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yelopoiesis, which involves
growth and maturation of
granulocytic and monocytic

lineages, is highly controlled by line-
age-specific hematopoietic transcrip-
tion factors such as AMLI1, PU-I,
C/EBPa., CBFB, retinoic acid receptor
o (RARa) etc. that cooperatively inter-
act with specific DNA sequences and
directly activate or repress the expres-
sion of myeloid specific genes."' These
transcription factors have been found
mutated or altered by chromosomal
translocations associated to leukemias,
indicating their role in the pathogene-
sis of these malignancies.* The post
genomic era however, has shown that
transcription factors are not the
unique key regulators of gene expres-
sion. Epigenetic mechanisms such as
DNA methylation, post-translational
modifications of histone proteins,
remodeling of nucleosomes and
expression of small regulatory RNAs all
contribute to regulation of gene
expression and determination of cell
and tissue specificity. Deregulation of
these epigenetic mechanisms, indeed
cooperate with genetic alterations to
the establishment and progression of
tumors.*!

In acute myeloid leukemia (AML),
which is the clonal expansion of
hematopoietic precusors blocked at
different stages of myeloid differentia-
tion, the leukemogenetic event is asso-
ciated with an aberrant silencing of
gene transcription. The transforming
ability of chromosomal translocation-

generated AML fusion proteins
(PML/RARa, PLZF/RARa  and
AML1/ETO), 1is indeed strictly

dependent on their aberrant recruit-
ment of protein complexes containing
histone deacetylase (HDAC) and DNA-
methyltransferase (DNMT) activities
on genes that are relevant to myeloid
differentiation and transformation
process.”> By changing nucleosomal
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packaging of DNA, HDACs remodel
chromatin in a gene specific fashion
and consequently affect proper cell
function, differentiation and prolifera-
tion. In particular, deacetylation of his-
tones H3 and H4 by HDACs inhibits
transcription, while their acetylation by
histone acetyltransferase (HATs) activ-
ities results in transcriptional activa-
tion.

In acute promyelocytic leukemia
(APL), the AML-M3 FAB subtype, the
formation of RARo-fusion proteins
induces an aberrant recruitment of
protein complexes containing HDAC
and DNA methyltransferase activities
on the all-trans retinoic acid (ATRA)
target genes, resulting in their tran-
scriptional silencing.®® However, the
use of ATRA in APL patients represents
a paradigmatic example of a highly
effective transcriptional/differentia-
tion therapy in leukemias." The clini-
cal efficacy of ATRA in APL is due to its
ability at pharmacological doses, to
bind the APL-associated PML/RARa
fusion protein, to decrease DNA-
methyltransferase expression levels, to
release the HDAC—repressory complex
and to recruit the multisubunit HAT-
complex on ATRA-target gene promot-
ers.” Interestingly, the ATRA-signaling
pathway is constitutively repressed
through an HDAC-dependent mecha-
nism in other non-APL. AML subtypes,
regardless of their underlying genetic
lesion.""” Thus, common pathways of
leukemogenesis could lie along the
control of specific chromatin struc-
tures in terms of transcriptional activa-
tion or repression.

By using inhibitors of HDAC activi-
ties (Valproic acid and Trichostatin A)
in the presence or in the absence of
ATRA, we found that all these chro-
matin remodeling agents are active in
restoring or potentiating the effect of
ATRA on endogenous target genes
resulting in AML blast differentiation

[ 71]



G. Cimino et al.

in vitroand in vivo.""" Thus, therapeutic targeting
of aberrant HDAC activities might represent a
potentially novel treatment strategy for AML.
Recently, a pilot study was carried out in eight
refractory or high-risk AML patients not eligible
for intensive therapy to asses the biological and
therapeutic activities of the HDAC inhibitor Val-
proic acid (VPA) used to remodel chromatin, fol-
lowed by the addition of ATRA, to activate gene
transcription and differentiation in leukemic
cells. Hyper-acetylation of histones H3 and H4
was detectable at therapeutic VPA serum levels
(=50 ug/mkL) in blood mononuclear cells from
7/8 patients. This, correlated with myelo-mono-
cytic differentiation of leukemic cells as revealed
by morphologic, cytochemical, immunopheno-
typic and gene expression analyses. Differentia-
tion of the leukemic clone was proven by FISH
analysis showing the cytogenetic lesion +8 or 7q-
in differentiating cells. Hematological improve-
ment, according to established criteria for
myelodysplastic syndromes, was observed in two
cases. Stable disease and disease progression
were observed in five and one case, respectively.
VPA-ATRA is a well tolerated treatment that
induces phenotypic maturation of AML blasts
through chromatin remodeling. Of note that
VPA-ATRA in AML patient blasts induced similar
features previously reported in ATRA treated
APL patients including the increased WBC num-
ber, increased percentage of cells in S phase and
terminal differentiation of leukemic blasts with
leukemia-specific markers as shown by FISH
(10;14). However, in APL, ATRA is per se unable
to eradicate the leukemic clone and to cure the
disease. Chemotherapy following ATRA treat-
ment strikingly improved the prognosis of APL
patients and their cure rate to 70-80% at 5 years."

Studies performed in normal hematopoietic
stem cells revealed an interesting dual action of
treatment with either ATRA or inhibitors of
HDAC (VPA and TSA) and DNMT activities (5-
azacytidine): i) expansion of a primitive
hematopoietic stem cell population; and ii)
induction of committed myeloid precursors to
cell differentiation.”*” Thus, the chromatin
accessibility at specific DNA-binding sites might
represent the key event for the activity of
cytokines or transcription factors either involved
in the maintenance of early hematopoietic stem
cell population or in lineage commitment. Some
of these factors might be presentin the same cel-
lular context and dictate cell fate choice by tar-
geting enzymes with chromatin remodeling activ-
ity such as HDACs, HATs or DNA methyltrans-
ferases at specific gene loci. ATRA, VPA and 5-
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azacytidine can therefore initiate a series of
events leading to the maintenance of the undif-
ferentiated state in early HSC, or generating a
chromatin code coupled to specific differentia-
tion decision in HPC and in AML blasts. We can
therefore hypothesize the efficacy of ATRA based
regimens in APL due to the epigenetic changes
occurring in leukemic progenitors, which ren-
der these cells more sensitive to conventional
chemotherapy agents. Accordingly, a clinical
study performed in 242 non-M3 elderly AML
patients recently demonstrated that the adjunc-
tion of ATRA to chemotherapy significantly
improved their clinical outcome in respect to
chemotherapy alone."” Although we lack a direct
proof for an epigenetic priming effect of VPA on
gene transcription in AML blasts, VPA augment-
ed the histone acetylation status on chromatin
regions surrounding the retinoic acid response
element (RARE) of RARa. in both the cases test-
ed. RARa is the ATRA receptor gene involved in
normal and pathological myelopoiesis."" His-
tone acetylation levels at ATRA regulatory sites
are further increased by ATRA addition to VPA.
In agreement with the ligand inducibility of
RARa gene, RARa. mRNA transcripts were found
significantly induced after the addition of ATRA
to VPA in all the VPA-ATRA responsive patients.

In this view, the VPA-ATRA combination by
inducing an epigenetic priming of AML blasts might
increase their sensitivity to standard chemothera-
py or to other novel therapeutic approaches for
AMLs.

References

1 Tenen DG, Hromas R, Licht JD, Zhang DE. Transcription
factors, normal myeloid development, and leukemia. Blood
1997; 90:489-519.

2 Rabbitts TH. Chromosomal translocations in human can-
cer. Nature 1994; 372:143-149.

3 Baylin SB, Ohm JE. Epigenetic gene silencing in cancer - a
mechanism for early oncogenic pathway addiction? Nat Rev
Cancer 2006; 6:107-116.

4 Zardo G, Fazi F, Travaglini L, Nervi C. Dynamic and
reversibility of heterochromatic gene silencing in human
disease. Cell Res 2005; 15:679-690.

5 Minucci S, Pelicci PG. Histone deacetylase inhibitors and
the promise of epigenetic (and more) treatments for can-
cer. Nat Rev Cancer 2006; 6:38-51.

6 Grignani F, De Matteis S, Nervi C, Tomassoni L, Gelmetti
V, Cioce M et al. Fusion proteins of the retinoic acid recep-
tor-a recruit histone deacetylase in promyelocytic
leukaemia. Nature 1998; 39:815-8.

7 Lin RJ, Nagy L, Inoue S, Shao W, Miller WH]J, Evans RM.
Role of the histone deacetylase complex in acute promye-
locytic leukaemia. Nature 1998; 391:811-4.

8 Di Croce L, Raker VA, Corsaro M, Fazi F, Fanelli M, Faret-
ta M et al. Methyltransferase recruitment and DNA hyper-
methylation of target promoters by an oncogenic transcrip-
tion factor. Science 2002; 295:1079-82.

9 Fazi F, Travaglini L, Carotti D, Palitti F, Diverio D, Alcalay
M et al. Retinoic acid targets DNA-methyltransferases and
histone deacetylases during APL blast differentiation in vit-

haematologica reports 2006; 2(issue 15):November 2006



10

11

12

13

14

Third International Symposium on Secondary Leukemias, Rome, 3-4 November 2006

ro and in vivo. Oncogene 2005; 24(11):1820-1830.

Lo Coco F, Nervi C, Awvisati G, Mandelli F. Acute promye-
locytic leukemia: a curable disease. Leukemia 1998;
12:1866-80.

Ferrara FF, Fazi F, Bianchini A, Padula F, Gelmetti V, Min-
ucci S et al. Histone deacetylase targeted treatment restores
retinoic acid signaling and differentiation in acute myeloid
leukemia. Cancer Res 2001; 61:2-7.

Gottlicher M, Minucci S, Zhu P, Kramer OH, Schimpf A,
Giavara S et al. Valproic acid defines a novel class of HDAC
inhibitors inducing differentiation of transformed cells.
EMBO J 2001; 20:6969-78.

Cimino G, Lo-Coco F, Fenu S, Travaglini L, Finolezzi E,
Mancini M et al. Sequential Valproic acid/all-trans retinoic
acid treatment reprograms differentiation in refractory and
high-risk acute myeloid leukemia. Cancer Res 2006;
66:8903-11.

Warrell RP, Jr., Frankel SR, Miller WH], Scheinberg DA, Itri
LM, Hittelman WN et al. Differentiation therapy of acute
promyelocytic leukemia with tretinoin (all-trans-retinoic

haematologica reports 2006; 2(issue 15):November 2006

15

16

17

18

19

acid). N Engl ] Med 1991; 324:1385-93.

De Felice L, Tatarelli C, Mascolo MG, Gregorj C, Agostini
F, Fiorini R et al. Histone deacetylase inhibitor valproic Acid
enhances the cytokine-induced expansion of human
hematopoietic stem cells. Cancer Res 2005; 65:1505-13.
Purton LE, Bernstein ID, Collins SJ. All-trans retinoic acid
delays the differentiation of primitive hematopoietic pre-
cursors (lin-c-kit+Sca-1(+)) while enhancing the terminal
maturation of committed granulocyte/monocyte progeni-
tors. Blood 1999; 94:483-95.

Milhem M, Mahmud N, Lavelle D, Araki H, DeSimone J,
Saunthararajah Y et al. Modification of hematopoietic stem
cell fate by 5aza 2'deoxycytidine and trichostatin A. Blood
2004; 103:4102-10.

Schlenk RF, Frohling S, Hartmann F, Fischer | T, Glasmach-
er A, del Valle F et al. Phase Il study of all-trans retinoic acid
in previously untreated patients 61 years or older with acute
myeloid leukemia. Leukemia 2004; 18:1798-803.

Collins SJ. The role of retinoids and retinoic acid receptors
in normal hematopoiesis. Leukemia 2002; 16:1896-905.1.

| 73]



