L)

Check for

updates |

Research Article Vol. 10, No. 10/1 October 2019/ Biomedical Optics Express 4931 |

Biomedical Optics EXPRESS A

Effective demethylation of melanoma cells
using terahertz radiation

HWAYEONG CHEON,! HEE-JIN YANG,2 MORAN CHOI,2 AND
Joo-Hiuk Son'

! Department of Physics, University of Seoul, Seoul 130-743, South Korea
2Department of Neurosurgery, SNU-Borame Hospital, Seoul 130-743, South Korea

" joohiuk@uos.ac.kr

Abstract: Terahertz (THz) demethylation is a photomedical technique applied to dissociate
methyl-DNA bonds and reduce global DNA methylation using resonant THz radiation. We
evaluated the performance of THz demethylation and investigated the DNA damage caused by THz
irradiation. The demethylation rate in M-293T DNA increased linearly with the irradiation power
up to 48%. The degree of demethylation increased with exposure to THz radiation, saturating
after 10 min. Although THz demethylation occurred globally, most of the demethylation occurred
within the partial genes in the CpG islands. Subsequently, we performed THz demethylation
of melanoma cells. The degree of methylation in the melanoma cell pellets decreased by
approximately 10—15%, inducing ~5-8 abasic sites per 10° bp; this was considerably less than the
damaged DNA irradiated by the high-power infrared laser beam used for generating THz pulses.
These results provide initial data for THz demethylation and demonstrate the applicability of this
technique in advanced cancer cell research. THz demethylation has the potential to develop into
a therapeutic procedure for cancer, similar to that involving chemical demethylating agents.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) radiation consists of electromagnetic waves in the 0.1-10 THz (3.3-330 cm™h)
frequency range, whose spectrum lies between the microwave and the infrared regions. THz
energy is correlated with collective vibration, rotational motion, or torsional motion from
intramolecular domains and weak hydrogen bonds or van der Waals forces from intermolecular
interactions [1-4]. Because these low-energy motions are closely associated with the chemical
and structural characteristics of biomolecules, a number of THz biomedical studies have been
performed utilizing the relatively lower photon energy of THz radiation (1 THz=4.14 meV)
[5-10]. In particular, the resonance of the chemical bonds between the methyl group and DNA
in cancer DNA was reported to be within approximately 1.6—1.7 THz. The resonance intensity
enabled the differentiation of the types of cancer cells at the common center frequency, and the
results indicate that this technique could serve as a cancer biomarker [11,12]. The resonance
is believed to originate from DNA methylation, an epigenetic process, through which methyl
groups (CH3-) are attached to the cytosine in DNA molecules. In epigenetics, gene expression
is regulated and programmed by DNA methylation, which is a chemical process that occurs
in the genome without changing the DNA sequence. The resonance in DNA methylation can
likewise serve as a clue to manipulate the methyl-DNA bond because the energy accumulation
coming from resonant THz photons might lead to bond dissociation. The THz dissociation of
methyl-DNA bonds causes a decrease in the global degree of methylation, i.e., demethylation
[12]. Recent studies show that high-power THz radiation having sufficient power modifies
various biological activities [13—15]. THz demethylation is one of the biological modifiers
using high-power terahertz radiation, which removes methyl groups from DNA molecules using
resonance energy. This can serve as a novel optical method to manipulate DNA methylation as
an epigenetic modifier.
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Because DNA methylation plays a key role in genomic functioning, the aberration of DNA
methylation is a critical factor associated with carcinogenesis via abnormal gene expression. The
abnormal activity in tumor suppressor genes results in cancer growth and metastasis [16—18];
therefore, the manipulation of aberrant DNA methylation is crucial in cancer treatment. If the
methyl groups during DNA methylation are properly removed from the silenced tumor suppressor
genes that are hypermethylated, demethylation may prevent cancer progression and induce
apoptosis of cancerous cells through the reprogrammed genes [19-22].

Various demethylation agents, like decitabine (Decogen TM) or azacitidine (Vidaza TM),
approved by the U.S. Food and Drug Administration (FDA), have been developed for cancer
treatment over the past decade [23-27]. These agents reduce the degree of DNA methylation by
inhibiting DNA methyltransferases during epigenetic inheritance [22,28,29]. However, these
drugs can lead to many side effects as they are applied to the non-targeted lesion, and it is not
easy to adjust the dosage properly [30]. THz demethylation is targetable, and it is relatively
easy to control the radiation energy using optical techniques. Because THz radiation has a
penetration depth of a few hundred micrometers, which can reach into the tissues to be treated,
THz demethylation might be achieved at the cellular level [4,31].

In this study, we evaluated DNA demethylation performed using THz radiation on extracted
DNA in terms of the irradiation power, exposure time, and gene position. The results may offer an
applicable standard for THz demethylation at the cellular level. As THz demethylation involves
high-power radiation, we also demethylated melanoma cell pellets to verify the effect of THz
radiation on the cellular structure and investigated the DNA damage caused by THz radiation
through quantifying abasic sites (AP sites). AP sites indicate nucleobase loss or removal, and they
are one of the primary indicators of DNA damage. Ionizing radiation, toxicity of medicines, or
other chemical-enzyme activities can induce multiple AP sites, and high numbers of unrepaired
sites may be mutagenic and can lead to cell death.

2. Experimental methods

2.1. THz demethylation system

THz radiation was generated using an MgO-LiNbO3 crystal excited by an amplified laser beam
with 0.8-mJ energy per pulse from a regenerative amplifier (Spitfire; Spectra-Physics) system,
with a 1-kHz repetition rate at an 800-nm wavelength. The amplifier was injected with a seed
beam from a Ti:sapphire oscillator (Tsunami; Spectra-Physics, CA, USA) and pumped using a
pump laser (Empower; Spectra-Physics) with a pump power of 9 W. The oscillator generated
35-fs laser pulses at an 800-nm wavelength and 80-MHz repetition rate, which were pumped by a
532-nm pump laser (millennia Vs; Spectra-Physics) with a pump power of 5 W. The amplified
laser beam was tilted at 62° to the pulse front using a grating with a groove number of 2000
mm~!. The high-power THz pulse of 2.4 mW/cm? was generated by the LiNbO3 crystal and
passed through a silicon window, which blocked the residual laser beam. The THz radiation was
collected by a parabolic mirror and passed to a cross-shaped THz bandpass filter; this limited
the frequency of the THz radiation to a 1.7-THz center frequency with a 0.57-THz full width at
half maximum (Tydex, St. Petersburg, Russia). The 1.7-THz radiation was focused vertically at
2 mm above the top of the cut microcentrifuge tube, which served as a sample container. The
THz power was controlled by a pair of grid polarizers and measured using a pyroelectric detector
(T-Rad; Gentec-EO, Quebec City, Canada). The cut microcentrifuge tube was held vertically by
a sample holder and covered by a thin plastic film to prevent evaporation of the samples (Fig.
1). The temperature of the sample holder was controlled by a pair of thermoelectric coolers,
maintaining the samples at a temperature of —4 °C.
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Fig. 1. Schematic showing THz demethylation using resonant THz radiation system. High-
power THz radiation was generated using a regenerative amplifier and LiNbO3 crystal. The

THz filter limited the THz bandwidth to around the resonance frequency of the methyl-DNA
bonds.

2.2. Preparation of extracted DNA samples

Ethical approval for this study was obtained from institutional boards at the Seoul National
University Boramae Medical Center. We prepared the human embryonic kidney (HEK) 293T
cell line at the central laboratory of the Boramae Medical Center and the SK-MEL-3 melanoma
cell lines of the lymph node at the Korean Cell Line Bank (Seoul, Republic of Korea). Cells were
cultured in disposable petridishes and plated at a density of 3 x 103 cells per 100-mm? dish.

Isolated DNA samples were extracted from 293 T cells using the FavorPrep Blood/Cultured
Cell Genomic DNA Extraction Mini Kit (FAVORGEN, Ping-Tung, Taiwan) according to the
manufacturer’s protocol. After purification, the genomic DNA was dissolved in distilled water to
remove the interruption from other residual materials. The 293 T DNA was artificially methylated
(methylated 293 T, M-293 T) using the DNA methyltransferase (DNMT) enzyme (New England
Biolabs Ltd., MS, USA) according to the manufacturer’s instructions, and the M-293 T DNA
sample was purified again. In the experiment, we used M-293 T DNA to verify the response of
DNA molecules to THz radiation. To measure the concentration of DNA samples, we used a
NanoDrop ND-1000 UV-Vis spectrophotometer (Wilmington, DE, USA). The concentration of
the M-293 T DNA samples was 300 + 7 pg/ml.

2.3. Melanoma cell pellets

We cultured SK-MEL-3 melanoma cells in a T175 flask and transferred them to four 100-mm?
dishes and obtained 10-pl melanoma cell pellets (cell count: approximately 2 x 10° per cell pellet)
from each cultured dish. The cells detached from the dish surface using trypsin (TrypLE™
Express, Gibco, Denmark) were collected into a centrifuge tube. We removed the cell culture
medium after centrifugation for 5 min at 1500 rpm using an Allegra X-15R centrifuge (Beckman
coulter, CA, USA). The cell pellets were frozen slowly to prevent the damage of cell membranes
and stored at —80 °C. The customized temperature controller was composed of a pair of a
square-shaped thermoelectric coolers and a centrifuge tube holder made of copper. The wall of
the centrifuge tube was in contact with the copper holder, and the temperature of the cell pellet
inside the tube was maintained at —4 °C during the THz exposure process (Fig. 2).
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Fig. 2. Collection process of melanoma cell pellets. Absorption of THz radiation by water
molecules was reduced in frozen cell pellets.

2.4. Quantification of DNA methylation

The degree of methylation in genomic DNA was obtained by the enzyme-linked immunosorbent
assay (ELISA) method using a Methylamp Global DNA Methylation Quantification Ultra Kit
(Epigentek Inc., NY, USA) [32]. The ELISA method is sensitive to global DNA methylation
in DNA strands above a 100-bp length. As low as 0.2 ng of methylated parts in 50 ng of the
input genomic DNA can be detected using the light-absorbing antibody. The optical density
(OD) measured using the ELISA method presents the global degree of DNA methylation through
comparison with the positive and negative controls. The OD values were normalized based on
the value of the control sample, which was not exposed to THz radiation, with the experimental
samples in the same environment. The methylation pattern was determined by whole-genome
bisulfite sequencing (Macrogen, Inc., Seoul, KR) (Fig. 3a). We read a total of 131,394,586,424
bases in M-293 T DNA using bisulfite sequencing and analyzed 493,635 genes.

2.5. Assessment of DNA damage using AP sites

DNA damage was investigated by quantifying the number of AP sites. The aldehyde reactive
probe (APR) reacts on an AP site, which depicts the location of missing bases resulting from
DNA damage. The APR was tagged with the biotin/streptavidin-enzyme conjugate of the ELISA
substrate to detect the AP sites by measuring the OD (Fig. 3b). We used the OxiSelect™
Oxidative DNA Damage Quantitation Kit (AP sites) (Cell Biolabs Inc., CA, USA) [33,34].
The number of AP sites was obtained through comparison with the value obtained from the
standard curve. As a positive control (PC), a DNA sample with an infrared-beam-induced damage
containing AP sites was prepared. The 800-nm infrared beam constituted a portion, 160 mW, of
the radiation from the regenerative amplifier. It was incident on the SK-MEL-3 melanoma cell
pellets at —4 °C for 30 min, the same conditions used during exposure to THz radiation.
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Fig. 3. Biological methods for verifying THz demethylation. (a) Bisulfite sequencing to
quantify the degree of DNA methylation in partial genes. (b) Investigation of DNA damage
by measuring AP sites, indicating the locations of missing nucleobases.

2.6. Statistical data processing

We obtained the degree of methylation by averaging two OD values using the ELISA reader,
SpectraMax Plus 384 (Molecular Devices, LLC, CA, USA). Each ELISA measurement was
repeated three times, and the three datasets with the averaged OD values were averaged again.
The fitted lines were obtained using Origin Pro 9 (OriginLab Corporation, MA, USA), a software
package for numerical computation and visualization.

3. Results and analysis
3.1. Dependence of THz irradiation power

Because THz demethylation is regarded to occur owing to the energy accumulation by low-energy
photons similar to that in infrared photodissociation, the demethylation rate might be influenced
by the power of the THz radiation (i.e., total THz photon flux) and exposure time, along with
other factors [35]. We first measured the power dependency of THz demethylation in M-293T
DNA at a constant exposure time of 30 min. The absorption cross section was controlled by the
fixed height of the sample holder and a constant sample amount (10 ul). As shown in Fig. 4, the
methylation degree decreases with a 10-uW increase in the THz irradiation power. We averaged
six OD values obtained through ELISA quantification during triplicate experiments performed
under the same condition [12]. The values of the methylation degree were normalized to that of
the control sample (non-irradiated DNA).

3.2. Dependence of THz demethylation in the genomic region on THz exposure time

In our previous study, THz demethylation was completed within 15 min, although the power
dependence was linear thereto [12]. To verify the relationship between THz demethylation
and the exposure time, we applied 40-uW THz radiation to 10-ul DNA solution samples at
various exposure times. Figure 5 shows the normalized methylation degree of M-293T DNA
at different exposure times. We performed triplicate experiments, measuring the OD values
twice. Each data point was obtained by averaging and normalizing the measured OD values. The
methylation degree decreased for a longer exposure time; however, it began to saturate after 10
min, similar to the results in our previous research [12]. Photoactivation by absorption of infrared
photons is known to be a stepwise process with tiny internal accumulation per step [35]. Because
the THz photon has much lower energy than the infrared photon (1.7 THz =7.03 meV), and
demethylation is a large molecular phenomenon, we conjectured that the accumulation of energy
over dissociative levels requires a longer time than other infrared multiple photon dissociations.
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Fig. 4. Power dependency of THz demethylation in M-293 T DNA. (a) Degree of methylation
decreased with increasing THz irradiation power. THz power was augmented via 10-uW
increments, and we obtained each data point by averaging six OD values obtained via ELISA
quantification. Error bars represent the standard deviation of each data point. (b) THz
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Fig. 5. THz demethylation dependence on exposure time in M-293T DNA. Irradiation
power was held constant at 40 uW. Below 15 min of exposure time, the degree of methylation
decreased with longer exposure times; however, the rate began to saturate after 10 min, as
observed in a previous study [6]. The measurements were repeated six times and averaged at
each data point. Error bar indicates the standard deviation.
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We also investigated the performance of THz demethylation in partial genes.

sequencing allows for measuring the degree of methylation in partial genes through ELISA
quantification, which is used to quantify DNA methylation in genomic-scale DNA. We compared
the quantitative DNA methylation between the control and experimental sample that was exposed
to the maximum demethylation conditions (40 uW, 30 min). We obtained the degree of
methylation in a total of 493,635 genes. As shown in Fig. 6, THz demethylation mostly occurs in
genes at the CpG islands (CpGI), which are genomic regions, with a high frequency of CpG sites
(sites of cytosine-phosphate-guanine nucleotides). In the CpGI sites, genes were demethylated
by 53%, while genes were demethylated by less than 3% in non-CpG sites. We concluded that
the distribution of the methylated sites influenced the efficiency of THz demethylation; however,
further investigation is required to confirm this.
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Fig. 6. Asymmetrical pattern of THz demethylation in partial genes. The demethylation
ratio of genes at CpGI sites was much higher than that of the genes at non-CpG sites. Data
were obtained through bisulfite sequencing of M-293 T DNA.

3.3. Demethylation of the melanoma cells and verification of DNA damage by high-
power THz radiation

THz radiation was applied to the melanoma cell pellets to assess the effect of THz demethylation
at the cell level and verify the damage to the DNA bases due to THz irradiation. DNA was
packaged in the cells in contrast with the isolated environment. The experiments using frozen
pellets were performed to analyze the effect of demethylation in packed DNA in cells using THz
radiation and the influence of other cell constituents. We cultured SK-MEL-3 melanoma cells in a
T175 flask and transferred to four 100-mm? dishes. Two cell pellets of 10 ul were generated from
each dish, and we totally prepared eight frozen cell pellets at —4 °C for two experimental sets.
Each experimental set consisted of a control and three THz exposure samples. We applied 40-uW
THz radiation to three cell pellets (1-3) for 30 min. The control sample (CTRL) was treated
accordingly in the absence of THz radiation. The experiments were performed in duplicate, and
the methylation degree was obtained by averaging the obtained OD values, which were measured
twice through ELISA quantification of extracted DNA from the cell pellets. The methylation
degrees of experimental samples were normalized with that of the control sample. The error
bar in the control data was from two repeated experiments. The separated irradiated groups
showed the similar results unaffected by the cell culture process. THz demethylation decreased
the methylation degree of DNA inside melanoma cells by approximately 10—15%, as shown in
Fig. 7. This result indicates that high-power THz radiation can affect not only isolated DNA in
the aqueous environment, but also natural DNA inside the cell structure.

Because THz demethylation uses high-power THz radiation and modulated the DNA structure
directly by breaking the methyl-DNA bonds, the damage to other DNA structures should be
assessed before further developing this method for use in clinical applications. The number of
AP sites is a good indicator of DNA damage, with the potential to induce lethal mutations or cell
death by blocking DNA replication and transcription. Moreover, AP sites can generate DNA
strand breaks [36].

We set up a standard curve with OD values depicting the AP sites per 10° nucleotides before
quantifying the number of AP sites in the DNA (Fig. 8a). The number of AP sites was then
determined by referring to the standard curve. As shown in Fig. 8b, THz radiation induces a few
AP sites (~5-8 AP sites/10° bp). Nevertheless, these numbers were much smaller compared to
the PC, which damaged genomic DNA using an 8§00-nm infrared beam with a power of 160 mW.
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Fig. 7. THz demethylation of melanoma cell pellets (1-3). THz demethylation occurred
within the natural cell structure. Data was averaged across four measurements. Error bars
shows the standard deviation.
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Fig. 8. DNA damage via THz demethylation in melanoma cell pellets. (a) Standard curve
for measurement of AP sites. (b) Number of AP sites produced by THz demethylation. THz
demethylation induced a few AP sites; however, there were fewer sites compared to the
DNA damaged by infrared radiation. Error bars for each data point represent the standard
deviation.

4. Summary

THz demethylation has the potential to become a novel clinical method for cancer treatment as
it can manipulate the degree of DNA methylation, which is an epigenetic regulator in cancer
biology. Because this is an optical technique, the operating conditions during THz irradiation
can be controlled accurately to reduce the risk of side effects.

In this study, we evaluated the effectiveness of THz demethylation in terms of the irradiation
power and exposure time. The degree of THz demethylation in M-293T DNA increased with the
irradiation power. As for the exposure time, the demethylation began to saturate after 10 min. The
global degree of methylation decreased by approximately 48% under the maximum demethylation
conditions of our system (40 uW for 15 min). In partial genes, THz demethylation mainly affected
cytosine in CpGI (53%), where CpG sites were abundant. Moreover, we investigated the DNA
demethylation and damage in melanoma cells induced by THz radiation. THz demethylation
reduced the degree of methylation in the melanoma cell pellets by approximately 10—15% and
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produced five to eight AP sites per 105 bp. Nevertheless, the number of AP sites was much
smaller than that in the DNA damaged by infrared radiation.

Our study provides initial data regarding THz demethylation and discusses the potential of this
method to develop into a novel procedure for cancer treatment. Although we have demonstrated
THz demethylation with frozen cells to reduce the absorption of liquid water [37], this problem at
a physiologically relevant temperature can be solved when a higher THz power is applied using
state-of-the-art THz sources delivering power that is an order of magnitude higher than that used
in this experiment [38—40]. For internal organs, THz waveguides can be utilized to deliver THz
radiation although we plan to start with superficial cancers such as skin melanoma [41,42].
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