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5-Aza-2�-deoxycytidine (5-Aza-CdR), a nucleoside analog
that can inhibit DNA cytosine methylation, possesses po-
tent antitumorigenic activities for myeloid disorders. Al-
though 5-Aza-CdR is known to be incorporated into DNA
and inhibit DNA (cytosine-5)-methyltransferases, the pre-
cise mechanisms underlying the drug’s antineoplastic ac-
tivity remain unclear. Here we utilized a mass spectrom-
etry-based quantitative proteomic method to analyze the
5-Aza-CdR-induced perturbation of protein expression in
Jurkat-T cells at the global proteome scale. Among the
�2780 quantified proteins, 188 exhibited significant alter-
ation in expression levels upon a 24-hr treatment with 5
�M 5-Aza-CdR. In particular, we found that drug treatment
led to substantially reduced expression of farnesyl
diphosphate synthase (FDPS) and farnesyl diphosphate
farnesyltransferase (FDFT1), two important enzymes in-
volved in de novo cholesterol synthesis. Consistent with
this finding, 5-Aza-CdR treatment of leukemia (Jurkat-T,
K562 and HL60) and melanoma (WM-266–4) cells led to a
marked decrease in cellular cholesterol content and pro-
nounced growth inhibition, which could be rescued by
externally added cholesterol. Exposure of these cells to
5-Aza-CdR also led to epigenetic reactivation of dipepti-
dyl peptidase 4 (DPP4) gene. Additionally, suppression of
DPP4 expression with siRNA induced elevated protein
levels of FDPS and FDFT1, and increased cholesterol bio-
synthesis in WM-266–4 cells. Together, the results from
the present study revealed, for the first time, that 5-Aza-
CdR exerts its cytotoxic effects in leukemia and mela-
noma cells through epigenetic reactivation of DPP4 gene
and the resultant inhibition of cholesterol biosynthesis
in these cells. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.016915, 1–8, 2012.

Epigenetic events, defined as mitotically and meiotically
heritable changes in gene expression that are not due to
alteration in primary DNA sequence (1), play important roles in
carcinogenesis and tumor progression (2). DNA cytosine

methylation, post-translational modifications of core histones,
and microRNA pathway constitute three major mechanisms of
epigenetic regulation. Global DNA hypomethylation and pro-
moter DNA hypermethylation are known to occur in human
tumors, where promoter cytosine methylation inhibits gene
expression and results in long-term gene silencing (2).

Cytosine methylation pattern is maintained during cell divi-
sion by DNA (cytosine-5)-methyltransferase 1, and DNA
methylation inhibitors were the first epigenetic drugs used for
cancer treatment (3). 5-Azacytidine and 5-aza-2�-deoxycyt-
idine (5-Aza-CdR)1 are among the many cytosine nucleoside
analogs that can inhibit DNA methylation and induce cellular
differentiation (4). These nucleoside analogs are incorporated
into DNA of tumor cells during DNA replication and 5-azacy-
tosine in DNA can bind to the cysteine residue at the active
site of DNMTs (5). This covalent and irreversible binding of the
enzyme to drug-substituted DNA is believed to be the princi-
pal mechanism of cytotoxicity (5), though it was also found
that 5-Aza-CdR treatment could lead to the proteasomal deg-
radation of DNA (cytosine-5)-methyltransferase 1 independent
of its catalytic cysteine residue (6). 5-Aza-CR and 5-Aza-CdR
have been approved by FDA for the treatment of myelodys-
plastic syndromes and are widely studied for the treatment of
hematological diseases (7), including acute and chronic my-
eloid leukemia (AML and CML) (8). However, the detailed
mechanisms underlying the cytotoxic effects of these drugs,
particularly which target gene(s) becomes epigenetically re-
activated and results in the growth inhibition of leukemic cells,
remain poorly defined.

To exploit the molecular mechanisms contributing to the
anticancer activity of 5-Aza-CdR in leukemia cells, we em-
ployed liquid chromatography-tandem MS (LC-MS/MS) to-
gether with stable isotope labeling by amino acid in cell cul-
ture (SILAC) to assess, at the global proteome scale, the
perturbation in protein expression of Jurkat-T human leuke-
mia cells upon 5-Aza-CdR treatment. In this context, SILAC is
a simple and efficient metabolic isotope-labeling method;
when combined with LC-MS/MS analysis, the method can
afford accurate quantification of subtle changes of protein
abundance in the whole proteome (9). With this method, we
quantified more than 2780 unique proteins, 188 of which were
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significantly altered upon 5-Aza-CdR treatment. Importantly,
the quantitative proteomic experiment revealed the 5-Aza-
CdR-induced down-regulation of two essential enzymes in
cholesterol biosynthesis, namely, farnesyl diphosphate syn-
thase (FDPS) and farnesyl diphosphate farnesyltransferase
(FDFT1, a.k.a. squalene synthase). This finding, along with
follow-up studies allowed us to discover, for the first time, that
5-Aza-CdR exerts its cytotoxic effect via modulating choles-
terol biosynthesis in leukemia and melanoma cells, which
involves epigenetic reactivation of DPP4 gene.

MATERIALS AND METHODS

Cell Culture—All reagents unless otherwise stated were from
Sigma, and all cell lines were obtained from ATCC (Manassas, VA).
Jurkat-T, HL60 and K562 cells were cultured in Iscove’s modified
minimal essential medium (IMEM) supplemented with 10% fetal bo-
vine serum (FBS, Invitrogen, Carlsbad, CA), 100 IU/ml penicillin and
100 �g/ml streptomycin in 75 cm2 culture flasks. The WM-266–4
cells were cultured under the same conditions except that Eagle’s
minimum essential medium (EMEM) was used. Cells were maintained
in a humidified atmosphere with 5% CO2 at 37 °C, with medium
renewal of 2–3 times a week depending on cell density. For SILAC
experiments, the IMEM medium without L-lysine or L-arginine was
custom-prepared following ATCC formulation. The complete light and
heavy IMEM media were prepared by adding light or heavy lysine
([13C6, 15N2]-L-lysine) and arginine ([13C6]-L-arginine), along with dia-
lyzed FBS (Invitrogen), to the lysine, arginine-depleted medium. The
Jurkat-T cells were cultured in heavy IMEM medium for at least 10
days to achieve complete stable isotope incorporation.

5-Aza-CdR Treatment and Sample Preparation—Jurkat-T cells, at
a density of �7 � 105 cells per ml in light or heavy IMEM medium,
were treated with 5 �M 5-Aza-CdR for 24 h. After treatment, the light
and heavy cells were harvested by centrifugation at 300 � g at 4 °C
for 5 min, and washed for three times with ice-cold PBS to remove
culture medium and FBS. Cells were lysed with CelLyticTM M lysis
buffer supplemented with 1 mM phenylmethylsulfonyl fluoride and a
protease inhibitor mixture. The resulting cell lysate was centrifuged at
16,000 � g at 4 °C for 30 min and supernatant collected. The protein
concentration in the cell lysate was measured using Quick StartTM

Bradford Protein Assay (Bio-Rad, Hercules, CA). In forward SILAC,
the lysate of light labeled, drug-treated cells and that of the heavy
labeled control cells were combined at 1:1 ratio (w/w), whereas the
heavy labeled, drug-treated cell lysate was mixed equally with the
light labeled, control lysate in the reverse SILAC experiment (Fig. 1A).

SDS-PAGE Separation and In-Gel Digestion—The above equi-
mass mixture of light and heavy lysates was separated on a 12%
SDS-PAGE with a 4% stacking gel and stained with Coomassie blue.
The gel was cut into 20 slices, and the proteins in individual gel slices
were separately reduced in-gel with dithiothreitol and alkylated with
iodoacetamide. The proteins were subsequently digested at 37 °C
with trypsin (Promega, Madison, WI) for overnight. Following diges-
tion, peptides were extracted from gels with 5% acetic acid in H2O
and then with 5% acetic acid in CH3CN/H2O (1:1, v/v). The resulting
peptide mixtures were dried and 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-LCII 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 �m�50
mm) and a separation column (75 �m�120 mm, packed with Repro-
Sil-Pur C18-AQ resin, 5 �m in particle size and 300 Å in pore size; Dr.

Maisch HPLC GmbH, Germany). The peptide mixture was first loaded
onto the trapping column with a solvent mixture of 0.1% formic acid
in CH3CN/H2O (2:98, v/v) at a flow rate of 3.0 �l/min. The peptides
were then separated using a 120-min linear gradient of 2–40% ace-
tonitrile 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 one
full-MS scan was followed with twenty MS/MS scans. The full-scan
MS 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. The
twenty most abundant ions found in MS at a threshold above 500
counts were selected for fragmentation by collision-induced dissoci-
ation at a normalized collision energy of 35%.

Data Processing—The LC-MS/MS data were employed for the
identification and quantification of global proteome, which were con-
ducted using Maxquant, version 1.2.0.18 (10) against International
Protein Index (IPI) database (11), version 3.68 with 87,061 entries to
which contaminants and reverse sequences were added. The maxi-
mum number of miss-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 being discov-
ered from LC-MS/MS analyses were considered reliably identified.
The protein expression ratio reported in the present study repre-
sented the normalized ratios determined by Maxquant, where the
expression levels of the majority of proteins were assumed to be
unchanged upon 5-Aza-CdR treatment and the median of log-trans-
formed ratios of all quantified proteins was considered to be zero (10).
The required false positive rate was set to 1% at the both peptide and
protein levels, with the minimal required peptide length being set at 6
amino acids. The quantification was based on three independent
SILAC and LC-MS/MS experiments, which included two forward and
one reverse SILAC labeling. Only those proteins with alteration in
expression levels being greater than 1.5- or less than 0.67-fold, and
with quantification results from at least two sets (including both
forward and reverse) of SILAC labeling experiments were considered
significantly changed.

Exogenous cholesterol addition and cell viability assay—The cho-
lesterol-BSA complex was prepared following a previously published
method (13). Briefly, a 10-ml aliquot of 1% cholesterol in ethanol was
mixed with an equal volume of doubly distilled water under continu-
ous stirring at room temperature. The milk-like solution was then
centrifuged at 2000 � g for 10 min. The supernatant was discarded,
and the pellet was resuspended in a 10-ml solution containing 0.25 M

sucrose and 1 mM EDTA (pH 7.3), followed by a gentle addition of 4 g
BSA with continuous stirring at room temperature. Once the BSA was
completely dissolved, the pH of the solution was adjusted to 7.3 with
Tris, and the resulting solution was centrifuged at 12,000 � g for 10
min at 4 °C. The supernatant was collected and used for cholesterol
addition experiments.

Jurkat-T, HL60, K562, and WM-266–4 cells were seeded in 6-well
plates at a density of �4 � 105 cells/ml and treated with 5-Aza-CdR
at a final concentration of 5 �M. The cholesterol-BSA complex solu-
tion was added to the wells containing the control or 5-Aza-CdR-
treated cells until the final cholesterol concentration reached 30 or 60
mg/L. After 12 or 24 h of treatment, cells were stained with trypan
blue, and counted on a hemocytometer to measure cell viability.

Extraction and Determination of the Cellular Cholesterol Level—
Cells were washed for three times with PBS and extracted with
chloroform:methanol:water (2:1.1:0.9, v/v/v), following previously
published procedures (14). The chloroform layer was washed three
times with a methanol-water mixture (5:4, v/v), collected, and evap-
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orated to dryness using a SpeedVac. The cholesterol level was mea-
sured by HPLC using methanol as mobile phase, and the effluent from
the column was monitored with a UV detector at a wavelength of 210
nm. The cellular level of cholesterol was determined using a calibra-
tion curve constructed from HPLC analyses of different amounts of
cholesterol, as described recently (15).

Quantitative Real-time PCR—RNA was extracted using the RNeasy
Mini Kit (Qiagen). Approximately 1 �g RNA was reverse transcribed
by employing M-MLV reverse transcriptase (Promega) with a poly(dT)
primer. After incubating at 42 °C for 60 min, the reverse transcriptase
was deactivated by heating at 85 °C for 5 min. Quantitative real-time
PCR was performed using iQ SYBR Green Supermix kit (Bio-Rad) on
a Bio-Rad iCycler system (Bio-Rad), and the running conditions were
at 95 °C for 3 min and 50 cycles at 95 °C for 15 s, 55 °C for 30 s, and
72 °C for 45 s. The comparative cycle threshold (Ct) method (��Ct)
was used for the relative quantification of gene expression, and
GAPDH gene was used as the internal control (16). The mRNA level of
each gene was normalized to that of the internal control.

siRNA Treatment—Dharmacon (Lafayette, CO) ON-TARGETplus
SMARTpool siRNAs were employed to knockdown the expression
of human DPP4 genes in WM-266–4 cells, where Dharmacon
siGENOME Non-Targeting siRNA was used as control. Briefly, WM-
266–4 cells were seeded in 6-well plates at 50–70% confluence level
and transfected with �1.5 �g DPP4 siRNA or control siRNA using
Lipofectamine 2000 (Invitrogen). After a 48-hr incubation, the cells
were harvested by using trypsin-EDTA solution followed by centrifu-
gation at 2000 rpm at 4 °C for 5 min and subsequently washed twice
with PBS.

Western Blot—Lysate of control and 5-Aza-CdR-treated Jurkat-T
and K562 cells, along with that of DPP4 siRNA-treated WM-266–4
cells, were prepared following the above-described procedures. After
SDS-PAGE separation, proteins were transferred to a nitrocellulose
membrane using a solution containing 10 mM NaHCO3, 3 mM

Na2CO3, and 20% methanol. The membranes were blocked with 5%
nonfat milk in PBS buffer containing 0.1% (v/v) Tween-20 (pH 7.5) for
7 h and incubated overnight at 4 °C with rabbit anti-FDPS antibody
(1:400 dilution, Abgent, San Diego, CA) and rabbit anti-FDFT1 anti-
body (1:400 dilution) (Abgent). The membranes were washed with
fresh PBS-T at room temperature for five times (10 min each). After
washing, the membranes were incubated with HRP-conjugated sec-
ondary antibody (1:1000 dilution) at room temperature for 1 h. The
membranes were subsequently washed with PBS-T for five times.
The secondary antibody was detected by using ECL Advance West-
ern blotting Detection Kit (GE Healthcare) and visualized with Hyblot
CL autoradiography film (Denville Scientific, Inc., Metuchen, NJ). In-
tensities for immunoreactive bands were quantified using ImageJ
(National Institutes of Health).

RESULTS AND DISCUSSION

5-Aza-CdR Treatment and Protein Quantification—It is
widely accepted that treatment of cells with 5-Aza-CdR could
lead to the incorporation of the modified nucleoside into cel-
lular DNA, which traps covalently the DNMTs thereby induc-
ing DNA hypomethylation (5). However, the target gene(s),
whose reactivation gives rise to the cytotoxic effect of the
drug, remains to be identified. To explore the molecular tar-
gets of 5-Aza-CdR, we employed an unbiased quantitative
proteomic approach to identify, at the entire proteome scale,
the drug-induced perturbation of protein expression in Jur-
kat-T cells. To this end, we first established the optimal dose
of 5-Aza-CdR by examining the survival rate of Jurkat-T cells
upon treatment with different concentrations of 5-Aza-CdR.

Based on trypan blue exclusion assay, a less than 5% cell
death was observed after a 24-hr treatment with 5 �M 5-Aza-
CdR; however, cell viability was significantly reduced (by
�20%) after a similar treatment with 10 �M 5-Aza-CdR. Thus,
we chose 5 �M 5-Aza-CdR for the subsequent experiments to
minimize the apoptosis-induced changes in protein expres-
sion. To obtain reliable quantification results, we conducted
SILAC experiments in triplicate, including two forward and
one reverse labeling (Fig. 1A depicts the procedures for for-
ward SILAC labeling).

LC-MS/MS allowed for the identification of a total of 3100
proteins in both forward and reverse SILAC experiments,
and � 2780 of them were quantified (Fig. 1B). Details of all
quantified proteins are listed in supplemental Table S1. The
distribution of changes in protein expression levels arising
from 5-Aza-CdR treatment is displayed in Fig. 1B. By using a
ratio of �1.5 or �0.67 as threshold for the significantly
changed proteins, 188 exhibited significant changes with at
least two peptides being identified in at least two sets of
SILAC labeling experiments (supplemental Table S2). Fig. 2
depicts the representative ESI-MS results for two tryptic pep-

FIG. 1. SILAC-based quantitative proteomic method for re-
vealing the 5-Aza-CdR-induced perturbation of protein expres-
sion in the global proteome. A, Flowcharts of forward SILAC
combined with LC-MS/MS for the comparative analysis of protein
expression in Jurkat-T cells upon 5-Aza-CdR treatment. B, The
distribution of expression ratios (treated/untreated) for the quanti-
fied proteins, including those quantified in only one set of SILAC
labeling experiment.
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tides derived from farnesyl diphosphate synthase (FDPS),
which reveals the 5-Aza-CdR-induced down-regulation of this
protein.

5-Aza-CdR Treatment Led to Down-regulation of FDPS
and Farnesyl Diphosphate Farnesyltransferase (FDFT1, a.k.a.
Squalene Synthase)—We next performed protein interaction
network and pathway analysis using the Ingenuity Pathway
Analysis (IPA) software (17). Proteins exhibiting greater than a
1.5-fold change in expression upon the drug treatment were
considered for the analysis. Networks represent a highly in-
terconnected set of proteins derived from the input dataset.
Biological functions and processes were assigned to net-
works by mapping the proteins in the network to functions in
the Ingenuity ontology. Several pathways were found to be
altered included steroid (cholesterol) biosynthesis, gran-
zyme signaling, mitochondria dysfunction, etc. (supplemen-
tal Table S3).

For the steroid biosynthesis pathway, results from our
quantitative proteomic experiments showed that FDPS and
FDFT1 were significantly reduced upon 5-Aza-CdR treatment.
The expression ratios (treated/untreated) for FDPS and FDFT1
were determined to be 0.61 � 0.03 and 0.48 � 0.10, respec-
tively, based on results from three independent SILAC label-
ing, drug treatment, and LC-MS/MS measurements. FDPS
and FDFT1 catalyze the biosynthesis of FDP and the conver-
sion of FDP to squalene, respectively (18). Viewing that both
enzymes are essential for de novo cholesterol synthesis in
human cells (14), we reasoned that 5-Aza-CdR treatment may
give rise to diminished intracellular cholesterol levels. To test
this, we extracted cholesterol from Jurkat-T cells and meas-
ured its level by HPLC analysis. It turned out that a 24-hr
treatment with 5 �M 5-Aza-CdR led to a statistically significant
decline of the cellular cholesterol content from 36 �g to 30 �g
of cholesterol per 107 cells (Fig. 3A). To examine if this ob-

servation is general, we measured cholesterol levels in two
other leukemia cell lines (i.e. HL60 and K562) with and without
5-Aza-CdR treatment, and our results showed that the drug-
induced decrease in cellular cholesterol content was even
more pronounced in these two cell lines (Fig. 3B and 3C).
Therefore, the results confirmed the 5-Aza-CdR-induced
down-regulation of FDPS and FDFT1, as observed from quan-
titative proteomic experiment. Along this line, the 5-Aza-CdR-
induced down-regulation of FDPS and FDFT1 in Jurkat-T and
K562 cells was further confirmed by Western blot analysis
(supplemental Fig. S1). Apart from the decreased expression
of FDPS and FDFT1, our quantitative proteomic results re-
vealed the elevated expression of zyxin, Wiskott-Aldrich syn-
drome protein family member 2 (WASP2), as well as LIM and
Src homology 3 domain protein 1 (LASP-1, Tables S1 and S2).
These proteins co-localize with actin polymerization, which
occurs in cholesterol-rich membrane microdomains (a.k.a.
lipid rafts) (19–21). The overexpression of these proteins may
reflect an enhanced membrane-cytoskeleton interaction in
response to 5-Aza-CdR-induced cholesterol depletion (22,
23).

Diminished endogenous cholesterol biosynthesis in leuke-
mic cells may contribute significantly to the cytotoxic effects
of 5-Aza-CdR. In this vein, leukemia cells display enhanced
rates of de novo cholesterol synthesis and lack of feedback
inhibition of cholesterogenesis (24). Inhibition of endogenous
cholesterol biosynthesis in leukemia cells suppresses their
growth (25, 26). If this constitutes the major mechanism lead-
ing to the growth inhibition of leukemic cells, we expect that
the 5-Aza-CdR-induced growth inhibition should be rescued
by externally added cholesterol. It turned out that all three
leukemia cell lines exhibited substantial growth inhibition
upon 5-Aza-CdR treatment, which can indeed be abrogated
by addition of cholesterol to the culture medium (Fig. 4A and

FIG. 2. Representative ESI-MS re-
sults revealing the 5-Aza-CdR-in-
duced down-regulation of FDPS.
Shown are the MS for the [M	2H]2	 ions
of FDPS peptides EFWPQEVWSR
and EFWPQEVWSR* (A), as well as
TQNLPNCQLISR and TQNLPNCQLISR*
(B) (“R*” designates the heavy arginine)
from forward (left) and reverse (right)
SILAC labeling experiments.
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4B displayed representative data for Jurkat-T and K562 cells).
In this regard, the cholesterol content in 5-Aza-CdR-treated
cells returned to control levels at 24 h after the addition of
exogenous cholesterol (Fig. 3). These results demonstrated
that the 5-Aza-CdR-induced growth inhibition of the three
leukemia cell lines could be mainly attributed to the decreased
levels of FDPS and FDFT1 and the resultant decline in endog-
enous cholesterol biosynthesis.

5-Aza-CdR-Induced Inhibition of Cholesterol Biosynthesis
Involves Epigenetic Reactivation of DPP4 Gene—Viewing that

5-Aza-CdR treatment can lead to cytosine demethylation and
reactivation of epigenetically silenced genes, we surveyed
literature for mammalian genes that are both epigenetically
silenced in leukemia cells and involved in cholesterol biosyn-
thesis. We found that dipeptidyl peptidase 4 (DPP4, a.k.a.
CD26 in T cells or adenosine deaminase complexing protein)
is the only known human gene satisfying both criteria. In this
regard, DPP4 was found to be epigenetically silenced in pri-
mary leukocytes isolated from adult T-lineage leukemic pa-
tients and in cultured human leukemia cells (27). In addition,

FIG. 3. 5-Aza-CdR perturbed de
novo cholesterol synthesis in leuke-
mia cells. Shown are the histograms of
cholesterol levels in Jurkat-T (A), K562
(B), HL60 (C), and WM-266–4 (D) cells
that are untreated, treated with 5 �M

5-Aza-CdR treatment for 24 h alone or
together with cholesterol. The values
represent mean � S.D. of results ob-
tained from three independent experi-
ments. “*”, p � 0.05; “**”, p � 0.01; “***”,
p � 0.001. The p values were calculated
by using unpaired two-tailed t test.

FIG. 4. 5-Aza-CdR-induced growth
inhibition of leukemia cells can be res-
cued by externally added cholesterol.
The viability of Jurkat-T (A), K562 (B),
and WM-266–4 (C) cells after 12 and
24 h of treatment with 0 (dotted line), 30
(dashed line) or 60 mg/L (solid line) cho-
lesterol alone (left), or together with 5 �M

5-Aza-CdR (right).
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promoter cytosine methylation of DPP4 gene was observed to
correlate positively with plasma HDL-cholesterol level in se-
verely obese patients with metabolic syndrome (28). Although
our proteomic experiment did not allow us to identify or
quantify the DPP4 protein (likely because of its low level of
expression in Jurkat-T cells), real-time PCR experiment
showed that 5-Aza-CdR treatment led to the reactivation
of DPP4 gene in all three leukemia cell lines tested (supple-
mental Fig. S2).

Apart from leukemia cells, DPP4 is known to be epigeneti-
cally silenced in human melanoma cells (29). We found that
5-Aza-CdR treatment also resulted in elevated expression of
DPP4 (supplemental Fig. S2) and diminished endogenous
cholesterol biosynthesis (Fig. 3D) in WM-266–4 human mel-
anoma cells. Furthermore, the 5-Aza-CdR-induced growth
inhibition of WM-266–4 cells can again be rescued by sup-
plementing the culture medium with cholesterol (Fig. 4C). To
examine whether epigenetic reactivation of DPP4 gene
plays a causative role in the decreased levels of FDPS and
FDFT1 proteins, we employed siRNA to knockdown the
expression of DPP4 gene and assessed the expression
levels of the two cholesterol biosynthesis enzymes as well
as cellular cholesterol content. Owing to the difficulty in
transfection of leukemia cells, we employed WM-266–4
cells for the experiment. Our results showed that the treat-
ment of WM-266–4 cells with DPP4 siRNA led to a de-
crease in DPP4 mRNA expression by �75%, as revealed by
real-time PCR analysis (Fig. 5A). More importantly, treat-
ment of WM-266–4 cells with DPP4 siRNA, but not control
nontargeting siRNA, could result in increased expression of
FDPS and FDFT1 (Western blot results shown in Fig. 5C and
5D) and elevated cellular cholesterol content (Fig. 5B). This
result demonstrated that DPP4 could regulate negatively
the levels of FDPS and FDFT1 proteins. Together, the above
results support that 5-Aza-CdR treatment induces epige-

netic reactivation of DPP4 gene, which leads to diminished
expression of FDPS and FDFT1 proteins, thereby decreas-
ing cholesterol biosynthesis and inhibiting the growth of
leukemic cells (Fig. 6).

CONCLUSIONS

Multiple epigenetic alterations have been observed in he-
matopoietic malignancies (30), and 5-Aza-CdR is an epige-
netic drug used for the treatment of myelodysplastic syn-
dromes and myelogenous leukemia (7, 8). Although the
covalent binding of DNA 5-azacytosine with catalytic cysteine
residue in DNMT proteins and the resulting diminished pro-
moter cytosine methylation are considered the principal
mechanism of toxicity (5), the target gene(s) underlying the
therapeutic effect of this DNA hypomethylating agent remains
ambiguous. We attempted to address this question by as-
sessing the drug-induced alterations in protein expression at
the whole proteome scale. Our results based on metabolic
labeling using SILAC, together with LC-MS/MS analysis, re-
vealed that the drug treatment led to significant changes in

FIG. 5. DPP4 gene regulates nega-
tively endogenous cholesterol biosyn-
thesis in WM-266–4 cells. Displayed
are histograms of DPP4 expression level
(A) and cholesterol content (B) in WM-
266–4 cells after siRNA knockdown of
DPP4 gene. Shown in (C), and (D) are the
Western blot image and quantification
results for FDPS and FDFT1 protein lev-
els in WM-266–4 cells after DPP4 siRNA
knockdown.

FIG. 6. A mechanistic model underlying the anti-leukemic effect
of 5-Aza-CdR.
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expression of 188 proteins. Among them, FDPS and FDFT1,
two important enzymes involved in cholesterol biosynthesis,
were decreased significantly upon 5-Aza-CdR treatment. In
addition, we observed that 5-Aza-CdR-induced growth inhi-
bition of Jurkat-T, HL60 and K562 cells could be abrogated by
externally added cholesterol, supporting the conclusion that
inhibition in endogenous cholesterol biosynthesis constitutes
the major pathway leading to the growth inhibition of leukemia
cells. The above observations, in conjunction with previous
findings showing that DPP4 gene is epigenetically silenced in
leukemia cells (29) and promoter methylation of this gene is
correlated positively with HDL-cholesterol level in severely
obese patients with metabolic syndrome (28), led us to dis-
cover that 5-Aza-CdR-mediated epigenetic reactivation of
DPP4 gene accounts for the diminished expression of FDPS
and FDFT1 at the protein level. Taken together, our quantita-
tive proteomic experiment, together with follow-up studies,
demonstrated that 5-Aza-CdR led to epigenetic reactivation
of DPP4 gene. Elevated expression of DPP4 gene gave rise to
decreased levels of two important enzymes involved in cho-
lesterol biosynthesis, and the resultant diminished cholesterol
biosynthesis induced growth inhibition of leukemic cells (Fig.
6). Future experiments will be needed for understanding how
reactivation of DPP4 gene leads to diminished levels of FDPS
and FDFT1 proteins. In this vein, it is unlikely for these two
enzymes to be direct substrates for DPP4 considering that the
N termini of neither proteins carry a DPP4 recognition site and
DPP4 was found to be incapable of cleaving large protein
molecules (31).

It is worth emphasizing the advantage of the quantitative
proteomic method for discovering molecular mechanisms of
action of anti-cancer drugs. The most notable outcome of the
unbiased quantitative proteomic approach is perhaps the
generation of novel hypotheses. Prior to this work, few would
have thought that epigenetic reactivation of DPP4 gene and
the resulting inhibition in cholesterol biosynthesis would con-
stitute an important molecular mechanism contributing to the
anti-leukemic effect of 5-Aza-CdR. Now, this becomes evi-
dent on the basis of the validation experiments. The ability to
discover molecular target of 5-Aza-CdR that lies outside of
previous biological knowledge is a major motivation for the
use of unbiased proteome-wide approaches for unraveling
novel mechanisms of action of antineoplastic agents and is
well supported by the results generated from the present
study. It is also worth noting that 5-Aza-CdR treatment did
not give rise to significant decreases in expression of FDPS
and FDFT1 at the mRNA level; likewise, treatment with
DPP4 siRNA did not lead to elevated mRNA expression of
these two genes in WM-266–4 cells (Fig. S3), revealing the
lack of transcriptional regulation of these two genes by
DPP4. Therefore, this result also underscored that the new
pathway uncovered from quantitative proteomic strategy
would not be discovered with the conventional microarray-
based approach.

In conclusion, the current study uncovered a novel mech-
anism of 5-Aza-CdR-induced anticancer effect. In the future,
it will be important to assess whether the findings made with
cultured leukemia cells can be extended to leukemic patients
administered with the drug. If the mechanism can be ex-
tended to in vivo, it will have a profound impact on the clinical
use of 5-Aza-CdR in treating myeloid disorders. For instance,
assessment of DPP4 gene expression in patient leukocytes
may provide an important basis for choosing the optimal
therapeutic dose for the treatment, and leukocyte cholesterol
level may serve as a biomarker for monitoring the clinical
efficacy of the drug.
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30. Claus, R., and Lübbert, M. (2003) Epigenetic targets in hematopoietic
malignancies. Oncogene 22, 6489–6496

31. De Meester, I., Korom, S., Van Damme, J., and Scharpé, S. (1999) CD26, let
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