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[CANCER RESEARCH 59, 2766-2769, June 15, 1999]

Advances in Brief

Inhibitors of Histone Deacetylase Relieve ETO-mediated Repression and Induce
Differentiation of AML1-ETO Leukemia Cells

Jianxiang Wang,! Yogen Saunthararajah! Robert L. Redner, and Johnson M. Liu?

Hematology Branch, National Heart, Lung, and Blood Institute, Bethesda, Maryland 20892 [J. W., Y. S., J. M. L.], and Department of Medicine, University of Pittsburgh School of
Medicine, Pittsburgh, Pennsylvania 15213 [R. L. R.]

Abstract presence of pharmacological doses of RA. Thus, in the presence of
] ) ] ~ physiological levels of RA, PML-RAR continues to repress transcrip-
The (821) translocation, found in 12% of acute myeloid leukemia 4, from RA-dependent genes. In the t(11;17) variant of APL, this
(AML), creates the chimeric fusion product, AML1-ETO. Previously, we situation is exacerbated: the PLZF-RAR fusion binds N-CoR at a

demonstrated that the ETO moiety recruits a transcription repression d I d-ind dent sit d thus b fituti
complex that includes the histone deacetylase (HDAC1) enzyme. Here, weS€CONd, ligand-inaependent site an us becomes a constitutive re-

used inhibitors of HDACL to study the pathophysiology of AML1-ETO. ~ Pressor of the retino.id—responsive_ genes. Inhibitor_s pf HDAQl can
Both the potent inhibitor, trichostatin (TSA), and the well-known but less ~ reverse N-CoR-mediated repression, and synergistically with RA,
specific inhibitor, phenylbutyrate (PB), could partially reverse ETO-me- reverse the APL phenotype in APL cells (14). On the basis of the
diated transcriptional repression. PB was also able to induce partial success of HDACL1 inhibitors in APL, we asked whether an inhibitor
differentiation of the AML1-ETO cell line, Kasumi-1. With the intention of HDAC1 would alter the leukemic phenotype induced by AML1-
of developing a clinically useful protocol, we combined PB with a number ETQ. We also tested a number of other compounds that have been
of other agents that induced differentiation and apoptosis of Kasumi-1 reported to induce differentiation and/or apoptosis in the t(8;21) AML
cells. In summary, transcriptiqnal repression mediated by AMLl—‘ETO cell line, Kasumi-1 (15), and other AML cell lines. Both G-CSF (16)
appears to pl_ay a mechanistic role in the t(3,21) AML' 'and relief of and dexamethasone (17) have been reported to induce apoptosis of
repression using agents such as PB (alone or in combination) may prove Kasumi-1 cells, whereas arsenic trioxide (18) can induce cell death in
to be therapeutically useful. ! . -

a number of myeloid leukemia lines and has been reported recently to
Introduction induce remission in relapsed APL patients (19).

Approximately 30% of French-American-British (FAB) class M2\jaterials and Methods
AML 2 cases have a translocation between chromosomes 8 and 21,
creating the chimeric fusion product AML1-ETO (1-4). AML1 is a Transcription Repression Assays.The ETO coding region was fused to
transcription factor that regulates the expression of a number of gefft.&sGAL4 DBD in the pFA-CMV plasmid (Stratagene) to create the GAL4-
involved in hematopoiesis, including some of the homeobox-contaiRBP/ETO expression plasmid (11). The luciferase reporter gene was driven by
ing HOX genes known to play an important role in development (5, G?.G thymidine kinase promoter with fovur copies of the GAL4 DNA-binding
The AML1-ETO fusion blockgrans-activation of AML1-dependent “69uence upstream (provided by B. O'Malley, Baylor Medical School, Hous-

ton, TX). NIH/3T3 cells were transfected with the reporter plasmid and 80 ng

target genes (7-10), thereby disrupting the expression of myelopgI%iier GALA-DBD/ETO or the GALA-DBD plasmid (pFA-CMV) by cal-

oxidase, neutrophil elastase, interleukin 3, and GM-CSF, among o}, phosphate coprecipitation. After transfection, TSA (ICN Biomedicals,
ers. Recently, the ETO moiety in the AML1-ETO fusion has beeRc.) or PB (Triple Crown America, Inc., Perkasie, PA) was added to the
shown to interact with the nuclear receptor corepressor (N-CoR)iture medium, and the cultures were maintained for 1636 h and then lysed.
complex (11). This results in recruitment of Sin3 and the histoneiciferase ang3-galactosidase (as internal control of transfection efficiency)
deacetylase (HDAC1) enzyme to AML1-dependent promoters. Higssays were performed as described previously (11).

tone deacetylation is thought to play an important role in transcrip- Differentiation and Apoptosis Induction. The Kasumi-1 cell line (15)

tional repression, and its involvement in disrupting AML1 functio’as cultured in 24-well plates at a concentration of 20° cells/ml in RPMI
may be critical to leukemogenesis in the (8:21) AML media supplemented with 15% fetal bovine serum and treated with PB (in

The model that we and others have proposed whereby a hist PBS), dexamethasone (in ethanol), arsenic trioxide (in PBS), and G-CSF and

. . . %ﬂ\ﬁ-CSF (both in PBS and 0.5% BSA) at the stated concentrations. In
deacetylase is recruited to the local environment by AML1-ETO examethasone-treated cell cultures, the final concentration of alcohol was

repress transcription of genes that would otherwise be activated Py, celis were harvested at day 7 of culture for flow cytometric analysis,

AML1 is analogous to the story that has been unfolding for APL (12ysT-1 tetrazolium dye viability assays, trypan blue exclusion assays, and

13). In APL, the t(15;17)-derived PML-RAR fusion protein interactgytospin preparation.

with the N-CoR/Sin3/HDACL1 repression complex in a ligand-depen- Flow Cytometric Analysis. Cells were subjected to centrifugation and

dent manner; however, the N-CoR complex is released only in thesuspended in 100! of 1 binding buffer (HEPES buffered saline solution

with 2.5 nm CaCl,; R & D Systems, Minneapolis, MN). PE-labeled annexin

Received 1/4/99: accepted 4/28/99. V (PharMingen, San Diego, CA) and fluorescein (FITC)—IabeIgd CD13 (Im-
The costs of publication of this article were defrayed in part by the payment of pafjaunotech, Marseilles, France) were added, and the cells were incubated for 30

charges. This article must therefore be hereby masgdartisemenin accordance with min in the dark at room temperature. After the addition of 4€0of 1X

18 U.S.C. Section 1734 solely to indicate this fact. binding buffer and agitation, flow cytometric analysis was performed using a

1 These authors contributed equally to this work. o
2To whom requests for reprints should be addressed, at Hematology Branch, Natiocn:olu'ter EPICS XL-MCL. Results are reported as the percentage of positive

Heart, Lung, and Blood Institute, 10/ACRF/7C103, Bethesda, MD 20892, Phoﬁ@ﬁlS compared with an isotype control.
(301) 496-2452; Fax: (301) 496-8396; E-mail: LiuJ@gwgate.nhlbi.nih.gov. Viability Assays. Ten ul of WST-1 dye stock (Boehringer Mannheim,

3T|he abbreviations used are:I AML, acute myelogenous IIeukerpia; CSE, C°|°r]Vrdianapo|is, IN) was added to 1Q@ of cell suspension (or media alone as
stimulating factor; G-CSF, granulocyte-CSF; GM-CSF, granulocyte/macrophage-CSF; : . - o o .
HDAC1, histone deacetylase enzyme; APL, acute promyelocytic leukemia; RA, retin%gntron in a 96-well plate. Cells were incubated foh at 37°C, 5% CQprior

acid; RAR, RA receptor; DBD, DNA binding domain; TSA, trichostatin A; PB, phenyl-0 dual wavelength analysis (450 and 600 nm) on a Bio-Rad 3550 Microplate
butyrate; PE, phycoerythrin. Reader. Results were reported in absorbance units.
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Cytospin Preparation. Five hundredgul of cell suspension were deposited 000 Control Butyrate
onto glass slides in a Shandon Cytospin 2 centrifuge. Cells were then stained 1 7] 1000
with Wright-Giemsa stain.

Results

TSA and PB, Inhibitors of HDAC1, Partially Reverse ETO-
mediated Transcription Repression. In transient transfection assays
using a luciferase reporter gene, ETO potently represses transcription
(47-fold repression, as shown in Fig. 1). However, the repression g1 e —— o TR SIS L A S —
effects of ETO were dramatically reduced by the addition of TSA at 0.1 1000 0.1 1000
concentrations of 100 and 20 r(19- and 17.5-fold, respectively; G-CSF Butyrate + G-CSF
Fig. 1A). PB, a well-known but less specific inhibitor of HDAC1, 1000 1000 1 2
could also partially relieve ETO-mediated repression at PB concen-
trations of 1 nm or higher, although dose dependence was not oh;
served (Fig. 1B). These results suggested that inhibition of HDAG1
activity could partially reverse ETO-mediated repression. fa

Differentiation and Apoptosis of Kasumi-1 Cells with PB. ©
CD13 is a pan-myeloid marker, present on mature granulocytes and
monocytes. The proportion of cells expressing the CD13 antigen _ 0.1 ] I
increased from 20% to-60% after 7 days of culture with 1-3wnPB 0.1 1000 0.1 1000
(Fig. 2). Addition of G-CSF had an additive effect on CD13 induction CD 13 CD 13
(Fig. 2). Cytospin preparations of treated cells showed morphologicalrig. 2. scatterplots of CD13 and CD11b expression in Kasumi-1 cells 7 days after
changes of partial monocytic differentiation and apoptosis, particigcubation with 3 nu PB alone, 100ng/ml of G-CSF, and a combination of PB and
larly after treatment with PB and G-CSF (Fig. 3). G-CSF.

In Fig. 4, we have tabulated CD13 expressigrar(el A) and

annexin staining (panel B) in Kasumi-1 cells treated with PB, G-CSF
L . -about half that of control samples. (The lower cell numbers may have
GM-CSF, dexamethasone, and arsenic trioxide alone or in combina-

tion with each other. G-CSE. GM-CSE. and arsenic trioxide alo’g‘%e)en a result of growth-inhibitory properties of PB.) Approximately
produced<10% increases in CD13 expression (compared with u % of annexin-positive cells were also CD13 positive in both PB and

treated controls; Fig.A). Dexamethasone and arsenic trioxide wer((zzOntrOI samples (data not shown).

not as potent as PB in induction of CD13 expression, but they inducerqg-gs':r a:d S'}(Ar;ci':rﬂfiuc?dvzght |n<i|reaases n annegn;)stwér_lrgl
greater apoptosis and decreased cell viability. a ecrease € number o € cells as assessed by )

Apoptosis and cell viability were assessed using annexin-PE st Vil]a_lblhty assays. Combinations of the above agents had additive ef-

ing (Fig. 4B), forward scatter/side scatter profiles by flow cytometryeCtS on induction of apoptosis in Kasumi-1 cells. As assessed by

’ _ 0,
tetrazolium salt cleavage (WST-1), and trypan blue exclusion. IygST 1 assays (data not shown), PB alone produced a 30% decrease
produced a<10% increase in annexin-staining cells over control

ig cell viability, dexamethasone produced a 90% decrease, arsenic
(Fig. 4B), with trypan blue exclusion assays showing cell viabilit

TSR EEEET I T

CD 11b

poenwd vpand 3arond b

PRI BRI RS W

trioxide produced an 80% decrease, and the combination of agents
\r,Jroduced a 98% decrease in cell viability.
Kasumi-1 cells are known to express the CD34 antigen. Dual

A staining with CD13-PE and CD34-FITC was performed to assess
: B. whether increased CD13 expression was accompanied by decreased
80r 80~ CD34 expression (data not shown). Three patterns of CD13 and CD34
70 70 expression were induced by the various agents tested. PB alone
induced CD34-bright/CD13-bright cells, whereas G-CSF and GM-
z z 60~ CSF induced CD34-dim cells without a marked increase in CD13
) » 5oL expression. The potent inducers of apoptosis, dexamethasone and
ﬁ g arsenic, induced CD34-dim/CD13-bright cells. Decreased CD34 and
o & 40- increased CD13 expression correlated with apoptosis induction; live
@« e« L cells (as indicated by forward scatter/side scatter) maintained a CD34-
[a) o 30 . : . .
a a bright phenotype without increased CD13 expression.
s L 20F
Discussion
10~
o Transcriptional repression may underlie the pathophysiology of
g 2% %9 APL, t(8;21) AML, and other myeloid leukemias. In these disorders,
”% ”o@’?o@ ’7% ?o@ the nuclear receptor corepressor (N-CoR) complex appears to play an
© %\%\%\%\ important role in aberrantly mediating transcriptional repression. Re-
©6 00 versal of repression mediated by the t(8;21) AML and APL fusion
1‘_;»7{}»7 e proteins may be a useful therapeutic strategy, as illustrated by the
) %@%@‘%@ success of HDACL1 inhibitors in APL (14). We show here that in
%47‘%47 transient transfection assays, the HDAC1 inhibitors, TSA or PB,

i - ) partially reversed transcriptional repression mediated by the ETO
Fig. 1. ETO has potent transcription repression effects that could be overcome partial

I . .
by the addition of TSA (A) or PBH). Fold repression was calculated as described irQHCOprOtem' As yet, howe\{er' no experiments .halve formally demon-
“Materials and Methods.Bars, SD. strated “rescue” of expression of the hematopoietic target genes (such

2767

Downloaded from cancerres.aacrjournals.org on June 1, 2013. © 1999 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Fig. 3. Cytospin preparations of Kasumi-1 cells were Wright-Giemsa stained 7 days
after incubation with 3 m PB and 100ng/ml of G-CSF. Morphological changes of o "
monocytic differentiation White arrows) and apoptosis, with nuclear condensation and PN
vacuolization (black arrows), were seef, control, untreatedB, 3 mm ps; C, 3 mm B.

PB + 100ng/ml of G-CSF. 100

as myeloperoxidase, interleukin 3, and others), disrupted by AML1-
ETO, in a relevant cell culture model. With this caveat in mind Z 60f
regarding the molecular explanation of our results, we also showe@
that treatment of Kasumi-1 cells with PB (at Iuntoncentration, & 40
same as in the transcription assays) induced partial differentiation and
apoptosis of the leukemic cells. With the intention to identify a

combination that would be valuable clinically, a number of other 0

. . . @ <,
agents that have been reported to produce differentiation and apopto- % % °
sis of leukemia cell lines were also tested against Kasumi-1 cells. A °
combination of PB (at clinically attainable levels), dexamethasone,
and arsenic trioxide was particularly effective in inducing apoptosis. >3 %
A specific link between AML1-ETO expression and inhibition of

HDAC1 INHIBITORS FOR t(8;21) AML

ase, a hallmark of differentiated macrophages (20). Our experiments
used inhibitors of histone deacetylase as a means of potentially
reversing AML1-ETO-mediated gene repression and promoting dif-
ferentiation. Treatment of the AML1-ETO cell line Kasumi-1 with PB
increased expression of the pan-myeloid marker CD13 and induced
morphological changes consistent with monocytic differentiation.
This differentiation was only partial, even at higher concentrations of
PB. G-CSF, GM-CSF, and arsenic trioxide also increased CD13
expression but not to the same extent as PB. Rather, arsenic trioxide
and dexamethasone were effective inducers of apoptosis.

Additive effects on differentiation were seen with the combination
of PB and G- or GM-CSF (see Figs. 2 and 4). This may be because the
AML1-ETO fusion associates with (and inhibits the function of)
CCAAT enhancer binding proteia- (21), which normally het-
erodimerizes with AML1 and activates myeloid cell-specific promot-
ers, including those for cytokine receptors (GM-CSF, G-CSF, and
macrophage-CSF receptors) and granule protein (neutrophil elastase).
Treatment with PB would be predicted to rescue wild-type AML1 and
CCAAT enhancer binding proteia-function, promoting granulocytic
differentiation and cytokine-responsive signal transduction pathways.

In some model systems, differentiation signaling itself can induce
apoptosis, and such a mechanism could partly explain apoptosis
induction by PB, G-CSF, and GM-CSF in Kasumi-1 cells. However,
PB-induced CD13 expression was not accompanied by a decrease in
CD34 expression. Whereas the most potent inducers of apoptosis,
dexamethasone and arsenic, induced little or no increase in overall
CD13 expression, treatment resulted in the appearance of distinct
populations of cells with decreased CD34 expression and increased

100 cD13 Positive

PERCENT

[ Annexin Positive
80

20

differentiation has been suggested by a number of experiments (5, %(%fig- 4. Kasumi-1 cells were analyzed using flow cytometry for CD13-FITC as a
e

in particular, Kasumi-1 cells treated with an AML1-ETO-specifig,,

drentiation marker (A) and annexin-PE as an apoptosis maier7( days after
bation with the various agents shown. Experiments were repeated two to four times;

antisense oligonucleotide were induced to express nonspecific estars, SD. Dex, dexamethasone; AgGarsenic trioxide.
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CD13 expression, which were dying cells. Despite these suggestiofisLenny, N., Meyers, S., and Hiebert, S. W. Functional domains of the (8;21) fusion

that differentiation signaling played some role in apoptosis inductiq

ably not directly analogous to RA-induced apoptosis of APL cells.

Combinations of PB with G-CSF or GM-CSF had an additive of,
synergistic effect on induction of CD13 expression, whereas combi-

protein, AML-1/ETO. Oncogenel1: 1761-1769, 1995.

R . L '8 Yergeau, D. A., Hetherington, C. J., Wang, Q., Zhang, P., Sharpe, A. H., Binder, M.,
with all of the agents tested, only 40—60% of the annexin-positive

cells were also CD13 positive, and other nondifferentiation-related
pathways were likely to have been operational. Apoptosis inductign
by PB is, therefore, not a result of terminal differentiation and prob-

Marin-Padilla, M., Tenen, D. G., Speck, N. A., and Zhang, D-E. Embryonic lethality
and impairment of haematopoiesis in mice heterozygous for an AML1-ETO fusion
gene. Nat. Genet15: 303—-306, 1997.

Wang, J., Hoshino, T., Redner, R. L., Kajigaya, S., and Liu, J. M. ETO, fusion partner
in t(8;21) acute myeloid leukemia, represses transcription by interaction with the
human N-CoR/mSin3/HDAC1 complex. Proc. Natl. Acad. Sci. USA; 10860—
10865, 1998.

Lin, R. J., Nagy, L., Inoue, S., Shao, W., Miller, W. H., and Evans, R. M. Role of the
histone deacetylase complex in acute promyelocytic leukaemia. Nature (L89d. ),

nations with dexamethasone or arsenic had additive effects on indyc-811-814, 1998. _ _ _ . _
137 Grignani, F., DeMatteis, S., Nervi, C., Tomassoni, L., Gelmetti, V., Cioce, M.,

tion of apoptosis. The different patterns of differentiation and apop-

Fanelli, M., Ruthardt, M., Ferrara, F. F., Zamir, |., Seiser, C., Grignani, F., Lazar,

tosis produced by the different agents suggest different pathways ofM. A., Minucci, S., and Pelicci, P. G. Fusion proteins of the retinoic acid receptor-

activity. If such combinations of agents prove to be therapenutic

recruit histone deacetylase in promyelocytic leukaemia. Nature (LoB@l1),815—
18, 1998.

vivo, perhaps in combination with chemotherapy, they would offer the. warrell, R. P., Jr., He, L. Z., Richon, V., Calleja, E., and Pandolfi, P. P. Therapeutic
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