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6-Thioguanine Induces Mitochondrial
Dysfunction and Oxidative DNA Damage in
Acute Lymphoblastic Leukemia Cells*s

Fan Zhangt, Lijuan Fu§, and Yinsheng Wang1§1|

Thiopurines are among the most successful chemother-
apeutic agents used for treating various human diseases,
including acute lymphoblastic leukemia and chronic in-
flammation. Although metabolic conversion and the sub-
sequent incorporation of 6-thioguanine (°G) nucleotides
into nucleic acids are considered important for allowing
the thiopurine drugs to induce their cytotoxic effects,
alternative mechanisms may also exist. We hypothesized
that an unbiased analysis of SG-induced perturbation of
the entire proteome might uncover novel mechanism(s) of
action of the drug. We performed a quantitative assess-
ment of global protein expression in control and SG-
treated Jurkat T cells by employing stable isotope labeling
by amino acids in cell culture and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis. LC-
MS/MS quantification results uncovered substantially de-
creased expression of a large number of proteins in the
mitochondrial respiratory chain complex, and Ingenuity
Pathway Analysis of the significantly altered proteins
showed that SG treatment induced mitochondrial dys-
function. This was accompanied by diminished uptake of
MitoTracker Deep Red and the elevated formation of ox-
idatively induced DNA lesions, including 8,5’-cyclo-2’-de-
oxyadenosine and 8,5'-cyclo-2’-deoxyguanosine. To-
gether, our results suggested that SG may exert its
cytotoxic effect by inducing mitochondrial dysfunction
and reactive oxygen species formation in acute lympho-
blastic leukemia cells. Molecular & Cellular Proteomics
12: 10.1074/mcp.M113.029595, 3803-3811, 2013.

Thiopurines, including azathioprine, 6-mercaptopurine, and
6-thioguanine (°G)," are widely used as chemotherapeutic
and immunosuppressive agents (1-3), and 6-mercaptopurine
and SG are commonly prescribed for the treatment of acute
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lymphoblastic leukemia (ALL) (3). A previous study showed
that thiopurines may exert their cytotoxic effects via their
metabolic activation and incorporation of SG into DNA, the
spontaneous methylation of DNA SG by S-adenosyl-L-methi-
onine to yield S®-methylthioguanine (S®mG), the misincorpo-
ration of thymine (T) opposite S®mG during DNA replication,
and the triggering of post-replicative mismatch repair (MMR)
by the ensuing S®mG:T mispair (4).

Recent studies suggest that the activation of MMR might
not be the sole pathway contributing to the cytotoxic effects
of the drug. In this vein, very low levels (<0.02%) of DNA SG
were found to be methylated to S°mG in SG-treated leukemia
cells (5), and G itself can direct significant frequencies (about
10%) of the misincorporation of thymine during DNA replica-
tion in both E. coli and human cells (6, 7). These findings, in
conjunction with the observation that the SG:T mispair can be
recognized more readily by human MMR proteins than the
S®mG:T mispair (8, 9), suggest that DNA SG itself may trigger
the MMR pathway without being converted to S®mG. Addi-
tionally, leukemic cells deficient in MMR are also sensitive to
thiopurine drugs (10), indicating that thiopurines may also
induce their cytotoxic effects through other pathways.

Global transcriptome and proteome analyses are very use-
ful for revealing novel mechanisms of action of anticancer
drugs (11). Global gene expression analysis with microarray
was used for assessing transcriptional responses of cancer
cells to anticancer agents including thiopurines (12). However,
results from mRNA-based gene expression analyses often
exhibit poor correlation with protein expression data from
proteomic measurements (13). This may be attributed to the
fact that regulatory processes following mRNA production
(i.e. posttranscriptional, translational, and protein degradation
regulation) play substantial roles in controlling steady-state
protein abundances (13). Mass spectrometry (MS)-based pro-
teomics techniques, along with two-dimensional gel electro-
phoresis or stable-isotope labeling, have been widely used for
the large-scale quantitative analysis of proteins in complex
samples (14, 15). Among the many isotope-labeling methods,
stable isotope labeling by amino acids in cell culture (SILAC),
a metabolic-labeling technique, has the advantages of being
simple, efficient, and capable of quantifying relatively small
changes in protein expression (16).
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Here we employed LC-MS/MS, in conjunction with SILAC,
to assess, at the global proteome scale, the perturbation of
protein expression in Jurkat T human ALL cells upon treat-
ment with a clinically relevant concentration of SG. The results
from the quantitative proteomic analysis enabled us to con-
clude that the exposure to SG resulted in mitochondrial
dysfunction in ALL cells that was accompanied by a drug-
induced loss of active mitochondria and the elevated gen-
eration of oxidatively induced DNA lesions.

MATERIALS AND METHODS

Cell Culture—Jurkat T, CEM, and HEK293T cells were purchased
from ATCC (Manassas, VA). COS7 cells were kindly provided by Prof.
F. M. Sladek (University of California Riverside). Jurkat T and CEM
cells were cultured in RPMI 1640 medium (ATCC, Manassas, VA)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carls-
bad, CA), 100 IU/ml penicillin. HEK293T and COS7 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (ATCC, Manassas, VA)
under the same conditions without the addition of penicillin. Cells
were maintained in a humidified atmosphere with 5% CO,, at 37 °C,
with medium renewal two to three times a week depending on the cell
density. For SILAC experiments, RPMI 1640 medium without L-lysine
or L-arginine was purchased from Cambridge Isotope Laboratories,
Inc. (Andover, MA). The complete light and heavy RPMI 1640 media
were prepared by the addition of light or heavy lysine ([**Cg,"®N,]-L-
lysine) and arginine ([**Cg4]-L-arginine), along with dialyzed FBS (Invit-
rogen, Carlsbad, CA) to the above lysine/arginine-depleted medium.
We chose to label the proteome with lysine and arginine because all
tryptic peptides except for the C-terminal peptides of some proteins
carry a lysine or arginine, and this provides better proteome coverage
than labeling the proteome using other amino acids such as leucine.
The Jurkat T cells were cultured in heavy RPMI 1640 medium for at
least 10 days to achieve complete stable isotope incorporation, and
supplemental Fig. S1 displays representative mass spectra illustrating
the complete incorporation of the heavy labeled lysine and arginine.

SG Treatment and Sample Preparation—Jurkat T cells, at a density
of ~7 X 10° cells/ml in light or heavy RPMI 1640 medium, were
treated with 3 um SG (Sigma, St. Louis, MO) for 24 h. The mean peak
concentrations of SG in the plasma of ALL patients were (0.46 + 0.68)
and (2.7 = 1.4) um after oral SG administration at 60 mg/m? and after
24 h of continuous intravenous infusion at 20 mg/m?/h, respectively
(17). After treatment, the cells were harvested via centrifugation at
300g at 4 °C for 5 min and washed three times with ice-cold PBS to
remove culture medium and FBS. To explore the role of reactive
oxygen species in SG cytotoxicity, cells were also treated with 3 um
SG together with 500 um allopurinol for 24 h. Cells were subsequently
lysed with CelLytic™ M lysis buffer (Sigma) that was supplemented
with 1 mm PMSF and a protease inhibitor mixture (Sigma). Cell lysates
were centrifuged at 16,000g at 4 °C for 30 min, and the resulting
supernatants were collected. The protein concentration in the cell
lysate was measured using a Quick Start Bradford Protein Assay
(Bio-Rad, Hercules, CA). SILAC labeling experiments were performed
in three biological replicates: in the two forward SILAC experiments,
the light-labeled drug-treated lysate and the heavy-labeled control
lysate were combined at a 1:1 ratio (w/w) (Fig. 1A); in the reverse
SILAC experiment, the heavy-labeled drug-treated cell lysate was
mixed equally with the light-labeled control lysate.

SDS-PAGE Separation and In-gel Digestion—The equi-mass mix-
ture of light and heavy lysates was separated using 12% SDS-PAGE
with a 4% stacking gel, and the gel was stained with Coomassie Blue.
The gel was cut into 20 bands, and the proteins were reduced in-gel
with dithiothreitol, alkylated with iodoacetamide, and digested with

trypsin (Promega, Madison, WI) at 37 °C overnight. Following the
digestion, peptides were extracted into 5% acetic acid in H,O and
CH3CN/H,0 (1:1, v/v) and dried in a SpeedVac. The resulting peptide
mixtures were stored at —80 °C until further analysis.

LC-MS/MS for Protein Identification and Quantification—On-line
LC-MS/MS analysis was performed on an LTQ-Orbitrap Velos mass
spectrometer coupled with an EASY n-LCIl HPLC system and a
nanoelectrospray ionization source (Thermo, San Jose, CA). The sam-
ple injection, enrichment, desalting, and HPLC separation were con-
ducted automatically on a homemade trapping column (150 um X 50
mm) and a separation column (75 um X 120 mm, packed with
ReproSil-Pur C18-AQ resin, 5-um particle size, 300-A pore size, Dr.
Maisch HPLC GmbH, Ammerbuch, Germany). The peptide mixture
was first loaded onto the trapping column with a solvent mixture of
0.1% formic acid in CH;CN/H,0 (2:98, v/v) at a flow rate of 3.0 wl/min.
The peptides were then separated using a 120-min linear gradient of
2%-40% acetonitrile in 0.1% formic acid at a flow rate of 300 nl/min.

The LTQ-Orbitrap Velos mass spectrometer was operated in the
positive-ion mode, and the spray voltage was 1.8 kV. All MS/MS
spectra were acquired in a data-dependent scan mode, where the 20
most abundant ions found in MS at a threshold above 500 counts
were selected for fragmentation by collision-induced dissociation at a
normalized collision energy of 35%. The full-scan mass spectra (from
m/z 350 to 2000) were acquired with a resolution of 60,000 at m/z 400
after accumulation to a target value of 500,000.

Data Processing—The LC-MS/MS data were employed for the
identification and quantification of the global proteome, which were
conducted using MaxQuant, Version 1.2.0.18 (18), against the Uni-
Prot human database (with 538,585 sequence entries; release date:
November 28, 2012), to which contaminants and reverse sequences
were added. The maximum number of missed cleavages for trypsin
was two per peptide. Cysteine carbamidomethylation and methionine
oxidation were set as fixed and variable modifications, respectively.
The tolerances in mass accuracy for MS and MS/MS were 25 ppm
and 0.6 Da, respectively. Only those proteins with at least two distinct
peptides discovered from LC-MS/MS analyses were considered re-
liably identified. The required false positive discovery rate was set to
within 1% at both peptide and protein levels, with the minimal re-
quired peptide length being six amino acids. The quantification was
based on three independent SILAC and LC-MS/MS experiments as
noted above. To establish the threshold ratios for determining the
significantly changed proteins, we calculated the standard scores
(z-scores) for protein ratios as previously described (18, 19). Our
analysis showed that at a 95% confidence level, those proteins with
expression ratios greater than 1.22 or less than 0.73 could be con-
sidered significantly changed (20). To be stringent, however, we con-
sidered a protein as significantly altered only if its differential expres-
sion ratio (G treated/control) was greater than 1.5 or less than 0.67.

Ingenuity Pathway Analysis —Ingenuity Pathway Analysis (IPA) (ver-
sion 7.6, Ingenuity Systems Inc., Redwood City, CA) was employed to
derive information about relationships, functions, and pathways of the
differentially regulated proteins with the use of the Ingenuity Knowl-
edge Base (Ingenuity Systems Inc.) (21, 22). The Ingenuity Knowledge
Base consists of gene regulatory and signaling pathways that are
integrated with other relevant databases such as NCBI Gene (www.
ncbi.nim.nih.gov/gene) and Gene Ontology. The proteins that were
significantly changed upon SG treatment, including those quantified
only in one cycle of the SILAC labeling experiment, were included for
the pathway analysis. IPA determines the interaction by calculating a
significance score using Fisher’s exact test and exporting it as a p
value. For canonical pathways, a p value of <0.05 is considered
significant.

Plasmid Transfection—HEK293T cells were seeded in six-well
plates at a 70% confluence level (~3 X 10° cells/well), and SG was
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added to the culture medium at a final concentration of 3 um. After a
24-h incubation, the cells were transfected with 1.5 ug Myc-Miro1
expression plasmid, which was kindly provided by Prof. E. Soriano
(23), using Lipofectamine 2000 (Invitrogen). The cells were subse-
quently harvested for Western analysis 18 to 48 h after the
transfection.

Western Blot and Flow Cytometry—Mouse monoclonal anti-Myc
(9E10, 1:5000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA)
and mouse monoclonal anti-RHOT1 (1:10,000 dilution, Sigma) were
used for Western analysis of ectopically expressed and endogenous
Miro1, respectively. MitoProfile Total OXPHOS Human WB Antibody
Mixture (1:10,000 dilution, ab110411, Abcam, Cambridge, United
Kingdom) was employed to assess the expression level of five mito-
chondrial respiratory chain proteins.

Cellular uptake of MitoTracker Deep Red FM (Invitrogen) was quan-
tified using flow cytometry on a BD FACS Aria | instrument (BD
Biosciences, San Jose, CA). CEM, Jurkat T, and HEK293T cells,
untreated or after a 24-h treatment with 3 um SG and/or 500 um
allopurinol, were stained with MitoTracker Deep Red at a final con-
centration of 200 nm. After incubation for 15 to 20 min, the cells were
washed thoroughly with prewarmed media and PBS. Flow cytometry
analysis (BD FACS Aria |, NJ) was performed immediately after the
cells were resuspended in a sorting buffer containing 1X PBS, 25 mm
HEPES, 1 mm EDTA, and 1% FBS (pH 7.0). Counting was based on
20,000 cells per sample.

Trypan Blue Exclusion Assay— CEM, Jurkat T, and HEK293T cells
were seeded in six-well plates at a density of ~4 X 10° cells/ml and
treated with SG and/or allopurinol at final concentrations of 3 um and
500 um, respectively. At 24 or 48 h after treatment, the cells were
stained with trypan blue and counted on a hemocytometer to mea-
sure cell viability.

DNA Extraction and LC-MS/MS Measurement of Oxidatively In-
duced DNA Lesions—DNA was isolated from control and SG-treated
cells using a salt extraction method and digested to nucleosides with
a mixture of four enzymes (24). To the resulting mixture we subse-
quently added uniformly '®N-labeled 8,5’-cyclo-2'-deoxyadenosine
(cdA) and 8,5'-cyclo-2'-deoxyguanosine (cdG), and the cdA and cdG
were enriched from the nucleoside mixtures using HPLC, as de-
scribed previously (24). The enriched fractions were subjected to
LC-MS/MS analysis on a TSQ Vantage triple quadrupole mass spec-
trometer (Thermo Fisher Scientific) operated in multiple-reaction
monitoring mode. A 3.0 X 100 mm Hypersil GOLD column (particle
size = 5 um; Thermo Scientific) was used for the on-line analyses of
the fractions containing cdA and cdG, and the flow rate was 100
wl/min. A solution of 0.1% (v/v) formic acid in water (solution A) and a
solution of 0.1% (v/v) formic acid in methanol (solution B) were
employed as mobile phases, and a gradient of 0%-30% B over 40
min followed by 30%-80% B over 2 min was used for the separation.
The spray voltage and S-lens radio frequency amplitude were 4.0 kV
and 55 V, respectively, and the temperatures for the ion transport
tube and vaporizer were set at 270 °C and 226 °C, respectively. The
sheath and auxiliary gas flow rates were 15 and 10 arbitrary units,
respectively. The respective multiple-reaction monitoring transitions
for unlabeled and uniformly '®N-labeled cdG were m/z 266 — 180 and
m/z 271 — 185. The corresponding multiple-reaction monitoring tran-
sitions for unlabeled and uniformly "*N-labeled cdA were m/z 250 —
164 and m/z 255 — 169. The collision energy was set at 17 V for cdG
and 19 V for cdA, and the scan time was 300 ms.

RESULTS AND DISCUSSION

6-Mercaptopurine and SG are widely used for treating ALL
and other human diseases (1-3). Although metabolic trans-
formations of these prodrugs to SG nucleotides, their incor-
poration into nucleic acids, and triggering of the mismatch
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Fic. 1. SILAC work flow and quantification results. A, a flowchart
of forward SILAC combined with LC-MS/MS for the comparative
analysis of protein expression in Jurkat T cells upon SG treatment. B,
the distribution of expression ratios (treated/untreated) for the quan-
tified proteins.

repair pathway are considered important (4), other mecha-
nisms may also be at work. To exploit novel cellular path-
ways underlying the antineoplastic effects of the thiopurine
drugs, we conducted a quantitative proteomic experiment,
based on metabolic labeling using SILAC and LC-MS/MS,
to exploit the SG-induced differential protein expression in
human ALL cells.

SG Treatment, Protein Identification, and Quantification—
We employed Jurkat T human ALL cells for the quantitative
proteomic experiment. To minimize systematic errors and to
assess the drug-induced alterations in protein expression re-
liably, we performed the SILAC experiments in three biologi-
cal replicates, including two forward and one reverse SILAC
labelings (Fig. 1A). The results from LC-MS/MS analyses of
the three sets of SILAC samples allowed us to quantify a total
of 4049 proteins (supplemental Table S1). Although the ma-
jority of the quantified proteins displayed similar levels of
expression in the SG-treated and control cells, 230 exhibited
significant changes (by >1.5-fold; see “Materials and Meth-
0ds”) in expression levels after the drug treatment, with 166
and 64 being significantly down- and up-regulated, respec-
tively (Fig. 1B). Among these 230 proteins, 100 were quanti-
fied in both forward and reverse SILAC labeling experiments
(supplemental Table S2). Fig. 2 displays the representative
LC-MS/MS results supporting the drug-induced down-regu-
lation of Miro1, as reflected by the lower signal intensity for
the tryptic peptide, LPLILVGNK, in the protein lysate from the
SG-treated cells.
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SG Treatment Led to Mitochondrial Dysfunction—To ex-
plore the cellular pathways that are altered by SG treatment,
we next subjected the significantly changed proteins to IPA.
The IPA results revealed that the drug treatment led to the
alteration of a number of canonical pathways (supplemental
Table S3). Among them, mitochondrial dysfunction was the
most significant and had the smallest p value (—log p = 7.41).
In this context, most down-regulated proteins in this pathway
are part of the mitochondrial respiratory chain complex, in
which NDUFA2, NDUFA4, NDUFA10, and NDUFV1 are con-
stituents of Complex I; UQCRC1, UQCRC2, and UQCRFS1
are components of Complex lll; and MT-CO,, COX5B, and
COX6C belong to Complex IV (supplemental Table S1). Ad-
ditionally, we observed the diminished expression of cyto-
chrome b5 (Table I), an outer mitochondrial membrane-bound
hemoprotein functioning as an electron carrier for several
membrane-bound oxygenases (25). Thus, the treatment of
Jurkat T cells with SG led to the reduced expression of a large
number of proteins involved in the electron transport chain in

mitochondria. It is important to emphasize that diminished
expression is not a general phenomenon for mitochondrial
proteins. For instance, the expression levels of mitochondrial
ATP synthase « subunit (ATP5A), the iron-sulfur subunit of
complex Il (SDH), and mitochondrial DNA-directed RNA po-
lymerase did not change appreciably upon SG treatment (sup-
plemental Table S1).

In agreement with the LC-MS/MS quantification results,
Western blot analysis revealed that the SG-induced decrease
in Miro1 expression was dose-dependent and occurred in
multiple cell lines, including in two ALL lines (Jurkat T and
CEM) and HEK293T human embryonic kidney epithelial cells
(Figs. 3A and 3B). A similar observation was made for ectop-
ically expressed Myc-tagged Miro1 in HEK293T cells (supple-
mental Fig. S2). Additionally, Western blot analysis with the
use of a mixture of antibodies recognizing five mitochondrial
respiratory chain proteins (see “Materials and Methods”) re-
vealed that the drug treatment resulted in a significant reduc-
tion in the expression level of UQCRC2, whereas no change
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TABLE |
SG-induced alteration of expression of proteins indicating mitochondrial dysfunction

Gene Fold change
symbol Gene name F F2 Ri (®G-treated/control, mean = S.D.)
MT-CO, Cytochrome ¢ oxidase subunit Il 0.56 0.46 0.51 £ 0.07
COX5B Cytochrome ¢ oxidase subunit Vb 0.39 0.51 0.42 0.45 = 0.08
COXe6C Cytochrome ¢ oxidase subunit Vic 0.57 0.51 0.54 + 0.04
CPT1 Carnitine palmitoyltransferase 1A 2.01 2.10 1.63 1.91 £ 0.25
CYB5A Cytochrome b5 0.65 0.65
NDUFA2 NADH dehydrogenase « subcomplex 2 0.63 0.63
NDUFA4 NADH dehydrogenase a subcomplex 4 0.64 0.64
NDUFA10 NADH dehydrogenase « subcomplex 10 0.58 0.61 0.60 = 0.02
NDUFVA NADH dehydrogenase flavoprotein 1 0.48 0.48
UQCRC1 Ubiquinol-cytochrome ¢ reductase core protein | 0.52 0.52 0.90 0.65 = 0.22
UQCRC2 Ubiquinol-cytochrome c reductase core protein Il 0.47 0.47 0.96 0.63 + 0.28
UQCRFS1 Ubiquinol-cytochrome c reductase rieske iron-sulfur 0.61 0.61
polypeptide1

RHOT1 Mitochondrial RhoGTPase 1 (MIRO1) 0.54 0.62 0.58 = 0.06

Notes: Fold changes represent mean + S.D. of quantification results from multiple SILAC labeling experiments. F1 and F2 refer to the results
obtained from two forward cycles of SILAC labeling experiments, whereas R1 refers to the results from the reverse SILAC labeling experiment.
Data without S.D. reflect that the proteins were quantified in only one set of SILAC labeling experiments, but at least two peptides were

identified and quantified.
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in CEM, Jurkat T, and HEK293T cells upon treatment with increasing concentrations of SG (A) or 24 h of treatment with SG and allopurinol, alone
or in combination (C). B-actin served as the loading control. B, D, the quantification data representing the mean and S.D. of results from three
independent drug-treatment and Western blot experiments. **, p < 0.01; **, p < 0.001. The p values were calculated via two-tailed, unpaired

Student’s t test.

was found for ATP5A or SDH (Figs. 4A and 4B). These results
are again consistent with the LC-MS/MS quantification data
(supplemental Table S1). Western blot data did not reveal a
significant alteration in the expression of NDUFB8 or MT-CO,
(Figs. 4A and 4B). The former protein was not quantified in
LC-MS/MS experiments, whereas the latter displayed signif-
icant down-regulation based on both forward and reverse
SILAC labeling experiments (Table ). The discrepancy be-
tween Western blot and LC-MS/MS results for the expression
level of MT-CO, likely can be attributed to inadequate spec-
ificity of the antibody toward this protein and/or co-migration

of another protein or proteins with MT-CO, under our SDS-
PAGE conditions.

The significant down-regulation of many proteins in the
mitochondrial respiratory chain complex prompted us to ask
whether SG treatment compromises mitochondrial integrity.
Thus, we estimated the level of active mitochondria based on
the cellular uptake of MitoTracker Deep Red. Our flow cytom-
etry quantification results illustrated that treatment with G led
to the diminished uptake of MitoTracker Deep Red into Jurkat
T, CEM, and HEK293T cells (Fig. 5A), suggesting decreased
levels of active mitochondria after SG treatment. Moreover,
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Fic. 4. Western blot for monitoring the protein components of
the mitochondria respiratory complex. A, Jurkat T cells were
treated with 3 uM SG, 3 uM SG + 500 uM allopurinol, or 500 um
allopurinol for 24 h, analyzed via 12% SDS-PAGE, and probed for five
representative proteins of the mitochondrial respiratory complex us-
ing an antibody mixture (see “Materials and Methods”). B-actin served
as the loading control. B, bar graph displaying the quantification
results, which represent the mean and S.D. of results from three
independent drug treatment and Western blot experiments. ***, p <
0.001. The p values were calculated via two-tailed, unpaired Stu-
dent’s t test.

the diminution in the level of active mitochondria in these cell
lines paralleled their relative sensitivity toward G (Fig. 5). In
this context, we observed a more pronounced loss in active
mitochondria for CEM than for Jurkat T and HEK293T cells
(Fig. 5A), which mirrors the highest sensitivity of the CEM cells
toward SG (Figs. 5B-5D).

SG Treatment Led to Elevated Formation of Oxidatively
Induced DNA Lesions—We reasoned that the SG-induced
down-regulation of many proteins in the mitochondrial respi-
ratory chain complex may lead to decreased electron trans-
port efficiency, a situation known to give rise to the elevated
formation of reactive oxygen species (ROS) (26). Increased
ROS production was found in a series of nuclear-encoded

genetic defects of Complex | in the mitochondrial respiratory
chain (27). Therefore, we next asked whether the SG-induced
mitochondrial dysfunction could also lead to the increased
formation of ROS and elevated generation of oxidatively in-
duced DNA lesions in cells. Regarding this, we found recently
that the oxidatively generated 8,5'-cyclo-2’'-deoxyadenosine
(cdA) and 8,5'-cyclo-2'-deoxyguanosine (cdG) can serve as
robust biomarkers for oxidative stress (the mechanism for the
formation of cdA is depicted in Fig. 6A) (24, 28, 29).

We measured, via LC-MS/MS, the levels of cdA and cdG in
genomic DNA isolated from CEM, Jurkat T, and COS7 cells
treated with SG (representative LC-MS/MS data and calibra-
tion curves are shown in supplemental Figs. S4-S9). The
LC-MS/MS results showed that the treatment with SG indeed
stimulated the formation of the (5’'R) diastereomer of cdA and
cdG (Figs. 6B-6D), though we failed to observe significant
increases in the levels of the (5'S) diastereomers of the two
lesions (with the exception of S-cdG in CEM cells). This could
be attributed to the less efficient formation of the (5’'S) diaste-
reomers of cdA and cdG, as found previously for the ionizing-
radiation-induced generation of these DNA lesions in isolated
DNA (30).

In keeping with the elevated generation of oxidatively in-
duced cdA and cdG lesions, we found that the co-treatment
of cells with allopurinol, an ROS scavenger, could abrogate
the SG-induced reduction in the expression level of Miro1 (Fig.
3B). Nevertheless, co-treatment with allopurinol was not able
to rescue the SG-induced diminished expression of UQCRC2
(Fig. 4) or restore the SG-induced loss of active mitochondria,
though allopurinol could rescue substantially the SG-induced
growth inhibition of CEM, Jurkat T, and HEK293T cells (Fig.
5A). These results suggest that the decreased expression of
proteins in the electron transport chain and mitochondrial
dysfunction occur prior to ROS induction.

CONCLUSIONS

Thiopurines are among the most successful chemothera-
peutic agents for treating acute lymphoblastic leukemia and
other human diseases (1-3). Although triggering of the MMR
pathway by S®mG in DNA was previously noted (4), it remains
possible that other pathways may also contribute to the ther-
apeutic efficacy of the drugs in ALL treatment (10). Thus, we
set out to exploit novel mechanisms leading to the antileuke-
mic effects of the thiopurine drugs by assessing the SG-
induced alterations of global protein expression in Jurkat T
cells. Our results revealed that the drug treatment led to the
diminished expression of a large number of proteins that are
components of the electron transport chain of the mitochon-
drial respiratory complex (Table I). In agreement with this
observation, IPA results uncovered mitochondrial dysfunction
as one of the major pathways altered by SG treatment (sup-
plemental Table S3), and flow cytometry data showed the
drug-induced loss of active mitochondria (Fig. 5A). In addi-
tion, we observed the elevated generation of oxidatively in-
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Fic. 5. Allopurinol could partially rescue SG-induced growth inhibition, but not the drug-elicited decline in active mitochondria. A,
flow cytometry quantification data for the cellular uptake of MitoTracker Deep Red in CEM, Jurkat T, and HEK293T cells that were untreated
(control) or treated with allopurinol (Allop.), G, or both (5G+Allop.). Representative plots for flow cytometry analysis are shown in supplemental
Fig. S2. **, p < 0.001. The p values were calculated via two-tailed, unpaired Student’s t test. B-D, survival rates of CEM, Jurkat T, and
HEK293T cells that were untreated (control) or treated with Allop., G, or SG+Allop. The data represent the mean and S.D. of results from three

independent experiments.

duced cdA and cdG lesions in SG-treated cells (Fig. 6). Con-
sistent with these findings, a recent study showed that SG
treatment can give rise to the enhanced formation of ROS,
and the drug-induced ROS generation and cytotoxicity can be
potentiated by glutathione depletion and rescued by allopuri-
nol (31).

Mitochondrial dysfunction and the ensuing formation of
oxidatively induced bulky cyclopurine DNA lesions may con-
tribute to the cytotoxicity of the drug to ALL cells. cdA and
cdG are known to strongly block DNA replication and tran-
scription in cells (35-37). Additionally, cdA and cdG can lead
to mutations during DNA replication and transcription (35-37).
Therefore, the SG-induced formation of cdA and cdG, if left
unrepaired, may also contribute to the development of thio-
purine therapy-related cancers (38).

Our study also provides new knowledge about the se-
quence of events underlying SG-induced toxicity. Based on
the fact that genetic defects of Complex | in the mitochondrial

respiratory chain are known to result in augmented ROS
production (27), we deduce that the reduced expression of a
large number of proteins in the mitochondrial respiratory com-
plex may constitute an upstream event leading to mitochon-
drial dysfunction and the elevated generation of oxidatively
induced DNA lesions. Additionally, we found that the reduced
expression of mitochondrial electron transport chain protein
UQCRC2 and the loss of active mitochondria, as reflected by
the cellular uptake of MitoTracker Deep Red, could not be
rescued by co-treatment of cells with an ROS scavenger,
allopurinol (Figs. 4 and 5) (31). This result supported the
conclusion that the loss of active mitochondria did not arise
from ROS induction. We also found that the SG-induced
down-regulation of Miro1 could be fully abolished by co-
treatment of the cells with allopurinol (Figs. 3C and 3D), indi-
cating that elevated numbers of ROS contribute to the de-
creased expression of Mirol. However, the molecular
mechanisms underlying the SG-induced down-regulation of
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0.01; **, p < 0.001. The p values were calculated via two-tailed, unpaired Student’s t test.

proteins in the mitochondrial respiratory chain complexes
await further investigation.

Our findings also shed new light on the cellular effects of SG
exposure observed in previous studies. In this vein, Kinsella
and coworkers (32, 33) showed that SG treatment of cultured
human cells can result in the activation of autophagy, a cat-
abolic pathway for the lysosomal degradation of proteins and
organelles. Considering the indispensable role of ROS, par-
ticularly those derived from mitochondria, in autophagy acti-
vation (34), our study also points to mitochondrial dysfunction
as the potential origin for SG-induced autophagy.

Together, the results from the present study provide signif-
icant insights into the mechanisms of action of thiopurine
drugs; namely, the drugs may exert their cytotoxic effect by
triggering the diminished expression of proteins in the mito-
chondrial electron transport chain, inducing mitochondrial
dysfunction and ROS generation and resulting in the aug-

mented formation of oxidatively induced DNA lesions. Mito-
chondrial dysfunction may serve as a potential biomarker for
monitoring the efficacy of thiopurine therapy.
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