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Abstract

SCL/Tal-1 is a helix-loop-helix (HLH) transcription factor
required for blood cell development, whose abnormal
expression is responsible for induction of T-cell acute
lymphoblastic leukemia. We show here that SCL/Tal-1 is a
key target of caspases in developing erythroblasts. SCL/Tal-1
degradation occurred rapidly after caspase activation and
preceded the cleavage of the major erythroid transcription
factor GATA-1. Expression of a caspase-resistant SCL/Tal-1
in erythroid progenitors was able to prevent amplification of
caspase activation, GATA-1 degradation and impaired
erythropoiesis induced by growth factor deprivation or death
receptor triggering. The potent proerythropoietic activity of
uncleavable SCL/Tal-1 was clearly evident in the absence of
erythropoietin, a condition that did not allow survival of
normal erythroid cells or expansion of erythroblasts expres-
sing caspase-resistant GATA-1. In the absence of erythro-
poietin, cells expressing caspase-resistant SCL/Tal-1
maintain high levels of Bcl-X,, which inhibits amplification
of the caspase cascade and mediates protection from
apoptosis. Thus, SCL/TAL-1 is a survival factor for erythroid
cells, whereas caspase-mediated cleavage of SCL/Tal-1
results in amplification of caspase activation, GATA-1
degradation and impaired erythropoiesis.
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Introduction

Erythropoiesis involves the sequential formation in the bone
marrow of proerythroblasts and basophilic, polychromatophi-
lic and orthochromatic erythroblasts, which extrude the
nucleus and enter the circulation as mature red blood cells.’
Erythroid cell homeostasis is controlled by positive and
negative signals that regulate survival, expansion and
maturation of erythroid progenitors and precursors. Red blood
cell production is inhibited by caspases, which induce
degradation of the major erythroid transcription factor
GATA-1 in late erythroid progenitors and early erythroblasts,
followed by reversible growth and differentiation arrest or
apoptosis.?? Survival of immature erythroid cells is promoted
by erythropoietin (Epo), which cooperates with GATA-1 in
sustaining the expression of Bcl-X,,* a Bcl-2-related gene with
antiapoptotic properties.® Bcl-X, is regarded as a key survival
factor for erythropoiesis, as suggested by the occurrence of
massive apoptosis of fetal liver hematopoietic cells from bcl-
X_’~ mice and by the inability of bcl-X./~ embryonic stem cells
to generate mature erythroblasts.*”

Gene knockout studies have shown that GATA-1 is
required for erythroid cell survival and maturation,® while
disruption of other erythroid transcription factors, such as
LMO2/RBTN2 and SCL/Tal-1, results in early embryonic
lethal anemia with complete failure of yolk sac hematopoi-
esis.® % These transcription factors interact to form transcrip-
tional complexes essential for erythroid development.’

The SCL/Tal-1 gene was initially identified at the site of a
t(1;14) (p32;q11) translocation breakpoint in a human stem
cell line derived from a patient with T-cell acute lymphoblastic
leukemia (T-ALL)."® The SCL/Tal-1 gene product belongs to
the basic helix-loop—helix (bHLH) family of transcription
factors that comprises several proteins involved in the control
of cell growth and differentiation.'®'* Like other tissue-
restricted bHLH transcription factors, SCL/Tal-1 binds DNA
as a heterodimer with the ubiquitously expressed E proteins,
which recognize the hexanucleotide sequence CANNTG
found in a wide variety of eukaryotic transcriptional enhan-
cers.'®7

While absent in normal adult T lymphocytes,'? the SCL/Tal-
1 protein is constitutively expressed in the majority of T-ALL."®
In some cases, aberrant SCL/Tal-1 expression results from
chromosomal translocations that juxtapose the SCL/Tal-1
gene with T-cell receptor regulatory elements.'%2° More
commonly, the SCL/Tal-1 gene is activated as the result of a
specific interstitial chromosomal deletion that replaces SCL/
Tal-1 regulatory elements with those of an upstream gene
named sil.'~23 Direct evidence supporting the leukemogenic
properties of SCL/Tal-1 has been obtained from studies in
mice with enforced thymic expression of SCL/Tal-1.2* How-
ever, since the highest transforming activity of SCL/Tal-1 is
observed in concert with LMO1 or LMO2 overexpression,zs"26
or in a p53~'~ background,?* it is likely that multiple genetic
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lesions cooperate in the genesis of T-cell malignancies. It is
not clear whether SCL/Tal-1 acts through direct DNA binding
or through interaction with other transcription factors.?” The
latter mechanism seems responsible for the development of
human and experimental T-cell malignancies, where the
synergistic oncogenic activity of SCL/Tal-1 and LMO2/RBTN2
is mediated by the inactivation of E proteins and consequent
silencing of genes implicated in tumor suppression and
apoptosis.26:28:29

During embryonic development, SCL/Tal-1 is expressed in
a variety of hematopoietic and nonhematopoietic cell
types,?”303'whereas in normal adult tissues SCL/Tal-1
expression becomes restricted to hematopoietic and en-
dothelial cells.®® In erythroid cells, SCL/Tal-1 is highly
expressed throughout the maturation process and forms
transcriptionally active heterodimers with E2A proteins,
possibly participating in the activation of erythroid-specific
genes.®® In fact, antisense oligomers to SCL/Tal-1 inhibit
proliferation and self-renewal of erythroleukemia cells, and
forced SCL/Tal-1 expression exerts a selective stimulatory
effect on erythroid development of normal hematopoietic
progenitors.3*3> Moreover, selective expression of SCL/Tal-1
in early hematopoietic progenitors is able to rescue myelopoi-
esis but not erythropoiesis in SCL/Tal-1~/~ mice.®®

This study was designed to evaluate the function of SCL/
Tal-1 in normal erythroid cells and its role during the negative
regulation of erythropoiesis. Expression of a caspase-
resistant form of SCL/Tal-1 led to a growth factor-independent
survival and expansion of erythroid progenitor cells and
sustained Bcl-X_ levels in Epo-deprived erythroblasts, sug-
gesting that SCL/Tal-1 and its regulation by caspases play a
critical role in the regulation of erythropoiesis.

Results

SCL/Tal-1 is cleaved by caspases in immature
erythroblasts

Death receptor stimulation of early erythroid precursors
contributes to the physiological regulation of erythropoi-
esis.?%3” To determine whether SCL/Tal-1 expression is
affected during this process, immature erythroid precursors
grown in unilineage culture were treated with anti-CD95 and
analyzed for transcription factor protein levels. Immunofluor-
escence labelling experiments showed that SCL/Tal-1 ex-
pression dramatically decreased in the vast majority of CD95-
treated erythroblasts after 1-day stimulation in the absence of
the caspase inhibitor zVAD-fmk, while GATA-1 and GATA-2
levels were moderately affected (Figure 1a), indicating that
caspase activation in erythroblasts results in early reduction of
SCL/Tal-1 levels. Similarly, immunoblot analysis and quanti-
tation showed a rapid SCL/Tal-1 downmodulation, which
precedes substantial caspase-3 activation, GATA-1 degrada-
tion and increase in GATA-2 levels by 12-24 h (Figure 1b,c).
Caspase inhibitors prevented decline of SCL/Tal-1 levels and
subsequent modulation of GATA transcription factors (Figure
1b,c). While GATA-1 is degraded after caspase activation,
GATA-2 expression increases, possibly as a result of the
considerable reduction in the inhibitory activity of GATA-1.3:38
To investigate whether SCL/Tal-1 is a direct target of
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caspases, in vitro-translated [*®*S]methionine-labelled SCL/
Tal-1 was incubated with purified caspase-3, -7 and -8, as
they have been previously found to be responsible for GATA-1
cleavage and negative regulation of erythropoiesis.® All the
three caspases were able to cleave SCL/Tal-1, as shown by
the formation of two degradation fragments of ~24 and
~20kDa (Figure 2a). To obtain SCL/Tal-1 mutants resistant
to caspase-mediated cleavage, we mutated the aspartic acid
at position 180 (EITD) and 296 (SSLD) to glutamic acid,
generating a partially resistant mutant (SCL D180E) and a
double mutant (SCL D180E/D296E) completely resistant to
caspase-mediated cleavage (Figure 2a and data not shown).
Since caspases cleave SCL/Tal-1 immediately before the
basic region, producing a C-terminal fragment containing the
bHLH domain, we investigated whether this potentially active
fragment was present in erythroblasts subjected to CD95
stimulation. Immunoblot analysis with an antibody specifically
directed towards the bHLH domain of SCL/Tal-1 showed after
caspase activation the formation of a 20kDa band that
underwent rapid degradation (Figure 2b), ruling out the
possibility that SCL/Tal-1 cleavage may produce transcrip-
tionally active proteins.

Expression of caspase-resistant SCL/Tal-1
overcomes CD95-mediated inhibition of
erythropoiesis and prevents GATA-1
downmodulation

We next investigated whether SCL/Tal-1 cleavage was
involved in CD95-mediated inhibition of erythropoiesis. Wild-
type and caspase-resistant SCL/Tal-1 were cloned in PINCO,
a hybrid EBV/retroviral vector expressing the green fluores-
cent protein (GFP) as a selectable marker. Transfection of
PINCO into the Phoenix amphotropic packaging cell line
yields high-titer retroviral particles (>107 colony forming units/
ml) that can be used to infect CD34* hematopoietic progenitor
cells with an average efficiency of about 50%.%° CD34* cells
infected with the empty PINCO vector, with PINCO-SCL/Tal-1
or PINCO-SCL D180E/D296E (caspase-resistant SCL/Tal-1)
were analyzed by flow cytometry and sorted on the basis of
comparable GFP expression to obtain 100% pure populations
of transduced cells expressing equal levels of exogenous
genes. Immature erythroid cells expressing caspase-resistant
SCL/Tal-1 were able to differentiate despite the inhibitory
effect of CD95 stimulation (Figure 3a,b). By contrast, wild-type
SCL/Tal-1 was scarcely effective in sustaining erythroid
maturation in the presence of anti-CD95 agonistic antibody
(Figure 3b). Moreover, expression of SCL D180E/D296E
allowed expansion of erythroid progenitor cells stimulated with
anti-CD95 agonistic antibody, which inhibits proliferation of
cells transduced with empty vector or wild-type SCL/Tal-1
(Figure 3c). Taken together, these results suggest that SCL/
Tal-1 cleavage is a key event in death receptor-mediated
inhibition of erythropoiesis.

GATA-1 expression is required for erythroid cell survival,
differentiation and expansion.®>® Since GATA-1 is down-
regulated after CD95 stimulation in erythroblasts, we mea-
sured GATA-1 levels in cells that were able to overcome the
CD95-mediated inhibition through the expression of caspase-
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Figure 1  SCL/Tal1 is an early target of caspases in CD95-stimulated erythroblasts. (a) Immunofluorescence analysis for SCL/Tal-1, GATA-1 and GATA-2 of day-7
erythroblasts treated for 24 h with control IgM (left), anti-CD95 (middle) or anti-CD95 plus 40 1M zVAD-fmk (right). (b) Inmunoblot analysis for SCL/Tal-1 and GATA-1 of
whole-cell lysates from day-7 erythroblasts untreated or treated with anti-CD95 or anti-CD95 plus zVAD-fmk, revealing that proteolysis of SCL/Tal-1 precedes GATA-1
degradation and massive caspase-3 cleavage, as shown by decrease of procaspase-3 levels and formation of active p17 fragment. (c) Quantitative analysis of
transcription factor protein levels. Data represent mean =+ s.d. of three independent experiments

resistant SCL/Tal-1. Immunoblot analysis showed that the
expression of caspase-resistant SCL/Tall was able to
prevent GATA-1 downmodulation in CD95-stimulated ery-
throid cells (Figure 3d), suggesting that caspase-mediated
SCL/Tal-1 cleavage is required for massive GATA-1 degrada-
tion.

To rule out the possibility that SCL D180E/D296E may
promote erythroid growth and differentiation by directly

targeting caspases, we examined the effect of caspase-
resistant SCL on apoptosis of erythroid progenitors induced
by chemotherapeutic drugs. Expression of SCL D180E/
D296E did not exert significant protection of erythroid cells
from topotecan-induced apoptosis, whereas the caspase
inhibitor zVAD-fmk efficiently inhibited drug-induced cell
death (Figure 4a). Moreover, enforced expression of cas-
pase-resistant SCL in a CD95-sensitive lymphoblastoid cell

907

Cell Death and Differentiation



Caspase-mediated cleavage of SCL/Tal-1 in erythropoiesis
A Zeuner et al

908

SCL
a SCL D?gIO_E D180E
D296E
Caspases - 7 8 3 3 3
kD —
50 P — —
-
28kD —

19kD —

b Time (h) 36 36 12 24 36

Anti-CD95 - + + + +
zVAD - + - - -
|
40kD —
21kD — . D e

Figure2 SCL/Tal-1is cleaved by caspase-3, -7, and -8 at Asp180 and Asp296,
and the C-terminal fragment is degraded in vivo. (a) In vitro translated
[*5S]methionine-labelled SCL/Tal-1 was incubated for 1h at 30°C with reaction
buffer alone (—) or with purified caspase-7, -8, or -3. Partially and completely
caspase-resistant SCL/Tal-1 mutants (D180E and SCL D180E D296E,
respectively) were exposed to caspase-3 in the same experimental conditions.
Samples were analyzed by 12% SDS-PAGE and autoradiography. (b)
Immunoblot analysis of protein lysates from immature erythroblasts stimulated
for the times indicated with anti-CD95, or with anti-CD95 plus zZVAD-fmk, using an
antibody (BTL73) directed to the bHLH domain of SCL/Tal-1

line did not alter sensitivity towards CD95-induced death
(Figure 4b), which was completely prevented by zVAD-fmk.
Since inefficient lymphoblast protection from CD95-induced
apoptosis could be because of an alternative degradation
pathway of SCL D180E/D296E, we analyzed SCL/Tal-1 levels
in lymphoblastoid cells transduced with wild-type or mutated
SCL/Tal-1 and stimulated with anti-CD95 in the presence orin
the absence of zZVAD-fmk. Wild-type SCL/Tal-1 was cleaved
by caspases in anti-CD95-stimulated lymphoblasts, while its
partially and completely caspase-resistant forms were mod-
erately degraded and almost unaffected, respectively (Figure
4c). The fact that CD95-induced apoptosis of lymphoblastoid
cells occurs in the presence of high levels of caspase-
resistant SCL/Tal-1 indicates that SCL D180E/D296E does
not function as a direct inhibitor of caspases. Furthermore, we
did not detect by immunoprecipitation experiments any
association between SCL D180E/D296E and caspase-3 or -
8 in cells unstimulated or stimulated with anti-CD95,
while E2A family members were readily coimmunoprecipi-
tated (not shown). Therefore, the ability of the caspase-
resistant SCL/Tal-1 mutant to affect the survival and
differentiation of erythroid cells likely represents a specific
effect of this protein rather than a consequence of generalized
caspase inhibition.
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Figure 3 The expression of caspase-resistant SCL/Tal-1 mutant abrogates
CD95-mediated erythropoiesis blockade and prevents downmodulation of
GATA-1. Effect of SCL D180E/D296E expression on the differentiation (a, b)
and expansion (c) of erythroid progenitors exposed to anti-CD95 antibody.
CD34* cells were cultivated in cycling growth factors for 2 days, subjected to
retroviral infection and sorted for comparable expression levels of GFP. Sorted
cells were grown in erythroid medium, stimulated with anti-CD95 after 4 days of
erythroid differentiation and analyzed on day 8 (a) or day 9 (b, ¢) of culture.
Proerythroblasts and basophilic erythroblasts are indicated as immature,
orthochromatic erythroblasts as mature cells. (d) Immunoblot analysis of SCL
and GATA-1 levels in erythroid progenitors transduced with empty vector, wild-
type (SCL) and caspase-resistant SCL/Tal-1 (SCL D180E D296E) and
stimulated for 2 days with anti-CD95 where indicated. A representative
experiment of five performed is shown

Caspase-resistant SCL/Tal-1 prevents Bcl-xL
downmodulation and caspase activation and
GATA-1 degradation induced by Epo deprivation
in immature erythroblasts

The level of Epo dictates red cell production through the
selective action on erythroid progenitors and precursors.*°
Epo promotes survival, growth and differentiation of immature
erythroblasts, which undergo caspase activation and apopto-
sis in the absence of this growth factor.®*° To determine
whether SCL/Tal-1 is cleaved and degraded in erythroid cells
during Epo deprivation, we expressed wild-type and caspase-
resistant SCL/Tal-1 in erythroid progenitors and analyzed
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Figure 4 Caspase-uncleavable SCL/Tal-1 is not a general inhibitor of caspase
activation. (a) Induction of apoptosis in erythroid precursors derived by CD34*
cells and transduced with empty vector or with caspase-resistant SCL/Tal-1 (SCL
D180E D296E). After 5 days of erythroid differentiation, cells were treated with
50 ng/ml topotecan with or without 40 uM zVAD-fmk and assayed for viability
after 24h. Data are mean+S.D. of three independent experiments. (b)
Lymphoblastoid B cells (JY) were transduced with empty vector or SCL D180E/
D296E, treated with anti-CD95 antibody at 100 ng/ml with or without zZVAD-fmk
40 uM and examined 12 h later for the percentage of cell death. A representative
experiment of four performed is shown. (c) Immunoblot analysis of SCLTal-1
levels in JY cells transduced with empty vector, wild-type SCLTal-1 (SCL),
partially caspase-resistant SCLTal-1 mutant (SCL D180E) and completely
caspase-resistant SCLTal-1 mutant (SCL D180E D296E) and exposed to anti-
CD95 agonistic antibody in the presence or absence of 40 uM zVAD-fmk

erythroid transcription factor levels by immunoblot. Both SCL/
Tal-1 and GATA-1 were degraded in early erythroid pre-
cursors after 2 days of culture in the absence of Epo, while
GATA-2 levels increased (Figure 5). As for CD95 stimulation,
expression of uncleavable SCL/Tal-1 was able to prevent
GATA-1 degradation induced by Epo deprivation (Figure 5),
again suggesting that SCL/Tal-1 cleavage lies upstream in the
caspase-mediated antierythropoietic process and may be
required for GATA-1 processing.

To determine whether differences in caspase activation
status may explain the protection exerted by SCL/Tal-1 on
GATA-1 levels, we analyzed by immunoblot those caspases
involved in GATA-1 cleavage and erythropoietic blockade.®
SCL/Tal-1 levels inversely correlated with the degree of
caspase activation, as deduced by detection of procaspases
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Figure 5 Caspase-uncleavable SCL/Tal-1 maintains high levels of GATA-1
and Bcl-X_ and suppresses caspase activation in the absence of Epo.
Immunoblot analysis of transcription factors, caspases and Bcl-X, in day-6
erythroblasts transduced with vector alone (Vector), wild-type (SCL) or caspase-
resistant SCL/Tal-1 (SCL D180E D296E). On day 4 of erythroid culture, cells
have been deprived of Epo for 2 days where indicated. A representative
experiment of four performed is shown.

and their active fragments (Figure 5). In order to understand
the mechanism by which caspase-resistant SCL/Tal-1 inter-
feres with amplification of the caspase cascade, we explored
the possibility that SCL/Tal-1 may influence the levels of Bcl-
X, which has been shown to play a central role in the survival
of immature erythroid cells. Bcl-X_ levels were strongly
downregulated in Epo-deprived control erythroblasts, and
only modestly maintained in cells transduced with wild-type
SCL/Tal-1. In contrast, expression of caspase-resistant SCL/
Tal-1 was able to sustain high Bcl-X, levels in the absence of
growth factors (Figure 5), providing a possible contribution to
the decreased caspase activity observed in these cells.

Caspase-resistant SCL/Tal-1 protects erythroid
cells from apoptosis induced by Epo deprivation
and allows proliferation of immature erythroblasts
in the absence of growth factors

Since caspase-resistant SCL/Tal-1 prevents amplification of
caspase cascade and GATA-1 degradation induced by Epo
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Figure 6 Caspase-uncleavable SCL/Tal-1 allows survival and proliferation of
erythroblasts in the absence of Epo through its HLH domain. (a) Erythroid
progenitor cells transduced with vector alone, wild-type (SCL), caspase-resistant
SCL/Tal-1 (SCL D180E D296E), caspase-resistant HLH mutated SCL/Tal-1 (H2
D180E D296E) and caspase-resistant GATA-1 (GATA-1 D125E) were deprived
of Epo on day 4 of erythroid culture and analyzed for cell number and
differentiation after 5 days. Control cells (+Epo) have been transduced with
empty vector and grown in standard erythroid medium. (b) In the transduced
groups analyzed in (a), SCL expression was evaluated by immunoblot after 2
days of Epo deprivation, as compared with Epo supplied cells. Data are
mean + S.D. of four independent experiments
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deprivation, we investigated its capacity to protect erythroid
cells from apoptosis. Late erythroid progenitors were culti-
vated for 5 days in the absence of Epo and examined for cell
number and differentiation. As expected, erythroid cell
expressing the empty vector died or failed to differentiate in
the absence of growth factors. However, the prevention of
SCL/Tal-1 downmodulation counteracted the antierythropoie-
tic effects of Epo deprivation and allowed survival, expansion
and terminal differentiation of erythroid cells, almost at the
levels observed in Epo-supplied cells (Figure 6a). In contrast,
an SCL D180E/D296E mutant disrupted in the helix—loop—
helix (HLH) domain (H2 D180E/D296E) showed substantial
inability to increase erythroid survival and differentiation,
indicating that the caspase resistance without integrity of the
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HLH domain is not sufficient for promoting terminal erythro-
poiesis. Importantly, expression of caspase-resistant GATA-1
allowed the survival, but not the expansion, of erythroid cells in
the absence of Epo (Figure 6a), suggesting that SCL/Tal-1 is
required for effective erythropoiesis and that its activity is not
restricted to the protection of GATA-1 degradation. As
expected, in the absence of Epo SCL expression decreased
in cells transduced with the caspase-resistant GATA-1
mutant. In contrast, the transduction of H2 D180E/D296E
was able to maintain high SCL protein levels (Figure 6b),
despite the cleavage of the endogenous protein and the
inability of transduced cells to expand and differentiate (Figure
6a and data not shown).

Discussion

Expansion of the erythroid compartment is controlled by
positive and negative signals operating on immature erythro-
blasts, which are Epo-dependent and highly susceptible to
apoptosis. Within the erythroblastic islands of the bone
marrow, the interaction between death receptors expressed
on the surface of immature erythroblasts with their ligands
produced by mature erythroblasts inhibits the growth and
differentiation of immature erythroblasts by inducing activa-
tion of caspases.? During this process, caspases are
responsible for the cleavage of the erythroid transcription
factor GATA-1 and determine growth arrest or apoptosis
depending on the levels of circulating Epo, which are directly
reIatgd to the physiological requirement of red cell produc-
tion.

SCL/Tal-1 has been reported to exert proliferative and
antiapoptotic effects on hematopoietic cells and to function as
a positive regulator of erythroid differentiation.*™** In the
present study, we provide evidence that cleavage of SCL/Tal-
1 by caspases is a key event in the negative regulation of
erythropoiesis, being required for the amplification of caspase
activation in erythroid progenitor cells. Comparative kinetic
analysis of caspase-3, GATA-1 and SCL/Tal-1 in CD95-
stimulated erythroblasts revealed that SCL/Tal-1 cleavage
occurs during the early phase of death receptor signaling and
is almost completed before downregulation of GATA-1 levels.
Furthermore, SCL/Tal-1 cleavage precedes massive activation
of caspase-3 and concomitant amplification of the caspase
cascade, and SCL/Tal-1 levels appear inversely correlated to
the intensity of caspase-3 activity. Interestingly, SCL/Tal-1
degradation not only precedes GATA-1 cleavage in the
sequence of events that leads to erythropoietic arrest and
apoptosis, but also causally determines the extent of GATA-1
downregulation. In fact, overexpression of caspase-uncleavable
SCL/Tal-1 in immature erythroblasts prevents GATA-1 degra-
dation induced both by CD95 activation and Epo deprivation,
suggesting that SCL/Tal-1 plays a central role in the hierarchy of
events that negatively regulate erythroid differentiation.

SCL/Tal-1 is composed of a DNA-binding basic domain and
a HLH domain required for heterodimerization with E2A gene
products. The two caspase cleavage sites of SCL/Tal-1
produce a C-terminus fragment containing both the basic and
the HLH domain. This potentially active fragment resembles
an SCL/Tal-1 variant often expressed in malignant cells,



which mimics the biological effects of full-length SCL/Tal-1.
Since caspase cleavage has been shown in some cases to
produce protein fragments with independent biological activ-
ity, it is theoretically possible that the cleavage event may
produce a functional truncated SCL/Tal-1 molecule or even
create an active fragment capable of new transcriptional
associations. However, a rapid disappearance of caspase-
produced SCL/Tal-1 fragments occurs during the early
phases of caspase activation, possibly as a consequence of
proteasome-mediated degradation. Cleaved caspase frag-
ments have been reported to be ubiquitinated by IAP proteins
and consequently rapidly targeted to the proteasome.*® It can
be speculated that the bHLH fragment of SCL/Tal-1 is
exposed to ubiquitination and proteasome-mediated degra-
dation either as a consequence of its interaction with caspase
active fragments or independently from this association.
Erythroid progenitor cells that overexpress caspase-resis-
tant SCL/Tal-1 are protected from the antierythropoietic and
apoptotic effects of growth factor deprivation. Caspase
activation is also inhibited in these cells, suggesting that
SCL/Tal-1 interferes at some point in the amplification of the
caspase cascade. Importantly, this inhibition was not because
of a direct association between the mutant SCL/Tal-1
molecule and activated caspases, therefore, excluding the
possibility that it acts as an aspecific inhibitor of caspases.
Bcl-X|_ has been shown to be indispensable for survival and
maturation of erythroid cells, as indicated by the fact that Bcl-
X, -deficient mice suffer from severe anemia with large
amount of erythroblasts undergoing apoptosis before reach-
ing the final differentiation stage.®*® Bcl-X_ antagonizes
proapoptotic Bcl-2 family members and contributes to
mitochondrial homeostasis through ion channel formation,
thus inhibiting cytochrome c¢ translocation, apoptosome
formation and activation of executioner caspases.*” Erythro-
blasts expressing caspase-resistant SCL/Tal-1 maintain
normal levels of Bcl-X, in the absence of growth factors, thus
providing a possible explanation for the decreased caspase
activation and for Epo-independent expansion observed in
these cells. In line with this interpretation, a recent report has
shown that retroviral transduction of Bcl-X, in primary murine
erythroblasts allows these cells to undergo terminal matura-
tion in the absence of Epo.*® Since GATA-1 provides an
essential contribution to the induction of Bcl-X, expression in
developing erythroblasts,* it may be speculated that SCL/Tal-
1 indirectly maintains Bcl-X_ levels by preventing GATA-1
degradation. It remains to be determined whether bcl-x is a
transcriptional target of the multifactorial transcriptional
complex comprising SCL-Tal-1 and GATA-1, although pre-
vious work presented by Gregory et al.* suggests that the
effect of GATA-1 on the bcl-x promoter may be indirect.
SCL/Tal-1 forms a multimeric DNA-binding complex with
Lim-only proteins, GATA-1 and E2A gene products and
participates in the transcriptional regulation of hematopoietic
genes. %4950 Although its DNA-binding activity may be
dispensable for terminal erythropoiesis,?” SCL/Tal-1 is able
to neutralize E proteins by forming inactive heterodimers
bound through their HLH domains. This mechanism has been
clearly documented in T-ALL, where SCL/Tal-1 counteracts
growth arrest and apoptosis induced by E12 and E47.282°
Moreover, SCL/Tal-1 interacts with LMO2/RBTN2, which
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potentiates the inhibition of E protein activity and acts as a
bridge for the formation of major erythroid transcriptional
complexes required for survival and development of erythroid
cells.?®*° Thus, SCL/Tal-1 activity is not restricted to the
protection of GATA-1 degradation, in accordance with the
substantial inability of caspase-resistant GATA-1 to restore
erythroid cell expansion in the absence of Epo.® In fact,
because the caspase-uncleavable form of SCL/Tal-1 pro-
motes not only survival but also proliferation and maturation of
Epo-deprived erythroid progenitors, it is likely that SCL/Tal-1
regulates transcriptional events that are necessary for the
induction — or derepression — of multiple genes involved in
erythroid survival and differentiation.

The finding that SCL/Tal-1 represents a key target of
caspases in developing erythroblasts exposed to negative
regulatory stimuli extends our knowledge on the mechanisms
underlying the regulation of red cell production. The ability of
caspases to regulate SCL/Tal-1 protein levels may not be
confined to erythroid cells, but may have physiological or
pathological relevance in the vascular and hematopoietic
systems, where SCL/Tal-1 plays an essential role in devel-
opment.

Materials and Methods

Antibodies

GATA-1 (N1) and GATA-2 (CG2-96) antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-SCL 1080 was kindly provided
by Dr. R Baer (Columbia University College, New York, USA). Anti-
caspase-3 (65906E) was from BD Pharmingen (San Diego, CA, USA),
anti-caspase 8 (clone 5F7) was from UBI (Lake Placid, NY, USA), anti-
caspase-7 (clone 51) was from BD Transduction Laboratories (Lexington,
KY, USA). Anti-SCL/Tal-1 bHLH antibody BTL73 was a generous gift from
Dr. K Pulford.

HPC liquid suspension culture

Human CD34" progenitor cells were purified from peripheral blood by
positive selection using the midi-MACS immunomagnetic separation
system (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. CD34* progenitors were cultured in serum-
free medium in the presence of various recombinant human cytokine
combinations. Serum-free medium was prepared as follows: Iscove’s
modified Dulbecco’s medium was supplemented with bovine serum
albumin (10 mg/ml), pure human transferrin (0.7 mg/ml), human low-
density lipoprotein (40 ug/ml), insulin (10 ug/ml), sodium pyruvate
(10~*molfl), L-glutamine (2 x 10~°mol/l), rare inorganic elements
supplemented with iron sulfate (4 x 1078 mol/l) and nucleosides (10 ug/
ml each). For erythroid unilineage culture, serum-free medium was
supplemented with 0.01 U/ml interleukin-3, 0.001 ng/ml GM-CSF and 3 U/
ml Epo to induce uncontaminated unilineage erythroid differentiation.®
Alternatively, before erythroid unilineage differentiation, CD34* cells were
kept for 2 days in serum-free medium supplemented with cycling mixture
(IL-3, IL-6, KL, Fit3 ligand) for retroviral infection. CD95 stimulation was
obtained by exposing late erythroid progenitors to 100 ng/ml anti-Fas
agonistic antibody (CH11, IgM; UBI, Lake Placid, NY, USA). The
percentage of cell death was determined by ethidium bromide/acridine
orange staining (working solution: 10 and 3 ug/ml, respectively) and
fluorescence microscopy analysis. The differentiation stage of erythroid
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precursor cells was evaluated by May-Griinwald-Giemsa staining and
cytologic analysis.

Immunostaining and Western blotting

Immunofluorescence detection of SCL and GATA-2 was performed on
cells smeared on glass slides by cytocentrifugation as described.® Briefly,
cytospin preparations of the cells were fixed 5 min in absolute methanol at
room temperature and 2min in absolute acetone at —20°C and then
extensively washed in phosphate-buffered saline (PBS) solution. The cells
were then preincubated 10 min at room temperature with purified human
IgG (50 ug/ml in PBS containing 2 mg/ml bovine serum albumin (BSA,
Sigma, St. Louis, USA) to reduce nonspecific binding of primary
antibodies, washed with PBS and then incubated 30min at room
temperature with primary antibodies (polyclonal rabbit anti-human Tal-1
diluted 1:200 in PBS/BSA, monoclonal rat anti-human GATA-1 diluted
1:40 in PBS/BSA and monoclonal mouse anti-human GATA-2, diluted
1:40 in PBS/BSA). After extensive washing in PBS, the slides were
inoculated with either TRITC-labelled F(ab’), fragments of affinity-purified
goat anti-rabbit 1gGs or TRITC-labelled F(ab’), fragments of affinity-
purified goat anti-rat IgGs or TRITC-labelled F(ab’), fragments of affinity-
purified rabbit anti-mouse IgGs (all diluted 1:40 and all purchased from
Dako, Copenhagen, Denmark). After extensive washing in PBS, the slides
were mounted in antifade glycerol mounting medium (Molecular Probes,
Eugen, OR, USA) and examined using a fluorescence Microphot-FXA
microscope (Nikon, Melville, NY, USA). Images were collected with a
Hamamatsu Color-chilled 3CCD camera (Hamamatsu ltalia, Arese, ltaly),
using the same acquisition time and parameters for every transcription
factor examined.

For Western blotting, cell extracts were prepared by resuspending the
cell pellets in high-salt 1% NP40 lysis buffer (20 mM Tris/HCI pH 7.2,
200 mM NaCl, 1% NP40) in the presence of 1 mM phenylmethylsulphonyl
fluoride (PMSF) and 2 ug/ml each of leupeptin, aprotinin and pepstatin.
Protein concentration of lysates was determined by the Bradford assay
(Bio-Rad Laboratories). Proteins were analyzed by the standard
immunoblot procedure and visualized by chemiluminescence (Super-
Signal West Pico or SuperSignal West Dura, Pierce, Rockford, IL, USA).
Image processing and analysis were performed with the NIH IMAGE
software version 1.62 (by Wayne Rasband, National Institutes of Health,
Research Services Branch, NIMH).

Mutagenesis and in vitro transcription/translation

Site-directed mutagenesis of SCL (Asp180 — Glu) was obtained by using
overlapping polymerase chain reaction (PCR) oligonucleotides according
to the instructions of Quick Change Site-Directed Mutagenesis kit
(Stratagene). The resulting SCL cDNA was subjected to extra rounds of
mutagenesis to produce an Asp296 — Glu substitution for SCL D180E/
D296E and Leu229 — Pro/Arg230 —Pro for H2 D180E/D296E. All
nucleotide substitutions were confirmed by sequencing. Wild-type and
Asp-mutated SCL proteins were produced in vitro for cleavage assays in
the presence of [*®S]methionine using the TNT-coupled reticulocyte lysate
system (Promega).

Production of recombinant caspases and in vitro
cleavage assay

cDNAs of active human caspase-3, -7, and -8, subcloned in pET21
bacterial expression vectors (Novagen), were expressed in BL21 bacteria
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and purified on Ni?* affinity resin. For SCL cleavage assay, 1 ul of SCL
translation reaction was incubated with 10 ng of purified caspases in ICE
buffer (25 mM HEPES, 1 mM EDTA, 5mM DTT, 0.1% CHAPS, pH 7.5) in
a final volume of 10 ul. The reaction was incubated for 1h at 37°C and
terminated by adding Laemmli sample buffer and heating at 100°C for
3min. Samples were subjected to SDS-PAGE and the dried gels were
exposed to X-ray film.

Production of retroviral particles and transduction
of hematopoietic progenitor cells

Wild-type and mutated SCL cDNAs were cloned into the PINCO retroviral
vector.*® The amphotropic packaging cell line Phoenix was transfected by
standard calcium-phosphate/chloroquine method, and culture super-
natants containing retroviral particles were collected 48 h after transfec-
tion. HPC infection was performed by suspending the cells at 5 x 10%mlin
the viral supernatant supplemented with cycling mixture. For one cycle of
infection, cells were centrifuged at 1800 rpm for 45 min at 32°C and placed
back in the incubator for 1 h. Cells were subjected to three infection cycles
each day for 2 consecutive days and then cultured in growth medium
supplemented with cycling mixture for 48 h before sorting. GFP-positive
cells were separated by flow cytometry using a FACS-Vantage (Becton
Dickinson, Omaha, CA, USA). Immediately after sorting, hematopoietic
progenitor cells were placed in serum-free medium supplemented with
erythroid growth factors.® A similar procedure was employed for
expressing wild-type and caspase-resistant SCL/Tal-1 in the B lymphoid
JY cells.
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