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Highlights:

e Absorption spectroscopy, MALDI-TOF mass spectrometry and fluorimetric analysis
using an intercalating dye were used to study the DNA damaging effect of five FDA-
approved antiviral drugs.

e Two drugs, ledipasvir and daclatasvir, consistently show evidence of drug-induced
DNA damage.

e Fluorimetric studies of the rate of the drug-induced DNA damage show its dependence
on the drug concentration.

e This work suggests a novel approach for the treatment of hepatitis B and C patients with

hepatocellular carcinoma.

Abstract

Hepatocellular carcinoma is one of the most common malignant tumors in the world.
Chronic hepatitis B and C infections are the most common etiologies of hepatocellular
carcinoma worldwide. In this study, we explore the potential DNA damaging effect of some
FDA-approved antiviral drugs which may be able to serve as anticancer agents for
hepatocellular carcinoma, in order to better elucidate their mode of action. Five antiviral drugs
were selected; ribavirin, sofosbuvir, tenofovir disoproxil fumerate, daclatasvir and ledipasvir.
Several methods, including absorption spectroscopy, MALDI-TOF mass spectrometry and
fluorimetric analysis using the EvaGreen (EG) intercalating dye, were used to probe the drug-
induced DNA damage. Results show that only daclatasvir and ledipasvir induced DNA

damage. Absorption spectroscopy showed hyperchromicity in the 280-nm DNA absorption



band of DNA samples incubated with each drug, indicating disruption of the double-strand
structure. Mass spectra for DNA samples incubated with each of the two drugs showed a
disappearance of the DNA molecular ion peak with a concomitant appearance of peaks with
smaller m/z, indicating DNA strand breaks. EG fluorescence was observed to decrease with
increasing incubation time of daclatasvir and ledipasvir with DNA, indicating that the EG
detaches from the DNA, likely due to DNA damage. All of these results are consistent with
DNA damage, proposed as oxidative damage to both nucleobase and deoxyribose moieties of
DNA as the mode of action for these two drugs. Moreover, these results are dependent on the
antiviral drug concentration and show that DNA regions rich in guanine are affected more
than other regions by these two drugs. Therefore, such antiviral drugs may present a promising
therapeutic alternative to the currently used anticancer agents, especially for hepatitis B and

C patients with hepatocellular carcinoma resistant to conventional treatment approaches.
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1. Introduction

The incidence of hepatocellular carcinoma, the most common type of primary liver
cancer, is increasing rapidly [1] with the highest mortality rates being in Asia and Africa [2].
Although several chronic liver diseases are associated with hepatocellular carcinoma,
Hepatitis B Virus (HepB) and Hepatitis C Virus (HepC) are statistically the most commonly

implicated risk factors [3]. Combined, they are responsible for 85% of total new hepatocellular



carcinoma cases worldwide, 54% occurring as a result of HepB and 31% as a result of HepC
[4]. These two viral associations mean that 80% of hepatocellular carcinoma cases are
ineligible for curative surgical treatment [5]. Patients with unresectable hepatocellular
carcinoma cannot also be cured by systemic chemotherapy or radiotherapy [5] because
hepatoma cells respond poorly to these approaches in such cases [6]. Given the limited
efficacy of existing treatment for hepatocellular carcinoma associated with HepB and HepC,
the development of novel and efficient targeted therapies is required to increase their treatment

options, such as the use of antiviral agents to lower the incidence of HepB and HepC.

DNA is one of the primary intracellular targets of anticancer drugs; interaction
between small molecules and DNA can cause damage to DNA, blocking cellular division and
resulting in cell death [7,8]. Studying the interactions of DNA with drug molecules with
different pharmacological actions (e.g. antivirals, antihypertensives, etc.) are important for the
identification and design of new efficacious anticancer drugs other than currently used
anticancer drugs, such as cis-platin and doxorubicin [9]. Since the development of new
anticancer drugs is slow and costly, studying the effect of drugs already approved for
indications other than cancer is one possible strategy [10-12]. Small molecules, such as drugs,
can interact with DNA via covalent or non-covalent interactions including intercalation,
groove binding, or electrostatic attraction [13]. If drug binding causes DNA damage in
cancerous cells, then it may affect the replication cycle and may subsequently lead to cell

death.

In this study, we will explore the interaction of various antiviral agents with DNA as
potential anticancer agents. Ribavirin, sofosbuvir, tenofovir disoproxil fumerate, daclatasvir

and ledipasvir are widely used FDA-approved antiviral drugs [14] and therefore we chose
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them to investigate their DNA damaging effect. Several spectroscopic techniques have been
previously used to detect the interactions of small drug molecules with DNA and to quantitate
the damage induced in the DNA, such as UV absorption [11,12,15], fluorescence
spectrophotometry using intercalating dyes such as Hoechst 33258 dye [11], ethidium
bromide [12,16] and terbium chloride [17], fluorescent molecular beacons [18], circular
dichroism spectropolarimetry [11,19], and dynamic viscosity measurements [11,20] Here, we
have used several analytical techniques to determine whether DNA is damaged by these
antiviral drugs, including mass spectrometry, UV absorption and fluorimetric detection using
the EvaGreen intercalating dye [21,22]. The results show that only daclatasvir and ledipasvir
induce DNA damage. As a result, daclatasvir and ledipasvir present promising targeted

therapies for HepB and/or HepC patients suffering from hepatocellular carcinoma.

2. Experimental

2.1. Materials

Ribavirin (RIB), sofosbuvir (SOF), tenofovir disoproxil fumerate (TEN), ledipasvir
(LED) and daclatasvir (DAC) (Table 1) were obtained from Medizen Pharmaceutical
Industries Co. (Alexandria, Egypt). All oligonucleotide sequences (Table 2) were obtained
from Integrated DNA Technologies Inc. (Coralville, lowa) and were purified by standard
desalting. The calf thymus DNA (ctDNA) was obtained from Sigma-Aldrich Canada Ltd.
(Oakville, Ontario). The EvaGreen (EG) dye was obtained from Biotium Inc. (Fremont,
California), sodium chloride was obtained from EMD Chemicals Inc. (Gibbstown, New
Jersey), Tris was obtained from ICN Biomedicals, (Aurora, Ohio) and
ethylenediaminetetraacetic acid (EDTA) was obtained from BDH Inc. (Toronto, Ontario). All
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chemicals were used as received. Nanopure water from a Barnsted Nanopure (Boston,
Massachusetts) system was used for all solutions. The oligonucleotide solution concentration
of 10 uM was prepared in Tris buffer solution (10 mM Tris, 10 mM NaCl, | mM EDTA, pH
7.5), gradually heated to 85°C in a water bath and then annealed at room temperature (25°C)

in the dark for 24 h before use for all samples.

2.2. Instrumentation

Absorption spectra were recorded on an Agilent 8453 diode array spectrophotometer
(San Diego, California). The single fluorescence measurements were performed by using a
Photon  Technologies International (Birmingham, New Jersey) fluorescence
spectrophotometer, while multiplexed fluorescence measurements were performed by using a
Safire fluorescence plate reader (Tecan, Mannendorf, Switzerland). For the mass
spectrometric analysis, a MALDI-TOF-Mass spec-Elite Voyager (Lancashire, UK)

spectrometer equipped with a nitrogen laser was used.

2.3. Procedures

2.3.1. Absorption measurements

For the absorption measurements, 0.5 uM of the random dsDNA sequence (Table 2) was

separately mixed with 20 uM of each of the selected antiviral drugs, RIB, TEN, SOF, LED and

DAC, in buffer (10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH 7.5). The absorption spectrum of

each mixture at incubation times of 0, 6 and 24 hr was recorded to check the progress of the

reaction.

2.3.2. MALDI-TOF mass spectrometry



Reaction mixtures of 50 uM of the random dsDNA sequence with 2 mM of each of RIB,
TEN, SOF, LED and DAC ([dsDNA]:[drug] = 1:40), were incubated at room temperature for 0, 6
and 24 hr. After incubation, each reaction mixture was loaded onto a sample plate with the matrix
9:1 (2,4,6-trihydroxyacetophenone/diammonium citrate) and measured by a MALDI-TOF-Mass
spec-Elite Voyager equipped with a nitrogen laser for ionization and desorption. The nitrogen laser

operated at 337 nm with 3 ns pulse delivered to a sample at 20 Hz.

2.3.3. Fluorescence measurements

Only LED and DAC were used in the fluorescence measurements. EG dye was added to the
random dsDNA sequence followed by incubation at 37 °C for 20 min in the dark. After an
additional 1 hr at room temperature (25°C), LED or DAC was separately added to the dsSDNA-EG
mixture to reach a final concentration of 0.2 uM dsDNA, 0.3 uM EG and 10 uM LED or DAC in
buffer (10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH 7.5). For the control experiments, 10 uM
LED or DAC alone was added to 0.3 uM EG in the same buffer (for the drug/EG control), 0.2 uM
DNA alone was added to 0.3 uM EG in the same buffer (for the DNA/EG control), 0.3 uM EG
alone was prepared in the same buffer (for the EG alone control) or 0.2 uM DNA alone was
prepared in the same buffer (for the DNA alone control). Fluorescence spectra of the incubated
sample mixtures were measured at three time intervals, 0, 6 and 24 hr, using a Photon Technology
International Inc. (Lawrenceville,NJ) fluorimeter. The emission spectra were recorded between

500 and 700 nm with excitation at 490 nm. A 1 cm path-length Suprasil quartz fluorescence cuvette

was used for these measurements.

For measuring the rate of DNA damage induced by LED and DAC, 0.2 uM of each of the

dsDNA sequences (Table 2) were mixed separately with 0.3 uM EG dye using buffer (10 mM



Tris, 10 mM NaCl, 1 mM EDTA, pH 7.5) in different 96-well microplates. The microplates were
incubated at 37 °C for 20 min in the dark and left to cool for 1 hr at room temperature, then LED

and DAC were added separately to dsSDNA-EG mixture in separate wells within a concentration
range of 0.01 — 100 uM. Room-temperature fluorescence intensities were recorded every minute
for a period of 24 hr using the Safire fluorescence plate reader with an excitation wavelength of

490 nm and an emission wavelength of 530 nm.

3. Results and Discussion

3.1. Absorption spectral studies.

Absorption spectroscopy is an effective method to examine the effect of different drugs and
metal complexes on DNA. Any changes in the spectral features of DNA, such as hypo-
/hyperchromism or batho-/hypsochromic shifts, reflect changes in the stacking interaction between
different base pairs in the DNA, likely reflecting structural changes in the DNA that may be
indicative of damage [23]. The absorption spectra of DNA in the presence of the five antiviral
drugs studied here are presented in Figure 1. Results in Figure 1 show hyperchromicity in the
characteristic 260 nm absorption band of DNA in the presence of ledipasvir (LED) and daclatasvir
(DAC) that increase with incubation time (Figure 1a, b). No spectral changes are observed in the
absence of these drugs (see supplementary information, Figure S1). The spectral changes of the
DNA observed in the presence of DAC and LED reflects the occurrence of some sort of DNA-
drug interaction that affects the base-pair stacking and therefore increases the DNA absorbance at
260 nm. For ribavirin (RIB), sofosbuvir (SOF) and tenofovir (TEN), no change in the 260 nm

absorption band is observed (Figure Ic, d, and e) and therefore, these drugs are not considered



further in this study. This result is not surprising, due to the high structural resemblance of TEN,

RIB, and SOF to the DNA nucleobases or nucleotides (Table 1).

Figure la additionally shows a decrease in the 330 nm absorption band of LED in the
presence of DNA with increasing incubation time. This result is not observed for LED in the
absence of DNA (supplementary information, Figure S1). No such spectral differences in the 315
nm absorption band of DAC in the presence (Fig. 1b) or absence (supplementary information,
Figure S1) of DNA is observed with increasing incubation time. This result indicates that LED
and DAC may exhibit two different mechanisms of interaction with DNA which nevertheless are
common in affecting the stacking interaction between the base-pairs, causing an increase in the
260 nm absorption band. The absorption bands for RIB, SOF and TEN lie within the DNA
absorption band, and no significant changes are observed for that band for these 3 drugs, as

discussed above.

3.2. MALDI-TOF MS analysis of DNAin the presence of LED and DAC

In order to investigate the damage induced in DNA upon incubation with LED and DAC,
MALDI-TOF MS was performed on the random DNA sequence (Table 2) incubated with LED
and DAC at different time intervals. Figures 2 and 3 show the mass spectra of random DNA in the
presence of LED and DAC, respectively. Figure 2a records the DNA mass spectrum immediately
after mixing with LED. The signals at m/z~6,485 are the molecular ions of each of the two
complementary strands of the random DNA sequence. Smaller side peaks in Figure 2a represent
the molecular ions non-covalently complexed with one or more sodium (m/z=23) and/or potassium
(m/z=39) ions. Figure 2a shows no other significant peaks than the molecular ions of the DNA.
Thus, no evidence of an immediate reaction between DNA and LED is seen in the mass spectrum.

However, after 6 hr incubation with LED, Figure 2b shows a significant decrease in the molecular
9
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ion peak of DNA at m/z~6,485 with the subsequent appearance of four other, much higher-
intensity peaks at smaller m/z~1,575, 1,739, 2,614, and 3,503. After 24 hr incubation of DNA with
LED (Figure 2c¢), the molecular ion peak of DNA completely disappears and the intensities of the
other four lower m/z peaks have significantly increased. The insets in Figure 2 focus on the spectra
in the region 1250—4000 to show the peaks produced upon the reaction of DNA with LED. DAC
shows similar spectra and a similar progression of the mass spectrum with increasing DNA
incubation time (Figure 3). The mass spectrum of the random DNA after immediate mixing with
DAC shows only one molecular ion peak at m/z~6,445 that corresponds to the two complementary
strands of the random DNA sequence (Figure 3a). After 6 hr incubation, however, Figure 3b shows
a significant decrease in the molecular ion peaks of DNA at m/z~6,445 with the appearance of two
other peaks at smaller m/z~1,478 and 1,517. The intensities of these two peaks increase
significantly after the 24 hr incubation of DNA with DAC and the DNA molecular ion peaks are
again almost completely absent (Figure 3c). The insets in Figure 3 focus on the spectral region
1200 — 2000 to show the resulting peaks produced upon the reaction of DNA with DAC.

It is clear from the spectra in Figure 2 and 3 that there are no peaks at an m/z greater than that
of the molecular ion peak of the DNA. This indicates that the change in absorption spectra of DNA
in the presence of LED and DAC (Figure 1) is not due to covalent modification or intercalation
binding of the drugs with DNA. Instead, the mass spectra after long incubation time with the LED
and DAC (Figure 2 and 3) show significant decreases in the molecular ion peak of DNA with the
appearance of other peaks at smaller m/z that increase significantly with incubation time, hence
the formation of smaller DNA fragments, likely caused by damage such as strand breaks.
Moreover, the interaction of LED and DAC with DNA results in the formation of peaks with
different m/z values indicating that the site of interaction of LED with DNA differs from that of

DAC, which agrees with the different abosrption results obtained (Figure 1a and b).
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We propose that LED and DAC induce DNA strand breaks as a result of the oxidation of the
deoxyribose moieties in the DNA. It has been previously reported that oxidative damage to the
deoxyribose moieties is mainly through the formation of alkaline labile lesions resulting from
oxidation at the DNA C-1’ or C-4’ positions [24] or through direct strand scission that occurs via
an oxygen-dependent process initiated by C-4’ hydrogen atom abstraction in DNA [25]. The
resulting DNA fragments would thus have lower m/z values than the parent DNA.

3.3. Fluorescence spectroscopy: Determination of DNA damage induced by LED and

DAC

Since LED and DAC are non-emissive both in the absence and presence of DNA, the
fluorescent dye EvaGreen (EG) [22] was used for the determination of any DNA structural changes
in the presence of LED and DAC. EG is constructed of two monomeric units joined through a
flexible linker. This dimeric dye is fluorescently inactive in the absence of dSDNA and assumes a
closed loop conformation with the two chromophores in close proximity to one another, which
quenches any fluorescence. However, the closed loop conformation of EG opens upon binding to
DNA, separating the two chromophores and leading to maximum fluorescence. Most importantly,
the equilibrium between bound and free EG in the presence of DNA is substantially affected by
DNA base pairing; disruptions to the normal base pairing leads to a reduction in EG fluorescence
due to a shift of the equilibrium more to the free, non-fluorescent EG [22]. Figure 4a shows the
fluorescence spectra of EG in the presence and absence of dsDNA after excitation at 490 nm. As
expected, the dSDNA-EG complex shows high fluorescence intensity at 530 nm (Figure 4a, solid
line) while no EG fluorescence is seen in the absence of dsSDNA (Figure 4a, dotted line). Also,

dsDNA does not show any fluorescence at 350 nm in the absence of EG (Figure 4a, dashed line).
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Upon the addition of LED to the EG/dsDNA mixture and immediate fluorescence
measurement, a high intensity fluorescence is recorded (Figure 4b, solid line). However, after 6 hr
of incubation (Figure 4b, dashed line), a decrease in EG fluorescence was observed which further
decreased after 24 hr of incubation (Figure 4b, dotted line). The same trend was observed for DAC
with the dsDNA-EG mixture (Figure 4c), although the magnitude of decrease after 6 and 24 hrs is
different for the two drugs. We interpret this decrease in fluorescence intensity to the
decomplexation of EG from the dsDNA, likely due to DNA damage induced by the drugs. This
conclusion is supported by the fact that no such change in fluorescence was observed with only

dsDNA and EG (Figure 4b and 4c insets).

As shown in Figure 4, there is a good dynamic range in the fluorescence intensity with
increasing drug-dsDNA incubation time for both LED and DAC. To further explore whether this
decrease in fluorescent intensity can be correlated to the amount of damage produced, the kinetics
of the drug-dsDNA interaction, detected by the changing EG fluorescence are shown in Figure 5
for LED (Figure 5a) and for DAC (Figure 5b). For comparison, the rate of decrease in fluorescence
of the dsDNA-EG complex alone, the LED-/DAC-EG complex alone, LED/DAC alone, DNA
alone and EG alone are also shown in Figure 5. The fluorescence intensity was recorded every
minute over 24 hr in order to precisely characterize the EG fluorescence changes, and the structural

changes in the DNA they reflect.

Figure 5a shows that EG has higher fluorescence intensity for the LED-dsDNA-EG mixture
than that of the dsSDNA-EG complex alone. This result may indicate that the presence of LED
enhances intercalation of the EG dye into dsDNA, and thereby increases its emission through a
concentration effect. It is unlikely that a direct interaction between LED and EG which enhances

EG emission is occurring, since the EG-LED fluorescence trace is essentially at baseline and
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unchanged throughout the entire 24 hr period (Figure 5a). For the first 150 min of incubation, the
fluorescence intensity of the LED-dsDNA-EG mixture remains constant during which the drug-
induced DNA damage is not sufficient to affect the intercalation of EG with DNA resulting in the
initial constant fluorescence. After the first 150 min of incubation with LED, the fluorescence
intensity decreases gradually and exponentially with increasing incubation time until the
fluorescence reaches its minimum intensity after ~900 min incubation. This gradual decrease in
fluorescence with time is interpreted as LED-induced DNA damage, which leads to
decomplexation of EG with a consequent decrease in fluorescence emission. This interpretation is
consistent with both the absorption and mass spectral data presented above. After 900 min
incubation, the fluorescence intensity of the LED-dsDNA-EG mixture remains constant and
overlaps the LED-EG fluorescence plot until the end of the 24 hr measurements, which indicates
that all the EG is completely released after 15 hr (900 min) of DNA incubation with LED. On the
other hand, the fluorescence intensity of the dsDNA-EG sample remains essentially constant
throughout the measurement, as did the kinetic traces of LED/DAC alone, DNA alone and EG

alone; these latter samples showed minimal fluorescence that did not change with incubation time.

Similarly, Figure 5b shows that the fluorescence intensity of the DAC-dsDNA-EG mixture
remains constant for the first 400 min incubation. This indicates that DAC requires a longer
"latency" time than LED before EG begins decomplexation from the dsDNA. After ~400 min
incubation,the EG fluorescence intensity gradually decreases with incubation time until the
fluorescence reaches its minimum intensity at ~900 min of incubation. At this time, the dsDNA-
EG-DAC fluorescence is the same as the DAC-EG fluorescence and continues at this minimal
fluorescence intensity level until the end of the measurements. Thus, EG has completely

decomplexed from the dsDNA on the same timescale for DAC as for LED, but with different
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damage kinetics. The different latency time and different rate constant for the subsequent damage
between the two drugs again emphasizes that the actual damage mechanism is different for the

two, but that both damage the dsDNA.

To further characterize the interaction of dsDNA with the two antiviral drugs, LED and DAC,
fluorescence kinetics as a function of drug concentration were measured. Figure S2 in the
supplementary information shows the results of these studies over the 0-100 uM concentration
range for LED (Fig. S2a) and DAC (Fig. S2b). All plots in Figure S2 show an increase in the initial
fluorescence of the dsSDNA-EG complex as the concentration of the drug increases, consistent with
a drug-induced, concentration-dependent shift of the complexation equilibrium towards the
dsDNA-EG complex. Similar to Figure 5, EG decomplexation from the dsDNA proceeds after a
latency period, with the latency period shorter and the decomplexation kinetics faster as the drug
concentration increases. The kinetics of the dSDNA-EG fluorescence decrease after the initial
latency periods for each drug concentration was fit to a single exponential function in order to
determine the rate of decrease of fluorescence intensity with incubation time. The single

exponential function used is

Ir=1Ipy + Ae’t

where Ir is the fluorescence intensity at time 7, /ro is the fluorescence intensity at time 0, 4 is the

amplitude, and ™7 is the exponential decay withz representing the damage constant. Table S1 in

the supplementary information shows all the fitting parameters obtained. The insets in Figure S2
show a representative example of the exponential fit to the data points of the rate of DNA damage
induced by 10 uM LED (Figure S2a-inset) and 10 uM DAC (Figure S2b-inset). All the exponential

fits to the rate of DNA damage induced by different concentrations of LED and DAC are presented
14



in Figure S3 and S4 in the supplementary material. The faster the decrease in the fluorescence
intensity with time, the smaller the damage constants (7) obtained from the exponential fits and
the faster the rate of DNA damage induced by the drug. Figure 6 and Table S1 show that as the
concentration of LED or DAC increases, the damage constant generally decreases, reflecting the
greater rate of damage induced in DNA. Thus, different drug concentrations could be chosen

according to the required degree of efficacy as an anticancer drug

In order to get some insight into the dSDNA damage mechanism for LED and DAC, the rate
of EG fluorescence change, reflecting structural changes likely due to damage, was studied by
incubating four different sequences of dsDNA with LED and DAC for 24 hr. The four dsDNA
sequences (Table 2) include a random sequence with 18 guanines (G’s)/ cytosines (C’s) base pairs
and 3 thymines (T’s)/adenines (A’s) base pairs, a poly-TG sequence with 10 G/C base pairs and
11 T/A base pairs, a poly-TC sequence with 10 G/C base pairs and 11 T/A base pairs and finally,
a poly-T sequence with 21 T/A base pairs. Figure S5 in the supplementary information shows the
rate of fluorescence decrease upon incubation of DNA with each of the two drugs. All dsDNA
sequences have been subjected to the same conditions during the experiment and incubated with
100 uM of each drug. Initially at the latency period, the poly-TG sequence with both LED and
DAC has the highest initial fluorescence intensity of all the four sequences, followed by the poly-
TC sequence, then the random sequence and finally the poly-T sequence exhibits the lowest
enhancement of EG fluorescence. This result indicates that EG dye intercalates best in DNA

regions of alternating T and G bases and alternating T and C bases.

A comparison of the rates of fluorescence decrease provides a direct comparison of the
influence of the different dsDNA sequence on the extent of damage induced by the antiviral drugs.

The fluorescence plots of both LED (Figure S5a) and DAC (Figure S5b) are fit using the single
15



exponential function mention above. The exponential fits are presented in Figure S6 and S7 in the
supplementary information and the damage constants of different sequences are listed in Table S2
in the supplementary information. The drug-induced damage rates seem to be similar for both LED
and DAC as a function of sequence, with much smaller differences in the damage constant as a
function of sequence than as a function of concentration. The damage constants listed in show that
the random sequence has a somewhat smaller damage constant than the poly-TG and poly-TC
sequences, which have very similar damage constants, while the poly-T sequence has a somewhat
higher damage constant than all the other sequences. This result suggests that the random sequence
is damaged faster by the antiviral drugs than the other three sequences and the poly-T sequence is
damaged slower than the other three sequences. Comparing nucleobases in each sequence reveals
that the random sequence has 18 G’s which are most prone to oxidative damage, suggested here
to be the mechanism of DNA damage induced by LED and DAC. However, poly-TG and poly-
TC sequences have only 10 G’s and the poly-T sequence has no G’s at all, which is consistent with
the ranked order of increase in the damage constants (Table S2) in this oxidative damage model.
Guanine has the lowest ionization potential among all DNA components; it serves as the preferred
site of electron loss in DNA with subsequent formation of the guanine cation radical [26]. This
radical undergoes nucleophilic addition of water at C8 to form the 8-hydroxy-7,8-dihydroguanin-
7-yl radical that either loses one electron to form 8-oxo-guanine or gains one electron to form the
formamidopyrimidine product [27]. The formation of these DNA lesions may likely affect the
Watson-Crick base pairing of the dsSDNA sequences. and lead to decomplexation of EG from the
damaged DNA, forming the minimally emissive free EG. The greater the number of G’s in the
DNA, the faster the rate of damage and the lower the subsequent fluorescence emission at a

specific incubation time.
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This study demonstrates the DNA damaging effect of the two antiviral drugs, LED and DAC.
These drugs present a promising therapeutic approach for HepB and HepC patients with
hepatocellular carcinoma unable to be treated with other therapies. These two antiviral drugs have
the potential to be used as targeted therapies with dual antiviral and anticancer activities, especially
for cases resistant to conventional approaches. HepC-infected cells have been reported to be
resistant to DNA-damage-induced apoptosis where several HepC components can inhibit the
activation of p53 gene in the nucleus [28-30] and therefore most of the HepC patients are highly
prone to hepatocellular carcinoma. Our results show that LED and DAC induce DNA damage,
likely through the oxidation of both nucleobases and deoxyribose moieties of DNA. However, the
exact mechanism of damage requires more study and further investigation using a variety of tools
such as '*O-labeling, *H-labeling and product analysis. Also, more research needs to be done to
evaluate the drug-induced DNA damage in cells using techniques such as PCR, fluorescence in
situ hybridization, flow cytometry, gel electrophoresis and comet assays, and to study the efficacy
and dose response of these antiviral drugs as anticancer agents in experimental animals.

4. Conclusion

Five newly developed FDA-approved antiviral agents, ribavirin, sofosbuvir, tenofovir
disoproxil fumerate, daclatasvir and ledipasvir, were studied in this work to probe their DNA-
damaging potential and mechanism. The drug-induced DNA damage has been examined using
absorption spectroscopy, MALDI-TOF mass spectroscopy, and fluorimetric analysis using EG, an
intercalating dye. The major conclusion of the present study is that ledipasvir and daclatasvir can
induce nucleic acid damage. The absorption spectra show hyperchromicity in the 260 nm
absorption band characteristic to DNA that increases with incubation time with ledipasvir and

daclatasvir. The mass spectrometric results show a disappearance of the DNA molecular ion peak
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with the appearance of other peaks with smaller m/z, likely due to DNA strand breaks upon
incubation with ledipasvir or daclatasvir. Furthermore, fluorimetric analysis using the EG dye has
been used to measure the rate of the drug-induced DNA damage upon incubation with the two
studied drugs. The results show that the rate of DNA-induced damage is dependent on the
concentration of the antiviral drug and that DNA regions rich in guanine appear to be slightly more
susceptible to ledipasvir- and daclatasvir-induced damage, which suggests that ledipasvir and
daclatasvir may induce oxidative damage to DNA. This work is considered to be the first study to
suggest a novel approach for the treatment of hepatitis B and C patients with hepatocellular

carcinoma, especially for those cases that are resistant to conventional treatment approaches.
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Table 1. Structure and systematic names of the five antiviral drugs used in this study.

Name Structure and IUPC name
Ribavirin °
(RIB) NQ_ s
HO QN,N
o}
OH OH
1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-1H-1,2 4-triazole-3-
carboxamide
Sofosbuvir
(SOF) Q fL
H:C.,
/Q H3C
o (o]
OH F
Hy,C™ CH,
Isopropyl(2S)-2-[[[(2R,3R,4R,5R)-5-(2,4-dioxopyrimidin-1-yl)-4-fluoro-3-hydroxy-
4-methvl-tetrahvdrofuran-2-vlimethoxv-nhenoxy-phosphoryl]amino]propanoate
| Tenofovir NH.
disoproxil ,(L
fumerate J j\
(TEN) t';l" —o” 0" Yo7 > H_ COMH
E;HB 0._0._0 HO,C H
TT
Bis{[(isopropoxycarbonyl)oxy|methyl} ({[(2R)-1-(6-amino-9H-purin-9-yl)-2-
propanyl]oxymethyl)phosphonate (2E)-2-butenedioate
Ledipasvir o™
(LED) ),,_ ﬁH
VCNS,O F Hjﬁ
NH N
, @
e Tatavat L
HN
_0
MethyIN-[(2S)-1-[(6S)-6-[5-[9,9-Difluoro-7-[2-[(1S,2S,4R)-3-[(2S)-2-
(methoxycarbonylamino)-3-methylbutanoyl]-3-azabicyclo[2.2.1]heptan-2-yl]-3H-
benzimidazol-5-yl]  fluoren-2-yl]-1H-imidazol-2-yl]-5-azaspiro[2.4]heptan-5-yl]-3-
methyl-1-oxobutan-2-yl]carbamate
Daclatasvir ~o o~
(DAC) O)\rlq:f o
Ao o
) N /N ?)Y
L CYLJ\@
H H
Dimethyl N,N'-([1,1'-biphenyl]-4,4'-diylbis { 1 H-imidazole-5,2-diyl-[(2S) pyrrolidin -
2,1- diyl] [(2S)-3-methyl-1-oxobutane-1,2-diyl]} )dicarbamate
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Table 2. Sequences of the dsSDNA used in this study.

Sequence

Random

5’-AGC CCG TCG GGC GGG AGC GCC-3’
3’-TCG GGC AGC CCG CCC TCG CGG-5’

poly-TG

5'-TGT GTG TGT GTG TGT GTG TGT-3’
3’-ACA CACACA CACACA CACACA-Y

poly-TC

5-TCT CTC TCT CTC TCT CTC TCT-3’
3’-AGA GAG AGA GAG AGA GAG AGA-5’

poly-T

5-TTTTTT TTT TTT TTT TTT TTT-3’
3’-AAA AAA AAA AAA AAA AAA AAA-Y
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Figure legends:

Figure 1. The absorption spectra of the random oligonucleotide sequence (0.5uM) in the presence
of 20 uM of (a) LED, (b) DAC, (c) RIB, (d) SOF and (e) TEN in buffer (10 mM Tris, 10 mM
NaCl, 1 mM EDTA, pH 7.5) for time intervals of 0 (solid line), 6 (dashed line) and 24 hr (dotted

line).

Figure 2. MALDI-TOF MS of the random oligonucleotide in the presence of LED (a) immediately
after mixing, (b) after 6 hr, and (c) after 24 hr incubation. The signal at m/z~6,485 amu is the

molecular ion of the random sequence.

Figure 3. MALDI-TOF MS of the random oligonucleotide in the presence of DAC (a) immediately
after mixing, (b) after 6 hr, and (c) after 24 hr incubation. The signal at m/z~6,445 amu is the
molecular ion of the random sequence.

Figure 4. Fluorescence spectra of EG (a) in the presence (solid line) and absence (dotted line) of
dsDNA, (b) after mixing with dSDNA and incubating with LED for 0 (solid line), 6 (dashed line)
and 24 hr (dotted line), and (c) after mixing with dsDNA and incubating with DAC for 0 (solid
line), 6 (dashed line) and 24 hr (dotted line). The final concentrations are 0.2 uM dsDNA, 0.3 uM
EG and 10 uM LED or DAC in buffer (10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH 7.5). Insets
in Figure 4(b) and (c) represent the fluorescence spectra of the DNA-EG complex in the absence
of the drugs measured at time intervals 0, 6 and 24 hr. The excitation wavelength is 490 nm and
c.p.s. represents counts per second. The dashed line in Fig. 4a shows the fluorescence of dsDNA

alone for comparison.

Figure 5. EG fluorescence intensity of the dsSDNA-EG complex as a function of incubation time

with (a) LED and (b) DAC (black line). EG fluorescence of the LED/DAC-EG complex (olive

23



green line), LED/DAC alone (cyan line), DNA alone (magenta dashed-dotted-dotted line) and EG
alone (blue line) are also shown. The red line represents the dsDNA-EG complex without either
of LED or DAC. The excitation wavelength is 490 nm and the emission wavelength is 530 nm.

c.p.s. represents counts per second.
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Figure 3
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Figure 5

Fluorescence Intensity (x 107 c.p.s)
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Figure S1: The absorption spectra of (a) the random oligonucleotide sequence (0.5 M) alone, (b)
LED, (c¢) DAC, (d) RIB, (e) SOF, (f) TEN in buffer (10 mM Tris, 10 mM NaCl, 1 mM EDTA, pH 7.5)

for time intervals of 0 (solid line), 6 (dashed line) and 24 hr (dotted line).
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Figure S2. EG fluorescence intensity as a function of incubation time of 0.2 pyM dsDNA mixed with 0.3
MM EG in the presence of different drug concentrations for (a) LED and (b) DAC. Different colored lines
represent different drug concentrations with the dSDNA-EG complex such as 0 yM LED or DAC (black
line), 0.01 uM LED or DAC (red line), 0.1 yM LED or DAC (olive line), 1 pM LED or DAC (blue line),
10 uM LED or DAC (cyan line), 20 uM LED or DAC (pink line), 30 uM LED or DAC (yellow line), 40
MM LED or DAC (dark yellow line), 60 uM LED or DAC (navy line), 80 pM LED or DAC (magenta
line), 100 uM LED or DAC (wine line), The excitation wavelength is 490 nm and the emission
wavelength is 530 nm. Insets in Figure 6a and 6b represent the single exponential fit to the equation I, =
Lot Ae ™" for dsDNA damage and 10 uM LED or 10 uM DAC, respectively. The damage constants (1),
offsets (I, ) and amplitudes (A) for each of the different concentrations are recorded in Table S1 in the

supporting information. c.p.s. represents counts per second.
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Figure S3: Effect of different concentration of DAC on the rate of DNA damage
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Figure S5. EG fluorescence intensity as a function of incubation time of 0.2 yM random (blue line), 0.2
MM poly-TG (black line) , 0.2 UM poly-TC (red line) and 0.2 yM poly-T (olive line) sequences mixed
with 0.3 yM EG in the presence of 100 uM of (a) LED and (b) DAC. All dsDNA sequences have been
subjected to the same conditions during the experiment. The excitation wavelength is 490 nm and the

emission wavelength is 530 nm. c.p.s. represents counts per second.
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Figure S6: Effect of DAC on the rate of DNA damage of different dsSDNA targets
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Figure S7: Effect of LED on the rate of DNA damage of different dSDNA targets

Table S1. Effect of different concentrations of LED and DAC on the damage induced in a random
sequence of dsDNA.

Drug concentration Damage constant “17” (min)
(M) LED DAC
1117 £28.7
0or | - (IF'0=32.511.78X106,
A= 147+1.13%10°)
735%15.0 1255 +32.8
0.1 (IF’O=2.31iO.57X106, (IF,O=38.1101.99><106,
A=81.0£0.32x10°) A=150+1.42x10°)
827+5.24 1161+ 25.7
1 (IF’0:8.8810.18><106, (IFJ0:36.911.73X106,
A=75.84£0.10%10°) A=163%1.15%10°)
499+ 1.01 1082+ 17.1
10 (IF_0=1.0510.04X106, (IF,0=95.712.63><106,
A=70.0£0.07x10°) A=393+1.22x109)
490+ 6.68 1212+ 16.4
20 (IF’0:6.73J_rO.37X106, (IF'0:112J_r2.17X106,
A=123%0.75%10°) A= 345+1.25%10°)




497+ 7.63 738+ 6.48
30 (I;,=6.05+0.40%10°, (1;,=45.8+0.93x10°,
A=102£0.54%10°) A=324+0.53x10°)
411+4.48 525+ 5.33
40 (I;,=3.51£0.24%10°, (1;,=24.240.68%10°,
A=129+0.88%10°) A=312+1.52x10°)
345%2.76 246+ 1.91
60 (1;,=0.55+0.01x10°, (I;,=4.54+0.28x10°,
A=130£0.86x10°) A=560£5.01x10°)
277+ 1.96 248+ 1.80
80 (I5,=0.03+0.01x10°, (1;,=4.57+0.25%10°,
A=169%1.32x10°) A=608+7.05%x10°)
262+ 1.73 234+ 1.95
100 (1;,=0.79+0.01x10°, (1:,=3.99+0.28%10°,
A=187%1.47x10°) A= 484+3.58x10°)

EvaGreen fluorescence curve fitting parameters are shown for the different concentrations of LED and
DAC used in this work. The fluorescenceis fit to a single exponential function (I = I, + Ae "), where A
(c.p.s.) is the amplitude, I, (c.p.s.) is the y offset (shown in the brackets), and t is the damage constant
obtained from fitting the experimental data points in Figure 5. The random sequence dsDNA concentration
was 0.2 uM.

Table S2. Effect of LED and DAC on different sequences of DNA.

Damage constant “T” (min)
DNA Sequences
LED DAC

204+1.29 173+1.33
Random (I;=2.53£0.07x 10°, (I=3.9£0.10x% 10,
A=181£1.52x10°) A=722+114.4%x10°)

306+ 2.17 223+ 1.46
poly-TG (I;;=1.14£0.16% 10°, (I ;=2.890.18x 10°,
A=178%1.07%10°) A=762+9.91x10°)

298+ 2.21 230+ 1.33
poly-TC (I;=0.15£0.01x 10°, (I;,=0.60£0.10x 10°,
A=162+1.12%10°) A= 665£7.41%10°)

357+ 3.55 297+ 2.84
poly-T (I;,=1.84£0.07x 10°, (I;,=0.79£0.01x 10°,
A=43.6£0.29x10°) A= 62.6£0.26x10°




EvaGreen fluorescence curve fitting parameters are shown for all the oligonucleotide sequences used in
this work. The fluorescence is fit to a single exponential function (I = I, + Ae™), where A (c.p.s.) is the
amplitude, I, (c.p.s.) is the y offset (shown in the brackets), and t is the damage constant obtained from
fitting the experimental data points in Figure 6. The drug concentrations were 100 UM each and the dsDNA
concentration was 0.2 uM.
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