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Abstract

Acute lymphoblastic leukemia (ALL) is the most common hematological cancer in children. Although risk-adaptive therapy,
CNS-directed chemotherapy, and supportive care have improved the survival of ALL patients, disease relapse is still the
leading cause of cancer-related death in children. Therefore, new drugs are needed as frontline treatments in high-risk
disease and as salvage agents in relapsed ALL. In this study, we report that purified sulforaphane, a natural isothiocyanate
found in cruciferous vegetables, has anti-leukemic properties in a broad range of ALL cell lines and primary lymphoblasts
from pediatric T-ALL and pre-B ALL patients. The treatment of ALL leukemic cells with sulforaphane resulted in dose-
dependent apoptosis and G2/M cell cycle arrest, which was associated with the activation of caspases (3, 8, and 9),
inactivation of PARP, p53-independent upregulation of p21CIP1/WAF1, and inhibition of the Cdc2/Cyclin B1 complex.
Interestingly, sulforaphane also inhibited the AKT and mTOR survival pathways in most of the tested cell lines by lowering
the levels of both total and phosphorylated proteins. Finally, the administration of sulforaphane to the ALL xenograft
models resulted in a reduction of tumor burden, particularly following oral administration, suggesting a potential role as an
adjunctive agent to improve the therapeutic response in high-risk ALL patients with activated AKT signaling.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most common

hematological malignancy in children. The incidence of the two

ALL subtypes correlates inversely with prognosis; approximately

70–80% of ALL cases are of the precursor B-cell lineage (pre-B

ALL), whereas T-cell ALL (T-ALL) occurs at a lower frequency

and has a worse prognosis [1]. Although risk-adaptive therapy has

improved the treatment outcome of childhood ALL, 20% of these

patients still relapse after their initial treatment [2]. A poor

understanding of ALL pathobiology has prevented the develop-

ment of targeted therapies to treat relapsed disease, which is the

second most common cause of cancer-related deaths in children

[3]. Therefore, the development of novel agents is critical to

generate frontline therapies for high-risk patients and salvage

agents to treat relapsed disease.

Although relapses in pre-B ALL are frequently associated with

high-risk disease (i.e., BCR-ABL translocation, hypodiploidy, and

MLL rearrangement with slow early response and induction

failure), relapses can occur within all currently defined risk groups

[3,4]. The majority of relapses occur in children initially assigned

to the standard (i.e., age 1–9 y/o and white blood cells ,50,000/

ml) or high-risk categories (i.e., age ,1y/o or .9 y/o, WBC

.50,000/ml, and central nervous system or testicular disease at

diagnosis) [3]. The survival rate of patients with relapsed pre-B

ALL ranges from 20 to 50%, depending on the site and time of

relapse. In contrast, patients with T-cell ALL who develop bone

marrow relapse at any time during therapy are more difficult to

treat and therefore exhibit worse outcomes compared to relapsed

pre-B ALL patients [5,6]. Thus, a better understanding of the

pathogenesis of ALL and the identification of the molecular targets

associated with more aggressive disease can aid in the develop-

ment of new therapeutic strategies for children with high-risk

disease. The enhanced ability of leukemic cells to proliferate and

survive compared to normal cells is an important factor associated

with disease severity [7]. Leukemic cells deregulate proliferation

and increase survival through the loss of key cell cycle checkpoint

controls, such as CDKN2A/B misexpression, and the activation of

pro-survival signals such as the PI3K/AKT/mTOR pathway

[8,9,10,11,12,13]. Therefore, chemical compounds that are able to

induce cell cycle arrest and inhibit survival signals selectively in

leukemic cells both in vitro and in preclinical mouse models may be

the next line of chemodrugs that are utilized to control or eradicate

resistant leukemic cells.

Many standard chemotherapeutic agents have been discovered

from natural sources (e.g., daunorubicin and cytarabine). Sulfo-

raphane (SF) is a dietary isothiocyanate found in cruciferous

vegetables and is endowed with both preventive and therapeutic

activities in solid tumors [14]. Epidemiological studies conducted

in the US found that individuals who consumed a diet rich in

cruciferous vegetables (i.e., broccoli and cabbage) had a lower

incidence of breast, lung, prostate, and colon cancer

[15,16,17,18,19]. Furthermore, the consumption of raw crucifer-
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ous vegetables inversely correlates with the risk of bladder cancer

[20]. This cancer chemopreventive property has been largely

attributed to the activity of isothiocyanates derived from the

metabolism of glucosinolates that accumulate in cruciferous

vegetables. The glucosinolate glucoraphanin is converted to SF

by myrosinases that are present in cruciferous vegetables and gut

bacteria [19]. SF is a highly reactive and hydrophobic compound

that can alter cellular function by entering cells where SF is either

conjugated to glutathione and secreted via the mercapturic

pathway or it forms thionacyl adducts with the thiol groups of

not yet identified proteins in cancer cells. SF induces apoptosis in

several cancer cell lines and has been tested in animal models of

human cancer, such as T-cell leukemia, breast, colon, and prostate

cancer, by targeting caspases, PARP, p21CIP1/WAF1 (p21), p53 and

Bax [21,22,23,24,25]. SF also causes G1/S and G2/M cell cycle

arrest through alterations in the levels of cyclin A, cyclin B1, cyclin

D1, p21cip1/waf1, and the tumor suppressor KLF4

[23,26,27,28,29]. Moreover, a recent report showed that SF

restricts the survival of cancer cells by inhibiting PI3K/AKT

signaling in the PTEN-null mouse model of prostate cancer [30].

In this study, we describe the anti-leukemic effect of SF in pre-B

ALL and T-ALL cell lines and primary samples from pediatric

ALL patients. SF induced apoptosis, G2/M cell cycle arrest,

higher p21 levels, cleavage of PARP and caspases (3, 8, and 9), and

the inhibition of AKT/mTOR signaling in ALL cells. We further

confirmed that the administration of SF controlled the expansion

of leukemic cells in pre-clinical xenograft models of ALL. This

study supports further testing of SF as an adjunctive agent to

increase remission rates in high-risk ALL patients and to treat

other hematological malignancies with activated survival path-

ways.

Materials and Methods

Ethics Statement
The Baylor College of Medicine Institutional Review Board

approved the use of human samples for this study. Primary clinical

specimens were obtained from the tissue repository at Texas

Children’s Hospital that collected samples following written

informed consent. We received archived samples upon approval

by the Leukemia Research Interest Group at Texas Children’s

Hospital.

All mice were maintained in specific pathogen-free conditions at

the Baylor College of Medicine (Houston, TX, USA). All

experiments were performed with the approval of the Institutional

Animal Care and Usage Committee of Baylor College of

Medicine.

Chemicals
Synthetic DL-Sulforaphane (SF) was purchased from Sigma-

Aldrich (St. Louis, MO) and LKT Laboratories (St. Paul, MN) for

both the in vitro and in vivo studies. SF was dissolved in dimethyl

sulfoxide (DMSO) to generate a 40 mM stock concentration and

stored at 220uC. SF was diluted to the specified final concentra-

tion in RPMI-1640 medium supplemented with 10% fetal bovine

serum (FBS). The volume of DMSO was less than 0.1% of the

total volume, and the identical dilution of DMSO in culture

medium was used as the vehicle control. S-(N-Methylsulfinylbu-

tylthiocarbamoyl)-glutathione (SF-glutathione), S-(N-Methylsulfi-

nylbutylthiocarbamoyl)-L-cysteine (SF-cysteine), and N-Acetyl-S-

(N-Methylsulfinylbutylthiocarbamoyl)-L-cysteine (SF-NAC) were

obtained from LKT Laboratories.

Cell Lines and Cell Culture
The Nalm-6, REH and RS-4 cell lines were obtained from Dr.

Karen Rabin (Texas Children’s Cancer and Hematology Centers,

Baylor College of Medicine), originally from the American Type

Tissue Collection (REH, RS4) and the DMSZ German Collection

of Microorganisms and Cell Culture (Nalm-6). The EBV-

transformed lymphoblastoid cell line (LCL) was provided by Dr.

Catherine Bollard (Center for Cell and Gene Therapy, Baylor

College of Medicine) [31]. The RPMI, DND41 and KOPTK1 T-

ALL cell lines were obtained from Dr. Adolfo Ferrando (Columbia

University, New York) [32] and Jurkat cells from the American

Type Tissue Collection. All of the cell lines were maintained in

RPMI-1640 medium (Lonza) supplemented with 10% FBS, 2 mM

glutamine, 1 mM sodium pyruvate, penicillin (10 U/ml), and

streptomycin (10 mg/ml).

Patient Samples
Bone marrow or peripheral blood samples from pre-B ALL and

T-ALL patients collected at the time of diagnosis were obtained

from the Texas Children’s Cancer Center tissue repository (.80%

blast cells). The samples were collected after written informed

consent and frozen lymphoblasts were supplied in an unspecified

manner. All experiments with patient samples conformed to the

regulatory standards approved by the Baylor College of Medicine

Institutional Review Board (IRB). Mononuclear cells from healthy

donors were isolated using Ficoll gradient from peripheral blood

collected according institutional review board protocols.

In vitro Cell Viability Assay
The cell lines were cultured overnight in 96-well plates at a

density of 26104 cells/well. The next day, SF was added (0–

10 mM), and the cells were incubated for an additional 24–48

hours. The primary patient samples were cultured for 4 hours in

96-well plates at a density of at least 26104 cells/well followed by

an additional 24–48 hours in the presence of SF (0–40 mM). Cell

viability was measured using the CellTiter-Glo Luminescent

Viability assay (Promega), an ATP-based method, and the number

of viable cells was estimated as relative luminescent units. The

half-maximal inhibitory concentration (IC50) was calculated from

triplicates of each dose by nonlinear regression analysis using

GraphPad software.

Analysis of Apoptosis and DNA Content
The cell lines were cultured in 6-well plates at a final

concentration of 46105 cells/ml and incubated overnight before

the addition of SF (7.5 mM). The cells were collected 48 hours later

and the percentages of annexin-V- and 7-AAD-positive cells were

analyzed by flow cytometry as indicated by the manufacturer (BD

Biosciences). To measure DNA content, the cells were resus-

pended in PBS containing 0.1% sodium citrate, 0.1% Triton-X

100 and RNase A (100 mg/ml), and the nuclei were stained with

propidium iodide (50 mg/ml). The cell cycle distribution was

analyzed by flow cytometry (FACScanto) and calculated using

FlowJo software (Tree Star Inc.).

Immunoblots
The leukemic cells were harvested after 24 hours of incubation

with SF (7.5 mM) or the vehicle control. The cells were lysed with a

1% Nonidet P-40 (NP-40) solution containing 5 mM EDTA,

150 mM NaCl, 50 mM Tris-HCl (pH 8.0), and a cocktail of

phosphatase and protease inhibitors (Roche Molecular Biochem-

icals). The samples were separated by SDS-PAGE electrophoresis

and transferred to PVDF membranes. The immunoblots were
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developed using the following antibodies (Cell Signaling): rabbit

polyclonal anti-PARP, mouse monoclonal anti-caspase 3, mouse

monoclonal anti-caspase 8, mouse monoclonal anti-caspase 9,

mouse monoclonal anti-p21, mouse monoclonal anti-p53, rabbit

polyclonal anti-AKT, rabbit monoclonal anti-phospho-AKT

(Ser473), rabbit monoclonal anti-mTOR, rabbit monoclonal

anti-phospho-mTOR, rabbit monoclonal anti-cyclin B1, rabbit

anti-phospho-cdc2 (Tyr15), rabbit anti-cdc2, rabbit anti-phospho-

cdc25C (Ser216), and rabbit anti-cdc25C. Mouse anti-cyclin D1

antibody was obtained from Santa Cruz Biotechnology.

Xenograft Mouse Models
The Nalm-6 (pre-B ALL) cells were transduced with retrovirus

generated by the co-transfection of 293T cells with the retroviral

construct GFP-FFluc and the psi-amphotropic envelope. Trans-

duced tumor cells, which were marked by GFP expression, were

selected by fluorescence-activated cell sorting (Nalm-6-FFLuc). To

induce leukemia in a xenograft mouse model of systemic disease,

0.256106 cells were injected via the tail veins of NOD/SCID mice

(Jackson Lab). Twenty-four hours later, the mice received daily

intraperitoneal injections with 2 mg SF or vehicle and were

monitored for leukemic cell expansion by bioluminescence

detection each week. To induce subcutaneous tumors, 56106

Nalm-6-FFluc cells embedded in high concentration basement

membrane matrix (BD Bioscience) were injected subcutaneously

into the flanks of NOD/SCID mice. Bioluminescent imaging was

performed after one week of tumor establishment (day 0

treatment) and after 4 and 7 days of SF treatment by oral gavage

(2 mg, twice daily). For bioluminescence detection, the images

were acquired in anesthetized mice using the IVIS Imaging

System (Xenogen) 10 minutes after intraperitoneal injection with

50 mg/kg D-luciferin. All mice were maintained in specific

pathogen-free conditions at the Baylor College of Medicine

(Houston, TX, USA). All experiments were performed with the

approval of the Institutional Animal Care and Usage Committee

of Baylor College of Medicine.

Statistical Analysis
Two-tailed unpaired Student’s t-tests were performed using

GraphPad software. Differences were considered significant when

the P value was ,0.05. The statistics are indicated in each figure

legend.

Results

Sulforaphane Induces Apoptosis in Pre-B ALL and T-ALL
Cells

SF is a natural product found in cruciferous vegetables and has

shown anti-cancer properties in breast, prostate, and colon cancer

[33,34,35]. In this work, we investigated whether purified SF is

also effective against hematological malignancies by testing its

activity in ALL leukemic cells. We initially observed that SF

(10 mM) significantly reduced the viability of the Nalm-6 human

pre-B ALL cell line (Fig. 1A). We next examined the effects of

different concentrations of SF (0–10 mM) on the viability of the

cultured pre-B ALL and T-ALL leukemic cell lines compared to

the EBV-transformed B-cell lymphoblastoid cell line (LCL) used as

the ‘‘non-leukemic’’ control. SF selectively killed the Nalm-6,

REH, and RS-4 pre-B ALL cells in a dose-dependent manner

(Fig. 1B). In contrast, the incubation of non-leukemic cells with the

highest concentration of SF resulted in a 20% reduction in cell

viability (Fig. 1B). Similar to the pre-B ALL cells, the Jurkat,

RPMI, DND41, and KOPTK1 T-ALL cell lines were susceptible

to SF-mediated cytotoxicity, and nearly no viable leukemic cells

survived after incubation with 10 mM SF (Fig. 1B). Consistent with

the inhibitory concentrations reported for other cancer cells

[29,36,37], SF exhibited a half-maximal inhibitory concentration

(IC50) in the 1–7 mM range (Table 1). Because patient-derived

cells often accumulate additional genetic aberrations during the

establishment of a cell line, we further confirmed our findings

using primary lymphoblasts collected at diagnosis from the pre-B

ALL and T-ALL pediatric patients at the Texas Children’s Cancer

and Hematology Centers. The patient lymphoblasts showed a

dose-dependent cytotoxicity with an IC50 (48 h) in the 7–13 mM

range, and only one of six pre-B ALL samples displayed a poor

response to SF (Fig. 1C, Table 1). Collectively, our data

demonstrate that SF significantly reduced the cell viability of

established ALL cell lines and patient samples. The next question

was to examine the toxicity of SF on normal peripheral blood

mononuclear cells (PBMC). We cultured PBMC freshly isolated

from 4 different healthy donors in the presence of SF (0–40 mM)

for 24 hours, which is the time reported for complete elimination

of SF from blood [37]. In contrast to lymphoblasts from ALL

patients, normal PBMC were less susceptible to SF showing 10–

20% cytotoxicity with the highest concentration (Fig. 1D). Even

though longer incubations (48 hours) reduced survival of normal

PBMC due to their limited proliferative and survival capacity

in vitro, the IC50 (30.267.2 mM, n = 4) was significantly higher

(p,0.001) than primary samples from pre-B ALL (13.168.1 mM,

n = 6) and T-ALL (10.162.0 mM, n = 7) patients. Finally, we

investigated whether the metabolism of SF leads to abrogation of

its cytotoxic properties, which is particularly important for future

translation into the clinic. In contrast to SF (IC50 4.7 mM), the

survival of Nalm-6 cells cultured in the presence of different doses

of SF-glutathione, SF-cysteine or SF-N-acetyl-cysteine was signif-

icantly improved, with IC50s 9 mM (Fig. 1E). For example,

7.5 mM of SF-metabolites induced only 20% cytotoxicity after 48

hours of incubation compared to 80% for same concentration of

SF. Thus, future clinical trials should aim at maintaining a

therapeutic concentration of SF (active form).

The reduction of cell viability indicates that SF induced cell

death in leukemic cells. To test this hypothesis, we incubated ALL

and LCL cells with 7.5 mM SF for 48 hours and then stained the

cells with annexin-V and 7-AAD for flow cytometric analysis. In

contrast to the LCL cells, SF induced apoptosis in the Nalm-6,

Jurkat and KOPTK1 cells (Fig. 2A,B). Selectivity for leukemic cells

is a desired property of chemotherapeutic agents. Next, we

analyzed the effect of SF on the cleavage of caspases to elucidate

the mechanism of SF-induced cell death in ALL cells. Pro-

apoptotic signals activate caspases 8 and 9, which lead to the

activation of the effector caspase 3. No significant cleavage of

caspases was observed in LCL cells treated with SF (Fig. 2C). In

contrast, the pre-B ALL and T-ALL cell lines showed cleavage of

caspases 3, 8, and 9 (Fig. 2C). The inactivating cleavage of the

DNA repair enzyme PARP was also observed only in ALL cells

treated with SF (Fig. 2C).

Sulforaphane Induces G2/M Cell-cycle Arrest and Inhibits
AKT-mediated Survival Signals in ALL Cells

Chemical compounds can induce cytotoxicity by causing

aberrations in the cell cycle checkpoints, thus forcing cells to

undergo division and cell death. To study the effect of SF on the

cell cycle, we examined the DNA content of LCL, Nalm-6, Jurkat

and KOPTK1 cells incubated with 7.5 mM SF by flow cytometry.

Interestingly, SF-treated ALL cells accumulated in the G2/M and

sub-G1 phases of the cell cycle, while LCL cells showed lower

percentages in S phase and a slight increase in apoptosis (Fig. 3A).

The aggregate analysis clearly demonstrates that the leukemic cells

Sulforaphane Induces Cell Death in ALL
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treated with SF accumulated in the G2/M and sub-G1 phases

with a concurrent reduction in the G0/G1 and S phases (Fig. 3B).

To gain further insight into the mechanism of SF, we

determined the expression of cell cycle regulators and pro-survival

signals. Cell lysates from pre-B ALL cells (Nalm-6, REH, RS-4),

T-ALL cells (Jurkat, RPMI, DND41 and KOPTK1), and control

LCL cells were incubated for 24 hours in the presence of 7.5 mM

SF or vehicle control and then analyzed by immunoblotting. We

measured the expression of the tumor suppressor KLF4 and the

cell cycle inhibitor p21 because SF was shown to induce the

expression of both proteins in Caco-2 cells [29]. Consistent with a

previous report [38], SF increased the levels of p21 independently

of p53 in most ALL cells, except the Jurkat and KOPTK1 cells

(Fig. 4A). In LCL cells, p21 expression was associated with the

inhibition of proliferation rather than the induction of cell death

(Figs. 3, 4). The low levels of KLF4 expression observed in ALL

cells, regardless of SF incubation, suggests that the upregulation of

p21 was independent of KLF4 activity (Fig. 4A). Epigenetic

silencing of the KLF4 gene, an alternate mechanism that may be

responsible for the low expression of KLF4 in ALL cells, was

supported by the 8-fold (KOPTK1), 13-fold (RMPI), 6-fold

(DND41), and 5-fold (Jurkat) increases of KLF4 expression upon

culture of the leukemic cells in the presence of 5-azacytidine (not

shown). In accordance with our findings, KLF4 gene was found

hypermethylated in adult T-ALL [39]. We also measured Cyclin

D1 levels because SF can induce G1 cell cycle arrest by inhibiting

expression of Cyclin D1 in human colon carcinoma HT-29 cells

[38]. No significant differences were observed upon SF treatment,

only pre-B ALL cells showed a modest reduction in Cyclin D1

expression likely due to the G2/M arrest (Fig. 4A).

To further study the mechanism of cell cycle arrest, we first

analyzed the levels of Cyclin B1 in SF-treated ALL cell lines

because the Cdc2-Cyclin B1 complex controls the G2/M

transition. It has been reported that SF induces G2/M arrest by

altering the levels of Cyclin B1 in PC-3 and LnCap prostate cancer

cell lines [28,40]. In acute lymphoblastic leukemia, SF increased

the expression of Cyclin B1 in the REH, RS-4 and T-ALL cell

lines (Fig. 4A). Immunoblots revealed increased levels of phospho-

Cdc2 (Tyr-15) in ALL cells treated with SF, suggesting that SF

inhibits the Cdc2/Cyclin B1 complex by increasing phosphory-

lation of Cdc2 (inactive) despite elevated levels of Cyclin B1

(Fig. 4A). Cdc25C activates Cdc2/Cyclin B1 complex by

dephosphorylating Cdc2 and it is inactivated by phosphorylation

at Ser 216 in response to DNA damage [41,42]. Since we did not

detect significant changes in total and phosphorylated Cdc25C, we

concluded that SF likely activates the Wee1 or Myt1 kinases that

phosphorylate Cdc2 [43,44], in addition to the inhibitory role of

p21 in the G2/M transition. To investigate whether SF causes

DNA damage, we determined by flow cytometry nuclear

expression of phospho-H2AX, a sensitive marker of double-

stranded DNA breaks, using etoposide (topoisomerase inhibitor) as

a positive control. Nalm-6 cells treated with 7.5 mM SF showed

considerably lower phospho-H2AX content compared to Nalm-6

cells treated with etoposide, while almost no positive cells were

detected in Jurkat cells (Fig. 4B). Collectively, our data indicate

that SF induces G2/M arrest by inactivating Cdc2 and elevating

p21 levels without inducing significant DNA damage (Fig. 4C).

Finally, we were interested to study the effect of SF on survival

signals, as many patients with T-ALL exhibit activation of the

AKT pathway. Interestingly, SF inhibited the AKT and mTOR

pathways by lowering the protein levels of both total and

phosphorylated AKT and mTOR (Fig. 5). In contrast to the

pre-B and T-ALL cell lines, the LCL cells showed a slight

activation of AKT signaling in response to SF treatment.

Collectively, these findings indicate that SF can inhibit AKT/

mTOR-mediated survival signals in leukemic cells.

Pre-clinical Testing of SF Using Xenograft Leukemia
Models

First, we tested the efficacy of SF in controlling the expansion of

Nalm-6 cells injected in NOD/SCID mice to model systemic

disease. The leukemic cells were detected by bioluminescence in

the first week whereas in the peripheral blood were detected by

Figure 1. Inhibition of acute lymphoblastic leukemic cell survival by the SF isothiocyanate. (A) Phase contrast images of Nalm-6 cells after
culture with 10 mM SF for 24 hours. The chemical structure of sulforaphane is shown. (B) Pre-B ALL cells (Nalm-6, REH and RS-4), non-leukemic LCL
cells, and T-ALL cells (Jurkat, RPMI, DND41, and KOPTK1) were incubated with SF or vehicle for 48 hours (n = 3). Cytotoxicity was measured using an
ATP-based cell viability assay and expressed as a percentage of the vehicle control. The data are representative of three independent experiments
(mean and standard deviation). (C) Samples from pediatric patients diagnosed with pre-B ALL (n = 8) and T-ALL (n = 7) were incubated with the
specified SF concentrations for 48 hours. Each patient sample was processed in triplicate (mean and standard deviation). (D) The effect of SF (24 h) on
PBMC freshly isolated from healthy donors (n = 4, each measured in triplicates) was compared to cell viability in the pre-B and T-ALL patient samples
(mean 6 S.D.). (E) Nalm-6 cells were cultured in the presence of SF-glutathione, SF-NAC, SF-cysteine, or SF for 48 hours. Cell viability is shown as mean
and S.D. (n = 3).
doi:10.1371/journal.pone.0051251.g001

Table 1. IC50 values in leukemic cell lines, primary
lymphoblast cells from pre-B ALL and T-ALL patients.

Cells IC50 (mM) (24 h) IC50 (mM) (48 h)

LCL 80.81 (26.80–243.60) 30.83 (17.67–53.80)

Nalm-6 8.91 (7.43–10.83) 4.58 (4.37–4.79)

REH 10.26 (9.40–11.20) 4.38 (4.10–4.67)

RS-4 9.86 (9.35–10.41) 3.85 (3.69–4.01)

Jurkat 4.72 (4.19–5.25) 2.39 (1.44–3.34)

RPMI 7.87 (6.40–9.34) 5.72 (4.12–7.32)

DND41 13.49 (12.84–14.15) 7.14 (6.27–8.01)

KOPTK1 3.04 (2.16–3.92) 1.24 (0.84–1.66)

preB-1 22.02 (19.39–25.00) 5.46 (4.91–6.07)

preB-2 59.53 (45.00–78.73) 10.09 (9.02–11.29)

preB-3 36.30 (32.19–40–94) 10.98 (9.94–12.13)

preB-4 21.00 (18.13–24.32) 6.21 (5.17–7.45)

preB-5 51.29 (39.81–66.09) 25.36 (22.43–28.68)

preB-6 331.2 (211–519.5) 20.81 (22.59)

T-1 51.52 (38.04–69.77) 11.64 (10.87–12.47)

T-2 20.28 (18.48–22.24) 9.55 (8.31–11.0)

T-3 50.39 (37.33–68.04) 13.02 (9.11–18.63)

T-4 22.46 (19.72–25.58) 11.36 (10.32–12.49)

T-5 9.12 (7.97–10.45) 10.42 (9.31–11.67)

T-6 16.95 (15.50–18.54) 7.12 (6.11–8.32)

T-7 21.32 (19.52–23.28) 8.01 (6.92–9.24)

*The IC50 values were obtained by triplicate from each sample (pre-B and T-
ALL). The values in parentheses represent the 95% confidence interval.
doi:10.1371/journal.pone.0051251.t001
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Figure 2. SF induces apoptosis selectively in ALL cell lines. (A) Apoptosis was evaluated by annexin-V and 7-AAD staining of LCL, Nalm-6,
Jurkat and KOPTK1 cells cultured in the absence or presence of 7.5 mM SF. The data are representative of three independent experiments. (B) The
percentages of annexin-V-positive cells were determined for each cell line cultured in the presence or absence of SF. (C) SF activates the proteolytic
cascade of caspases and PARP in leukemic cells. LCL cells (control), pre-B ALL cells (Nalm-6, REH, and RS-4), and T-ALL cells (Jurkat, RPMI, DND41, and
KOPTK1) were incubated with 7.5 mM SF for 24 hours and analyzed by immunoblotting. The arrows indicate the cleaved forms of the caspases and
PARP. b-actin was used as a loading control. The data represent the mean and standard deviation (n = 3). *** P,0.001 (two-tailed Student’s t-test).
doi:10.1371/journal.pone.0051251.g002
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Figure 3. SF causes G2/M cell cycle arrest in leukemic cells. (A) The DNA content of LCL, Nalm-6, Jurkat and KOPTK1 cells incubated with
7.5 mM SF or vehicle for 24 hours was analyzed by propidium iodide staining of nuclei and flow cytometry. A representative profile is shown. (B) The
cell cycle distribution was calculated as described in the Methods. The data represent the mean and standard deviation (n = 3). * P,0.05, ** P,0.01,
*** P,0.001 (two-tailed Student’s t-test).
doi:10.1371/journal.pone.0051251.g003
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flow cytometry at a later stage, when mice showed signs of disease

(weight loss and hind-limb paralysis). The NOD/SCID mice

injected with Nalm-6-FFluc cells were randomized to two groups:

the experimental group received daily administration of SF (2 mg,

i.p.), and the control group received vehicle starting 24 hours after

injection of the leukemic cells. Bioluminescent imaging of the

tumor-bearing mice showed that treatment with SF reduced

disease progression in the first 2 weeks, although we did not

observe significant differences in survival (Fig. 6A). The partial

response may be due to the low SF concentration in tissues, such

as the bone and spine, where leukemic cells initially reside and

expand during the first few weeks. Therefore, we next tested the

oral administration of SF in pre-established subcutaneous xeno-

graft tumors. Mice that received the vehicle showed a 4-6-fold

increase in tumor burden compared to the tumor size before

treatment (day 0). In contrast, the mice treated with SF showed a

significant reduction in tumor growth after 4 days of treatment

(Fig. 6B). Our findings demonstrate the effectiveness of SF in

controlling the expansion of human leukemic cells in vivo. The low

toxicity associated with the administration of extracts enriched in

SF in human clinical trials supports further studies on the role of

SF in hematological malignancies.

Discussion

There is emerging evidence that SF has anti-carcinogenic

properties in addition to the chemopreventive effect of broccoli

Figure 4. Effect of SF on the levels of total and phosphorylated proteins involved in the G2/M cell cycle arrest. (A) The protein levels of
KLF4, p21, p53, cyclin B1, cyclin D1, cdc2, and cdc25C and phosphorylation of cdc2 (Tyr 15) and cdc25C (Ser 216) were evaluated by immunoblots in
LCL, pre-B ALL, and T-ALL cell lines incubated with 7.5 mM SF or vehicle for 24 hours. b-actin was used as a loading control. The data are
representative of three independent experiments. (B) Detection of phospho-H2AX (pH2AX) in nuclei by flow cytometry in Nalm-6 and Jurkat cells
treated with 7.5 mM of SF or Etoposide (ETO) for 24 hours. The data are representative of three independent experiments. (C) Diagram depicting the
role of SF in the G2/M cell cycle arrest of ALL cells.
doi:10.1371/journal.pone.0051251.g004
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extracts that have been extensively investigated in solid tumors.

The main goal of this study was to test the anti-leukemic properties

of SF in the most prevalent hematological cancer in children

because the development of new chemodrugs for pediatric patients

has lagged behind the development of new therapies for adult

leukemia. In this work, we found that synthesized DL-Sulforaph-

ane induced a dose-dependent cytotoxicity in ALL cell lines and

primary lymphoblasts from pediatric patients diagnosed with pre-

B ALL or T-ALL. Most importantly, normal peripheral blood

mononuclear cells were more resistant than patient lymphoblasts

to SF mediated cytotoxicity.

Based on previous reports indicating that SF-mediated cytotox-

icity in Caco-2 cells was associated with the increased expression of

the tumor suppressor KLF4 and the cyclin-dependent kinase

inhibitor p21, we initially hypothesized that SF would also induce

KLF4 expression in ALL cells [29]. However, the low levels of

KLF4 observed in ALL cell lines suggested an epigenetic silencing

that could not be reversed by SF; in support of this hypothesis, we

observed increased KLF4 expression in T-ALL cell lines cultured

with a demethylating agent. Despite the low expression levels of

KLF4 and p53, we observed a significant upregulation of p21 in

pre-B ALL and T-ALL cells following SF treatment. Because the

anti-tumor activity of many conventional chemotherapeutic agents

(e.g., doxorubicin, cisplatin, and etoposide) is mediated by p53

[45,46], the p53-independent activation of p21 that was observed

upon SF treatment could represent an alternative therapeutic

approach for ALL patients that fail to respond to conventional

agents targeting p53. In addition to p21 upregulation, SF

inactivated the Cyclin B1 and Cdc2 complex by promoting

phosphorylation of Cdc2 in spite of increased levels of Cyclin B1.

Our findings are consistent with previous reports showing that SF

induces G1 or G2/M cell cycle arrest by regulating cell cycle

proteins [26,27,28,29,47].

Several reports have shown activation of the mitochondrial or

death receptor pathways in cancer cells cultured with SF

[21,22,23,28,48]. In this work, we showed that SF induced

apoptosis in pre-B ALL (Nalm-6, REH, and RS-4) and T-ALL

(Jurkat, RPMI, DND41, and KOPTK1) cell lines by activating

caspases 3, 8, and 9 and inactivating PARP. Interestingly, SF-

mediated cytotoxicity appeared specific to leukemic cells, as no

significant activation of the caspase proteolytic cascade was

observed in the non-leukemic control cells. In addition to cell

cycle arrest and apoptosis, SF inhibited the AKT/mTOR

pathway in ALL cells by lowering the expression of both the total

and phosphorylated forms of AKT and mTOR. This result was of

interest because the AKT/mTOR survival pathway is the target of

choice in the development of alternative ALL therapies since

approximately 30% of pre-B ALL patients display mutations in the

signaling molecules that activate AKT, including RAS, PTPN11

and FLT3 [49,50,51,52]. In addition, a gene expression study

showed that AKT activation was associated with resistance to

glucocorticoids in pre-B ALL [10]. Inactivation of PTEN by

deletion, mutation, epigenetic silencing, or post-translational

inactivation has been reported in T-ALL patients, suggesting that

activation of the AKT pathway also contributes to the develop-

ment of T-ALL [13,53] [54]. Taken together, our data indicate

that SF may be effective in the treatment of ALL patients with

activated AKT pathways.

Several therapeutic compounds that target the cell cycle and the

PI3K/AKT/mTOR pathway are being tested as ALL therapies.

For example, clofarabine and nelarabine are cell-cycle dependent

CDK inhibitors that have been recently approved to treat

pediatric ALL [55]. Alternatively, several PI3K inhibitors with

distinct spectra of activity are in clinical development as

combination therapies to eliminate drug-resistant ALL, such as

the dual PI3K/mTOR inhibitor NVP-BEZ235 and the PI3K/

PDK-1 inhibitor BAG956 [56,57]. The PI3K-AKT inhibitor

Ly294002 has also shown marked activity in leukemia cells [58].

Our study showed that, in addition to perturbing the cell cycle, SF

also inhibited the AKT survival pathway by lowering protein levels

of total and phosphorylated AKT and mTOR. There are several

advantages to using natural food products for cancer treatment

such as correct chirality to bind biomolecules, safety, and the

record of the natural products tested in clinical trials. SF also

induced phase 2 metabolic enzymes (detoxification) in addition to

its anti-carcinogenic properties [19,59]. Therefore, SF may

perform dual activities as a chemotherapeutic agent by inducing

cell death in cancer cells and reducing toxicity in multi-drug

intensified treatments.

The pharmacokinetics of SF have been extensively studied in

humans. After oral intake of broccoli, SF reaches a transient

plasma concentration of approximately 2 mM [60,61]. The

bioavailability of SF depends on food processing, as cooked

broccoli demonstrated lower serum concentrations compared to

raw broccoli [62]. Inhibitory concentrations in the micromolar

range (1–7 mM in ALL cell lines and 5–20 mM in primary

lymphoblastic cells) indicate that a therapeutic concentration of SF

Figure 5. SF inhibits the AKT/mTOR survival pathway in
leukemic cells. The protein levels of phosphorylated and total AKT
and mTOR were examined by immunoblotting. LCL, pre-B ALL, and T-
ALL cell lines were incubated with 7.5 mM SF or vehicle for 24 hours. b-
actin was used as a loading control. The data are representative of three
independent experiments.
doi:10.1371/journal.pone.0051251.g005
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cannot be reached through the dietary consumption of cruciferous

vegetables. We tested the efficacy of SF in two pre-clinical

xenograft models of ALL as a proof-of-principle that SF can

inhibit the expansion of leukemic cells in vivo. Intraperitoneal

administration of SF to NOD/SCID mice injected with Nalm-6

reduced the expansion of leukemic cells in the first two weeks. The

inability to efficiently eliminate or control the expansion of

leukemic cells in vivo was likely due to the low concentrations

achieved in leukemic cell niches such as the bone marrow.

However, oral administration of SF led to a significant reduction

in the expansion of leukemic cells in a model for pre-established

lymphoma tumors. Collectively, our pre-clinical studies showed

that SF can inhibit the expansion of leukemic cells in vivo, which

supports future clinical trials as adjunctive agent.

In summary, the results presented in this study demonstrate the

anti-leukemic properties of SF in acute lymphoblastic leukemia by

inducing cell cycle arrest and apoptosis. Furthermore, we showed

that SF inhibits the AKT/mTOR survival pathway. This is the

first report on the anti-leukemic property of SF in hematological

malignancies, supporting its use as an adjunctive chemotherapy in

ALL.

Figure 6. In vivo anti-leukemic effect of SF in ALL xenograft models. (A) Nalm-6 cells were transduced with the FFluc retrovirus and injected
intravenously into NOD/SCID mice. Twenty-four hours later, the mice were treated with SF or vehicle (2 mg i.p. daily) and monitored weekly for the
distribution of leukemic cells by bioluminescence imaging (BLI). (B) The Nalm-6-FFluc cells were mixed with a high-protein matrigel and injected into
the flank of NOD/SCID mice. One week later, tumor establishment was confirmed by BLI; then, the mice were treated by oral gavage (2 mg/gave,
twice daily) for 7 days. The total counts were determined for the control- and SF-treated mice. The data are representative of three independent
experiments. The statistical significance was calculated using the two-tailed Student’s t-test.
doi:10.1371/journal.pone.0051251.g006

Sulforaphane Induces Cell Death in ALL

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e51251



Acknowledgments

We thank Karen Rabin and Catherine Bollard for providing us with the

pre-B ALL and lymphoblastoid cell lines, Sharon Lam for preparation of

PBMC, Adolfo Ferrando for providing us with the T-ALL cell lines, and

Karen Prince for preparation of figures.

Author Contributions

Performed the experiments: KS CSP XZ YS. Analyzed the data: KS HDL

CSP. Wrote the paper: KS CSP HDL.

References

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, et al. (2008) Cancer statistics, 2008.

CA Cancer J Clin 58: 71–96.

2. Chessells JM, Veys P, Kempski H, Henley P, Leiper A, et al. (2003) Long-term

follow-up of relapsed childhood acute lymphoblastic leukaemia. Br J Haematol

123: 396–405.

3. Pui CH, Jeha S (2007) New therapeutic strategies for the treatment of acute

lymphoblastic leukaemia. Nat Rev Drug Discov 6: 149–165.

4. Pui CH, Evans WE (2006) Treatment of acute lymphoblastic leukemia.

N Engl J Med 354: 166–178.

5. Einsiedel HG, von Stackelberg A, Hartmann R, Fengler R, Schrappe M, et al.
(2005) Long-term outcome in children with relapsed ALL by risk-stratified

salvage therapy: results of trial acute lymphoblastic leukemia-relapse study of the
Berlin-Frankfurt-Munster Group 87. J Clin Oncol 23: 7942–7950.

6. Nguyen K, Devidas M, Cheng SC, La M, Raetz EA, et al. (2008) Factors

influencing survival after relapse from acute lymphoblastic leukemia: a
Children’s Oncology Group study. Leukemia 22: 2142–2150.

7. Bourquin JP, Izraeli S (2010) Where can biology of childhood ALL be attacked
by new compounds? Cancer Treat Rev 36: 298–306.

8. Mullighan CG, Goorha S, Radtke I, Miller CB, Coustan-Smith E, et al. (2007)

Genome-wide analysis of genetic alterations in acute lymphoblastic leukaemia.
Nature 446: 758–764.

9. Mullighan CG, Williams RT, Downing JR, Sherr CJ (2008) Failure of

CDKN2A/B (INK4A/B-ARF)-mediated tumor suppression and resistance to
targeted therapy in acute lymphoblastic leukemia induced by BCR-ABL. Genes

Dev 22: 1411–1415.

10. Wei G, Twomey D, Lamb J, Schlis K, Agarwal J, et al. (2006) Gene expression-

based chemical genomics identifies rapamycin as a modulator of MCL1 and

glucocorticoid resistance. Cancer Cell 10: 331–342.

11. Gutierrez A, Look AT (2007) NOTCH and PI3K-AKT pathways intertwined.

Cancer Cell 12: 411–413.

12. Bornhauser BC, Bonapace L, Lindholm D, Martinez R, Cario G, et al. (2007)

Low-dose arsenic trioxide sensitizes glucocorticoid-resistant acute lymphoblastic

leukemia cells to dexamethasone via an Akt-dependent pathway. Blood 110:
2084–2091.

13. Palomero T, Dominguez M, Ferrando AA (2008) The role of the PTEN/AKT
Pathway in NOTCH1-induced leukemia. Cell Cycle 7: 965–970.

14. Fimognari C, Hrelia P (2007) Sulforaphane as a promising molecule for fighting

cancer. Mutat Res 635: 90–104.

15. Ambrosone CB, McCann SE, Freudenheim JL, Marshall JR, Zhang Y, et al.

(2004) Breast cancer risk in premenopausal women is inversely associated with

consumption of broccoli, a source of isothiocyanates, but is not modified by GST
genotype. J Nutr 134: 1134–1138.

16. Joseph MA, Moysich KB, Freudenheim JL, Shields PG, Bowman ED, et al.
(2004) Cruciferous vegetables, genetic polymorphisms in glutathione S-

transferases M1 and T1, and prostate cancer risk. Nutr Cancer 50: 206–213.

17. Probst-Hensch NM, Tannenbaum SR, Chan KK, Coetzee GA, Ross RK, et al.
(1998) Absence of the glutathione S-transferase M1 gene increases cytochrome

P4501A2 activity among frequent consumers of cruciferous vegetables in a
Caucasian population. Cancer Epidemiol Biomarkers Prev 7: 635–638.

18. Spitz MR, Duphorne CM, Detry MA, Pillow PC, Amos CI, et al. (2000) Dietary

intake of isothiocyanates: evidence of a joint effect with glutathione S-transferase
polymorphisms in lung cancer risk. Cancer Epidemiol Biomarkers Prev 9: 1017–

1020.

19. Traka M, Gasper AV, Melchini A, Bacon JR, Needs PW, et al. (2008) Broccoli

consumption interacts with GSTM1 to perturb oncogenic signalling pathways in

the prostate. PLoS One 3: e2568.

20. Tang L, Zirpoli GR, Guru K, Moysich KB, Zhang Y, et al. (2008) Consumption

of raw cruciferous vegetables is inversely associated with bladder cancer risk.
Cancer Epidemiol Biomarkers Prev 17: 938–944.

21. Fimognari C, Nusse M, Cesari R, Iori R, Cantelli-Forti G, et al. (2002) Growth

inhibition, cell-cycle arrest and apoptosis in human T-cell leukemia by the
isothiocyanate sulforaphane. Carcinogenesis 23: 581–586.

22. Parnaud G, Li P, Cassar G, Rouimi P, Tulliez J, et al. (2004) Mechanism of
sulforaphane-induced cell cycle arrest and apoptosis in human colon cancer

cells. Nutr Cancer 48: 198–206.

23. Jackson SJ, Singletary KW (2004) Sulforaphane inhibits human MCF-7
mammary cancer cell mitotic progression and tubulin polymerization. J Nutr

134: 2229–2236.

24. Singh AV, Xiao D, Lew KL, Dhir R, Singh SV (2004) Sulforaphane induces
caspase-mediated apoptosis in cultured PC-3 human prostate cancer cells and

retards growth of PC-3 xenografts in vivo. Carcinogenesis 25: 83–90.

25. Myzak MC, Dashwood WM, Orner GA, Ho E, Dashwood RH (2006)

Sulforaphane inhibits histone deacetylase in vivo and suppresses tumorigenesis

in Apc-minus mice. FASEB J 20: 506–508.

26. Pham NA, Jacobberger JW, Schimmer AD, Cao P, Gronda M, et al. (2004) The

dietary isothiocyanate sulforaphane targets pathways of apoptosis, cell cycle
arrest, and oxidative stress in human pancreatic cancer cells and inhibits tumor

growth in severe combined immunodeficient mice. Mol Cancer Ther 3: 1239–

1248.

27. Gamet-Payrastre L, Li P, Lumeau S, Cassar G, Dupont MA, et al. (2000)

Sulforaphane, a naturally occurring isothiocyanate, induces cell cycle arrest and
apoptosis in HT29 human colon cancer cells. Cancer Res 60: 1426–1433.

28. Singh SV, Herman-Antosiewicz A, Singh AV, Lew KL, Srivastava SK, et al.

(2004) Sulforaphane-induced G2/M phase cell cycle arrest involves checkpoint
kinase 2-mediated phosphorylation of cell division cycle 25C. J Biol Chem 279:

25813–25822.

29. Traka M, Gasper AV, Smith JA, Hawkey CJ, Bao Y, et al. (2005) Transcriptome
analysis of human colon Caco-2 cells exposed to sulforaphane. J Nutr 135:

1865–1872.

30. Traka MH, Spinks CA, Doleman JF, Melchini A, Ball RY, et al. (2010) The
dietary isothiocyanate sulforaphane modulates gene expression and alternative

gene splicing in a PTEN null preclinical murine model of prostate cancer. Mol
Cancer 9: 189.

31. Rooney CM, Bollard C, Huls MH, Gahn B, Gottschalk S, et al. (2002)

Immunotherapy for Hodgkin’s disease. Ann Hematol 81 Suppl 2: S39–42.

32. Weng AP, Ferrando AA, Lee W, Morris JPt, Silverman LB, et al. (2004)

Activating mutations of NOTCH1 in human T cell acute lymphoblastic

leukemia. Science 306: 269–271.

33. Sakao K, Singh SV (2012) D,L-sulforaphane-induced apoptosis in human breast

cancer cells is regulated by the adapter protein p66Shc. J Cell Biochem 113:

599–610.

34. Li Y, Zhang T, Korkaya H, Liu S, Lee HF, et al. (2010) Sulforaphane, a dietary

component of broccoli/broccoli sprouts, inhibits breast cancer stem cells. Clin
Cancer Res 16: 2580–2590.

35. Keum YS, Khor TO, Lin W, Shen G, Kwon KH, et al. (2009) Pharmacokinetics

and pharmacodynamics of broccoli sprouts on the suppression of prostate cancer
in transgenic adenocarcinoma of mouse prostate (TRAMP) mice: implication of

induction of Nrf2, HO-1 and apoptosis and the suppression of Akt-dependent

kinase pathway. Pharm Res 26: 2324–2331.

36. Singh SV, Warin R, Xiao D, Powolny AA, Stan SD, et al. (2009) Sulforaphane

inhibits prostate carcinogenesis and pulmonary metastasis in TRAMP mice in
association with increased cytotoxicity of natural killer cells. Cancer Res 69:

2117–2125.

37. Cornblatt BS, Ye L, Dinkova-Kostova AT, Erb M, Fahey JW, et al. (2007)
Preclinical and clinical evaluation of sulforaphane for chemoprevention in the

breast. Carcinogenesis 28: 1485–1490.

38. Shen G, Xu C, Chen C, Hebbar V, Kong AN (2006) p53-independent G1 cell
cycle arrest of human colon carcinoma cells HT-29 by sulforaphane is associated

with induction of p21CIP1 and inhibition of expression of cyclin D1. Cancer
Chemother Pharmacol 57: 317–327.

39. Yasunaga J, Taniguchi Y, Nosaka K, Yoshida M, Satou Y, et al. (2004)

Identification of aberrantly methylated genes in association with adult T-cell
leukemia. Cancer Res 64: 6002–6009.

40. Herman-Antosiewicz A, Xiao H, Lew KL, Singh SV (2007) Induction of p21

protein protects against sulforaphane-induced mitotic arrest in LNCaP human
prostate cancer cell line. Mol Cancer Ther 6: 1673–1681.

41. Pines J (1999) Four-dimensional control of the cell cycle. Nat Cell Biol 1: E73–

79.

42. Bulavin DV, Higashimoto Y, Demidenko ZN, Meek S, Graves P, et al. (2003)

Dual phosphorylation controls Cdc25 phosphatases and mitotic entry. Nat Cell
Biol 5: 545–551.

43. McGowan CH, Russell P (1993) Human Wee1 kinase inhibits cell division by

phosphorylating p34cdc2 exclusively on Tyr15. EMBO J 12: 75–85.

44. Wells NJ, Watanabe N, Tokusumi T, Jiang W, Verdecia MA, et al. (1999) The
C-terminal domain of the Cdc2 inhibitory kinase Myt1 interacts with Cdc2

complexes and is required for inhibition of G(2)/M progression. J Cell Sci 112
(Pt 19): 3361–3371.

45. Wang LH, Okaichi K, Ihara M, Okumura Y (1998) Sensitivity of anticancer

drugs in Saos-2 cells transfected with mutant p53 varied with mutation point.
Anticancer Res 18: 321–325.

46. Lowe SW, Ruley HE, Jacks T, Housman DE (1993) p53-dependent apoptosis

modulates the cytotoxicity of anticancer agents. Cell 74: 957–967.

47. Jackson SJ, Singletary KW (2004) Sulforaphane: a naturally occurring

mammary carcinoma mitotic inhibitor, which disrupts tubulin polymerization.
Carcinogenesis 25: 219–227.

48. Myzak MC, Hardin K, Wang R, Dashwood RH, Ho E (2006) Sulforaphane

inhibits histone deacetylase activity in BPH-1, LnCaP and PC-3 prostate
epithelial cells. Carcinogenesis 27: 811–819.

Sulforaphane Induces Cell Death in ALL

PLOS ONE | www.plosone.org 11 December 2012 | Volume 7 | Issue 12 | e51251



49. Tartaglia M, Martinelli S, Cazzaniga G, Cordeddu V, Iavarone I, et al. (2004)

Genetic evidence for lineage-related and differentiation stage-related contribu-
tion of somatic PTPN11 mutations to leukemogenesis in childhood acute

leukemia. Blood 104: 307–313.

50. Cao L, Yu Y, Darko I, Currier D, Mayeenuddin LH, et al. (2008) Addiction to
elevated insulin-like growth factor I receptor and initial modulation of the AKT

pathway define the responsiveness of rhabdomyosarcoma to the targeting
antibody. Cancer Res 68: 8039–8048.

51. Case M, Matheson E, Minto L, Hassan R, Harrison CJ, et al. (2008) Mutation of

genes affecting the RAS pathway is common in childhood acute lymphoblastic
leukemia. Cancer Res 68: 6803–6809.

52. Paulsson K, Horvat A, Strombeck B, Nilsson F, Heldrup J, et al. (2008)
Mutations of FLT3, NRAS, KRAS, and PTPN11 are frequent and possibly

mutually exclusive in high hyperdiploid childhood acute lymphoblastic
leukemia. Genes Chromosomes Cancer 47: 26–33.

53. Silva A, Yunes JA, Cardoso BA, Martins LR, Jotta PY, et al. (2008) PTEN

posttranslational inactivation and hyperactivation of the PI3K/Akt pathway
sustain primary T cell leukemia viability. J Clin Invest 118: 3762–3774.

54. Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K, et al. (2007) Mutational
loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia. Nat

Med 13: 1203–1210.

55. Larson RA (2007) Three new drugs for acute lymphoblastic leukemia:
nelarabine, clofarabine, and forodesine. Semin Oncol 34: S13–20.

56. Eichhorn PJ, Gili M, Scaltriti M, Serra V, Guzman M, et al. (2008)
Phosphatidylinositol 3-kinase hyperactivation results in lapatinib resistance that

is reversed by the mTOR/phosphatidylinositol 3-kinase inhibitor NVP-BEZ235.

Cancer Res 68: 9221–9230.

57. Weisberg E, Banerji L, Wright RD, Barrett R, Ray A, et al. (2008) Potentiation

of antileukemic therapies by the dual PI3K/PDK-1 inhibitor, BAG956: effects

on BCR-ABL- and mutant FLT3-expressing cells. Blood 111: 3723–3734.

58. Uddin S, Hussain A, Al-Hussein K, Platanias LC, Bhatia KG (2004) Inhibition

of phosphatidylinositol 39-kinase induces preferentially killing of PTEN-null T

leukemias through AKT pathway. Biochem Biophys Res Commun 320: 932–

938.

59. Maheo K, Morel F, Langouet S, Kramer H, Le Ferrec E, et al. (1997) Inhibition

of cytochromes P-450 and induction of glutathione S-transferases by

sulforaphane in primary human and rat hepatocytes. Cancer Res 57: 3649–

3652.

60. Ye L, Dinkova-Kostova AT, Wade KL, Zhang Y, Shapiro TA, et al. (2002)

Quantitative determination of dithiocarbamates in human plasma, serum,

erythrocytes and urine: pharmacokinetics of broccoli sprout isothiocyanates in

humans. Clin Chim Acta 316: 43–53.

61. Gasper AV, Al-Janobi A, Smith JA, Bacon JR, Fortun P, et al. (2005)

Glutathione S-transferase M1 polymorphism and metabolism of sulforaphane

from standard and high-glucosinolate broccoli. Am J Clin Nutr 82: 1283–1291.

62. Vermeulen M, Klopping-Ketelaars IW, van den Berg R, Vaes WH (2008)

Bioavailability and kinetics of sulforaphane in humans after consumption of

cooked versus raw broccoli. J Agric Food Chem 56: 10505–10509.

Sulforaphane Induces Cell Death in ALL

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e51251


