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Tight coordination of cell proliferation and differentiation is central to red blood cell formation. Erythropoietin con-
trols the proliferation and survival of red blood cell precursors, while variations in GATA-1/FOG-1 complex compo-
sition and concentrations drive their maturation. However, clear evidence of cross-talk between molecular pathways
is lacking. Here, we show that erythropoietin activates AKT, which phosphorylates GATA-1 at Ser310, thereby in-
creasing GATA-1 affinity for FOG-1. In turn, FOG-1 displaces pRb/E2F-2 from GATA-1, ultimately releasing free,
proproliferative E2F-2. Mice bearing a Gata-1531%4 mutation suffer from fatal anemia when a compensatory pathway
for E2F-2 production involving insulin-like growth factor-1 (IGF-1) signaling is simultaneously abolished. In the
context of the GATA-1V?%°¢ mutation resulting in lethal anemia, we show that the Ser310 cannot be phosphorylated
and that constitutive phosphorylation at this position restores partial erythroid differentiation. This study sheds light

on the GATA-1 pathways that synchronize cell proliferation and differentiation for tissue homeostasis.
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The production of red blood cells (RBCs) throughout life
results from a differentiation process that generates
more than 2 million reticulocytes every second in the
bloodstream. The erythroid-specific transcription factor
GATA-1 and its partner, FOG-1, play a central role in
the cascade of gene activation and repression that results
in the stepwise differentiation and maturation of RBC pre-
cursors (Patient and McGhee 2002; Crispino and Weiss
2014). Knockout of the erythroid transcription factor
Gata-1 or its cofactor, Fog-1, leads to an arrest of erythroid
development at the proerythroblast stage (Cantor and
Orkin 2002). FOG-1 binds to GATA-1 and modulates its
transcriptional activity at particular genes (Chlon and
Crispino 2012). Several mutations that result in amino
acid substitutions in the N-terminal zinc finger of
GATA-1 decrease or abolish FOG-1 binding to GATA-1
and are directly associated with hematological disorders.
Affected patients display thrombocytopenia and/or ane-
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mia with a severity proportional to the loss of affinity of
GATA-1 for FOG-1 (Crispino 2005; Ciovacco et al.
2008; Chlon and Crispino 2012). For instance, the
GATA-1V2%5C mutant, which is unable to associate with
FOG-1, allows the initiation of erythroid differentiation
up to the proerythroblast stage at which c-Kit is expressed;
however, GATA-1V29C fails to repress c-Kit, to induce glo-
bin gene expression, and to initiate terminal erythroid dif-
ferentiation in vitro or in vivo (Letting et al. 2004; Crispino
2005; Hong et al. 2005; Munugalavadla et al. 2005). Knock-
in mice that express GATA-1V2%C fail to initiate terminal
differentiation and die from anemia at embryonic day 11.5
(E11.5) (Crispino 2005). Association between GATA and
FOQG is thus crucial for the functions of these proteins, al-
though the molecular mechanisms that regulate this asso-
ciation remain unknown.

Cell proliferation accompanies the various stages of
cell differentiation in a tightly coordinated manner, and
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erythroid cell proliferation and survival depend on stim-
ulation of the erythropoietin (Epo) receptor (Epo-R)
(Lacombe and Mayeux 1998; Tsiftsoglou et al. 2009; Kuhrt
and Wojchowski 2015). GATA-1 exerts a repressive action
on a subset of genes involved in cell proliferation (Rylski
et al. 2003), and its overexpression inhibits cell prolifera-
tion (Dubart et al. 1996; Whyatt et al. 1997). This is par-
tially explained by our previous finding that an LXCXE
motif within the N-terminal region of GATA-1 is directly
involved in the physical interaction between pRb/E2F-2
and GATA-1 (Kadri et al. 2009). Mice carrying a point
mutation that disrupts the pRb-binding site of GATA-1
die of anemia in utero (Kadri et al. 2009). Sequestration
of E2F-2 by the GATA-1/pRb complex results in cell
cycle break at the G1/S transition, a crucial step for
erythroid maturation (Kadri et al. 2009). In humans, sever-
al mutations in Gata-1, generating an N-terminally delet-
ed GATA-1 protein (GATA-1s), have been described.
GATA-1sis translated from a downstream ATG initiation
codon that encodes Met®* in the full-length GATA-1. The
association of GATA-1 with pRb is disrupted in GATA-1s
because Met®* is located within the LNCM3*E-binding
motif (Kadri et al. 2009). This type of mutation was first
described in the transient myeloproliferative disorder
and acute megakaryoblastic leukemia often observed
in Down syndrome (Crispino 2005). It was later reported
in patients with macrocytic or Diamond-Blackfan ane-
mia (Hollanda et al. 2006; Sankaran et al. 2012; Parrella
et al. 2014).

We also reported that the binding of FOG-1 to GATA-1
induces the dissociation of the GATA-1/pRb/E2F-2 com-
plex, allowing the release of E2F-2 after phosphorylation
of pRb, which consequently abolishes the GATA-1-medi-
ated inhibition of proliferation (Kadri et al. 2009). As the
GATA-1V?2%C mutant cannot interact with FOG-1 (Let-
ting et al. 2004; Crispino 2005; Hong et al. 2005; Munuga-
lavadla et al. 2005), it is thus expected that pRb/E2F-2 and
hence free E2F-2 remain abnormally sequestered despite
the presence of FOG-1, providing a molecular basis for
the inability of GATA-1V2%5 to initiate terminal differen-
tiation and the fatal anemia observed in patients and mice
bearing this Gatal mutation.

It remains unclear how Epo signaling coordinates both
erythroid differentiation and proliferation (Lacombe
and Mayeux 1998; Tsiftsoglou et al. 2009; Kuhrt and Woj-
chowski 2015). Furthermore, little is known about “cross-
talk” between the signal transduction pathways mediated
by Epo-R and transcription factors, such as GATA-1 and
FOG-1 (Patient and McGhee 2002; Crispino and Weiss
2014). In general, it is still unclear how the expansion of
cell populations and differentiation processes are coordi-
nated in various tissues. Post-translational modifications
can link protein functions with cytokine signaling path-
ways and are crucial for the homeostatic regulation of
tissues. Post-translational modifications of GATA-1 are
required for the fine regulation of erythropoiesis; for
example, lysine acetylation is necessary for the binding
of GATA-1 to chromatin and erythroid differentiation
(Lamonica et al. 2006). We and others have established a
link between GATA-1 and the AKT signaling pathway
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and have shown that the phosphorylation of GATA-1 at
Ser310 is required for erythroid differentiation in vitro
(Kadri et al. 2005; Zhao et al. 2006). However, transgenic
knock-in mice (Gatal®™SP°) expressing a mutated
GATA-1 protein that cannot be phosphorylated (GATA-
153194 are viable and are not anemic (Rooke and Orkin
2006). This led us to reconsider the role of the GATA-1
phosphorylation mediated by Epo in both cell prolifera-
tion and differentiation.

We show here that the phosphorylation of GATA-1
on Ser310 is necessary for proper FOG-1 interaction
and demonstrate its key role in normal and pathological
erythropoiesis. We establish a novel pathway in which
Epo-R stimulation activates AKT, which phosphorylates
GATA-1 on Ser310; in turn, FOG-1 is then competent to
associate with GATA-1pS310, thereby releasing pRb/
E2F and, subsequently, free E2F-2, a final effector of cell
proliferation. Finally, we reconcile previous discrepancies
between in vitro and in vivo experiments by showing that
Ser310 phosphorylation is essential in vivo, a fact that es-
caped previous investigators because another pathway in
erythroid cells can compensate for the lack of release of
E2F-2 from its sequestration by GATA-15194, This path-
way involves the compensatory production of E2F-2 by in-
sulin-like growth factor-1 (IGF-1).

Results

Phosphorylation of GATA-1 at Ser310 by AKT enhances
the association of GATA-1 with FOG-1

We first examined the phosphorylation status of GATA-1
in the human erythroleukemia cell line UT7 in the pres-
ence or absence of Epo (Fig. 1A). These experiments
were carried out with an anti-human GATA-1 phospho-
Ser310 antibody (a-GATA-1pS310), whose specificity
was first validated by Western blotting (Supplemental
Fig. S1IA-C). We found that >90% of GATA-1 was phos-
phorylated at Ser310 in Epo-stimulated UT?7 cells, where-
as GATA-1pS310 was undetectable in Epo-starved cells
(Fig. 1A). We carried out immunoprecipitation experi-
ments with a-GATA-1 and a-GATA-1pS310 antibodies,
using an anti-human FOG-1 antibody for detection.
This analysis indicated that FOG-1 bound only to
GATA-1pS310 under these conditions (Fig. 1A). We then
carried out “pull-down” experiments with oligonucleo-
tides containing human GATA-1-binding sites in COS7
cells cotransfected with a mouse FOG-1 expression vec-
tor and a human GATA-1 mutant expression vector (ei-
ther GATA-153194 which cannot be phosphorylated at
Ser310, or GATA-1%%19C  which mimics constitutively
phosphorylated Ser310). COS7 cells were also transfected
with either a constitutively active AKT expression vector
(myr-Akt) or a dominant-negative AKT expression vector
(Akt-DN) to investigate the involvement of AKT in the
association of GATA-1 with FOG-1. FOG-1 associated
with constitutively phosphorylated GATA-1 (GATA-
153190) and associated with wild-type GATA-1 only
when Ser310 was phosphorylated by AKT (Supplemen-
tal Fig. SID). These experiments confirm that AKT
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Figure 1. Phosphorylation of GATA-1 at Ser310 by AKT enhances the association of GATA-1 with FOG-1 and regulates transcription. (A)
Immunoprecipitation and Western blotting to examine GATA-1/FOG-1 association in Epo-starved and Epo-stimulated UT7 cells. Immu-
noprecipitations were carried out on equal amounts of nuclear extract (500 pg per point). Specific antibodies (a-) that recognize GATA-1
phosphorylated at Ser310 (GATA-1pS310), GATA-1, or nucleophosmin (NPM1) proteins were used in immunoprecipitation experiments
(IP), and 5% of supernatants after immunoprecipitation (post-IP 5%), as indicated, were subjected to Western blotting with a-GATA-1,
a-GATA-1pS310, and a-NPM1 antibodies. As a control, we also ran 5% of nuclear extracts before immunoprecipitation (5% input) (see
also the legend for Supplemental Figure S1). (B) Luciferase assays to analyze the effect of FOG-1 on the GATA-1-mediated transactivation
of GATA-specific erythroid promoters (see also Supplemental Fig. S2): NIH-3T3 cells were transiently transfected with a luciferase report-
er gene driven by the minimal erythroid-specific promoter of the glycophorin-B promoter (pGpB95) or the erythroid porphobilinogene
deaminase promoter (pPBGD; nucleotides —714 to +78), and cells were cotransfected with Migr-derived plasmids encoding GATA-1 or
one of the GATA-1 mutants with and without FOG-1 or the FOG-15"%® variant that binds GATA-1V2°° or GATA-1, as indicated. Error

bars indicate the standard deviation from three independent experiments performed in triplicate.

phosphorylates GATA-1 at Ser310 and that this modifica-
tion is required for FOG-1 binding to GATA-1.

Inhibition of GATA-1-mediated transactivation of
erythroid promoters by FOG-1 depends on GATA-1
phosphorylation at Ser310 in vitro

We then assessed whether the association of FOG-1 with
phosphorylated GATA-1 regulated transcription of ery-
throid promoters. FOG-1 is known to be required for
erythroid differentiation/maturation in vivo, but its tran-
scriptional activity in vitro is best assessed by scoring the
paradoxical inhibitory effect of FOG-1 on the GATA-1-
mediated transactivation of minimum promoters bearing
a GATA-1-binding site. We uncoupled pure GATA-1
transactivation or pure FOG-1 inhibition without interfer-
ence from other erythroid factors or from the regulation of
chromatin modifications by first cotransfecting noneryth-
roid NIH-3T3 cells with reporter constructs containing
the luciferase gene driven by erythroid promoters together
with GATA-1 or one of the various GATA-1 mutants to
check that GATA-1 trans-activated erythroid promoters
regardless of its Ser310 phosphorylation state (Supple-
mental Fig. S2A). We then carried out similar experiments
in cells also transfected with the FOG-1 expression plas-
mid (Fig. 1B; Supplemental Fig. S2B-D). We observed
two types of response in cells transfected with FOG-1
and wild-type GATA-1: FOG-1 strongly repressed the
GATA-1-mediated transactivation of erythroid porphobi-
linogene deaminase promoter (pPBGD) and the Epo-R
promoter (pEpo-R), whereas FOG-1 poorly inhibited the

3XGATA-TK synthetic promoter (3xluc), the GATA-1
proximal promoter with its upstream enhancer element
(pG1HE), and pPBGD (Supplemental Fig. S2B). In cells ex-
pressing GATA-15310A4 FOG-1 did not inhibit pGpB95 and
pEpo-R, whereas FOG-1 transcriptional inhibition was re-
stored in all cases in cells expressing GATA-1531P (Fig.
1B; Supplemental Fig. S2C,D). Thus, FOG-1 inhibits the
GATA-1-mediated transactivation of erythroid promoters
in vitro when GATA-1 is phosphorylated at Ser310.

A large excess of FOG-1 is required to free E2F-2
from GATA-15%194/pRb/E2F-2 (an unphosphorylable
GATA-1 mutant)

We recently showed that GATA-1 inhibits cell division by
sequestering the transcription factor E2F-2 (which is pro-
proliferative in its free, nonsequestered form) within a tri-
meric complex composed of GATA-1, pRb, and E2F-2
(Kadri et al. 2009). When FOG-1 is in excess, it associates
with GATA-1 by displacing the other bound factors, there-
by releasing E2F-2 (Kadri et al. 2009). Given the in-
volvement of AKT in both cell cycle regulation and
differentiation in vitro (Kadri et al. 2005; Zhao et al.
2006) and the ability of FOG-1 to alleviate the inhibitory
effect of GATA-1 on cell proliferation (Kadri et al. 2009),
we investigated whether the regulation of GATA-1/
FOG-1 association by AKT affects cell proliferation. We
uncoupled proliferation from erythroid differentiation by
first generating nonerythroid NIH-3T3 cells ectopically
expressing GATA-1, GATA-1%3194 or GATA-15319P by
retroviral transduction. The three variants inhibited cell
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proliferation to a similar extent (Supplemental Fig. S3A).
These cell lines were then transiently transfected with
identical amounts of FOG-1 expression plasmid. Cell pro-
liferation following FOG-1 transfection was correlated
with the strength of GATA-1/FOG-1 complex formation:
The percentage of proliferating cells was low in cells ex-
pressing GATA-1%3104 high in cells expressing GATA-
153190 “and intermediate in cells expressing wild-type
GATA-1 (Supplemental Fig. S3A). We also transiently
transfected NIH-3T3 cells expressing GATA-153194 with
increasing amounts of FOG-1 expression plasmid to assess
whether GATA-1%31%4 and FOG-1 could associate at high
concentrations of FOG-1. The growth of NIH-3T3 cells ex-
pressing GATA-15%194 apnd the dissociation of pRb/E2E-2
from GATA-153194 were restored in the presence of a large
excess of FOG-1 (Supplemental Fig. S3B,C). Quantitative
analysis indicated that the overexpression of FOG-1 in-
creased GATA-153194/FOG-1 association. At ratio of 1,
no signal is observed when the GATA-153194 js expressed,
whereas the GATA-1%31%4 signal is maximal when FOG-1
is expressed at 50-fold (saturating condition). We can esti-
mate that the relative affinity of FOG-1 to GATA-153194 is
atleast 25-fold less than the affinity of FOG-1 to wild-type
GATA-1 (Supplemental Fig. S3C).

These in vitro studies suggest that the Epo/AKT-medi-
ated phosphorylation of GATA-1 at Ser310 coordinates
erythroid cell differentiation/maturation and prolifera-
tion by promoting the formation of the GATA-1/FOG-1
complex and the release of E2F-2 (Supplemental Fig. S4).
Thus, the concentration of GATA-1/FOG-1 complexes
is low in starved cells (AKT pathway inactive) or at times
at which the abundance of FOG-1 is low or GATA-15310A
is expressed. Consequently, E2F-2 is sequestered within
the GATA-1/pRb complex, in which pRb is hypophos-
phorylated and the G1/S phase slows (Kadri et al. 2009),
enabling differentiation to proceed (Supplemental Fig.
S4A). Epo activates the AKT signaling pathway, which
in turn induces GATA-1 phosphorylation at Ser310: The
affinity of FOG-1 for GATA-1 increases and results in
the dissociation of GATA-1 from pRb/E2F-2. After the
subsequent phosphorylation of pRb, E2F-2 is released
and reinitiates G1-to-S-phase progression, and a new
GATA-1/FOG-1 equilibrium regulates transcription of
the genes required for erythroid differentiation. Alterna-
tively, a high abundance of nuclear FOG-1 can compen-
sate for a low abundance of phosphorylated GATA-1
(Supplemental Fig. S4B). Thus, the transcriptional activi-
ties of GATA-1 and E2F-2 factors are inversely correlated
and depend on both the activity of AKT kinase, which
phosphorylates GATA-1 at Ser310, and that of the un-
known phosphatase that dephosphorylates this residue.
Thus, Epo drives the production of both the maturation
complex GATA-1/FOG-1 and the proliferation factor
E2F-2 in a synchronized manner (Supplemental Fig. S4C).

The Ser310 of the GATA-1V2%°¢ mutant fails to become
phosphorylated after cytokine stimulation

Point mutations affecting GATA-1 amino acids between
positions 205 and 218 interfere with the binding of
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FOG-1. The severity of the anemia associated with these
mutations is correlated with the degree of impairment
of the FOG-1/GATA-1 interaction (Crispino 2005).
Gata1V?%°¢ knock-in mice display lethal anemia (Chang
et al. 2002; Hasegawa et al. 2012), but the overexpression
of GATA-1Y2%55 in transgenic mice successfully rescues
them from embryonic lethality (although they still suffer
from severe anemia) (Hasegawa et al. 2012), indicating the
partial reversibility of the lethal anemia of the GATA-
1V295€ phenotype. In this particular model of Gatalt™Sho
knock-in, the mice are healthy (Rooke and Orkin 2006),
but neither the GATA-1Y2%°S nor the GATA-1531%4 muta-
tion can restore erythroid differentiation in vitro (Kadri
et al. 2005; Zhao et al. 2006). We investigated whether
the inability of FOG-1 to bind GATA-1Y2%°€ could be ex-
plained in part by an impairment of Ser310 phosphoryla-
tion. We thus examined the phosphorylation status of
the GATA-1V2%°¢ mutant in NIH-3T3 cells and found
that Ser310 was not phosphorylated after cytokine stimu-
lation (Fig. 2A), suggesting that the inability of FOG-1 to
bind GATA-1Y2%¢ may be partly due to the lack of phos-
phorylation at Ser310. Next, we investigated the relative
affinities of different GATA-1Y2%°¢ mutants for FOG-1
relative to that of the GATA-1531%A mutant. For this com-
parison, we transduced NIH-3T3 cells expressing GATA-
193108 "GATA-1V205G  GATA-1V205G-310A 404 GATA-
1V205G-S310D (g t4.D mutation, mimicking constitutive
phosphorylation at Ser310) mutant proteins with various
amounts of FOG-1 vector. Protein—protein interactions
were investigated by immunoprecipitation: As expected,
GATA-1V29C and GATA-1V2056-5310A mytants were un-
able to bind FOG-1 even at high FOG-1 concentrations,
whereas GATA-153194 and GATA-1V205G-5310D rere able
to bind FOG-1. At identical FOG-1 concentrations,
the rate (62 vs. 29) of binding to FOG-1 was twofold higher
for the GATA-153194 mutant than for GATA-]1V2056-5310D
(Supplemental Fig. S5A). As the V205G mutant protein
has an ectopic subcellular localization (Lee et al. 2009),
we then studied the nuclear distribution of these GATA-
1 mutants. We investigated, by immunofluorescence
and confocal microscopy analyses, whether Ser310 phos-
phorylation modified the subnuclear distribution of the
GATA-1V2%C mutant (Supplemental Fig. S5B). A ring-
like/diffuse distribution was observed in 81.5% of
GATA-1V?2%C expressing cells, as previously described
(Lee etal. 2009), and 87.6% of GATA-1V2056-5310A express-
ing cells, whereas GATA-15310A. GATA-1V2056-S310D_
and GATA-1"T-expressing cells displayed the same pat-
tern (localization of GATA-1 to speckles), with a ring-
like/diffuse distribution in only 15.7%, 15.5%, and
11.6% of cells, respectively (Supplemental Fig. S5B). Con-
stitutive phosphorylation of the GATA-1V29¢ mutant re-
stored a partial FOG-1 binding and a subcellular
distribution similar to that of GATA-153104,

Mimicking constitutive Ser310 phosphorylation within
GATA-129%C and high amounts of FOG-1 restore
erythroid maturation

We sought to characterize further the roles of GATA-1
Ser310 phosphorylation and FOG-1 binding in erythroid
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Figure 2. Constitutive phosphorylation of the GATA-1Y2%°C mutant at Ser310 and high levels of FOG-1 restore erythroid maturation. (A)
Western blot analysis showing GATA-1Y2%%¢ Ser310 phosphorylation in NIH-3T3 cells transduced with the GATA-1Y2%°¢ mutant and
starved (—) or stimulated with PDGF. The GATA-1531%4 mutant was used as nonphosphorylatable negative control. (B) Flow cytometry
analysis of c-Kit expression in G1E cells transduced with an “empty” retroviral vector (Migr) or a vector encoding GATA-1 or one of the
GATA-1 mutants, as indicated. The percentage of c-Kit-negative cells in the positive EGFP fraction is indicated. (C) FACS analysis of
Ter119" cells to examine erythroid differentiation in G1E-ER (G1E expressing a GATA-1 construct fused to an estrogen receptor li-
gand-binding domain) cells transduced as in A. G1E-ER cells, G1E-ER cells transduced with Migr (G1E-ER Migr), and G1E-ER cells over-
expressing FOG-1 (G1E-ER FOG-1) were transduced with a construct expressing GATA-1 or one of the GATA-1 mutants, as indicated. The
results shown are means + SEM. (D) Schematic representation of the erythroid differentiation capacity of each GATA-1 mutant in the con-
ditions used in this study.

differentiation. We therefore transduced Gata-1~ GI1E 2006; Ferreira et al. 2007), and, similarly, alterations of
proerythroblast cells with retroviral vectors expressing the GATA-1/FOG-1 ratio can restore the coordinated
wild-type  GATA-1, GATA-153194 GATA-15319P o expansion and terminal differentiation of erythroid cells
GATA-1V?%C, Only wild-type GATA-1 and GATA- (Garriga-Canut and Orkin 2004; Kadri et al. 2009; Hase-
153190 enabled proerythroblast cells to differentiate (Fig. gawa et al. 2012). We therefore investigated whether the
2B). However, GATA-153194 was able to inhibit c-kit ex- forced expression of FOG-1 rescued erythroid differentia-
pression, an early step in erythroid maturation, whereas tion in G1E-ER cells transduced with GATA-1 mutants.
GATA-1Y?2%C was not (Fig. 2B). We then transduced GI1E-ER cells were first transduced with the FOG-1-EGFP
Gatal~ GIE proerythroblast cells with the GATA- retroviral vector, and the EGFP-positive cell popula-
V205683100 qoyuble mutant. The production of either tion was selected by cell sorting. The selected cells
GATA-1V205G8310D o GATA-153194 resulted in similar were transduced with the constructs encoding GATA-1
levels of inhibition of c-Kit expression (Fig. 2B). Thus, or GATA-1 mutants. Erythroid maturation was suc-
the constitutive phosphorylation of Ser310 in the cessfully rescued following the transduction of GIE-
GATA-1Y29C Ied to the down-regulation of c-Kit expres- ER cells overexpressing FOG-1 with GATA-153194 or
sion during the early stage of proerythroblast differentia- GATA-1V?2956-5310D  However, even under these condi-
tion, thereby partially restoring erythroid maturation. tions, GATA-1Y?%°C and GATA-1V20°6-S310A G1E-ER cells
We attempted to rescue erythroid differentiation in failed to differentiate (Fig. 2C,D; Supplemental Fig. S6).

GIE-ER (GIE expressing a GATA-1 construct fused
to an estrogen receptor ligand-binding domain) cells
transduced with GATA-1V?95GS319D gnd GATA-153104,
Previous reports have shown that alterations to the expres-
sion level of other GATA factors can rescue the lethal phe- The in vitro data and conclusions presented so far (Sup-
notype of Gatal knockout mice (Hosoya-Ohmura et al. plemental Fig. S4) suggest that the phosphorylation of

Gata1%31%4 knock-in mice are viable but show subtle
subclinical perturbations of RBC homeostasis
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GATA-1 at Ser310 has a physiological function. However,
these findings are surprising given that transgenic knock-
in mice bearing the Gatal%¥1%4 mutation are viable
without anemia (Rooke and Orkin 2006), unlike transgen-
ic knock-in mice possessing the Gatal"?’°“ mutation,
which die at E11.5 due to severe anemia (Chang et al.
2002). We hypothesized that other mechanisms and path-
ways compensate for the defective binding of GATA-
153104 t5 FOG-1 in vivo but fail to compensate for the
GATA-1Y29C mutation.

We thus re-examined the phenotype of the knock-in
Gata1%%1°* mouse (Rooke and Orkin 2006). Consistent
with published findings, these mice did not present sple-
nomegaly, and burst forming unit-erythroid (BFU-E) colo-
ny counts from fetal liver (E11.5) or bone marrow cells
cultured in erythroid differentiation medium M3234
(Stem Cell Technologies) were within the normal range.
However, histochemical analysis showed a high abun-
dance of iron-laden macrophages (non-heme iron) in the
spleens of Gata1531%4 mice (Fig. 3A), and this was associ-
ated with a low RBC life span and high clearance rate, as
assessed by N-hydroxysuccinimidobiotin (NHS-biotin) la-
beling, without evidence of intravascular hemolysis (Fig.
3B). The loss of interaction between GATA-1 and FOG-1
compromises erythrocyte membrane integrity (Hasegawa
etal. 2012). We therefore compared global RBC membrane
protein content of wild-type and Gata1 5314 mice by SDS-
PAGE and Coomassie brilliant blue-stained profile (data
not shown). We found that RBC membrane proteins
were generally present in small amounts in Gata1331%4
mice. In particular, GLUT-4 transporter levels and glu-
cose uptake were significantly lower in RBCs from
Gata1531%4 mice than in those from control mice (Fig.
3C,D). Gata15%'%4 mice are viable and present no gross ab-
normalities, but these findings provide evidence of subtle
subclinical perturbations of RBC homeostasis.

IGF-1 rescues abnormal ex vivo erythropoiesis caused
by the unphosphorylable GATA-15%1°4 mutant

These observations prompted us to test the hypothesis
that specific physiological mechanisms may be activated

A Cc

GATA-1
4 GATA-153104
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[V 14 25 32 44
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in Gata1531%4 mice to compensate for the deficiency in
FOG-1 binding. Of note, it is interesting that a few
Gata1V?%% mice [Tg(Gatal*V205G)1Mym)], which usual-
ly have a lethal phenotype, are born viable (Chang et al.
2002). Transgenic mice survive when GATA-1Y205C jg
overexpressed (Hasegawa et al. 2012). Thus, the lethal
anemia phenotype can be rescued by an excess of
GATA-1V29C even though this mutation impairs the
GATA-1/FOG-1 interaction.

In an effort to find compensatory mechanisms, we com-
pared serum hormone concentrations (insulin, Epo,
growth hormone, TGF-B, and IGF-1) in control and
Gata1531%? mice. Only the serum concentration of IGF-
1 was significantly higher in Gata15%°4 mice than in con-
trol mice (Fig. 4A). We then carried out a colony-forming
assay in the absence of IGF-1 and transferrin (M3231 me-
dium, Stem Cell Technologies). We found that BFU-Es
from the fetal livers and bone marrow of Gata1%3'%4
mice were fewer in number than those from wild-type
mice (Fig. 4B,C). By counting the number of cells in a
pool of 10 BFU-Es picked randomly, we found that BFU-
Es from the bone marrow of Gata1531%4 mice were small-
er. Complementation with IGF-1 or insulin, together with
holotransferrin, restored Gata1%31%4 progenitor counts to
levels comparable with those in complete M3234 culture
medium (Fig. 4D). This suggests that IGF-1 activates alter-
native pathways to compensate for the GATA-15310A
mutation.

Pharmacological inhibition of IGF-1 receptor (IGF-1R)
signaling results in lethal hemolytic anemia in knock-in
Gata1531%4 mice

We investigated whether the IGF-1R could compensate
for the Gata1%3'°* mutation in vivo. We therefore ana-
lyzed erythropoiesis in Gata15%1%4 mice receiving an in-
traperitoneal injection of cyclolignan picropodophyllin
(PPP), a specific inhibitor of IGF-1R activation (Yin et al.
2010). We assessed hematopoietic indices in peripheral
blood and used electron microscopy to examine RBC mor-
phology. There were high counts of abnormally shaped
RBCs (echinocytes and acanthocytes) in Gatal331%4

1 S310A

Figure 3. Gata mice show subtle

GATA1 GATA 153104 subclinical perturbations of RBC homeo-

stasis. (A) Perl’s Prussian blue staining of
+~GLUT-4  spleen sections from Gatal and Gata1531%4

mice to visualize non-heme iron deposits
u -Actin within macrophages. Bar, 100 um. (B) RBC

clearance after NHS-biotin injection in

mice. n=4. (**) P<0.01. (C) Western blot
p=510% analysis of GLUT-4 protein on RBC mem-
[ GATAA branes. (D) Fluorescently tagged glucose up-
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mice after 10 d of treatment (Fig. 5A-C). After 20 d of PPP
treatment, Gatal3°'°4 mice were moribund and were
therefore euthanized. Blood analysis showed severe dyser-
ythropoiesis. Blood smears and electron microscopy
analysis showed that the RBC morphology became pro-
gressively worse with PPP treatment (RBC fragmentation
and ghosts), confirming our observations at 10 d of treat-
ment (Fig. 5B,C). A low hematocrit and dark blood and
free hemoglobin in the serum and urine were detected
and were signs of massive hemolytic anemia (Fig. 5D-F).
Biochemical analyses of total and direct bilirubin
(12.45 pM £ 2.69 uM and 3.57 pM = 0.29 uM, respectively,
vs. 0.9 uM + 0.08 pM and 0.85 pM = 0.32 uM for untreated
Gata1°31%? mice) or lactate dehydrogenase (increase by a
factor of 3.8 levels in the sera of Gatal53%4 PPP-treated
mice confirmed the intravascular hemolysis. Reticulo-
cyte counts in Gatal®3'°* mice reached 87.6% +5.3%
(vs. 5.8% +0.95% for wild-type mice) after 20 d of PPP
treatment. Because of the potentially misleading massive
hemoglobinemia, hematologic parameters were deter-
mined after 20 d of PPP treatment using both automated
and manual methods after separating RBCs from plasma.
RBC hemoglobin values after 20 d of PPP treatment were
15.78 g/dL + 0.18 g/dL (within normal range for mice) and
4.83 g/dL+0.47 g/dL (profound anemia) for GATA-1"T
and Gata1%%'%* mice, respectively (Fig. 5A,F). Consistent
with total hemoglobin values, only the Gata1531%4 mice
treated by PPP displayed high plasma and urine concentra-
tions of free hemoglobin (Fig. 5A,F).

Gata15%1%4 mice displayed massive splenomegaly char-
acteristic of stress-related compensatory erythropoiesis,
with large numbers of splenic BFU-E (Fig. 6A) and hyper-
plasia of the red pulp (Fig. 6B). We evaluated erythroid

] GATA-1
B GATA-153104

GATA-1 phosphorylation coordinates erythropoiesis

Figure 4. Phosphorylation of GATA-1 at Ser310 and
IGF-1 are essential for ex vivo erythropoiesis. (A) Se-
rum concentrations of IGF-1 in Gatal and Gata133194
mice were measured by ELISA. (B,C) BFU-E assays of
fetal liver (B) and bone marrow (C) cells from Gatal
and Gata15%1%4 mice. Counts were performed after
12 d of culture in M3234 methylcellulose or in
M3231 medium (without IGF-1 and transferrin; tripli-
cate assay). (D) BFU-E assays of Gatal and Gata1531%4
bone marrow cells in M3231 methylcellulose
medium supplemented with the various factors, as
M3231 indicated.

Bone marrow

maturation by scoring the CD71 and Ter119 cell surface
markers in spleen and bone marrow cells. The number
of Ter119™ CD71™ basophilic erythroid blasts was high
in Gata1%%'%4 mice and was associated with a defect of
the later stages of erythroid differentiation (Terl19™
CD71'% cells) (Fig. 6C,D). As controls, we treated
Gata1®3'°* mice with primaquine and p-thalassemic
mice (Hbb™/*") with PPP to exclude oxidative effects
of PPP. In both cases, mice survived after 20 d of treat-
ment, with no detectable effect on erythropoiesis (data
not shown). We also treated Gata1531°4 mice with rapa-
mycin or pioglitazone because the PPARy and mTOR
pathways are linked to IGF-1R signaling (Belfiore et al.
2009). Neither of these drugs mimicked the phenotype as-
sociated with PPP. Thus, signaling via the IGF-1R results
in physiological adaptations compensating for the abnor-
mal sequestration of E2F-2 by the pRb/GATA-153104
complex.

IGF-1 compensates for the in vivo erythroid defect
caused by GATA-1%31%4 by providing an alternative
source of E2F-2

We used gene expression studies to identify putative
downstream compensatory genes and mechanisms poten-
tially accounting for the survival of Gata15%'%4 mice in
the presence of intact IGF-1R signaling. Such mechanisms
include the strong expression of GATA-1 target genes,
such as AHSP and ALAS2, and E2F-2 overexpression
(Fig. 7A). Moving our analysis upstream, we focused on
EKLF because this factor cooperates with GATA-1 during
almost all aspects of erythroid differentiation (Tallack and
Perkins 2010) and also controls cell cycle progression by
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Figure 5. Male mice bearing Gata1%3°4 alleles die from hemolytic anemia after inhibition of IGF-1R signaling by PPP. (A) Hematopoi-
etic indices of Gatal (WT/Y) and Gata1531%4 (KI/Y) male mice after 20 d of PPP treatment. (HGB) Hemoglobin concentrations (after sep-
arating RBCs from plasma); (HCT) hematocrit; (MCV) mean corpuscular volume; (MCHC) mean corpuscular hemoglobin concentration.
(B) Gatal and Gata15%%4 peripheral blood smears on days 10 and 20 of PPP treatment (630x). (C) Electron microscopy of erythrocytes
described in B. (Bottom Ieft) Estimation of the percentage of acanthocyte and echinocyte RBCs on day 10. (Bottom right) Enlarged echi-
nocyte Gata1531°4 RBC. Bar, 5 um. (D) Centrifuged microhematocrit capillaries. (E) Spectroscopic analysis of hemoglobin in the plasma.
(F) Manual quantification of hemoglobin of washed RBCs and serum in Gatal and Gata153'%4 peripheral blood and of urine of the same
mice after 20 d of PPP treatment, as assessed by Drabkin’s method. n =3 per group.

regulating E2F-2 expression (Pilon et al. 2008; Tallack
et al. 2009). We found that the knockdown of KIf1 im-
paired the compensatory overexpression of E2F-2 in
GATA-1%31%A erythroid cells (Fig. 7A). Gata1°*%* mice
treated with PPP and KIf1-null mice have several relevant
phenotypic abnormalities in common (Drissen et al. 2005;
Nilson et al. 2006). EKLF was present in similar amounts
in both wild-type and Gata1%%1° mice, but the expression
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of PiT1 (Forand et al. 2013), which is strictly dependent on
EKLF, was strong in Gata1%?'%* mice (Fig. 7A). Thus, IGF-
1 may stimulate the activity of ELKF to compensate at
least in part for the GATA-153194 mutation. We evaluated
this possibility by purifying lin~ bone marrow cells from
Gata1%%1%* mice. We then transduced these cells with a
lentivirus encoding E2F-2, wild-type EKLF, an EKLF mu-
tant that cannot be phosphorylated at Thr41 (EKLF™!4),

Figure 6. Defective erythroid maturation
in Gata15%1%4 mice treated with PPP. (A)
Comparison of spleens from Gatal and
Gata1531%4 mice after 20 d of PPP treat-
ment (left) and BFU-E colony assays of
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these spleens in M3234 methylcellulose
medium (right). n=4. (B) Perl’s Prussian
— blue staining of paraffin sections of these
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*  spleens. Bar, 200 ym. (C,D) Ter119 (X-axis)
and CD71 (Y-axis) FACS analysis of the
Sytox-negative living cell population of
the spleen (C) and bone marrow (D) from
Gatal and Gatal%*'° mice. Numbers
show the percentage of cells within a par-
ticular region.
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Figure 7. Overexpression of E2F-2 abolishes the PPP-mediated inhibition of terminal differentiation in Gatal%%%4 erythroid cells ex
vivo. (A) Quantitative RT-PCR (QRT-PCR) studies: Primary erythroid cultures of cells derived from the bone marrow of Gatal and
Gata15%1°4 mice were expanded; transduced with various shRNAs, as indicated (sh-X), on day 2; selected by puromycin treatment on
day 5; and transferred to differentiation medium on day 6. Total mRNA was isolated after 3 d of differentiation, and qRT-PCR was per-
formed. (B) Ter119 (X-axis) and CD71 (Y-axis) FACS analysis of the living cell population as described in A. Numbers show the percentage
of cells within a particular region. (C) Schematic model of the coordination of cell proliferation and maturation during erythropoiesis: The
sequestration of E2F-2 by GATA-1/pRb slows progression through the G1/S phase of the cell cycle, allowing the differentiation program to
start (Kadri et al. 2009). Phosphorylation of GATA-1 by AKT increases its affinity for FOG-1, leading to the dissociation of GATA-1 from
the pRb/E2F complex. Consequently, changes to the nuclear concentration of GATA-1/FOG-1 modulate erythroid gene transcription and
result in the release of E2F-2 after pRb phosphorylation and the promotion of cell division. Our data suggest that the GATA-15194 mu-
tation impairs the capacity of FOG-1 to dissociate the GATA-153104/pRb/E2F-2 complex, thus promoting E2F-2 sequestration and inhib-
iting cell proliferation. The IGF-1R pathway counteracts E2F-2 sequestration by stimulating E2F-2 expression. Numbers 1-7 correspond to
references as follows: (1) Kadri et al. 2005, (2) Zhao et al. 2006, (3) Kadri et al. 2009, (4) Wong et al. 2011, (5) Fritz and Fajas 2010, (6) Pilon

et al. 2008, and (7) Nilson et al. 2006.

or an EKLF mutant mimicking constitutive phosphoryla-
tion at Thr41l (EKLFT*'P) and analyzed erythroid matura-
tion in vitro. We chose Thr4l mutants of EKLF because
the phosphorylation of EKLF at this residue enhances its
transcriptional activity (Ouyang et al. 1998). These exper-
iments were carried out in either the presence or absence
of PPP. The forced expression of E2F-2—but not that of
EKLF, EKLF™4 or EKLF™P_restored the differentia-
tion of GATA-15310% erythroid cells treated with PPP
(Fig. 7B; Supplemental Fig. S7; data not shown). Thus,
these experiments suggest that the activation of the
IGF-1R results in the overexpression of E2F-2, which com-
pensates for the abnormal sequestration of E2F-2 by the
pRD/GATA-1531%4 complex. The mechanism by which
EKLF regulates E2F-2 expression following activation by
IGF-1R remains to be elucidated.

Discussion

A wealth of knowledge has accumulated during the past
three decades to make the biology of erythropoiesis one
of the leading fields in the study of tissue differentiation
and homeostasis. This includes the identification of the
key factors involved (e.g.,, GATA-1, FOG-1, and EKLF) as

well as novel biological concepts (e.g., locus control region
[LCR], chromatin insulators, or, more recently, superen-
hancers). However, key gaps remain in our understanding
of the tight coordination between cell proliferation and
differentiation, a hallmark of normal erythropoiesis, and
its perturbation, as seen in various disorders that include
certain types of anemia and leukemia.

We show here that erythroid cell proliferation and
differentiation are coupled at the molecular level.
Epo-R stimulation activates AKT, which phosphorylates
GATA-1 at Ser310, thereby increasing the affinity of
GATA-1 for FOG-1. In turn, FOG-1 displaces pRb/E2F-2
from GATA-1, ultimately releasing free, proproliferative
E2F-2 (Supplemental Fig. S4A,B).

The phosphorylation of GATA-1 at Ser310 thus has sev-
eral consequences: (1) It controls the affinity of GATA-1/
FOG-1 binding; (2) it regulates the dissociation of pRb/
E2F-2 from GATA-1; (3) it determines the FOG-1-mediat-
ed control of GATA-1, GATA-1/FOG-1, and E2F-2-regu-
lated genes; (4) it coordinates GATA-1 and E2F-2
activities; and (5) it determines the potential transcrip-
tional activity of the GATA-1/pRb/E2F-2 complex at
GATA and/or E2F DNA-binding sequences (this last con-
tention remains to be demonstrated). The net effects of
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GATA-1 phosphorylation at Ser310 are to decrease and in-
crease the respective concentrations of free GATA-1 and
free E2F-2 due to the relative amounts and affinities of
the factors involved. This balance (opposite variations in
free GATA-1 and free E2F-2) participates in the coordina-
tion of cell proliferation and maturation during erythro-
poiesis in the presence of Epo, with the differential
phospho-binding of GATA-1 to FOG-1 as a molecular piv-
ot (Supplemental Fig. S4C).

As a stepwise process, the coupling of cell proliferation
and differentiation is likely to involve specific subsets of
genes that are activated and repressed in a defined order.
FOG-1 plays contrasting roles at different loci. For in-
stance, at the Gata2 locus, FOG-1/GATA-1 repress a sub-
set of GATA-1 target genes (GATA switch) (Grass et al.
2006) while recruiting the NuRD repressor (Gao et al.
2010). At the B-globin locus, GATA-1/FOG-1 are primari-
ly activators of the LCR while also recruiting NuRD
(Gregory et al. 2010).

The putative importance of GATA-1 phosphorylation
has been discussed (Kadri et al. 2005; Zhao et al. 2006).
However, data from transgenic Gatal%%%4 knock-in
mice were puzzling because these mice are viable and
not even anemic (Rooke and Orkin 2006). Here, we were
able to reconcile this discrepancy by uncovering a com-
pensatory pathway. We found that excess IGF-1 conferred
a normal phenotype in Gatal531°4 mice. The abnormal
sequestration of E2F-2 within the GATA-153'94/pRb com-
plex of Gata153'%4 mice was counteracted by the overex-
pression of E2F-2 triggered by IGF-1. However, we were
unable to identify the specific pathway involved in the
IGF-1-mediated up-regulation of E2F-2 expression, al-
though we observed that the phenotype of Gata1531%4
mice treated with the IGF-1R inhibitor PPP closely resem-
bled that of KiIfI-null mice (Drissen et al. 2005; Nilson
et al. 2006), and both EKLF and GATA-1 are involved in
the regulation of erythroid genes and in the control of
E2F-2 transcription (Pilon et al. 2008; Tallack et al.
2009). We showed that IGF-1-mediated E2F-2 expression
requires the activation of EKLF but does not depend on
its phosphorylation at Thr41 (data not shown). We did
not determine how IGF-1 activates EKLF, but several
post-transcriptional modifications of EKLF have been de-
scribed, and we will examine these modifications in sub-
sequent studies. For instance, the dominant effect of the
E339D mutation of EKLF in Nan mice, in which E2F-2
is selectively inhibited (Siatecka et al. 2010), may provide
further clues to understand how EKLF activation regulates
E2F-2 transcription.

Collectively, our data suggest a molecular model (Fig.
7C) in which FOG-1 has several key functions in the coor-
dination of erythroid proliferation and differentiation and
in which GATA-1, FOG-1, EKLF, AKT, pRb, and E2F-2 are
part of a dynamic equilibrium controlled by Epo-R and
IGF-1R. This model provides new insight into the under-
standing of both normal and pathological erythropoiesis
in humans, such as that observed in various myeloprolif-
erative disorders in which AKT kinase is constitutively
activated. Similarly, this model helps to explain several
pathogenic mutations of Gatal for which molecular and
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physiological explanations were lacking (Crispino and
Weiss 2014) despite multiomic and knock-in experimen-
tal approaches.

The somatic V617F mutation of JAK2 that is found in
almost all polycythemia vera patients (Vainchenker and
Constantinescu 2005) may disturb the equilibrium be-
tween GATA-1/pRb/E2F-2 and GATA-1/FOG-1: Hyper-
sensitivity to IGF-1 (Staerk et al. 2005), high levels of
phosphorylated GATA-1 (Geron et al. 2008), and IGFBP-
1 overexpression (Mirza et al. 1997) characterize progeni-
tor cells from polycythemia vera patients, and our model
may form the basis of new molecular interpretations of
this disease. Activation of IGF-1 signaling together with
expression of a truncated Epo-R induces autosomal domi-
nant erythrocytosis in humans (De La Chapelle et al.
1993; Damen et al. 1998). In this case, IGF-1 may compen-
sate for a lack of Epo-induced signaling by stimulating
E2F-2 expression. In patients possessing inherited N-ter-
minally deleted GATA-1 protein (GATA-1s), previously
described in acute megakaryoblastic leukemia associated
with Down syndrome (Wechsler et al. 2002), IGF-1 is re-
quired for cell survival and leads to the uncontrolled pro-
liferation of trisomy 21 fetal progenitors (Klusmann et al.
2010). GATA-1s has since been found in patients with le-
thal anemia (Hollanda et al. 2006) and patients with Dia-
mond-Blackfan anemia (Sankaran et al. 2012). GATA-1s s
translated from a downstream ATG initiation codon en-
coding Met®*, which disrupts the association of GATA-1
with pRb/E2F-2 (Kadri et al. 2009); therefore, the defect
in erythropoiesis in these two diseases may be associated
with the loss of this interaction and an increase in the
amount of free E2F-2.

Mutations that modify the affinity of FOG-1 binding to
GATA-1 cause thrombocytopenia and anemia. The
severity of anemia is correlated with the extent to which
the interaction is disrupted (Crispino 2005) and the
GATA-1V?%S mutation causes lethal anemia. We show
that (1) Ser310 of the GATA-1Y2%°¢ mutant is not phos-
phorylated by AKT, (2] constitutive Ser310 phosphoryla-
tion in the GATA-1V2%°C (GATA-1V2955-5319D) mytant is
sufficient to restore partial G1E-ER erythroid differentia-
tion similar to that observed with the GATA-153!%4 mu-
tant, and (3) GATA-1Y205GS310D  expression coupled
with FOG-1 overexpression fully rescues G1E-ER differen-
tiation such that GATA-1V2®<53100 and GATA-1%3194
seem to have similar properties. These various observa-
tions contribute to our understanding of the molecular
mechanisms of GATA-1 action and will help to orient
new research to improve our understanding of erythropoi-
esis disorders associated with GATA-1 mutations. Sys-
tematic analyses of IGF-1 concentrations in the serum
of patients with mild chronic anemia will be useful to as-
sess potential perturbations of the complex equilibrium
presented here.

The connection between Epo, cell expansion, and the
regulation of energy homeostasis in adipocytes (Teng
etal. 2011) suggests that a specific combination of various
receptors modulates homeostasis for various cell types.
This observation also raises the possibility that similar
pRb/E2F interactions with other GATA/FOG family



members may be involved in the coordination of cell dif-
ferentiation and proliferation in other tissues.

Materials and methods

Plasmid constructions

Human Gatal, Gatal mutants (GatalS®%4 Gata1531P,
Gata1"?%C, Gata1"?95G-53104  Gaa1V205G-5310D) and mouse
Fog1 cDNA were subcloned in the retroviral vector Migr as previ-
ously described (Kadri et al. 2005). Lentivectors encoding mE2F-2
(pLenti-GIIT-CMV-mE2F-2-SV40-RFP-2A-Puro [LV495474]) and
control backbone (pLentiGIII-CMV-RFP-2A-Puro-Blank con-
trol vector [LV591]) were purchased from Applied Biological
Materials.

Retroviral and lentiviral transduction and transfection

Retroviral production and cell transduction were performed as
previously described (Kadri et al. 2005). GFP-positive cells were
then sorted by flow cytometry (BD FACSAria, Beckman Coulter).
Lentiviruses were produced according to the manufacturer’s in-
structions with Lenti-Combo packaging mix (Gentaur, LV003).
shRNA lentiviral particles (control shRNA [sc-108080], mIGF-
1Ra/p shRNA [sc-35638-V], mEKLF shRNA [sc-37832-V], and
mE2F-2 shRNA [s¢-29299-V]) were purchased from Santa Cruz
Biotechnology. Three days after lentivirus infection, transduced
cells were selected by overnight exposure to 1 png/mL puromycin
dihydrochloride (Sigma). NIH-3T3 cells were transfected in the
presence of Lipofectamine 2000 reagent (Life Technologies).

Cell culture, cell proliferation, and erythroid
differentiation analysis

UT-7 cells were maintained in modified Eagle’s medium (a-MEM)
containing 10% fetal calf serum (FCS), 2 mM L-glutamine, 10 U/
mL penicillin, 100 pg/mL streptomycin, and 2 U/mL recombi-
nant human Epo (Bio Basic, RC213-15). NIH-3T3 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FCS, 2 mM L-glutamine, 10 U/mL penicillin,
and 100 pg/mL streptomycin. Gatal '~ G1E (Weiss et al. 1997)
or G1E-ER (Gregory et al. 1999) cells were used as a model of
erythropoiesis after trans-complementation with GATA-1 or
GATA-1 mutants and grown as previously described (Kadri
et al. 2005). Uptiblue reagent (Interchim, UP669412) was used
to monitor cell proliferation by fluorimetry at 590 nm (Mithras
LB940, Berthold) as previously described (Kadri et al. 2005). Ery-
throid differentiation was assessed by scoring blue cells after ben-
zidine staining to detect hemoglobin.

Preparation of nuclear extracts, protein binding,
and expression studies

For the preparation of nuclear extract, cells were washed once
with PBS and incubated for 10 min at 4°C in buffer A (10 mM
HEPES at pH 7.6, 3 mM MgCl,, 10 mM KCl, 5% glycerol, 0.5%
NP-40) containing phospho-tyrosine phosphatase inhibitors (1
mM Na,VOy,), phospho-serine/threonine phosphatase inhibitors
(20 mM NaF, 1 mM sodium pyrophosphate, 25 mM p-glycero-
phosphate), and proteinase inhibitors. After centrifugation, nu-
clear pellets were resuspended in buffer A containing 300 mM
KCI. Immunoprecipitation was performed on equal amounts of
nuclear extracts (500 pg per point) with 5 pg of the specific anti-
bodies indicated or, as a control, non-immune-related antibodies.
Oligonucleotide pull-down assays were performed as previously
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described (Kadri et al. 2005). Precipitated proteins and 25 pg of nu-
clear extract before immunoprecipitation (input) and after each
immunoprecipitation were analyzed by Western blotting with
the antibodies indicated. Nucleophosmin (NPM) (Santa Cruz Bio-
technology, sc-6013R) was used as a negative control for the spe-
cificity of coimmunoprecipitation.

For analysis of the glucose transporter GLUT-4 expression, pe-
ripheral blood was collected, washed twice with PBS, and lysed
with 5 mM phosphate buffer (pH 8). After centrifugation
(16,000 rpm at 4°C), RBC membranes were washed three times
with hypotonic buffer. Pellets were resuspended in Laemmli buff-
er and sonicated. Loading volume was adjusted to the original
number of RBCs determined with a Medonic CA620 hemocy-
tometer, and Western blot was performed with the a-GLUT-4 an-
tibody (Abcam, ab65267).

Treatment of mice with drugs

All procedures were approved by the Animal Care and Use Com-
mittee of the Commissariat 2 'Energie Atomique et aux Energies
Alternatives (CEA). Mice were generated by crossing X#1¢153104/
Y male mice with X©ata1$3104 xGatal gemale mice (Rooke and
Orkin 2006) and housed at the CEA mouse facility (Fontenay-
aux-Roses). All experiments were conducted on 12-wk-old
XGatalSS104 1y apnd XS4tal Y male mice. Mice received daily intra-
peritoneal injections for 20 d with (1) PPP (Tocris Biosciences,
477-47-4) at a dose of 10 mg/kg every 12 h, (2) primaquine
(Sigma-Aldrich, 63-45-6) at a dose of 10 mg/kg every 12 h, (3)
rapamycin (Sigma-Aldrich, 200-664-3) at a dose of 2 mg/kg per
day, and (4) pioglitazone (Bertin Pharma, 71745) at a dose of
10 mg/kg per day. All chemicals were dissolved in dimethyl sulf-
oxide (DMSO) before reconstitution in saline containing 5%
DMSO for injection.

Hematological analysis, primary erythroid culture,
and colony assays

Peripheral blood was collected into heparin-coated capillary
tubes by retro-orbital sinus bleeding. Hematopoietic parameters
were determined with a hemocytometer (Medonic, CA620).
BFU-E assays were performed by dispensing 1x 10° cells into
35-mm plates in methylcellulose medium (MethoCult M3234
and M3231, Stem Cell Technologies) supplemented with 2 U/
mL human recombinant Epo, 10 ng/mL murine recombinant
stem cell factor (SCF) (Peprotech, 250-03), 2 mM L-glutamine,
10 U/mL penicillin, and 100 pg/mL streptomycin. The Metho-
Cult M3231 was complemented with 0.5 pg/mL human IGF-1
(Increlex, Ipsen Pharma), 10 ng/mL human recombinant insulin
(Sigma, 91077C), and/or 200 pg/mL iron-saturated human holo-
transferrin (Sigma). Cells were cultured for 12 d at 37°C with
5% CO,, and benzidine-positive BFU-E colonies were then
counted.

For erythroid primary culture, bone marrow cells were flushed
from femurs and tibias. The Lin~Sca-1" cell fraction was purified
by positive depletion with the Lineage cell depletion kit (Milte-
nyi Biotec, 130-090-858) coupled with the anti-mouse Sca-1 bio-
tin-coupled antibody (eBioscience, 13-5981). Cells were first
cultured in a serum-free expansion medium containing IMDM,
15% BIT9500 (Stem Cell Technologies), 2 mM L-glutamine, 10
U/mL penicillin and 100 pg/mL streptomycin, 1 U/mL Epo, 100
ng/mL SCF, and 1 pM dexamethasone (Sigma). After 6 d, cells
were washed in PBS, depleted of mature erythroid cells by im-
mune-magnetic depletion against Ter119 (Miltenyi Biotec, 130-
049-901), and cultured for 3 d in differentiation medium (2 mM
L-glutamine, 10 U/mL penicillin and 100 pg/mL streptomycin,
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4 U/mL Epo, 0.5 mg/mL iron-saturated human holotransferrin;

StemPro34 plus nutrient supplement [Life Technologies]).
Reticulocyte counts in peripheral blood were determined man-

ually on blood smears stained with new methylene blue (Sigma).

Flow cytometry analysis

Phycoerythrin-conjugated anti-mouse Ter119 (Ter119-PE) (BD
Pharmingen, 553673), APC-conjugated anti mouse CD117 (c-
Kit) (BD Pharmingen, 553356), and FITC-conjugated anti-mouse
CD71 (BD Pharmingen, 553266) were used for the surface labeling
of cells. Purified anti-mouse CD16/32 antibody (eBioscience, 14-
0161) was added to block nonspecific binding to FcyR. For each
experiment, Sytox Blue nucleic acid stain (Life Technologies,
S34857) was used to exclude dead cells. Flow cytometry was per-
formed with a BD FACSCantoll or BD LSRFortessa, and data were
analyzed with BD FACSDiva software.

Histological and cytological analysis

Histological and cytological analyses were performed with stan-
dard protocols. Spleens were fixed in 3.7% PFA in 0.02 M phos-
phate buffer, embedded in paraffin, and stained. Perl’s Prussian
blue staining was performed according to standard protocols (His-
toPerls, RAL). For the scanning electron microscopy analysis, pe-
ripheral blood was fixed in 0.75% glutaraldehyde solution in 0.1
M phosphate buffer (pH 7.4). Samples were viewed with a
CM12 LaB6 electron microscope.

Confocal microscopy analysis

We determined the subcellular distribution of the GATA-1 mu-
tants as described by Lee et al. (2009) on a Leica TCS SP8 confocal
microscope. Anti-GATA-1 antibody (Sigma, G0290) and Alexa
fluor 488 donkey anti-rabbit (Molecular Probes, A21206) were
used in these analyses. Acquisition of DAPI signal and GATA-1
immunofluorescence were performed sequentially.

Hemoglobin detection assay and chemical analysis

Drabkin’s reagent (Sigma, D5941) was used for the quantitative
colorimetric determination of hemoglobin according to the man-
ufacturer’s instructions. Peripheral blood was collected in hepa-
rin-coated tubes, and serum was separated by centrifugation at
10,000g for 5 min. Serum LDH activity was measured by a color-
imetric assay according to the manufacturer’s instructions
(Sigma, MAKO066). Total and direct bilirubin concentrations
were determined at 530 nm by the Malloy-Evelyn method (Bio-
labo, 80403).

Measurement of the life span of RBCs

NHS-biotin (50 mg/kg body weight; Sigma, H1759) was injected
intravenously into Gatal and Gatal5%%* mice. At various time
points, RBCs were collected, stained with FITC-coupled strepta-
vidin (eBioscience, 11-4317-87) and Ter119-PE, and analyzed by
flow cytometry. For each mouse, the percentage of FITC-positive
RBC (Ter119-positive) obtained at day 1 after injection was con-
sidered to correspond to 100% staining.

Deoxyglucose uptake

RBCs from Gatal and Gata15%'%* mice were collected and incu-
bated with fluorescently tagged glucose according to the manu-
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facturer’s recommendations (Cayman’s glucose uptake cell-
based assay kit, Bertin Pharma). Analyses were performed with
a flow cytometer, and an inhibitor of glucose transport, apigenin,
was used as a control.

Determination of IGF-1 concentration

Serum concentrations of IGF-1 in mice were determined by
ELISA according to the kit manufacturer’s instructions (Quanti-
kine ELISA mouse/rat IGF-1 immunoassay kit, R&D Systems).

Quantitative real-time RT-PCR (qPCR)

Total RNA was extracted from primary erythroid cell cultures
with the array pure nano-scale RNA purification kit (Epicentre),
treated with DNase I (Invitrogen), and quantified with a Nano-
drop analyzer. Reverse transcription was carried out with Super-
Script I (Invitrogen). The TagMan gene expression assay
(Applied Biosystems) was used with probes specific for mouse
cDNA (AHSP, Mm04214740_ul; ALAS2, Mm00802083_m1;
EKLF, Mn04208330_gl; PiT1, Mm00441492_m1; and E2F-2,
Mm00624964_m1). An ABI Prism 7300 system with TagMan
FAM dye was used for qPCR, and qPCR results were normalized
with respect to those obtained for 18S ¢cDNA with specific prim-
ers (18S, Hs99999901/S1).
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