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Abstract

Development and Investigation of a Dihydroartemisinin-Resistant Human Leukemia Cell Line

Jungsoo Park

Chair of the Supervisory Committee:

Narendra Pal Singh, MBBS, MS

Artemisinin generates cytotoxic free radicals when it reacts with ferrous iron, and induces
molecular damages and apoptosis in cells. Its toxicity is more selective toward cancer cells
because cancer cells contain a higher level of intracellular free iron. Dihydroartemisinin (DHA),
an active metabolite of artemisinin, has selective cytotoxicity toward Molt-4 human
lymphoblastoid cells and could be a potent cancer chemotherapeutic compound. A major
concern is whether cancer cells could develop resistance to DHA after repeated administrations,
thus limiting its therapeutic efficacy. In the present study, a DHA-resistant Molt-4 cell line (RTN)
was developed by exposing Molt-4 cells to gradually increasing concentrations of DHA in vitro.
The half maximal inhibitory concentration (ICso) of DHA for RTN cells was significantly higher
than that of Molt-4 cells. However, RTN cells did not exhibit any significant cross resistance to
artemisinin-tagged holotransferrin (ART-TF), a synthetic artemisinin compound. In addition,
DNA damage induced by DHA and ART-TF in both Molt-4 and RTN cells was investigated
using the Comet assay. RTN cells exhibited a significantly lower level of basal and X-ray

induced DNA damage compared to Molt-4 cells. Both DHA and ART-TF induced DNA damage
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in normal Molt-4 cells, whereas DNA damage was induced in RTN cells by ART-TF, and not
DHA. This research shows that ART-TF is a potent anticancer agent against DHA- resistant

RTN cells and could be used as a replacement when resistance to DHA is developed.
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Introduction

Artemisinin, a renowned anti-malarial compound extracted from the plant Artemisia annua L
(sweet wormwood)(1). Interestingly, in addition to the anti-malarial property, artemisinin and its
derivatives also have been reported to exhibit anticancer properties in vitro (2-4), in vivo (5,6)
and in cancer patients (7,8). Further research has shown that dihydroartemisinin (DHA), a major
active metabolite form of artemisinin, has selective anticancer activity against Molt-4 human

lymphoblastic leukemia cells by inducing apoptosis (9).

Artemisinin contains an endoperoxide moiety which reacts with intracellular free ferrous irons
to generate carbon-based free radicals. When these carbon-based radicals are formed in an
intracellular environment, they can induce macromolecular damages, including DNA damage,
which eventually account for artemisinin and its derivatives’ cytotoxicity (10). In mammalian
cells, iron is transported to the cell via receptor-mediated endocytosis of the iron-carrying plasma
protein holotransferrin (iron-loaded transferrin) (11). When the pH level decreases in an
endosome, iron is released from holotransferrin and then pumped out into the cell’s cytoplasm.
Afterwards, transferrin and transferrin receptors are recycled back to the cell surface. Since
cancer cells require larger amount of iron for rapid cell division and proliferation (12, 13), they
express higher level of transferrin receptors on their cell surface and uptake a higher amount of
iron. Therefore, higher intracellular iron level of cancer cells would make them more vulnerable
to artemisinin cytotoxicity compared to normal cells. Because of its high specific cytotoxic effect
against cancer cells, artemisinin and its derivatives, including DHA, are potential effective

cancer chemotherapeutic drugs.
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However, a major issue with chemotherapy is that cancer cells could potentially develop drug
resistance. Drug resistance is a problem to a majority of the anticancer agents; therefore, it is
highly plausible that cancer cells could also develop resistance to DHA and other artemisinin
derivative compounds after repeated administrations. Increased drug efflux, enhanced drug
inactivation, apoptosis defects, insufficient drug delivery, target-receptor modification, increased
tolerance to DNA damage, or increased DNA damage repair might contribute to the biological

mechanisms of drug resistance of cancer cells to anti-cancer agents (14-19).

In an effort to overcome resistance to DHA, experimental studies using in vitro models of
DHA-resistant cancer cell lines and investigating cell viability and DNA damage in human
cancer cell lines in response to artemisinin-like compounds might provide insight into the
effective usage of artemisinin and its derivatives (20). Also, synthetic artemisinin derivatives
which have been reported to exhibit enhanced anticancer properties compared to DHA (21) can
be potential candidates to kill DHA-resistant cancer cells and replacements once resistance has

developed.

One of the most potent synthetic artemisinin derivatives known is artemisinin-tagged
holotransferrin (ART-TF) developed by Lai et al. (22). Lai et al reported that ART-TF, when
compared to DHA, was more potent in killing Molt-4 cells. In ART-TF, artemisinin is covalently
attached to holotransferrin, where artemisinin can be co-transported into the cells via receptor
mediated endocytosis whereas DHA enters the cell by diffusion across the cell membrane.
Because ART-TF is delivered through the cells by different mechanism of action, ART-TF might

be utilized as a potential anticancer agent to overcome the DHA-resistance in cancer cells.
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The most renowned method for assessing DNA damage is the Comet assay (microgel
electrophoresis) (23). The major advantage of the Comet assay over other DNA-damage
measurement methods is that it has the capability to assess DNA damage at single-cell level.
Another feature of the Comet assay is that it has the sensitivity for detecting low levels of DNA
damage (24, 25). In addition, only a small number of cells are necessary for the assay allowing

analysis of DNA damage of various experimental conditions within a short period of time.

Hence in the present thesis, DHA-resistant Molt-4 cell line (RTN) was established by
continuously exposing Molt-4 human lymphoblastic leukemia cells to gradually increasing
concentrations of DHA in vitro. Characteristics of the Molt-4 and RTN cells were examined and
their responses to DHA were compared. Then, Molt-4 and RTN cells were tested with ART-TF
to compare its potency with DHA. In addition, to investigate the levels of DNA damage induced
by DHA and ART-TF in both Molt-4 and RTN cells, the alkaline Comet assay, which quantifies
DNA single-strand breaks in cells, was performed. In the Comet assay, single cells with
significant levels of DNA damage display an increased migration of DNA from the nucleus
under electrophoresis (26). Analysis of single cells based on size and the intensity of the comet
tail provides a comparative index of DNA damage induced by DHA and ART-TF on Molt-4 and

RTN cells.
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Materials and Methods

Chemicals. All chemicals were purchased from Sigma Aldrich (St Louis, MO, USA) unless

stated otherwise.

Molt-4 cell culture. Molt-4 cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). They were cultured in RPMI-1640 (Life Technologies, Grand
Island, NY, USA) with 10% fetal bovine serum (ATCC) at 37°C with 5% CO, in air and 100%
humidity. At a cell density of 6x10° cells/ml, Molt-4 cells were diluted to a density of

approximately 6x10* cells/ml at 24 h prior to experiments.

Development of a DHA-resistant RTN cell line. Molt-4 cells were first exposed to 25 uM of
DHA (Holley Pharmaceuticals, Chongging, China) in RPMI-1640 medium for 24 h. Cells then
were washed by centrifugation at 870 x g for 5 min in a microfuge (Sorvall Microspin, model
245) to obtain cell pellets. Pellets were re-suspended in fresh RPMI-1640 medium. Until the
surviving cells completely recovered to a cell density of 6x10° cells/ml and exhibited a normal
exponential growth, cells were then treated again with 25 pM of DHA for 24 h. This step was
repeated two times more. The cells were then exposed to increase concentrations of DHA: three
times each (3 x 24 h) at 50 uM, 75 puM, and 100 puM. After all the steps, the surviving cells were
washed and cultured in DHA-free RPMI 1640 medium. The resulting cell line was termed the

RTN cell line.
Synthesis of Artemisinin-tagged holotransferrin (ART-TF) Artemisinin-tagged holotransferrin

(ART-TF) was synthesized as previously described by Lai et al (22). The synthesis of ART-TF

was divided into three steps.
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Synthesis of methyl 4-[(10-dihydroartemisininoxy) methyl] benzoate of artemisinin.
Dihydroartemisinin (DHA) was acetylated first with acetic anhydride in pyridine in the presence
of 4- (dimethylamino)pyridine as previously described by Kim and Sasaki (27).

In acetylated artemisinin (0.100 gm, 0.306 mmol) (compound 1 in Figure 1) and methyl p-
hydroxymethylbenzoate (0.0056 gm, 0.336 mmol) in anhydrous CHCI3 (1 ml), Trimethylsilyl-
trifluoromthnaesulfonate (TMSOT, 0.013 ml, 0.06 mmol) was added and the reaction solution
was stirred for 40 min at room temperature. Then, the mixture was quenched with saturated
NaHCOj3 solution (0.5 ml) and was extracted with CHCI5;. The organic layer was then washed
with water and brine, dried over Na,SO,4 and concentrated under vacuum. The residue obtained
was purified by flash chromatography using 20% ethyl acetate/ hexane to produce artelinic acid

methyl ester (0.105g, 80%).

Synthesis of 4-[ (10-dihydroartemisininoxy) methyl] benzoic acid hydrazide

In the artelinic acid methyl ester contained in ethanol solution (0.2 ml) (compound 2 in Figure 1),
hydrazine hydrate (0.046 ml) was added and the mixture was heated for 50 °C, for 48 h. The
mixture was then concentrated under vacuum and water (2 ml) was added, and then extracted
with CHCl3. The organic extracts were then dried over Na,SO,, concentrated under vacuum and
the crude product acquired was purified by flash column chromatography using 4%

methanol/CHCI; to eventually obtain artelinic acid hydrazide.
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Figure 1. Synthesis of artelinic acid hydrazide (3) from dihydroartemisinin (1). Artelinic acid ester (2) is the

intermediate compound (22).

Oxidation of transferrin

Human holotransferrin (1g) was dissolved in 50 ml, 0.1 M sodium acetate (pH 5.5) and then it
was incubated at room temperature with 15 ml, 50 mM sodium periodate (NalO,4) for 30 min.
Afterwards, using the Sephadex G-25 column equipped with a UV detector, the holotransferrin
mixture was eluded with 0.1 M sodium acetate pH 5.5 in a cold room. Holotransferrin was then
oxidized with 50 mM NalO, before tagging with artelinic acid hydrazine to give the final
product artemisinin-tagged holotransferrin. DPBS saline buffer was used as an eluent. Protein
containing fractions were gathered to give the final product artelinic tagged-transferrin

(artemisinin tagged holotransferrin, ART-TF).
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Figure 2. Synthesis of artelinate-tagged transferrin. The two black circles represent the N- and the C- terminal
domains of transferrin. These two domains were oxidized with NalO, and then conjugated with artelinic acid

hydrazide (22).

Conjugation of oxidized transferrin with artelinic hydrazide (Figure 2)

Avrtelinic hydrazide (0.120 gm) dissolved in DMSO (7.8 ml) solution (compound 3 in Figure 1)
was added to the oxidized transferrin (60 ml) and the reaction mixture was incubated at room
temperature for 2 h. In a cold room, Sephadex G-25 column equipped with a UV monitor was

used to remove low molecular weight reagents and byproducts from the reaction by gel filtration.

Drug testing on Molt-4 and RTN cells. Molt-4 and RTN cells were pre-cultured for 24 h to
allow the cells and the RPMI-1640 media to be conditioned before drug treatment at a density
ranging from 1x10° ~ 1.5x10° cells/ml. Cells were placed (1 ml each) into microfuge tubes prior
to drug treatment. At this time, cells were in the log phase of growth. Molt-4 and RTN cells were

treated with DHA and ART-TF.
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To compare the cytotoxicity of DHA and ART-TF on Molt-4 and RTN cells, cells were

incubated with different concentrations of: DHA (12.5, 25, 50, 75, and 100 uM) or ART-TF (1, 2,
and 4 uM). Control samples had no drug treatment. Dihydroartemisinin was dissolved in

dimethyl sulfoxide (DMSO) and ART-TF in phosphate-buffered saline (PBS) before adding to
cell samples. The final concentration of DMSO and PBS in samples was 1% and 10%,
respectively. Similar amounts of the solvents were added to the control samples. Molt-4 and

RTN cell numbers were counted using a hemocytometer immediately prior to drug treatment (0 h)
and at 24 and 48 h of drug treatment. To assess cell viability, we used trypan blue exclusion.

Only viable cells were counted.

Data analysis of drug testing on Molt-4 and RTN cells. All experiments were performed three
times. The mean and standard deviation were calculated. Responses were calculated as the ratio
of viable cell counts at 24 and 48 h time points relative to the viable cell count at 0 h. Log dose—
response and time—response curves were plotted using the cell count ratios. The GraphPad Prism
6.03 software (La Jolla, CA, USA) was used for statistical analysis. Time response curves were
compared by the method of Krauth (28). The ao of the orthogonal polynomial coefficient of the
curves, were compared using the Mann—Whitney U-test. Log dose—response curves of drug
treatment were plotted. Half maximal inhibitory concentrations (ICsoS) were determined and
compared using the two-tailed Student’s t-test. A difference at p < 0.05 was considered
statistically significant.

Treatment of Molt-4 and RTN cells to assess DNA damage. Pre-incubated (for 24 h) Molt-4 and
RTN cells at a density of 1 ~1.5x10° cells/ml were allocated (1 ml each) into microfuge tubes

prior to drug treatment. At this time, cells were in the log phase of growth. Molt-4 and RTN cells
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were treated with DHA (dissolved in DMSQO) and ART-TF (dissolved in PBS). Both Molt-4 and
RTN cells had three treatment conditions: control, 6.2 uM DHA, and 6.2 uM ART-TF. Control
samples had no drug treatment. The final concentration of DMSO and PBS in all samples was 1%
and 10%, respectively. The cells were incubated with the drugs for 24 h and DNA damage was

immediately assayed using the Comet assay.

The Comet Assay. The Comet assay was conducted as previously described (25, 29, 30).

Agarose Preparation

0.5% agarose

Fifty milligrams of high resolution agarose 3:1(AMRESCO Inc., Solon, OH, USA) were boiled
in 10 ml of distilled water in a microwave oven and 100 pl of 2 M Tris-HCI (pH 7.4) were added.
Volume was set to 10 ml by adding distilled water, and the solution was mixed to provide a
concentration of 0.5% 3:1 agarose. The agarose was aliquoted in 1.5 ml microfuge tubes and

maintained at 55 °C for use.

0.7% agarose

70 mg of high resolution agarose 3:1 (AMRESCO Inc., Solon, OH, USA) was boiled in 9 ml of
distilled water in a microwave oven. 1 ml of 10X PBS (containing in 1 litre: 80 g NaCl, 2 g KCl,
2 g KH,PQOy, 11.5 g anhydrous Na,HPO,, 32 g Tris HCI, at pH 7.4) was added and boiled again.
Volume was set to 10 ml by adding distilled water, and the solution was mixed to provide a
concentration of 0.7% 3:1 agarose. The agarose was aliquoted in 1.5 ml microfuge tubes and

maintained at 42 °C for 24 hrs before use.

www.manaraa.com



Slide Preparation

Clear window frosted MGE slides (Mac & Sons Specialty Glass, Mims, FL, USA) were first pre-
coated with 100 ul of 0.5% agarose. Two hundred fifty microliters of 0.7% 3:1 agarose were first
layered onto the pre-coated slides and covered with a cover glass (24x50 mm?, Corning Glass
Works, Corning, NY, USA). For the second layer of the microgel, cells from 1 ml of a sample
were centrifuged at 870xg for 5 min and the pellet was suspended in 10 pl of fresh RPMI-1640
media and mixed well with 250 ul of 0.7% 3:1 agarose, and 100 pl of this cell agarose mixture
were layered on the MGE slide after removing the cover glass. The cover glass was placed over
once again after layering. The slides were placed on a cold steel tray on ice for 1 min. The cover
glass was then removed once again and a third layer of microgel was made using 250 pl of 0.7%

3:1 agarose.

X-ray irradiation of Molt-4 and RTN cells

After preparation, the slides were kept on ice. One Molt-4 and one RTN cell slide without any
drug treatment were immediately irradiated with 200 rad of X-ray using a Kelley-Koett device
(Covington, CT, USA) at a rate of 100 rad/min for 2 min. X-ray irradiation was performed to

serve as a positive control.

Lysis of cells and Electrophoresis

After taking the cover glasses off, slides were immersed in a pre-warmed lysing solution (1.25M
NaCl, 50 mM tetra sodium salt of ethylenediaminetetraacetic acid (EDTA), 10 mM Tris , pH 10)
in which 0.5 mg/ml of proteinase K (AMRESCO Inc., Solon, OH, USA) and 1 mg/ml of reduced
glutathione had been added just before its use. The lysing solution enables removal of most of

the proteins, lipids and other cellular macromolecules in the cells on the slides. The cells were

10
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then lysed at 37°C for 1 h. Slides were then placed in an electrophoretic unit (MGE 2222, Ellard
Instrumentation, Monroe, WA, USA) with 1L of an electrophoresis buffer ( 300 mM NaOH, 1
mM EDTA, and 0.2% DMSO, pH 13.5). The slides were equilibrated for 20 min in this highly
alkaline buffer to unwind DNA and to reveal DNA single strand breaks and alkali labile sites.
Slides were then electrophoresed at 18V (0.6 VV/cm) (480 mA) for 20 min at room temperature.
During electrophoresis, the buffer was circulated at a rate of 100 ml/min using a variable-speed

peristaltic pump (Control Company, Friendswood, TX, USA).

To prevent additional DNA damage, all Comet assay steps described above were conducted in

minimum light.

DNA Precipitation, staining and image analysis

Slides were immersed in a solution of 2 mg/ml cetlyltrimethylammoniumbromide (CTAB) in 40
mM Tris (pH 7.4) for 10 min to neutralize and precipitate small quantities of DNA. This step

was repeated once more. Consequently, the slides were immersed in 20 mM Tris (pH 7.4) in 75%
ethanol for 10 min to wash off CTAB while maintaining the DNA in a precipitated state. This
step was repeated twice more. The slides were then air dried overnight. The slides were stained
one at a time with 100 pl of staining solution (composed of 0.25 uM YOYO-1, 0.25 M NaCl and
0.1 M KClI in 2.5% DMSO and 0.5% Sucrose). Images of the comets were captured at 400X
magnification using a charged-couple device (CCD) camera (GW 525EX, Genwac Inc.,
Orangeburg, NY,USA) attached to a DMLB epifluorescent microscope (Leica Microsystems
GmbH, Wetzlar, Germany) with an excitation filter of 490 nm, a 500 nm dichroic filter, and an
emission filter of 515 nm. The VisCOMET image analysis software (Impulse Bildanalyse GmbH,

Gilching, Germany) was used to analyze the comet images and assess DNA damage. Two

11
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parameters, tail integrated intensity (Singh) and tail moment (Olive) were chosen as the primary
indices to quantify DNA damage. The tail moment (Olive) is the product of tail length (distance
between the center of the head and tail) and tail DNA percentage (31). Tail integrated intensity
(Singh) is an index that incorporates length and breadth of the tail. The algorithm to assess the
tail integrated intensity in VisComet starts from the beginning of the tail and examines each
vertical scan line until the end of the tail is reached. From each vertical scan line the product of
the breadth, position and total intensity is accumulated to obtain ‘tail integrated intensity’. Each
experiment was repeated three times. One slide was prepared in each replicate and 66 cells were

scored from each slide.

Data analysis of the comet assay to assess DNA damage in Molt-4 and RTN cells. The mean of
‘tail moment” and ‘tail integrated intensity’ of the 66 cells in each slide were used in data
analysis. Data of ‘tail moment” and ‘tail integrated intensity’ are presented as meant SEM with
n=3 for each treatment group. GraphPad Prism 6.03 was also used for statistical analysis. One- or
two-way ANOVA followed by the Newman-Keuls multiple comparison tests was used in data

analysis. A difference at p < 0.05 was considered statistically significant.

12
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Results

Time-response plots of different concentrations of DHA

Figure 3 shows the time-dependent growth response to DHA of Molt-4 cells (Figure 3A) and
RTN cells (Figure 3B). Dose-dependent growth inhibition by DHA was clearly observed in
Molt-4 and RTN cells. Moreover, in control samples (i.e. cultures not treated with drug), RTN
cells grew significantly faster than Molt-4 cells (p < 0.05). Interestingly, DHA was not able to
prevent the growth of RTN cells at both 24 h and 48 h point at concentrations of 12.5, 25 and 50

uM. These data showed that RTN cells had acquired resistance to DHA.

Dose-responses to DHA of Molt-4 and RTN cells

To validate whether RTN cells are resistant to DHA, log-dose responses to DHA of Molt-4 and
RTN cells at the 24-h and 48-h time points were plotted (Figure 4). At the 24 h time point, the
ICs0s (mean+ SD, n=3) of DHA for Molt-4 cells and RTN cells were 15.2 £8.1 uyM and 111.6 +
14.5 uM, respectively. At the 48 h time point, the ICs0s (meant SD, n=3) of DHA for Molt-4
cells and RTN cells were 5.8 + 1.7 uM and 41.0 = 0.2 uM, respectively. At the 24-h point, RTN
cells had a significantly higher 1Cs value by 7.3-fold than Molt-4 cells (p < 0.01) and at the 48-h
point, RTN cells also had a significantly higher ICsq value by 7.1-fold than Molt-4 cells (p <

0.0001). Thus, these results confirm that RTN cells had gained resistance to DHA.

13
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Figure 3. Time-response plots for different concentrations of dihydroartemisinin (DHA) of Molt-4 cells (A) and

Cell count at time point )

RTN cells (B). Cell count ratio is defined as ( -
Cell count at time zero

Dose responses to ART-TF of Molt-4 and RTN cells

Since RTN cells are not susceptible to DHA, alternative artemisinin derivatives must be tested
on RTN cells. Lai et al (22) previously reported that ART-TF is more effective than DHA in
killing Molt-4 cells. Effectiveness of ART-TF against RTN cells was investigated. Figure 5
shows log dose-responses to ART-TF of Molt-4 cells and RTN cells at the 24-h and 48-h time
points. At the 24-h point, ICsy (mean+ SD, n=3) of ART-TF on Molt-4 cells and RTN cells were
2.43 £0.17 uM and 1.85 + 0.27 uM, respectively. At the 48-h point, 1Cs, (meant SD, n=3) of
ART-TF on Molt-4 cells and RTN cells were 0.74 £ 0.22 uM and 0.54 + 0.04 uM, respectively.
Interestingly at the 24-h time point, ICs, value of ART-TF on RTN cells were significantly lower
than the 1Cso value of ART-TF on Molt-4 cells (p < 0.05). However, there was no significant
difference in the 1Cs, values at the 48-h time point (p > 0.05). These results overall showed that

RTN cells do not exhibit cross-resistance to ART-TF.

14
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Figure 4. Log dose—response plots for Molt-4 cells and RTN cells to dihydroartemisinin (DHA) at the a) 24-h time
point, and b) 48-h time point. Graph shows the ratio (mean * SD, n=3) at different log concentrations of DHA (12.5,

25, 50, 75, and 100 uM). Ratio is defined as

(Cell count of drug treated sample )

Cell count of control

Since ART-TF and DHA both could induce cytotoxicity by inducing DNA damage, further study
was conducted to investigate whether ART-TF can induce more DNA damage both on Molt-4
and RTN cells compared to DHA. The Comet assay was used to measure DNA single-strand

breaks in cells.
Basal and X-ray-induced DNA damage in Molt-4 and RTN cells

First of all, basal and X-ray-induced (positive control) levels of DNA damage in Molt-4 and
RTN cells were assessed by measuring ‘tail moment’ and ‘tail integrated intensity’ (Figure 6).

When comparing the ‘tail moment’ and ‘tail integrated intensity’, Molt-4 cells had significantly

15
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Figure 5. Log dose—response plots for Molt-4 cells and RTN cells to artemisinin-tagged holotransferrin (ART-TF)
at the a) 24-h time point, and b) 48-h time point. Graph shows the ratio (mean £ SD, n=3) at different log

concentrations of ART-TF (1, 2, and 4 pM). Ratio is defined as

(Cell count of drug treated sample )
Cell count of control '

higher DNA damage than RTN cells both under control and x-ray treated conditions (tail
moment: control Molt-4 vs. RTN: p<0.05, and X-ray: Molt-4 vs. RTN: p<0.0001; tail integrated
intensity: control Molt-4 vs. RTN: p<0.05 and X-ray: Molt-4 vs. RTN: p<0.0001). A two-
ANOVA of the data revealed a significant interaction effect (p<0.0001) indicating that Molt-4
and RTN responded differently to X-ray irradiation as quantified by both tail moment and tail
integrated intensity. Comet images that closely match each treatment group’s mean ‘tail moment’

and mean ‘tail integrated intensity’ are shown in Figure 7.
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Figure 6. Mean ‘tail moment’ (a) and mean ‘tail integrated intensity’ (b) of the four treatment groups: Molt-4
control, X-ray-treated Molt-4, RTN control, and X-ray-treated RTN. Error bars denote SEM. ***p<0.001,
****n<0.0001 compared to respective untreated control (Molt-4/RTN) cells; 1p<0.05, compared to Molt-4 control;

F111p<0.0001 compared to Molt-4 X-ray-treated cells.
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RTN Control RTN X-Ray

Figure 7. Comet images of A) Molt-4 Control, B) RTN Control, C) Molt-4 X-Ray, and D) RTN X-Ray that closely

match each treatment’s mean ‘tail moment’ and mean ‘tail integrated intensity’. (Magnification 400X, YOYO-1 Dye)

To verify the difference in the degree of cell type-specific DNA damaging effect of DHA and
ART-TF in Molt-4 and RTN cells, both Molt-4 and RTN cells were treated with the same
concentration (6.2 uM) of DHA and ART-TF for 24 h. Afterwards, the cells’ ‘tail moment’ and
the ‘tail integrated intensity’ were measured. The cells were not able to be treated for 48 h
because when treated with ART-TF on both Molt-4 and RTN cells, all the cells were completely

dead and were not available for Comet assay analysis.
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DNA damaging effect of DHA and ART-TF on Molt-4 cells

In Molt-4 cells, significant DNA damage was induced both by DHA and ART-TF compared to
the untreated control (Figure 8). ART-TF was able to cause more DNA damage compared to
DHA in Molt-4 cells as shown by the ‘tail moment’ and ‘tail integrated intensity’ (tail moment:
control vs. DHA: p<0.05, control vs. ART-TF: p<0.01; DHA vs. Art-TF: p<0.05; tail integrated
intensity: control vs. DHA: p<0.01, control vs. ART-TF: p<0.0001, DHA vs. ART-TF: p<0.001).
Comet images that closely match each treatment group’s mean ‘tail moment’ and mean ‘tail

integrated intensity’ are shown in Figure 9.

DNA damaging effect of DHA and ART-TF on RTN cells

In RTN cells, there was no significant difference (p > 0.05) in the ‘tail moment’ and ‘tail
integrated intensity’ between untreated and DHA-treated cells (Figure 10). However, ART-TF
induced significantly greater DNA damage as assessed by ‘tail moment’ and ‘tail integrated
intensity’ when compared to untreated and DHA- treated RTN cells (tail moment: control vs.
ART-TF: p<0.01, DHA vs. ART-TF: p<0.05; tail integrated intensity: control vs. ART-TF:
p<0.001, DHA vs. ART-TF: p<0.01). Overall, DHA did not cause a significant change in DNA
damage. However, ART-TF was able to increase the level of DNA damage in RTN cells. Comet
images that closely match each treatment group’s mean ‘tail moment’ and mean ‘tail integrated

intensity’ are shown in Figure 11.
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Figure 8. Mean ‘tail moment’ (a) and mean ‘tail integrated intensity’ (b) of Molt-4 control cells and Molt-4 cells
treated with 6.2 uM dihydroartemisinin (DHA) or 6.2 uM of artemisinin-tagged holotransferrin (ART-TF) for 24 h.
Error bars denote SEM. *p<0.05, **p<0.01, ****p<0.0001 compared to Molt-4 control cells; "p<0.05; ""p<0.001

compared to DHA-treated Molt-4 cells.
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C)

Molt-4 ART-TF

Figure 9. Comet images of A) Molt-4 Control, B) Molt-4 DHA and C) Molt-4 ART-TF that closely match each

treatment’s mean ‘tail moment’ and mean ‘tail integrated intensity’. (Magnification 400X, YOYO-1 Dye)

Discussion

In this study, a DHA-resistant Molt-4 cell line termed RTN was established. There has been a
previous report by Lu et al of a DHA-resistant colon carcinoma cell line (HCT116/R) after 45
exposure cycles to DHA (32). Colon carcinoma cells were exposed to increment concentrations
of DHA for 72 h each before a washing process in between. The ICs, of the resulting HCT116/R
was 4.3 times higher than that of the parental colon carcinoma cells. In the present research,
Molt-4 cells were exposed to 25, 50, 75, and 100 uM of DHA for three 24-h cycles for each

concentration, with total of 12 cycles.
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Figure 10. Mean ‘tail moment’ (a) and mean ‘tail integrated intensity’ (b) of RTN control cells and RTN cells
treated with 6.2 UM dihydroartemisinin (DHA) or 6.2 uM of artemisinin-tagged holotransferrin (ART-TF) for 24h.

Error bars denote SEM. **p<0.01, ***p<0.0001 compared to RTN control cells; "p<0.05; "p<0.01 compared to

DHA-treated RTN cells.
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Figure 11. Comet images of A) RTN Control, B) RTN DHA and C) RTN ART-TF that closely match each

treatment’s mean ‘tail moment’ and mean ‘tail integrated intensity’. (Magnification 400X, YOYO-1 Dye)

In the RTN cell, there was a 7.3 fold and 7.1 fold increases in ICsg at the 24-h and the 48-h time
points, respectively. There is a possibility that different cancer cell lines would have different
vulnerabilities to drug-resistance development. Bachmeier et al (33) previously reported that
after 24 h of incubation with artesunate, a semisynthetic derivative of artemisinin, artesunate
resistance developed in MDA-MD-231 but not in the MDA-MB-468 breast cancer cell lines.
Moreover, Sadava et al. (34) reported two small cell lung cancer cell lines have different
susceptibilities to artemisinin. The 1Cso of artemisinin for cell line H69VP was 10 fold higher
than that for the other cell line H69. Fascinatingly, prior treatment of the cells with transferrin

enabled effective killing of the H69VP lung cancer cell line.
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It is interesting to observe that RTN’s cell count ratio increased faster than that of the Molt-4
cells. There could be two possible explanations for this finding: RTN cells might have a higher
cell division rate; or they might have a decreased tendency to die, e.g., via apoptosis. Since cells
that divide at a higher rate should be more susceptible to the toxicity of DHA, the second

explanations seems more plausible.

Lai et al (22) demonstrated that ART-TF is a more powerful compound in killing Molt-4 cells.
As postulated, it was confirmed that RTN cells were also more susceptible to ART-TF than DHA.
When comparing the 1Csq values, ART-TF was significantly more potent than DHA by 60-fold

(p<0.0001) and 76- fold (p<0.0001) at the 24-h and 48-h time points, respectively.

It is interesting to observe that RTN cells demonstrated resistance to DHA but not to ART-TF.
These finding may imply that DHA and ART-TF have different mechanisms of action to cause
cytotoxicity. DHA would probably enter the cells by simple membrane diffusion and can reach
organelles such as the mitochondria and generate apoptosis. However, ART-TF is transported
into cells via receptor-mediated endocytosis (35). Its cytotoxicity would probably be correlated

to membrane damage in endosome, plasma membrane, and lysosome.

Previously, Li et al. (36) found that artesunate induced DNA damage in VC8 cell line, derived
from the V79 Chinese hamster lung fibroblast cell line and Berdelle et al. (37) reported that
artesunate induced DNA damage in the human glioblastoma cell line LN-229 as measured by the
Comet assay using tail moment as the parameter for DNA damage. In this study, the Comet
assay was used to determine DNA damage in Molt-4 and RTN cells, and investigated the level of
DNA- damage triggered by DHA and ART-TF. This is the first time that the level of DNA

damage in an artemisinin-resistant cancer cell line was studied.
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The Comet assay results revealed that compared to Molt-4 cells, RTN cells were more resistant
to DNA damage both in normal state and under X-ray irradiation. This may be due to an
enhanced DNA repair capability in RTN cells or chromatin DNA in RTN cells might be more
tightly packed by forming a DNA-histone complex to protect DNA from damage induced by x-

ray irradiation or other chemotherapeutic agents (38, 39).

However, there was not significant DHA-induced DNA damage in the RTN cells. In
accordance with the increase in cytotoxicity ICso value of DHA on RTN cells, RTN cells were
resistant to DHA in terms of DNA damage as well. The reason for this may be RTN cells’
reduced intracellular DHA due to efflux mediated by cell surface transporters (40) or elevated

levels of molecules and enzymes that reduce DHA-generated reactive oxidative species (41,42).

It is interesting to note that RTN cells are resistant to DHA but vulnerable to ART-TF in terms
of DNA damage. As shown that ART-TF is more potent in killing RTN cells compared to DHA
in terms of ICs, values, the Comet assay results also verify that ART-TF is a more effective anti-
cancer agent compared to DHA. Due to the fact DHA penetrates into the cell by simple diffusion
while ART-TF is transported in to the cells via transferrin-receptor, ART-TF would be more

difficult to be removed by the RTN cells.

Conclusion

In this study, DHA-resistant Molt-4 lymphoblastoid cell line termed RTN cell line has been
developed for the first time. RTN cell line has faster growth rate and exhibit resistance to DHA

compared to the parent Molt-4 cell line. Moreover, RTN cell’s basal and X-ray induced DNA
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damage levels were significantly lower than those of Molt-4 cells and showed no DHA-induced

DNA damage.

However, synthetic artemisinin derivative ART-TF exhibited significant cytotoxic effect in
terms of both ICsq values and DNA damage level. Further molecular studies will be needed to

determine the precise mechanisms on how ART-TF kills DHA-resistant RTN cells.

Hence, in the use of artemisinin and its derivatives for cancer treatment, compounds with
different mechanisms of action or different chemical structures can be used to circumvent

development of resistance in cancer cells and effectively kill drug-resistant cancer cells.
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