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Effects of Novel RAR- and RXR-Selective Retinoids on Myeloid Leukemic
Proliferation and Differentiation In Vitro

By Masaaki Shiohara, Marcia I. Dawson, Peter D. Hobbs, Nobukuni Sawai, Tsukasa Higuchi, Kenichi Koike,
Atsushi Komiyama, and H. Phillip Koeffler

Retinoids such as all-trans-retinoic acid (ATRA) and 9-cis-
retinoic acid (9-cis-RA) have an important role in many
aspects of proliferation and differentiation of hematopoietic
cells. They exert their effects by binding to retinoic acid
receptors (RARs) and/or retinoid X receptors (RXRs). We
studied the effects of novel retinoids on proliferation and
differentiation of HL-60 and NB4 myeloid leukemic cells, as
well as acute promyelocytic leukemia (APL) cells from pa-
tients. RXR-selective SR11345 (Retinoid C) had little ability to
inhibit the clonal growth and to induce the differentiation of
either HL-60 or NB4 cells. However, SR11276 (Retinoid E),
which activated both the RAR and RXR classes, and SR11278
(Retinoid D), which activated the RAR subtypes «, 8, and v,
could inhibit clonal growth of both cell types, as well as
leukemic cells from APL patients. The combination of ATRA
and either SR11276 or SR11278 additively inhibited APL cell
proliferation. SR11302 (Retinoid A), with reported anti-AP-1
activity and no activation of RARs and RXR and SR11363
(Retinoid B), which selectively activated RARB and vy, were
inactive. The clonal proliferation of both HL-60 and NB4 cells
that were pulse-exposed to 10° mol/L ATRA, SR11276,
SR11278, or SR11345 for 3 days, washed, and plated in
methylcellulose culture were inhibited by 0%, 51%, 21%, and

LL-TRANSRETINOIC ACID (ATRA) inhibits prolifera-

1% for HL-60 cells and 43%, 41%, 35%, and 1% for NB4,
respectively, compared with nontreated control cells. When
the HL-60 cells were pulse-exposed to 10 mol/L of either
SR11278 or SR11276, plus 10 mol/L ATRA for 3 days, colony
numbers were reduced by 46% and 64%, respectively. Induc-
tion of leukemic cell differentiation as determined by the
nitroblue tetrazolium (NBT) assay showed that the combina-
tion of 107 mol/L of either SR11278 or SR11276 with 10”7
mol/L ATRA had additive effects on HL-60 cells, NB4 cells,
and fresh APL cells. Induction of CD11b expression on both
HL-60 and NB4 cells occurs during their differentiation.
Expression of this antigen was synergistically augmented by
the combination of either 1077 to 10 mol/L SR11278 or 1077
to 10-° mol/L SR11276 with 10" mol/L ATRA compared with
either analog alone in HL-60 cells. Expression of the novel
myeloid specific transcription factor C/EBPe was increased
by SR11278 and SR11276 in both the HL-60 and NB4 cell
lines. We conclude that retinoids or combination of retinoids
with specificities for both RAR and RXR may markedly
enhance the ability of ATRA to inhibit clonal growth and
induce differentiation of HL-60 and NB4 leukemic cells. This
occurs in the absence of continuous contact with retinoids.
© 1999 by The American Society of Hematology.

RA-resistant HL-60 variant cell lin€. Novel classes of syn-

tion and induces granulocytic differentiation of leukemic thetic retinoids have been synthesized that selectively interact
cells including cell lines (eg, HL-60)2 as well as fresh acute with RAR/RXR heterodimers and RXR/RXR homodimétsn
promyelocytic leukemia (APL) cels® A high proportion of  this study, we examined the effects of these retinoids on
APL patients achieved complete remission after ATRAthef&py. inhibiting proliferation and inducing differentiation of acute
Also, ATRA enhances the clonal growth of normal human myeloid leukemic cells.
myeloid and erythroid precursofs.

Retinoic acids (RAs) exert their effects through their binding MATERIALS AND METHODS

and activation of specific nuclear receptors, retinoic acid Cells. Our studies used the HL-8&nd NB4 myeloid leukemic cell
receptors (RAR, RARB, RARy) and retinoid X receptors lines??as well as fresh leukemic samples from bone marrow from APL
(RXRa, RXRB, RXRy), who are members of the steroid/
thyroid nuclear hormone receptor superfamily and form heterodi-
meric RAR/RXR and homodimeric RXR/RXR complex&s. From the Department of Pediatrics, Shinshu University School of
Both heterodimers of RAR/RXR and homodimers of RXR are Medicine, Matsumoto Japan; Retinoid Program, SRI International,
ligand inducibleransregulators that modulate the transcription Menlo Park, CA; the Division of Hematology/Oncology, Cedars-Sinai
of target genes by interacting witis-acting specific sequences mig:gﬂecfgéeXnUr}lvergtAy of California at Los Angeles School of
(RA-response elements [RARES]) of cellular gefi¢sThe ; geles, M+

. Submitted March 11, 1998; accepted November 13, 1998.
consensus DNA sequences recognized by RAR/RXR are repre- g nnorted in part by grants from the National Institutes of Health

sented by a tandem repeat of the sequence AGGTCA separatediH) and the U.S. Army, the Parker Hughes Trust, and the C. and H.
by five nucleotides. In contrast, the consensus sequence recogoeffler Fund. H.P.K. is a member of the UCLA Jonsson Comprehen-
nized by RXR/RXR is composed of the same tandem repeatsive Cancer Center and holds an endowed Mark Goodson Chair of
separated by only one nucleotitfe!® The effect of ATRA is Oncology Research at Cedars-Sinai Medical Center/UCLA School of
mediated by its binding to a RAR/RXR heterodird@On the ~ Medicine.

other hand, the effect of 8is-retinoic acid (9eis-RA), which is Address reprint requests to H_. P_hiIIip _Koeﬁler, MD, Division of
a stereoisomer of ATRA, is mediated by its binding to either aHemaFoIogy/OncoIogy, Cedars-Sinai Medical Center/UCLA School of
RAR/RXR heterodimer or a RXR/RXR homodimi@re We Medicine, 8700 Beverly Blvd, B-213, Los Angeles, CA 90048.

. L . The publication costs of this article were defrayed in part by page
have shown that 8is-RA is slightly more potent than ATRAin charge payment. This article must therefore be hereby métkeder-

inducing differentiation. and irllhibiting proliferation. of acute. tisement”in accordance with 18 U.S.C. section 1734 solely to indicate
myelogeneous leukemia cell lines and fresh myeloid leukemiGhis fact.

cells’® Moreover, we showed that €s-RA in combination © 1999 by The American Society of Hematology.
with ATRA was an effective inducer of differentiation of a  0006-4971/99/9306-0004$3.00/0
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patients, which were collected in heparinized tubes before any therapyHybond N, Amersham Corp, Arlington Heights, IL). DNA-probes for
The percentage of blasts and promyelocytes from these individuals wa€/EBRe?® andB-actir?® were labeled with¢-32P]-deoxycytidine triphos-
more than 80% of the mononuclear population at the time of harvestingphate (dCTP) (3,000 pCi/mmol; Amersham Corp) using a random
the cells. The diagnosis was established according to French-Americarpriming kit (Takara Shuzo Co, Ltd, Tokyo, Jap&hHybridization of
British (FAB) criteria?® The leukemic cells were isolated by Ficoll- blots was previously describéd.Briefly, the labeled probe was
Hypague (Pharmacia, Inc, Piscataway, NJ) gradient centrifugation anéiybridized for 16 hours at 68°C in 2X SSC (pH 7.0; 1X SSC150
washed twice in phosphate-buffered saline (PBS). The blast cells werexmol/L NaCl, 15 mmol/L sodium citrate), 5X Denhardt’s solution,
immediately placed into suspension culture containing RPMI 16400.1% sodium dodecyl sulfate (SDS). Filters were washed to a stringency
medium with 10% fetal bovine serum (FBS; HyClone Laboratories, Inc,of 0.25X SSC at 68°C and exposed to Kodak XAR film (Eastman-
Logan, UT), 100 U/mL penicillin, and 100 pg/mL streptomycin in Kodak, Rochester, NY). Autoradiograms were exposed for 48 hours.
humidified air with 5% CQ. Blots were sequentially hybridized with labeled DNA for C/EBd&hd
Retinoids and transfection assaysATRA was purchased from B-actin. The levels of C/EBPMRNA were calculated by normalizing
Sigma Chemical Co (St Louis, MO). Synthetic retinoids used in this signal densities t@-actin mMRNA by densitometric analysis.
study included SR11302 (Retinoid A), SR11363 (Retinoid B), SR11345 Analysis of effects of combination of drugdsobologram analysis
(Retinoid C), SR11278 (Retinoid D), and SR11276 (Retinoid E), whichwas used to evaluate the effect of combinations of drugs on leukemic
were described by Dawson et24IRetinoids were dissolved in 100% cells3° Dose-dependent activities were determined separately for each
ethanol to a stock concentration of-2@nol/L, stored at—20°C, and compound, and then the effects were determined for the combination of
protected from light. In each experiment, controls were performed using®n€ compound held at a fixed concentration and the other at different
the same concentration of ethanol as was present in the experimentgilutions. The interaction of two compounds was quantified by determin-
plates. This diluant had no effect on proliferation and differentiation of ing the combination index (CI) according to the classical isobologram
cells. equation: C&(D),/(Dx); +(D)./(Dx),, where Dx is the dose of one
Transient transfections of CV-1 cells were performed using thecompound alone required to produce an effect, and (D)1 and (D)2 are
calcium phosphate precipitation procedure, as described previ§usly. the doses of both compounds that produce the same effect. From this
Approximately 5x 10P cells were transfected with 50 ng of an assay, the combined effects of two analogs can be assessed as either
expression vector for either human RARRARB, RARy, or RXRa,25 summation (additive or zero interaction), indicated as Clsynergism,
100 ng of a reporter gene (TREpa#tk-CAT, and 150 ng of the indicated as Gk1; or antagonism, indicated as€1. Other statistical
B-galactosidase expression plasmid pCH110. After transfection, celi§lata were handled using the Studentést.
were grown in the presence or absence of retinoids for 20 ffuefore
determination of the levels of the reporter chloramphenicol acetyl
transferase (CAT). Results were corrected for conrgjalactosidase
expression. Effects of retinoids on transactivation of a reporter gene
Clonogenic assay in soft gel cultureHL-60 and NB4 cells were  having RAR and RXR response sequencé&able 1 shows the
plated at % 10° cells per plate in six-well culture dishes in methylcellu- retinoid receptor transcriptional activities on the synthetic
lose according to previously described meth&fdsor analysis of  palindromic response element (TREpal) of ATRA and five
myeloiq Ie_ukemic cell clonal g.rOV\_/th, X 100 bIa_st ceIIs_Were plated synthetic retinoids in the presence of R&RRARB, RARY,
and r§t|n0|ds were added as lndlcateq. After_ |ncubat|or_1 for 10 daysgd RXRy. The TREpal response element, which was used in
colonies ¢ 40 cells) were counted using an inverted microscope. At the transfection assay, is responsive to both RAR/RXR and

0 : .
day 10, more than 95% of the colonles (‘:or_15|sted of more than 4_10 cell XR/RXR dimer complexes that have been activated by
All experiments were performed using triplicate plates per experimenta

point; each experiment was performed at least three times. The resul{gt!no!ds' The retinoids show a ra_ngg of activities fo.r these
were expressed as the mean percentage of clonal growth in pIatJ?t'no'd receptors. For example, retinoid SR11345 (Retinoid C)
containing retinoids as compared with the number of colonies in controiS€lectively activates RX& Retinoid SR11278 (Retinoid D)
dishes without retinoids. activates RARs>vy>a). Retinoid SR11276 (Retinoid E) is a
Assays for cellular differentiation. Induction of differentiation of ~ panagonist for the RARs and RXR. Retinoid SR11363 (Reti-
either HL-60, NB4 cells, or fresh leukemic cells from patients was noid B) activates RAR. SR11302 (Retinoid A) does not

measured by reduction of nitroblue tetrazolium dye (NBT) and expres-activate these receptors, but is reported to inhibit AP-1 activ-
sion of CD11b antigen. For NBT reduction, each cell suspension (2 jp 31

10° cells per mL) was mixed with an equal volume of solution
containing 1.25 mg/mL NBT (Sigma), 17 mg/mL bovine serum albumin
(fraction V; Sigma), and 1 mg/mL 1@-tetradecanoylphorbol-13-

RESULTS

Effects of retinoids on proliferation of myeloid leukemic cells
in methylcellulose culture. The retinoids were examined for
acetate (TPA; Sigma) for 30 minutes at 37°C. After incubation, thetl'"_:'\Ir effect.on. either HL-60 or NB4 clonogenic prol!fgratlon
medium was discarded, and the formazan deposits were dissolved t%F'g 1). Retinoids A, B, and_ C at famol/L Wgre poor_'nh_'b'tors
adding 0.1 mL of dimethyl sulfoxide (DMSO; Sigma) and measured by less than 20%) of leukemic colony formation. Retinoids D and
optical density (OD) at 580 nm. All experiments were performed usingE effectively inhibited colony formation by 50% (EE) at
triplicate plates per experimental point. approximately 7< 108 mol/L and 7X 10° mol/L in HL-60 and

For analysis of cell-surface antigens, a direct immunofluorescence X 108 mol/L and 6X 10° mol/L in NB4, respectively. ATRA
staining technique was used. Cells were exposed to phycoerythribad an ER, of about 3 108 mol/L for inhibition of clonal
(PE)-conjugated murine antihuman CD11b (DAKO Corp, Carpinteria,growth of HL-60 cells and X 10° mol/L for NB4 cells.

CA). Qontrol stu(jles were performed with anqnbmdlng control murine The inhibitory effects of ATRA and the other retinoids on
I9G, isotype antibody (DAKO Corp). Analysis of ﬂupre_scence was proliferation of fresh APL cells from two individuals paralleled
performed on a FACScan flow cytometer (Beckton Dickinson, Moun- . .

tain View, CA). those observgd .Wlth HL-60 cells (Fig 2, upper pangl). For

RNA isolation and Northern blot analysisTotal cellular RNAwas ~ €Xa@mple, Retinoids A, B, and C alone at’lmol/L had little
extracted by the acid guanidine thiocyanate-phenol-chloroform methinhibitory effect on leukemic blast cell growth and were unable
0d 27 Total RNA (10 pg/lane) was electrophoresed on 1% formaldehyde 10 enhance the potency of 1@nol/L ATRA in sample No. 1. In
agarose gels, and transferred to positively charged nylon membranesontrast, Retinoids D and E at -10mol/L inhibited the
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Table 1. Summary of Retinoid Activity

Transcriptional Activity*

o . EDso Synergy
% at 10~ 7 nmol/L ECso (nmol/L)T Anti-AP—1 (nmol/L)§ With
Retinoids RARa RARB RAR~y RXRa RARa RARB RARvy RXRa Activityt HL-60 NB4 ATRA||

ATRA 57 75 85 15 45 5 2 1,000 (+) 30 1
SR11302(A) 0 -8 -3 -1 >1,000 >1,000 >1,000 >1,000 (+) NR NR N
SR11363(B) 6 34 37 15 >10,000 >10,000 170 >10,000 ND NR NR N
SR11345(C) 0 -5 -9 152 >1,000 >1,000 >1,000 21 ND NR NR N
SR11278(D) 10 154 26 -5 >1,000 55 80 >1,000 ND 70 70 Y (4.5)
SR11276(E) 109 100 94 67 18 3 3 37 ND 7 6 Y (7.5)

*Activation (%) at 107 mol/L retinoid compared with 10-6 mol/L ATRA for RARs and 10-¢ mol/L 9-cis-RA for RXRa.

TECso, concentration of retinoid giving 50% response of 10-¢ mol/L ATRA for RARs and 10~ mol/L 9-cis-RA for RXRa on the (TREpal),-tk-CAT
construct or response at 10~° mol/L retinoid, which ever is greater, for retinoids whose maximal response is >30% of that of 10-¢ mol/L ATRA for
RARs and 10-% mol/L 9-cis -RA for RXRa.

$ND, not done.

8EDs,, concentration of retinoid giving 50% inhibition of clonal growth; NR, not reached; ND, not determined.

[IN, no; Y, yes; (), fold-induction of CD11b on HL-60 cells in the presence of 10~ mol/L ATRA plus the novel retinoid (10-** mol/L) compared with
ATRA-treated control.
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Fig 1. Effects of synthetic retinoids on HL-60 and NB4 clonal proliferation. HL-60 and NB4 cells (2 x 108 per plate) were cultured with various
concentrations of retinoids in methylcellulose. Colonies (>40 cells) were counted after 10 days of incubation. Results are expressed as the
percentage of clonal growth in retinoid-treated plates compared with the number of colonies in control plates not containing retinoids. Data
represent mean * standard deviation (SD) of triplicate cultures. This figure shows representative findings of three independent experiments,
each of which had similar results.
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120 mol/L, or 107 mol/L plus 10° mol/L ATRA for 3 days,
Sample 1 thoroughly washed and plated in methylcellulose, colony
100 numbers were reduced by 27% K .02, compared with the
5 same concentration of Retinoid D), 48% € .01), 56% P <
E 801 .01, CK1), and 65% (Ck1), respectively. Similarly, when the
3 cells were cultured with Retinoid E at either®010°, 108, or
- 107 mol/L plus 10° mol/L ATRA for 3 days, colony numbers
® 80 were reduced by 559%P(< .01), 66% P < .01, Ck1), 75%
;3 (P < .05, CK1), and 84% (CK 1), respectively. For NB4 cells,
e 407 ATRA produced an EE of 6 X 10° mol/L (Fig 3). Pulse-
&} exposure to 10 mol/L Retinoid B or C did not inhibit NB4
20 clonal growth. Pulse-exposure to-1@nol/L Retinoid D or E
inhibited clonal growth by 59% and 69%, respectively. When
0- the NB4 cells were cultured in liquid culture with Retinoid D at

either 10" or 101° mol/L plus 10° mol/L ATRA for 3 days,
colony numbers were reduced by 20Po< .01) and 30%R <
.02), respectively. When the NB4 cells were cultured with
Retinoid D at 16 mol/L plus 10° mol/L ATRA, colony
numbers were reduced by 63% (Cl1). Similarly, when the
NB4 cells were cultured with Retinoid E at eithert@r 1010
mol/L plus 10° mol/L ATRA for 3 days, colony numbers were
reduced by 23%R < .01) and 33% R < .05)), respectively.
When the NB4 cells were cultured with Retinoid E at eithe? 10
or 107 mol/L plus 10° mol/L ATRA, colony numbers were
reduced by 61% and 70% (€L), respectively. These results
suggest that HL-60 and NB4 cells irreversibly lost the ability to
form colonies after pulse-exposure to Retinoids D or E and the
addition of ATRA increased their inhibitory effects.

Effects of retinoids on differentiation of leukemic cells.
Induction of differentiation of the myeloid cell lines and fresh
leukemic cells from two patients with APL (FAB classification

Retinoids M3) into more mature granulocyte-like cells by these novel

Fig 2. Effects of retinoids (107 mol/L) on clonal proliferation of retinoids elther-alone orm Combln.atlon with ATRAwaS .ass.ayed
fresh APL cells. Samples from two patients were analyzed and shown for NBT reduction and C_Dllb antlgen expression. Retinoids A,
in upper and lower panels. Results are expressed as the percentage of B, and C at 16 mol/L did not induce HL-60 cells to reduce
control plates not exposed to retinoids. Data represent mean =+ SD of NBT (Fig 4, top panel). The addition of each of these analogs to
triplicate cultures. ATRA at 107 mol/L had little additional effect on the ability of

ATRA to induce HL-60 cells to reduce NBT as compared with
proliferation of leukemic cells by 35% and 54%, respectively, the effect of ATRA alone, although Retinoid C did have a small
whereas their combination with ATRA (fOmol/L) had a  subadditive effect. Retinoids D and E at“énol/L induced
subadditive inhibitory effect. ATRA plus Retinoid E signifi- HL-60 cell differentiation with about 90% to 100% and 135% to
cantly reduced the colony formation compared with ATRA 140% of the activity of ATRA, respectively. Combinations of
alone P < .05). These retinoids showed similar effects on fresheither Retinoids C, D, or E at ¥0mol/L with 107 mol/L ATRA
acute leukemic cells from sample No.2 (lower panel). significantly reduced NBT as compared with ATRA alofe<

Effects of pulse-exposure of retinoids on clonal growth of.01, P < .01, andP < .01, respectively). The same tendency
HL-60 and NB4 cells. HL-60 or NB4 cells were cultured in was observed with NB4 cells (Fig 4, middle panel), and
liquid medium for 3 days with 18 to 107 mol/L experimental  combination of Retinoid E at T0mol/L with 107 mol/L ATRA
analog alone or combined with 20mol/L ATRA, and then  significantly reduced NBT as compared with ATRA alofe<
washed extensively with medium to remove retinoid before.02). The reduction of NBT by leukemic cells from two patients
being plated in methylcellulose soft-gel culture. Colonies werewith APL using this same series of synthetic retinoids either
counted at day 10 (Fig 3). For HL-60 cells exposed to low alone or in combination with ATRA showed comparable results
concentrations of ATRA (1 to 10° mol/L), clonal prolifera-  with those observed with HL-60 cells (Fig 4, bottom panel).
tion was not inhibited; whereas, higher concentrations of ATRACombinations of either Retinoids C, D, or E at™@ol/L with
(108 to 107 mol/L) inhibited clonal proliferation by 38% to 107 mol/L ATRA significantly reduced NBT as compared with
63% (Fig 3). Pulse-exposure to16nol/L Retinoids B or Cdid  ATRAalone P < .05,P < .01, andP < .01, respectively). Two
not inhibit HL-60 clonal growth. However, pulse-exposure to independent experiments using samples from each patient had
107 mol/L Retinoids D or E inhibited clonal growth by 50% and similar results, and Fig 4, bottom panel, shows representative
76%, respectively. When the cells were cultured in liquid results.
culture with Retinoid D at either ¥ mol/L, 10° mol/L, 108 The expression of CD11b increases as myeloid cells differen-

Sample 2

Colonies (% of Control)

<
E
<

A+ATRA
B+ATRA
C+ATRA
D+ATRA
E+ATRA
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Fig 3. Clonal inhibition of HL-60 and NB4 cells after pulse-exposure (3 days) to retinoids. HL-60 and NB4 cells were exposed in liquid culture to
101t to 107 mol/L of either ATRA, Retinoids B, C, D, E (® for HL-60, O for NB4, A through E), or a combination of 10! to 107 mol/L of either
Retinoids D or E plus 10° mol/L ATRA (@ for HL-60, O for NB4, D and E), washed, plated in methylcellulose, and the resulting colonies counted.
Each point represents a mean + SD of triplicate dishes. This figure shows representative findings of three independent experiments, each of
which had similar results.

tiate towards granulocyte8. Exposure of HL-60 cells to ATRA at 10 mol/L, expression of CD11b increased by
increasing concentrations of ATRA (48to 108 mol/L for 2 8.3-fold and 12.2-fold, respectively. Forty-seven percent of
days) increased dose dependently the CD11b expression, witlntreated NB4 cells expressed CD11b, and neither Retinoids A,
108 mol/L ATRA producing an approximately 10-fold greater B, nor C increased the expression of CD11b (data not shown).
expression of CD11b compared with that of untreated HL-60ATRA increased in a dose-dependent fashion the CD11b
cells (Fig 5). Neither anti-AP—1 Retinoid A, RARselective  expression on NB4 cells, with f0mol/L ATRA producing
Retinoid B, nor RXR-selective retinoid C increased the approximately 95% positive CD11b cells (Fig 5E and F).
expression of CD11b (Fig 5) and did not enhance the ability ofRetinoids D and E at 1® mol/L alone increased CD11b
ATRA (1012to 108 mol/L) to increase CD11b expression (data expression (approximately twofold, respectively), compared
not shown). In contrast, Retinoids D and E at®Xfiol/L alone  with untreated NB4 cells. Equal molar concentrations'hd
increased CD11b expression (sevenfold to 10-fold), compared 0! mol/L) of either Retinoids D or E and ATRA increased
with untreated HL-60 cells. Experiments with ATRA were very CD11b expression.

similar (Figs 5C and D). However, equal molar concentrations Changes in expression of C/EBRfter exposure of HL-60

of either Retinoids D or E and ATRA markedly increased cells to retinoids. C/EBRe is a newly identified CCAAT/
CD11b expression. For example, att0nol/L, Retinoids D  enhancer-binding transcriptional factor whose expression is
and E increased CD11b expression by 2.1-fold and 2.3-foldrestricted to myeloid cell&32Expression of C/EBPoccurs in
respectively, compared with untreated HL-60 cells; but whenHL-60 cells induced to differentiate to granulocytes by ATRA.
either Retinoids D or E at T8 mol/L were combined with  On the other hand, levels of this gene decreased when HL-60
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Fig 4. Comparison of the differentiation-inducing activity (NBT
reduction) of retinoids. HL-60 cells (top panel), NB4 cells (middle
panel), and fresh APL cells (lower panel) were cultured with 107
mol/L of either ATRA, Retinoids A, B, C, D, E, or 107 mol/L ATRA
combined with 107 mol/L of one of the other retinoids for 5 days.
Differentiation was determined by NBT reduction. Results are ex-
pressed as the percentage of control dishes that contained no
retinoids (100% activity) and represent the mean = SD of three
independent experiments performed in triplicate dishes.

SHIOHARA ET AL

32P-labeled C/EBP, the same blot was then rehybridized with a
B-actin probe and the intensity of each signal was examined by
densitometric analysis, and signals of C/EB®re normalized
against theB-actin band. Untreated HL-60 cells (lane 1) and
NB4 cells (lane 8) expressed low levels of C/EEBRRNA, and
ATRA (lane 2, lane 9) induced C/EBRxpression by 5.0-fold
and 6.8-fold, respectively, compared with each untreated cells.
RXRa-selective Retinoid C (lane 3, lane 10) induced lower
levels of C/EBRR mRNA compared with ATRA-treated HL-60
cells and NB4 cells, respectively. RAR-selective Retinoid D
(lane 4, lane 11) induced C/EBPY 2.0-fold and 5.3-fold of
that unstimulated HL-60 and NB4, respectively. Panagonist
Retinoid E (lane 5, lane 12) induced C/EBPBy 4.5-fold and
6.0-fold compared with unstimulated control. The combination
of 107 mol/L of either Retinoids D or E with Z0mol/LATRA
enhanced the expression of C/EBF.0-fold (lane 6) and
7.5-fold (lane 7) in HL-60 and 7.8-fold (lane 13) and 7.5-fold
(lane 14) in NB4, respectively, compared with control. We also
examined C/EBP mRNA expression after HL-60 cells were
exposed for 72 hours to the same retinoids, and similar results as
those obtained by a 48-hour exposure was obtained (data not
shown). Cyclin-dependent kinase inhibitors (CDKIs) are impor-
tant negative regulators of the cell cyéfe’® The p2AFt
protein, which is the first reported CDRI;*inhibits the kinase
activity of cyclin AICDK2, cyclin B/CDC2, cyclin E/CDK2,
and cyclin D/CDK4 complexes in vitro and slows progression
of the cell cyclet! The p2F'P1is also a CDKI, which binds to a
variety of cyclin/CDK complexes, inhibits the kinase activities
of these complexes, and halts cell cycle progres&i&ecently,
these CDKIs were reported to play an important role in cell
differentiation. We examined the effects of retinoid analogs on
the expression of p2%Fl and p2¥PL, HL-60 cells were
cultured for 72 hours in the presence of ATRA, Retinoids A, B,
C, D, E (107 mol/L), either alone or in combination with ATRA
(167 mol/L) and modulation of p244¥1 and p2¥P! expression
was examined by Western blot analysis (data not shown).
Neither wild-type HL-60 cells nor those cultured with a retinoid
either alone or combined with ATRA (TOmol/L) expressed
detectable levels of p24£F1. Wild-type HL-60 cells expressed
p27P1 and the levels of this CDKI did not change when the
cells were cultured with retinoids. These results suggest that
these CDKIs may not play an important role in induction of
differentiation down the granulocytic pathway.

DISCUSSION

We have shown that ATRA, which binds and activates
RAR/RXR heterodimers, and @s-RA, which binds and acti-
vates RAR/RXR heterodimers and RXR/RXR homodimers,
efficiently inhibited the proliferation and induced differentiation
of HL-60 cells!® and our data suggested that the RAR/RXR
pathway is more important than the RXR/RXR pathway for

and KG-1 myeloblasts were induced to differentiate to macro-differentiation and proliferation of myeloid leukemic celldn

phage$® We studied the effect of retinoids (Z0mol/L, 48

this study, we showed that RAR-selective analogs are more

hours) alone or in the presence of ATRA on the expression ofpotent than RXR-selective analogs in inhibiting the prolifera-
C/EBFe in HL-60 cells and NB4 cells as examined by Northern tion and inducing the differentiation of HL-60 and NB4 cells.
blot (Fig 6). Our previous experiments showed that maximalSeveral of these analogs appeared to have prominent activity
induction of C/EBR mRNA occured at 48 hours exposure to when combined with ATRA.

retinoid (107 mol/L)?8, and therefore, similar culture conditions

Retinoid B and C alone were very weak inhibitors of

were used for these experiments. After hybridization with proliferation and inducers of differentiation of myeloid leuke-
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Fig 5. Effects of retinoids on
CD11b expression on HL-60 (A,
B, C, and D) and NB4 cells (E and
F). Cells were cultured for 48
hours with 102 to 10® mol/L
ATRA (A, C, and D in HL-60, E and
F in NB4 cells), Retinoid A (B),
Retinoid B (B), Retinoid C (B),
Retinoid D (C and E), or Retinoid
E (D and F), or a combination of
equal molar concentrations of
Retinoids D or E with ATRA (C, E
and D, F, respectively) and cells
then were analyzed by FACScan
for expression of CD1lb. This
figure shows representative find-
ings of three independent experi-
ments, each of which had similar
results.
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Fig 6. Modulation of C/EBPe mRNA expression by retinoids in HL-60 and NB4 cells. Upper panel: cells were treated for 48 hours with 107
mol/L retinoid, either alone or in combination with 107 mol/L ATRA. Total RNA was extracted and analyzed by Northern blot technique (10
pg/lane) and hybridized with [3?P]-labeled C/EBPe cDNA as described in Materials and Methods. The same blot was rehybridized with
[32P]-labeled B-actin probe to show RNA loading in each lane; results for HL-60 and NB4 were independently normalized such that expression in
wild-type cells equaled one. HL-60 cells (lanes 1 through 7) and NB4 cells (lanes 8 through 14) were cultured for 48 hours with 107 mol/L retinoid
as follows: untreated control (lanes 1, 8); ATRA (lanes 2, 9); Retinoid C (lanes 3, 10); Retinoid D (lanes 4, 11); Retinoid E (lanes 5, 12); ATRA plus
Retinoid D (lanes 6, 13); ATRA plus Retinoid E (lanes 7, 14). Lower panel: Densitometric quantitation of upper panel. Signal intensity of C/EBPe in
untreated HL-60 cells (lane 1) and NB4 cells (lane 8) were used as the control.

mic cells. Retinoid B activates RARR and Retinoid C activates cells. Those results indicate that AP-1 may not be involved in
RXR/RXR homodimer. These results suggest that neither @he signaling pathway of proliferation and differentiation of
RARy-selective nor a RXR-selective retinoid has a prominentHL-60 and NB4 cells by retinoids.
effect on growth and differentiation of leukemic cells. In our C/EBR is a member of the C/EBP gene family that includes
previous study, other ligands selective for RXR/RXR hom- C/EBRx, C/EBR3, C/EBR, C/EBPy, and C/EBR,?832 and
odimers (SR11236, SR11246, and SR11269) also had littlehese proteins have been implicated in the differentiation of a
effect on inducing the differentiation and inhibiting the clonal variety of mammalian cells, including myeloid cells, adipo-
growth of myeloid leukemic celld In contrast, Retinoid D, cytes, and hepatocytés*® Myeloid progenitors have high
which activates RAR, RARB and RARy, and Retinoid E, levels of C/EBFR, which decreases during granulocytic differen-
which activates both the RARs and R¥Rnhibited the clonal tiation*® while the levels of C/EBRB and C/EBR are low in
growth and induced the differentiation of HL-60, NB4 cells, and early myeloid stem cells and increases during granulocytic
fresh APL cells. Also, the panagonist Retinoid E was slightly differentiation*® Expression of C/EB®is highly restricted to
more potent than Retinoid D. Retinoid D most readily activatedlate myeloblasts and more mature granulocytic ¢&i8.Re-
RARB>>RARy>>RAR«a (Table 1); and some investiga- sults of experiments using cotransfection of the human CEBP
tors'344have found weak expression of RBRn HL-60 cells,  expression constructs with CAT-reporter vectors containing
which possibly could explain why Retinoid E is more potent myeloid-specific c-mim and human myeloperoxidase promoters
than Retinoid D. Furthermore, inhibition of colony formation suggested its role as a transcription factor in the regulation of a
and induction of differentiation were markedly augmented bysubset of myeloid-specific gen&s.Our data showed that
the combination of these analogs with ATRA. These results aréATRA, Retinoids D and E induced the expression of C/EBP
reminiscent of our prior stud§?! showing that the panagonist and the combination of either Retinoids D or E with ATRA
9-cisRA was more potent than ATRA, which activates the augmented the expression of C/EBPhese results suggest that
RARs. These findings may be explained by the work of Nagy ethe RAR/RXR pathway has a more important role in the
al,**who suggested that activation of the RAR pathway inducedexpression of this myeloid-specific transcription factor than the
differentiation, thereby making the cells responsive to inductionRXR/RXR pathway. In other experiments, we found that
of apoptosis through activation of the RXR pathway. However,retinoids can directly enhance the transactivation of C/&8P
we show that Retinoid E (panagonist) plus ATRA (RAR because upstream of the C/EBfene is a retinoic acid response
selective) markedly and synergistically induced differentiationelement, which can bind RAR/RXR, and when this sequence
of HL-60 cells as measured by expression of CD11b. Thus, thavas placed before a reporter gene, C/EBRreased transacti-
enhanced effect of these analogs does not rely on one retinoidation in the presence of retinoid agonists (data not shown).
stimulating differentiation and the other causing apoptosis. We have also investigated the antiproliferative potencies of
We found that Retinoid A, which is reported to inhibit the synthetic retinoids in different cancer cell subtypes. For
selectively the AP-1 activity, but not activate transcription from example, the highly RXR-selective Retinoid C had no effect on
a RARE?' had very little effect on either the clonal proliferation HL-60 promyelocytic leukemic cells, but markedly inhibited
or the differentiation of either HL-60, NB4 cells or fresh APL the clonal growth of LNCaP prostate cancer cells (data not
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shown). Furthermore, the RARselective Retinoid B promi- JA, Evans RM: Retinoid X receptor-COUP-TF interactions modulate
nently inhibited growth of MCF-7 breast cancer cells, but hadretinoic acid signaling. Proc Natl Acad Sci USA89:1448,1992
little activity against either HL-60 or LNCaP cells (data not 16. Yang N, Schule R, Mangelsdorf DJ, Evans RM: Characterization
shown). Furthermore, the DU-145 prostate cancer cells wer@f DNA binding and retinoic acid binding properties of the retinoic acid
recalcitrant to all the retinoids (data not shown). Prior studies ©CePtor- Proc Natl Acad Sci USA 88:3559, 1992 .

. 17. Levin AA, Sturzenbecker LJ, Kazmer S, Bosakowski T, Husel-
have shown that each of these cell lines express each of th[e !
tinoid receptor&25LThe reason for the differential sensitivity o C. Allenby G, Speck J, Kratzeisen CL, Rosenberger M, Lovey A,
re p o . o Yy Grippo JF: 9-cis retinoic acid stereoisomer binds and activates the

of the_se cells to this array of analogs requires additional,clear receptor RX® Nature 355:359, 1092

anglyss. These results |_nd|cated tha_t a _dlfferent c_Iass of 18. Heyman RA, Mangelsdorf DJ, Dick JA, Stein RB, Eichele G,
retinoids may have selective therapeutic efficacy for differentevans RM, Thaller C: 9-cis retinoic acid is a high affinity ligand for the
types of cancer cells. In summary, we showed that severaletinoid X receptor. Cell 68:397, 1992

retinoid combinations may offer greater therapeutic activity 19. Sakashita A, Kizaki M, Pakkala S, Schiller G, Tsuruoka N,

than when the retinoids are used alone. Tomosaki R, Cameron JF, Dawson MI, Koeffler HP: 9-cis-retinoic acid:
Effects on normal and leukemic hematopoiesis in vitro. Blood 81:1009,
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