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[CANCER RESEARCH 61, 2-7, January 1, 2001]

Advances in Brief

Histone Deacetylase-targeted Treatment Restores Retinoic Acid Signaling and
Differentiation in Acute Myeloid Leukemia*

Fabiana F. Ferrara,2 Francesco Faz? Andrea Bianchini, Fabrizio Padula, Vania Gelmetti, Saverio Minucci,
Marco Mancini, Pier Giuseppe Pelicci, Francesco Lo Coco, and Clara Ner¥i
Departments of Histology and Medical Embryology [F. F. F., F. F., A.B., F. P., C.N.] and Cellular Biotechnology and Hematology [M. M., F. L. C.], University of Rome “La

Sapienza,” 00161 Rome; Institute of Internal Medicine and Oncological Sciences, 06100 Perugia [V. G.]; European Institute of Oncology, Department of Experimental Oncology,
20141 Milan [S. M., P. G. P.], ltaly

Abstract fusion protein with the nuclear HDAC complex is crucial for its
ability to repress transcription of AML1 target genes and to block
differentiation of hematopoietic precursors (5, 15, 16). Considering
that HDACs are part of a general mechanism of gene silencing and
tional repression and triggers differentiation of acute promyelocytic leu- that myeloid leukemogenesis is consistently associated with ranslo-

kemia blasts, leading to disease remission. We report that transcriptional cations of genes encodln.g. Franscrlptlon factors, _We investigated
repression of RA signaling is a common mechanism in acute myeloid Whether the poor RA sensitivity of nonpromyelocytic AMLs could
leukemias (AMLs). HDAC inhibitors restored RA-dependent transcrip-  réflect an active, HDAC-dependent repression of RA transcription
tional activation and triggered terminal differentiation of primary blasts signaling pathway.

from 23 AML patients. Accordingly, we show that AML1/ETO, the com-
monest AML-associated fusion protein, is an HDAC-dependent repressor
of RA signaling. These findings relate alteration of the RA pathway to
myeloid leukemogenesis and underscore the potential of transcriptional/
differentiation therapy in AML.

Histone deacetylase (HDAC)-dependent transcriptional repression of
the retinoic acid (RA)-signaling pathway underlies the differentiation
block of acute promyelocytic leukemia. RA treatment relieves transcrip-

Materials and Methods

Cell Cultures. Bone marrow and/or peripheral blood were obtained from
23 informed, newly diagnosed AML patients. Cases were classified as
AML-M2 or AML-M4 according to the French-American-British classifica-
tion and showed an initial percentage of circulating blasg&% (17). Cyto-
Introduction genetic analysis and RT-PCR to rule out the presence of the APL-associated

The RA-signaling pathway is involved in the regulation of hemo_ftiziggogenes were performed according to standard methods as described
poietic myeloid differentiation and is altered in APL, resulting in the y937-AML1/ETO (U937 AE) cells were obtained by electroporation
blockage of the differentiation of leukemic blasts (1-5). The APLinto U937 cells of an HA-tagged AML1/ETO cDNA generated and subcloned
specific RARx fusion proteins PML/RAR and PLZF/RARy bind to  into the Zr? *-inducible mouse MT-1 promoter as described (15, 21). Different
and constitutively repress promoters of RA target genes via aberraadmycin-selected clones were screened for AML1/ETO expression before
recruitment of multi-subunit complexes containing HDAC activitiesand after ZA* treatment using an anti-HA antibody (BabCO). The U937
HDACs induce deacetylation of nucleosomal core histone tails, leddT-MHA-AE clone 16 was selected because of its almost undetectable
ing to a chromatin conformation that correlates with gene silencing @fpress'on of AMLI/ETO prior to Zfi treatment and high and persistent (up
7). Consistent with a model in which HDACs are crucial moleculal’ 96 h) expression after Zn treatment.

. . AML blasts and cell lines Kasumi-1 (AML-M2), U937 (AML-M5), and
targets of APLs, treatment with HDAC inhibitors and/or RA revertﬁl%?-AE were maintained in RPMI 1640 supplemented with 50 units/ml

the blockage of differentiation of APL blasta vitro and induces penicillin, 50 ug/ml streptomycin, and 10% FCS at 37°C in a humidified
disease remissiom vivo by inhibiting or releasing, respectively, theaimosphere containing 5% GOAML blasts were treated with the HDAC
HDAC-RAR« fusion repressor complex (8—11) inhibitors TSA (WAKO Chemicals) or sodium phenylbutyrate (Sigma) for 1 h
APL accounts for~5-10% of AMLs (12). All other AML subtypes before the addition of RA (Sigma) and during the RA treatment.

express RARs but are not sensitive to RA action on differentiation Cell Proliferation and Differentiation. Cell proliferation and differentia-
(13, 14). It is not known whether such unresponsiveness is a conél were evaluated and quantified by direct cell counting (trypan blue dye
quence of the leukemic state or whether it reflects an active repress‘?éﬁ'“s'_on method) using a hemocytometer chamber, light microscopy mor-
of the RA-signaling pathway. Aberrant histone acetylation also resu gologmal examination of Wright-Giemsa-stained cytospins, NBT dye reduc-

. 10n assay (at least 500 morphologically intact cells per experimental condition
from chromosomal rearrangements associated to other AML subs re counted and corrected for viability, measured by trypan blue exclusion

In 1(8;21) AML, for example, a stable association of AMLL/ETOyethod), cell cycle analysis of cells stained with propidium iodide, and direct
immunofluorescence staining of CD11b cell surface myeloid-specific antigen
Received 8/28/00; accepted 11/13/00. (Coulter Epics XL flow cytometer; Beckman Coulter) as described previously
The costs of publication of this article were defrayed in part by the payment of page1, 22).

charges. This article must therefore be hereby maddertisemenin accordance with . . . .
18 U.S.C. Section 1734 solely to indicate this fact. Analysis of Acetylated H3 and H4 Histones.AML blasts were fixed in

1F.F. and A. B. were supported by fellowships from Associazione Italiana Ricerca sHP0% methanol at room temperature for 5 min, followed by acetone for 2 min
Cancro (AIRC) and Federazione ltaliana Ricerca Cancro (FIRC), respectively. This watk —20°C, and incubated with anti-acetylated histone H3 antibody (Upstate
was Supported by A|RC, Associazione ltaliana Contro Le Leucemle—Llnfoml, A”.Biotechno'ogy) according to the manufacturer’s protocoL |mmun0ﬂuores_

M|r12|stero dell'Universita e Ricerca Scientifica e Tecnologica, and Ministero delIaSamtgence was detected using a Zeiss Axioplan fluoromicroscope (Zeiss s.p.a.).
The authors contributed equally to the work.

3T whom requests for reprints should be addressed, at Department of Histology &f4nunoblot analysis of total cell homogenates (&§) was performed using
Medical Embryology, University of Rome “La Sapienza,” 00161 Rome, Italy. E-mailan anti-acetylated H4 antibody (Upstate Biotechnology) as described (22).
clara.nervi@uniromal.it. Immunoreactivity was determined using the ECL method (Amersham).

4 The abbreviations used are: RA, retinoic acid; APL, acute promyelocytic leukemia; f : ot
RARq, retinoic acid receptorr; HDAC, histone deacetylase; AML, acute myeloid Transient Cotransfection of AML Blasts and Transactivation Assays.

leukemia; RT-PCR, reverse transcription-PCR; NBT, nitroblue tetrazolium; GAPDHYML blasts were transiently transfected with tBRARE;-tk-Luc, the TRE2-
glyceraldehyde-3-phosphate dehydrogenase; TGase, transglutaminase. tk-Luc, or the RARBpr-Luc reporter (23, 24) by electroporation using a
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Gene-Pulser Il apparatus (Bio-Rad). pcDNA3 expression vector (mock) or Table 1 Morphologic and genetic features of primary blasts from AML patients
pcDNAS3s containing ETO, HA-AML1, or HA-AML1/ETO cDNAs (15, 25) Differentiatior?
were cotransfected with the above-described reporters in U937 cells. The (5-day cultures)
plasmid encoding-galactosidase (pS)gal) was cotransfected and used as Patient

internal control and for normalization of reactions. Six h after electroporation; FAB® Karyotype TSA RA_RA+ TSA
I for 16 h. | h i he Lucif A 1 M4 NN° + ++ +++
ch stere treated olr 6. , lysed, ?d th elz assayed using the Luciferase Assay > M4Eo Inv(16)(p13022) i N AN
it (Promega) or_] a luminometer (Bert O_ )- 3 M2 Complex aberratiofis ++ + ++++
RNA Preparation and RT-PCR Analysis. Total RNA was extracted from 4 M4 del(20)(q13) + 44+ F 4+
Ficoll-Hypaque-isolated AML patient blasts as described (18). One microgram 5 M2 NN ++ + +++
of total RNA was heated at 65°C for 10 min and used as a template for g mz Hm o i +++++++
first-stra_nd cDNA (cDNA) synthesis using SuperScript Il RNase H Reverse g M4 NN + i .
Transcriptase and random hexamers as primers (Life Technologies). cDNAs g M2 No mitoses + T+ R
were amplified for a total of 30 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C 10 M2 NN + ++ +++
for 45 s. Each PCR reaction containegtlbf the cDNA, 0.2 nm deoxynucle- 11 M4 1(10;11)(q23;p14) e + tte
ide triphosphates, 1.5mMgCl,, and 2.5 units of PLATINUM Taq DNA 12 M2 Not avallable N T
otide triphosphates, 1.5wmMgCl,, - JM Tagq DN/ 13 M2 del(4)(q21;26) + + ot
Polymerase (Life Technologies). The RARnd AML1/ETO primers used in 14 M2 1(8;21)(q22;92%) ot ++ 4+
the reactions have been described previously (18, 26). The following oligonu- 15 M2 No mitoses + + +++
cleotides were used foRARB and GAPDH transcripts: sense, 5'-AAGCT 1‘75 mg m +++ j: +++++++
TGTCG ACGCC ACCAT GTTTG ACTGT ATGGA TG-3', and antisense, 18 M4 NN T4 " gt
5’-AGCCC TTACA TCCCT CACAG-3'for RARB; sense, 5-CGGGA 19 M2 1(8;21)(q22;922) + T4 4+
AGCTT GTGAT CAATGG-3’, and antisense, 5'-GGCAG TGATG GCATG 20 M2 NN + + +++
GACTG-3', for GAPDH (used as an internal control). PCR products were 21 M2 NN + ++ e
lectrophoresed on a 1.2% I. Blot hybridized with end-labeled 22 e N ThorE e
electrophoresed on a 1.2% agarose gel. Blots were hybridized with end-labeled 55 M2 No mitoses + + .

5’ primers using °PJATP and T4 kinase (Life Technologies). Radioactivities— FAB, French-American-British classification.

were detected using a Fuji BAS1800 scanner (Raytest) and analyzed b piterentiation (as evaluated by morphologic criterig); 10—20%:++, 20—40%:;

Advanced Image Data Analyzer (Raytest). +++, 50—80%;+ +++, 80—100% more mature metamyelocytes and granulocytes than
TGase Activity Assay. The TGase activity assay was performed on totaﬁOfltm' cultures. ) ) i

homogenate as described previously (22) by measuring the incorporatior“(of NN,_normaI karyotype. A_II cases with no detectable aberrations by coqvent|onal

3 . . . . L . aryotyping were also negative by RT-PCR and Southern blot for the fusion genes

[PH]putrescine (12.6 Ci/mmol; Amersham Corp.) into casein in duplicate @iy /raR:, CBFB/MYH11, DEK/CAN, BCR/ABland MLL rearrangements.

triplicate cultures. 944, XX,der(1)ins(1;3)(p21;9?)t(1;17)(q21;p12),der(8)ins(8;3)(q12);(q?)ins(8;1)(9?;

q),der(11)ins(11;12)(p14;p13),dic(12;20)(p13;p12),-17.
©46,XY/46,XY(8;21)(q22;q22)/46 idem del(9)(q13q22)/45,X,Y,t(8;21)(q22;q22)/45,

Results and Discussion idem, del(9)(q13q22).

Primary blasts from the peripheral blood and/or bone marrow of 23
newly diagnosed (non-APL) AML patients were included in thistaining of the nucleus (Fig.a2. Immunoblot analysis using an
study. The morphologic and genetic features of AML blasts are shownti-acetylated histone H4 antibody (Figh)Zhowed that combined
in Table 1. None of the blasts expressed the APL-associated fustomatment with RA and TSA or sodium phenylbutyrate (another in-
proteins, as determined by RT-PCR using specific primers for tihéitor of HDACs already used in clinical trials), strongly induced
PML, PLZF, and RAR: sequences (Refs. 18, 20; data not shown).acetylation of histone H4. Together, these results suggest that myeloid

AML blasts were treated for 5 days in culture with RA and TSA adifferentiation induced by RA+ TSA might be the consequence of a
single agents or in combination, and then evaluated by morphologmmbined effect at the level of RA target promoters: transcriptional
criteria, NBT dye reduction assay, and the frequency of apoptotic cellsrepression by TSA and transcriptional activation by RA.

(as determined by fluorescence-activated cell sorting of propidiumTherefore, we investigated whether TSA affects RA-induced acti-
iodide-stained nuclei). Treatment with RA or TSA as the sole agevation of RA target genes in AML blasts. In a first set of experiments,
induced moderate or no morphological differentiation (see Figol we evaluated the capacity of TSA to modify the RA response of RA
one representative case). Remarkably, the combined+RASA target promoters transiently transfected into AML blasts. For this
treatment induced the appearance of cells with metamyelocyte-pourpose, we used two reporter constructs: (a) BARLuc, which
neutrophil-like morphology and increased the NBT positivity up teontains the entire promoter regior§ kb to +155 kb) ofRAR3
60—-80% (Fig. 1 and Table 1). The frequency of apoptotic cells afteloned 5'to the luciferase reporter gene; and, RARE;-tk-Luc,

5 days of treatment with RA+ TSA did not exceed 10-20% aswhich contains three copies of thrBRARE direct repeat sequence
evaluated by fluorescence-activated cell sorting of propidium iodidé®R5) of the RARB, promoter, cloned 5to the thymidine kinase
stained cells (eight cases tested; data not shown). Therefore, it apppasmoter and the luciferase ger®ARB is a natural RA target gene.
that RA + TSA induced terminal myeloid differentiation in blastslts induction has been proposed as a general mechanism by which
from all of the 23 AML cases tested, independent of the presencerefinoids inhibit growth and induce differentiation in cancer cells (27).
a specific genetic lesion. The kinetics and extent of morphologic agRARE is the strongest natural RA-responsive element present in the
functional differentiation of AML blasts after treatment withpromoter region of several RA-responsive genes (23, 27, 28). Exper-
RA + TSA were comparable with those of five APL cases treated iments were performed on six different AML cases, using both pro-
parallel with RA as a single agent (not shown). moters. Pharmacological doses of RAK) increased3RARE;-tk-

To investigate whether the effect of TSA correlated with modifiLuc activities and RABpr-Luc ~2.5-3.5-fold. In the presence of
cations of histone acetylation in AML blasts, we evaluated the stati®—100 ng/ml TSA, the magnitude of the RA response of the
of acetylation of histone H3 or H4 by immunofluorescence anBRARE;-tk-Luc and RARBpr-Luc promoters increased10-20-fold
Western blotting analysis, respectively, using specific antibodies. &amd 6-9-fold, respectively (Fig. 3a).
untreated AML blasts, acetylated forms of histone H3 were almostWe next evaluated the capacity of RA and TSA to activate tran-
undetectable, whereas they became detectable after treatment withdedption of endogenous RA target genes. Four AML cases were
or TSA used as single agents. Combination treatment oHRRSA  analyzed for the effects of TSA and RA on the expression of the RA
further increased acetylation of histone H3, as shown by the markadget genefRARx and RAR3 (27). Expression oRARx and RAR3
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Transcriptional activation of RA target genes by RA TSA
correlates with the correction of a crucial component of the leukemic
phenotypee.qg..the differentiation block. Thus, transcriptional repres-
sion of RA target genes in AMLs might be part of the same mecha-
nism(s) that lead to transformation. Because different genetic events,
the majority of which are still unknown, underlie myeloid leukemo-
genesis, repression of RA target genes might be a common event in
AMLs. To investigate this possibility, we evaluated the ability of TSA
to confer sensitivity to RA-induced differentiation in cells expressing
the AML-associated fusion protein AML1/ETO. It has been shown
that AML1/ETO represses transcription of AML1 target genes and
myeloid differentiation by an aberrant recruitment of a complex
containing HDAC activity (5, 15, 16).

We therefore evaluated the biological response to RA and TSA of
the Kasumi-1 cell line, derived from an AML-M2 patient with the
t(8;21) translocation and expressing the AML1/ETO fusion product.

b AML#2 AML#3 AML#4  AML#14 In this cell line, the level of AML1/ETO expression is comparable
o ® o™ B¢ ,vw V"B with that detectable in blasts from t(8;21) AML patients (see cases
g ege ‘.‘ ’.’.. ™ ‘:é p B O w, AML 14 and AML 19 in Fig. 4a). Four days dh vitro treatment with
o g K ® b oV ¢ v @ d W 4 RA or TSA as single agents induced a modest effect on the growth
< - :
B X e L
5 Je® S¥ S s *58
5 ® O fle e oL I a o Ac-H3
C
80, AML#5 #6 #7 #8 # 4; 4 AML#4 AML#14
) L -
= T (=)
8 e0 % g f =
o Y N 1 c
2 1 N T T 0
S 40 / .‘K N =pd U
0 N 11 %
e f NN MU M
t 20 W\ A 1)
il N 3
°\° 0 /] \\> AV 48% // Vi
TSA 383 ©285°383 “a82 “2°2 “a°c "2 2 “=°2
RA RA RA RA RA RA

Fig. 1. Combination treatment with HDAC inhibitors and RA induces terminal differ-
entiation of primary AML blastsa, Wright-Giemsa staining of blasts isolated from a
newly diagnosed AML patient (Table patient 1) treated for 5 days with 100 ng/ml TSA
alone, 1um RA alone, or with both agents as indicatéd morphologic differentiation of
blasts from four other representative AML cases (Tablpatients 2—4, and4) induced
by treatment with Jum RA + 100 ng/ml TSA (RA+ TSA) for 5 days. Untreated cells are
shown as controlsc, percentage of differentiated cells determined by NBT reduction
assay in four representative AML cases (Tablgdtjents 4—8, and4).

RA

was evaluated by semiquantitative RT-PCR analysis performed on
total RNA prepared from AML blasts before or after treatment for
16 h with RA, TSA, or RA+ TSA. Results revealed no modification

of the levels ofRARx and RARB mRNA transcripts by TSA, slight
up-regulation by RA alone, and significant up-regulation by

RA+TSA

RA + TSA treatment (Fig. 3y andc, and data not shown). Similarly, b AML#10 #4 #14
RARa and RAR3 mRNA transcripts were up-regulated by -
RA + TSA in two AML-M2 cell lines, HL-60 and Kasumi-1 (data not aAc-cH4 = "o El . ..e e

shown). We then measured cytosolic type Il TGase activity in four ¥y in SRESEEEN e BEE
AML cases, two of which are shown in Fig. 3@lype Il TGasds a & p-tubuliy !!QQ !. "
RA"+~"+-+"% “+=+ =+"-+

gene transcriptionally regulated by retinoids and recently shown to be . —= —
a marker of RA-induced differentiation in APL cells (8, 22). Type I TSA Butyrate TSA TSA
TGase activity was strongly up-regulated after 3 days of treatment

; ; ; ; Fig. 2. Effect of HDAC inhibitors and RA on accumulation of acetylated histone H3
with RA + TSA (Fig. 3d). Therefore, it appears that TSA potentiates, |\ Al biasts. Immunofiuorescence analysis (a) and immunoblot analysis (b) of

the RA induction of endogenous RA target geesRy, RARB, and  the acetylation status of histone H3 and H4 in fresh blasts from representative AML cases
type Il TGase, strongly suggesting that the promoters of RA-respdhable 1 patients 4,10, and14) treated with the HDAC inhibitor TSA (100 ng/ml) and/or

g d in AML blasts Vi hani . | :RA (1 um) as indicated for 16 h. Immunofluorescence and immunoblot analyses of
sive gene?‘ .gre repressed in asts via mechanisms invo V'chatylated histone H3 and H4 were performed using anti-acetylated historeAt3H3)
HDAC activities. and H4 @ Ac-H4) antibodies, respectively. B-tubulin, antiB-tubulin antibody.
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100 f

Fig. 3. Inhibition of HDAC activities affects RA signaling on
RA-responsive promoters and RA target genes in AML blasts.
TSA cooperates with RA to activaBRARE;-tk-Luc and RARBpr- 50 - '
Luc reporters transiently transfected in primary blasts from AML i%‘

£l

GPDH = = == ==

a AML#11 AML#12 AML#13 AML#4 b AML#4

£ .00 BRARE3-tk-LUC RARPpr-LUC RA - + - +
2 : - TSA - -+ _+
E 1o 7 £Z] +RA RARa e
E ' RARp

£

o

=

o |

/
1
92%8% 03. AML#10 AML#14

7 |
patients. Thewumberscorrespond to AML cases described in Table ‘5‘
1. Filled and hatched column#ndicate luciferase activities in the o
absence or presence of RA (M), respectively. In primary AML enoe s oneas cuogs cSnupas g‘.‘
blasts, TSA (100 ng/ml) potentiates RA 1) induction of RARx b3t TSE mi ol 0.2
and RARB mRNA expression (landc) and type |l TGase activity (ng/ml) 3 »
(d). GPDH, glyceraldehyde-3-phosphate dehydrogerBaes, SD. c o o
AML#13 AML#14 oz
FEO01
RA- - + + - - + + =0
TOA - * - % - % - # 3=
RARB - -~ P 00
GAPDH ™= == s o oo o e o RA (1 pM) -+ -+ - . I

TSA(ng/ml) 100 0550 0550

and differentiation properties of Kasumi-1 cells. Combinedesponse to physiological concentrations of RA (1-kQFig. 4b).
RA + TSA treatments, instead, caused growth arrest, accumulationidife calculated EE, values (concentrations that give 50% efficacy)
cells in the G phase of the cell cycle, and increased NBT positivitfjor BRARE;-tk-Luc transactivation potency of RA as sole agent
and expression of differentiation marker CD11b (Table 2). In addind RA + TSA were 240 and 9 m, respectively. In Kasumi-1
tion, flow-cytometric analysis of propidium iodide-stained cells recells, TSA greatly increased the effects of RA treatment on acety-
vealed only a moderate increase in the frequency of apoptosis (&tion of histones H3 and H4 and type Il TGase activity (data not
10%) after treatment with RA- TSA (not shown). shown and Fig. 4c These findings, together with the results
We next evaluated the RA transcriptional response in Kasumiebtained in blasts from two AML patients (AML patients 14 and
cells. Analysis of the transfecte@RARE;-tk-Luc promoter 19) expressing the AML1/ETO fusion (Figs. 1-4 and data not
showed slight up-regulation1.2-fold) by pharmacological dosesshown), strongly suggest that RA signaling is repressed in AML1/
of RA (1 um) as single agent and strong up-regulation (15-fold) b TO-expressing cells and that this repression can be relieved by
the combined treatment with TSA (50—100 ng/ml; Fid).4In inhibition of HDAC activity. Thus, AML1/ETO might act as a
contrast, in the presence of similar concentrations of TSA, R#anscriptional repressor of the RA pathway.
treatment did not significantly affect the activity of the TRE- To investigate this possibility more directly, we measured the
Luc reporter gene (a synthetic reporter containing the palindroneéfects of AML1/ETO expression on RA response using U937-AE
sequence TRE, which mediates both RA and thyroid hormowells, which express the AML1/ETO cDNA under a*Zninducible
transactivation; Refs. 27, 28). A ligand-dependent assay show@omoter, or U937 cells transiently transfected with the HA-AML1/
that doses of TSA of 100 ng/ml also restor8RARE;-tk-Luc ETO cDNA (see Fig. 4dor Western blotting analysis of U937-AE or

o

c
Fig. 4. Expression of AML1/ETO, the AML- s KASUMI-1 KASUMI-1

n
8
- N W A O

3
S
X
w
Luciferase activity
(dpmiyg x 107)

Type Il TGase activity

fo

-4
w
>

associated fusion protein, induces transcriptional re- Ak RAREa-tk-LUC
pression of RA signaling that is reverted by inhibiting - Tﬁz':; 2o -3 Far
activate BRAREg-tk-Luc reporter, but not the syn-
thetic TRE-tk-Luc transiently transfected in the AJE -

-~
dent assay indicates that 100 ng/ml TSA restores the TSA (na/ml I RAL(M
activation of BRARE;-tk-Luc reporter by physiolog- ( 9 ) °g [ ]’t ’
U937-AE and U937 transfected cells were quantified U937 AE N \:\ o
by immunoblot analysis using anti-HA and anti-ETO _zn 4zn @0"@' é v},@

as described (26)b, TSA cooperates with RA to
ence of RA (1uwm), respectively. A RA dose-depen-
sion levels of AML1, ETO, and AMLI/ETO in U937
Zn +Zn -Zn +Zn Mock AML1b ETO AE

HDAC activities.a, expression levels of AML1/ETO E [Z1+RA 0 +TSA
i i 1 +
mRNA in cell lines and AML blasts (patients 14 and g U937 AE 400
D
=
AML Kasumi-1 cell line, which expresses the AML1/ l |
ETO fusion product.Filled and hatched columns GPDH oo e e e s 0
ical RA concentrations (1-10m) in transfected Ka-
sumi-1 cells.c, TSA cooperates with RA to induce ¢ e BRARE3-tk-Luc
antibodiese, effect of 1um RA, 100 ng/ml TSA and
RA + TSA in induction of the reporteBRARE;-tk- ; - AE

19) were detected by RT-PCR using specific primers

indicate luciferase activities in the absence or pres- °'°238 omggg oglqwgrﬁl

type Il TGase activity in Kasumi-1 cellsl, expres- U937-MT U937-AE uo37
Luc transiently transfected into U937, U937-MT, or

the U937-AE clone expressing AML1/ETO under the P e

control of the Z& "-inducible mouse MT-1 promoter. — AML1
Openandhatched columnindicate luciferase activ-

ities in the absence or presence oPZn(100 um), . ETO
respectively.

Relative luciferase activity
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AML DIFFERENTIATION BY HDAC TARGETED TREATMENT

Table 2 Combined effect of RA TSA on growth and differentiation of Kasumi-1 cells regardless of their underlying genetic alteration, the RA-signaling

This experiment is representative of three that gave comparable results. pathway is constitutively repressed through an HDAC-dependent
Cell cycle phase mechanism and that inhibition of HDAC activities restores the
Treatment Viable cells CD11b NBT - : fat FRH ;
(4 days) (x 10°) (AU)? %) G, P G RA-dlfferent}atlor) response. T_hese results indicate tha@ repression
of the RA-signaling pathway is a general pathogenetic event in
Control 10.9 11.8 81 541 339 119 .
TSA (50 ng/ml) 11.4 10.7 189 540 336 125 AMLs and that HDACs are common targets for AMLs, highlight-
RA (1 pm) 9.1 155 227 574 26.0 16.6 ing the possibility of transcriptional/differentiation therapy in
RA + TSA . 6.8 24.8 625 67.2 244 84  AMLs other than APL.
AU, arbitrary units. Butyrate has been used as single agent in the treatment of an AML

patient resistant to conventional chemotherapy, and was shown to
trigger terminal differentiation of leukemic blasits vivo (33). The
AML1/ETO-transfected U937 cells). In the absence of AML1/ETQisage of butyrates and their derivatives as HDAC inhibitors, however,
expression, (Fig. 4&)937-MT,U937-AE—Zn, andU937 Mock), the is limited by their poor specificity, as well as by their transient and
activity of the BRARE,-tk-Luc promoter was induced-50-fold by reversible activities. Indeed, high drug plasma concentrations must be
RA and potentiated by TSA by a factor of 10. Strikingly, the inductiosustained to obtain a biological effect (11). In contrast, TSA is a
of AML1/ETO expression in these cells led to a marked reductidfighly specific, stable, and potent HDAC inhibitor. We recently
(~75%) of the RA-induced transactivation of tfBRARE;-tk-Luc.  demonstrated thatin vivo ” modulation of gene transcription by
Notably, TSA treatment relieved transcriptional repression by AMLIhicromolar concentrations of TSA is not toxic in adult mice and does
ETO (Fig. 4e). Thus, it appears that in myeloid cells B®RARE  not perturb mouse embryonic or postnatal developrfiehereby
element, which is present in promoters of RA target genes, includisgggesting that TSA might represent a useful agent for transcriptional/
myeloid genes (1), is activated by the combined RASA treatment differentiation therapy in AMLs.
and is repressed by AML1/ETO expression.
To evaluate the specificity of the effect of AML1/ETO on theAcknowledgments
RA-signaling pathway, we next analyzed the effects of AML1, ETO, ] ) ]
and AML1/ETO on RA-dependent transactivation. To this end, we Wefgra;:elfufllyl agknowlec(ijgz' F. Gr.|gna\r;\|l, C. C_thdsut,)tA[.j tLe\I/:m.Mandd '\I/::A' §
performed cotransfection experiments in U937 cells using the expr Nz for hefpiul advice and discussion. YWe are indebled 1o . Vandet an
. t for ETO. AML1B AML1/ETO and theRARE.-tk . C. Petti (Department of Cellular Biotechnology and Hematology, Univer-
sion vectors tor ! » or and thg! 87 sity of Rome “La Sapienza”, Rome, Italy) for providing patient samples.
Luc promoter. Relative AML1, ETO, and AML1/ETO expression
levels in U937-AE and U937 transfected cells were measured R¥ferences
immunoblotting analysis using an anti-HA (recognizing HA-AML1 _ -
. L. . Tenen, D. G., Hromas, R, Licht, J. D., and Zhang, D. E. Transcription factors, normal
and HA-AML1/ETO) or an anti-ETO (recognizing OvereXpressedl myeloid development, and leukemia. Blo@f): 489-519, 1997.
ETO, but not the AML1/ETO fusion) antibodias shown in Fig. 4d 2. Lawson, N. D., and Berliner, N. Neutrophil maturation and the role of retinoic acid.
: . _ Exp. Hematol.27: 1355-1367, 1999.
(f_or arepresentative eXp_enment)' Results showed &)ai\(e_rexpres 3. Labrecque, J., Allan, D., Chambon, P., Iscove, N. N., Lohnes, D., and Hoang, T.
sion of ETO or AML1 did not repress RA- or RA TSA-induced Impaired granulocytic differentiation in vitro in hematopoietic cells lacking retinoic
BRARE;-tk-Luc activity (Fig. 4e; a slight increase BRARE;-tk-Luc acid receptorscl andy. Blood, 92: 607-615, 1998.
tivit fter ETO . hiiaduct £ AML1/ 4. Du, C., Redner, R. L., Cooke, M. P., and Lavau, C. Overexpression of wild-type
activity was s_een arter eXpreSS|_on)' ahyligduction o retinoic acid receptak (RAR) recapitulates retinoic acid-sensitive transformation of
ETO expression by A7 treatment (in the U937-AE clone) or by  primary myeloid progenitors by acute promyelocytic leukemia RARsion genes.
i ion (i Blood, 94: 793-802, 1999.
tran§|ent transfection (into the pa.lrentalll U937 cells) strongly repress%q Redner, R. L., Wang, J., and Liu, J. M. Chromatin remodelling and leukemia: new
RA-inducedBRARE;-tk-Luc activity (Fig. 4e). Taken together, these " herapeutic paradigms. Blooi4: 417428, 1999.
results suggest that AML1/ETO (but not AML1 or ETO), when6. Xu, L., Glass, C. K., and Rosenfeld, M. G. Coactivator and corepressor complexes in
; ; e o uclear receptor function. Curr. Opin. Genet. Déz.140-147, 1999.
eXpressed in myelOId cells, acts as a SpeCIfIC transcrlptlonal repress?(f)lrll<ouzarides, T. Histone acetylases and deacetylases in cell proliferation. Curr. Opin.
of the RA pathway. Genet. Dev.9: 40—48, 1999.
Indirect evidence suggest that common mechanisms underlﬁe?figf}?ﬂ:\}l F'ﬁe[iﬁ ’\g?tt:/:& FS-v Nervé CF ;Omﬁsfonsi’ L., Gélmgtt_i’ V-'_C'i:OCfll_’ M.,
. L . . anelll, M., Rutharat, ., Ferrara, . ., Zamir, ., seiser, C., Grignani, ., Lazar,
myelo.|d le"IkemOQengS'S'aX. The. genes involved in the AML- M. A., Minucci, S., and Pelicci, P. G. Fusion proteins of the retinoic acid receptor-
associated translocations invariably encode transcription factorsrecruit histone deacetylase in promyelocytic leukaemia. Nature (Lod@i1y,815—

818, 1998.
(g, AML.l’ CBFB, RARa, MLL’ 9300' CB.P’ HOX gen.es’. an.d 9. Lin, R. J., Nagy, L., Inoue, S., Shao, W., Miller, W. H. J., and Evans, R. M. Role of
EVI1), which are physiologically involved in hematopoietic dif- = e histone deacetylase complex in acute promyelocytic leukaemia. Nature (Lond.),

ferentiation and cooperatively regulate promoters or enhancers391:811-814, 1998.

: i : 10. He, L. Z., Guidez, F., Tribioli, C., Peruzzi, D., Ruthardt, M., Zelent, A., and Pandolfi,
pre;ent On, myelOId SpeCIfIC ,genes (1’, S, 12)))' Accummatlon of . P. P. Distinct interactions of PML-RA&Rand PLZF-RARx with corepressors deter-
undifferentiated precursors is a prominent feature of the myeloid mine differential responses to RA in APL. Nat. Gené8; 126135, 1998.
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15, 16), suggesting that modification of the chromatin structure . Chomienne, C., Ballerini, P., Balitrand, N., Daniel, M. T., Fenaux, P., Castaigne, S.,
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