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All-trans retinoic acid (RA) induces granulocytic differentiation bind all-trans RA as well as 9-cis RA, while RXRs bind only
of acute promyelocytic leukemia cells both in vivo and in vitro. 9-cis RA.19–21 Thus, RARs heterodimerize to form RAR/RXR
In the HL-60 wild-type (WT) early promyelocytic leukemia cell complexes.17,22–25 RXRs act as a coregulator, enhancing theline, granulocytic differentiation appears to be directly

binding of RA, 1,25 dihydroxyvitamin D3 [1,25(OH)2D3], thy-mediated by the nuclear receptor RARa. An HL-60 subline
roid hormone, and peroxisome-activated receptors to theirresistant to RA (HL-60 R) contains a point mutation which

results in a truncation of 52 amino acids at the COOH end of responsive elements via heterodimers.22–27 Moreover, RARs
RARa. Cross-talk between differentiation, clonal inhibition of may antagonize AP-1 function by either binding (directly or
growth and apoptosis was studied using HL-60 WT, HL-60 R, indirectly) to c-jun/c-fos to form an inactive complex or inter-
and HL-60 R infected by a retroviral vector containing RARa acting with and sequestering another nuclear accessory factor(LX) as targets, which were cultured with various retinoids, vit-

that is required for AP-1-mediated transactivation.28–30
amin D3 analogs, HMBA, or DMSO. None of these compounds

The problem of RA resistance in APL patients reflects theinduced significant differentiation of HL-60 R and HL-60 LX, but
they did induce differentiation of HL-60 WT. In contrast, retino- limits of differentiation-inducing therapy in general. Therefore,
ids inhibited the clonal proliferation of HL-60 WT, HL-60 R, and in an attempt to improve the therapeutic outcome of a single-
HL-60 LX. Vitamin D3 analogs including KH1060 stimulated the agent, RA in the treatment of leukemia, we used RA and non-
clonal growth of HL-60 R; but they inhibited clonal growth of retinoid agents to examine their abilities to inhibit prolifer-HL-60 WT and LX. Levels of Bcl-2 strongly decreased in HL-

ation, and to induce differentiation and apoptosis. The RA-60 WT and LX after treatment by retinoids, while no change in
resistant subclone of the HL-60 myeloid leukemia cell line,expression occurred in HL-60 R. Neither KH 1060 nor 9-cis RA

induced apoptosis of HL-60 R, but these agents did induce designated as HL-60 R,31–35 was used in our studies. These
apoptosis in HL-60 LX WT. Taken together, we showed that HL- cells contain a mutation which results in a truncation of 52
60 R has a global defect in its ability to be induced to differen- amino acids at the COOH end of RARa resulting in resistance
tiate by a variety of pathways, not merely the retinoid pathway. to RA-induced differentiation. Another model subline was HL-Furthermore, our HL-60 models showed that inhibition of pro-

60 LX; these cells result from infection of HL-60 R with a retro-liferation and induction of apoptosis and differentiation can
viral vector containing RARa.31,32 With these sublines of HL-be dissociated. Clinically, these results suggest that several

putative differentiation agents may have anti-cancer 60 as well as wild-type (WT) HL-60 cells as tools, we determ-
(antiproliferative) activities, even though they do not induce ined that inhibition of clonal proliferation could be disas-
differentiation of the cancer cells. sociated from induction of differentiation and/or apoptosis of
Keywords: HL-60; resistance; differentiation; clonal growth leukemic cells, and resistance to induction of differentiation

was a global defect in the HL-60 R cells.

Introduction

Materials and methods
Retinoids exert a wide range of biological effects predomi-
nantly related to cell proliferation and differentiation, includ- Cell lines
ing profound effects on hematopoeitic cells.1 Retinoic acid
(RA) enhances the clonal growth of normal human myeloid HL-60 WT cells were obtained from the American Type Cul-
and erythroid precursors and inhibits the clonal proliferation ture Collection (Rockeville, MD, USA). The retinoic acid
of leukemic cells from patients with acute myelogenous leuke- resistant subline, HL-60 R, and the HL-60 R variant infected
mia (AML) as well as myeloid leukemia cell lines in vitro.2–4

with a functional retinoic acid receptor RARa (HL-60 LX) were
Moreover, treatment of acute promyelocytic leukemia (APL) generated and characterized as described previously.31,32 The
with RA as a single agent leads to a high rate of complete HL-60* clone isolated by Gallagher et al,33–35 was continu-
remissions.5,6 However, these remissions are generally not ously grown in RA (10−7

m). All cells were grown in RPMI
durable because RA fails to eliminate the malignant clone and 1640 supplemented with 10% fetal calf serum, 2 mm l-gluta-
because clinical resistance to RA develops.7–13 The mech- mine, penicillin (100 units/ml) and streptomycin (100 mg/ml).
anism for this resistance is still unclear. The cells were incubated in a humidified incubator containing

The biological effects of retinoids are mediated through 5% CO2 at 37°C. Cell viability was determined by trypan
their binding to the nuclear receptors: retinoic acid receptors blue exclusion.
(RARa,b,g) and retinoid X receptors (RXR a,b,g).14–17 Both
classes of receptors belong to the steroid/thyroid hormone
superfamily and act as inducible transcription factors.18 RARs Cell treatment and differentiation

Differentiation of HL-60 cells was measured by reduction ofCorrespondence: HP Koeffler, Division of Hematology/Oncology,
nitroblue tetrazolium (NBT),36 nonspecific a-naphthyl acetateCedars-Sinai Medical Center/UCLA School of Medicine, Los Angeles,
acid esterase (NSE) (Sigma, St Louis, MO, USA)36 and mor-CA 90048, USA

Received 17 June 1996; accepted 5 November 1996 phology using light microscopy of cytospin preparations



Biological effects of RA
I Grillier et al

394
stained with Diff-Quick Stain Set (Baxter Heathcare Corpor- Results
ation, Miami, FL, USA) after 5 days cultivation of HL-60 cells
in suspension with various compounds. The dimethylsulfoxide Effects of retinoids and non-retinoid agents on(DMSO) and the hexamethylbisacetamide (HMBA) were differentiation of RA-resistant HL-60 cellsobtained from Sigma.

Prior studies showed that HL-60 wild-type (WT) cells are
induced to differentiate down the granulocytic pathway by

Retinoids and vitamin D3 compounds retinoids, HMBA and DMSO; and down the monocytic path-
way by 1,25(OH)2D3 and related analogs and 12-O-tetrade-
canoylphorbol-13-acetate (TPA).39,40 In this study, we exam-All-trans-retinoic acid (RA) (Sigma, Poole, UK); 9-cis retinoic
ined the induction of differentiation of WT- and RA-resistantacid (9-cis-RA); 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahy-
HL-60 cells by assessing their abilities to reduce nitrobluedro-2-naphthyl)ethenyl] benzoic acid (code name, LG1069)
tetrazolium (NBT) (granulocytic and monocytic(kindly provided by Dr R Heymann, Ligand Pharmaceuticals,
differentiation) and to acquire nonspecific esterase (NSE)San Diego, CA, USA); 2-(3-4-dihydro-4,4-dimethyl-2H-1
activity (monocytic differentiation) and by morphologicalbenzopyran-6-yl)-2-(4-carboxyphenyl-1,3-dithiane (code
differentiation.name, SR11238) (kindly provided by Dr M Dawson, SRI Inter-

Several retinoids were examined for their abilities to inducenational, Menlo Park, CA, USA; 1,25 dihydroxyvitamin D3
differentiation. The RA (10−7

m), 9-cis RA (10−6
m) and their[1,25(OH)2D3] code name, compound C); 1,25(OH)2-16ene-

combination induced the differentiation of 60%, 70% and23yne-D3 (code name, compound V) (kindly provided by
75% of HL-60 WT, respectively, after 5 days of cultureDr M Uskokovic, Hoffman-La-Roche, Nutley, NJ, USA);
(Table 1, Figure 1a). The induction of differentiation was time1,25(OH)2-24a,26a,27a-tri-homo-22,24-diene-D3 (code
and concentration dependent, with up to 85% of HL-60 WTname EB 1089); and 20-epi-22-oxa-24a,26a,27a-tri-homo-
cells becoming NBT-positive after exposure to 10−7

m RA for1a,25-(OH)2-D3 (code name KH 1060) (kindly provided by Dr
7 days (data not shown). The RXR-selective ligand LG1069L Binderup, Leo Pharmaceutical Products, Ballerup, Denmark)
(10−6

m, 5 days) did not induce differentiation of HL-60 WTwere dissolved in ethanol. The 9-cis RA and LG1069 were
cells (2% NBT-positive HL-60 WT cells). The 1,25(OH)2D3,dissolved in 50% ethanol, 50% DMSO.
another seco-steroid, and several of its analogs were also
examined either alone or in combination with either 9-cis RA
or RA (Table 1, Figure 1). The most potent analog was
KH 1060 (10−7

m, 5 days), which resulted in 99% NBT-posi-Clonogenic assay in soft agar
tive HL-60 WT; and the combination of 1,25(OH)2D3 and 9-
cis RA was the most potent combination to produce differen-

HL-60 (2 × 103) cells were cultured in a two-layer soft agar tiation of HL-60 WT (Table 1). In contrast, none of these com-system for 10 days according to previously described
pounds, either alone or in combination with RA or 9-cis RAmethods.37

induced significant differentiation (,7%) of HL-60 R down
either the granulocytic or monocytic pathways (Table 1,
Figure 1B). Other non-retinoid compounds which were
known to induce differentiation of HL-60 WT,41 such asImmunostaining for Bcl-2
HMBA (2 × 10−3

m) or DMSO (1.0, 1.25, 1.5% v/v) cultured
5 days were also studied; each failed to induce differentiation

Immunostaining for Bcl-2 was performed on HL-60 cells of HL-60 R cells (Table 1).
which had been grown in suspension culture with and without To investigate further the involvement of the truncated
analogs (10−7

m) for 5 days. Intracellular Bcl-2 protein was RARa on myeloid differentiation, we examined HL-60 R cells
detected with a murine monoclonal antibody (DAKO, Carpin- infected with the LXSN retroviral vector, harboring a comp-
teria, CA, USA). Antibody location for Bcl-2 was performed lementary DNA insert that contained a complete coding
with 3,3′-diaminobenzidene hydrochloride (Sigma, sequence of RARa (HL-60 LX).31 The NBT-positive cells
5 mg/10 ml) to which hydrogen peroxide (0.03%) was added increased in RA-treated HL-60 LX cells to 10% after culture
just before use. Slides were counterstained with methyl green with RA (10−7

m), 9-cis RA (10−6
m), or the combination of

and mounted with permount. both (Table 1, Figure 1C). Nevertheless, the number of NBT-
positive HL-60 LX cells was consistently less than the number
of NBT-positive HL-60 WT cells induced by RA, 9-cis RA, or
the combination of both (Table 1, Figure 1C). In addition,Analysis of the cell cycle and apoptosis none of the non-retinoid agents could induce a significant
level of differentiation of HL-60 LX (Table 1, Figure 1C).

We also analyzed the HL-60 RA cells (HL-60 R*) isolatedAfter extensive washing with phosphate-buffered saline and
fixation for 30 min on ice cold 80% methanol, 106 cells were by Gallagher et al;33 these cells have the same mutation that

was present in HL-60 R,35 also resulting in the truncation ofincubated at 4°C in the dark with a solution of 50 mg/ml propi-
dium iodide and RNase (100 unit/ml Sigma) (Becton Dickin- the last 52 amino acids of the COOH terminal end of the

RARa. Neither RA (10−7
m), 9-cis RA (10−7

m) nor a combi-son, Lincoln Park, NJ, USA). Analysis was performed immedi-
ately after staining using the Cell-Fit SOBR computer program. nation of both (× 5 days) induced significant differentiation of

HL-60 R*. In marked contrast to HL-60R, however, these cellsApoptosis was studied in the cells by staining the cellular
DNA with 5 mg/ml propidium iodide, analyzed 5–10 min in were easily induced to differentiate by vitamin D3 analogs and

DMSO similar to HL-60 (Table 1, Figure 1D). For example,the dark, and then by flow cytometry as previously
described.38 either 1,25(OH)2D3(10−7

m), KH 1060 (10−7
m), or DMSO
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Inducing agenta NBT NSE
(% positive) (% positive)

HL-60 WT HL-60 R HL-60 LX HL-60 R* HL-60 WT HL-60 R

No Inducer ,1 ± 0.5 ,1 ± 0.5 ,1 ± 0.5 ,1–0 ± 0.5 1 ± 0.5 1 ± 0.5

Retinoids
RA (10−7 M) 60 ± 5 0 ± 0 10 ± 1 4 ± 1 0.5 ± 0 0 ± 0
9-cis RA (10−6 M) 70 ± 4 0 ± 0 10 ± 1 6 ± 1 0 ± 0 0 ± 0
LG1069 (10−6 m) 2 ± 1 0 ± 0 NE NE 0 ± 0 0 ± 0
9-cis RA (10−6 M) + RA (10−7 M) 75 ± 10 0 ± 0 10 ± 1 7 ± 1 NE NE
9-cis RA (10−6 M) + LG1069 (10−6 M) 72 ± 7 0 ± 0 NE NE NE NE

Vitamin D3 analogs
1,25(OH)2D3 (10−7 M) 85 ± 6 0 ± 0 0 ± 0 90 ± 7 75 ± 4 0 ± 0
KH 1060 (10−7 M) .99 ± 0 0 ± 0 0 ± 0 .99 99 ± 0 0 ± 0
EB 1089 (10−7 M) 90 ± 2 0 ± 0 NE NE 80 ± 4 0 ± 0
V (10−7 M) 88 ± 2 0 ± 0 NE NE 76 ± 2 0 ± 0
1,25(OH)2D3 (10−7 m) + RA (10−7 m) 71 ± 4 7 ± 2 NE NE NE NE
1,25(OH)2D3 (10−7 m) + 9-cis RA (10−6 m) 90 ± 4 0 ± 0 NE NE 72 ± 3.8 0 ± 0

Other compounds
DMSO 1% NE 0 ± 0 NE NE NE NE
DMSO 1.25% 72 ± 1 0 ± 0 0 ± 0 70 ± 5 NE NE
DMSO 1.5% 82 ± 4 0 ± 0 NE NE NE NE
HMBA 2 × 10−3 M 33 ± 2 0 ± 0 NE NE NE NE

aCells were cultured for 5 days with a potential differentiation-inducing agent and differentiation was assayed by nitroblue tetrazolium (NBT)
reduction and nonspecific esterase (NSE) assays. HL-60 R*: clone isolated by Gallagher et al.33–35

NE, not examined; RA, all-trans retinoic acid; 9-cis RA, 9-cis retinoic acid; LG1069, 4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2
naphthyl)ethenyl] benzoic acid; KH 1060, 20-epi-22-oxa-24a,26a,27a-tri-homo-1a,25-(OH)2-D3; V, 1,25(OH)2-16ene-23yne-D3; EB 1089,
1,25(OH)2-24a,26a,27a,-tri-homo-22,24-diene-D3.
Results expressed as a mean ± s.d. of four experiments.

(1.00% v/v) (× 5 days) induced 90%, .99%, and 70% of HL- inhibited 34% of the clonal growth of the HL-60 R cells; the
same level of inhibition occurred with 10−7

m 9-cis RA (35%)60 R* to become NBT positive, respectively (Table 1).
and both were slightly more potent than RA which inhibited
22% of the HL 60 R colonies (Figure 3).

Effects of retinoids and non-retinoid agents on the
clonal growth of RA-resistant HL-60 cells and RARa-
infected HL-60 R cells Cell cycle analysis

We investigated the effects of 9-cis RA and KH 1060 on theThe effect of retinoids and non-retinoid agents was examined
on the clonal growth of HL-60 R and those HL-60 R infected cell cycle of HL-60 WT, R, and LX. The HL-60 WT had a

significant 10% and 18% increase in the number of cellsby the LXSN RARa retroviral vector (HL-60 LX). Surprisingly,
the effective dose that inhibited 50% (ED50) of HL-60 R colony (P , 0.05) in the G0/G1 phase after 4 days of exposure to

either 9-cis RA (10−7
m) or KH 1060 (10−7

m), respectivelyformation was 3 × 10−7
m and 2 × 10−7

m for RA and 9-cis RA,
respectively (Figure 2b). The ED50 for HL-60 WT was (Table 2). The HL-60 R cells did not have a significant vari-

ation of the cell cycle in the presence of 9-cis RA but did have8 × 10−8
m and 5 × 10−8

m for RA and 9-cis RA, respectively
(Figure 2a). Furthermore, the RARa-infected HL-60 R (HL-60 a significant (12%) decrease in the number of cells in G0/G1

(P , 0.05) after 4 days of treatment with KH 1060 (10−7
m).LX) cells became hypersensitive to the clonal inhibitory

activity of RA and 9-cis RA, (ED50, 4 × 10−9
m and 2 × 10−9

m, The HL-60 transfected with RARa (HL-60 LX) had no signifi-
cant change of the number of cells in G0/G1 after culture withrespectively) (Figure 2c). In contrast, HL-60 WT and HL-60R

dramatically diverged in their response to the vitamin D3 com- either 9-cis RA (10−7
m, 4 days) or KH 1060.

pounds (Figure 2a and b). Both 1,25(OH)2D3 and KH 1060
had an ED50 of about 1.8 × 10−8

m for HL-60 WT, and no col-
onies were present in dishes containing 10−6

m of either ana- Expression of Bcl-2
log (Figure 2a). In contrast, the HL-60 R cells were stimulated
to proliferate by 1,25(OH)2D3 and KH 1060 (10−11–10−6

m) The classical effects of retinoids on HL-60 cells are to inhibit
their clonal growth and to induce their differentiation and(Figure 2b). However, the HL-60 LX became sensitive to

clonal inhibition by the vitamin D3 compounds (ED50, apoptosis. An early event which underlies retinoid-induced
apoptosis is the down-regulation of Bcl-2 expression.42 Bcl-27 × 10−8

m and 8 × 10−10
m for 1,25(OH)2D3 and KH 1060,

respectively) (Figure 2c). is a membrane-associated protein whose expression is asso-
ciated with a suppression of apoptosis. We hypothesized thatWe also examined the activity of SR11238 a retinoid which

does not induce cellular differentiation in various cell lines the ability of an analog to inhibit clonal growth would parallel
its ability to modulate the level of Bcl-2 and the apoptoticbut has a strong anti-AP-1 function.29 The SR11238 (10−7

m)
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Figure 1 Effect of retinoids and vitamin D3 analogs on differentiation of HL-60 sublines: HL-60 WT (A), HL-60 R (B), HL-60 LX (C) and HL-
60 R* (D). Subpanel 1 shows control cells, subpanel 2 shows cells cultured with all-trans retinoic acid (10−7

m, 5 days), subpanel 3 shows cells
cultured with KH 1060 (10−7

m, 5 days).



Biological effects of RA
I Grillier et al

397Table 2 Cell cycle analysis of HL-60 sublines cultured with a reti-
noid (9-cis RA) or a vitamin D3 analog (KH 1060)

Cell lines Compounds G0/G1 phase S phase

HL-60 WT Control 52 (±1) 35 (±5)
9-cis RA (10−7 M) 62 (±6) 25 (±10)
KH 1060 (10−7 M) 70 (±10) 25 (±4)

HL-60 R Control 51 (±2) 45 (±6)
9-cis RA (10−7 M) 54 (±4) 38 (±10)
KH 1060 (10−7 M) 39 (±2) 55 (±10)

HL-60 LX Control 52 (±1) 41 (±3)
9-cis RA (10−7 M) 58 (+11) 29 (±8)
KH 1060 (10−7 M) 42 (±8) 43 (±6)

Cells were cultured with the analog for 4 days and then their cell
cycle status was studied. Each point represents the mean (± s.d.)
of at least three experiments.

pathway. Immunohistochemistry showed that HL-60 WT, R,
LX displayed abundant Bcl-2 (Figure 4). After 5 days of culture
with 9-cis RA (10−7

m), a strong decrease of Bcl-2 expression
occurred in HL-60 WT and HL-60 LX, while 100% of HL-60 R
continued to express Bcl-2. After 5 days exposure to KH 1060
(10−7

m), Bcl-2 signal strongly decreased in HL-60 WT while
no change occurred in HL-60 R and HL-60 LX.

Induction of apoptosis

We analyzed the kinetics of induction of apoptosis by either
9-cis RA or KH 1060 on days 3–5 of culture of HL-60 WT, R
and LX (Figure 5). Sixteen percent of HL-60 WT was apoptotic
at day 5 of culture with 9-cis RA (10−7

m). HL-60 LX were
slightly more sensitive; at days 4 and 5 of culture with 9-cis
RA (10−7

m), the percent of apoptotic HL-60 LX cells was 13%
and 28%, respectively. The KH 1060 (10−7

m, day 5) produced
an equivalent increase of apoptosis in HL-60-WT and LX of
about 13% for both. In contrast, HL-60 R did not undergo
apoptosis in the presence of either 9-cis RA or KH 1060
(Figure 5).

Discussion

Retinoids exert a wide range of biological effects on normal
and transformed cells. For example, in APL cells, retinoids
induce differentiation, inhibit proliferation, and cause
apoptosis. These biological effects can be mediated through
multiple receptors which are structurally related to the steroid/
thyroid receptor superfamily. This, in turn, results in regulation
of expression of certain genes in the target cells. Evidence is
now accumulating that the retinoid signaling pathway inter-
acts with the non-retinoid pathway. For example, the VDR
receptor acts not only through the VDR/RXR heterodimer but
may also function through the RAR/VDR receptor pathway.43

Prior studies in the HL-60 model system,44–46 as well as in
fresh leukemic cells showed that RA cooperated with non-
retinoid inducers such as either HMBA or DMSO to yield syn-
ergistic induction of differentiation. Moreover, concerning the Figure 2 Effect of retinoids and vitamin D3 analogs on differen-

tiation of HL-60 sublines. The HL-60 WT (a), HL-60 R (b), andNB4 promyelocytic leukemic cells, that are resistant to differ-
HL-60 LX (c) were cultured with various concentrations of either all-entiation by a variety of non-retinoid inducers, a short pre-
trans retinoic acid (RA), 9-cis RA, 1,25(OH)2D3 or KH 1060. Resultsexposure to RA (30 min) abolished resistance to non-retinoids
are expressed as percentage of control plates containing no com-and potentiated their differentiation.47 These results strongly pound. Each point represents the mean of at least three experiments

support the presence of interconnections between the retinoid performed in triplicate dishes.
and non-retinoid signaling pathways. Therefore, the purpose
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Figure 5 Induction of apoptosis in HL-60 sublines. The cells were
cultured for 3, 4 and 5 days with either RA, 9-cis RA, or KH 1060
(10−7

m). Results are expressed in percentage of propidium iodide
Figure 3 Effect of the anti-AP-1 analog SR 11238 on the clonal positive cells. Each point represents the mean of at least two experi-
growth HL-60 R subline. The HL-60 R were cultured with all-trans ments. RA, all-trans retinoic acid.
retinoic acid (RA), 9-cis RA or SR 11238. Results are expressed
as percentage of control plates containing no compound. Each point
represents the mean of at least three experiments performed in
triplicate dishes. which has the RARa wild-type gene placed in it by retroviral

infection,31 was also poorly induced to differentiate by the
inducers of HL-60 differentiation (Table 1, Figure 1). Our
hypothesis that HL-60 R has acquired global resistance to
inducers of differentiation, independent of the mutation of the
RARa gene was also supported by HL-60 R*, derived by the
Gallagher’s group.33–35 Although HL-60 R* was resistant to
retinoids, it was induced to differentiate by vitamin D3 com-
pounds and DMSO (Table 1, Figure 1). Moreover, an antagon-
ist of RARa, (Ro43-55) did not block the differentiation
induced by 1,25(OH)2D3 in HL-60 WT cells (data not shown).

The second finding in our study is that the pathway associa-
ted with induction of differentiation can be dissociated from
the pathways which mediate inhibition of clonal growth and
apoptosis. We showed that even though the HL-60R cells
could not be induced to differentiate, their clonal proliferation
was inhibited by retinoids at almost the same sensitivity as
observed with HL-60 WT. The HL-60 LX became more sensi-
tive to the inhibition of clonal growth mediated by retinoids
than were both the HL-60 R and WT cells.

What is a possible explanation for the observation that reti-
Figure 4 Bcl-2 expression in HL-60 sublines. The cells were noids inhibit clonal proliferation of HL-60 R even though theytreated with either 9-cis RA (10−7

m), KH 1060 (10−7
m), or diluant

cannot induce differentiation of these cells? RARs are able tocontrol for 5 days, and then analyzed for expression of Bcl-2. Results
repress the ability of AP-1 to transactivate by a mechanismrepresent the mean of three independent experiments.
probably involving protein–protein interaction;28,48,49 and this
anti-AP-1 function is separable from the transactivational
function of RAR and is associated with growth inhibition ofof this study was to analyze the effects of retinoid resistance

of HL-60 on the cross-talk between differentiation, clonal transformed cells.29,30 Thus, in the presence of a retinoid, the
truncated RARa may still be able to generate an anti-AP-1growth, modulation of the cell cycle, expression of Bcl-2 and

induction of apoptosis by retinoids and non-retinoid inducers. protein activity and thus may be able to mediate the inhibition
of clonal growth of HL-60 R. Indeed, we examined the growthOur studies indicated first that the pathway of differentiation

was blocked in the HL-60 R subline exposed to either retin- inhibition obtained by using the SR11238 compound. This
retinoid does not induce differentiation but strongly inhibitsoids, vitamin D3 analogs, or a combination of a retinoid and

a vitamin D3 analog, DMSO or HMBA. These results suggest the growth of various cancer cell lines; moreover, it displays a
strong anti-AP-1 activity.29 We showed that (10−7

m) SR11238that HL-60 R cells are carrying a defect which affects their
differentiation at a step which is common to each of the path- displayed a similar inhibition of clonal proliferation as

(10−7
m) 9-cis RA and even slightly higher than (10−7

m) RA.ways of differentiation. Presumably, RA, 1,25(OH)2D3 and
DMSO normally initiate differentiation through divergent This result is consistent with the growth inhibition pattern in

T-47 D, and Calu-6 cells.29 This suggests that the inhibition ofroutes which may converge in a common pathway. This glo-
bal defect is further emphasized by noting that HL-60 LX, the clonal proliferation observed in HL-60 R with either RA
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or 9-cis RA may be mediated by the anti-AP-1 activity of Acknowledgements
these retinoids.

Interestingly, vitamin D3 compounds increased the clonal We thank Dr R Heymann for providing LG1069; Drs M Usko-
growth of HL-60 R and inhibited clonal growth of HL-60 LX. kovic and L Binderup for providing vitamin D3 compounds;
This suggests that retinoids and vitamin D3 compounds exert Dr M Dawson for providing SR11238; Dr R Gallagher for HL-
their inhibition of clonal growth by two pathways that are 60 R*; Dr J Said for Bcl-2 immunostaining analyses; the Ced-
partially linked. ars-Sinai Medical Center Flow Cytometry Core Facility for

Of note, we have previously found that the early myeloblast FACS analysis; and Gail Jao and Kelly Chung for preparation
cell line (KG-1) could not be induced to differentiate by either of the manuscript. This work was supported by NIH grants,
1,25(OH)2D3 or RA, but 1,25(OH)2D3 stimulated and RA the Concern Foundation, and the Parker Hughes Trust.
markedly inhibited their clonal growth.37 Therefore, these
early myeloblasts behave biologically similarly to HL-60 R
cells. However, we have shown that the ligand binding region References
of the RARa gene of KG-1 cells was intact.50 Therefore, these
two myeloid leukemic cell lines (HL-60 R, KG-1) may have a 1 Sporn M, Roberts A, Goodman D. The Retinoids, Vols 1 and 2.
common, unidentified genetic abnormality allowing these Academic Press: New York, 1984.

2 Douer D, Koeffler HP. Retinoic acid enhances colony-stimulatingcells to respond similarly when exposed to these seco-
factor-induced clonal growth of normal human myeloid progenitorsteroids.
cells in vitro. Exp Cell Res 1982; 138: 193–198.Regulation of clonal growth of HL-60 cells results from a

3 Douer D, Koeffler HP. Retinoic acid; inhibition of the clonalbalance between differentiation, inhibition of proliferation growth of human myeloid leukemia cells. J Clin Invest 1982; 69:
(G0/G1 arrest) and apoptosis. Retinoids have been reported to 277–283.
regulate the expression of several genes which underlie mol- 4 Douer D, Koeffler HP. Retinoic acid enhances growth of human

early progenitor cell in vitro. J Clin Invest 1982; 69: 1039–1041.ecular mechanism of apoptosis including Bcl-2 and transgluta-
5 Huang ME, Ye YC, Chen SR, Chai JR, Lu JX, Zhoa L, Gu HT, Wangminase I and II.42,51 Prominent expression of Bcl-2 is often

ZY. Use of all-trans retinoic acid in the treatment of acute promyel-associated with suppression of apoptosis induced by a variety
ocytic leukemia. Blood 1988; 72: 567–572.of chemotherapeutic drugs and other stimuli.52–56 The HL-60 6 Chomienne C, Ballarini P, Balitrand N, Amar M, Bernard JF, Boivin

WT cells had a precipitous fall in Bcl-2 levels after exposure P, Daniel MT, Berger R, Castaigne S, Degos L. Retinoic acid ther-
to 9-cis RA while levels did not change in HL-60 R. The rein- apy for promyelocytic leukemia. Lancet 1989; 1: 746–747.

7 Castaigne S, Chomienne C, Daniel MT, Ballarini P, Berger R,troduction of a RARa in HL-60 R resulted in a strong down-
Fenaux P, Degos L. All-trans-retinoic acid as a differentiation ther-regulation of Bcl-2 in HL-60 LX cultured with 9-cis RA. This
apy for acute promyelocytic leukemia. I. Clinical results. Blooddecreased expression of Bcl-2 in HL-60 LX cultured with 9-
1990; 76: 1704–1709.cis RA paralleled their increase of apoptosis. These results sug- 8 Warrell RP Jr, Frankel SR, Miller WH Jr, Sheinberg DA, Itri LM,

gest the importance of RARa in the cell death pathway and Hittelman WN, Byas R, Andreff M, Tafuri A, Jakubowski A, Gabri-
are consistent with the studies in SPOC-1 cells in which over- love J, Gordon MS, Dmitrovsky E. Differentiation therapy of acute

promyelocytic leukemia with tretinoin (all-trans retinoic acid).expression of the truncated RARa (D 403) was associated with
New Engl J Med 1991; 324: 1385–1393.their inability to increase expression of transglutaminase II and

9 Chen ZX, Xue YQ, Zhang R, Tao RF, Xia XM, Li C, Wang W, Zuto undergo apoptosis induced by RAR-specific ligands.51 Our
WY, Yao XZ, Ling BJ. Clinical and experimental study on all-transstudies also showed that the retinoid-mediated fall of Bcl-2 retinoic acid-treated acute promyelocytic leukemia patients. Blood

and decrease in cell growth was independent of the differen- 1990; 78: 1413–1419.
tiation pathway, because these HL-60 LX cells had very little 10 Huang W, Sun GL, Li XS, Lao Q, Lu Y, Yang GS, Zhang FQ, Chai

JR, Wang ZX, Waxman S, Chen Z, Chen SJ. Acute promyelocyticcapacity to differentiate.
leukemia. Clinical relevance of two major PML-RAR alpha isoformOur results concerning the effects of the vitamin D3 analog
and deletion of minimal residual disease by retro-KH 1060 on the levels of Bcl-2 and induction of apoptosis
transcriptase/polymerase chain reaction to predict relapse. Bloodwere not easily understood. Exposure of HL-60 cells to KH 1993; 82:1264–1269.

1060 decreased their levels of Bcl-2, increased apoptosis and 11 Miller WH, Kakizuka A, Frankel SR, Warrell RP, Deblasio A, Lev-
decreased their clonal growth. The HL-60 R cells cultured ine K, Evans RM, Dmitrovsky E. Reverse transcription polymerase

chain reaction for the rearranged retinoic acid receptor-alphawith KH 1060 did not change their levels of expression of Bcl-
clarifies diagnosis and detects minimal residual disease in acute2, did not induce apoptosis and did not cause a decrease in
promyelocytic leukemia. Proc Natl Acad Sci USA 1992; 89:clonal growth. However, exposure of HL-60 LX to KH 1060
2694–2698.did not decrease their levels of Bcl-2, but did induce apoptosis 12 Warrell RP. Retinoid resistance in acute promyelocytic leukemia:

and inhibit clonal growth of these cells. Thus, KH 1060 can new mechanisms, strategies, and implications. Blood 1993; 82:
inhibit cell growth without inhibiting expression of Bcl-2. The 1949–1953.

13 Tallman MS. Differentiating therapy in acute promyelocytic leuke-genetic pathway causing this disequilibrium between modu-
mia. Leukemia 1995; 10: 1262–1268.lation of Bcl-2 levels, induction of apoptosis, and inhibition

14 Giguere V, Ong ES, Segui P, Evans RM. Identification of a receptorof cell growth is unclear at this time.
for the morphogen retinoic acid. Nature 1987; 330: 624–629.In conclusion, the pathway of differentiation of the HL-60 15 Petkovich M, Brand NJ, Krust A, Chambon P. A human retinoic

R subclone is profoundly altered as noted recently.57 Never- acid receptor which belongs to the family of nuclear receptors.
theless, we have found that these cells retain their ability to Nature 1987; 330: 444–450.

16 Mangelsdorf DJ, Ong ES, Dyck JA, Evans RM. A nuclear receptorbe inhibited in their clonal growth by retinoids, albeit not
that identifies a novel retinoic acid response pathway. Naturethrough the induction of apoptosis. These data suggest that
1990; 345: 224–229.inhibition of proliferation and induction of differentiation are

17 Leid M, Kastner P, Lyons R, Nakshatri H, Saunders M, Zacharew-not totally linked in myeloid leukemic cells. These results sug- ski T, Chen J-Y, Staub A, Garnier JM, Mader S, Chambon P. Puri-
gest that even though retinoids may not be able to induce fication, cloning, and RXR identity of the Hela cell factor with
differentiation of leukemic cells, they may still have clinical which RAR or TR heterodimerizes to bind target sequences

efficiently. Cell 1992; 68: 377–395.efficacy through their antiproliferative effects.



Biological effects of RA
I Grillier et al

400 18 Evans RM. The steroid and thyroid hormone receptor superfamily. 38 Wesselberg S, Janssen O, Rabelitz P. Induction of activation-
driven death (apoptosis) in activated but not resting peripheralScience 1988; 24: 889–895.
blood T-cells. J Immunol 1993; 150: 4338–4345.19 Levin AA, Stuzenbecker LJ, Kazmer S, Bosakowski T, Huselton C,

39 Rovera G, Santoli D, Damsky C. Human promyelocytic leukemiaAllenby G, Speck J, Kratzeisen CL, Rosenberger M, Lovey A,
cells in culture differentiate into macrophage-like cells whenGrippo JF. 9-cis retinoic acid stereoisomer binds and activates the
treated with phorbol diester. Proc Natl Acad Sci USA 1976; 76:nuclear receptor RXRa. Nature 1992; 355: 359–361.
2779–2783.20 Heyman RA, Mangelsdorf DJ, Dyck JA, Stein R, Achillea G, Evans

40 Rovera G, O’Brien T, Diamond L. Induction of differentiation inRB, Thaller C. 9-cis retinoic acid is a high affinity ligand for the
human promyelocytic leukemia cells by tumor promoters. Scienceretinoic X receptor. Cell 1992; 68: 397–406.
1979; 204: 868–870.21 Allenby G, Bocquel MT, Saunders M, Kazmer S, Speck J, Rosen-

41 Collins S. The HL-60 promyelocytic leukemia cell line: prolifer-berger M, Lovey A, Kastner P, Grippo JF, Chambon P. Retinoic
ation, differentiation, and cellular oncogene expression. Bloodacid receptors and retinoid X receptors: interactions with endogen-
1987; 70: 1233–1244.ous retinoic acids. Proc Natl Acad Sci USA 1993; 90: 30–34.

42 Nagy L, Thomazy VA, Shipley GL, Fesus L, Lamph W, Heyman22 Kliewer SA, Umesomo K, Mangelsdorf DJ, Evans RM. Retinoid X
RA, Chandraratna RA, Davies PJ. Activation of retinoid X receptorsreceptor interacts with nuclear receptors in retinoic acid, thyroid
induces apoptosis in HL-60 cell lines. Mol Cell Biol 1995; 15:hormone and vitamin D3 signalling. Nature 1992; 355: 446–449.
3540–3551.23 Marks MS, Hallenbeck PL, Nagata T, Segars JH, Appella E, Niko-

43 Carlberg C. Mechanism of nuclear signalling by vitamin D3. Inter-dem VM, Ozamo K. H-2RIIBP (RXRb) heterodimerization provides
play with retinoid and thyroid hormone signaling. Eur J Biochema mechanism for combinational diversity in the regulation of reti-
1995; 231: 517–527.noic acid and thyroid hormone responsive genes. EMBO J 1992;

44 Breitman TR, He R. Combinations of retinoic acid with either11: 1419–1435.
sodium butyrate, dimethyl sulfoxide, or hexamethylene bisaceta-24 Yu VC, Delsert C, Anderson B, Holloway JM, Devary OV, Naar
mide synergistically induce differentiation of the human myeloidAM, Kim SY, Boutin J-M, Glass CK, Rosenfeld MG. RXRb: a
leukemia cell line HL-60. Cancer Res 1990; 50: 6268–6273.coregulator that enhances binding to retinoid acid, thyroid hor-

45 He RY, Breitman TR. Retinoic acid inhibits sodium butyrate-mone, and vitamin D receptors to their cognate response
induced monocytic differentiation of HL-60 cells while synergisti-elements. Cell 1991; 68: 1251–1266.
cally inducing granulocytic differentiation. Eur J Hematol 1991;25 Zhang X-Y, Hoffmann B, Tran PB-V, Graupner G, Pfahl M. Reti-
46: 93–100.noic X receptor is an auxiliary protein for thyroid hormone and

46 Bunce CM, Wallinghton LA, Harrison P, Williams GR, Brown G.retinoic acid receptors. Nature 1992; 355: 441–446.
Treatment of HL-60 cells with various combinations of retinoids26 Keller H, Dreyer C, Medin J, Mahfoudi A, Ozato K, Wahli W. Fatty
and alpha, 25 dihydroxyvitamin D3 results in differentiationacids and retinoids control lipid metabolism through activation
towards neutrophil or monocytes or a failure to differentiate andof peroxisome proliferator-activated receptor-retinoid X receptor
apoptosis. Leukemia 1995; 9: 410–418.heterodimers. Proc Natl Acad Sci USA 1993; 90: 2160–2164.

47 Chen A, Licht JD, Wu Y, Hellinger N, Scher W, Waxman S. Reti-27 Kliewer SA, Umesono K, Noonan DJ, Heyman RA, Evans RM.
noic acid is required for and potentiates differentiation of acuteConvergence of 9-cis retinoic acid and peroxisome proliferator
promyelocytic leukemia cells by non-retinoid agents. Blood 1994;signaling pathways through heterodimer formation of their recep-
84: 2122–2129.tors. Nature 1992;358: 771–774.

48 Desbois C, Aubert D, Legrand C, Pain B, Samarut J. A novel28 Pfahl M. Nuclear receptor/AP-1 interaction. Endoc Rev 1993; 14:
mechanism of action for v-ErbA: abrogation of the inactivation of651–658.
transcription factor AP-1 by retinoic acid and thyroid hormone29 Fanjul A, Dawson MI, Hobbs PD, Jong L, Cameron JF, Harlev E,
receptors. Cell 1991; 67: 731–740.Graupner G, Lu XP, Pfahl M. A new class of retinoids with selec-

49 Schule R, Rangarajan P, Yang N, Kliewer S, Ransone LJ, Boladotive inhibition of AP-1 inhibits proliferation. Nature 1994; 372:
J, Verma IM, Evans RM. Retinoic acid is a negative regulator of107–111.
AP-1-responsive genes. Proc Natl Acad Sci USA 1991; 88:30 Nagpal S, Athnanikar J, Chandraratna AS. Separation of transactiv- 6092–6096.ation and AP-1 antagonism functions of retinoic acid receptor a. 50 Morossetti R, Pelicci PG, Liberatore C, Schiller GJ, Kizaki M, Bar-J Biol Chem 1995; 270: 923–927. tram CR, Miller CW, Koeffler HP. Infrequent alterations of the31 Collins S, Robertson K, Mueller L. Retinoic acid-induced granulo- ligand binding domain of the RARa gene in acute myelogenouscytic differentiation of HL-60 myeloid leukemia cells is mediated leukemias. Blood 1996; 87: 4399–4403.directly through the retinoic acid receptor (RAR-a). Mol Cell Biol 51 Zhang L-X, Mills KJ, Dawson M, Collins S, Jetten A. Evidence for

1990; 10: 2154–2163. the involvement of retinoic acid receptor RARa-dependent sig-
32 Robertson KA, Emami B, Collins SJ. Retinoic acid-resistant HL-60R naling pathway in the induction of the tissue transglutaminase and

cells harbor a point mutation in the retinoic acid receptor ligand- apoptosis by retinoids. J Biol Chem 1995; 270: 6022–6029.
binding domain that confers dominant negative activity. Blood 52 Korsmeyer S. Bcl-2 initiates a new category of oncogenes. Regu-
1992; 80: 1885–1889. lators of cell death. Blood 1992; 80: 879–886.

33 Gallagher R, Bilello P, Ferrari A, Chang C, Yen RW, Nickols W, 53 Reed JC. Bcl-2 and the regulation of the programmed cell death.
Muly E. Characterization of differentiation-inducer-resistant HL-60 J Cell Biol 1994; 124: 1–6.
cells. Leuk Res 1985; 9: 967–986. 54 Miyashita T, Reed JC. Bcl-2 oncoprotein blocks chemotherapy-

34 Sun N, Li XP, Hu XP, Paietta E, Gallagher R. Altered retinoid dose- induced apoptosis in a human leukemia cell line. Blood 1993;
response of retinoic acid-resistant HL-60 cells. Blood 1994; 84: 81: 151–157.
4383–4384. 55 Miyashita T, Reed JC. Bcl-2 gene transfer increase relative resist-

35 Li YP, Said F, Gallagher RE. Retinoic acid-resistant HL-60 cells ance of S49.1 and WEH17.2 lymphoid cells to cell death and
exclusively contain mutant retinoic acid receptor-alpha. Blood DNA fragmentation induced by glucocorticoids and multiple
1994; 83: 3298–3302. chemotherapeutic drugs. Cancer Res 1992; 52: 5407–5411.

36 Jung SJ, Lee YY, Pakkala S, De Vos S, Elsner E, Norman A, Green 56 Delia D, Aillo A, Formelli F, Fontanella E, Costa A, Miyashita T,
J, Uskokovic M, Koeffler HP. 1,25(OH)2-16ene-vitamin D3 is a Reed J-C, Pierotti M. Regulation of apoptosis induced by retinoid
potent antileukemic agent with a low potential to cause hypercal- N-(4-hydroxyphenyl) retinamide and effect of deregulated bcl-2.
cemia. Leukemia Res 1994; 18: 453–463. Blood 1995; 85: 359–367.

37 Munker R, Norman AW, Koeffler HP. Vitamin D compounds: 57 Altins K, Troen B. Comparative responsiveness of HL-60, HL60 R,
effects on clonal proliferation and differentiation of human and HL-60 R+ (LRARSN) cells to retinoic acid, calcitriol, 9-cis-

retinoic acid, and sodium butyrate. Blood 1995; 86: 2476–2480.myeloid cells. J Clin Invest 1986; 87: 424–430.



Biological effects of RA
I Grillier et al

401


	Alterations of differentiation, clonal proliferation, cell cycle progression and bcl-2 expression in RARa-altered sublines of HL-60
	Introduction 
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References




