
Abstract. Background/Aim: In mice, fetal liver is the first
tissue of definitive erythropoiesis for definitive erythroid
expansion and maturation. ZFAT, originally identified as a
candidate susceptibility gene for autoimmune thyroid disease,
has been reported to be involved in primitive hematopoiesis
and T cell development. The aim of this study was to examine
whether or not Zfat is involved in definitive erythropoiesis in
the fetal liver during mammalian development. Materials and
Methods: The role of Zfat during mouse fetal erythropoiesis in
the fetal liver was examined using tamoxifen-inducible
CreERT2 Zfat-deficient mice. Results: Zfat-deficient mice
exhibit moderate anemia with small and pale fetal liver
through a decreased number of erythroblasts by E12.5.
Apoptosis sensitivity in fetal liver erythroid progenitors was
enhanced by Zfat-deficiency ex vivo. Moreover, Zfat knockdown
partially inhibited CD71–/lowTer119– to CD71highTer119–
transition of fetal liver erythroid progenitors with impairment
in the elevation of CD71 expression. Conclusion: Zfat plays a
critical role for erythropoiesis in the fetal liver.

We previously identified ZFAT (zinc-finger gene with AT-
hook/zinc-finger gene in autoimmune thyroid disease
susceptibility region) as a susceptibility gene for autoimmune
thyroid disease (1). ZFAT encodes a highly conserved protein
containing both AT-hook domain and zinc-finger motifs (2). Zfat
protein is expressed at high levels in lymphoid tissues (thymus,
spleen, lymph node tissues) (2). We have reported that Zfat
knock-out (Zfat–/–) mouse is embryonic lethal by embryonic day
(E) 8.5 and that Zfat is essential for early embryonic
development as a transcriptional regulator of primitive

hematopoiesis (3, 4). We also found that ZFAT is implicated in
apoptotic modulation in human leukemia MOLT-4 cells (5) and
murine embryonic fibroblasts (6), and in the development of
human umbilical vein endothelial cells (7). Additionally, several
genetic variants of ZFAT have been reported to be associated
with the severity of Hashimoto’s disease (HD) (8), with height
in adult Japanese and Korean populations (9, 10) and with
several diseases including cancer and hypertension (11, 12).
Recent studies demonstrated that ZFAT is a novel imprinted gene
expressed in the human placenta (13), and that ZFAT gene is
over-expressed in unruptured aneurysms, suggesting that ZFAT
could potentially be used as a predictive molecular marker of
high risk of aneurysm rupture in peripheral blood (14).
Following the identification and cloning of ZFAT, the major
physiological and disease-associated roles of ZFAT were
revealed. In our recent studies, we have reported that Zfat is
critical for both T-cell development in the thymus and peripheral
T-cell homeostasis, and transcriptional profiling revealed a novel
molecular mechanism in T-cell homeostasis (15-18).

Our previous work suggested that Zfat is also involved in
definitive erythropoiesis. In a study using a reporter mouse
system, Zfat was shown to be highly expressed at erythroid
progenitor cells in the fetal liver at E12.5 (19). Conventional
Zfat-knockout mice are lethal by E8.5 before fetal
erythropoiesis is established (3), which prevents a determination
of the role of Zfat in definitive erythropoiesis. In this article, we
used a conditional Zfat-knockout mouse model to determine
how the loss of Zfat affects definitive erythropoiesis. We
analyzed the phenotype of embryos in which Zfat was
conditionally deleted from E6.5 onward. Our results showed
that loss of Zfat disrupts definitive erythropoiesis in the fetal
liver, causing anemia due to defects in the differentiation and
survival of erythroid progenitor cells.

Materials and Methods
Mice. The mouse lines Zfatflox/flox (Zfatf/f) (15), CreERT2-Zfatflox/flox
(CreERT2-Zfatf/f) (20) and ZfatZsGreen/+ (ZfatZsG/+) (19) have been
described previously. CreERT2-Zfatf/f and Zfatflox/w mice were
established from mice with a C57BL/6J genetic background.
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CreERT2-Zfatf/f males were crossed with Zfatf/w females. In staging
the embryos, E0.5 was defined as noon of the day on which a
copulatory plug was found after overnight mating. For induction of
Cre-mediated recombination in embryos, tamoxifen (Sigma-Aldrich,
St. Louis, MO, USA) in sunflower oil (Sigma-Aldrich) was injected
intraperitoneally into pregnant Zfatf/w mice (8 to 14 wk) at a dosage
of 2 mg (with 0.94 mg progesterone)/25 g of body weight at E6.5. All
the experiments on mice were carried out under the guidelines of the
Institutional Animal Care and Use Committee of Fukuoka University. 

Flow cytometry. Fetal livers dissected from E12.5 embryos were
dispersed into a single-cell suspension by gentle pipetting. Isolated fetal
liver cells were immunostained at 4˚C in PBS/3% FBS in the presence
of anti-mouse CD16/CD32 Abs (BD Pharmingen, Oxford, UK) to
block Fc receptors. The antibodies used were anti-CD71 (C2) from BD
Bioscience, anti-DLK1 from R&D Systems (Minneapolis, MN, USA),
anti-cKit (2B8) from eBioscience (San Diego, CA, USA) and anti-
TER119 (TER-119) from BioLegend (San Diego, CA, USA)).
Apoptotic cells were analyzed using an FITC Annexin V Apoptosis
Detection Kit I (BD Biosciences, San Jose, CA, USA), 7-AAD (BD
Bioscience) and APC-conjugated anti-Annexin V antibody (BioLegend)
according to the manufacturers’ protocols. Flow cytometry analysis was
performed on a Becton Dickinson FACSAria II with FACS Diva
software. Analyses of all flow cytometry data were done using FlowJo
version 10 software (Tomy Digital Biology, Tokyo, Japan).

Ex vivo erythroid differentiation and apoptosis sensitivity assay. Sorted
c-Kit+-P1 (c-Kit+ CD71–/low TER119–) cells were seeded onto
fibronectin-coated plates (CORNING, NY, USA) in IMDM (Thermo
Fisher Scientific, Waltham, MA, USA)/20% FBS, 100 μM 2-
mercaptoethanol (Sigma-Aldrich), 50 ng/ml SCF (R&D Systems) and
10 ng/ml IL-3 (R&D Systems). After 24 h, the cells were infected with
retroviruses against Zfat (18) and the culture medium was exchanged
with a medium containing 2 U/ml EPO (MYBioSource, San Diego,
CA, USA), 5.5 μg/ml transferrin (Thermo Fisher Scientific) and 10
μg/ml insulin (Thermo Fisher Scientific) to induce terminal erythroid
differentiation. After 48 h induction, cells were stained with the
antibodies described above and analyzed by flow cytometry.

In the apoptosis sensitivity assay, sorted c-Kit+-R1 (c-Kit+
CD71–/low TER119–) cells were seeded onto fibronectin-coated
plates (CORNING) in IMDM (Thermo Fisher Scientific)/20% FBS,
100 μM 2-mercaptoethanol (Sigma-Aldrich), 50 ng/ml SCF (R&D
Systems) and 10 ng/ml IL-3 (R&D Systems) and were treated with
4-hydroxytamoxifen (4OHT; Sigma-Aldrich) for 72 h at
concentrations ranging from 0 to 0.6 μM.

Immunoblotting. Immunoblotting was performed as described
previously (2).

Statistical analysis. The data are presented as mean±standard
deviation. Statistical analyses were performed using an unpaired
two-tailed Student’s t-test. Differences at p<0.05 were considered
to be statistically significant.

Results
Zfat deletion by the injection of tamoxifen leads to a decrease
in fetal liver size and anemia. To clarify the physiologic
function of Zfat in definitive erythropoiesis in the fetal liver,
we performed an analysis using tamoxifen-inducible

CreERT2 Zfat-deficient mice (20), in which exon 8 of Zfat
gene was deleted. Tamoxifen was injected intraperitoneally
into pregnant Zfatf/w mice at E6.5 (Figure 1A). We confirmed
that a single injection of tamoxifen into pregnant mice caused
a deficiency of Zfat within the fetal liver of the tamoxifen-
inducible CreERT2-Zfatf/f embryos by E12.5 (Figure 1B).
CreERT2-Zfatf/f embryos at E12.5 were slightly pale, and
their fetal livers, the main site of fetal erythropoiesis, were
significantly smaller than those of the littermate controls
(Figure 1C). The cell numbers in CreERT2-Zfatf/f fetal livers
were significantly reduced compared with those in CreERT2-
Zfatf/w fetal livers (0.75±0.11×106 vs. 3.2±0.24×106,
p<0.0001) (Figure 1D, top). 

To explain the decreased number of fetal liver cells at the
cellular level, we investigated the hematopoietic (early
definitive erythroblastic) (21), erythropoietic and hepatic
compartments in fetal liver by flow cytometry using c-Kit,
Ter119 and Dlk1 (22) as surface markers. Flow cytometric
analysis of fetal livers at E12.5 revealed a 6.3-fold reduction
in the Ter119+ erythroid cell fraction and a 4.0-fold reduction
in the c-Kit+ hematopoietic progenitor fraction (Figure 1D).
Because the total number of CreERT2-Zfatf/f fetal liver cells
was decreased to 23% of the control, the absolute number of
Ter119+ erythroid cells was decreased by 85% in CreERT2-
Zfatf/f fetal livers compared with control fetal livers. The
absolute number of Dlk1+ hepatoblasts was reduced to 29%
of the control. Because our previous analyses of the reporter
mouse system revealed that Zfat was expressed in Dlk1+
hepatoblasts cells (Figure 1E) and c-Kit+ hematopoietic
progenitor cells (19) of the fetal liver at E12.5, we
considered that the Zfat-deficiency affected the numbers of
these cells in CreERT2-Zfatf/f fetal livers. In contrast to the
absolute numbers of Ter119+, Dlk1+ and c-Kit+ cells, the
relative numbers of Dlk1+ and c-Kit+ cells were not
disturbed except for an approximate 1.48-fold decrease in
Ter119+ erythroid cells (Figure1D, bottom). These results
indicated that growth retardation of the fetal liver in
CreERT2-Zfatf/f embryos was mainly attributable to a
reduction in the number of erythroid lineage cells.

Zfat-deficiency impairs erythroid differentiation in the fetal
liver at E12.5. To further examine the causes of blocking of
erythroid differentiation, we analyzed each stage of erythroid
cell maturation in the developing fetal liver. A flow cytometric
system has been used to identify consecutive developmental
stages of erythroid maturation in the fetal liver based on the
expression of Ter119 and CD71 (23). In another study,
combinatorial staining with the cell surface markers CD71,
Ter119 and c-Kit was used to stage erythroid maturation in vivo
(24). We divided fetal liver cells into four CD71/Ter119 regions
that represented the different stages of erythroid development;
we termed these stages R1 to R4 (Figure 2A). A density plot
of Ter119 and CD71 staining of cells dispersed from a fetal

ANTICANCER RESEARCH 39: 4495-4502 (2019)

4496



liver (E12.5, CreERT2-Zfatf/w and CreERT2-Zfatf/f) is shown
in Figure 2A. The maturation state of erythroid cells revealed
reduced frequencies of chromatophilic erythroblasts,
orthochromatophilic erythroblasts and reticulocytes at the R4
stage in CreERT2-Zfatf/f fetal livers, with R3 cells (basophilic
erythroblasts) constituting the point at which the erythrocyte
maturation process was blocked (Figure 2A). The absolute
number of chromatophilic erythroblasts, orthochromatophilic
erythroblasts and reticulocytes at the R4 stage was reduced to
7% of the control. The reductions in R1, R2 and R3 cells were
moderate but significant in CreERT2-Zfatf/f mice (29.4% (R1),
32.8% (R2) and 41.9% (R3) of the corresponding numbers in
the control) (Figure 2B). The expression of CD71 and Ter119
was lower on fetal liver cells in CreERT2-Zfatf/f mice (thick
black line) than on fetal liver cells in CreERT2-Zfatf/w mice
(dark gray area) (Figure 2C). These findings revealed that a
defect in definitive erythropoiesis in CreERT2-Zfatf/f fetal liver
was the cause of anemia.

Zfat-deficiency affected erythroid differentiation and apoptosis
sensitivity in c-Kit+-R1 progenitor cells ex vivo. Fetal liver
cells negative for Ter119 (a mature erythroid cell marker) are
primarily erythroid progenitor cells and proerythroblasts with
the potential for proliferation and differentiation by ex vivo
culture (24). We investigated the intrinsic role of Zfat in
erythroid differentiation by this ex vivo culture system. Zfat is
expressed at high levels in c-Kit+-R1 (CD71–/lowTer119–) cells
and c-Kit+-R2 (CD71highTer119–) cells (19). We therefore
examined whether, in the context of R2 cells, Zfat might be
required for the R1 to R2 transition. For this purpose, we
prevented Zfat expression in c-Kit+-R1 cells mediated by the
Cre/loxP system during their incubation in stem-cell factor
(SCF) medium (Figure 3A, top). The c-Kit+-R1 cells sorted
from Zfatf/f fetal liver at E12.5 were infected with retroviral
vectors expressing Cre recombinase-IRES-ZsGreen (Cre-
ZsGreen) or ZsGreen (control) (18). To allow expression of
the transduced Cre-ZsGreen or ZsGreen, infected cells were
cultured for 48 h in SCF and interleukin 3 (IL-3), which are
known to sustain the viability of progenitors. Infected c-Kit+-
R1 cells were then transferred to medium containing
erythropoietin (EPO) for 48 h (Figure 3A, bottom). The
analysis of the R1 to R2 transition showed that the frequency
of R2 cells transduced by Cre-ZsGreen was moderately
reduced by 24.0% compared with the control (from
40.5±5.4% for the control to 30.7±1.7 following Cre-ZsGreen
transduction; p=0.133) and lower CD71 levels were expressed
within the R2 subset (Figure 3B). These results indicated that
Zfat knockdown partially inhibited R1 to R2 transition of fetal
liver erythroid progenitors with impairment in elevation of
CD71 expression during R1 to R2 transition. 

We also examined the effect of Zfat-deficiency on
apoptosis during the proliferation of c-Kit+-R1 cells sorted
from the CreERT2-Zfatf/f fetal liver and CreERT2-Zfatf/w

fetal liver (control) at E12.5 (Figure 3C, left). We incubated
sorted c-Kit+-R1 cells with a concentration gradient 4-
hydroxytamoxifen (4OHT) in consideration of the cytotoxic
effect of 4OHT. We observed that c-Kit+-R1 cells from
CreERT2-Zfatf/f fetal liver had a dose-dependent elevation of
Annexin V-positive (7AAD–) cells in response to 4OHT
treatment in a range from 0 to 0.6 μM. Flow cytometric assay
of c-Kit+-R1 cells from CreERT2-Zfatf/f fetal liver showed an
enhancement of apoptosis sensitivity to 4OHT treatment at
concentrations greater than 0.1 μM (15.6±1.2% vs. 11.9±0.6%
(control) at 0.1 μM, p<0.07; and 19.0±1.9% vs. 14.1±0.7%
(control) at 0.2 μM, p<0.09) (Figure 3C, right). These results
suggested that the elevation of apoptosis sensitivity by Zfat-
deficiency in c-Kit+-R1 cells may reflect enhancement of
apoptosis sensitivity prior to R1 to R2 transition in fetal liver.

Discussion

Zfat has been previously shown to be an essential factor in
early mouse development (3). It is well known that the fetal
liver plays a critical role as a major tissue for rapid
amplification of definitive erythrocytes during mouse
development, but whether Zfat is involved in definitive
erythropoiesis in the fetal liver remains unknown. In this
study, we found that Zfat is required for the development of
definitive erythrocytes in the developing fetal mouse liver. 
Three major waves of erythropoietic potential emerge
consecutively during mouse embryogenesis. The first wave
arises in the yolk sac in mice and humans and generates
initially primitive erythroid cells (21, 25, 26). The second
wave also occurs in the yolk sac, but it generates definitive
erythroid lineages that are distinguishable from primitive
erythroid cells (27). The primitive erythroid cells are
outnumbered by the drastically expanding number of
definitive erythroid cells generated from the developing fetal
liver (23, 28). The third wave emerges from hematopoietic
stem cells, which expand in the fetal liver and ultimately
seed the bone marrow (29, 30). Our data indicate that fetal
livers from CreERT2-Zfatf/f embryos injected with tamoxifen
at E6.5 are smaller and paler than those of their control
littermates at E12.5. Zfat is involved in the rapid expansion
of definitive erythroid progenitor numbers in the early fetal
liver around E12.5, suggesting that Zfat is an integral
component for initiation of the second wave of
erythropoiesis. In addition, to define the embryonic period
when Zfat regulates development of definitive erythrocytes
in the developing fetal mouse liver, we treated pregnant mice
by an injection at E7.5. Intriguingly, Zfat-deficiency by the
injection at E7.5 slightly compromised liver development at
E12.5, and flow cytometric analysis showed modest changes
in erythropoiesis (data not shown). These results may
indicate that Zfat is required within a specific developmental
time window. Additional studies are needed to elucidate the
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Figure 1. Zfat deletion by the injection of tamoxifen at E6.5 leads to a
decrease in fetal liver size and anemia. (A) Schematic illustrating the
time of Zfat deletion from mice via tamoxifen injection and the times at
which necropsy was performed. (B) Lysates were prepared from E12.5
liver of CreERT2-Zfatf/f or CreERT2-Zfatf/w (control) embryos and
analyzed by western blotting using anti-Zfat (top) or anti-β-Actin
(bottom) antibodies. (C) Phenotypic appearance of CreERT2-Zfatf/f and
CreERT2-Zfatf/w (control) embryos at E12.5. Tamoxifen was injected
intraperitoneally using a dosage of 2 mg/25 g of body weight at E6.5.
Fetal livers of CreERT2-Zfatf/f and control embryos at E12.5 are shown.
The bar represents 1.0 mm. (D) Absolute numbers (top) and frequency
(bottom) of total fetal liver, TER119+, DLK1+ and c-Kit+ cells in fetal
liver from CreERT2-Zfatf/f and CreERT2-Zfatf/w (control) embryos at
E12.5. Data are expressed as mean±SD; n≥3 mice per group. *p<0.01,
**p<0.001, ns: Not significant. (E) ZsGreen signals in DLK1+ cells from
the ZfatZsG/+ (black line) and WT (gray-filled) fetal liver at E12.5. 

Figure 2. Zfat-deficiency results in a defect in definitive erythropoiesis
of the fetal liver at E12.5. (A) Flow cytometric analysis of Ter119 and
CD71 expression in E12.5 fetal livers. Flow cytometric profiles of
erythroid differentiation defined by CD71 and Ter119 expression in
representative fetal livers from CreERT2-Zfatf/f and CreERT2-Zfatf/w
(control) embryos at E12.5. Regions R1 to R4 are characterized by the
CD71 and Ter119 expression profile. The cells in each region can be
classified morphologically into erythroid progenitor cells and
proerythroblasts (R1), proerythroblasts (R2), basophilic erythroblasts
(R3), chromatophilic erythroblasts, orthochromatophilic erythroblasts
and reticulocytes (R4) (24, 37, 38). The percentage of each fraction is
indicated. (B) Absolute cell numbers in fetal livers from CreERT2-Zfatf/f
and CreERT2-Zfatf/w (control) embryos at E12.5. Quantification and
statistical analysis of CD71 and Ter119 by flowcytometry analysis. Data
are expressed as mean±SD; n≥3 embryos per group. *p<0.005,
**p<0.001. (C) Flow cytometric analysis of fetal livers from CreERT2-
Zfatf/f and CreERT2-Zfatf/w (control) embryos at E12.5. Representative
histograms showing the expression of Ter119 (left) and CD71 (right) in
fetal livers from CreERT2-Zfatf/f (thick black line) and CreERT2-Zfatf/w
(dark gray area) embryos at E12.5.
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Figure 3. The intrinsic effect of Zfat-deficiency on erythroid differentiation and apoptosis sensitivity in c-Kit+-R1 cells. (A) Zfat knockdown in
progenitor cells within fetal liver. c-Kit+-R1 (c-Kit+ CD71–/low TER119–) cells were sorted from fetal livers at E12.5 and cultured in the presence of 
IL-3 and SCF. After 24 h, cells were infected with retroviruses for Zfat-deficiency and the medium was exchanged with medium containing EPO to
induce erythroid differentiation. After 48 h induction culture, cells were stained with antibodies against CD71 and Ter119 and analyzed by flow cytometry
(top). The Zfat-deficient cells were examined for the expression of ZsGreen as a marker antigen for infection. The flow cytometric profiles of ZsGreen+
cells by the expression of CD71 and Ter119 are indicated (bottom). The percentage of each fraction is indicated. (B) Flow cytometric analysis for CD71
in c-Kit+-R1 incubated with EPO for 48 h. (C) Annexin V-positive (7AAD–) cells measured by flow cytometric analysis (right). c-Kit+-R1 cells in fetal
livers from CreERT2-Zfatf/f and CreERT2-Zfatf/w embryos were treated with a range of concentrations of 4OHT up to 0.6 μM for 72 h (left).



developmental process of definitive erythropoiesis during
mouse embryogenesis according to the functions of Zfat.

Our data showed that Zfat-knockdown partially inhibited
CD71–/lowTer119– (R1) to CD71highTer119– (R2) transition of
fetal liver erythroid progenitors with an impairment in elevation
of CD71 expression during R1 to R2 transition. Previous studies
have indicated that Zfat expression during CD4+ T cell
proliferation is elevated according to synchronization in the S-
phase (5) and that Zfat is highly expressed in c-Kit+-R1
(CD71–/lowTer119–) cells and c-Kit+-R2 (CD71highTer119–)
cells (19). In mouse fetal erythropoiesis, the initial upregulation
of cell surface CD71 identifies developing erythroblasts that are
tightly synchronized in S-phase (31). The transition from R1
(CD71–/low Ter119–) to R2 (CD71+ Ter119–) occurred during
the S-phase and required both EPO and S-phase progression
(31). The function and mechanism of Zfat may partly underlie
the transcription network in erythroid differentiation, which
could be related to the drastic change of expression of
transcription factors in erythroblasts that are closely
synchronized in S-phase. Moreover, c-Kit is a proto-oncogene
that is upregulated in cancer cells, leading to its kinase
activation and eventually to a disruption of regulated
proliferation (32). The major triggering events for
erythroleukemia are the disruption of epigenetic and micro-
RNA regulation, and transcript regulation leading to
dysregulation of differentiation and interruption of apoptosis for
pro-erythroblasts (33). The critical effects of the interactions
with transcription factors are revealed during initial
differentiation, and disorganized differentiation may underlie the
leukemogenic mechanisms of maturation arrest through
dysregulated expression of these transcription factors (34).
Collectively, the above facts and conjectures suggest that Zfat
may also play a role in regulating the proliferation of erythroid
progenitors and erythropoietic homeostasis through transcript
regulation, the dysfunction of which could lead to the
occurrence of leukemia. 

In our recent study, to define the cell-intrinsic mechanisms
of T cell homeostasis, we investigated which molecules are
regulated by expression of the Zfat gene. Using ChIP-seq
analysis and gene expression data during CD4+ T cell
proliferation, several genes, including Brpf1, were identified
as Zfat-regulated genes (18). The development of erythroid
cells is determined by a network including transcription
factors (35, 36). However, the mechanisms responsible for the
complicated regulation of Zfat in erythroid progenitors of
fetal liver according to the stages of erythroid differentiation
have not been investigated. Further studies are needed to
identify and characterize the intrinsic pathways leading to
Zfat-deficiency and its regulating genes, and to define the
molecular mechanism of Zfat-mediated regulation of
erythroid differentiation in fetal liver. In addition, further
studies would be expected to elucidate the important role of
Zfat in the development of erythroid lineages in bone marrow. 
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