Transcriptional silencing of the ETS1 oncogene contributes
to human granulocytic differentiation
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ABSTRACT

Background

Ets-1 is a widely expressed transcription factor implicated in several biological processes includ-
ing hematopoiesis, where it contributes to the regulation of cellular differentiation. The func-
tions of Ets-1 are regulated by transcription factors as well as by phosphorylation events: phos-
phorylation of threonine 38 activates Ets-1, whereas phosphorylation of a cluster of serines
within exon VII reduces DNA binding activity. This study focuses on the role of Ets-1 during
granulocytic differentiation of NB4 promyelocytic and HL60 myeloblastic leukemia cell lines
induced by all-rrans retinoic acid.

Design and Methods

Ets-1 expression was measured by real-time reverse transcriptase polymerase chain reaction
and western blotting. The role of Ets-1 during all-trans retinoic acid-induced differentiation was
analyzed by using a transdominant negative molecule or small interfering RNA.

Results

NB4 and HL60 cell lines expressed high levels of p51 Ets-1, while the splice variant isoform that
lacks exon VII (p42) was almost undetectable. The addition of all-trans retinoic acid reduced p51
Ets-1 levels and induced inhibitory phosphorylation of the remaining protein. Expression of
Ets-1 was also reduced during dimethylsulfoxide-induced differentiation and during granulo-
cytic differentiation of human CD34* hematopoietic progenitor cells but not in NB4.R2 and
HLG6OR cells resistant to all-trans retinoic acid. In line with these observations, transduction of a
transdominant negative molecule of Ets-1, which inhibited DNA binding and transcriptional
activity of the wild-type Ets-1, significantly increased chemical-induced differentiation.
Consistently, Ets-1 knockdown by small interfering RNA increased the number of mature neu-
trophils upon addition of all-trans retinoic acid. Interestingly, p51 Ets-1 over-expression was fre-
quently observed in CD34" hematopoietic progenitor cells derived from patients with acute
myeloid leukemia, as compared to its expression in normal CD34" cells.

Conclusions
Our results indicated that a decreased expression of Ets-1 protein generalizes to granulocytic
differentiation and may represent a crucial event for granulocytic maturation.
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Introduction

Ets-1 is the founding member of the ETS family of tran-
scription factors, which is defined by a conserved DNA
binding domain spanning 85 amino acids that forms a
winged helix-turn-helix structural motif.’

The human ETS-1 gene produces two major protein iso-
forms, a 51 kDa protein (p51 Ets-1) and a 42 kDa protein
(p42 Ets-1).”® Ets-1 is expressed in a variety of tissues and
in several cases the p42 Ets-1 is co-expressed with full-
length p51 Ets-1. p51 and p42 have common and diverse
physical properties allowing for both functional redundan-
cy and isoform-specific activity.” Shared domains include
the DNA binding and the pointed transactivation domain.
p42 Ets-1 lacks exon VII® which encodes an auto-inhibito-
ry module’ that regulates Ets-1 DNA binding activity. Co-
operative binding with other proteins counteracts auto-
inhibition modulating Ets-1 DNA binding affinity.”* Ets-1
activity can also be regulated by phosphorylation.
Phosphorylation of threonine 38 (T38) within the pointed
domain by ERK1/2 activates Ets-1,%” whereas phosphory-
lation of serines $251, S257, S282, S285 (4S) within the N-
terminal part of exon VII, by calmodulin-dependent kinase
II (CaMKII) and myosin light-chain kinase (MLCK), stabi-
lizes and reinforces the auto-inhibitory module lowering
DNA affinity.”" The splice variant isoform lacking the
inhibitory module may, therefore, function differently
from the full-length protein.

Ets-1 plays an important role in cell proliferation, apop-
tosis, transformation, differentiation, angiogenesis and
hematopoiesis. Ets-1 expression is induced in a variety of
human tumors, and its level has been associated with the
grade of malignancy and prognosis." A high level of Ets-1
was also found in leukemic T cells and seems an attractive
candidate oncogene involved in the 11g23 amplifications
detected in some adult patients with acute myeloid
leukemia (AML) with complex karyotypes.'**

In normal hematopoiesis Ets-1 is involved in the regula-
tion of lymphopoiesis,”" in the development of natural
killer cells” and in megakaryopoiesis.'®" Ets-1 is involved
in the regulation of eosinophil-specific promoter,” but no
data are currently available on its role, if any, during gran-
ulocytic differentiation.

The human NB4 promyelocytic and HL60 myeloblastic
leukemia cell lines represent in vitro models for studying
the molecular events taking place during terminal differen-
tiation of myeloid cells. NB4 and HL60 cells are morpho-
logically similar and can undergo granulocytic differentia-
tion when treated with all-trans retinoic acid (ATRA), or
other chemical compounds.**

NB4 cells carry the t(15;17) translocation which results
in the fusion of the promyelocytic leukemia gene (PAIL)
and retinoic acid receptor a gene (RARA). The PML/RARa
fusion protein blocks the normal maturation of granulo-
cytes, leading to the accumulation of abnormal promyelo-
cytes. Pharmacological doses of ATRA (10° M) overcome
this block, inducing differentiation of the immature
leukemic promyelocytes into mature granulocytes.

HL60 cells can also be induced to differentiate by ATRA,
even though HL60 cells lack the t(15;17) chromosomal
translocation. The underlying mechanism of this induc-
tion of HL60 cell differentiation remains unclear.

Using these model systems, we analyzed ETS-1 gene
expression during ATRA-induced granulocytic differentia-
tion.
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Design and Methods

Cell cultures and infection

The NB4, HL60, NB4.R2” and HL60R* cell lines were grown in
RPMI 1640 medium supplemented with 10% fetal calf serum.
Granulocytic differentiation was induced with 10° M ATRA or
1.4% dimethylsulfoxide (DMSO).

A Phoenix packaging cell line was cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal calf serum and
transfected by calcium-phosphate/chloroquine with retroviral vec-
tors. The retroviral vector Pinco/IRES-GFP (Pi) containing Ets-1
cDNA has been described previously.”” The Ets-1 transdominant
negative mutant (TM)”* was cloned into the same Pi vector.
Infectious particles were produced as previously described” and
cells were infected by the spin inoculation method.”

Purification of hematopoietic progenitor cells
and granulocytic culture

Adult peripheral blood was obtained from buffy coats of
blood donation units. CD34' hematopoietic progenitor cells
were isolated as previously described.” CD34* hematopoietic
progenitor cells were cultured in serum-free medium in the pres-
ence of 1 U/mL interleukin-3, 0.1 ng/mL granulocyte-monocyte
colony-stimulating factor and a saturating level of granulocyte
colony-stimulating factor (500 U/mL) (PeproTech, Rocky Hill,
NJ, USA).

Fresh leukemic blasts were isolated from either bone marrow
or peripheral blood obtained from 15 AML patients, using Ficoll-
Hypaque density-gradient centrifugation. Further details are pro-
vided in the Online Supplementary Design and Methods.

RNA extraction and reverse transcriptase polymerase
chain reaction

RNA was extracted using Trizol reagent. Further details on the
real-time reverse transcriptase polymerase chain reaction (qRT-
PCR) and the semi-quantitative reverse transcriptase polymerase
reaction (RT-PCR) are provided in the Online Supplementary Design
and Methods.

Whole cell extracts, treatment with calf intestinal
phosphatase and western blotting

Extracts were obtained as previously described."” For treatment
with calf intestinal phosphatase (CIP), extracts were prepared
without protease inhibitors and chelators and incubated with CIP
(Promega, Madison, WI USA). Cell extracts were loaded onto a
sodium dodecyl sulfate polyacrylamide gel, transferred onto
Hybond-C paper (Amersham Biosciences), incubated with anti-
Ets-1 (C-20, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Ets-1 pS282/285 and anti-Ets-1 pT38 phospho-specific
(Biosource International, Inc, Camarillo, CA, USA), and anti-actin
(Oncogene Research, San Diego, CA, USA) antibodies and detect-
ed using an ECL detection kit (Pierce, Rockford, IL, USA). The lev-
els of expression were analyzed using Scion Image Software
(Scion, Frederich, MD, USA).

DNA electrophoretic mobility shift assay
The electrophoretic mobility shift assay (EMSA) is described

elsewhere" and further detailed in the Online Supplementary Design
and Methods.

Flow cytometry analysis
Annexin V/propidium iodide staining

Cells were incubated with annexin V-binding buffer (2.5 mM
CaCl;, 140 mM NaCl, 10 mM Hepes) and Alexa Fluor 647 annexin
V conjugate (Invitrogen) for 15 min, re-suspended in the same
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buffer containing 5 ug/mL propidium iodide (PI) and analyzed by
LSRII (Becton Dickinson).

Hoechst 33342 staining

Cells were incubated with phosphate-buffered saline
(PBS)/Hoechst 33342 10 ug/mL for 1 h at 37°C then re-suspended
in PBS/PI 5 ug/mL and analyzed by LSR II. The detection of cell

surface markers is detailed in the Online Supplementary Design and
Methods.

Small interfering RNA transfection

Cells were transfected with 160 nM small interfering RNA
(siGENOME  SMARTpool reagent M-003887-00-0020;
Dharmacon Lafayette, CO, USA) and a fluorescein isothiocyanate
(FITC)-conjugated double-stranded RNA (Dharmacon), all com-
bined with the INTERFERin™ transfection kit (Polyplus-transfec-
tion, New York, NY, USA).

Statistical analysis

Data are presented as mean values and error bars indicate the
standard deviation. The groups were compared by two-way
analysis of variance (ANOVA) using Bonferroni’s test. P values less
than 0.05 are considered statistically significant.

Results

Ets-1 is down-regulated in all-trans retinoic
acid-induced neutrophil differentiation
of NB4 and HL60 cell lines

Endogenous expression of Ets-1 alternatively spliced iso-
forms p51 and p42 was analyzed during ATRA-mediated
NB4 and HL60 cells differentiation by qRT-PCR, semi-
quantitative RT-PCR and western blotting. Cells were
treated with 10° M ATRA and harvested every 24 h.
Cellular differentiation was monitored evaluating
increased expression of myeloid-specific surface antigens
by flow cytometry (Online Supplementary Figure S1A).

Ets-1 p51 mRNA, highly expressed in untreated cells,
was down-regulated upon addition of ATRA (Figure 1A).
After 3 days of treatment, Ets-1 mRNA started to increase,
reaching relevant levels of expression in differentiated
cells. Conversely, the p42 isoform was barely detectable
only in untreated samples, as evaluated by semi-quantita-
tive RT-PCR using specific primers recognizing both iso-
forms (Figure 1A, bottom panel).

The expression levels of Ets-1 protein were then exam-
ined by western blotting. As shown in Figure 1B (upper
panel), p51 Ets-1 protein was expressed in untreated cells,
whereas the p42 isoform was undetectable. The level of
p51 decreased after 24 h of treatment and, instead, a pro-
tein of slightly higher molecular weight appeared, which
increased in a time-dependent manner. The size shift of
p51 Ets-1 suggested that the protein may be phosphorylat-
ed upon ATRA treatment. In order to establish whether
Ets-1 was phosphorylated, we treated the whole cell
lysate with CIP, to release the phosphate groups. CIP treat-
ment of 48 h ATRA-treated cell extracts reduced the size
shift of Ets-1 protein, thus suggesting that Ets-1 is phos-
phorylated following ATRA treatment (Figure 1B, middle
panel). ATRA could trigger both MAP kinase and calcium-
dependent signaling pathways which induce activating
(T88) and inhibitory (4S) phosphorylation of Ets-1, respec-
tively. To determine which type of phosphorylation is

Role of Ets-1 in granulocytic differentiation -

induced by ATRA we probed the western blot membrane
with either an anti-Ets-1 antibody specifically recognizing
phosphorylated T38 of Ets-1 (p138) or with an antibody
specifically recognizing the phosphorylated form in ser-
ines 282 and 285 (pS282/285) (Figure 1B, bottom panel).
As shown in Figure 1B pT38 was clearly detected only in
untreated cells, whereas pS282/285 antibody detected a
protein which increased over the 4 days of treatment. The
simultaneous presence of both activating and inhibitory
phosphorylation events has already been described in
other cellular systems.”

To determine whether serine phosphorylation may
account for decreased Ets-1 binding activity, during ATRA-
induced differentiation we performed an EMSA. We
examined the binding activity of Ets-1 protein to *P-
labeled synthetic double-stranded oligonucleotides con-
taining a consensus binding motif for Ets-1. A specific Ets-
1-DNA complex was clearly evidenced in untreated cells
(Figure 1C, lanes 1, 6, 7), whereas ATRA treatment
markedly reduced Ets-1-DNA complex formation
throughout the differentiation process (Figure 1C, lanes 2-
4). As expected,® CIP treatment of 48 h-treated NB4 whole
cell extracts resulted in increased Ets-1 binding activity
(Figure 1C, lanes 8, 9). Similar results were obtained dur-
ing ATRA-induced differentiation of HL60 cells (Online
Supplementary Figure S1B and data not shown).

These results indicate that ATRA treatment reduced Ets-
1 protein expression and induced inhibitory phosphoryla-
tion of the remaining protein in a time-dependent manner.

We next analyzed the expression of Ets-1 in NB4.R2
and HL60R cells, which are resistant to ATRA-induced
differentiation. Treatment of NB4.R2 and HL60R cells
with ATRA did not decrease Ets-1 expression or induce
Ets-1 phosphorylations size shift (Figure 1D and Ounline
Supplementary Figure S1C).

Collectively, these data indicated that Ets-1 down-mod-
ulation is part of the ATRA pathways leading to granulo-
cytic differentiation.

Enforced expression of a dominant negative mutant
of Ets-1 in NB4/HL60 enhances all-trans retinoic
acid-induced granulocytic differentiation

To further investigate the functional relevance of Ets-1
down-modulation related to ATRA-induced differentia-
tion we infected NB4 cells with either a previously gener-
ated retroviral vector carrying Ets-1 cDNA" or a trans-
dominant negative mutant (TM) of Ets-1* (Figure 2A).
This mutant contains the DNA binding domain of Ets-1,
but lacks the transactivation domain and most of the auto-
inhibitory module, thus competing with the wild-type
protein for binding to DNA. NB4 cells were infected with
Pi/Ets-1, or Pi/TM or its backbone control Pi. After trans-
duction, the cells efficiently expressing green fluorescent
protein (GFP) were selected by fluorescence-activated cell
sorting (FACS) to establish stable cell lines. Ectopic expres-
sion of Ets-1 and TM was confirmed by western blotting.
The results were consistent with ectopic expression of Ets-
1 close to a physiological range (about 2-2.5 fold) (Online
Supplementary Figure S2A). Similarly, the Ets-1 transdomi-
nant negative molecule was expressed at a level compara-
ble to that of the endogenous Ets-1 protein (Figure 2B).
Experiments showing higher Ets-1 and TM expression
(>2.5-3 fold) were not considered to avoid spurious results
of excessively over-expression or ‘squelching’. As expect-
ed, 48 h of ATRA treatment markedly reduced the expres-
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sion of Ets-1 protein in control, NB4/TM and NB4/Pi cells;
in NB4/Ets-1 cells Ets-1 was also decreased but remained
at a level comparable to that in untreated control cells
(Figure 2B). After 4 days of treatment, Ets-1 expression
was also down-regulated in NB4/Ets-1 cells (data not
shown).

Suppression of Ets-1 binding activity by the ectopically
expressed Ets-1 transdominant negative mutant was then
analyzed by EMSA. Ets-1 activity was detected to a simi-
lar extent in both control cells and cells infected with
empty vector, enhanced in NB4/Ets-1 cells and partially
reduced in TM-infected cells (Figure 2C). However, upon
96 h of ATRA treatment, which decreased both protein
level and binding activity, the Ets-1 transdominant nega-
tive mutant efficiently bound to the consensus binding
sequence for Ets-1.

In a cell viability assay (trypan blue staining) we observed
reduced proliferation in both transdominant negative and
Ets-1 transduced cells (Online Supplementary Figure S2B).
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Conversely, only NB4/Ets-1 cells showed a marked
increase in cell mortality. As expected, during ATRA-
induced differentiation, reduced proliferation was observed
in all cell clones (Online Supplementary Figure S2B). In order
to investigate the mechanisms responsible for the observed
anti-proliferative effect, we analyzed cell cycling. No signif-
icant differences in cell cycle phases were observed among
the different cell populations (data not shown). Conversely,
the percentage of cells with hypodiploid DNA content,
characteristic of apoptotic cells, was significantly higher in
Ets-1 over-expressing cells (Figure 2D). Induction of differ-
entiation was associated with a slightly increased apoptosis
in all cell populations (Figure 2D).

To confirm the apoptotic effect of Ets-1 over-expression,
cells were stained with annexin V and PI and subjected to
flow cytometric quantification. The percentage of early
(annexin V*/PI) and late (annexin V*/PI") apoptotic cells
was significantly higher in Ets-1 over-expressing NB4 cells
than in NB4/TM, backbone control and control cells

NB4
48 72 96

— —
—45kDa
— 30kDa

Figure 1. ATRA reduced p51
Ets-1 expression and DNA
binding affinity in NB4 and
HL60 cells but not in their
ATRA-resistant counterpart.
NB4 and HL60 cells were
treated with 10°M ATRA and
collected at the indicated
time points. (A) (Top) Etsl1
expression by qRT-PCR.
GAPDH endogenous control
was used for normalization.
Error bars represent stan-
dard deviation and indicate
the average values from
three independent experi-
ments. (Bottom) Semi-
quantitative RT-PCR of alter-
natively spliced isoforms of
Ets-1 mRNA in NB4 cells.
S$26 was used for normaliza-
tion. (B) (Top) Western blot
of Ets-1 protein during ATRA-
induced differentiation of
NB4 cells and (middle) after
CIP treatment. Asterisks rep-
resent the size shift of the
phosphorylated protein.
(Bottom) Western blot using
antibodies against Ets-1
pT38 or pS282/285. (C)
EMSA of untreated and
ATRA-treated NB4 cells
(lanes 1-4). Complex forma-
tion is indicated by arrows.
96 Extracts were incubated with
a 200-fold molar excess of
wild-type (lane 5) or mutated
(lane 6) cold DNA competi-
tors and anti-Ets-1 antibody
(lane 7). The double asterisk
indicates the supershift of
the complex. EMSA of cell
extracts untreated (lane 8)
and treated with CIP after
48 h of exposure to ATRA
(lane 9). (D) western blot of
Ets-1 in ATRA-treated
NB4.R2. In all Western Blots,
equal loading was confirmed
by probing with anti-actin
antibody.
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(Figure 2E). Similar results were obtained with transduced
HL60 cells (data not shown).

We then analyzed cell differentiation. May-Grunwald-
Giemsa staining showed similar morphology in all three
transduced cell populations and in NB4 cells. However,
after induction for 4 days with 10° M ATRA, TM-express-
ing cells showed a significantly greater fraction of more
mature cells corresponding to band cells and metamyelo-
cytes (Online Supplementary Figure S2C).

We next analyzed by flow cytometry the expression of
the maturation-specific cell surface marker CD11b after 4
days of culture with ATRA. NB4/Ets-1 showed a modest
increase of CD11b when compared with control cells.
NB4 cells over-expressing the Ets-1 transdominant nega-
tive mutant showed a significant increase both in the fre-
quency of CD11b positive cells (up to 90%) (Figure 3A)
and in the level of CD11b protein expression as compared

5257

A T38 S251 52825285
* *k  kk
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to control cells (Figure 3B). Moreover, when cells were
treated with a suboptimal amount of ATRA (0.1, 0.5 uM),
we observed a marked induction of CD11b expression
only in TM-expressing cells (Figure 3C). Similar results
were observed in Pi, Ets-1 and TM HL60 transduced cells
(data not shown).

To further elucidate the role of Ets-1 during ATRA-
induced granulocytic differentiation we knocked-down
Ets-1 by using small interfering RNA (siRNA). NB4 cells
were transiently transfected with siRNA against Ets-1
(siEts-1) or with control non-targeting siRNA (siCtr)
together with a FITC-conjugated double-stranded RNA.
Twenty-four hours after transfection, FITC-positive cells
were sorted and then cultured. The decreases in the levels
of Ets-1 mRNA and protein were confirmed by gRT-PCR
and western blot analysis (Figure 3D). Despite the
decrease of Ets-1 protein, no difference in the differentia-
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tion status was observed when siEts-1 cells were com-
pared with control cells (Figure 3E). Transfected cells were
then treated with ATRA and analyzed after 72 h; when
compared with the control group, siEts-1 cells showed a
significant increase of CD11b expression (Figure 3E).

Altogether, these results confirm that Ets-1 down-regu-
lation is a relevant event for ATRA-induced granulocytic
differentiation. However, since transcriptional suppression
or siRNA knockdown are not per se sufficient to trigger the
differentiation process, our data suggest that the Ets-1
decrease contributes to and/or enhances ATRA-induced
differentiation.

Ets-1 down-modulation is required for granulocytic
differentiation and maturation of peripheral blood
CD34" hematopoietic progenitor cells

We then investigated whether down-modulation of
Ets-1 expression is specific to ATRA-induced granulocytic
differentiation or also takes place when cells are treated
with other granulocytic differentiation-inducing agents.
DMSO-induced granulocytic differentiation of NB4 cells
(Online Supplementary Figure S3A) was associated with
down-regulation of Ets-1 (Omnline Supplementary Figure
S3B); however, the rate at which Ets-1 decreases upon
DMSO treatment is slower than that in ATRA-treated
cells, consistent with the weaker effect of DMSO as a
promoter of granulocytic differentiation. However, fol-

NT (1%)
— ATRA (36.06%)

wonees NT (1.57%)
= ATRA (37.38%)

e NT (1.09%)

100

— ATRA (50.06%)
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lowing 72 h of exposure to DMSO, TM-transduced cells
showed a higher fraction of differentiated cells as com-
pared to cells over-expressing Ets-1 and cells infected
with an empty vector (Online Supplementary Figure S3C).

To confirm the association between the decrease of Ets-1
and granulocyte differentiation, we next analyzed Ets-1
expression in a serum-free culture system for unilineage dif-
ferentiation and maturation of peripheral blood CD34*
hematopoietic progenitor cells through the granulocytic
pathway. In this type of culture, cell growth is associated
with a decrease of CD34" cells and with a progressively
increased expression of the granulocytic-specific surface
antigen CD15. This type of culture recapitulates physiolog-
ical hematopoiesis, allowing the analysis of up to 95% neu-
trophil cells at late days of culture” (Online Supplementary
Figure S3D).

Ets-1 mRNA and protein levels were evaluated by qRT-
PCR and western blot analysis; starting from quiescent
CD34" cells, total RNA and proteins were extracted from
granulocytic cells at different days of culture until their
complete differentiation. As shown in Figure 4A, Ets-1
mRNA was expressed in hematopoietic progenitor cells
and its level strongly decreased during the initial days of
culture; starting from day 7, predominantly corresponding
to the myeloblastic/promyelocytic stages of differentiation,
Ets-1 mRNA progressively increased until the end of the
maturation process.
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The total amount and the phosphorylation level of Ets-
1 protein were then examined by western blot (Figure 4B).
During unilineage granulocytic differentiation of CD34*
hematopoietic progenitor cells, the level of p51 Ets-1 was
reduced and the remaining protein, observed from day 7
of culture onward, was phosphorylated. The increase of
inhibitory Ets-1 phosphorylation during normal granulo-
cytic differentiation was confirmed by western blot analy-
sis with either anti-Ets-1 pT38 or pS282/285 antibodies
(Figure 4B).

Since Ets-1 levels seem to be elevated in normal CD34*
cells and decrease during granulocytic differentiation, we
were particularly interested in exploring Ets-1 levels in
CD34" cells purified from AML samples. The CD34" frac-
tions, enriched for leukemia-initiating cells, were isolated
from patients with various French-American-British sub-
sets of AML, as reported in the Omnline Supplementary
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Figure 4. Ets-1 expression levels in CD34* hematopoietic progenitor
cells purified from normal and leukemic samples. (A) qRT-PCR of
Ets-1 mRNA was performed on the indicated days in hematopoietic
progenitor cells grown in liquid phase unilineage granulocytic cul-
ture. GAPDH endogenous control was used for normalization. Error
bars represent mean * SD (n=3). (B) Western blot of Ets-1 protein
in CD34* hematopoietic stem cell granulocytic culture with anti- Ets-
1, -pS282/285, -pT38 and -actin antibodies. (C) qRT-PCR of p51Ets-
1 mRNA in CD34* cells derived from peripheral blood (PB) and cord
blood (CB) of healthy donors and AML patients (AML). (D) qRT-PCR
of p42Ets-1 mRNA in normal CD34" cells and AML patients. (E) FACS
analysis of cell surface antigens following ATRA treatment of
leukemic blasts from an t(15;17) AML patient. (F) Western blot of
Ets-1 protein in ATRA-treated APL blasts.
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Design and Methods section. Leukemic CD34* hematopoi-
etic progenitor cells showed a mean 5- to 10-fold increase
in Ets-1 expression compared to the levels of Ets-1 expres-
sion observed in CD34" cells purified from either normal
peripheral blood or cord blood control samples (Figure
4C). Assuming a cut-off of 10 for Ets-1 mRNA expression
in normal CD34" cells, it appeared evident that nine of 15
cases had significantly higher Ets-1 mRNA levels in their
CD34" fractions than the levels in their normal counterpart
(Figure 4C). Interestingly, the p42 isoform, barely
detectable in normal CD34* cells, was clearly expressed in
AML CD34" cells as evaluated by qRT-PCR using primers
specifically recognizing the p42 Ets-1 (Figure 4D).

Furthermore, to analyze a link between cell differentia-
tion and Ets-1 protein expression in primary leukemic
cells, freshly isolated leukemic blasts from an AML patient
with t(15;17) translocation were treated with 10° M ATRA
and harvested after 24 and 48 h. ATRA-induced differenti-
ation was monitored by evaluating increased expression
of myeloid-specific surface antigens by FACS analysis
(Figure 4E). Ets-1 protein levels were then analyzed by
western blotting. As shown in Figure 4F, ATRA-induced
granulocytic differentiation of acute promyelocytic
leukemia blasts is associated with both a decrease of Ets-
1 protein expression and an increase of inhibitory phos-
phorylation.

Discussion

The results of the present study show that decreased
expression of Ets-1 protein is associated with granulocytic
differentiation. Two lines of evidence suggest that this
down-regulation is a crucial event. First, in contrast to the
differentiation-sensitive NB4 and HL60 cells, the ATRA-
resistant NB4.R2 and HL60R cells did not show down-reg-
ulation of Ets-1 upon ATRA treatment. Second, inhibition
of Ets-1 activity by enforced expression of a transdomi-
nant negative Ets-1 molecule potentiated the capability of
NB4 and HL60 cells to undergo chemical-induced granulo-
cytic differentiation. The transdominant negative mole-
cule was successfully used to suppress Ets-1 transcription-
al activity to inhibit normal and tumor angiogenesis.”*
This molecule may potentially also interfere with the
function of closely related Ets proteins, such as Ets-2."?
Nevertheless, specific, targeted inhibition of Ets-1 expres-
sion by siRNA resulted in a significant increase of granulo-
cytic differentiation, thus demonstrating that a major role
may be ascribed to Ets-1. Furthermore, upon ATRA treat-
ment, the remaining p51 Ets-1 was phosphorylated within
the inhibitory module in the exon VII domain.
Interestingly, differentiating NB4 and HL60 cells, as well as
normal CD34* hematopoietic progenitor cells, did not
express the p42 isoform which is resistant to the negative
regulation and confers the ability to p42 Ets-1 to form sta-
ble complexes with DNA.

The kinases that are able to phosphorylate the cluster of
serines within the inhibitory module are CaMKII*" and
MLCK," both of which mediate calcium-dependent phos-
phorylation. In NB4 and HL60 cells, ATRA-dependent dif-
ferentiation is enhanced via modulation of intracellular
calcium homeostasis.”** Calcium-dependent inhibition of
Ets-1 DNA binding could be part of a general mechanism
to remove Ets-1 function from the cell during granulocytic
differentiation.



Previous studies indicated that the active form of
CaMKII decreases during ATRA-induced differentiation
and pharmacological inhibition of CaMKII enhances
ATRA-induced differentiation in these cellular systems.®
These observations indirectly indicated that CaMKII may
not be involved in Ets-1 phosphorylation upon ATRA
treatment. Thus MLCK or other kinases, other than
CaMKI], seem to be involved in Ets-1 inactivation during
granulocytic maturation. Further, it has to be considered
that Ets-1 inactivation is not ATRA- dependent, but is gen-
eralized to granulocytic differentiation.

In line with the down-modulation of Ets-1 protein levels
and activity, we observed a parallel decreased expression
of Ets-1 mRNA following up to 48 h of ATRA treatment,
while Ets-1 mRNA levels started increasing after 72 h of
treatment. This up-regulation might be ascribed to the
presence of a functional retinoic acid responsive element
on the human Ets-1 promoter,” but is not reflected by
increased protein levels. The same trend was observed
during granulocytic differentiation of CD34* hematopoiet-
ic progenitor cells.

These data suggest that the difference between Ets-1
mRNA and protein levels in differentiated granulocytes
could be ascribed to microRNA-mediated post-transcrip-
tional regulation. The TargetScan algorithm indicated Ets-
1 as a potential target of several microRNA (miR) up-reg-
ulated upon ATRA treatment of NB4* and HL60* cells,
such as miR-221, miR-222, miR-181a/b/c, miR-33, miR-
124, miR-125, and miR-193. Based on these observations,
we investigated the functional relevance of Ets-1 targeting
by miR-221/222 as related to granulocytic differentiation.
Despite miR binding to Ets-1 3" UTR, we observed only a
slight decrease of Ets-1 protein and a not significant
increase of cell differentiation in miR-221/222 overex-
pressing cells (V. Lulli et al, unpublished observations
2009), thus suggesting that other miR or a functional set of
miR may be implicated in regulating ETS-1 gene expres-
sion during differentiation of granulocytic cells.

It is interesting to note that in AML CD34" cells we
observed a frequent over-expression of pS1Ets-1 and
detectable levels of p42Ets-1, as compared to in normal
CD34" cells. Although we did not explore the functional
consequences of Ets-1 over-expression in AML cells, our
results may support the hypothesis that elevated Ets-1
expression contributes to the defective differentiation
capability of AML CD34" cells. In line with this hypothe-
sis, we observed that induction of granulocytic differenti-
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ation of fresh acute promyelocytic leukemia blasts was
associated with decreased Ets-1 expression and increased
Ets-1 inhibitory phosphorylation. Consistently, elevated
levels of Ets-1 have been detected in many tumors, includ-
ing breast” and colon cancer.*

Altogether our observations indicate that: (i) during
granulocytic differentiation Ets-1 oncogenic protein is
both down-regulated and inactivated; (ii) Ets-1 over-
expression induced apoptosis; and (iii) more than 50% of
leukemic CD34* cells analyzed expressed a higher level of
Ets-1 mRNA than that in the normal counterpart, suggest-
ing that aberrant Ets-1 expression might interfere with
granulocytic maturation.

Ets-1-induced differentiation is worthy of comment.
Our results showed that over-expression of the full-length
Ets-1 isoform slightly enhances rather than inhibits differ-
entiation. This apparent paradox may be explained by the
changed levels of Ets-1 protein which may alter the spec-
trum of Ets-1 functions and modify the activity of Ets-1
containing complexes, resulting in aberrant activation of
the differentiation program. Similarly, the increased apop-
tosis showed by Ets-1-over-expressing cells may be
ascribed to unbalanced composition of Ets-1-containing
complexes and/or abnormal Ets-1 activity.

However, in this study we did not define the molecular
pathways and networks through which Ets-1 transcription
factor acts in the various stages of granulocytic develop-
ment. Considering the complexity of Ets-1 interactions,
the variety of biological processes in which it takes part
and the number of potential targets, it is difficult to spec-
ulate on the molecular networks/pathways in which it
might be involved.

Further studies are warranted to decipher the role of Ets-
1 and its implication in myeloid cell maturation, and to
understand how deregulated Ets-1 expression triggers an
apoptotic response while also blocking the process of dif-
ferentiation.
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