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Activation of Retinoid X Receptors Induces Apoptosis
in HL-60 Cell Lines
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Retinoids induce myeloblastic leukemia (HL-60) cells to differentiate into granulocytes, which subsequently
die by apoptosis. Retinoid action is mediated through at least two classes of nuclear receptors: retinoic acid
receptors, which bind both all-trans retinoic acid and 9-cis retinoic acid, and retinoid X receptors, which bind
only 9-cis retinoic acid. Using receptor-selective synthetic retinoids and HL-60 cell sublines with different
retinoid responsiveness, we have investigated the contribution that each class of receptors makes to the
processes of cellular differentiation and death. Our results demonstrate that ligand activation of retinoic acid
receptors is sufficient to induce differentiation, whereas ligand activation of retinoid X receptors is essential for
the induction of apoptosis in HL-60 cell lines.

Apoptosis, the regulated or programmed death of cells, is an
important physiological process controlling the growth of both
normal and neoplastic tissues (6). Although much interest has
recently been directed to the role of apoptosis in both physi-
ological and pathological processes, very little is known of the
molecular mechanisms that underlie its expression. To address
some of these issues, we have investigated the induction of
differentiation and cell death in human myeloid leukemia (HL-
60) cells (13).
Normal hemopoietic maturation involves the progressive

differentiation of precursor cells into terminally differentiated
forms (i.e., neutrophils, monocytes, and macrophages). These
mature forms subsequently undergo spontaneous apoptosis, a
process that maintains homeostasis in the face of a continually
proliferating pool of stem cells (24, 51). These events appear to
be recapitulated in certain leukemic cell lines. HL-60 cells are
a line of leukemic myeloid precursor cells that can be induced
to undergo differentiation in response to a variety of biological
and chemical agents (12). HL-60 cells not only differentiate but
also are capable of undergoing apoptosis in response to the
appropriate stimuli (37). We have investigated the ability of
one class of biological response modifiers, retinoids, to induce
both the differentiation and death of HL-60 cells.
Retinoids were chosen for these studies because there is

ample evidence in the literature that retinoic acid induces both
the differentiation and the death of HL-60 cells (11, 37). Thus,
in HL-60 cells, it is possible to study the relationship between
the induction of a differentiated phenotype and the expression
of the apoptotic program in response to a single class of phar-
macologic agents. Interpretation of the effects of retinoic acid
on cellular function is complicated by the fact that there are at
least two classes of retinoid receptors that may be activated by
retinoic acid (35). One class, the RARs, are directly activated
by ATRA (22), whereas the second class of retinoid receptors,

the RXRs (34), are activated by an ATRA isomer, 9-cis RA
(26, 33). The regulatory profile of these compounds is complex,
because 9-cis RA not only activates RXRs but also binds to
and activates RARs (25). RARs and RXRs coexist in most
cells (35), including HL-60 cells (20, 23), and thus the effects of
retinoic acid on cellular differentiation and death may reflect
activation of either RARs or RXRs or both.
To dissect the molecular pathways involved in the effect of

retinoic acid on HL-60 cells, we have taken advantage of the
recent development of receptor-selective synthetic retinoic
acid analogs (5, 7, 10, 18, 23, 27, 32) that preferentially activate
either RARs or RXRs. Using these selective retinoids and
HL-60 cell sublines that differ in their pattern of retinoid re-
sponsiveness, we have delineated the role of the different
classes of retinoid receptors in the induction of differentiation
and death in HL-60 cells. Our results demonstrate that ligand
activation of endogenous RARs is sufficient to induce differ-
entiation of the HL-60 cells but that induction of apoptosis
requires ligand activation of endogenous RXRs.

MATERIALS AND METHODS
Abbreviations. AcNPV, Autographa californica nuclear polyhedrosis virus;

AGN191701, (E)-5-[2-(5,6,7,8-tetrahydro-3,5,5,8,8-pentamethylnaphthalen-2-yl)
propen-1-yl]-3-thiophenecarboxylic acid; ATRA, all-trans retinoic acid; Am80,
4-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenylcarbamoyl)benzoic acid;
cAMP, cyclic AMP; CHAPS, 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-pro-
panesulfonate; DMSO, dimethyl sulfoxide; IgG, immunoglobulin G; NBT, nitro
blue tetrazolium; 9-cis RA, 9-cis retinoic acid; PBS, phosphate-buffered saline;
RAR, retinoic acid receptor; RXR, retinoid X receptor; RARE, retinoic acid
receptor response element; RXRE, retinoid X receptor response element; SD,
standard deviation; SEM, standard error of the mean; TPA, tetradecanoyl phor-
bol acetate; TRE, thyroid hormone response element; TTNPB, (E)-4-[2-(5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl]benzoic acid; 3-met
TTNPB, (E)-4-[2-(5,6,7,8-tetrahydro-3,5,5,8,8-pentamethyl-2-naphthalenyl)-1-
propenyl]benzoic acid.
Cell culture and evaluation of cellular morphology. The parental clone of

HL-60 cells (clone CCL 240) was obtained from the American Type Culture
Collection, Rockville, Md. A clone of HL-60 cells resistant to the differentiating
effects of ATRA, the HL-60 R cell line, was a kind gift of Steven Collins, Fred
Hutchinson Cancer Center, Seattle, Wash. Both HL-60 CCL 240 and HL-60 R
cells were cultured in suspension in RPMI 1640 medium (Gibco BRL Life
Technologies, Inc., Gaithersburg, Md.) supplemented with 10% fetal bovine
serum (Irvine Scientific Inc., Santa Ana, Calif.). A second clone of HL-60 cells

* Corresponding author. Mailing address: Department of Pharma-
cology, University of Texas—Houston, P.O. Box 20708, Houston, TX
77225. Phone: (713) 792-5904. Fax: (713) 792-5911. Electronic mail
address: pdavies@farmr1.med.uth.tmc.edu.

3540



resistant to the differentiating activity of retinoic acid, HL-60 CDM-1 cells, a kind
gift of Diane Lucas (Walter Reed Army Medical Center, Washington, D.C.), was
cultured in suspension in RPMI 1640 medium supplemented with insulin (5
mg/ml), transferrin (5 mg/ml), and sodium selenite (2 nM). Retinoids or an
equivalent concentration of ethanol (,0.1, vol%) was added to cells in RPMI
1640 supplemented with insulin, transferrin, and sodium selenite at 2 3 105 cells
per ml in 3 ml of medium in six-well tissue culture plates (Corning Glass Works,
Corning, N.Y.). Standard cell culture conditions were used. After the indicated
times, 0.05 to 0.1 ml of cells was taken to make cytospin preparations, which were
fixed in 100% methanol and stained with Diff-Quick stain (Dade Diagnostics,
Inc., Aguada, P.R.) according to the manufacturer’s protocol. Cells were scored
as differentiated if they showed features of metamyelocytes or more differenti-
ated forms and as apoptotic if there was evidence of nuclear pycnosis and
fragmentation, cytoplasmic condensation, and basophilia (see Fig. 2, side pan-
els). Differential counts (at least 200 cells per sample) were performed on the
cytospin preparations.
Retinoids. ATRA, TTNPB, 3-met TTNPB, Am80 (28), 9-cis RA, and

AGN191701 were obtained from Allergan Inc., Irvine, Calif., and Ligand Phar-
maceuticals, San Diego, Calif. Their ability to activate RARs and RXRs was
assayed by a transactivation assay (10, 22, 34) and a ligand-binding assay (2, 25).
NBT reduction assay. HL-60 cells grown in RPMI 1640 medium for 72 h were

counted, and 23 105 cells were aliquoted into 0.2 ml of RPMI 1640 medium with
0.8 ml of 0.125% NBT and 20 ml of TPA (1025 g/liter). The cells were incubated
at 378C for 30 min, centrifuged at 1,100 3 g for 7 min at room temperature, and
resuspended in 200 ml of PBS. Cytospins from aliquots of the samples were
stained with Safranin-O (one part 2.5% Safranin-O in ethanol to 4 parts H2O)
for 5 min. The percentage of NBT-positive cells in each preparation was deter-
mined.
DNA fragmentation assay. HL-60 cells (2 3 105/ml in T-25 flasks) were

incubated with retinoids as indicated and collected by centrifugation at 220 3 g
for 10 min at 258C. Cell pellets were lysed by the addition of 200 ml of 20 mM
Tris-HCl (pH 7.4)–0.4 mM EDTA–0.4% Triton X-100, transferred to a micro-
centrifuge tube, and centrifuged at 15,000 3 g for 5 min at 48C. Supernatants
were collected and adjusted to 0.5 M NaCl (final concentration), and 250 ml of
isopropanol was added. After overnight incubation at 2208C, samples were
centrifuged at 15,0003 g for 15 min, and the pellets were washed once with 70%
ethanol and centrifuged again. Pellets were resuspended in a buffer containing 10
mM Tris-HCl (pH 7.5) and 1 mM EDTA. After addition of 63 DNA loading
buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 40 vol% sucrose in
water), samples were separated in a 1.5% agarose gel containing 0.5 mg of
ethidium bromide per ml and visualized under UV light.
RNase protection assay. Total RNA was prepared by a one-step method

(Tri-Reagent; Molecular Research Center, Inc., Cincinnati, Ohio) according to
the manufacturer’s instruction. Ten micrograms of total RNA was used per
probe in the assay. [32P]UTP-labeled receptor subtype-specific antisense ribo-
probes of human RARa, RARb, RARg, RXRa, RXRb, and g-actin were
generated by inserting 100- to 150-bp-long fragments of their respective cDNAs
into a pGEM4Z vector. The assays were performed as described before (26).
Autoradiograms were scanned and digitalized, and the relative intensity of the
protected bands was determined by using the PDQUEST Quantity One Scan-
ning and Analysis Program (PDI, Inc., Huntington Station, N.Y.) on a Sun
workstation. The intensities were normalized for the number of radioactively
labeled uridine residues in each probe and for the intensity of the bands of an
internal g-actin control.
Transactivation assay. The biological properties of the retinoids were char-

acterized in a cotransfection assay by examining their ability to interact with
retinoid receptors and modulate gene expression. The receptor expression vec-
tors pRS-hRARa, pRS-hRARb, pRS-hRARg, pRS-hRXRa, pRS-hRXRb and
pRS-hRXRg used in the cotransfection assay have been described previously
(10, 22, 34). A basal reporter plasmid, pMTV-LUC, containing two copies of the
TRE-palindromic response element, pMTV-TREp-LUC (50), was used in all
transfections for RARa, RARb, and RARg. The reporter plasmid pTK-CRB
PII-LUC, containing the RXRE from CRBPII (36), was used for the RXRa,
RXRb, and RXRg transfections.
CV-1 cell transfections were performed as described before (34, 36) and

modified for automation in 96-well plates (8). Briefly, for CV-1 cells, the plas-
mids were transiently transfected by the calcium phosphate method with 10 ng of
a receptor expression plasmid vector, 50 ng of the reporter luciferase plasmid, 50
ng of pRS-b-gal (b-galactosidase) as an internal control, and 90 ng of carrier
plasmid. Cells were transfected for 6 h and then washed to remove the precip-
itate. The cells were incubated for 36 h with and without the test retinoid. All of
the transfections were performed on a Beckman Biomek Automated Worksta-
tion, and cell extracts were then prepared as described by Berger et al. (8) and
assayed for luciferase and b-galactosidase activities. All determinations were
performed in triplicate in at least two independent experiments and were nor-
malized for transfection efficiency by using b-galactosidase as the internal con-
trol.
Ligand-binding assay. For binding studies, retinoid receptors and a baculovi-

rus expression system were used (2, 25). The methods for growth, purification,
and assays of recombinant viruses followed the protocol outlined by Summers
and Smith (49). The recombinant plasmids were cotransfected into Sf21 cells
with wild-type AcNPV DNA, and the recombinant viruses were plaque purified.

For the control extracts, wild-type AcNPV-infected cells were used. The bacu-
lovirus-infected cells were disrupted by Dounce homogenization (Kontes Co.,
Vineland, N.J.) in 10 nM Tris (pH 7.6)–5 mM dithiothreitol–2 mM EDTA–0.5%
CHAPS–1 mM phenylmethylsulfonyl fluoride. The KCl concentration was ad-
justed to 0.4 M after cell lysis. The cell lysates were centrifuged for 1 h at 48C at
100,000 3 g, and the supernatant was recovered as a high-salt whole-cell extract.
For the saturation binding analysis, cell extracts (50 mg of protein) were incu-
bated at 08C for 2 h with 3H-labeled 9-cis RA (10) in the presence and absence
of a 200-fold excess of unlabeled ligand. Specific ligand binding to the receptor
was determined by a hydroxyapatite binding assay according to the protocol of
Wecksler and Norman (51).
Western blot (immunoblot) analysis. Expression of BCL-2 protein was deter-

mined with the use of a monoclonal antibody, DAKO-bcl-2 124 (DAKO Cor-
poration, Carpinteria, Calif.). Cell lysates were prepared as follows. Cells were
collected by centrifugation at 500 3 g for 10 min. Pellets were resuspended in
PBS and sonicated on ice. Protein concentration was determined by using the
Bio-Rad protein assay (Bio-Rad Chemical Division, Richmond, Calif.). Cell
lysates (50 mg of protein per lane) were size fractionated in sodium dodecyl
sulfate–10% polyacrylamide gels prior to transfer to Immobilon-P Membranes
(Millipore, Bedford, Mass.) by standard protocols. The membranes were blocked
overnight with 5% dry cow’s milk in PBS at 48C. The monoclonal anti-BCL-2
antibody was used at a 1:1,000 dilution (1 mg/ml) in 1% dry milk in PBS, followed
by a secondary antiserum, rabbit anti-mouse IgG (Pel-Freez Biologicals, Rogers,
Ariz.) (10 mg/ml) diluted in 1% dry milk in PBS, and finally 125I-protein A (0.99
mCi/ml; ICN Radiochemicals, Irvine, Calif.) at a concentration of 0.1 mCi/ml in
1% dry milk in PBS. The membranes were dried and exposed to film.

RESULTS

Receptor-selective retinoids. There are two major classes of
retinoid receptors, RARs and RXRs (35). Each class of recep-
tors includes at least three discrete receptor genes (RARa,
RARb, and RARg or RXRa, RXRb, and RXRg) encoding
distinct receptor proteins (35). The interaction of retinoids
with these receptors can be assessed either directly, by mea-
suring their ability to bind to the receptors (competitive ligand-
binding assay), or indirectly, by measuring the ability of the
retinoids to stimulate the transcriptional activity of the recep-
tor following their transfection with a retinoid-responsive re-
porter gene into a suitable tissue culture cell (transactivation
assay). Tables 1 and 2 compare the binding and transactivation
activities of a series of a naturally occurring and synthetic
retinoids that differ in their ability to interact with the different
classes of retinoid receptors. The binding data represent the
concentration of ligand necessary to reduce by 50% (50%
inhibitory concentration [IC50]) the binding of

3H-9-cis RA to
the retinoid receptors present in nuclear extracts of Sf-1 insect
cells that had been transfected with baculovirus expression
vectors containing one of the six retinoid receptors (see Ma-
terials and Methods). The transactivation activity is expressed
as the concentration of the retinoid required to stimulate 50%
of the maximal response (EC50) in CV-1 cells transfected with
a receptor expression vector and either an RAR-responsive
reporter construct (pMTV-TREpal-Luc) or an RXR-respon-
sive reporter construct (pTK-CRBPII-LUC) under the condi-
tions described in detail in Materials and Methods.
9-cis RA is a prototypic receptor panagonist. It binds with

high affinity to both RARs and RXRs and can stimulate the
transcriptional activity of both classes of receptors. The effects
of ATRA are more complicated. It can bind to all three RARs
with an affinity comparable to that of 9-cis RA and can activate
RAR-driven expression of the TRE-palindromic response el-
ement reporter construct. ATRA does not bind to RXRs, but
it does show RXR-stimulating activity in in vivo transactivation
assays (34). This activity is likely due to its conversion to 9-cis
RA under in vivo culture conditions (25). TTNPB, on the other
hand, is an RAR-specific retinoid. TTNPB binds with high
affinity to all three classes of RARs and is a potent inducer of
their transactivation activity. It neither binds to nor transacti-
vates RXR receptors. Am80 is also an RAR-specific retinoid;
it binds to and transactivates all three classes of RARs, show-
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ing a higher affinity for and a greater activity at RARa than
either RARb or RARg. Like TTNPB, it neither binds to nor
transactivates the RXRs. 3-met TTNPB is a retinoid receptor
panagonist. It binds less well than TTNPB to RARs and shows
proportionately less activity as a transactivator of RAR-depen-
dent transcriptional activity. Unlike TTNPB, 3-met TTNPB
also binds to the RXR receptors. It binds well to RXRa and
RXRg but poorly to RXRb. 3-met TTNPB will also stimulate
RXR-dependent activation of TK-CRBPII-Luc, although it is
10-fold less active than 9-cis RA in this assay.
AGN191701 is an RXR-selective retinoid. It binds to RXR

receptors and will transactivate them. Although its affinity for
these receptors in the binding assay is at least 10-fold lower
than that of 9-cis RA, the two compounds are equivalent in

their ability to transactivate cells transfected with RXRs and
an RXRE reporter construct. AGN191701 does not bind to
any of the RARs. It shows no transactivation activity in RARa-
transfected cells and only a low level of transactivation activity
in cells transfected with either RARb or RARg. This residual
activity probably reflects ligand-induced activation of the RXR
moiety of the RAR-RXR heterodimers present in RAR-trans-
fected CV-1 cells.
Retinoid receptor profile of HL-60 cell lines. In the studies

reported here, we evaluated the effects of receptor-selective
retinoids on the induction of differentiation and death in sev-
eral lines of human myeloid leukemia (HL-60) cells. To pro-
vide a baseline for the interpretation of these studies, we mea-
sured the abundance of transcripts for RARs a, b, and g and

TABLE 1. Structures and transactivation properties of natural and synthetic retinoidsa

a EC50 values were determined in cotransfection experiments as described in the text. Values are means for at least six determinations 6 standard error. Values for
ATRA, 9-cis RA, TTNPB, and 3-met TTNPB are from Boehm et al. (10).

TABLE 2. Competition for 3H-9-cis RA by RARs and RXRsa

Retinoid
Mean IC50 (nM) 6 SEM

RARa RARb RARg RXRa RXRb RXRg

ATRA 15 6 2 13 6 3 18 6 1.8 .1,000 .1,000 .1,000
9-cis RA 7 6 1.7 7 6 1.3 17 6 1.1 32 6 3.5 12 6 3 4 6 2
TTNPB 36 6 5.1 5 6 2.3 26 6 4.3 .1,000 .1,000 .1,000
3-met TTNPB 638 6 75 1,169 6 274 645 6 120 32 6 8 .1,000 100 6 23
Am80 124 2,181 7,462 .10,000 .10,000 .10,000
AGN191701 .10,000 .10,000 .10,000 308 387 301

a Values for ATRA, 9-cisRA, TTNPB, and 3-met TTNPB are as reported by Boehm et al. (10). RARs and RXRs were prepared from Sf21 extracts. The values shown
are the means for at least three determinations 6 SEM.
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RXRs a and b in these cell lines by an RNase protection assay
(RXRg was not measured). Figure 1A shows the pattern of
protected fragments for each of the radiolabeled receptor
probes (the protected bands are identified by solid bars along
the margins) following incubation with total RNA from either
the parental HL-60 (CCL 240) cells or the same cells following
treatment with ATRA for 3 days, two retinoic acid-resistant

clones (HL-60 CDM-1 and HL-60R), and HeLa cells (used as
positive control for RAR expression). Multiple protected
bands differing by a single nucleotide are generated for each
receptor probe as a result of partial degradation of the ends of
the protected fragments (‘‘breathing’’ of hybrids). A human
g-actin probe was used as an internal standard to normalize for
transcript recoveries (see Materials and Methods).
Figure 1B summarizes the levels of transcripts for the five

receptors assayed in the three HL-60 cell lines. HL-60 CCL
240 cells contained RARa, RXRa, and RXRb. The level of
RARb and RARg messages was undetectable. Three days of
ATRA treatment resulted in a substantial change in the recep-
tor profile of the parental (HL-60 CCL 240) cell line. The
amount of RARa mRNA doubled, that of RXRb mRNA
increased fivefold, and that of RXRa mRNA remained un-
changed. Messages for RARb and RARg remained undetect-
able. Comparison of receptor transcripts in HL-60 CCL 240,
HL-60 CDM-1, and HL-60 R cells demonstrated that all three
contained RARa transcripts and none contained RARb or
RARg transcripts. The level of RARa transcripts in the HL-60
CDM-1 cells was lower than in either the HL-60 CCL 240 or
HL-60 R cells. The lines contained RXRa and RXRb. The
levels of RXRa were similar in all three cell lines, whereas
RXRb transcript levels were higher in HL-60 CDM-1 cells
than in either the CCL 240 or HL-60 R cell lines.
Effects of receptor-selective retinoids on cellular prolifera-

tion, differentiation, and death. The next step in our studies
was to evaluate the effects of receptor-selective retinoids on
the growth, differentiation, and apoptotic death of the ‘‘paren-
tal’’ HL-60 cell line CCL 240.
(i) Untreated cells. Control (solvent-treated) HL-60 CCL

240 cells, plated at 2 3 105/ml, grew exponentially, with a
doubling time of ;24 h (Fig. 2A). Exponentially growing cul-
tures had frequent mitotic figures and morphological features
characteristic of a blastic leukemic cell line (Fig. 3A). There
was little evidence of spontaneous differentiation, as measured
by either a low abundance of morphologically differentiated
cells (,5%, Fig. 2B) or a low frequency of cells competent to
reduce the NBT dye (NBT1 cells, Fig. 4A). There was also
little evidence of spontaneous apoptosis in these exponentially
growing cultures. Morphologic counts of apoptotic cells indi-
cated that the basal apoptotic index was ,5% (Fig. 2C and
3A). Apoptosis in myeloid leukemia cells is associated with
fragmentation of DNA into nucleosomal multimers because of
activation of a specific endonuclease (DNA laddering). There
was no evidence of laddering in preparations of DNA from
exponentially growing CCL 240 cells (Fig. 4B, lane 1).
(ii) ATRA-treated cells. ATRA is well known to induce

growth arrest, differentiation, and apoptosis in HL-60 cells (11,
12, 14, 37). To provide a baseline for our studies on the activity
of receptor-selective retinoids, we characterized the activity of
ATRA in our assays of HL-60 functions. ATRA induced a
complete inhibition of proliferative activity in CCL 240 cells
within 2 days of its addition to the culture (Fig. 2A). Although
at day 2 there was minimal evidence for morphologic differ-
entiation, by day 4 numerous differentiated cells (detected by
the appearance of cells with bands and segmented nuclei, de-
creased cellular volume, and a decrease in the nuclear/cyto-
plasmic volume ratio) were observed (Fig. 2B, right panel, and
3B). ATRA was a potent inducer of CCL 240 differentiation,
with an EC50 of 5 nM (Fig. 3B). Morphologic differentiation
was paralleled by an equivalent increase in the number of
NBT1 cells (Fig. 4A).
ATRA-induced differentiation of CCL 240 cells is associated

with the appearance of apoptotic cells. Apoptotic HL-60 cells
can be recognized by the appearance of nuclear condensation

FIG. 1. Retinoid receptor profile of HL-60 cell lines. (A) Autoradiogram of
an RNase protection assay performed on total RNA isolated from HL-60 CCL
240 cells (control and ATRA treated for 3 days), HL-60 CDM-1 and HL-60 R
cells, and HeLa cells (used as a positive control for RAR and RXR expression).
RNA from each cell line was hybridized to radiolabeled probes for human
RARa (lane 1), human RARb and RARg (lane 2), human RXRa (lane 3), and
human RXRb (lane 4). A radiolabeled probe for human g-actin was included in
each assay. The mobility of specific protected fragments of each of the receptor
transcripts is indicated by the solid bars on the right and left margins. (B)
Relative abundance (in arbitrary units) of transcripts for each of the five retinoid
receptors assayed in HL-60 CCL 240, CDM-1, and R cells and ATRA-treated
HL-60 CCL 240 cells. Autoradiograms of fragments protected from RNase
digestion were scanned, and the total protected radioactivity (in arbitrary units)
was calculated. Values were corrected for the abundance of radiolabeled uridine
residues in the probe oligonucleotides (based on the sequence) and were then
normalized for recovery based on the intensity of the g-actin band in each lane.
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FIG. 2. Effect of receptor-selective retinoids on cellular proliferation, differentiation, and death. (A) Growth curves for HL-60 CCL 240 cells treated with the
indicated retinoids at 1 mM. Retinoids were added at day 0, and the cell number was determined on days 2, 4, and 6. Cultures treated with solvent (control) and
AGN191701 were diluted at day 4 to avoid overgrowth, and cell numbers were corrected for dilution (dashed line). The values shown are the means for three separate
experiments; the SEM was 615%. (B) Frequency of differentiated cells (expressed as a percentage of the total cell number) following treatment of HL-60 CCL 240

3544 NAGY ET AL. MOL. CELL. BIOL.



and fragmentation, increased basophilia of the cytoplasm, and
a marked decrease in cellular volume (side panel to Fig. 2C).
After 4 days of culture in ATRA, most cells are differentiated,
and a few apoptotic cells can be detected (Fig. 3B). After 6
days, most of the differentiated cells have become clearly ap-
optotic (Fig. 3C). The apoptotic index with 1 mM ATRA is
approximately 45%. It is notable that the EC50 for this effect
(250 nM) is significantly higher than the EC50 for the induction
of differentiation (5 nM).
(iii) 9-cis RA-treated cells. 9-cis RA is a retinoid receptor

panagonist. Figure 2A demonstrates that 9-cisRA, like ATRA,
produced complete growth inhibition within a few days of its
addition to CCL 240 cells. This antiproliferative effect was
paralleled by extensive differentiation (Fig. 2B). While 9-cis
RA showed a potency comparable to that of ATRA as an
inducer of differentiation, the actual degree of differentiation
achieved in the culture was somewhat greater than that
achieved with ATRA. Similarly, quantitative assays of NBT1

cells showed that 9-cis RA induced almost complete differen-
tiation of HL-60 cells (Fig. 4A). 9-cis RA was also comparable
to ATRA in its ability to induce apoptosis (Fig. 2C). The EC50s
for the two compounds were very similar in these assays.
(iv) 3-met TTNPB-treated cells. Interpretation of the bio-

logical activity of ATRA and 9-cis RA is complicated by the
fact that these compounds can be interconverted by enzymatic
or non-enzymatic isomerization (9). 3-met TTNPB is a stable,
aromatic retinoid that shares with 9-cis RA the ability to trans-
activate both RARs and RXRs (Table 1). We therefore inves-
tigated the effect of this synthetic retinoid panagonist on
HL-60 cell differentiation and death.
Like 9-cis RA, 3-met TTNPB induces complete inhibition of

proliferation within 48 h of its addition to HL-60 CCL 240 cells
(Fig. 2A), and like 9-cis RA, it also induces complete differ-
entiation (Fig. 2B). A striking feature of 3-met TTNPB action
is that it is also a very potent inducer of apoptosis. Figure 2C
demonstrates that 3-met TTNPB is significantly more active
than 9-cisRA in inducing apoptosis: cultures treated with 10 or
100 nM 3-met TTNPB show extensive accumulation of apop-
totic cells (Fig. 2C and 3E). The morphological evidence of
retinoid-induced apoptosis is supported by the extensive lad-
dering of DNA detected in 3-met TTNPB-treated cultures
(Fig. 4, lane 3).
(v) TTNPB-treated cells. TTNPB is an aromatic retinoid

that differs from 3-met TTNPB only in the lack of a methyl
substituent at the 3 position of the tetramethyltetralin ring
(Table 1). The absence of this methyl group, however, results
in a marked increase in the potency of this retinoid as a trans-
activator of RARs and a reciprocal loss in RXR transactivation
activity, qualifying TTNPB as an RAR-specific retinoid (34).
Comparison of the activity of TTNPB and 3-met TTNPB
therefore provides a useful index for assessing the relative
roles of RAR and RXR activation in retinoid action. We
therefore evaluated the ability of TTNPB to induce the differ-
entiation and death of HL-60 cells.
Although TTNPB can inhibit the proliferation of HL-60

cells, the kinetics of this response is significantly different from
the antiproliferative effects of ATRA, 9-cis RA, or 3-met TT

NPB (Fig. 2A). In contrast to 3-met TTNPB, which induces
growth arrest within 48 h, TTNPB requires at least 96 h to
inhibit cellular proliferation. After 4 days of treatment with
TTNPB, cultures show a high percentage of fully differentiated
cells (Fig. 2B and 3D). This is reflected in the accumulation of
NBT1 cells (Fig. 4A). It is notable that the degree of differ-
entiation attained in the TTNPB-treated cultures is somewhat
lower than that achieved in cultures treated with retinoid pan-
agonists such as 9-cis RA and 3-met TTNPB.
What is striking about the TTNPB-treated cultures is that

although the cells differentiate, there is no evidence of apop-
tosis. Simple inspection of the TTNPB-differentiated cells (as-
sessed 6 days after addition of retinoid to the cells [Fig. 2C and
3D]) indicates many ‘‘band’’ and segmented nuclear forms,
indicative of differentiation, but no apoptotic cells. This is in
striking contrast to parallel cultures exposed to equivalent or
even lower doses of ATRA or 3-met TTNPB (Fig. 2C and 3C
and E). The absence of apoptosis in the TTNPB-treated cul-
tures was confirmed by analysis of cellular DNA for evidence
of endonuclease activation (Fig. 4B, lane 2). There is no frag-
mentation of DNA in the TTNPB-treated cultures, further
demonstrating that this retinoid induces differentiation but no
apoptosis.
(vi) Am80-treated cells. The ability of TTNPB to induce

differentiation but not death of HL-60 cells is not unique to
this compound but is shared by other RAR-specific retinoids.
Am80 is an aromatic retinoid with an internal amide (Table 1).
Am80 is equivalent to TTNPB in its ability to bind to and to
transactivate RARa, although it is significantly less active at
RARb and RARg (Table 1). Like TTNPB, Am80 has no
RXR-transactivating activity (Table 1). Am80 showed the
same antiproliferative activity as TTNPB (Fig. 2A) and was
equivalently active in inducing HL-60 cell differentiation (data
not shown). As with TTNPB, there was no induction of apop-
tosis in Am80-treated cultures (Fig. 2C).
(vii) AGN191701-treated cells. AGN191701 is an aromatic

retinoid analog of 3-met TTNPB in which the benzoic acid
group is replaced with a 3-carboxy thiophene ring (Table 1).
This substitution results in a retinoid that binds to and can
transactivate RXRa, RXRb, and RXRg. This retinoid does
not bind to RARs, although it has the ability to cause a modest
increase in transactivation assays of RARb and RARg (prob-
ably via indirect activation of RAR-RXR heterodimers).
AGN191701 neither binds to nor transactivates RARa, so in
cells such as HL-60 cells, which express only RARa and RXRs.
AGN191701 will function as an RXR-specific retinoid. We
assayed the effect of AGN191701 on HL-60 cell function to
determine to what extent the activity of retinoid receptor pan-
agonists such as 3-met TTNPB could be replicated by an RXR-
specific retinoid.
The results obtained when AGN191701 was used alone were

strikingly simple. The compound had no antiproliferative ac-
tivity; the cells grew exponentially for 6 days in the presence of
1 mM AGN191701 (Fig. 2A). There was no evidence of mor-
phological differentiation (Fig. 2B) and no increase in the
abundance of NBT1 cells (Fig. 4A). Most importantly, there
was no indication that in the CCL 240 cell line, AGN191701

cells with different concentrations of the indicated retinoids for 4 days. The side panel shows the typical morphology of cells undergoing granulocytic differentiation
(1, myeloblast; 2, metamyelocyte; 3, band; 4 and 5, segmented polymorphonuclear cells). We scored cells as differentiated if they had reached or passed beyond the
metamyelocyte stage (stage 2). The values shown reflect the means for three separate experiments; the SEM was 615%. (C) Frequency of apoptotic cells (expressed
as a percentage of the total cell number) following treatment of HL-60 CCL 240 cells for 6 days with different concentrations of the indicated retinoids. Differential
cell counts were performed on stained cytospin preparations at day 6. The side panel shows the typical morphology of HL-60 cells undergoing apoptosis (1,
differentiated cell; 2, nuclear fragmentation; 3 and 4, nuclear and cytoplasmic fragmentation and condensation; 5, apoptotic remnant). Cells showing fragmentation and
condensation were scored as apoptotic. The values shown reflect the means for three separate experiments; the SEM was 615%.
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could induce any apoptosis. The apoptotic index in the
AGN191701-treated cultures was no different from that in
controls (Fig. 2C), and there was no evidence of DNA frag-
mentation (data not shown). Thus, an RXR-specific retinoid
with activity at an RXR comparable to that of 3-met TTNPB
was not able to induce cellular differentiation or apoptotic cell
death.
Differentiation and the induction of apoptosis. The preced-

ing studies suggested that retinoids with RAR agonist activity

could induce the differentiation of HL-60 cells but only com-
pounds with retinoid receptor panagonist activity (compounds
that activate both RARs and RXRs) could induce apoptosis.
Furthermore, simple activation of endogenous RXRs by an
RXR-specific retinoid such as AGN191701 was insufficient to
induce apoptosis in HL-60 CCL 240 cells. This suggested that
apoptosis is contingent on preceding differentiation. To test
this possibility, we compared the ability of the RXR-specific
retinoid AGN191701 to induce apoptosis in undifferentiated

FIG. 3. Effect of retinoids on the morphology of HL-60 CCL 240 cells. (A) Control cells. (B) Cells following treatment with ATRA (1 mM) for 4 days; arrows identify
typical differentiated cells with segmented nuclei. (C) Cells treated with ATRA (1 mM) for 6 days; arrows show typical apoptotic cells with fragmented nuclei. (D) Cells
treated with TTNPB (1 mM) for 6 days; arrows show typical differentiated cells with segmented nuclei. (E) Cells treated with 3-met TTNPB (100 nM) for 6 days; arrows
show typical apoptotic cells with fragmented nuclei. (F) Cells treated with AGN191701 (1 mM) for 6 days. Magnification, 3465.
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and differentiated HL-60 cells. Differentiation was induced by
pretreating HL-60 CCL 240 cells for 3 days with TTNPB. The
culture was then split into two parts; cells were either contin-
ued for an additional 3 days in the presence of TTNPB alone
or exposed to either ATRA, 9-cis RA, or AGN191701. The
results of this experiment (Fig. 5A) showed that although
AGN191701 could not induce apoptosis in undifferentiated
cells, it was very effective in inducing the apoptotic phenotype
in differentiated cells. Treatment of undifferentiated cells with
TTNPB, ATRA, 9-cis RA, or AGN191701 resulted in minimal
apoptosis (,10%) (Fig. 2C). Treatment of differentiated cells
with TTNPB produced only a slight increase in the apoptotic
index (15%), but treatment of the same cells with AGN191701
resulted in extensive apoptosis (apoptotic index, 88%).
AGN191701 was as effective as 9-cis RA or ATRA in inducing
the death of differentiated HL-60 cells.
To determine the specificity of retinoid-induced differenti-

ation as a prerequisite for apoptosis, we tested the ability of
two other agents that induce HL-60 cell differentiation to sen-
sitize them to RXR-induced apoptosis. Logarithmically grow-

ing cultures of HL-60 CCL 240 cells were pretreated for 72 h
with either DMSO (1.25%) or TPA (1026 M). Cells were then
cultured for an additional 72 h with either an RXR-specific
retinoid (AGN191701), RAR-specific retinoids (TTNPB and
Am80), or retinoid receptor panagonists (9-cis RA and
ATRA). There was no evidence of increased apoptosis in ei-
ther the DMSO- or TPA-treated cultures when exposed to
either the solvent or the various classes of retinoids. In all
instances, the apoptosis index was less than 10%.
An independent way of evaluating the relationship between

retinoid-induced differentiation and cell death in HL-60 cells is
to compare the ability of receptor-selective retinoids to induce
apoptosis in differentiation-resistant sublines of the parental
HL-60 cell line. The HL-60 CDM-1 cell line is a differentia-
tion-resistant line in which retinoic acid is capable of activating
gene expression through RXRs, as measured by the induction
of transglutaminase activity (7), although it does not induce
morphologic differentiation. The HL-60 R cell line is a second
differentiation-resistant cell line in which both retinoid-depen-
dent gene expression and retinoid-induced differentiation are
suppressed. Table 3 summarizes the effect of receptor-selective
retinoids on the induction of apoptosis (measured by apoptotic
index) in these cell lines. In these experiments, cells were
exposed to retinoids in the presence of dibutyryl cAMP, con-
ditions that have been shown previously to maximize the in-
duction of retinoid-dependent gene expression (17, 30). In the

FIG. 4. Retinoid effects on the expression of markers of differentiation and
apoptosis. (A) Frequency of differentiated cells (NBT1 cells) in HL-60 CCL 240
cells treated with retinoid (1 mM) for 3 days. The values shown are the mean
values for three experiments 6 SD. (B) DNA fragmentation in retinoid-treated
CCL 240 cells. DNA isolated from the nuclei of HL-60 CCL 240 cells treated for
6 days with solvent control (lane 1), 1 mM TTNPB (lane 2), or 1 mM 3-met
TTNPB (lane 3) was fractionated on an agarose gel and stained with ethidium
bromide. Lane M, molecular size markers.

FIG. 5. Effect of retinoids on the induction of apoptosis in differentiated
HL-60 cells. Undifferentiated (open bars) or differentiated (solid bars) HL-60
CCL 240 cells (induced by 3 days of treatment with 1 mM TTNPB) were treated
with the indicated retinoids for 3 days, and the frequency of apoptosis was
determined as described in the legend to Fig. 2. The mean values for three
experiments and the SD are shown.

TABLE 3. Apoptosis in differentiation-resistant HL-60 cell linesa

Treatment
% Apoptosis

CCL 240 CDM-1 HL-60 R

None (control) ,5 ,5 ,5
TTNPB ,5 8 ,5
9-cis RA ,5 92 ,5
3-met TTNPB ,5 86 ,5
AGN191701 ,5 85 ,5

a Cells were treated with 1 mM dibutyryl cAMP and retinoids (1 mM) or
solvent (ethanol) as indicated, for 48 h. Cytospin preparations were made, and
differential counts were performed as described in the text. The values shown are
the means for at least three determinations; the SEM was ,15%.
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FIG. 6. Effect of retinoids on the morphology of HL-60 CDM-1 and HL-60 R cells. (A) Untreated CDM-1 cells. (B) CDM-1 cells treated with 1 mM ATRA (day
6). (C and D) CDM-1 cells treated with 1 mM AGN191701 for 3 days; arrows show typical apoptotic cells with pycnotic or fragmented nuclei. (E) Untreated HL-60
R cells. (F) HL-60 R cells treated with 1 mM AGN191701 for 3 days. All cultures were treated with 1 mM dibutyryl cAMP. Magnification, 3500.
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HL-60 CDM-1 cell line, the retinoid panagonists 9-cis RA and
3-met TTNPB and the RXR agonist AGN191701 induced ex-
tensive apoptosis (apoptotic indices, .75%). The RAR-spe-
cific retinoid TTNPB did not induce apoptosis. Inspection of
these cultures indicated that apoptosis developed in these cells
without antecedent differentiation (Fig. 6). 3-met TTNPB- and
AGN191701-treated cultures showed frequent apoptotic cells,
with hyperchromic, condensed nuclei, extensive cytoplasmic
blebbing, and cellular fragmentation characteristics of myeloid
cell apoptosis. Few differentiated forms were detected, even in
cells in the early stages of apoptosis.
Treatment of the parental CCL 240 and HL-60 R cell lines

with retinoids produced a different result. Exposure of these
cells to the receptor-selective retinoids for 2 days in the pres-
ence or absence of dibutyryl cAMP resulted in no apoptosis
(Table 3). Apoptosis could not be induced in the parental cell
line by RXR agonists unless it reached a differentiated state
induced by RAR agonists (Fig. 5). The HL-60 R cell line
appears to be resistant to both the differentiation-inducing and
apoptosis-inducing activity of retinoid receptor panagonists as
well as RAR-specific and RXR-specific retinoids.
BCL-2 protein expression in HL-60 cell lines. BCL-2 is a

membrane-associated protein thought to be involved in sup-
pressing the expression of apoptosis in both normal and trans-
formed cells. Differences in the susceptibility of the different
HL-60 cell lines to retinoid-induced apoptosis prompted us to
compare the levels of BCL-2 protein, measured by Western
immunoblot, in the CCL 240, CDM-1 and HL-60 R cell lines
(Fig. 7). The level of BCL-2 in the CDM-1 cell line (Fig. 7, lane
CDM-1) is much lower (8 to 10%) than the level in either the
CCL 240 or HL-60 R cells.

DISCUSSION

Apoptosis appears to be a physiological component of nor-
mal myeloid cell maturation (24, 53). A number of lines of
experimental evidence suggest that there is extensive apoptosis
during the maturation of erythroid and myeloid precursor cells
(53), so that many cells are lost prior to the migration of
mature cells from the marrow into the circulation. Cytokines
such as erythropoietin, granulocyte-macrophage colony-stimu-
lating factor, and interleukin-3 increase the number of mature
cells entering the circulation by their ability to suppress in-
tramedullary apoptosis (29, 46, 53). Once they are in the cir-
culation, the lifetime of mature neutrophils is limited by their
propensity to undergo spontaneous apoptosis (24, 44, 45). Lit-
tle is known of the physiological signals that induce the expres-
sion of the apoptotic program during normal myelopoiesis.

Susceptibility to apoptosis is not limited to normal myeloid
maturation but is also a feature of the maturation of leukemic
cell lines (31, 37). Lanotte et al. (31) have shown that IPC-81
myeloid leukemia cells undergo apoptosis in response to
agents that elevate intracellular cAMP levels. U937 cells, a
human myeloid leukemia cell line, undergo apoptosis in re-
sponse to interleukin-6 (2). HL-60 cells are another model
system of myeloid apoptosis since these cells can undergo
apoptosis in response to physiological or pharmacological
stimuli (16, 37, 38). Of particular relevance to our studies is the
report by Martin et al. (37) that ATRA is a potent inducer of
apoptosis in HL-60 cells. Retinoids have been linked to the
induction of apoptosis in several in vivo and in vitro models of
cell death (3, 4, 17, 21), but very little is known of the molecular
mechanisms involved in the retinoid-mediated induction of
this process. We have used the HL-60 cell line as a model
system to investigate the role of retinoid receptors in the in-
duction of apoptosis in myeloid leukemia cells.
HL-60 cells contain both RARs and RXRs (20, 23). There is

extensive evidence in the literature to suggest that ligand ac-
tivation of RARs in HL-60 cells can induce cellular differen-
tiation (14, 15, 43). A number of retinoic acid analogs that
activate RARs have been reported to induce HL-60 differen-
tiation (23, 28, 47), and an RARa receptor antagonist can
block the process (5). Furthermore, mutations in RARa that
block endogenous RAR function render cells resistant to RA-
induced differentiation (42). HL-60 cells contain not only
RARa but also significant levels of RXRa and RXRb. Much
less is known of the role of these RXRs in the induction of
HL-60 cell differentiation. Our finding that AGN191701, an
RXR-specific retinoid, does not induce HL-60 differentiation
suggests that ligand activation of RXRs is not sufficient to
induce the differentiation of these cells. The RXR receptor
itself, however, may be an integral component of the differen-
tiation pathway, since Robertson et al. (43) found that in reti-
noic acid-resistant cells, susceptibility to retinoic acid-induced
differentiation could be restored by transfection of an RXRa
expression vector.
Several years ago, Strickland et al. (48) noted that 3-met

TTNPB, a retinoid receptor panagonist, was more potent and
more effective than TTNPB, an RAR-specific retinoid, in in-
ducing HL-60 differentiation. In the present studies, we have
found that retinoid receptor panagonists were more effec-
tive than RAR-specific compounds in inducing differentiation
of the cells. These studies suggest that the mediator of differ-
entiation-inducing activity of retinoic acid in HL-60 cells is
an RAR-RXR heterodimer (RARa complexed with either
RXRa or RXRb) and that ligand activation of the RAR moi-
ety of this complex is sufficient to induce differentiation. Li-
gand activation of the RXR moiety is not sufficient to induce
differentiation, although it may potentiate the differentiation-
inducing activity of RAR-binding ligands.
Although ligand activation of the RXR (25, 33, 54) in HL-60

cells may not play an important role in the induction of cellular
differentiation, it appears to play a very important role in the
induction of apoptosis. A key finding in our studies has been
the observation that while RAR-specific compounds can trig-
ger cellular differentiation, they are unable to induce apopto-
sis. Apoptosis was observed only in cultures treated with agents
capable of activating both RARs and RXRs (retinoid receptor
panagonists). In these cultures, the appearance of differentia-
tion was followed by the apoptosis of many of the differenti-
ated cells. Among the receptor panagonists used in this study,
3-met TTNPB was the most active. The marked activity of this
retinoid may be due to its ability to bind RXRa with high
affinity or may reflect other, unrecognized properties. 9-cis RA

FIG. 7. BCL-2 protein levels in HL-60 cell lines. Cells were treated and
processed as described in Materials and Methods. A Western blot of the BCL-2
levels in untreated HL-60 cell lines CDM-1, CCL 240, and R is shown.
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and ATRA showed similar abilities to induce apoptosis. 9-cis
RA binds to both RARs and RXRs with high affinity. ATRA
binds to RARs but does not bind to RXRs (Table 2). Numer-
ous studies have shown, however, that in in vivo studies, ATRA
can activate RXRs (25, 33, 34). This activity is thought to be
due to isomerization to 9-cis RA under the conditions of tissue
culture (25), although alternative molecular explanations can-
not be ruled out. In the HL-60 CCL 240 cell line, the RXR-
specific retinoid AGN191701 was not capable of inducing the
apoptosis of undifferentiated cells but could induce cell death
once the cells had undergone RAR-induced differentiation. In
the HL-60 CDM-1 cell line, AGN191701 induced extensive
apoptosis without antecedent differentiation, although in these
cells, the retinoid was most effective when combined with
agents that increased intracellular cAMP levels. This effect on
the RXR ligand appears to be specific, since it is not observed
in the HL-60 R cell line, in which retinoid receptor function
has been abrogated by a trans-dominant negative regulatory
receptor mutation (42). If one assumes that the receptor spe-
cies mediating the effects of the panagonist and RXR-specific
retinoids on apoptosis is also an RAR-RXR heterodimer, then
it is likely that ligand activation of the RXR moiety of this
receptor alters the transcription of genes critical to the induc-
tion of apoptosis.
Several changes are detectable during retinoid-induced dif-

ferentiation of HL-60 cells that may render them susceptible to
RXR-induced apoptosis. The levels of BCL-2 in HL-60 cells
decrease markedly during differentiation (19), and the levels of
RXRb transcripts increase. Expression of BCL-2 in HL-60
cells has been shown to suppress apoptosis (40, 41), so a re-
duction in the level of this protein may be necessary for the
apoptotic response. The sensitivity of the CDM-1 cell line,
which has very low basal rates of BCL-2 expression, to RXR-
induced apoptosis is compatible with this conclusion. RAR-
selective retinoids can suppress BCL-2 expression, whereas
RXR-selective retinoids do not (39); however, it appears that
simple suppression of BCL-2 expression is not sufficient to
account for the whole process, since neither DMSO nor TPA,
agents which decrease HL-60 BCL-2 expression (19), can ren-
der cells sensitive to RXR-induced apoptosis. It remains to be
determined precisely how retinoid-induced differentiation is
linked to the expression of apoptosis in these human myeloid
leukemia cells.
The observation that ligand activation of retinoid receptor

heterodimers may occur via activation of either the RAR or
the RXR moiety may explain the progressive appearance of
first morphologic differentiation and then apoptosis in myeloid
cells undergoing terminal differentiation (Fig. 8). Early in the

process, retinoic acid may primarily activate the RAR compo-
nent of retinoid receptor heterodimers, activating the expres-
sion of genes linked to cellular differentiation (Fig. 8). As
differentiation proceeds, however, progressive accumulation of
retinoic acid metabolites that activate the RXR component of
the heterodimer (i.e., 9-cis RA) and accumulation of the RXR
receptors themselves could lead to activation of genes linked to
apoptosis. The net effect would be a progressive increase in the
frequency with which differentiating cells enter the apoptotic
program. It is possible that differential activation of the RAR
and RXR components of retinoid receptor heterodimers may
represent a general mechanism of retinoid-dependent gene
switching in retinoid-responsive cells and tissues.
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