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Abstract

Glutathione S-transferase p (GSTp; EC 2.5.1.18) has been shown recently to be a regulator of mitogen-activated protein kinases (MAPK).

We have developed, by chronic exposure of HL60 cells to increasing concentrations of a peptidomimetic GSTp inhibitor TLK199, a 10-fold

resistant cell line (HL60/TLK199). Among the cellular adaptations observed in this cell line was an increase in extracellular signal-regulated

kinase (ERK) activity without modification of basal expression levels. Phorbol 12-myristate 13-acetate (PMA) induced monocyte/

macrophage cytodifferentiation in both HL60 wild-type (WT) and HL60/TLK199 cells. In contrast, PMA induced a pronounced cell growth

inhibition and G0/G1 cell cycle arrest in HL60 WT cells, while this differentiating agent had only a mild effect on cell growth without G0/G1

cell cycle arrest in HL60/TLK199. This effect was associated with a rapid and sustained activation of ERK (up to 6 hr) in HL60 WT cells but

only a transient induction of these kinases (between 30 and 60 min) in HL60/TLK199. Furthermore, treatment of both cell lines with PMA

in combination with the protein tyrosine phosphatase inhibitors sodium orthovanadate (OV) or 3,4-dephostatin (DPN) circumvented the

resistance to cell growth arrest and potentiated differentiation in HL60/TLK199 but had no effect on HL60 WT cells. The circumvention of

the resistance to PMAwas associated with a sustained activation of ERK. These data suggest that chronic exposure of HL60 cells to TLK199

alters cellular ERK activation by PMA, which may contribute to the differential response of the WT and resistant cells to PMA.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

GSTs represent a superfamily of detoxifying enzymes

involved in the conjugation of glutathione to electrophilic

compounds in order to increase their hydrophilicity and

subsequently their cellular export. In mammals, at least six

isozyme families a, m, p, y, z, and o have been described.

Because of their high expression in many tumors as com-

pared to the surrounding normal tissues and their over-

expression in a large number of cancer cell lines resistant

to chemotherapeutic agents, GSTs have been considered

as cancer markers and associated with anticancer drug

resistance [1]. However, there is growing evidence that

GSTs are also involved in the regulation of stress signaling

and resistance to apoptosis by mechanisms independent of

their catalytic activity. For example, it has been observed

recently that GSTm interacts with and inhibits ASK1 (apop-

tosis signaling kinase 1) and consequently prevents apop-

tosis mediated by this kinase [2]. GSTp inhibits JNK [3]

through ligand binding with the N-terminal fragment of

the kinase [4]. In addition, GSTp may prevent apoptosis

induced by H2O2 by inhibiting the JNK pathway and

stimulating ERK and p38 kinase pathways [5]. TLK117

(Fig. 1; [6]), which was originally synthesized to inhibit

GSTp activity, can destabilize the interaction between

GSTp and JNK. It has also been shown that this drug

has an unanticipated myeloproliferative effect dependent

upon GSTp expression. Indeed, treatment of mice wild type

for GSTp expression induced myeloproliferation, while no

effect was seen with GSTp knock-out mice [7]. To gain

insight into the mechanism of action of this drug, an HL60
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cell line resistant to TLK199, a cell permeable form of

TLK117, was developed by using chronic exposure to

increasing concentrations of this drug. Among the various

cellular adaptations observed, a higher expression of JNK1

and a higher basal activity of ERK were found [7], suggest-

ing a possible link between drug action (and consequently

GSTp) and the regulation of MAPK pathways.

The activation of MAPK pathways in response to var-

ious physiological stimuli as well as environmental stress

can lead to multiple cellular responses, which may include

apoptosis, cell proliferation, and differentiation [8]. The

differentiation of promyelocytic HL60 cells into mono-

cytes/macrophages is characterized by specific morpholo-

gical changes and by the expression of specific markers

including CD11b and CD14 [9,10] and by the activation of

protein kinase C b-isoforms [11]. This process is also

associated with a G0/G1 cell cycle arrest induced by the

overexpression of the cyclin-dependent kinase inhibitors

p21WAF1 and p27KIP1 [12]. The activation of ERK, but not

JNK and p38 kinase, pathways has also been observed

during PMA-induced macrophage-like differentiation of

HL60 cells [12]. By using a specific inhibitor of MEK1, an

upstream activator of ERK, it has been shown that ERK

pathway activation is required in this process [12].

The ability of HL60 to differentiate in response to PMA

has provided a widely used model for studying cytodiffer-

entiation. Because of the ongoing development of TLK199

as a myeloproliferative agent, the study of chemically

induced differentiation of HL60/TLK199 cells provides a

valuable model for gaining a better understanding of the

chronic effect of this drug during myeloid proliferation and

differentiation. Inaddition, resistantcell lineshavebeen used

extensively to better characterize the mechanism(s) of action

of drugs. The implication that pharmacological manipula-

tion of GSTp might influence critical signaling pathways

involved in the regulation of proliferation and differentiation

provided the framework for the present study. In addition, the

capacity of HL60/TLK199 cells to proliferate after PMA-

induced monocyte/macrophage-like differentiation suggests

that cell differentiation and cell growth arrest may occur

through independent mechanisms. This cell line provides an

interesting model to distinguish mechanisms specific for

differentiation and those particular to cell growth arrest

during chemically induced cytodifferentiation of HL60.

2. Materials and methods

2.1. Cell lines

HL60 cells are currently grown in RPMI 1640 contain-

ing 10% fetal bovine serum, 4 mM glutamine, and 10 mg

streptomycin and 10 IU penicillin, all obtained from Med-

iatech. HL60 cells that are 10-fold resistant to the GST

inhibitor TLK199 (HL60/TLK199) have been established

by chronic exposure of HL60 WT cells to increasing

concentrations of this drug.

2.2. Chemicals and antibodies

The GSTp inhibitor TLK199 was supplied by Telik;

PMA and OV were obtained from Sigma; DPN was from

Calbiochem. ERK2, p-ERK1/2, MKP-1, MKP-3, and p21

antibodies were obtained from Santa Cruz Biotechnologies;

Fig. 1. Structures of TLK199, TLK117, and glutathione.
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theactinantibody was purchased fromSigma, andsecondary

antibodies conjugated to horseradish peroxidase were

obtained from Amersham Pharmacia Biotech.

2.3. Cell growth assays

To determine cell growth inhibition induced by PMA,

5 � 104/mL of either HL60 WT or HL60/TLK199 cells

were plated in complete medium with or without PMA in

the presence or absence of the different inhibitors and

incubated at 378 for 48 hr. After treatment, cells were

scraped to detach those HL60 cells that had taken on a

macrophage-like phenotype and were counted using a

Coulter Counter (Coultronics Corp.).

To analyze the rate of cell growth following PMA

treatment, 5 � 104 cells/mL of both cell lines were plated

in complete medium with or without 10 nM PMA in the

presence or absence of 10 mM TLK199. Cells were

counted every 24 hr as described above.

2.4. Differentiation marker expression

Expression of CD11b and CD14 surface markers was

analyzed by flow cytometry. HL60 WT and HL60/TLK199

cells (5 � 104/mL) were incubated for 48 hr with 10 nM

PMA in the presence or absence of TLK199, OV, or DPN.

Cells were then collected and washed twice in ice-cold

PBS containing 1% bovine serum albumin and 0.1%

sodium azide (FACS buffer). After suspending the final

pellets in 100 mL of FACS buffer and 20 mL of mouse anti-

human CD11b PE-conjugate antibody and 20 mL of mouse

anti-human CD14 FITC-conjugate antibody (BD Immu-

nocytometry Systems), cells were incubated for 30 min at

48. Cells were washed and finally resuspended in 250 mL of

FACS buffer. Samples were sorted by flow cytometry using a

FACScan flow cytometer (Beckman), and data were ana-

lyzed using CellQuest software. Cell populations were gated

using isotyping antibodies (Sigma) as negative controls.

2.5. Cell sorting and proliferation of HL60/TLK199

HL60/TLK199 cells were exposed to 10 nM PMA for

48 hr. Cells were marked with CD11b-PE and CD14-FITC

antibodies as described above. Then, double positive (DP)

cells expressing both CD11b and CD14 and double nega-

tive cells (DN), which did not express either of these

markers, were sorted using a FACS-vantage flow cytometer

(Beckman) and collected in sterile Eppendorf tubes. Cells

were counted, replated at 5 � 104/mL in complete med-

ium, and then counted 48 hr later using a Coulter Counter.

2.6. Cell cycle analysis

Cells were treated as described earlier, collected, and

washed twice with ice-cold PBS. The resulting pellets

were resuspended in 70% ethanol and incubated at �208

overnight. Cells were centrifuged for 10 min at 400 g at 48
and pellets were resuspended in PBS containing propidium

iodide and RNase A and incubated at room temperature for

30 min in the dark. Finally, flow cytometry was used to

estimate the percentage of cells in each phase of the cycle

by using Mac Cycle software (Phoenix Flow System).

2.7. Cellular pharmacokinetics of PMA

2.7.1. Cell accumulation

HL60 WT and HL60/TLK199 cells were exposed to

10 nM PMA containing 0.1 mCi [3H]PMA (ICN Pharma-

ceuticals). At various time points, cells were collected at 48
and washed twice in ice-cold PBS, and the intracellular

[3H]PMA was quantified using a scintillation counter

(Beckman).

2.7.2. Cell efflux

HL60 WTand HL60/TLK199 cells were exposed for 2 hr

to 10 nM PMA containing 0.1 mCi [3H]PMA. Cells were

washed twice with ice-cold PBS and reincubated in drug-

free medium at 378. Cells were collected at various time

points and washed twice with ice-cold PBS; the intracel-

lular [3H]PMA was quantified using a scintillation counter.

2.8. Immunoblotting

Following treatments, cells were collected and washed

twice in ice-cold PBS. The final pellets were resuspended

in lysis buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium

pyrophosphate, 1 mM b-glycerophosphate, 1 mM OV] and

incubated for 30 min on ice. Lysates were sonicated three

times for 10 sec and centrifuged for 20 min at 10,000 g at

48. The resulting supernatants were considered as whole

cell extracts. Protein concentrations were determined using

the Bio-Rad DC protein assay (Bio-Rad). Equal amounts of

protein were separated on SDS–polyacrylamide gels and

transferred overnight on polyvinylidene fluoride (PVDF)

membranes (NEN). Protein expression was determined by

using specific primary and secondary antibodies. Briefly,

after transfer, membranes were incubated in TBS-Tween

containing 5% skim milk, washed with TBS-Tween, and

incubated with primary antibody in TBS-Tween containing

5% skim milk for 1 hr. Membranes were washed twice with

TBS-Tween, incubated with secondary antibody in TBS-

Tween containing 5% skim milk for 1 hr, and washed three

times with TBS-Tween. Specific proteins were revealed by

chemiluminescence using ECL western blotting reagents

from Amersham Pharmacia Biotech.

2.9. Reverse transcription and polymerase chain

reaction (RT–PCR)

Following PMA treatment, cells were collected and

washed twice with ice-cold PBS; then total RNA was
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extracted with an RNeasy mini kit (Qiagen), as described

by the manufacturer. RNA were reverse transcribed as

follows: 1 mg of RNA was mixed with 1 mL of 0.5 mg/

mL of Random Hexamer and incubated for 10 min at 708.
The sample was mixed with 4 mL of first strand buffer, 2 mL

of 0.1 M dithiothreitol, 1 mL of dNTP mix, and 1 mL of

Superscript II (Invitrogen) and was incubated for 1 hr at

428 and for 15 min at 708. cDNA (50 ng) was amplified

by PCR using a cDNA Advantage Taq polymerase kit

(BD Clontech). PCR products were separated on 1%

agarose gels containing ethidium bromide, and bands were

visualized by UV illumination. The primers used for

these experiments were: 50-CCATGGTCATGGAAGTGG-

CAC-30 and 50-GGGCAGGAAGCCGAAAACGC-30 for

MKP-1; 50-GATAGATACGCTCAGACCCG-30 and 50-
CCGAGGAAGAGTCGGAGCTGATCC-30 for MKP-3;

and 50-GGATAGCAACGTACATGGCTGG-30 and 50-
GGACGACATGGAGAAAATCTGG-30 for actin.

3. Results

3.1. PMA-induced cell growth inhibition in

HL60 WT and HL60/TLK199 cells

Cell growth curves in the presence or absence of

PMA þ TLK199 are shown in Fig. 2. A concentration–

response curve showed that in either the presence or

absence of 10 mM TLK199, HL60 WT cells were markedly

more sensitive to PMA (Fig. 2A). A time-course experi-

ment (Fig. 2B) confirmed that TLK199 was not cytotoxic

at 10 mM in either HL60 WT or HL60/TLK199 cells.

Fig. 2. (A) Effect of increasing concentrations of PMA alone or in combination with 10 mM TLK199 on HL60 WT and HL60/TLK199 cell growth. Key: (&)

HL60 WT; (*) HL60 WT þ TLK199; (&) HL60/TLK199; and (*) HL60/TLK199 þ TLK199. (B) Cell proliferation of HL60 WT and HL60/TLK199

treated with PMA (10 nM) in the presence or absence of TLK199 (10 mM). Key: (&) untreated; (*) PMA; (&) TLK199; and (*) PMA þ TLK199. Cells

(5 � 104/mL) were exposed to the various agents for 48 hr and counted using a Coulter Counter. Values are means � SD, N ¼ 3. These graphs are

representative of 3 independent experiments.
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Cell growth in HL60 WT was suppressed completely by

10 nM PMA treatment, while a degree of resistance was

shown in HL60/TLK199 cells (Fig. 2B, right panel). PMA-

induced inhibition of cell growth has been correlated with a

G0/G1 cell cycle arrest. As shown in Table 1, in untreated

HL60 WT and HL60/TLK199 cells, the majority of cells

were in the S phase (48:3 � 1:0 and 54:0 � 0:8%, respec-

tively). Following PMA treatment, most of the HL60 WT

cells were blocked in G0/G1 (86:5 � 0:6%). Under the same

conditions, only a slight increase in the number of HL60/

TLK199 cells in G0/G1 was observed. Co-treatment of cells

with TLK199 did not influence these profiles.

3.2. PMA-induced expression of CD11b and CD14

surface markers

The effect of drugs on differentiation status was assessed

by flow cytometry measurements of the expression

of monocyte/macrophage specific markers CD11b and

CD14 (Fig. 3). The percentage of cells expressing these

membrane proteins was low in both untreated HL60 WT

and HL60/TLK199 cells. In contrast, after 48 hr of treat-

ment with PMA, nearly 40% of both HL60 WT and HL60/

TLK199 cells expressed CD11b and CD14. Co-treatment

with TLK199 did not alter the PMA effect.

3.3. Proliferative capabilities of HL60/TLK199

CD11b/CD14 double positive cells following PMA

treatment

Forty-eight hours after PMA exposure, double positive

(DP) and double negative (DN) HL60/TLK199 cells were

sorted out to assess their proliferative capabilities. As

shown in Fig. 4, DP cells proliferated more slowly than

the entire population exposed to PMA or the DN cells. In

contrast, DN cells, which do not express any differentiation

markers, proliferated faster than the whole population of

Table 1

Influence of TLK199, OV, and DPN on PMA-induced cell growth

inhibition and cell cycle profile modification in the HL60WT and HL60/

TLK199 cell lines

Treatment Cell cycle (% of total cells)

G0/G1 S G2/M

HL60 WT

Untreated 41.0 � 0.6 48.3 � 1.0 10.6 � 1.4

PMA (10 nM) 86.5 � 0.6 6.2 � 0.4 7.2 � 1.7

TLK199 (10 mM) 34.9 � 1.1 51.8 � 0.8 13.1 � 1.6

TLK199 þ PMA 70.7 � 1.7 14.3 � 0.7 14.9 � 0.9

OV (10 mM) 40.6 � 0.4 47.0 � 0.8 12.3 � 0.7

OV þ PMA 79.4 � 0.3 4.6 � 0.6 15.9 � 0.9

DPN (10 mM) 33.9 � 0.4 51.2 � 1.3 14.9 � 1.1

DPN þ PMA 74.7 � 0.6 6.1 � 0.2 19.1 � 0.4

HL60/TLK199

Untreated 33.7 � 0.9 54.0 � 0.8 12.0 � 0.2

PMA (10 nM) 44.0 � 1.1 45.7 � 1.4 10.4 � 1.1

TLK199 (10 mM) 38.0 � 0.4 52.3 � 1.1 10.6 � 1.4

TLK199 þ PMA 37.6 � 0.8 51.3 � 1.3 11.5 � 0.5

OV (10 mM) 37.0 � 5.4 51.4 � 3.2 11.6 � 2.7

OV þ PMA 70.0 � 1.3 19.0 � 0.9 15.8 � 0.4

DPN (10 mM) 36.3 � 5.6 51.1 � 1.6 12.4 � 4.2

DPN þ PMA 68.4 � 1.7 18.2 � 0.9 13.3 � 1.0

Values represent means � SD, N ¼ 3, and are representative of 3

independent experiments.

Fig. 3. Effect of PMA alone or in combination with TLK199 on the expression of the differentiation markers CD11b and CD14 in HL60 WT and HL60/

TLK199 cells. Cells were exposed for 48 hr to the various agents, and the expression of the differentiation markers was analyzed by flow cytometry using

specific antibodies as described in ‘‘Section 2.’’ Values represent means � SD, N ¼ 3. This histogram is representative of 3 independent experiments. Key: (�)

significantly different from the untreated control, P < 0:01.
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treated cells. However, DP cells still grew faster than HL60

WT cells exposed to similar doses of PMA. These results

indicate that despite the appearance of markers of terminal

differentiation, DP HL60/TLK199 cells can still proliferate.

3.4. PMA-induced p21WAF1 and p27KIP1 expression

The G0/G1 cell cycle arrest induced by PMA generally

correlates with increased expression of the cyclin kinase-

dependent inhibitors p21WAF1 and p27KIP1. The basal

expression of these two proteins was almost undetectable

in untreated cells; however, exposure to PMA for 24 hr

resulted in an enhanced expression that was higher in HL60

WT than in HL60/TLK199 cells (Fig. 5). TLK199 as a

single agent had no effect on the basal or PMA-induced

expression of these two proteins (Fig. 5).

3.5. PMA cellular pharmacokinetics in HL60 cell lines

Because of the altered expression of certain ABC trans-

porters in HL60/TLK199 cells [7,13], we analyzed the

transport of radiolabeled PMA in both cell lines. Panels A

and B of Fig. 6 showed that PMA was incorporated and

effluxed at equivalent rates in wild-type and resistant cells.

3.6. PMA-induced activation of ERK in wild-type and

resistant HL60

Induction of monocyte/macrophage differentiation by

PMA requires activation of the ERK pathway. The HL60/

TLK199 cells presented a higher ERK enzyme activity

(phosphorylation of ERK or ELK1) compared to HL60 WT

cells without altered expression of the basal protein levels

Fig. 4. Proliferation of untreated HL60/TLK199 and PMA-treated CD11b/CD14 double positive (DP) and double negative (DN) HL60/TLK199 cells.

Following PMA treatment, DP and DN cells were sorted by flow cytometry and analyzed for their capacity to proliferate in culture. Cells (5 � 104/mL) were

exposed to 10 nM PMA for 48 hr and counted using a Coulter Counter. Values are means � SD, N ¼ 3. This histogram is representative of 3 independent

experiments.

Fig. 5. Expression of p21 and p27 in HL60 WT and HL60/TLK199 cells treated with or without PMA in the presence or absence of TLK199, OV, or DPN.

Cells were exposed for 24 hr to PMA in the presence or absence of the different inhibitors. They were then collected, and protein samples were submitted to

electrophoresis and immunoblotting as described in ‘‘Section 2.’’ Actin was used as a loading control.
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of these kinases (Fig. 7A). Treatment of HL60 WT with

PMA induced a rapid (after 5 min) and sustained (up to

360 min) activation of the enzymatic activity of these

kinases (Fig. 7B). In contrast, PMA induced only a transient

and lower activation of ERK (between 30 and 60 min) in

HL60/TLK199 cells. PMA did not alter the basal expres-

sion of ERK1/2 in either cell line (Fig. 7, lower panels).

Similar time courses of ERK activation were observed

when cells were co-treated with PMA and TLK199 (Fig. 7,

right panels).

3.7. Effect of OV and DPN on PMA-induced

cell growth inhibition

The ERK pathway is tightly regulated by various tyr-

osine phosphatases that may be inhibited by either OV or

DPN. HL60 WT and HL60/TLK199 cells were pretreated

for 4 hr with a 10 mM concentration of either OV or DPN

and then incubated with PMA (Fig. 8). The drug com-

binations did not change the growth inhibitory effects of

PMA in the WT cells. In contrast, in HL60/TLK199 cells

co-treatment with the phosphatase inhibitors potentiated

cell growth inhibition induced by PMA (48:2 � 2:4%

without phosphatase inhibitors versus 12:1 � 0:8 or

8:5 � 0:9 with OVor DPN, respectively). The phosphatase

inhibitors had no effect on the G0/G1 cell cycle arrest

induced by PMA in HL60 WT. However, in HL60/

TLK199, while PMA alone induced only a slight increase

in the percentage of cells in G0/G1, co-treatment with OVor

DPN induced a pronounced G0/G1 cell cycle arrest

(Table 1). Neither OV nor DPN modified the enhanced

expression of p21 and p27 caused by PMA treatment in

HL60 WT. In contrast, in HL60/TLK199, these phospha-

tase inhibitors increased the expression of p21 induced by

PMA (Fig. 5).

3.8. Influence of OV and DPN on PMA-induced

CD11b and CD14 expression

The influence of these phosphatase inhibitors on the

expression of differentiation markers CD11b and CD14

was also assessed (Fig. 9). In untreated HL60 cells, either

OV or DPN slightly decreased the expression of CD11b

and CD14. Following PMA treatment, the increase of

CD14 but not CD11b positive cells observed in HL60

WT was potentiated significantly by either OV or DPN.

Fig. 6. (A) Accumulation of PMA in HL60 WT and HL60/TLK199 cells. (B) Efflux of PMA in wild-type and resistant cells. Values are means � SD, N ¼ 3.

These graphs are representative of 3 independent experiments.
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In HL60/TLK199 cells, treatment with OV or DPN, as a

single agent, induced an increase of CD11b and CD14

positive cells. Also in HL60/TLK199, with concomitant

PMA treatment, OV or DPN potentiated the expression of

CD11b and CD14.

3.9. Effect of OV and DPN on PMA-induced activation

of ERK

Analysis of ERK activation showed that pretreatment of

HL60 cells with either OV or DPN did not alter the time

Fig. 7. (A) Basal expression and activity of ERK in HL60 WT and HL60/TLK199 cells. (B) Effect of PMA on ERK phosphorylation and expression in HL60

WT and HL60/TLK199 cells in the presence or absence of TLK199. Cells were pretreated with TLK199 and then were exposed to PMA and collected at

various time points; the phosphorylation and expression of ERK were evaluated by immunoblotting.

Fig. 8. Cell growth inhibition induced by PMA in the HL60 WT and HL60/TLK199 cell lines in the presence or absence of OV or DPN. Cells (5 � 104/mL)

were pretreated for 4 hr with OV or DPN and then were exposed to PMA for 48 hr. Cells were counted using a Coulter Counter. Values are means � SD,

N ¼ 3. These graphs are representative of 3 independent experiments. Key: (�) significantly different from PMA alone, P < 0:01.
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course of sustained activation of ERK following PMA

(Fig. 10). In contrast, in resistant cells, while PMA alone

induced only a transient activation of ERKs (see Fig. 7),

after the pretreatment of the HL60/TLK199 with either

OV or DPN, PMA induced a sustained activation of

these kinases similar to the one observed in HL60 WT

(Fig. 10).

3.10. Expression of MKP-1 and MKP-3 in HL60 WT

and HL60/TLK199 cells

The dual specific phosphatases MKP-1 and MKP-3 are

involved in the deactivation of ERK and are possible

targets for inhibition by OV and DPN. Therefore, due to

the transient nature of ERK phosphorylation in HL60/

TLK199 cells, we examined the expression levels of these

two phosphatases in HL60 WT and HL60/TLK199 cells,

and found a 2-fold elevated expression of the MKP-1 in

the HL60/TLK199 resistant cell line (Fig. 11A). In addi-

tion, the exposure of HL60 WT cells to PMA induced a

rapid increase of MKP-1 RNA and protein levels, while in

resistant cells similar treatment did not modulate the

expression of this phosphatase (Fig. 11A and B). In con-

trast, the expression of MKP-3, which is similar in both

cell lines, was not changed following PMA treatment

(Fig. 11A and B).

Fig. 9. Modulation of CD11b and CD14 expression by OV and DPN in HL60 WT and HL60/TLK199 cells with or without PMA. Cells were pretreated with

OV or DPN for 4 hr and exposed for 48 hr to PMA. Expression of the differentiation markers was analyzed by flow cytometry using specific antibodies as

described in ‘‘Section 2.’’ Values are means � SD, N ¼ 3. These histograms are representative of 3 independent experiments. Key: (�) significantly different

from the untreated control, P < 0:05; and (��) significantly different from PMA alone, P < 0:01.
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4. Discussion

The peptidomimetic TLK199 is a GSTp inhibitor that is

currently under development as a myeloproliferative agent.

Administration of this drug to wild-type mice, but not to

animals null for GSTp, increases the number of circulating

white blood cells, and can stimulate ex vivo myeloproli-

feration of GSTpþ/þ bone marrow cells but not GSTp�/�

[7]. To gain an understanding of the mechanism of action

of TLK199, an HL60 cell line has been made resistant to

the drug by chronic exposure to escalating concentrations.

The resultant phenotype presents multiple alterations

including the overexpression of JNK1 [7], which interacts

with, and is inhibited by, GSTp [4]. Additionally, increased

ERK activity was observed without modification of basal

protein expression (Fig. 7A). These modulations of expres-

sion and/or activity of proteins involved in MAPK path-

ways in HL60/TLK199 cells are consistent with the

involvement of GSTp in the regulation of kinases critical

to cell survival pathways. As mentioned above, GSTp is

able to inhibit JNK activation in unstressed cells [4] by

interacting with its N-terminal moiety [5]. Because of the

critical importance of MAP kinases in the regulation of

apoptosis, proliferation, and differentiation, an implied

role for GSTp in these processes is inferred. For example,

GSTp is able to protect mouse fibroblasts (NIH 3T3 cells)

against apoptosis by stimulating the activation of ERK and

p38 kinase pathways and by inhibiting JNK1 [6].

Fig. 10. Modulation by OV or DPN of the expression and activation of ERK in HL60 WT and HL60/TLK199 cells treated with PMA. Cells were pretreated

with OV or DPN and then exposed to PMA and collected at various time points; the phosphorylation and expression of ERK were evaluated by

immunoblotting.

Fig. 11. (A) Basal and PMA-induced protein levels of MKP-1 and MKP-3 in HL60 WT and HL60/TLK199 cells. (B) RNA levels of MKP-1 and MKP-3 in

wild-type and resistant HL60 exposed to PMA. Actin was used as a loading control.
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Drug-induced cell differentiation of myeloid cancer

cells represents a potential alternative to conventional

chemotherapy. It has been suggested that differentiation

of HL60 cells induced by PMA, 1,25-dihydroxyvitamin

D3, or all-trans retinoic acid requires ERK activation

[10,12]. PMA-induced monocyte/macrophage-like differ-

entiation of HL60 represents an interesting model to

analyze the influence of acute and chronic exposure of

TLK199 on this process. In addition, chronic exposure to a

drug tends to mimic in vivo conditions when a therapeutic

molecule is administered to animals or patients. Any link

between the myeloproliferative effects of TLK199 and

differentiation may be dissected through the use of this

model system. We observed that HL60/TLK199 cells were

resistant to PMA-induced cell growth arrest but not to

PMA-induced cell differentiation. In addition, following

PMA treatment, the HL60/TLK199 CD11b/CD14 double

positive cells, which express markers of terminal differ-

entiation, were still able to proliferate. The cellular phar-

macokinetics of PMA showed that there were no

differences in uptake or efflux in wild-type and resistant

cells. Collectively, our data suggest that cell differentiation

and cell growth arrest are two independently regulated

mechanisms. Similar findings have been obtained in a

K562 erythroleukemia cell line that was resistant to

PMA-induced cell growth arrest but not megakaryocytic

differentiation [14]. In HL60/TLK199 cells, resistance to

PMA-induced cell growth arrest was associated with a

lower expression of the CDK inhibitors p21WAF1 and

p27KIP1. These proteins block cells in the G0/G1 phase

of the cell cycle by inhibiting the phosphorylation of

retinoblastoma protein (pRb) and may play a causal role

in cell differentiation. Indeed, the forced expression of

these proteins accelerates PMA-induced differentiation of

HL60 cells [15].

Chronic exposure and selection in TLK199 resulted in a

higher activity of ERK and a differential activation of these

kinases following PMA treatment. PMA induced a sus-

tained activation of these enzymes in wild-type cells, but

only a transient and lower activation in resistant cells. In

addition, we observed that the co-treatment of resistant

cells with tyrosine phosphatase inhibitors both potentiated

cell growth arrest and cell differentiation following PMA

treatment and induced a sustained activation of ERK.

These data are consistent with the results of Hu and

collaborators [16], who observed in a human leukemic

cell line, TF-1, that macrophage-like differentiation

induced by PMAwas associated with a sustained activation

of ERK, while proliferation induced by granulocyte macro-

phage-colony stimulating factor was associated with a

transient kinase activation. Our results show that OV and

DPN circumvent resistance to PMA and enhance differ-

entiation and the activation of ERK by PMA. The involve-

ment of DPN in the potentiation of differentiation has been

inferred previously in pheochromocytoma PC12 cells and

was associated with a sustained activation of ERK [17].

These results suggest that tyrosine phosphatases involved

in MAPK regulation may be involved in resistance to

PMA. Our data also imply that after PMA treatment, these

phosphatases may quickly dephosphorylate ERK, leading

to a transient activation of these kinases. However, the

exact mechanism responsible for this effect remains par-

tially unclear. It has been suggested that various phospha-

tases may be involved in ERK inactivation and ERK

pathway inhibition [18,19]. Dephosphorylation of ERK

could be catalyzed by any of the three major groups of

phosphatases: serine/threonine phosphatases (such as

PP2A), protein tyrosine phosphatases (including HePTP),

or dual specific phosphatases (DUS) [19]. However, the

two phosphatase inhibitors OV and DPN used in this

experiment inhibit more likely the PTPs and the DUS.

We focused our attention on the dual specific phosphatases

MKP-1 and MKP-3 that are known to be able to depho-

sphorylate both phosphotyrosine and phosphothreonine

residues of the activation loop of ERK [20]. These mem-

bers of the PTP superfamily have differential subcellular

localization; MKP-3 is found preferentially in the cyto-

plasm, while MKP-1 is in the nucleus. This might infer that

these enzymes have different roles in the dephosphoryla-

tion and regulation of ERK. Immunoblot and RT–PCR

analysis showed that MKP-1 but not MKP-3 was over-

expressed in HL60/TLK199 cells. These data imply that

MKP-1 may contribute to resistance to PMA-induced cell

growth arrest by inhibiting MAPK activity. ERK1/2 are

first activated in the cytoplasm by MEK1/2 and then

translocated to the nucleus. This nuclear localization is

required for the phosphorylation and activation of tran-

scription factors such as ELK-1 [21]. It has been shown that

MKP-1 expression is induced quickly following ERK

activation in response to various mitogenic stimuli [22].

Shortly after PMA treatment (within 6 hr), MKP-1 expres-

sion increased in wild-type but not in resistant cells. The

protein levels of MKP-1 following treatment appear to be

similar to those observed in untreated resistant cells. These

data are in accordance with the findings of Seimiya et al.

[23], who showed that the up-regulation of various phorbol

ester-sensitive PTPs observed in leukemia U937 cells

during PMA-induced differentiation was not occurring

in U937 cells resistant to PMA. In our experiments, these

observations could be the consequence of the transient

activation of ERK in HL60/TLK199 cells, which is not

sufficient to stimulate the expression of this phosphatase.

In addition, the high levels of MKP-1 in resistant cells

could be a direct consequence of ERK hyperactivity. Our

results suggest that the transient activation of ERK caused

by PMA in HL60/TLK199 cells may be a consequence

of the increased efficiency of dephosphorylation of the

activated protein as a consequence of increased protein

tyrosine phosphatase expression and/or activity, and to this

end, MKP-1 may represent a plausible candidate. Such a

concept would provide an explanation for the resistance of

these cells to PMA-induced cell growth arrest.
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In conclusion, we observed that HL60/TLK199 cells

were resistant to PMA-induced cell growth arrest but not

differentiation. This resistance was associated with a tran-

sient activation of ERK following PMA treatment, while a

sustained activation was seen in HL60 WT cells under the

same conditions. In addition, resistance to PMA was

circumvented by protein tyrosine phosphatase inhibitors

and was associated with a sustained activation of ERK.

These data suggest that chronic exposure to the GSTp
inhibitor induces various cellular alterations including the

modulation of MAPK pathways and leads to the impair-

ment of the HL60 response to the differentiating agent

PMA. This serves to emphasize the involvement of GSTp
in the regulation of MAPK pathways and suggests that

pharmacological manipulation of GSTp can lead to altered

cellular patterns of growth and differentiation. In addition

to providing information pertinent to the mechanism of

action of TLK199, these results suggest that, during PMA-

induced monocyte/macrophage-like differentiation, the

mechanisms involved in differentiation and cell growth

arrest appear to be distinct. Thus, HL60/TLK199 cells

represent a useful model for distinguishing the cell signal-

ing pathways involved in either differentiation or prolif-

eration.
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