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Abstract: Myc-interacting zinc finger protein 1 (Miz-1) is a BTB/POZ domain transcription factor that regulates com-
plex processes such as proliferation and apoptosis. Constitutively Miz-1-deficient animals arrest embryonic develop-
ment at E14.5 due to severe anemia and fetal liver cells lacking Miz-1 show a high cell death rate and a significant
reduction of mature Ter119*ckit or Ter119*CD717"" cells. Consistently, the numbers of BFU-Es and CFU-Es were
severely reduced in colony forming assays. Mice with conditional Miz-1 alleles deleted around E14.5 were born at
expected ratios, but had reduced numbers of erythrocytes, and showed an increase in reticulocytes and Macro-
RBCs in the peripheral blood. When challenged with the hemolytic agent phenylhydrazine (PHZ), Miz-1 deficient
mice responded with a severe anemia after 4 days of treatment, but showed a delay in the recovery from this ane-
mia with regard to RBC counts, hematocrit and hemoglobin levels compared to controls. In addition, an accumula-
tion of immature CD71*Ter119* cells occurred in the bone marrow and spleen of mice lacking a functional Miz-1. We
conclude from our studies that Miz-1 is important for erythroid differentiation and development. Moreover, Miz-1 is
necessary to maintain a peripheral red blood cell homeostasis in particular in response to hemolysis after oxidative
stress.
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Introduction

The continuous generation and development of
red blood cellsis an important process through-
out the life of many organisms. The first steps
in this process are called primitive erythropoi-
esis and take place in the yolk sac. Later during
development, erythroid progenitors enter the
fetal liver and initiate definitive erythropoiesis,
which becomes predominant and essential for
survival around mid-gestation. After birth, eryth-
ropoiesis takes place in the bone marrow and,
under specific circumstances, in the spleen as
well [1]. As with all hematopoietic and immune
cells, red blood cells initially emerge from
hematopoietic stem cells (HSCs). To form red
blood cells, HSCs differentiate into common
progenitors of the megakaryocyte and ery-
throid lineages, termed megakaryocyte-ery-

throid progenitor (MEPs) [2, 3]. MEPs in turn
produce cells that are either committed to
become red blood cells or megakaryocytes.
This process of lineage commitment and speci-
fication from bi-potential precursors is con-
trolled by receptor signaling and the expression
of a number of specific transcriptional regula-
tors, notably the GATA-binding transcription fac-
tors (GATA-1 and GATA-2), ETS factors (FLI-1 and
GABP«x), Krippel-containing factors (KLF1),
Leukemia/lymphoma Related Factor (LRF),
basic helix-loop-helix factors (SCL) and several
adaptor proteins that interact with transcription
factors (e.g. Friend of GATA-1) [4, B].

The main signaling pathway for differentiation
of red blood cell lineage is initiated by erythro-
poietin (Epo) [6]. Epo is produced by kidney
cells under hypoxia and stress conditions and
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induces terminal proliferation and controls
developmental as well as survival processes of
erythroid cells [7]. Binding of Epo to its receptor
(EpoR) activates several intracellular signaling
pathways that regulate proliferation, develop-
ment and apoptosis [8]. For instance, Epo sig-
naling regulates phosphorylation of Stat5, the
PI3K pathway, and the MAPK pathway [8, 9].
After phosphorylation, Stat5 enters the nucle-
us as a dimer and functions as a transcription
factor regulating the expression of specific tar-
get genes, such as Bcl-x , to prevent apoptosis
in erythroid progenitors [10]. Blocking the phos-
phorylation of Stat5 leads to increased apopto-
sis in the erythroid progenitor population and a
reduction in erythrocyte production [11].

Recent work has shown that the Myc-interacting
zinc finger protein 1 (Miz-1) regulates the
expression of Socs1, which is a regulator of the
JAK kinases that phosphorylate and activate
Statd [12, 13], thereby affecting signaling
through the IL-7 receptor (IL7R) in lymphoid pro-
genitors. Similar to signaling through the EpoR,
downstream effectors of the IL-7R are the anti-
apoptotic genes Bcl-x_and Bcl-2. In addition to
regulating JAK/STAT activity through Socsl,
Miz-1 is also able to activate expression of Bcl-2
directly and further enhances IL-7 signaling [12,
13].

The Miz-1 gene encodes an 80 kDa nuclear pro-
tein with thirteen CH, zinc finger domains at its
carboxy-terminus and a POZ/BTB domain at its
N-terminus [14, 15]. Miz-1 acts as a transcrip-
tional transactivator of RNA Pol Il-dependent
target gene promoters by recruiting co-activa-
tors such as the histone deacetylase p300/
CBP [16-18]. The BTB/POZ domain is essential
for the transactivating activity of Miz-1 but also
serves as a protein-protein interaction module
and is required for stable chromatin binding of
Miz-1 [18]. The bHLH LZ transcription factor
and oncoprotein c-Myc can be recruited by
Miz-1 to certain target gene promoters, which
leads to the inactivation of Miz-1 and blocks its
ability to transactivate these target genes.

The complete deletion of the Miz-1 gene leads
to early embryonic lethality at E7.5 due to
defective processes during gastrulation [19].
To investigate the role of Miz-1 at later stages of
development and in adult animals, conditional-
ly deficient mice were generated in which exons
3 and 4, coding for the functional POZ domain,
can be deleted by expression of a Cre-recom-

binase, in such a way that a non-functional
Miz-1 allele is generated [12]. Animals express-
ing only the Miz-1 mutant lacking the POZ
domain (Miz-12P9%/4P07) die at around day 14.5
of embryonic development. Miz-14P9Z/4P02E14.5
embryos were smaller in size than WT embryos,
were highly anemic and looked pale [12].
Breeding Miz-147%%/'o gnimals with a Sox2-Cre
deleter strain [20] that deletes the POZ-domain
only in the embryo proper, but not the surround-
ing epiblast did not alter the embryonic lethality
(Kosan and Mordy, unpublished), which exclud-
ed a malfunction of extra-embryonic tissues
and suggested that Miz-1 has essential func-
tions in the development of the embryo proper
and likely plays a role in embryonic erythropo-
iesis.

We show here that ablation of Miz-1 disrupts
erythroid differentiation during embryonic de-
velopment, and to a lesser extent adult erythro-
poiesis in the bone marrow. However, adult Miz-
1-deficient mice show a reduced number of
mature red blood cells as well as a higher ratio
of immature reticulocytes in the peripheral
blood and a high rate of splenic erythropoiesis,
indicating that these animals are anemic. In
addition, recovery from phenylhydrazine (PHZ)-
induced anemia is delayed in Miz-1 deficient
mice, which suggests a role of Miz-1 in adult
stress-induced erythropoiesis.

Materials and methods
Ethics statement

The protocols for the in vivo experiments de-
scribed here were reviewed and approved by
the IRCM Animal Care Committee (ACC); proto-
col numbers are: #2013-01. All animal experi-
ments were conducted according to institution-
al rules put in place by the IRCM ACC, which
follow the regulations and requirements of the
Canadian Council on Animal Care (www.ccac.
ca).

Mice

The generation of conditional and constitutive
Miz-1 deficient mice has been described previ-
ously [12]. All mice were housed under specific
pathogen-free conditions and institutional ani-
mal ethics committees reviewed animal experi-
mentation protocols and certified animal tech-
nicians regularly observed the mice in sign of
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Figure 1. Miz-1 deficiency disrupts erythropoiesis in the fetal liver. A. Surface expression of Ter119, CD71 and c-Kit
on fetal liver cells from embryos at day E14.5. Dead cells were excluded by forward/sideward scatter (FSC/SSC)
gating. Numbers indicate the percentages of cells falling into the respective indicated gates. Data represent three
independent experiments. B. Colony-forming unit-erythroid (CFU-E) and blast-forming unit-erythroid (BFU-E) of fetal
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liver cells from Miz-12P0%2"0Z and WT mice were analyzed after 3 or 9 days respectively. C. Flow cytometric analysis of
AnnexinV and PI staining of fetal liver cells from Miz-127°%27Z and WT embryos (E14.5). Data represent at least three
independent experiments. D. Quantitative Real-Time PCR (QRT-PCR) was performed on cDNA from fetal liver cells
from Miz-14P92/AP0Z gand WT mice at E13.5. Shown is the expression of the GPA gene normalized to S16. E. RT-PCR
analysis to determine the expression levels of embryonic (Ey, bh1 and Zeta) and adult (beta and alpha) globin genes
normalized to GPA. D, E. Data represent four independent experiments. Error bars indicate standard deviation.

distress. Adult mice were sacrificed by carbon
dioxide inhalation whereas newborn pups were
euthanized by decapitation following anesthe-
sia by carbon dioxide inhalation as per stan-
dard operating procedure approved by the
IRCM ACC and the CCAC. All efforts were made
to minimize the number of animals used and to
reduce their suffering. All mice were back-
crossed with C57BL/6 mice for at least 8 gene-
rations.

Flow cytometry and cell sorting

Cell populations from spleen and bone marrow
were analyzed by flow cytometry using an LSR
(BD Biosciences) or sorted on a MoFlo (Cyto-
mation). Cells were passed through a 23-gauge
needle, filtered through a cell strainer and
resuspended in PBS (1% FCS, 10 mM EDTA).
Usually, 1-5 x 10° cells were stained with anti-
bodies at a 1:200 concentration for 20 min.,
washed with PBS and analyzed immediately.
Antibodies used were ordered from BD-Biosci-
ences (Missisauga, ON, Canada) or Bio-Legend
(San Diego, CA, USA).

Q-PCR

TRIzol (Invitrogen) was applied to isolate RNA/
DNA/protein from sorted cells according to the
manufacturers protocol. Quantitative RT-PCR
was performed in a 20 pl reaction volume con-
taining 900 nM of each primer, 250 nM TagMan
probe, and 1 pl TagMan Universal PCR Master
Mix (ABI, Germany) according to the manufac-
turer’s instructions. The relative expression of
genes of interest was calculated relative to the
GAPDH mRNA levels.

Immunoblot analysis

For immunoblot analysis, MACS sorted Ter119*
cells were lysed in RIPA buffer containing prote-
ase inhibitors (complete Mini; Roche Diagno-
stics) on ice for 20 minutes and then sonicated
for 10 minutes in a water bath (Branson 5510).
Immunoblotting was performed using anti-
pSTATS (D47E7, Cell Signaling), anti-STAT5 (Cell
Signaling) or anti-B-actin (AC-15, Sigma Aldrich).
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Chromatin immunoprecipitation

Assays were performed on MACS sorted pri-
mary Ter119* cells. Cells were fixed with 1%
formaldehyde. Cell lysis was performed using
the following buffers: total cell lysis - 5 mM
PIPES pH 8, 85 mM KClI, 0.5% NP-40, 1X prote-
ase inhibitor cocktail, 1 mM PMSF, and nuclear
lysis - 50 mM Tris, 10 mM EDTA, 1% SDS, 1X
protease inhibitor cocktail, 1 mM PMSF. After
sonication (Covaris E220 sonicator), immuno-
precipitation was performed using Protein A/G
Dynabeads (Life Technologies) and 10 ug of
rabbit anti-Miz-1 (H-190, Santa Cruz Biotech-
nology), or rabbit control IgG antibodies (Santa
Cruz Biotechnology).

Results

Miz-1 is required for the development and
survival of erythroid cells during embryonic
development

Flow cytometric analysis of fetal liver cells with
antibodies against the erythroid markers gly-
cophorin-A associated antigen (Ter119) and
transferrin receptor (CD71) and with c-kit, a ma-
rker for immature hematopoietic cells, showed
a severe defect in the maturation of erythroid
cells in Miz-14P0%/APZ mijce at E 14.5 (Figure 1A).
The percentage of total c-Kit, Ter119* fetal
liver cells of Miz-1-deficient mice was reduced
at least 5-fold, the CD71"°%, Ter119* and CD71",
Ter119* cell populations were almost absent
compared to controls and a new cell population
with reduced expression of Ter119 and CD71
appeared (Figure 1A). Colony-forming assays
with Miz-1-deficient progenitors and control
cells showed that the numbers of both the ery-
throid colony forming unit (CFU-E) and the burst
forming unit (BFU-E), the earliest known ery-
throid precursor cells, were severely reduced or
were not detectable in the absence of a func-
tional Miz-1 protein (Figure 1B).

Flow cytometric analysis using AnnexinV and
propidium iodide (PI) staining showed that only
17% of Miz-14P0Z/4P0Z feta] liver cells were nega-
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Figure 2. Adult erythropoiesis in the bone marrow occurs in the absence of
Miz-1. A. FACS analysis was performed on bone marrow cells from adult Miz-
1% x vav-Cre and WT mice. The expression of Ter119 and CD71 was ana-
lyzed and dead cells were excluded by forward/sideward scatter (FSC/SSC)
gating. Numbers indicate percentages of cells falling into the following gates:
CD71'Ter119"" (gate I, proerythroblasts), CD71'Ter119* (gate Il, basophilic
erythroblasts), CD71mTer119* (gate lIl, polychromatophilic erythroblasts),
CD71°"Ter119" (gate IV, orthochromatophilic erythroblasts). B. Ter119*
bone marrow cells from adult Miz-1"" vav-Cre and WT mice were analyzed
using AnnexinV staining. C. Ter119* cells were isolated from adult Miz-1"*
vav-Cre and WT bone marrow. RNA from these cells was reverse transcribed
and cDNA was used for quantitative RT-PCR (QRT-PCR). Expression of indi-
cated genes was normalized to the expression of Gapdh and presented as
fold increase compared to WT cells. Data represent two independent experi-
ments each done in triplicates. Error bars indicate standard deviation.

tive for AnnexinV and PI, while 84.8% of WT
cells were negative for AnnexinV and PI, indicat-
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ing that almost all fetal liver
cells from Miz-14P0Z/AP0Z mice
have either initiated or have
already completed a cell death
program (Figure 1C). Express-
ion of glycophorin A (GPA), an
erythroid-specific marker and
of the adult globin genes alpha
and beta was not affected by
Miz-1 deficiency, while the ex-
pression of the embryonic Ey-
and Zeta-globin genes were
slightly up-regulated in Miz-1-
deficient fetal liver cells com-
pared to control cells (Figure
1D, 1E). These findings indi-
cate that Miz-1 is required for
the survival of erythroid cells
during embryonic develop-
ment, but that it does not sig-
nificantly affect the expres-
sion of neither adult nor embr-
yonic globin genes.

Miz-1 is dispensable for adult
erythropoiesis but contributes
to the production of RBCs

To analyze the effect of Miz-1
deficiency on adult erythropoi-
esis, we crossed Miz-1"" mice
with animals carrying a vav-
Cre transgene, allowing Cre re-
combinase expression in all
hematopoietic cells [21]. Expr-
ession of the vav-Cre trans-
gene begins at day E14.5 and
Miz-1"% x vav-Cre animals rea-
ch adulthood without detect-
able defects in erythropoiesis
during embryonic developme-
nt (not shown) [12]. It is there-
fore likely that the defect of
embryonic erythropoiesis in
Miz-14P0Z/A4P0Z  embryos must
occur at stages of develop-
ment before E14.5. A compari-
son of bone marrow cells by
flow cytometry from Miz-1%% x
vav-Cre mice and WT controls
showed no difference in per-
centages of megakaryocyte

precursors (MEPs, not shown) or more commit-
ted Terl19* erythroblasts, such as basophilic

Am J Blood Res 2014;4(1):7-19
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Figure 3. Altered blood parameters in Miz-1-deficient mice. Peripheral blood from adult Miz-1"" x vav-Cre and WT
mice were analyzed for red blood cell counts (RBC), hemoglobin (HGB) and hematocrit (HCT) levels, macrocytes
(RBC-Macro) and newly generated reticulocytes, hypochromic red blood cells (Hypo), cellular volume (MCV) (fL:
femtoliters) and platelet counts (PLT). Data represent twelve independent experiments. Error bars indicate standard

deviation.

erythroblasts, polychromatophilic erythroblasts
and orthochromatophilic erythroblasts (see ga-
tes |-V, Figure 2A). AnnexinV staining on
Ter119* bone marrow cells from adult WT and
Miz-1-deficient mice did not reveal significant
levels of ongoing apoptosis in the absence of
Miz-1 (Figure 2B). While the expression of Miz-1
target genes Socsl1 and Cdknla were up-regu-
lated as expected from previous published find-
ings [12-14, 22], Bclx and Bcl-2 expression
levels were not significantly changed in Ter119*
cells from Miz-1"" x vav-Cre mice compared to
WT mice (Figure 2C).

However, a significant reduction of red blood
cell numbers (RBC), hemoglobin (HGB) and
hematocrit (HCT) levels was observed in the
peripheral blood of adult Miz-1"f x vav-Cre mice
(Figue 3) as well as an abnormally high rate of
macrocytes (RBC-Macro; WT: 0.09+0.12%; Miz-
1% x vav-Cre: 0.8+0.36%) and newly generated
reticulocytes (WT: 2.96+0.6%; Miz-1"" x vav-
Cre: 4.05+£0.88%), hypochromic red blood cells
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(Hypo; WT: 0.23%+0.1%; Miz-1"" x vav-Cre:
0.84%+0.53%) and an increased cellular vol-
ume (MCV; WT: 50.73+1.89%; Miz-1"" x vav-
Cre: 53.68+1.44%) (Figure 3). Finally, Miz-1"" x
vav-Cre mice also showed a reduction of plate-
lets (PLT) compared to WT mice (Figure 3).
These findings indicate that although ablation
of Miz-1 function does not affect adult erythroid
maturation or survival of erythroid cells in the
bone marrow, the lack of a functional Miz-1 pro-
tein still leads to the perturbation of major
blood parameters in adult animals. This sug-
gests that erythropoiesis in Miz-1-deficient mi-
ce is overall insufficient to generate WT levels
of red blood cells.

Miz-1 is required for stress-induced erythropoi-
esis

Further flow cytometric analysis showed that
spleens of Miz-1-deficient mice show clear
signs of extramedullary erythropoiesis. While
WT mice showed only about 1% Ter119* cells in

Am J Blood Res 2014;4(1):7-19
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Figure 4. Aberrant response to stress erythropoiesis in Miz-1-deficient mice. A. FACS analysis of splenocytes from
adult Miz-1"" x vav-Cre and WT mice as described in Figure 2A. The data are representative of at least three in-
dependent experiments. B. Miz-1"" x vav-Cre and WT mice were injected with PHZ and the weight of spleens of
the indicated mice was measured before (control) and 6 days after PHZ treatment. C. Splenic sections were taken
before (control) and 6 days after PHZ treatment and analyzed by hematoxylin/eosin staining (HE staining). D. Red
blood cell counts (RBC), hemoglobin (HGB) and hematocrit (HGT) levels were analyzed before and 4, 6 and 8 days
after PHZ injection. E. FACS analysis of bone marrow or spleen cells from adult Miz-1"" x vav-Cre and WT mice 6 days
after PHZ treatment. The surface expression of Ter119 and CD71 was analyzed and dead cells were excluded by
forward/sideward scatter (FSC/SSC) gating. Numbers indicate percentages of cells falling into the following gates:
CD71'Ter119"" (gate I, proerythroblasts), CD71*Ter119" (gate Il, basophilic erythroblasts), CD71mTer119* (gate llI,
polychromatophilic erythroblasts), CD71"°*Ter119* (gate IV, orthochromatophilic erythroblasts).
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Figure 5. Stress erythropoiesis is delayed Miz-1-deficient mice. Flow cytometric analysis of bone marrow and spleen
cells from adult Miz-1"" x vav-Cre and WT mice for expression of the indicated markers before and 4, 6 and 8 days
after PHZ treatment. Dead cells were excluded by forward/sideward scatter (FSC/SSC) gating. Numbers indicate
percentages of cells falling into the following gates: CD71'Ter119'v (gate |, proerythroblasts), CD71'Ter119* (gate
I, basophilic erythroblasts), CD71mTer119* (gate Ill, polychromatophilic erythroblasts), CD71°*Ter119* (gate IV,

orthochromatophilic erythroblasts).

the spleen, Miz-1-deficient mice accumulated
up to 45% Ter119* cells (Figure 4A). This sug-
gested that Miz-1-deficient mice initiate a com-
pensatory mechanism possibly to counterbal-
ance an inefficient erythropoiesis in the bone
marrow and the low red cell levels in peripheral
blood. To investigate this further, we decided to
analyze the effect of Miz-1 deficiency on stress-
induced erythropoiesis.

We used the hematolytic agent phenylhydra-
zine (PHZ) to induce a hemolysis that leads to
anemia and provokes stress-induced erythro-
poiesis in spleen and bone marrow. Six days

14

after PHZ injection, spleens from Miz-1"" x vav-
Cre mice were found to be significantly larger
than WT spleens and to have entirely lost the
typical splenic architecture of red and white
pulp, probably due to an exaggerated expan-
sion of the early erythroid compartment (Figure
4B, 4C). Further, we detected a reduced level of
RBC counts as well as lower HCT and HGB lev-
els in the peripheral blood of both WT and Miz-
1-deficient mice 4 days after PHZ injection
(Figure 4D), indicating that the response of Miz-
1-deficient mice to PHZ-induced anemia is simi-
lar to the response in WT mice. However, 6 days
after PHZ injection Miz-1"" x vav-Cre mice still
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showed a significant decrease in RBC counts
and HCT and HGB levels compared to WT mice
(Figure 4D). Similarly, on a cellular level, 6 days
after PHZ treatment Miz-1"" x vav-Cre mice
showed a strong accumulation of Ter119%,
CD71" basophilic erythroblasts in the bone mar-
row and spleen contrary to WT mice (Figure
4E). However, 8 days after PHZ treatment Miz-
1% x vav-Cre mice reached almost WT levels of
RBC counts, HCT and HGB (Figures 4D, 5) as
well as percentages of CD71™4Ter119* poly-
chromatophilic erythroblasts and CD71"°"Ter-
119* orthochromatophilic erythroblasts (Figure
5).

Miz-1 is required for normal EpoR signaling

EpoR signaling through Stat5 is essential for
erythrocyte development. However, conditional
inactivation of Epo in adult mice leads to only a
mild anemia and a slight reduction RBC counts
[23], while Statba/b deficient mice show a
severe anemia during embryonic and neonatal
stages of development but only a mild anemia
in adult animals [24]. As these phenotypes are
similar to that of Miz-1-deficient mice, we sought
to determine whether Miz-1 plays a role in the
EpoR signaling pathway during erythropoiesis.
Activation of Miz-1-deficient Ter119* spleno-
cytes with Epo led to increased phosphoryla-
tion of Statb compared to WT splenocytes
(Figure 6A). This may be due to the fact that
Miz-1-deficient Ter119* cells were unable to
activate Socsl after Epo stimulation as com-
pared to WT cells stimulated with Epo (Figure
6B). However, ChIP-PCR analysis indicated that
Miz-1 does not occupy the Socsl promoter
(Figure 6C), suggesting the regulation of Socs1
by Miz-1 is indirect in these cells.

Discussion

Here we present evidence that implicates the
transcription factor and BTB/POZ domain pro-
tein Miz-1 in the regulation of erythropoiesis
during embryonic development, probably at the
early stage of definitive erythropoiesis and very
likely leads to embryonic death at E14.5 due to
perturbed erythropoiesis. Our data also show
that Miz-1 is important for an efficient produc-
tion of red blood cells in adult mice at steady
state but in particular under stress conditions,
for instance in response to an acutely induced
anemia. In addition to its regulatory role in early
lymphoid cells, Miz-1 has also been described

15

as an important co-factor of the proto-onco-
gene c-Myc. A number of studies indicate that
Miz-1 participates through this interaction in
the repression of the negative cell-cycle regula-
tors p21 (Cdknla) and pl15 (Cdkn2b) [14, 22].
Interestingly, similar to what we describe here
for Miz-1-deficient mice, c-Myc ablation during
erythroid development using an EpoR-Cre del-
eter leads to severe anemia and embryonic
lethality at E12.5 [25]. However, in contrast to
Miz-1-deficient mice, these animals showed a
perturbed a- and B-globin gene expression pat-
tern [25]. Since globin expression levels are not
significantly affected, it is likely that the role of
Miz-1 during embryonic erythroid development
is c-Myc independent, similar to its role in lym-
phocyte development [12, 13]. This is also sup-
ported by the fact that a Myc knock-in mouse
mutant (Myc¥3?4? Kl-mutant [12, 13]), which
expresses a form of c-Myc that is unable to
interact with Miz-1, does not show any obvious
defects in fetal or adult erythropoiesis (Kosan
and Mordy, unpublished).

A role of Miz-1 in early developmental stages of
erythropoiesis, possibly at the transition from
primitive to definitive erythropoiesis, was first
suggested by our previously reported finding
that a constitutive inactivation of Miz-1 leads to
anemia and embryonic lethality at E14.5 [12].
The block in differentiation of erythroid cells
and their massive apoptosis in constitutively
Miz-1-deficient embryos as described here
lends further support to this hypothesis. In
addition, the absence or severe reduction of
precursor cells in these Miz-1-deficient mice
that can give rise to BFU-E or CFU-E in response
to erythropoietin (Epo) is also in agreement
with this notion and would also be compatible
with a function of Miz-1 in erythropoiesis that is
linked to the Epo-initiated signaling pathway.

Epo signaling has been described to be indis-
pensible for fetal erythropoiesis and knockout
mice of Epo or the Epo receptor (EpoR) suc-
cumb to severe anemia [7] at the same time
point during embryonic development as Miz-1-
deficient mice. The transcription factor Statb is
activated following EpoR stimulation during
fetal development and Statba’5b7 embryos
are also severely anemic [10]. Although the for-
mation of BFU-Es and CFU-Es is dependent on
Epo signaling [7], fetal liver cells of Statba’5b”
mice give rise to almost normal numbers of
BFU-Es but show severely reduced CFU-E colo-

Am J Blood Res 2014;4(1):7-19



Role of Miz-1 in erythropoiesis

“ Miz-1 B
WT xvav-Cre
-+ - + EPO

STATS Socst il
ch P06 p=0002%
|- v
0STATS 9
g ¥ Miz-1" x vav-Cre
50 - 3
Actin ®
°
¢
Ponceau
. +EPO
c_ 6 0=0.005

@ Miz-1 ChiP
W 19G ChIP

~> > E=
A A A

Fold enrichment
(relative to beta-globin)

Socst  Vamp4  Chr2

Figure 6. Miz-1 regulates EpoR signaling through Stat5 phosphorylation. A. Stat5/pStat5 Western Blot on lysates
from Ter119* splenocytes from WT and Miz-1-deficient mice stimulated (+Epo) or not (-Epo) with Epo. Actin and Pon-
ceau staining are presented as loading controls. Blots are representative of at least two independent experiments.
B. Ter119* splenocytes were isolated from adult Miz-1"* vav-Cre and WT animals stimulated (+Epo) or not (-Epo)
with Epo. RNA from these cells was reverse transcribed and cDNA was used for quantitative RT-PCR (QRT-PCR).
Expression of indicated genes was normalized to the expression of Gapdh. Data represent two independent experi-
ments each done in triplicates. Error bars indicate standard deviation. C. Miz-1 and IgG control ChIP in Ter119*
splenocytes. Data are presented as fold enrichment at indicated regions relative to beta-globin promoter and are
representative of three independent experiments. Vamp4 promoter is the positive control [33] and Chr2 (intergenic
region in chromosome 2) is the negative control.

ny numbers with an increased rate of apoptosis Stat1 observed in Stat5a”5b” mice [26]. Statl
[10]. This is most likely due to an elevated can also be activated by Epo signaling and
expression and a compensatory function of binds directly to the Bcl-x promoter [27]. The

16 Am J Blood Res 2014;4(1):7-19



Role of Miz-1 in erythropoiesis

elevated expression levels of Socsl and
Cdknla (p21) that we describe here in Miz-1-
deficient Terl119* bone marrow cells may
explain the reduction or absence of both CFU-E
and BFU-E formation from bone marrow precur-
sors in the absence of Miz-1, since Socs1 binds
to Jak2 and thus blocks the activation of both
Statb and Statd, which are both targets of Jak2
[28-30]. In addition, previous studies have
shown that ectopic expression of Cdknla leads
to reduced BFU-E and CFU-E colony formation
from erythroid progenitors [31]. It is thus likely
that the combination of elevated levels of
Socs1 and Cdknla in the bone marrow damp-
en Epo/EpoR signaling in such a way that colo-
ny formation is no longer effective.

The situation of Miz-1 deficient erythroid cells
isolated from spleen is different, but is also
consistent with a role of Miz-1 in Epo signaling.
In splenic erythroid cells, Socs1 mRNA levels
are not higher in the absence of Miz-1 and, in
contrast to WT cells, cannot be up-regulated in
response to Epo. Since the Socsl promoter is
not occupied by Miz-1 in these cells, the regula-
tion of Socsl expression by Epo cannot be
directly mediated by Miz-1. However, the lack of
Socsl up-regulation by Epo offers an explana-
tion for the high levels of Statb phosphorylation
seen in erythroid cells from Miz-1 deficient mice
upon Epo treatment. It is thus conceivable that
an overshooting Statb activity upon Epo stimu-
lation is at least in part responsible for the
strong accumulation of Ter119*, CD71' baso-
philic erythroblasts in spleens of Miz-1 deficient
mice under PHZ treatment, and explains the
role of Miz1l in the Epo-mediated stress
response in erythroid cells.

These findings and the similarities between
Epo and Statb5 knockout mice and Miz-1-
deficient animals support a role of Miz-1 in reg-
ulating the Epo/Statb pathway in erythrocytes.
Both Epo-deficient [23] and Statba/b-deficient
[24] mice develop only a mild anemia as adult
mice. Moreover, the phenotype in Statb defi-
cient mice can be explained by the different
requirements of Statb signaling during fetal
and adult erythropoiesis. It has been show that
the erythropoietic rate during fetal develop-
ment or stress response is at least 10 times
higher than steady-state erythropoiesis in adult
mice [24]. A recent study showing a low Statb
activation prevails during steady state condi-
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tions and that stress induces high Stat5 activa-
tion [32] supports this as well. Our studies
show that Miz-1 plays critical roles in both ery-
throid maturation and adult stress mediated
erythropoiesis likely by modulating the Epo/
Statb signaling cascade in erythroid cells.
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