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Acute myelogenous leukemias (AMLs) are genetically heterogeneous and characterized by chromo-
somal rearrangements that produce fusion proteins with aberrant transcriptional regulatory activi-
ties. Expression of AML fusion proteins in transgenic mice increases the risk of myeloid leukemias,
suggesting that they induce a preleukemic state. The underlying molecular and biological mecha-
nisms are, however, unknown. To address this issue, we performed a systematic analysis of fusion
protein transcriptional targets. We expressed AML1/ETO, PML/RAR, and PLZF/RAR in U937 hemo-
poietic precursor cells and measured global gene expression using oligonucleotide chips. We identi-
fied 1,555 genes regulated concordantly by at least two fusion proteins that were further validated in
patient samples and finally classified according to available functional information. Strikingly, we
found that AML fusion proteins induce genes involved in the maintenance of the stem cell pheno-
type and repress DNA repair genes, mainly of the base excision repair pathway. Functional studies
confirmed that ectopic expression of fusion proteins constitutively activates pathways leading to
increased stem cell renewal (e.g., the Jagged1/Notch pathway) and provokes accumulation of DNA
damage. We propose that expansion of the stem cell compartment and induction of a mutator phe-
notype are relevant features underlying the leukemic potential of AML-associated fusion proteins.
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Introduction

The pathogenesis of acute myeloid leukemias (AMLs)
is linked to oncogenic fusion proteins, generated as a
consequence of primary chromosome translocations or
inversions (1). Many different types of translocations
have been described in AMLs, the most frequent being
the t(8;21), t(15;17), inv(16), and t(9;11), which, taken
together with their variants, account for approximate-
ly 40% of AML cases (2).

Despite genetic heterogeneity, there is increasing evi-
dence for common molecular and biological mecha-
nisms in AMLs. In particular, one of the components
of each fusion protein is invariably a transcription fac-
tor, frequently involved in the regulation of differenti-
ation (3). As a consequence, AML-associated fusion
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proteins function as aberrant transcriptional regula-
tors with the potential to interfere with the processes
of myeloid differentiation. Indeed, ectopic expression
of different fusion proteins into hemopoietic precur-
sors induces a state of partial refractoriness to terminal
differentiation and increases cell survival (4-6). It has
been suggested, therefore, that AML-associated fusion
proteins contribute to the leukemic phenotype by
inducing a differentiation block: a biological activity
consistent with the main phenotypic trait of AMLs (i.e.,
the accumulation of hemopoietic precursors blocked
at particular stages of myeloid development).

Analysis of mice transgenic for various fusion proteins
revealed, however, a more complex scenario. Transgenic
mice develop leukemias after long latency, suggesting
that while AML-associated fusion proteins induce a
preleukemic state, other genetic events are necessary for
progression to a frank leukemia (7-9). It is unclear
whether fusion proteins also induce a mutator pheno-
type, thereby favoring accumulation of further genetic
alterations. In the preleukemic state, the myeloid com-
partment of the transgenic animals appears morpholog-
ically normal, and the only detectable abnormalities are
an increase in the self-renewal capacity of hemopoietic
progenitors and minor alterations of differentiation
markers (8-10). This suggests that the effect of AML-
associated fusion proteins on the differentiation program
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cannot be explained solely by their ability to block differ-
entiation. Thus, further investigations are needed to char-
acterize the biological contribution of AML-associated
fusion proteins to the leukemogenic process in vivo.

A powerful approach to identify novel biological activ-
ities of AML fusion proteins is the characterization of
their transcriptional targets through microarray analy-
ses of patient samples. Analysis of blast samples with
t(8;21), t(15;17), and inv(16) has revealed a unique cor-
relation between AML-specific cytogenetic aberrations
and gene expression profiles (11). Genes that are coreg-
ulated by different AML fusion proteins would not be
identified by these studies, however, which are based on
cluster analysis of different AML samples. To investigate
common pathogenetic mechanisms in AMLs, we
expressed different fusion proteins (AML1/ETO, which
represents a fusion of the Acute Myeloid Leukemia 1 and
the Eight-Twenty One gene products and is generated by
the 8;21 translocation; PML/RAR, a fusion of the
Promyelocytic Leukemia and the Retinoic Acid Receptor
o [RAR«] gene products, generated by the 15;17 translo-
cation; and PLZF/RAR, a fusion of the Promyelocytic
Leukemia Zinc Finger and the RAR gene products, gen-
erated by the 11;17 translocation) in the same genetic
background and measured global gene expression using
oligonucleotide chips. These experiments showed that a
relevant number of regulated genes are targets of more
than one AML fusion protein. Functional clustering
revealed that AML fusion proteins influence the activity
of genes involved in the control of diverse functions,
including differentiation, cell survival, DNA repair, sig-
nal transduction, and several metabolic pathways. We
further demonstrated that expression of AML fusion
proteins activates Notch signaling through overexpres-
sion of the Jagged1 ligand, a function known to favor
expansion of the hemopoietic stem cell (HSC) compart-
ment. We also show that AML fusion protein expression
can inhibit DNA repair function, suggesting that an
increase in the rate of secondary mutations is a direct
consequence of fusion protein expression.

Methods

Cell lines and samples. The U937 PML/RAR#9, U937
AML1/ETO-HA#9, and U937 PLZF/RAR#3 clones
were generated by stable transfection of U937 cells with
the corresponding cDNAs cloned in the pSG-MtNEO
plasmid vector; single clones were selected with 750 uM
G418 for 15 days. A bulk population of U937 cells
transfected with the empty pSG-MtNEO vector (Mrt)
was used as the control. Unless specified otherwise,
U937 cells lines were treated for 8 hours with 100 uM
ZnSOy to allow expression of fusion proteins. These
particular clones were chosen because they presented
comparable levels of protein expression after induction.
AML blasts and all cell lines were maintained in RPMI-
1640 supplemented with 50 U/ml penicillin, 50 pg/ml
streptomycin, and 10% FCS at 37°C in a humidified
atmosphere containing 5% CO,. AML blasts and U937
PML/RAR were treated with 10-° M retinoic acid (RA)

(Sigma-Aldrich, St. Louis, Missouri, USA) for 4 and 12
hours prior to RNA extraction, as indicated.

RNA extraction. Total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, California, USA) method,
followed by clean up on RNeasy Mini/Midi Kit (QIA-
GEN, Valencia, California, USA). For each of the four
U937 cell lines (PML/RAR, AML1/ETO, PLZE/RAR,
and Mt), three independent vials were thawed, and the
ZnSO;, inductions and RNA extractions were performed
separately. An equal quantity of each of the three RNA
preparations was then mixed to generate an RNA pool
for each sample. Total RNA was extracted from CD34"
hemopoietic precursor cells (from healthy donors) puri-
fied using standard procedures and from AML blasts
bearing t(15;17) or t(8;21) derived from Ficoll-purified
bone marrow samples with more than 80% of the blasts
collected at disease onset (prior to any therapy).

Affymetrix GeneChip hybridization. Biotin-labeled cRNA
targets were obtained starting from 10 lg of total RNA
derived from a pool of three different RNA extractions
for each condition. cDNA synthesis was performed with
a Gibco SuperScript Custom cDNA Synthesis Kit, and
biotin-labeled antisense RNA was transcribed in vitro
using the In Vitro Transcription System (Ambion Inc.,
Austin, Texas, USA) and included Bio-16-UTP and Bio-
11-CTP (Enzo Life Sciences Inc., Farmingdale, New York,
USA) in the reaction. GeneChip hybridization, washing,
staining, and scanning were performed according to
Affymetrix (Santa Clara, California, USA) protocols. Two
copies of the entire HG-U95 chip set (HG-U95Av2,
HG-U95B, HG-U95C, HG-U95D, and HG-U9SE) were
hybridized with each target. Absolute and comparative
analyses were performed with Affymetrix Microarray
Suite version 5 (MASvS) software, scaling all images to a
value of 500. Results were further elaborated through
replica analysis and statistical methods using software
of our design (H. Muller, unpublished). Full details of
microarray methods are available (“Supplementary
Methods/Microarray Methods,” ref. 12).

Semiquantitative PCR. First-strand cDNA synthesis
was performed using the Superscript Microchip Kit
(Gibco-BRL; Life Technologies Inc.), starting from 5 g
of total RNA. To analyze patient samples, RNAs from
five different individuals were pooled prior to cDNA
synthesis. Each PCR reaction was performed using 1%
of the cDNA sample. For each pair of primers, the
number of cycles required to detect a clear signal in the
linear range was determined. The reactions were per-
formed in triplicate and run on a 1.5% agarose gel; the
GAPDH gene was used to normalize different samples.
All sequences of primer pairs and specific PCR condi-
tions for each gene can be found in “Supplementary
Methods/Semi-Quantitative PCR Protocols” (12).

Real-time RT-PCR. Each 25l reaction contained the fol-
lowing reagents: 0.5 pM of each primer (sequences select-
ed with the use of Primer Express software; PE Biosys-
tems, Foster City, CA), 12.5 ul of SYBR Green PCR
Master MIX, 100 ng of template. Thermal Cycling Para-
meters were: 2 minutes at 50°C, followed by 10 minutes
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Santa Cruz Biotechnology Inc., Santa Cruz, California,
USA), AML1/ETO expression was detected using an
anti-HA Ab (Covance Research Products, Princeton, New
Jersey, USA), Jagged1 expression was detected using anti-
Jagged1 Ab (C-20; Santa Cruz Biotechnology Inc.), and
lamin expression was detected with an anti-lamin B Ab
(C-20 sc-6216; Santa Cruz Biotechnology Inc.).

Transactivation assay. HeLa cells were transfected with
200 ng of HES1 promoter-luciferase plasmid (pgl2-basic
vector), 50 ng of pCMVpgal, and 200 ng of either CMV
promoter-driven PML/RAR  (pcDNA3PML/RAR),
AML1/ETO (pcDNA3AMLI1/ETO), or the constitutive-
ly active mutant intracellular domain of Notch (ICD
Notch; cyto hN1pcAMP) using the Lipofectamine
Reagent (Invitrogen). Forty-eight hours after transfec-
tion cells were lysed with lysis buffer (25 mM Tris-HCl,
pH 7.8,2 mM DTT, 2 mM trans-1,2-diaminocyclohexa-
ne tetra-acetic acid (CDTA), 10% glycerol, 1% Triton
X-100), and the luciferase activity was tested following
standard protocols. Transfection efficiency was stan-
dardized with B-gal activity.

Comet assary. An alkaline single-cell gel electrophoresis
(comet) assay was performed using the Trevigen comet
assay kit (Trevigen Inc., Gaithersburg, Maryland, USA)
according to the manufacturer’s conditions. Control cells
and cells expressing AML fusion proteins were treated
with 200 UM methyl methanesulfonate (MMS) for 2
hours at 37°C, washed with ice-cold PBS, and finally
rinsed with RPMI/10% FBS. An alkaline comet assay was
performed 2 and 6 hours after the end of MMS treat-
ment. Samples were stained with supplied SYBR green
dye, and the slides were viewed using a Leica DMRXA epi-
fluorescence microscope. Images were analyzed with the
NIH Image program (Bethesda, Maryland, USA). At least
50 randomly chosen cells were analyzed per sample. The
percentage of remaining MMS damage was calculated by
comparison with the total score (100%) of initial DNA
damage induced by MMS treatment (200 UM, 2 hours).

In vitro base excision repair assay. The procedures for
preparation of plasmids have been described elsewhere
(13). Briefly, pGEM3Zf (+) single-stranded DNA
(Promega, Madison, Wisconsin, USA) was annealed with
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Figure 1

(a) Western blot analysis of fusion-protein expression in the U937 clones
used in this study. Asterisks indicate bands corresponding to fusion pro-
teins. The left panel shows PML/RAR levels in the NB4 cell line, which
are comparable to those of the U937 PML/RAR and U937 PLZF/RAR
cell lines after 8 hours of treatment with 100 UM ZnSO4. Endogenous
RARO expression can be used to compare relative fusion-protein expres-
sion levels among different samples. Mt was the control. (b) Venn dia-
grams representing the overlaps among induced and repressed target
genes. PR, PML/RAR; ATE, AML1/ETO; PZR, PLZF/RAR.

at 95°C, followed by 40 cycles of 15 seconds at 95°C, and
1 minute at 60°C. Each sample was run in triplicate. The
mean value of the replicates for each sample was calcu-
lated and expressed as cycle threshold (Cr, cycle number
at which each PCR reaction reaches a predetermined flu-
orescence threshold, set within the linear range of all
reactions). The amount of gene expression was then cal-
culated as the difference (ACr) between the Crvalue of
the sample for the target gene and the
mean Cr value of that sample for the
endogenous control (GAPDH). Relative
expression was calculated as the difference

Table 1
Microarray analysis of U937 cell lines expressing AML fusion proteins

(AACq) between the ACy values of the test
sample and of the control sample, Mt, for

Probe Sets
GeneChip results

Genes (UniGene Hs.159)

GeneChip results

each target gene. The rela[ive quanti[ation Total Induced Decreased Total Induced Decreased

value was expressed and shown as 2-44¢r. PR 3707 1730 1977 3295 1569 1726

All sequences of primer pairs can be found ~ATE 2733 1373 1360 2308 1135 1173
PZR 6939 3372 3567 5509 2604 2905

in “Supplementary Data/Supplementary
Methods/Real Time RT PCR primers” (12).

Comparisons

Opposite regulation by third fusion

Western blotanalysis. U937 cell clones were Commonto: Total Induced Decreased Induced Decreased
harvested and lysed after 8, 12, 24,36,and ~ AL- 163 50 13 / /
48 hours of Zn* induction. Western blor PRandATE 276 94 182 28(30%) 71 (39%)
. . AlEand PZR 571 291 280 40 (14%) 34 (12%)
analysis was performed using standard
PRand PZR 545 219 326 23 (11%) 49 (15%)

procedures. PML/RAR expression was eval-
uated using an anti-RARo Ab (C-20 sc-551;

PR, PML/RAR; A1E, AML1/ETO; PZR, PLZF/RAR.
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a 22-mer oligonucleotide containing a single 8-0xoG in
position 12 (pGEM 8-0xoG; TIB MOLBIOL, Genoa,
Italy), thus generating a single 8-oxoG/cytosine base pair.
Closed, circular double-stranded DNA was obtained by
incubating with T4 DNA polymerase, gene 32 protein,
and DNA ligase. Control pGEM T plasmids were pre-
pared with an oligonucleotide carrying the normal base
guanine in the same position. Plasmid substrate (300 ng)
was incubated with 30 ug of extract protein for the indi-
cated times at 30°C in the presence of 3?PdGTP. After the
repair reaction, the DNA reaction product was purified,
treated with the Smal and Hind III restriction endonu-
cleases, and separated by PAGE in the presence of 7 M
urea at 30 mA. The length of the fragments was deter-
mined by 5" end-labeled size markers.

Results

Identification of 1,555 genes deregulated by different AML fusion
proteins and random validation of the microarray screening. We
analyzed gene expression profiles of different U937 cell

o

clones conditionally expressing PML/RAR, AML1/ETO,
or PLZF/RAR. In these cells, the corresponding cDNAs
are under the transcriptional control of the Zn-inducible
mouse metallothionein promoter. We used individual
cell clones that showed comparable levels of fusion pro-
tein expression after Zn induction (Figure 1a). A U937
clone containing the empty cloning vector, Mt, was used
as control for each condition. For each clone we per-
formed three independent experiments (100 UM Zn for
8 hours) and then pooled the three RNAs. Biotinylated
cRNA targets were synthesized from each RNA pool and
hybridized to Affymetrix oligonucleotide chips
(GeneChip HG-U9S set). Results were analyzed using
MASvS5 and further elaborated with proprietary software,
as described in detail in “Microarray Methods” (12).
GeneChip probe sets regulated by each fusion protein
were clustered into nonredundant regulated genes fol-
lowing the UniGene release Hs.159 and EMBL and
dbEST release 73 (Table 1). Sets of 3,295, 2,308, and 5,509
putative PML/RAR, AML1/ETO, and PLZF/RAR target
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(a) Semiquantitative PCR analysis of 14 predicted targets. For each gene, the number of cycles required to detect a signal in the linear range was
previously determined (see “Supplementary Methods,” ref. 12). (b) Semiquantitative PCR analysis of AML blasts compared to CD34* normal
precursors of 11 targets identified in the U937 system. Relative mRNA levels of induced target genes (c) and of repressed target genes (d) in
U937 PML/RAR, U937 AML1/ETO or U937 PLZF/RAR cells assessed by real time RT-PCR. Mt was the control used in panels a, ¢, and d. (e)
Expression levels of common target genes in U937 PML/RAR cells before and after 4 or 8 hours of treatment with 10-° M RA. Values are calcu-
lated relatively to expression levels in Mt cells receiving the same treatment. (f) Expression levels of common target genes in blasts derived form
two APL patients (APL no. 1 and APL no. 2) after 4 hours of in vitro treatment with 10° M RA. All values are shown as compared to the control
(C); i.e., expression levels in blasts from the same individual, prior to RA treatment. All experiments shown in this figure were performed in trip-
licate. One representative experiment is shown for semiquantiative PCRs (a and b), whereas an average value of the three results was plotted for
real time RT-PCR data (c-f). GAPDH gene expression was used to normalize all experiments.
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Validation of GeneChip results in the U937 model system and in

AML blasts

GeneChip results Fold Change Concordance
Gene PR ATE PZR PR AIE PZR  t(1517) t(8;21)
NFE2 D D D -43 -63 -3.4 Yes Yes
ID2 D D D -3.7 -1.8 -2.1 Yes
RTP801 D D D -188 -54 -2.0 Yes Yes
TPS1 I I | 3.0 1.8 23.6 Yes Yes
JAGT | | | 2.7 22 19 Yes Yes
MS4A7 I I | 4.3 7.7 5.9 Yes
BIN2 D (D) D -26 -0.1 -2.0
HCK D D -1.7 -189 13 Yes No
MBTPS1 () | 1.6 -13 2.1 Yes No
PIR D D | -14.2 -16.7 8.3 Yes Yes
CXX1 D D | -11.6 -21.6 2.3 Yes Yes
EST O 55 1.4 -2.0
ICAMT D I () -1.8 31 18
SLA D -0.8 -3.0 -0.6 No No

GeneChip predictions are shown in the first three columns (D, decreased; |,
increased). Letters between brackets indicate regulations detected by PCR

analy

sis (Figure 2a) that were not predicted by GeneChip analysis. Fold

changes predicted by Affymetrix results are shown. Yes and No indicate con-
cordance or discordance of results obtained in AML blasts (Figure 2b) with
results obtained in the U937 system. Mt was the control.

genes were obtained, respectively (Table 1). Cross com-
parisons of results identified 1,555 genes that are regu-
lated in the same direction by at least two AML fusion
proteins (AML common targets). Of these, 163 genes
were predicted to be targets of all three fusion proteins,
276 were common to PML/RAR and AML1/ETO, 545
were common to PML/RAR and PLZF/RAR, and 571
were common to AML1/ETO and PLZF/RAR (Figure
1b). Of the 1,555 AML common targets, 245 (15%) are
regulated concordantly by two fusion proteins and in the
opposite direction by the third fusion protein (Table 1).
The complete results of the microarray study are available
(12), including raw data, regulated probe sets, regulated
genes, and common concordant targets.

It appears that some genes are regulated only by one
fusion protein, while others are concordantly regulated
by two or all three fusion proteins. While the first group
of genes likely reflects specific biological properties of
each fusion protein or different characteristics of the cell
lines, the common genes might represent common func-
tions targeted by AML fusion proteins and universal
pathways involved in myeloid leukemogenesis. There-
fore, we considered for further analysis all genes concor-
dantly deregulated by at least two fusion proteins.

To determine the reliability of microarray data, we val-
idated 14 putative targets by semiquantitative PCR and
found full concordance between GeneChip predictions
and expression levels in the U937 system (Figure 2a,
Table 2). For a sizable fraction of the tested genes (4 of
14), more regulations were observed in the PCR assay
than were expected from chip data, suggesting that the
cohort of common targets may be larger than predicted.

We further investigated whether the U937 model sys-
tem is predictive of patterns of gene regulation in AMLs

by comparing levels of target gene expression in pools of
RNA samples derived from control CD34* hemopoietic
precursor cells and t(15;17) or t(8;21) AML blasts, which
harbor the PML/RAR and AML1/ETO fusion proteins,
respectively. We observed a good degree of concordance
of regulation in U937 PML/RAR cells and t(15;17) blasts
and in U937 AML1/ETO cells and t(8;21) blasts (9 of 11
and 7 of 11, respectively; Figure 2b, Table 2). The exis-
tence of genes with discordant regulations may reflect
developmental rather than genetic differences between
AML blasts (promyelocytes or M2 myeloblasts) and
CD34* control cells (hemopoietic precursors).

Functional classification of AML common target genes. We
next attempted a functional classification of the 1,555
AML common targets by collecting annotations and
keywords from various Web-based sources (NettAffx:
htep://www.affymetrix.com/analysis/index.affx; EST
annotation machine: htep://bio.ifom-firc.it/EST_
MACHINE; Stanford Online Universal Resource for
Clones and ESTs: http://genome-wwwS.stanford.edu/
cgi-bin/SMD/source/sourceSearch; GeneCards: http://
genome-www.stanford.edu/genecards/; and LocusLink:
htep://www.ncbi.nlm.nih.gov/LocusLink/). Function-
al information was available for 876 genes. Initial
clustering was then performed through the use of a
keyword-clustering program (http://bio.iffom-firc.it/
KW_CLUST) and available literature (http://www.
ncbi.nlm.nih.gov/PubMed). Four hundred forty-nine
genes were classified within ten major functional cat-
egories, whereas for the remaining 427 genes the avail-
able information was insufficient (see Table 3 for cat-
egories; complete results can be viewed in “Functional
Classification,” ref. 12). We then analyzed individual
members of each functional class with the aim of
identifying functional pathways or transcriptional
regulatory networks of potential relevance for the
leukemic phenotype. Next, we report the results of
this investigation for members of two classes (hemo-
poietic differentiation and DNA repair), for which
concordance among physiological function, tran-
scriptional regulation by AML fusion proteins, and
contribution to the leukemic phenotype was immedi-
ately obvious and informative.

AML fusion proteins repress genes involved in commitment/dif
ferentiation control and induce genes involved in the mainte-
nance of the stem cell phenotype. The group of AML common
targets involved in the regulation of hemopoietic differ-
entiation includes 15 genes, 3 of which are induced and
12 repressed by AML fusion proteins (Table 4). All are
expressed in normal hemopoietic cells, although with dif-
ferent patterns: induced genes are predominantly
expressed in HSC and/or early progenitors, whereas
repressed genes prevail in differentiating progenitors
and/or terminally differentiated hemopoietic cells.

Strikingly, induced genes (BCL11A, LMO1, and JAGI)
have been implicated in the maintenance of the stem cell
phenotype, mainly self-renewal of HSCs (14-16), while
repressed genes control commitment decisions and mat-
uration of HSCs toward the granulocytic (C/EBP family
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members, JUN family members, GFI1, CSF3R, STATSA,
HCK, ZNFI1AI) (17-21), erythroid/megakaryocytic
(NEE2) (22), or lymphoid (STATSA, TCE3) (23, 24) line-
ages. Consistently, available genetic information indicates
thatinduced genes contribute to leukemogenesis as over-
expressed oncogenes, while the others have properties of
tumor suppressors (Table 4). In the case of induced genes,
null mutations in mice can lead to severe reduction of the
HSC compartment (LMOI) (25), while enforced expres-
sion induces leukemias (LMO1I) (15), expansion of HSCs
(JAGI) (16), or in vitro transformation (BCLI11A) (26).
Notably, gain-of-function mutations of these genes have
been identified in human or mouse hemopoietic tumors,
including activation by retroviral insertion, gene amplifi-
cation, chromosome translocations, or aberrant expres-
sion (15, 26). In the case of the repressed genes, instead,
null mutations in mice lead to impaired differentiation
of selected hemopoietic lineages (C/EBPs, JUNB, GFI1,
CSF3R, STATSA, NFE2, TCF3, and ZNF1A1), while their
overexpression in HSCs or progenitors provokes termi-
nal differentiation (C/EBPs and CSF3R) (17, 19, 20, 22,
27-31). For some of these genes (C/EBPa, CSF3R, TCF3,
and ZNFI1A1I), loss-of-function mutations have been iden-
tified in spontaneously occurring leukemias (29, 32-34).
Repression of CEBPoexpression in AML1/ETO-express-
ing cells has been described previously (35).

We then validated ten of the regulated genes by
RT-PCR using RNA samples derived from U937 cells
expressing the various AML fusion proteins (BCL11A,
JAG1,LMO1, CEBPo., CEBPP, CSF3R, ELF4, HCK, JUND,
and NFE2). Results revealed concordance between
GeneChip predictions and expression levels in the U937
system (Figure 2, c and d). The seven downregulated
genes (CEBPo, CEBPB, CSF3R, ELF4, HCK, JUND, and
NFE2) were repressed by PML/RAR and AML1/ETO, but
not by PLZF/RAR (Figure 2d), suggesting different
effects of the latter on the commitment/differentiation
programs of hemopoietic precursors. Notably, this
observation is in agreement with the results obtained in
transgenic mice. In fact, while PML/RAR and AML1/ETO
induce a blastlike acute leukemia in mice, PLZF/RAR
transgenic animals show leukocytosis, increased per-
centage of mature myeloid cells, and increased
myeloid/lymphoid ratio, and they develop a condition
that resembles human chronic myeloid leukemia (7-10).

To test the relevance of these gene regulations for the
leukemic phenotype, we measured their expression lev-
els after 4 and 12 hours of RA treatment of U937-
PML/RAR cells, as compared with U937 control cells.
RA treatment, in fact, reverts the differentiation block
induced by PML/RAR in vitro and induces disease
remission in the patients (3). Strikingly, for all genes
tested, the deregulated expression caused by PML/RAR
was counteracted by RA treatment, resulting either in
expression levels that are similar to those found in con-
trol cells or to an inversion of the direction of the reg-

treatment (Figure 2f). All genes, with the exception of
LMO1 and CSF3R, were regulated by RA treatment in a
direction that is opposite that determined by
PML/RAR expression in U937 cells. These data rein-
force the hypothesis that commonly regulated genes
are relevant to the leukemia phenotype and are direct-
ly involved in the RA sensitivity mediated by PML/RAR.

AML fusion proteins activate the Notch-signaling pathway.
The predicted induction of JAG1 expression, taken
together with the observation that other genes involved
in Notch signaling are also AML common targets
(LENG, ADAM10, PARL, TLE2, and TLE3), prompted us
to analyze in greater detail the status of JAGI, for which

Table 3
Functional classification of AML-fusion protein target genes

No. of genes

Regulators of differentiation 21
Regulators of hemopoiesis 15
Notch signaling 6
DNA repair 17
BER pathway 8
Other mechanisms 9
Chromatin regulators 17
Cell cycle regulators 37
GO-G1 regulators 15
S-phase regulators 13
G2-M regulators 9
Apoptosis regulators 26
Apoptosis inducers — mitochondrial 5
pathway (intrinsic pathway)
Apoptosis inducers — death 12
receptor pathway (extrinsic pathway)
Apoptosis inhibitors 9
Response to growth stimuli 160
Growth factors 16
Adaptor proteins 6
G-proteins 13
Kinases/phosphatses 35
PI3K pathway 13
Small GTP-binding proteins 47
TOR pathway 30
Protein modification 12
Cell structure and motility 54
Modulators of immune response 37
Tumor-induced immune response 17
MHCII processing 5
Cell adhesion 15
Metabolism 113
Energy metabolism 20
ATPases 11
Aminoacid metabolism 28
Nucleotide metabolism 13
Lipid metabolism 7
Complex lipid metabolism 4
Cofactors 14
Carbohydrate metabolism 10
Complex carbohydrate metabolism 6

Four hundred forty-nine common target genes were classified into 10 main
functional categories. 38 genes could be classified in more than one category
and are represented in a redundant manner. Detailed classification is avail-
able (“Functional Classification”, ref. 12).

ulation (Figure 2e). Expression levels for the same genes
were also measured in RNAs extracted from blasts of
two APL patients before and after 4 hours of in vitro RA

1756 The Journal of Clinical Investigation | December2003 | Volume112 | Number 11



Table 4

Common targets genes involved in the control of hemopoietic differentiation

Gene

Expression pattern

Repressed Genes

C/EBP
(cvand B)

CSF3R

ELF4

GFI1

HCK

JunB,
JunD

NFE2

STAT5A

TCF3

ZNFNTAT

Granulocyte, monocyte,
and eosinophil lineages:
myeloid precursors (o);
upregulated during
granulocytic differ-
entiation ()

Granulocytic lineage

Normal adult
hemopoietic tissue

Mature granulocytes

Mature granulocytes,
monocyte/macro-
phages, B cell
progenitors

Induced during
monocytic
differentiation

Differentiated erythroid,
megakaryocyte, and
mast cells

NA

Expressed by all
hemopoietic cells

Induced Genes

BCLT1A

JAGT

LMO1

HSCs repressed
during myeloid
differentiation

HSCs; bone marrow
stromal cells, mature
mast cells, mega-
karyocytes
Repressed during T
cell development

Effects of null
mutations

Impaired granulocytic
(o) and adipocyte (B)
differentiation;

Reduced B cell numbers;
defects in macrophage
activation (B)
Neutropenia and
impaired neutrophil
function

NA

Impaired granulocytic
differentiation

Modest myeloid
deficiency; double
knockout with other
Src-family kinases results
in extramedullary
hemopoiesis and
neutrophil defects
Myeloproliferative
disorder (JunB)

Thrombocytopenia,
anemia

Multilineage peripheral
blood cytopenia and
reduced repopulating
activity

Impaired B cell
differentiation;
Thymiclymphomas

Defects in the
lymphoidlineage

NA

Severe vascular defects

Knockout of SCL/TAL1
regulatory complex
results in absence of
hemopoiesis in yolk sack

Effects of
overexpression

Growth arrest and
neutrophilic
differentiation of
HSCs (o and B)

Induction of neutrophilic
differentiation upon
G-CSF treatment

Novel tumor suppressor
gene; suppression of
tumorigenesis of lung
adenocarcinoma A549
cells both in vitro and

in vivo

NA

NA

Growth suppression
(JunB); slower growth
and increase in % of

cells in GO/G1 (JunD)
NA

Eosinophil differ-
entiation of primary
human hemopoietic
cells

Ectopic expression

of E47 or E12 promotes
the death of E2A-
deficient lymphomas

Transformation of
NIH3T3 cells

Increase in the forma-
tion of primitive
precursor cell
populations
Leukemias

Involvement in
hemopoietic diseases

Dominant negative
mutations in AML
(o); rare mutations

CMLs (B)

Mutated in severe
congenital neutro-
penia and AML

NA

Integration site for
Moloney murine
leukemia virus

NA

NA

Mutated in the mouse
hypochromic micro-
cytic anemia (mk)
Retroviral integration
site in mouse pre-B
lymphomas

Breakpoint site of
the ¢(1;19), t(17;19)
in ALLs

Leukemia and
lymphoma

Integration site in
retrovirally induced
myeloid leukemias; \
involved in t(2;14) and
2p13 amplification

in NHL

NA

Aberrantly expressed
in lymphoid leukemias

PR A1E PZR References

(17,32)

D (19)

(20, 21)

D (18,28)

D (22)

D (30,43)

(14, 31, 44)

D (21,34)

(14, 26)

I (16,45, 46)

I (15,47)

CML, chronic myeloid leukemia; ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin lymphoma; NA, not available.

direct implication in leukemia is not available. Jagged1

protein is expressed in bone marrow stromal cells and

functions as a ligand for the Notch receptor, a critical
g ptor,

factor in cell fate determination and maintenance of

progenitor cells in many developmental systems (see ref.
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36 for review). Notch-Jaggedl interactions cause an
increase in the number of primitive precursor cells in
normal murine bone marrow, characterized by high
proliferative and multilineage potential and high-
replating efficiency (16). Notch signaling is modulated
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at various levels, including (a) multiple ligands
(Jagged/Serrate- or Delta-type ligands) and receptors
(Notch1-Notch4); (b) glycosylation of the extracellular
domain of Notch by Fringe proteins (in particular,
LENG inhibits Jagged1-mediated signaling through
Notchl) (37); (c) cleavage of Notch receptors at the cell
surface through ADAM family metalloproteases and
presenilins; (d) processing of the intracellular domain
and its translocation to the nucleus; and (e) interaction
with transcriptional regulatory proteins and activation
of target genes, including HES family genes.
Expression of either PML/RAR or AML1/ETO fusion
proteins in U937 cells results in a significant increase
of JAG1 mRNA (as opposed to a modest increase in
JAG2 and no significant modification of DLL1) and
protein (Figure 3, a and b). LFNG mRNA expression
(Figure 3c) is strongly repressed by both fusion pro-
teins, suggesting that AML fusions activate the Notch
pathway in AMLs preferentially through the Jagged1
ligand. LFNG mRNA was strongly induced in APL
blasts derived from two different patients (Figure 3d)
after 4 hours of treatment in vitro with 10-¢ M RA.
Coexpression in HelLa cells (Figure 3e) or Phoenix
cells (data not shown) of AML1/ETO or PML/RAR
expression vectors with a Notch-responsive luciferase
reporter gene (HES-Luc, which carries the luciferase
gene under the control of the Notch-responsive HES1
promoter) resulted in a fivefold or tenfold increase of
luciferase activity, respectively, comparable to that

obtained by an activated ICD Notch 1 (eightfold
increase). These results suggest that AML fusion pro-
tein expression results in specific activation of Notch
signaling through the Jagged1 ligand.

We next performed RT-PCR to obtain a quantitative
estimate of JAGI and of LFNG expression in blasts
derived from AML patients. In four of seven samples
bearing t(8;21) and in six of seven samples bearing
t(15;17), JAG1 mRNA levels were significantly higher
than in CD34" precursor cells, with average levels of
induction of 9.8-fold and 2.8-fold, respectively (Figure
3f). LENG expression in AML blasts was significantly
decreased in six of six samples with t(8;21) and in five of
five with t(15;17) samples, with average levels of repres-
sion of fivefold and 3.5-fold, respectively (Figure 3e).
Finally, we investigated the level of expression of the
Notchl target gene HESI in AML blasts and found
increased HES1 mRNA levels in six of seven samples with
t(8;21) and in seven of seven samples with t(15;17), with
average levels of induction of 2.7-fold and 3.4-fold,
respectively (Figure 3f). Interestingly, overexpression of
HESI in vivo has been reported recently to induce lym-
phoid and myeloid alterations (38). It appears, therefore,
that Notch signaling is constitutively activated in AML
blasts. The activation of the Notch pathway by endoge-
nously produced Jaggedl might provide a cell-auto-
nomous mechanism of self-renewal, thus explaining the
propensity of leukemic blasts to leave the bone marrow
and invade the peripheral blood and other organs.

Figure 3 a s WJAGH

(a) mRNA levels of Notch ligands in Mt, U937- 44 E"é’ﬁf U937-PR U937-A1E
PML/RAR and U937-AML1/ETO cells, assessed by real 0 812243648 0 8 12 24 36 48
time RT-PCR. Relative expression levels are shown. (b) 37 o - - . - - -.r +JAGH
Western blot analysis of Jagged1 protein expression in 2] o . _ ..*FUSION
U937-PML/RAR and U937-AML1/ETO cells treated B® SRS o 8 30 ..

with 100 UM ZnSO, for the indicated number of hours. 1‘ e e~ LMNB1
Jagged1 levels are shown in the top row, fusion protein oA

expression in the middle row and lamin B expression in - < «QQ\,\,V\((’ d 3°

the bottom row. Jagged1 expression in Mt cells was not RS 300

modified by ZnSO, treatment (data not shown). (c) C 12] 250

Relative mRNA levels of LFNG in U937 PML/RAR and 14 10}

U937 AML1/ETO cells. Mt was the control in panels a E 200

and c. (d) LFNG mRNA levels dramatically increase © 0.8 — 150
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APL patients, as compared to the control (C); i.e., the — 04/ 50
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PML/RAR or AML1/ETO in Hela cells increases the 021 0T T er

activity of a Notch 1-responsive promoter. All values are 0 ML PR A{E \/(\o'\ \’(\0'7’

plotted as relative fold activation. The black bar shows w w

HES-Luc transactivation by an activated, intracellular e 10 f10 m CD34

domain of Notch 1 (ICD Notch1). (f) Relative expres- c m 15,17

sion of JAG1, LFNG and HES1 genes in blasts bearing '% 8 O st

the t(15;17) or the £(8;21) compared to CD34"* cells, 2 6

assayed by real time RT-PCR. The results shown are the 8 3

average values obtained from cells derived from 7 dif- % 4

ferent individuals for each condition. All RT-PCR data - 2 2

shown in this figure represents the average values of

three independent measurements. GAPDH gene expres- HES-L T+ + T+ + !

sion was used for normalization. Fold mRNAs are cal- ICD NO‘C*};;‘ -tz 0

culated from real time curves. AE — — — + JAG1  LFNG HEST
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Figure 4
(a) The mRNA levels of OGG1, LIG3, ADPR2, and
MPG in U937 PML/RAR, U937 AML1/ETO, or

0.8 U937 PLZF/RAR cells, compared with Mt were
assessed by real-time RT-PCR. Shown are average
0.6 fold change values as calculated by real-time
RT-PCR. (b) Relative expression of OGG7 and
0.4] LIG3 genes in blasts bearing t(15;17) or t(8;21)

""OGG1" LIG3

2

4

6

compared with CD34"* cells, determined by real
time RT-PCR. The results shown are the average
values obtained from cells derived from seven dif-
ferent individuals for each condition. Shown are
average fold change values as calculated by real-
time RT-PCR. (c) Representative images were
taken from alkaline comet assays of Mt, U937-
PML/RAR and U937-AML1/ETO cells before
treatment (Untreated) immediately after treat-
ment with 200 pM MMS for two hours (TO), and
2 and 6 hours after removal of MMS. (d) Median
relative tail moment of more than 50 cells for each
data point, calculated by comparison with the
total score (100%) of initial DNA damage induced
by MMS treatment. (e) In vitro BER assay. See text
for detailed explanation. (f) Relative amount of
unligated fragments. Data are the means of four

Minutes 45 90 180 45 90 180 45 90 180 180 180 0 ) independent experiments. For all experiments,
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AML fusion proteins induce a mutator phenotype. The sec-
ond class of AML common targets that we report here
are genes involved in diverse mechanisms of DNA
repair. This class includes 17 genes that take partin var-
ious pathways. Strikingly, eight genes are involved in
base excision repair (BER) (ADPRTL2, FENI1, OGGl,
MPG, LIG3, POLB, POLD2, and POLD3). Null mutations
of these genes in mice are often incompatible with life,
and when they are not, they generally result in an
increased sensitivity to mutagens and/or an accumula-
tion of DNA damage (39, 40) (Table 5). All these genes
are downregulated by AML fusion proteins, with the
exception of POLB, which is induced (Table 5). Interest-
ingly, overexpression of POLB in human cell lines results
in increased spontaneous mutagenesis (39).

Validation of some of these regulations in the U937
cell system (ADPRTL2, OGG1, MPG, and LIG3) or in
AML patient blasts (OGGI and LIG3) confirmed the
GeneChip predictions (Figure 4, a and b). Therefore, we
tested U937 cells expressing PML/RAR or AML1/ETO
for DNA repair efficiency using two approaches. First,

we analyzed by single-cell gel electrophoresis (COMET
assay) the ability of U937 cells expressing PML/RAR or
AML1/ETO to repair DNA damage induced by MMS
(which causes single-strand DNA breaks). In this assay,
damaged DNA is visualized by gel electrophoresis
through the appearance of low-molecular-weight frag-
ments or comets. A significant reduction in DNA repair
was observed in PML/RAR cells 6 hours after interrup-
tion of MMS treatment, whereas AML1/ETO cells
showed a more modest increase in comet tail moment
when compared with control cells (Figure 4, c and d).

In a second approach, we measured the ability of lysates
from U937 cells to repair 8-0x0G, one of the most fre-
quent endogenous DNA lesions, usually repaired by the
BER pathway. Repair replication experiments were con-
ducted using cell extracts and DNA plasmid substrates
that harbor a single 8-0x0G (pGEM 8-0x0G) located cen-
trally (fifteenth nucleotide) within a Smal/Hind III
33-mer restriction fragment (Figure 4e, bottom). DNA
plasmid substrates harboring a single 8-oxoG within a
Smal/HindIII 33-mer restriction fragment were incubat-
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ed with the various cell extracts recovered after the BER
reaction, treated with appropriate restriction endonucle-
ases, and separated by gel electrophoresis. Whereas the
presence of radiolabeled 33-mer fragments reflects com-
pleted repair events, the presence of radiolabeled 15- to
32-mer fragments indicates the persistence of unligated
intermediates of BER. In the case of control Mt cells and
cells expressing PML/RAR (Figure 4e), all repair events
were efficiently completed at all incubation times. In con-
trast, cells expressing AML1/ETO displayed a ligation
defect, with an average of 5.5% and 12.5% repair patches
remaining unligated after 1.5 and 3 hours of incubation
time, respectively (Figure 4, e and f).

In conclusion, the two assays unraveled partial DNA
repair defects in both PML/RAR- and AML1/ETO-
expressing cells, suggesting that the specific molecular
mechanisms primarily targeted by the two fusion pro-
teins may be different, but that, in both cases, they could
provoke accumulation of DNA mutations or lesions.

Discussion

We have investigated the transcriptional targets of
three AML-associated fusion proteins and demon-
strated that, despite molecular heterogeneity, they have
a common set of target genes seemingly relevant for
transformation, implying that leukemogenesis involves
deregulation of common molecular mechanisms. Dis-
covering these pathways may allow identification of
common targets for antileukemic strategies, bypassing
the great molecular heterogeneity of leukemias in
humans. Furthermore, we showed that functionally
related genes are coherently regulated by AML fusion
proteins. Regardless of their relevance to the transfor-
mation process, these peculiar transcriptional pheno-
types suggest the existence of hierarchical mechanisms
of transcriptional regulation for groups of functional-
ly related target genes. While genes that act as master
transcriptional regulators of differentiation have been
hypothesized previously, this is unexpected for DNA
repair genes. Finally, our results provide evidence for

Table 5
Common targets genes involved in DNA repair - BER pathway

the existence of novel biological activities of AML
fusion proteins, which might be relevant for the leuke-
mogenic process (i.e., the induction of a stem cell phe-
notype and the induction of a mutator phenotype).

The induction of genes involved in the maintenance of
the stem cell phenotype might account for the modest
effects of AML-fusion protein expression on hemopoiet-
ic development during the preleukemic phase of trans-
genic mice (7-10). Ligand activation of Notch in murine
marrow precursors slightly (twofold to threefold) increas-
es the generation or maintenance of very early precursors
or stem cells, while it does not affect differentiation of
mature myeloid cells (16). AML fusion proteins might
stimulate the machinery for self-renewing cell divisions
of target cells, therefore provoking a slight expansion of
the stem cell compartment. An increased pool of stem
cells might compensate the phenotypic consequences of
the simultaneous repression of differentiation/commit-
ment genes, creating a preleukemic hemopoiesis with
minor or no morphological abnormalities.

The expansion of the stem cell compartment by AML
fusion proteins might increase, per se, the likelihood of
incoming mutations. AML fusion proteins, however,
repress the expression of several DNA repair genes, sug-
gesting that they induce genomic instability. Indeed,
genetic alterations of various DNA repair genes are
associated with cancer predisposition in humans (40).
Most frequently they involve genes of the homologous
recombination and double-strand break-repair path-
ways and are associated with multiple chromosome
aberrations. Leukemias have a low frequency of com-
plex cytogenetic aberrations, and AML fusion proteins
downregulate mainly genes of the BER pathway. BER
deals with small chemical alterations of bases and is,
therefore, particularly relevant for preventing mutage-
nesis. We propose, therefore, that the inhibitory effect
of fusion proteins on BER is responsible for a specific
type of genetic instability in leukemias that causes the
accumulation of DNA mutations and progression of
the leukemic phenotype.

Gene Effects of null mutations Effects of overexpression Cancer predisposition PR ATE PZR References
ADPRTL2 Delay in resealing No protection against the effects of NA D D (48)
(PARP-2) DNA strand breaks DNA-damaging agents; can result
in ATP depletion and cell death
FEN1 Lethal in homozygous null animals; NA NA D D (49)
haploinsufficiency leads to
rapid tumor progression
LIG3 Defect in rejoining of radiation-induced NA NA D D (50)
DNA single- and double-strand breaks
OGG1 Accumulation of oxidative DNA base Increased repair rate Carcinomas D D D (39)
damage restricted to slowly proliferating of 8-oxoG residues
tissues with high oxygen metabolism
POLB Lethal Increased spontaneous mutagenesis Breast cancer | (39)
and high mutagenic tolerance
POLD2 Cancer susceptibility NA NA D D (51)
(by homology to POLD1)
POLD3 Cancer susceptibility NA NA D D (51)
(by homology to POLD1)
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