptional repression (n = 28) after 7 days of HP
removal (Fig. 7A and B).

Similar changes in the patterns of gene expression were revealed as
all control samples and all HP-treated samples were grouped together
(Fig. 7A). Increased mRNA levels of DNMT3B (DNA methyltransferase
DNMT3B) were observed in all HP-treated WI-38 cells after 7 days of
HP removal (Fig. 7B). As DNMT2 silencing and HP treatment may
promote some permanent effects on mRNA levels of selected DNA
methyltransferase genes (Fig. 7B), protein levels of DNA methyl-
transferase DNMT1, DNMT3A and DNMT3B were also studied (Fig. 7C
and D). The levels of DNMT1 were upregulated both in the control
conditions as well after HP treatment in DNMT2-silenced WI-38 and BJ
cells (Fig. 7C and D). However, the levels of DNMT3A and DNMT3B
were only upregulated in BJ cells (Fig. 7C and D). Surprisingly, protein
levels of DNMT3B did not correspond to mRNA levels of DNMT3B in
WI-38 cells (Fig. 7B, C and D). Moreover, DNMT2 silencing did not
promote changes in global DNA methylation in the control conditions,
however, HP treatment resulted in a decrease in global DNA methyla-
tion in DNMT2-silenced WI-38 and BJ cells (Fig. 7E). We have also
considered the effect of DNMT2 silencing and HP treatment on loci-
specific DNA methylation, namely the methylation of 18 S rRNA gene
promoter (Supplementary Fig. 1). The methylation status of 18 S rRNA

Fig. 3. DNMT2 silencing-mediated effects on mRNA (A, B) and protein levels (C, D) of cell cycle regulators. HP treatment is also considered. (A, B) The expression of selected genes
involved in the regulation of cell cycle. Cells were treated with 100 μM HP for 2 h and then cultured for 24 h. (A) A heat map generated from qRT-PCR data is shown. Hierarchical
clustering was created using Genesis 1.7.7 software. (B) HP-mediated up- (red) and downregulation (blue) of cell cycle genes. ΔΔCt values are shown. (C, D) Western blot analysis of the
levels of p16, p21 and p53. Data were normalized to β-actin. Bars indicate SD, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test).
Proliferatively active fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43 and BJ cells at PDLs from 27 to 43. CTRL, non-transfected control fibroblasts; siFITC, fibroblasts
transfected with control FITC-conjugated siRNA; siDNMT2, fibroblasts transfected with DNMT2 siRNA. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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gene promoter was unaffected upon DNMT2 silencing and HP treat-
ment (Supplementary Fig. 1). The levels of 18S rRNA transcripts were
also comparable in all HP-treated WI-38 cells (Supplementary Fig. 1).
Global RNA methylation and the levels of N6-methyladenosine (m6A) in
RNA were also unaffected upon DNMT2 silencing and HP treatment
(Fig. 7E). Finally, we have addressed the effect of DNMT2 silencing on

the expression of 176 miRNAs that are involved in the regulation of cell
proliferation, differentiation and stress responses, and some of them are
also considered as tumor suppressors (Fig. 8A and B).

DNMT2 silencing resulted in similar changes in the expression
patterns of proliferation-related miRNAs in WI-38 and BJ cells as these
two categories of DNMT2-depleted cells were grouped together

Fig. 4. DNMT2 silencing- and HP-induced premature senescence (A), upregulation of DNMT2 levels during replicative senescence in WI-38 and BJ human fibroblasts (B) and decreased
DNMT2 nuclear/cytosolic ratio and increased DNMT2 cytosolic fraction during replicative senescence in WI-38 cells (C). (A) Senescence-associated β-galactosidase activity. Cells were
treated with 100 μM HP for 2 h and then cultured for 7 days. Representative micrographs are shown. Scale bars 10 µm, objective 10x. Bars indicate SD, n = 3, *p<0.05, **p<0.01,
***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test). Proliferatively active fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43 and BJ cells at PDLs from
27 to 43. CTRL, non-transfected control fibroblasts; siFITC, fibroblasts transfected with control FITC-conjugated siRNA; siDNMT2, fibroblasts transfected with DNMT2 siRNA. (B) Western
blot analysis of the levels of DNMT2. Data were normalized to β-actin. Replicatively senescent cells (WI-38 cells at PDL 50 and BJ cells at PDL 65) were characterized by upregulation of
p21. Bars indicate SD, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to PDL 35 (WI-38 cells) or PDL 30 (BJ cells) (ANOVA and Dunnett's a posteriori test). (C) DNMT2 immuno-
signals (red) were analyzed using imaging cytometry (left). Nuclei were visualized using Hoechst 33342 staining (blue). Representative micrographs are shown. Scale bars 10 µm,
objective 10x. WI-38 cells at PDL 35 and PDL 50 were used. DNMT2 nuclear/cytosolic ratio was calculated accordingly (middle). Box and whisker plots with minimal and maximal values
are shown, n = 3, *p<0.05 compared to PDL 35 (ANOVA and Dunnett's a posteriori test). DNMT2 cytosolic signals are presented as relative fluorescence units (RFU) (right). Bars indicate
SD, n = 3, ***p<0.001 compared to PDL 35 (ANOVA and Dunnett's a posteriori test). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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(Fig. 8A). We found that eleven miRNAs were significantly upregulated
in DNMT2-silenced WI-38 and BJ cells, namely miR-28-3p, miR-34a-3p,
miR-30b-5p, miR-29b-3p, miR-200c-3p, miR-28-5p, miR-379-5p, miR-
382-5p, miR-194-5p, miR-193b-3p and miR-409-3p (Fig. 8B). The effect
of control siRNA (siFITC) was also considered and control siRNA
treatment resulted in upregulation of miR-181b-5p and miR-126-5p and
downregulation of miR-377-3p and miR-27a-3p (Fig. 8B).

4. Discussion

We found that DNMT2-depleted WI-38 and BJ human fibroblasts are
susceptible to oxidative stress and DNA damage, and DNMT2 silencing-
mediated changes in the levels of proliferation-related miRNAs may
shape and determine cell fate, namely may promote the inhibition of
cell proliferation and cellular senescence (Fig. 8C). We propose that
lowering DNMT2 levels that limits proliferative capacity may be con-
sidered as a novel anticancer strategy.

Surprisingly, control siRNA treatment resulted in upregulation of

Fig. 5. DNMT2 silencing-mediated effects on reactive oxygen species production (A) and protein carbonylation (B) in WI-38 and BJ human fibroblasts. HP treatment is also considered.
Cells were treated with 100 μM HP for 2 h and then cultured for 24 h. (A) Total production of reactive oxygen species (ROS), total superoxide and mitochondrial superoxide were assessed
using CM-H2DCF-DA, DHE and MitoSOX fluorogenic probes, respectively. Bars indicate SD, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to CTRL (ANOVA and Dunnett's a
posteriori test). (B) Protein carbonylation was revealed using OxyBlot™ Protein Oxidation Detection Kit (Merck Millipore). A negative control without DNPH derivatization (lane NC) and a
positive control with a mixture of standard proteins with attached DNP residues (lane Marker) are also shown. Proliferatively active fibroblasts were used, namely WI-38 cells at PDLs
from 34 to 43 and BJ cells at PDLs from 27 to 43. CTRL, non-transfected control fibroblasts; siFITC, fibroblasts transfected with control FITC-conjugated siRNA; siDNMT2, fibroblasts
transfected with DNMT2 siRNA.
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Fig. 6. DNMT2 silencing- and HP-induced genetic instability (A) and DNA damage response (DDR) (A, B) in WI-38 and BJ human fibroblasts. (A) Comet assay, micronuclei production
and 53BP1 immunostaining. For comet assay, cells were treated with 100 μMHP for 2 h and then cultured for 48 h. Bars indicate SD or box and whisker plots are shown, n = 3, *p<0.05,
**p<0.01, ***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test). (B) Activation of ATM and H2AX were assessed using Muse™ Cell Analyzer and Muse™ Multi-Color
DNA Damage Kit (Merck Millipore). Cells were treated with 100 μM HP for 2 h and then cultured for 48 h. Bars indicate SD, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to CTRL
(ANOVA and Dunnett's a posteriori test). Proliferatively active fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43 and BJ cells at PDLs from 27 to 43. CTRL, non-transfected
control fibroblasts; siFITC, fibroblasts transfected with control FITC-conjugated siRNA; siDNMT2, fibroblasts transfected with DNMT2 siRNA.
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DNMT2 mRNA levels (this study) that may suggest that DNMT2 may
play a role in antiviral response in human fibroblasts. This may also
account for partial but not complete silencing of DNMT2 gene (mRNA
levels) upon DNMT2 siRNA stimulation. At DNMT2 protein levels,
DNMT2 silencing was the most accented during oxidative stress con-
ditions (HP treatment) in both cell lines used. Perhaps, remaining
DNMT2 protein pools are not adequately degraded in control conditions
compared to stress conditions. Thus, control and stress conditions were
considered in further analyses.

In general, siRNA treatment, both control siRNA and DNMT2 siRNA,
promoted an increase in the levels of beta-interferon in WI-38 and BJ
cells (this study). More recently, the role of DNMT2 homologs during
viral infections has been proposed in different biological model systems
[31–33]. In Drosophila melanogaster, dDnmt2 has been reported to be
required for innate immune responses and dDnmt2 mutant flies accu-
mulated increasing levels of Drosophila C virus (DCV) and showed ac-
tivated innate immune responses [31]. Moreover, in mosquitoes (Aedes
aegypti), the introduced endosymbiont, Wolbachia, suppressed expres-
sion of AaDnmt2, but dengue virus (DENV) induced expression of
AaDnmt2 and the authors concluded that AaDnmt2 plays an important
role not only in the maintenance of Wolbachia infection in mosquito
cells, but also in the resistance of mosquito cells to DENV infection [32].
Finally, it has been reported that cytosine methylation by DNMT2
promoted stability and survival of HIV-1 RNA in the host cell during
infection [33]. As siRNA treatment resulted in elevated levels of beta-
interferon in WI-38 and BJ cells (this study) and prolonged beta-in-
terferon stimulation induced ROS-mediated DNA damage signaling and
p53-dependent senescence in IMR90 human fibroblasts [34], we
decided then to analyze the effects of DNMT2 silencing on cell pro-
liferation and longevity, intracellular redox equilibrium, genetic stabi-
lity and epigenetic parameters. Lowering DNMT2 levels limited pro-
liferative capacity and induced cellular senescence in WI-38 and BJ
fibroblasts that was accompanied by elevated levels of cell cycle in-
hibitors p16, p21 and p53, oxidative stress, DNA damage and changes
in the levels of miRNAs involved in the regulation of cell proliferation
(this study). More recently, it has been shown that a sustained treat-
ment with beta-interferon triggered a p53-dependent senescence pro-
gram in IMR90 human fibroblasts [34]. Beta-interferon induced a DNA
signaling pathway, the phosphorylation of p53 at serine 15 and its
transcriptional activity, and beta-interferon-treated fibroblasts accu-
mulated gamma-H2AX foci and phosphorylated forms of ATM and
CHK2 [34]. DNA damage response (DDR) was activated by an increase
in reactive oxygen species (ROS) induced by beta-interferon and was
inhibited by the antioxidant N-acetyl cysteine [34]. Moreover, senes-
cent cells with persistent DDR signaling may secrete growth factors,
proteases, cytokines, and other factors that have potent autocrine and
paracrine activities (so called a senescence-associated secretory phe-
notype, SASP) [35–38] that may induce low-level, chronic, “sterile”
inflammation that may initiate or promote most, if not all, major age-
related diseases [39–41].

Moreover, increased levels of DNMT2 were observed in replicatively
senescent WI-38 and BJ cells. DNMT2 nuclear/cytosolic ratio is also
decreased during replicative senescence that is accompanied by ele-
vated levels of cytosolic fraction of DNMT2. Our data are in agreement

with previous observation that DNMT2 may relocalize from the nucleus
to the cytoplasm during stress conditions [14].

To the best of our knowledge, this is the first report on DNMT2-
mediated effects on cell proliferation and longevity in human cells.
More recently, we have documented that CRISPR-based Dnmt2 silen-
cing in NIH3T3 mouse immortalized fibroblasts resulted in a decrease
in telomere length and telomerase activity that caused permanent in-
hibition of cell proliferation and cellular senescence [22]. The role of
dDnmt2 in retrotransposon silencing and telomere integrity has been
also proposed in Drosophila and telomere protection is supposed to be
achieved by dDnmt2-mediated DNA methylation [42]. Overexpression
of dDnmt2 also extended Drosophila life span that was mediated by
resistance to oxidative stress (paraquat stimulation) [18]. Moreover,
overexpression of Dnmt2 (Ehmeth) in the protozoan parasite Entamoeba
histolytica decreased sensitivity to hydrogen peroxide and S-ni-
trosoglutathione treatments [19,20]. Thus, one can conclude that
DNMT2 homologs might be involved in cellular stress responses. In-
deed, DNMT2 homologs are found to be upregulated during oxidant-
based stress conditions in human and mouse cells, namely in HeLa
cervical cancer cells upon arsenite [14] and nanodiamond [15] treat-
ments, in human aortic smooth muscle cells upon curcumin stimulation
[16] and in HT22 mouse hippocampal neuronal cells upon silver na-
noparticle treatment [17]. Human DNMT2 and mouse Dnmt2 are also
upregulated under DNA-damaging conditions [15,17]. Moreover,
siRNA-based silencing of DNMT2 in human fibroblasts (this study) and
CRISPR-based silencing of Dnmt2 in mouse NIH3T3 cells [22] resulted
in increased sensitivity to HP-induced apoptotic cell death that was
mediated by elevated ROS production, protein carbonylation and
genomic instability. It is postulated that in Drosophila and E. histolytica,
dDnmt2- and Ehmeth-mediated oxidative and nitrosative stress re-
sistance, respectively, is mediated by elevated levels of tRNAAsp me-
thylation (the methylation of C38 in the anticodon loop of tRNAAsp)
[13,20]. However, little is known about the biological role of this RNA
modification. It is suggested that dDnmt2-mediated tRNA methylation
may provide protection against stress-induced tRNA cleavage in Dro-
sophila [13] and may also regulate the translation of proteins containing
poly-Asp sequences, e.g., protein regulators of transcription and gene
expression [43]. Human DNMT2 has been also found to interact with
the proteins involved in RNA processing being a component of RNA
processing bodies and stress granules [14]. Upregulation of human
DNMT2 [15] and mouse Dnmt2 [17] also protected RNA form de-
gradation during oxidative stress conditions. It is postulated that the
role of DNMT2 in stress granules could represent a primitive cellular
defense mechanism against viral infection [14] that is in agreement
with our findings that control siRNA treatment promoted upregulation
of DNMT2 mRNA levels in human fibroblasts (this study).

We have then addressed the question of whether DNMT2 silencing
may affect epigenetic parameters in WI-38 and BJ cells. DNMT2 si-
lencing resulted in DNMT1 upregulation in both WI-38 and BJ cells, and
DNMT3A and DNMT3B upregulation in BJ cells, but these epigenetic
changes were not accompanied by changes in global or loci-specific
DNA methylation, namely the methylation of 18S rRNA gene promoter
or changes in global RNA methylation or m6A RNA methylation. In
contrast, CRISPR-based silencing of Dnmt2 in NIH3T3 mouse

Fig. 7. DNMT2 silencing- and HP-mediated changes in DNA and RNA methylation parameters in WI-38 and BJ human fibroblasts. (A, B) The expression of selected genes involved in DNA
methylation and transcriptional repression. Cells were treated with 100 μM HP for 2 h and then cultured for 7 days. (A) A heat map generated from qRT-PCR data is shown. Hierarchical
clustering was created using Genesis 1.7.7 software. (B) HP-mediated up- (red) and downregulation (blue) of DNA methylation and transcriptional repression genes. ΔΔCt values are
shown. (C, D) Western blot analysis of the levels of DNMT1, DNMT3A and DNMT3B. Cells were treated with 100 μM HP for 2 h and then cultured for 24 h. Data were normalized to β-
actin. (D) Bars indicate SD, n = 3, *p<0.05, **p<0.01, ***p<0.001 compared to CTRL (ANOVA and Dunnett's a posteriori test). (E) The levels of 5-methyldeoxycytosine (5-mdC) in
DNA samples and the levels of 5-methylcytosine (5-mC) and N6-methyladenosine (m6A) in RNA samples were measured using MethylFlash™ Methylated DNA 5-mdC Quantification Kit,
MethylFlash 5-mC RNA Methylation ELISA Easy Kit and EpiQuik m6A RNA Methylation Quantification Kit (EpiGentek), respectively. Cells were treated with 100 μM HP for 2 h and then
cultured for 7 days (DNA methylation) and 24 h (RNA methylation). Bars indicate SD, n = 3, *p<0.05, **p<0.01 compared to CTRL (ANOVA and Dunnett's a posteriori test).
Proliferatively active fibroblasts were used, namely WI-38 cells at PDLs from 34 to 43 and BJ cells at PDLs from 27 to 43. CTRL, non-transfected control fibroblasts; siFITC, fibroblasts
transfected with control FITC-conjugated siRNA; siDNMT2, fibroblasts transfected with DNMT2 siRNA. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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fibroblasts promoted both global DNA and RNA hypermethylation, and
upregulation of DNA methyltransferases, namely Dnmt1, Dnmt3a and
Dnmt3b [22]. It has been postulated that DNA methyltransferases may
take part in adaptive response to oxidative stress as elevated expression
of DNMT1, DNMT3A and DNMT3B has been revealed in HP-treated
human embryonic lung fibroblasts (HEFs) [44]. Indeed, upregulation of
DNMT1 in HP-treated non-transfected WI-38 cells and upregulation of
DNMT3A and DNMT3B in HP-treated non-transfected BJ cells were also
observed (this study). Upregulation of DNA methyltransferases may be
also considered as an adaptive response against DNA damage as a loss
of Dnmt3b promoted DNA hypomethylation, chromosomal instability
and spontaneous immortalization in mouse embryonic fibroblasts
(MEFs) [45]. Moreover, DNA methyltransferases may also determine
cell fates as human DNMT3A may induce senescence or apoptosis that
depends on DNMT3A-mediated changes in the levels of p21 in doxor-
ubicin-treated HCT116 human colorectal cancer cells [46].

Finally, DNMT2 silencing resulted in upregulation of eleven
miRNAs with antiproliferative and tumor suppressive functions, namely
miR-28-3p, miR-34a-3p, miR-30b-5p, miR-29b-3p, miR-200c-3p, miR-
28-5p, miR-379-5p, miR-382-5p, miR-194-5p, miR-193b-3p and miR-
409-3p both in WI-38 and BJ cells that may potentially affect cell
proliferation in DNMT2-depleted fibroblasts. MicroRNAs (miRNAs,
miRs) are a class of short, 22–25 nucleotide-long, evolutionally con-
served and endogenously expressed noncoding RNA molecules that
regulate gene expression in a sequence-specific manner by binding to
the 3’-untranslated regions (3’-UTRs) of target mRNAs and suppressing
mRNA translation and reducing mRNA stability [47–49]. Thus, miRNAs
are involved in the regulation of numerous biological processes, namely
development and differentiation, cell death and cell proliferation;
miRNAs may also exert oncogenic (oncogenic miRNAs, oncomiRs) and
tumor suppressive (tumor suppressor miRNAs, TS-miRs) effects being
potentially important targets for cancer therapy [50,51]. However, one
should remember that specific miRNAs can simultaneously produce
competing oncogenic and tumor suppressive effects and an overall net
oncogenic or net tumor-suppressive effect of miRNA may depend on the
balance between miRNA-mediated upregulation or downregulation of
oncogenic and tumor-suppressive pathways, the effects of the miRNA
on cancer-immune system interactions and a plethora of other tumor-
modifying extrinsic factors [51]. Most of upregulated miRNAs in
DNMT2-silenced fibroblasts have been reported to suppress cell pro-
liferation and promote multiple antitumor effects in different cancer
models [52–62]. For example, miR-28-5p inhibited proliferation and
migration by directly inhibiting RAP1B, a Ras-related small GTP-
binding oncoprotein, in renal cell carcinoma [52]; miR-34a-3p reduced
the proliferation of meningioma cells by targeting SMAD4, FRAT1 and
BCL2 [54]; miR-30b-5p limited cell proliferation, metastasis and epi-
thelial-to-mesenchymal transition by targeting G-protein subunit α-13
in renal cell carcinoma [55] and miR-30b-5p repressed cell prolifera-
tion by targeting DNMT3A in hepatocellular carcinoma [56]; miR-409-
3p inhibited gastric cancer cell proliferation and promoted apoptosis by
targeting the transcriptional regulator PHF10 [61] and miR-409-3p
suppressed breast cancer cell growth and invasion by targeting Akt1
[62]. Perhaps, elevated levels of miRNAs with antiproliferative func-
tions in DNMT2-depleted fibroblasts may also account for the inhibition
of cell proliferation in WI-38 and BJ cells (this study). However, further
studies are needed to reveal potential target mRNAs of these miRNAs
and their role(s) in the regulation of proliferative capacity and long-
evity in human fibroblasts.

In summary, we have shown for the first time that DNMT2 silencing
in human fibroblasts resulted in oxidative stress, genomic instability
and changes in proliferation-related miRNAs that may inhibit cell
proliferation and promote cellular senescence (Fig. 8C). Thus, DNMT2
may be considered as a novel regulator of cell proliferation and long-
evity in human fibroblasts. We speculate that the manipulation of
DNMT2 levels may also exert antiproliferative effects in cancer cells
and may be potentially useful anticancer approach.
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