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Retinoic acid (RA) induces terminal granulocytic differentiation of the HL-60 promyelocytic leukemia cell
line as well as certain other human myeloid leukemias. Specific RA receptors that are members of the
steroid-thyroid hormone superfamily of nuclear transcription factors have recently been identified. We
developed an HL-60 subclone that was relatively resistant to RA-induced differentiation. Specific nuclear RA
receptors in this RA-resistant subclone had a decreased affinity for RA and exhibited a lower molecular weight
compared with nuclear RA receptors from the RA-sensitive parental HL-60 cells. Retroviral vector-mediated
transduction of a single copy of the RA receptor (RAR-a) into this RA-resistant HL-60 subclone restored the
sensitivity of these cells to RA. These observations indicate that RAR-« plays a critical and central role in
mediating RA-induced terminal differentiation of HL-60 leukemia cells.

Retinoids and in particular retinoic acid (RA) exert a wide
range of biologic effects. RA influences epithelial cell growth
and differentiation (33), suppresses malignant transforma-
tion both in vitro and in vivo (3, 35), induces differentiation
of mouse embryonal carcinoma cells in vitro (43), and
influences the development of the regenerating amphibian
limb (44). In addition, this compound stimulates the differ-
entiation of certain types of human acute myelogenous
leukemia (AML) cells and cell lines. For example, RA
induces terminal granulocytic differentiation of the HL-60
myeloid leukemia cell line (8) as well as certain fresh human
AML cells in vitro (7). Moreover, as a single agent this
compound induces complete remissions in certain patients
with AML without inducing marrow aplasia (25, 34) and thus
is of potential therapeutic importance in certain leukemic
disorders.

The mechanism by which RA induces these diverse bio-
logic effects is unclear. Initially, it was suggested that these
effects were mediated through a highly specific cellular
RA-binding protein (CRABP) (9, 26). However, some cells
responding to RA, including HL-60, do not appear to ex-
press this protein (19). More recently a number of specific
RA receptors (RARs) that possess discrete DNA-binding
and ligand-binding domains and that are structurally related
to members of the steroid-thyroid hormone receptor super-
family of nuclear transcription factors have been identified.
To date, these include the following: RAR-a, which exhibits
widespread expression in numerous different tissues and cell
lines including HL-60 (22, 41); RAR-B, which is expressed in
a wide variety of epithelial cell types (1, 6, 17); and RAR-y,
whose expression appears to be confined primarily to skin
(28). The identification of these receptors suggests that RA
may exert its biologic effects in a manner similar to that of
glucocorticoids; i.e., the interaction of RA with its specific
receptor allows binding of the receptor to specific cis-acting
DNA sequences regulating the transcription of certain target
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genes. Nevertheless, in human myeloid leukemia cells the
relationship between RAR expression and response to RA is
unclear, since many AML samples from different patients
express RAR-a but do not differentiate in response to RA
(21, 30, 47).

In the present study we describe the development and
analysis of an HL-60 subclone (designated HL-60R) that
exhibited relative resistance to RA-induced terminal granu-
locytic differentiation. This RA-resistant subclone harbored
nuclear RARs with a decreased affinity for RA and a
decreased molecular weight compared with the parental
HL-60 RARs. When a single copy of retrovirus-transduced
RAR-a cDNA was introduced into these RA-resistant HL-60
cells, the sensitivity of these cells to RA-mediated granulo-
cytic differentiation was restored. Our observations provide
direct evidence that RA-induced terminal differentiation of
HL-60 is mediated directly through RAR-a.

MATERIALS AND METHODS

Development of an RA-resistant HL-60 subclone. HL-60
cells are cultured in liquid suspension in RPMI medium
supplemented with 5% fetal bovine serum. An RA-resistant
subclone of HL-60 was derived by continuously culturing
HL-60 cells in growth medium containing 1 pM RA for
approximately 30 passages over a 6-month period. Approx-
imately 10* of these cells were then suspended in 35-mm
petri dishes containing 1.1 ml of RPMI medium supple-
mented with 0.75% agar, 10% fetal bovine serum, and 1 pM
RA. After 14 days of culture at 37°C in a humid environment,
individual colonies containing at least 50 to 100 cells were
picked from the agar plates and suspended in liquid medium
in 0.2-ml microdilution wells. These cells were progressively
expanded into larger wells, and an individual subclone
(designated HL-60R) was chosen for further analysis.

Retroviral vector construction and production. The re-
cently described LXSN retroviral vector (37) was utilized in
these studies. This vector harbors a unique cloning site such
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that inserted cDNAs are driven by the Moloney murine
leukemia virus (Mo-MuLV) long terminal repeat (LTR). The
vector also contains the neomycin phosphotransferase gene
(neo") driven by the simian virus 40 promoter for use as a
selectable marker. A recombinant plasmid containing a
2.8-kilobase (kb) RAR-a cDNA cloned into the EcoRlI site of
plasmid pHC624 (4) was obtained from Vincent Giguere and
Ron Evans (22). A 2,022-base-pair (bp) BamHI fragment
from this recombinant plasmid was inserted into the BamHI
cloning site of the LXSN retroviral vector plasmid. This
2,022-bp BamHI fragment consists of 12 bp of polylinker
sequence between the BamHI and EcoRI sites of the
pHC624 plasmid, 103 bp of 5’ untranslated RAR-a cDNA,
1,386 bp of RAR-a-coding sequence, and 521 bp of 3’
untranslated RAR-a sequence. Virus was generated from the
LXSN plasmid harboring this BamHI insert (now designated
LRARSN) as previously described (36). Briefly 10 ug of
cesium chloride-banded LRARSN plasmid was transfected
via CaPO, precipitation into the {2 ecotropic retrovirus
packaging cell line (36). The supernatant was harvested after
2 days and used to infect the PA317 amphotropic packaging
cell line. These infected PA317 cells were selected in 1 mg of
G418 (GIBCO Laboratories) per ml, and individual G418-
resistant clones were isolated and expanded. Total cellular
RNA was extracted from these clones and analyzed by
utilizing Northern (RNA) blot hybridization with an RAR-a
probe to screen for the expected full-length 4.9-kb Mo-
MuLV LTR-initiated retroviral vector RAR-a mRNA. Titers
of retroviral vector production from the clonal PA317 pro-
ducers were determined on NIH3T3 thymidine kinase-neg-
ative target cells with G418 selection as previously described
(36). Supernatant from a LRARSN PA317 producer line
harboring an unrearranged LRARSN provirus with a titer of
3 X 10° per ml was harvested and used to infect HL-60R
cells.

Retroviral infection of HL-60R cells. The RA-resistant
HL-60R subclone was suspended at 10° cells per ml in 5-ml
flasks containing standard culture medium supplemented
with 4 pg of Polybrene per ml. Supernatant from the PA317-
LRARSN retroviral vector producer line was added at a
multiplicity of infection of approximately 1:1. After 24 h of
incubation at 37°C, the cells were suspended in growth
medium supplemented with 1 mg of G418 per ml. Selection
in this growth medium continued for at least 21 days.
Individual clones of infected HL-60R cells were obtained by
suspending approximately 10> of these infected G418 se-
lected cells in 35-mm petri dishes containing 1.1 ml of growth
medium supplemented with 0.75% agar and 500 ug of G418
per ml. After 14 days of culture in a humid environment,
individual colonies containing at least 50 to 100 cells were
picked, suspended in growth medium in 0.2-ml microdilution
wells, and progressively expanded into larger culture wells
and flasks.

Preparation of nuclear extracts. We modified the technique
of Shapiro et al. (42) to obtain nuclear extracts from HL-60
cells. Cells (2 x 10® to 3 x 10%) were washed once in SSC
(0.15 M NaCl, 0.015 M sodium citrate [pH 7.4]) and once
in phosphate-buffered saline (pH 7.4) containing 2 mM
EDTA, and the cell pellet was suspended on ice for at least
15 min in 2 volumes of hypotonic buffer consisting of 10 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH
7.9), 0.75 mM spermidine, 0.15 mM spermine, 0.1 mM
EDTA, 0.1 mM ethylene glycol-bis(B-aminoethyl ether)-N,
N, N', N'-tetraacetic acid, 1 mM dithiothreitol, 10 mM KCl,
and protease inhibitors including 1 mM phenylmethylsulfo-
nyl fluoride, 1,000 kIU of aprotinin (Calbiochem) per ml, and
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10 pM leupeptin (Calbiochem). The cells were then sub-
jected to 20 strokes with an A pestle in a Dounce homoge-
nizer to release the nuclei followed by the addition of 0.1
volume of a 68% sucrose solution in a hypotonic buffer (42).
The nuclei were pelleted with a 30-s spin at 10,000 rpm at 4°C
in 15-ml Corex tubes in an SS34 Sorvall. The nuclear pellet
was washed once with 1 ml of hypotonic buffer and again
spun for 30 s at 10,000 rpm. The nuclear pellet was then
suspended in 1 ml of extraction buffer consisting of 10 mM
Tris hydrochloride (pH 8.5), 1.5 mM EDTA, 10 mM thio-
glycerol, 10% glycerol, 0.8 M KCl, and the same protease
inhibitors as above. The extraction proceeded in a Beckman
polycarbonate ultracentrifuge tube on ice for 60 min with
gentle swirling every 5 to 10 min. This tube was then
centrifuged at 130,000 X g for 30 min in a Beckman 70.1 TI
rotor (45,000 rpm). The protein concentration of the super-
natant extracts was quantitated by the Coomassie blue
method (5), and the extracts were stored at —70°C before
analysis.

RA binding and size-exclusion HPLC analysis. We modified
the technique of Nervi et al. (39) to assess specific RA
binding in the nuclear extracts. The nuclear extracts (from
200 to 800 p.g in a total volume of 200 ul) were incubated with
various amounts of [*HJRA (50 Ci/mmol; Dupont, NEN
Research Products) for 18 h at 4°C in the presence or
absence of a 200-fold excess of unlabeled RA. To remove
excess free RA, the extract was successively spun through
three G-15 minicolumns prepared from Eppendorf tubes as
described previously (32). The extracts were then fraction-
ated by high-performance liquid chromatography (HPLC)
over a Bio-Sil TSK-250 size exclusion column (600 by 7.5
mm; Bio-Rad Laboratories) at a flow rate of 1 ml/min; the
eluent was S mM sodium phosphate (pH 6.8), 10 mM
thioglycerol, 10% glycerol, and 0.4 M KCIl. Fractions of 0.5
ml were recovered, and the radioactivity in each fraction
was determined. For equilibrium binding studies the nuclear
extracts were incubated with different concentrations of
[®HIRA, and specific RA binding in the peak HPLC fractions
was determined by subtracting the disintegrations per
minute obtained from extract incubations containing 200-
fold excess of unlabeled RA from those obtained from
incubations containing [*H]RA alone.

Northern and Southern blot hybridizations. DNA extrac-
tions were performed by digesting nuclei with protease K,
followed by phenol-chloroform extraction and ethanol pre-
cipitation. Southern blots of restriction endonuclease-di-
gested genomic DNA were performed as previously detailed
(12). RNA was extracted with guanidine hydrochloride and
subjected to Northern blotting in formaldehyde denaturing
gels as previously detailed (14).

Molecular probes. Molecular probes utilized in the North-
ern and Southern blots included the following: RAR-«, the
1,309-bp EcoRI-Smal fragment from the hT1R RAR-a
cDNA clone (22); actin, the pA 1B chicken actin 2-kb Ps¢I
fragment (10); c-myc, a 1.8-kb human myc cDNA clone from
David Bentley; CD18, a 1.8-kb EcoRI fragment isolated from
a human cDNA library (24); and neo", a 0.9-kb Pst1 fragment
from the bacterial neomycin phosphotransferase gene iso-
lated from N2 proviral DNA (27). All probes were labeled by
nick translation before hybridization.

RESULTS

Characteristics of the RA-resistant subclone of HL-60. RA
induces morphologic and functional granulocytic differenti-
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FIG. 1. Structure of the LRARSN retroviral vector. This vector
was constructed, as detailed in Materials and Methods, by inserting
the coding sequence of the RAR-a ¢cDNA (22) into the BamHI
cloning site of the LXSN retroviral vector (37). The transcription
start sites within the Mo-MuLV LTR and simian virus 40 promoter
(SV) are indicated by the arrows. At right is a Northern blot of total
RNA (5 ng) extracted from the PA317 packaging cell line producing
this LRARSN retroviral vector and hybridized with a human
RAR-a-specific probe. Under the hybridization and wash conditions
utilized, this probe did not detect any endogenous mouse RAR-a
transcripts.

ation of the HL-60 human promyelocytic leukemia cell line
(8). Using methods detailed in Materials and Methods we
isolated a subclone of HL-60 (designated HL-60R) exhibiting
a markedly diminished response to RA. These cells had a
doubling time in liquid suspension culture similar to that of
the parental HL-60 cells. The approximately 20-fold genomic
amplification of the c-myc gene noted in the parental HL-60
cells (11, 16) was also exhibited by the HL-60R cells (data
not shown). Approximately 5 to 10% of the parental HL-60
cells exhibit spontaneous morphological and functional dif-
ferentiation in the absence of inducing agents (15), but the
HL-60R subclone exhibited virtually no such spontaneous
differentiation. Whereas the parental HL-60 cells exhibit
morphological and functional granulocytic differentiation
associated with decreased proliferation when exposed to
0.01 to 1 uM RA (8), the HL-60R cells continued proliferat-
ing and exhibited markedly diminished morphological
changes in concentrations of RA as high as 10 puM. The
HL-60R cells have been continuously cultured in liquid
suspension for over 1 year, and this same RA-resistant
phenotype has been consistently displayed.

Retroviral vector-mediated gene transfer of RAR-a ¢cDNA.
As detailed in Materials and Methods, we inserted a cDNA
fragment harboring the complete coding sequence of RAR-a
(22) into the LXSN retroviral vector (37). This vector
includes a convenient cloning site downstream from the
Mo-MuLV LTR as well as the neomycin phosphotransferase
gene (neo") for use as a selectable marker. The retroviral
vector harboring RAR-a is designated LRARSN (Fig. 1) and
was packaged in the amphotropic PA317 cell line (36). When
RNA from LRARSN producer PA317 cell lines was hybrid-
ized to an RAR-a probe, the expected full-length 4.9-kb
retroviral RNA was noted (Fig. 1). In addition, an unex-
pected 3.1-kb RAR-a transcript was also observed in these
producer cells (Fig. 1). This latter transcript did not hybrid-
ize to a neo" probe and most likely represented a Mo-MuLV
LTR-initiated transcript that was truncated at a cryptic
poly(A) site within the approximately 500 bp of 3’ untrans-
lated sequences that were included in the RAR-a cDNA
insert (see Materials and Methods).

The RA-resistant HL-60R cells were infected with the
LRARSN retroviral vector, and individual G418 resistant
subclones were isolated as described in Materials and Meth-
ods. A Southern blot analysis utilizing the enzyme HindIII,
which cuts once within the LRARSN vector, and a neo"
probe indicated that each of these subclones harbored a
single integrated copy of LRARSN proviral DNA (data not
shown). These infected cells (now designated HL-
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FIG. 2. Expression of RAR-a transcripts in uninfected and
LRARSN-infected cells. Total RNA (5 pg per lane) was subjected to
Northern blot analysis by using a human RAR-a-specific probe. The
3.3- and 2.5-kb endogenous RAR-a transcripts and the 4.9- and
3.1-kb LRARSN retroviral vector RAR-a transcripts (Fig. 1) are
indicated. Lanes: 1, HL-60R cells; 2, parental HL-60 cells; 3,
parental HL-60 cells incubated for 3 days with 1 uM RA; 4, HL-60R
cells infected with the LRARSN retroviral vector.

60R+LRARSN) expressed the retroviral 4.9- and 3.1-kb
RAR-a transcripts in addition to the endogenous 3.3- and
2.5-kb RAR-a mRNA (Fig. 2, lane 4).

RA-induced growth inhibition of infected HL-60R cells.
Comparisons were made among the phenotypic response of
the uninfected RA-resistant HL-60R subclone, the infected
HL-60R+LRARSN cells, and the parental HL-60 cells after
exposure to various concentrations of RA (Fig. 3 through
6). RA induced terminal differentiation of parental HL-60
cells as evidenced by the markedly diminished proliferation
of these cells after exposure to RA (Fig. 3A). In contrast,
little inhibition in the proliferation of the RA-resistant
HL-60R subclone was observed in concentrations of RA
as high as 10 uM (Fig. 3B). However, these same RA-
resistant cells infected with the LRARSN vector exhibited
markedly diminished proliferation when incubated with con-
centrations of RA as low as 0.1 pM (Fig. 3C). The RA-
induced growth inhibition of the HL-60R+LRARSN cells
was as great as if not greater than the growth inhibition
observed in parental HL-60 cells after RA exposure (com-
pare Fig. 3A and 3C).

RA-induced morphologic and functional differentiation of
infected HL-60R cells. RA-induced granulocytic differentia-
tion of parental HL-60 cells is characterized by marked
morphological changes, including the indentation, convolu-
tion, and segmentation of nuclei that characterize maturing
myelocytes, metamyelocytes, and banded and segmented
neutrophils (8). Over 80% of parental HL-60 cells exhibited
these morphological changes when cultured with RA (Fig.
4A). In contrast, the RA-resistant HL-60R cells exhibited
only very slight morphologic changes at relatively high
concentrations of RA (Fig. 4B and 5B). Nevertheless, the
same RA-resistant HL-60R cells infected with the LRARSN
vector and exposed to RA exhibited prominent morphologic
changes characteristic of granulocytic differentiation (Fig.
4C and 5C).

The functional differentiation induced by exposure to RA
was also compared among the different HL-60 cell types.
Upon membrane stimulation with TPA, mature, differenti-
ating HL-60 cells but not immature uninduced HL-60 cells
will generate superoxide, which can be detected with the
Nitro Blue Tetrazolium (NBT) dye reduction test (40). Cells
capable of reducing NBT predominated in RA-induced cul-
tures of parental HL-60 cells (Fig. 6A) but were exceedingly
rare in the RA-treated resistant HL-60R cells (Fig. 6B). In
contrast, NBT-positive cells were significantly increased in
RA-treated HL-60R cells infected with the LRARSN retro-
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FIG. 3. Growth of various HL-60 lines in different concentra-
tions of RA. Different HL-60 lines were incubated in liquid suspen-
sion in the indicated concentrations of RA, and the total viable cell
number was determined at daily intervals by counting in a hemacy-
tometer chamber. The indicated points represent the mean of two
independent experiments.

viral vector (Fig. 6C), although the number of such positive
cells induced in these cultures was consistently less than the
number of NBT-positive cells induced in the parental HL-60
cells.

We also infected the RA resistant HL-60R cells with a
retroviral vector (N2) containing the neo” gene but no RAR-a
cDNA insert (13). These cells exhibited an RA-resistant
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FIG. 4. RA-induced morphological differentiation of various
HL-60 lines. Different HL-60 lines were incubated in liquid suspen-
sion in the indicated concentrations of RA. At the intervals noted,
differential counts were performed on Wright-Giemsa-stained
Cytospin preparations of 0.2-ml samples of the cell suspensions.
‘‘Mature myeloid cells’’ refers to myelocytes, metamyelocytes, and
banded and segmented neutrophils. The indicated points represent
the mean of two independent experiments.

phenotype virtually identical to that of the uninfected HL-
60R cells (data not shown). Thus the enhanced response to
RA of the HL-60R cells infected with the LRARSN vector
can be directly attributed to the RAR-a cDNA insert.
Differential gene expression in infected HL-60 cells. RA-
induced granulocytic differentiation of HL-60 is associated
with the modulation of expression of specific genes. For
example, the c-myc gene is transcriptionally down-regulated
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FIG. 5. Morphological appearance of uninduced and induced HL-60R cells. Cytospin preparations of HL-60R suspension cell cultures
were stained with Wright-Giemsa before and after treatment with RA. (A) RA-resistant HL-60R subclone cultured without RA; (B) HL-60R

cultured for 3 days in 1 pM RA; (C) HL-60R infected with the LRARSN retroviral vector (HL-60R+LRARSN) cultured for 3 days in 1 pM
RA.

during RA-induced HL-60 differentiation (2), whereas the
gene coding for the B subunit of the leukocyte adherence
receptor CD18 is transcriptionally upregulated by RA (24).
We compared the level of c-myc and CD18 transcripts in
uninfected and LRARSN-infected HL-60R cells as well as in
the parental HL-60 cells after exposure to various concen-

trations of RA (Fig. 7). Whereas the parental HL-60 cells
exhibited a marked decrease in steady-state levels of c-myc
mRNA after exposure to RA (Fig. 7A), only a slight decrease
in c-myc expression was noted in the RA-resistant HL-60R
cells exposed to RA concentrations as high as 10 pM (Fig.
7B). In contrast, c-myc mRNA expression was significantly



VoL. 10, 1990

A. HL-60 (Parental)
100
X 80 10uM
A
% o /’k -© ,"AO-WM
o a” o A
Q. 40| - “.,.:",.—-
E@ /’_ L
Z o o .
~——— e OIJM
o 1 1 1 'l 1
(] 1 2 3 4 5 6
Days in culture
B. HL-60 R
50
ROr
2w}
=
8
Qeof
5|

(] 1 2 3 4 5 6
Days in culture

C. . HL-60R + LRARSN

Raof

g

=0r

@

[0}

Q20 0.1uM

- O A

m Lo AT 1M

Zwfp S — A o' H

=TT ~104M

(] o = S é —e OuM
) 1 2 3 4 5

Days in culture

FIG. 6. NBT reduction of RA-induced HL-60 cells. Different
HL-60 lines were incubated in liquid suspension in the indicated
concentrations of RA. At the intervals noted, the percentage of cells
capable of reducing NBT (40) was determined. The indicated points
represent the mean of two independent experiments.

reduced in RA-treated HL-60R cells infected with the
LRARSN retroviral vector (Fig. 7C). Similar studies on the
transcriptionally upregulated CD18 gene revealed markedly
enhanced steady-state levels of CD18 mRNA in RA-induced
parental HL-60 cells (Fig. 7A). A slight increase in steady-
state CD18 transcripts was also noted in the uninfected
RA-resistant HL-60R cells but only at a relatively high (10
M) concentration of RA (Fig. 7B). In contrast, the same
cells infected with the LRARSN vector exhibited a marked
‘ncrease in CD18 transcripts after exposure to concentra-
tions of RA as low as 0.1 pM (Fig. 7C). In these cells the
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levels of steady-state actin mRNA remained approximately
the same after RA exposure, indicating that the above
differences in gene expression did not result from inadvert-
ently loading different amounts of RNA on the gel.

Expression of RAR-a in HL-60 parental versus HL-60R
cells. The above observations indicate that the introduction
of a single copy of the RAR-a gene into HL-60R cells,
which are relatively resistant to RA, will render these cells
sensitive to RA-induced terminal granulocytic differentia-
tion. This indicates that RAR-a plays a critical, direct role
in mediating RA-induced granulocytic differentiation of HL-
60. One implication of this finding is that there may
be an abnormality in the structure and/or expression of
RAR-a in the HL-60R subclone to account for its resistance
to RA. To address this question, we first examined the
mRNA expression of the endogenous RAR-a gene in both
the RA-sensitive parental HL-60 cells and the RA-resistant
HL-60R subclone. RAR-a transcripts of approximately 3.3
and 2.5 kb, similar in size to those previously reported in
human hematopoietic cells (18, 21, 30, 47), were noted in
both the resistant HL-60R cells and the sensitive HL-60
parental cells (Fig. 2, lanes 1 and 2). Moreover there was
essentially no quantitative difference in the amount of these
RAR-a transcripts in the RA-sensitive versus -resistant
HL-60 cells (Fig. 2).

In contrast to the Northern blot analysis, we noted signif-
icant differences in specific RA-binding activity in nuclear
extracts of parental HL-60 cells compared with that in
extracts from the RA-resistant HL-60R cells (Fig. 8). Spe-
cific RA-binding activity that most likely represents RAR-
a-mediated RA binding has been recently demonstrated in
HL-60 nuclei utilizing size-exclusion HPLC analysis (39).
Using a similar approach on [PH]RA-labeled nuclear ex-
tracts, we noted RA-binding activity in parental HL-60 cells
that eluted with a symmetrical peak on a size exclusion
column at an approximate molecular weight of 100,000
(Fig. 8A). This peak represented specific RA-binding activ-
ity, since it was abolished when the same nuclear extracts
were incubated with a 200-fold excess of unlabeled RA
(Fig. 8A). In contrast, nuclear extracts from HL-60R cells
exhibited specific RA-binding activity that peaked at a
significantly lower molecular weight of approximately 60,000
(Fig. 8B). A similar analysis on the HL-60R cells infected
with the LRARSN retroviral vector revealed specific nuclear
binding activity that peaked at an approximate molecular
weight of 100,000 (Fig. 8C), which is virtually identical to
the peak of specific binding in the parental HL-60 cells (Fig.
8A).

Equilibrium binding curves of nuclear extracts incubated
with various concentrations of [*’H]RA indicated that the
specific binding activity of the peak HPLC fractions in
both the parental HL-60 cells and the RA-resistant HL-60R
cells was saturable at higher [*’H]RA concentrations (Fig. 9).
A Scatchard plot analysis of these data (insets, Fig. 9)
indicated that the dissociation constant (K,) of the specific
RA receptor was significantly higher in the RA-resistant
HL-60R cells (K;, 12.5 = 2.5 nM; n = 3) than in parental
HL-60 cells (K, 0.88 + 0.10 nM; n = 2), indicating that the
specific nuclear RA receptors in the RA-resistant HL-60R
cells had a significantly lower affinity for RA compared with
the parental HL-60 nuclear RA receptors. Moreover, these
Scatchard plots indicate that the average number of measur-
able nuclear RA receptors appears to be lower in HL-60R
cells (160 + 90; n = 3) than in the parental HL-60 cells (537
+12; n = 2).
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FIG. 7. Differential gene expression in RA-treated HL-60 cell lines. RNA was extracted from the indicated HL-60 cell lines that had been
incubated in the indicated concentrations of RA for 3 days. Total RNA (5 pg per lane) was subjected to Northern blot hybridization with the
indicated probes. These probes are described in detail in Materials and Methods.

DISCUSSION

Retinoids and in particular RA exert a wide range of
effects in a number of different biologic systems. RA in-
duces terminal differentiation in a small subset of human
AML cells, and RA-induced terminal granulocytic differen-
tiation of the HL-60 myeloid leukemia cell line serves
as the prototype model system for studying this antileu-
kemic effect of retinoids (8). At least three distinct RARs
(RAR-a, -B, and -y) have been molecularly cloned to date.
Transcripts for RAR-a but not RAR-B or -y are expressed
in HL-60 cells (18), and thus RAR-a is a candidate receptor
for mediating RA-induced granulocytic differentiation of
HL-60. In this study we utilized a retroviral vector to
introduce RAR-a ¢DNA into a subclone of HL-60 (HL-
60R) that is relatively resistant to RA. Retroviral vectors
provide a precise means of transferring a stable integrated
single copy of a particular gene into the target cell genome.
This technology is particularly appropriate for HL-60 cells,
which are generally resistant to other techniques of gene
transfer, including electroporation and DEAE-mediated
transfection. We found that transfer of a single copy of
RAR-a cDNA into the RA-resistant HL-60R subclone re-
stored sensitivity of these cells to RA. This observation
provides direct evidence that RA-induced granulocytic
differentiation of HL-60 is mediated directly through RAR-
a. RAR-a is structurally and functionally related to the
steroid-thyroid hormone receptor superfamily of nuclear
transcription factors, which are thought to mediate biologic
effects by interacting with specific cis-acting DNA se-
quences that regulate the expression of distinct target genes
(20). Thus, the implication of our observation is that the
DNA-binding domain of the activated RAR-a interacts with
a specific regulatory gene(s) or a specific network of target
genes, resulting in terminal granulocytic differentiation of
HL-60.

One measure of functional differentiation of HL-60 cells
that we utilized in these studies was the NBT dye reduction

test, which detects superoxide production by membrane-
stimulated mature HL-60 cells (8, 40). We consistently noted
that the number of cells capable of producing superoxide
was significantly less in the RA-treated RAR-a transduced
HL-60R cells than in the RA-treated parental HL-60 cells
(compare Fig. 6C and 6A). Superoxide production in mature
neutrophils is dependent on activation of a complex NADPH
oxidase system consisting of at least one membrane and two
or more cytosolic components (46). It is possible that one or
more of the components of this complex are disrupted or
regulated aberrantly in the HL-60R+LRARSN cells, result-
ing in the relatively poor superoxide production by these
RA-treated cells compared with that of RA-treated parental
HL-60 cells.

Possible mechanisms of HL-60R resistance to RA. Although
our observations indicate that RAR-a directly mediates
RA-induced differentiation of HL-60, we observed no signif-
icant difference in the amount and size of RAR-a specific
mRNA transcripts when comparing the RA-sensitive paren-
tal HL-60 cells with the RA-resistant HL-60R subclone (Fig.
2). Nevertheless, our analysis of specific RA nuclear binding
activity by size-exclusion HPLC of nuclear extracts indi-
cated that there are at least two major differences in specific
nuclear RA-binding activity between parental HL-60 cells
and the RA-resistant HL-60R cells. First, there appeared
to be a significant difference in the elution profile of the
parental HL-60 nuclear RA-binding activity versus the
HL-60R activity, with the parental HL60 cells exhibiting
peak RA nuclear binding activity at an approximate molec-
ular weight of 100,000 and the RA-resistant HL-60R cells
exhibiting such peak activity at an apparent molecular
weight of 60,000 (Fig. 8). Second, the Scatchard plot analysis
of equilibrium binding curves of this peak RA nuclear
binding activity indicated that the affinity of the nuclear
RARs for RA was significantly less in the RA-resistant
HL-60R cells (K , 12.5 nM) than in the parental HL-60
cells (K, 0.88 nM) (Fig. 9). Point mutations or deletions in



VoL. 10, 1990

>

HL-60 (Parental)

800
g M.W. 670 158 68 44 1I7 1.‘3
:% 600 - + + ) ]
e}
[
D 400 -
o
<
& 200
T
=
05 1]0 1I5 20 25
Ty (min)
B. HL-60R
600 .
’gsoo FMW. e+70 138 38 ;4 1}7 1.3 :
Q v v i
L 400t ;
O
c
3 300 -
m
= 2001 °
— et 1
T, 100 -
Og 10 15 20 25
Tr(min)
C.  HL-60R + LRARSN
1,000 |
—_ MW. 670 158 68 44 1|7 1‘.3
E e} 1 oYYy |
koS
2 eoof
=2
[e]
ﬁ 400 |
o
T, 200 00000 o 920054 :
!
O 10 15 20 25
Tg (min)

FIG. 8. Specific nuclear RA-binding activity in various HL-60
cell lines. Nuclear extracts from the indicated cell lines were
incubated with [*’H]JRA in the presence or absence of a 200-fold
excess of unlabeled RA and subjected to size-exclusion HPLC
analysis as detailed in Materials and Methods. The radioactivity in
each fraction (0.5 ml) was then determined. Symbols: @, *HIRA
only; O, [PHIJRA and 200-fold excess of unlabeled RA. The elution
times of specific molecular weight markers (in thousands) as deter-
mined by A,g, are indicated by the arrows. These protein markers
include: thyroglobulin, 670,000; gamma globulin, 158,000; human
albumin, 68,000; ovalbumin, 44,000; myoglobin, 17,000; and vitamin
B>, 1,300.
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critical domains of the RAR-a-coding region might account
for these observed differences in the nuclear RARs. For
example, mutations or deletions within certain regions of
RAR-a in the HL-60R cells might interfere with dimerization
of the RAR. The glucocorticoid and estrogen receptors
appear to bind as dimers to their respective response ele-
ments (29, 45), and there is indirect evidence that the RAR
may also form dimers (23). Although our HPLC-determined
molecular weights are only approximate, the predicted mo-
lecular weight of RAR-a from its cDNA sequence is approx-
imately 50,000 (22, 41), and therefore the estimated molec-
ular weight for peak nuclear RA-binding activity in parental
HL-60 cells (100,000) versus that for RA-resistant HL-60R
cells (60,000) is consistent with lack of dimerization of
the RAR in the HL-60R cells. Since dimerization of the
RAR may be critical for its optimal binding to target
DNA sequences, mutations that interfere with dimerization
may inhibit the transcriptional activity of the activated
RARs.

The reduced affinity for RA of the RAR in the RA-resistant
HL-60R cells may result from mutations or deletions in the
ligand-binding domain of the RAR, leading to altered recep-
tor-ligand interaction. This would lead to fewer receptors
being activated at a given concentration of RA, presumably
resulting in a diminished biologic response of the HL-60R
cells to RA. Molecular cloning and sequencing of RAR-a
cDNA from the RA-resistant HL-60R cells should more
clearly determine the molecular basis of the relative resis-
tance of HL-60R cells to RA.

It should be emphasized that the majority of human
AML cells do not exhibit a differentiative response to RA
and yet, like the HL-60R subclone, commonly express
RAR-a transcripts in approximately equal amounts (21, 30,
47). Thus, determining the molecular basis for the relative
RA resistance of the HL-60R subclone may provide insight
into why most human AML cells are also insensitive to
RA.

What are the target genes for the activated RAR? Regard-
less of the mechanism of HL-60R resistance to RA, our
observations indicate that the RAR-a plays a direct, critical
role in mediating RA-induced HL-60 differentiation. Pre-
sumably this involves interaction of the activated RAR
with specific cis-acting DNA sequences, resulting in en-
hanced or diminished target gene expression. RA-induced
HL-60 differentiation is associated with the modulation of
expression of a number of different genes including c-myc,
which is transcriptionally downregulated (2), and CD18,
which is transcriptionally upregulated (24), after RA treat-
ment of HL-60 cells (Fig. 7). The activated RAR might
directly interact with the regulatory regions of genes such
as c-myc and CD18 or, alternatively, might alter the expres-
sion of certain other genes that in turn act as transcrip-
tional regulatory agents. With regard to this latter possibil-
ity, it might be pertinent to note that RA-induced differenti-
ation of the mouse F9 teratocarcinoma stem cell line is
associated with the relatively early expression of genes
with distinct homeobox domains (31, 38). Such early RA-
induced genes may subsequently alter the expression of
other target genes, resulting in the more mature F9 pheno-
type. Whether RA might also induce the early expression
of potential regulatory genes involved in mediating the
granulocytic differentiation of HL-60 cells is presently un-
known.
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FIG. 9. Equilibrium binding of [*H]JRA to parental HL-60 cells (A) and HL-60R cells (B). Increasing concentrations of [*HJRA were
incubated with nuclear extracts from the indicated cell lines and analyzed by size-exclusion HPLC (Fig. 8). Specific binding is represented
on the ordinate and represents total bound [*H]JRA within the peak HPLC fractions minus [>PH]JRA bound in the same relative fractions when
the extracts were incubated with a 200-fold excess of unlabeled RA. Scatchard plots of the equilibrium binding data are represented in the

insets.

ACKNOWLEDGMENTS

We thank Vincent Giguere and Ron Evans for the gift of the
RAR-a cDNA clone and Dusty Miller for the gift of the LXSN
retroviral plasmid and for many helpful discussions.

This work was supported by American Cancer Society research
grant MV-455 to S.J.C.

LITERATURE CITED

1. Benbrook, D., E. Lernhardt, and M. Pfahl. 1988. A new retinoic
acid receptor identified from a hepatocellular carcinoma. Nature
(London) 333:669-672.

2. Bentley, D. L., and M. Groudine. 1986. A block to elongation is
largely responsible for decreased transcription of c-myc in
differentiated HL-60 cells. Nature (London) 321:702-706.

3. Bollag, W. 1972. Prophylaxis of chemically-induced benign and
malignant epithelial tumors by vitamin A. Eur. J. Cancer
8:689-693.

4. Boros, 1., G. Posfai, and P. Venetianer. 1984. High-copy-number
derivatives of the plasmid cloning vector pBR322. Gene 30:
257-260.

S. Bradford, M. 1986. A rapid and sensitive method of the quan-
tification of microgram quantities of protein utilizing the princi-



VoL. 10, 1990

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

ple of protein-dye binding. Anal. Biochem. 72:248-254.

. Brand, N., M. Petkovich, A. Krust, P. Chambon, H. de The, A.

Marchio, P. Tiollais, and A. Dejean. 1988. Identification of a
second human retinoic acid receptor. Nature (London) 332:
850-853.

. Breitman, T., S. J. Collins, and B. Keene. 1981. Terminal

differentiation of human promyelocytic leukemic cells in pri-
mary culture in response to retinoic acid. Blood 57:1000-1004.

. Breitman, T. R., S. E. Selonick, and S. J. Collins. 1980.

Induction of differentiation of the human promyelocytic leuke-
mia cell line (HL-60) by retinoic acid. Proc. Natl. Acad. Sci.
USA 77:2936-2940.

. Chytil, F., and D. Ong. 1976. Mediation of retinoic acid-induced

growth and anti-tumour activity. Nature (London) 260:49-51.
Cleveland, D. M., M. Lopata, R. MacDonald, N. Cowan, W.
Rutter, and M. Kirschner. 1980. Number and evolutionary
conservation of alpha and beta tubulin and cytoplasmic beta and
gamma actin genes using specific cloned cDNA probes. Cell
20:95-104.

Collins, S., and M. Groudine. 1982. Amplification of endogenous
myc-related DNA sequences in a human myeloid leukemia cell
line. Nature (London) 298:679-681.

Collins, S., and M. Groudine. 1983. Rearrangement and ampli-
fication of c-abl sequences in the human chronic myelogenous
leukemia cell line K-562. Proc. Natl. Acad. Sci. USA 80:
4813-4817.

Collins, S. J. 1988. Different mechanisms account for the
relative resistance of KG-1 and HL-60 cell lines to retrovirus
infection. J. Virol. 62:4346-4348.

Collins, S. J., H. Coleman, and M. Groudine. 1987. Expression
of bcr and bcr-abl fusion transcripts in normal and leukemic
cells. Mol. Cell. Biol. 7:2870-2876.

Collins, S. J., F. W. Ruscetti, R. E. Gallagher, and R. C. Gallo.
1978. Terminal differentiation of human promyelocytic leukemia
cells induced by dimethylsulfoxide and other polar compounds.
Proc. Natl. Acad. Sci. USA 75:2458-2462.

Dalla Favera, R., F. Wong-Staal, and R. Gallo. 1982. Onc gene
amplification in promyelocytic cell line HL-60 and primary
leukemia cells of the same patient. Nature (London) 299:61-63.
de The, H., A. Marchio, P. Tiollais, and A. Dejean. 1987. A novel
steroid thyroid hormone receptor-related gene inappropriately
expressed in human hepatocellular carcinoma. Nature (London)
330:667-670.

de The, H., A. Marchio, P. Tiollais, and A. Dejean. 1989.
Differential expression and ligand regulation of the retinoic acid
receptor a and 8 genes. EMBO J. 8:429-433.

Douer, D., and H. Koeffler. 1982. Retinoic acid inhibition of the
clonal growth of human myeloid leukemia cells. J. Clin. Invest.
69:277-283.

Evans, R. 1988. The steroid and thyroid hormone receptor
superfamily. Science 240:889-895.

Gallagher, R., F. Said, I. Pua, P. Papenhausen, E. Paietta, and P.
Wiernik. 1989. Expression of retinoic acid receptor-a in human
leukemia cells with variable responsiveness to retinoic acid.
Leukemia 3:789-795.

Giguere, V., E. Ong, P. Segui, and R. Evans. 1987. Identification
of a receptor for the morphogen retinoic acid. Nature (London)
330:624-629.

Hashimoto, Y., H. Kagechika, E. Kawachi, and K. Shudo. 1988.
Specific uptake of retinoids into human promyelocytic leukemia
cells HL-60 by retinoid-specific binding protein: possibly the
true retinoid receptor. Jpn. J. Cancer Res. (Gann) 79:473-483.
Hickstein, D., M. Hickey, and S. Collins. 1988. Transcriptional
regulation of the leukocyte adherence protein 8 subunit during
human myeloid cell differentiation. J. Biol. Chem. 263:13863—
13867.

Hoffman, S. J., and W. A. Robinson. 1988. Use of differentia-
tion-inducing agents in the myelodysplastic syndrome and acute
non-lymphocytic leukemia. Am. J. Hematol. 28:124-127.
Jetten, A. M., and M. E. R. Jetten. 1979. Possible role of retinoic

RETINOIC ACID-INDUCED HL-60 DIFFERENTIATION

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.
38.

39.

41.

42.

43,

45.

47.

2163

acid binding protein in retinoid stimulation of embryonal carci-
noma cell differentiation. Nature (London) 278:180-182.
Keller, G., C. Paige, E. Gilboa, and E. Wagner. 1985. Expres-
sion of a foreign gene in myeloid and lymphoid cells derived
from multipotent haematopoietic precursors. Nature (London)
318:149-154.

Krust, A., P. Kastner, M. Petkovich, A. Zelent, and P. Cham-
bon. 1989. A third human retinoic acid receptor, hRAR-y. Proc.
Natl. Acad. Sci. USA 86:5310-5314.

Kumar, V., and P. Chambon. 1988. The estrogen receptor binds
tightly to its responsive element as a ligand-induced homodimer.
Cell 55:145-156.

Largman, C., K. Detmer, J. Corral, F. Hack, and H. Lawrence.
1989. Expression of retinoic acid receptor alpha mRNA in
human leukemic cells. Blood 74:99-102.

LaRosa, G., and L. Gudas. 1988. Early retinoic acid-induced F9
teratocarcinoma stem cell gene ERA-I: alternate splicing cre-
ates transcripts for a homeobox-containing protein and one
lacking the homeobox. Mol. Cell. Biol. 8:3906-3917.

Leopold, W., R. Batzinger, E. Miller, J. Miller, and R. Earhart.
1981. Mutagenicity, tumorigenicity, and electrophilic reactivity
of the steroisomeric platinum (II) complexes of 1,2-diaminocy-
clohexane. Cancer Res. 41:4368-4377.

Lotan, R. 1980. Effects of vitamin A and its analogs (retinoids)
on normal and neoplastic cells. Biochim. Biophys. Acta 605:
33-91.

Meng-er, H., Y. Yu-chen, C. Shu-rong, C. Jin-ren, L. Jia-Xiang,
Z. Lin, G. Long-jun, and W. Zhen-yi. 1988. Use of all-trans
retinoic acid in the treatment of acute promyelocytic leukemia.
Blood 72:567-572.

Merriman, R., and J. Bertram. 1979. Reversible inhibition by
retinoids of 3-methyicholanthrene-induced neoplastic transfor-
mation in C3H/10T—clone 8 cells. Cancer Res. 39:1661-1666.
Miller, A. D., and C. Buttimore. 1986. Redesign of retrovirus
packaging cell lines to avoid recombination leading to helper
virus production. Mol. Cell. Biol. 6:2895-2902.

Miller, A. D., and G. Rosman. 1989. Improved retroviral vectors
for gene transfer and expression. Biotechniques 7:980-990.
Murphy, S., J. Garbern, W. Odenwald, R. Lazzarini, and E.
Linney. 1988. Differential expression of the homeobox gene
Hox-1.3 in F9 embryonal carcinoma cells. Proc. Natl. Acad.
Sci. USA 85:5587-5591.

Nervi, C., J. Grippo, M. Sherman, M. George, and A. Jetten.
1989. Identification and characterization of nuclear retinoic
acid-binding activity in human myeloblastic leukemia HL-60
cells. Proc. Natl. Acad. Sci. USA 86:5854-5858.

. Ochs, H., and I. Igo. 1973. The NBT slide test: a simple

screening method for detecting chronic granulomatous disease
and female carriers. J. Pediatr. 83:77-82.

Petkovich, M., N. Brand, A. Krust, and P. Chambon. 1987. A
human retinoic acid receptor which belongs to the family of
nuclear receptors. Nature (London) 330:444-450.

Shapiro, D., P. Sharp, W. Wahli, and M. Keller. 1988. A
high-efficiency HeLa cell nuclear transcription extract. DNA
7:47-55.

Strickland, S., and M. Mahdavi. 1978. The induction of differ-
entiation in teratocarcinoma stem cells by retinoic acid. Cell
15:393-403.

. Thaller, C., and G. Eichele. 1987. Identification and spatial

distribution of retinoids in the developing chick limb bud.
Nature (London) 327:625-628.

Tsai, S., J. Carlstedt-Duke, N. Weigel, K. Dahlman, J. Gustafs-
son, M. Tsai, and B. O’Malley. 1988. Molecular interactions of
steroid hormone receptor with its enhancer element: evidence
for receptor dimer formation. Cell 55:361-369.

. Volpp, B., W. Nauseef, and R. Clark. 1988. Two cytosolic

neutrophil oxidase components absent in autosomal chronic
granulomatous disease. Science 242:1295-1297.

Wang, C., J. Curtis, M. Minden, and E. McCulloch. 1989.
Expression of a retinoic acid receptor gene in myeloid leukemia
cells. Leukemia 3:264-269.



