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GATAL is an essential master regulator of erythropoiesis and megakaryopoiesis.
Accumulating lines of evidence have shown that dynamic changes in GATA1
gene expression levels during erythropoiesis are crucial for proper erythroid
differentiation. Since GATA1 is an X-chromosome gene, GATAL knockout leads to
embryonic lethal dyserythropoiesis in male mice, while heterozygous female
mice can survive. In the past decade, it has become clear that germline GATA1
gene mutations leading to structural changes in the GATAL1 protein are involved
in congenital dyserythropoiesis in males. In contrast, decreased GATAL
expression levels, which cause embryonic lethal dyserythropoiesis in male
mice, increase the risk of erythroleukemia development in female mice, while
female GATAL-knockout mice do not show substantial phenotypic alterations in
erythroid or megakaryocyte lineages. In this review, we summarize the recent
progress in elucidating the roles of GATALl in normal and pathogenetic
erythropoiesis and discuss the possible mechanisms of pathogenesis of
dyserythropoiesis and erythroleukemia.
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Introduction

GATAL1 is an essential master regulator of erythropoiesis and several other
hematopoietic pathways, including megakaryopoiesis (1-4). GATA1 belongs to the
hematopoietic GATA transcription factor family, along with GATA2 and GATA3 (5).
The regulation of Gatal gene expression has been robustly investigated using mice. The
expression of Gatal begins in common myeloid progenitors and gradually increases during
erythroid differentiation (6). In contrast, GATA2 plays indispensable roles in generating
and maintaining hematopoietic stem and progenitor cells (HSPCs) (7). While GATA?2 is
abundantly expressed in HSPCs, the Gatal gene is not actively expressed, as the region
upstream of the Gatal promoter is highly methylated, which prevents Gatal gene
expression in HSPCs (8). When this DNA hypermethylation is removed in HSPCs,
GATA?2 drives Gatal expression by binding to the open chromatin of the promoter (8).
Subsequently, Gata2 expression is gradually reduced, and Gatal expression is elevated
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toward erythroid development by self-activation of GATAL,
resulting in the dynamic change in GATA factor expression from
GATA2 to GATAL referred to as “GATA factor switching” (9, 10).

The negative regulation of GATA1 in HSPCs is functionally
important for hematopoiesis. In fact, genetic ablation of the region
upstream of the Gatal promoter, referred to as the Gatal
methylation-determining region (GIMDR), results in abundant
expression of GATA1l in HSPCs in mice (11). This ectopic
expression of GATA1 suppresses Gata2 gene expression in
HSPCs, resulting in imbalanced GATA2/GATAI1 expression in
HSPCs and disturbance of hematopoietic homeostasis (11).

After reaching a maximum level in the proerythroblast stage,
the expression level of Gatal gradually decreases during erythroid
maturation (12). This downregulation of Gatal expression is also
an important feature of erythroid homeostasis. In fact, ectopic
expression of GATAL in late erythroid lineages again disturbs
normal erythropoiesis (13). It has been shown that multiple
enhancers scattered around the Gatal gene participate
cooperatively and independently in Gatal gene regulation during
distinct steps of erythropoiesis (6, 14). However, the molecular basis
of Gatal gene downregulation during mature erythroid
differentiation remains unclear. Considering many lines of
evidence in this regard, we propose that the dynamics of Gatal
expression are crucial in ensuring proper erythroid differentiation
(6, 15). Changes in the expression level of GATAL either act as
regulatory cues for normal erythropoiesis or block differentiation at
a variety of stages during erythroid differentiation.

Structure of GATA1l

GATALI is highly conserved between humans and mice, and the
production of the 413-amino acid GATALI protein is directed by the
GATAI gene, which is comprised of five coding exons in both
species (5). One (human) or two (mouse) main noncoding first
exons along with a few minor alternative first exons precede these
coding exons (16-20).

The GATAL1 protein has four functional domains, all of which
are required for a fully functional GATAL. Two transactivation
domains, located in the N- and C-terminal regions, contribute

10.3389/frhem.2023.1181216

independently and cooperatively to the full transcriptional activity
of GATAL (21). GATAL has two zinc-finger domains aligned in the
middle of the protein. The C-terminal zinc-finger (C-finger)
domain is required to recognize a target site conforming to the
consensus GATA motif, while the N-terminal zinc finger (N-finger)
domain is utilized in bivalent binding to two GATA motifs aligned
in a palindromic configuration in collaboration with the C-finger
domain (22). In addition, two C-finger domains in homodimerized
GATA1 molecules bivalently bind to two GATA motifs aligned in
the same orientation (22).

The C-finger and N-finger domains are also important for
interacting with a variety of coactivators and corepressors by
which GATALI function is properly tuned (23-26). In particular,
interaction with FOG1 (Friend of GATAL) through the N-finger
domain plays important roles in GATAI activity (23). While a
conventional expression plasmid assay revealed that the N-finger
domain does not contribute to the transactivation activity of GATA
in cultured cells, more sophisticated analyses utilizing genetically
engineered mice revealed that GATA1 lacking the N-finger domain
cannot support embryonic erythropoiesis in vivo (27),
demonstrating that the N-finger domain is required for proper
erythropoiesis. The domain structures of GATAI and the
constituent amino acid motifs within the functional domains
appear to play specific roles in the integrated function of GATAL.
Mutations within these motifs seem to provoke specific defects in
GATAL1 function in mammals.

In addition to the canonical transcripts in humans, which
include one noncoding and five coding exons, a noncanonical
transcript variant skipping exon 2 has been identified (28). The
variant transcript yields a short form of the GATA1 protein (named
GATATIs) by utilizing the second ATG codon on exon 3 (Figure 1)
(28). Since GATAIs lacks 83 amino acids present in the N-terminus
of full-length GATA1 (GATAIf]), the function of the N-terminus
transactivation domain is strongly disrupted, whereas the functions
of the other three functional domains, i.e., the C-terminus
transactivation domain and two zinc finger domains, are
preserved. Therefore, GATAIs is predicted to play different roles
as a transcription factor than GATA1fl. How the expression of this
transcriptional isoform is regulated and how GATA1ls contributes
to hematopoiesis remain to be clarified.

GATA1fl
Canonical transcript
| v v ] #13aa
—
I/’\F‘Aﬁ; 20 ATG /\ /\ Stop
;——— GATA1s
' TR I
Variant transcript 330 aa

FIGURE 1

Gene structure and splicing isoforms of the GATAL gene. The human GATAL gene that produces full-length GATAL (GATALfl) consists of six exons
(one noncoding and five coding exons). Short form GATAL (GATA1Ls) lacking the N-terminal transactivation domain is produced by alternative splicing

that skips exon 2.
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GATA1L mutations with quantitative
protein deficits and diseases

Mice lacking GATALI expression die in early to mid-gestation
due to defects in primitive erythropoiesis (29). Of note, transgenic
expression of GATAIfl under proper transcriptional regulation
rescues the embryonic lethal phenotype of GATAI-knockout
mice (30), indicating that the abnormal and pathologic features
leading to embryonic lethality in GATA1-deficient mice arise from
an insufficient quantity of GATA1{] protein.

Multiple Gatal gene knockout and knockdown mouse lines
have been established by means of gene deletion and disruption of
the cis-regulation of the Gatal gene, respectively, and mouse lines
with various levels of Gatal expression have been generated (29, 31,
32). The severity of the phenotypes observed in the affected animals
corresponds well to the expression level of GATA1. Mice bearing a
4- to 5-fold decrease in Gatal expression (Gatal-low) either die in
utero or are born alive with accompanying phenotypes in erythroid
and megakaryocytic lineages, although live mice show a variety of
phenotypes depending on the background of the mouse strain (32-
34). A reduction in Gatal expression to 5% (Gatal.05) of the
endogenous level or Gatal-null mutation is embryonic lethal, as
this level of Gatal cannot sustain embryonic erythropoiesis (29, 31).
It should be noted that mice with low-level Gatal expression show
distinct pathological characteristics from those with complete
Gatal deletion. Mice conditionally deleted for the Gatal gene,
i.e., no GATAI expression, develop erythroid aplasia, while mice
bearing conditionally deleted noncoding exon 1 of Gatal, in which
a small amount of GATAI is expressed from the accessory
noncoding first exon, show the accumulation of erythroid
progenitors (35, 36). A low level of GATALI function is sufficient
to promote the development of progenitor cells to the
proerythroblast stage, but more abundant GATA1 appears to be
required for further differentiation.

Since GATA1 is an X-chromosome gene, a male with inherited
GATAI variants/mutations exhibits the symptoms conferred by the
variant. In contrast, a female carrying the altered gene on one of her
two X-chromosomes is usually asymptomatic or shows only a mild
phenotype in accordance with the level of X-chromosome
inactivation bias (37, 38). In females, two types of erythroid and
megakaryocyte progenitors exist in hematopoietic organs: normally
developing progenitors with an activated GATAI gene in the intact
X-chromosome and progenitors with abnormal GATA1 function.

We previously found that heterozygous female mice carrying
the Gatal.05 allele (Gatal.05/X) were prone to developing leukemia
at 3-6 months after birth, in accord with the pathogenesis of human
pure erythroleukemia cases (39, 40). However, Gatal-null
heterozygous mice (Gatal-null/X) never develop leukemia (39),
although both Gatal.05/Y and Gatal-null/Y are embryonic lethal.
Since GATAL is important for the promotion of differentiation,
control of proliferation, and inhibition of apoptosis in erythroid
cells, immature erythroid progenitors in Gatal-null situation are
excluded by apoptosis (41). Therefore, erythroid progenitors with
activated Gatal-null alleles are aplastic and have less potential to
transform into leukemic cells (39, 41, 42). In contrast, immature
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erythroid progenitors carrying Gatal.05 mutation (in which Gatal
expression is reduced to 5% of endogenous levels) are alive as they
are escaping from apoptosis due to the 5% expression of GATAI to
endogenous level, but those progenitors are losing the potential to
differentiate into mature erythrocytes and are continuing the
proliferation. Abnormally accumulated erythroid progenitors are
prone to acquire additional genetic events and finally transform into
leukemic cells. Thus, these results demonstrate that quantitative
differences in GATAL1 levels, i.e., 0%, 5% or 100%, determine the
fate of erythroid progenitors.

A hemizygous boy carrying a germline deletion of 4,108 bp
comprising the GATAI 3’ enhancer and exons 1-4 of the
neighboring HDAC6 gene reportedly showed a persistently low
platelet count with abnormal a-granule content (43). In this case,
GATALI expression in megakaryocytic lineage cells was decreased to
approximately 50% of that in control individuals, while his mother
showed thrombocyte markers within the normal range. The boy
also suffered from mild dyserythropoiesis (43). To the best of our
knowledge, this is the first human case with germline mutations
causing a quantitative defect in GATAL1 expression.

GATA1 mutations with qualitative
protein defects and diseases

Apart from those diseases associated with a decrease in GATA1
protein levels or quantitative defects of GATAL, there are many
inherited GATAl-related diseases caused by the production of
truncated or mutant GATAL1 proteins. The mutations resulting in
qualitative defects in GATA function can be divided into two
categories depending on the structure of the variant proteins. One
is mutations that produce a single amino acid replacement in the
GATAI protein due to mutations in one or several nucleotides. The
other is mutations that result in a substantially changed GATALI
protein due to frameshift, nonsense or splicing mutations. The
mutations that produce single amino acid replacement will be
discussed in this section. The sole single-amino-acid-deletion
mutant that has been reported (A59del) is also included in
this category.

As summarized in Figure 2, more than 136 variants/mutations
impacting a single amino acid in GATA1 exist, according to the
data in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and jMorp
(Japanese multiomics reference panel) and further original searches
of the literature (references cited in the Supplement Table). jMorp is
a multiomics database (https://jmorp.megabank.tohoku.ac.jp/)
generated by the Tohoku Medical Megabank Project (TMM),
which includes a reference panel of genetic polymorphisms
collected from 38,000 participants (44). The TMM comprises
approximately 157,000 participants in Miyagi and Iwate
prefectures in Japan who have been recruited for cohort studies
and examined in health check studies in combination with genomic
and omics research (45).

As shown in Figure 2A, pathological substitutions of amino acid
residues are most prevalent in the N-finger region of GATAL. The
first germline mutation in the GATAI gene is the V205M mutation
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(37). The N-finger has two important functions: one is the
association with the cofactors FOG1 and LMO2 (23, 46), while
the other is DNA binding to the palindromic GATA motif (22, 47,
48). Elaborate structure—function analyses of the N-finger have
clarified the amino acid residues responsible for both functions (46,
49). Mutations associated with binding to FOGI or to DNA lead to
bleeding disorders due to thrombocytopenia and/or abnormal

10.3389/frhem.2023.1181216

platelets and mild to moderate dyserythropoiesis. The reported
phenotypes caused by mutations in the N-finger vary slightly by
case in the literature (37, 50-56). Cell-based assay have clarified that
the differences in disease phenotype and severity caused by
mutations in the N-finger are largely correlated with how the
GATA1 mutation affects the association of GATA1 with cofactors
FOG1 and LOM2 (57). We surmise that ethnic and/or
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FIGURE 2

Mutations in the GATA1 protein. (A, B) Positions of missense and deletion mutations (A) and structural mutations (B) in the GATAL protein are shown.
Data obtained from ClinVar and jMorp on February 14, 2023, were used in addition to the data described in the literature. Variants in black, green,

blue and red letters are categorized as “benign/likely benign”,
pathogenic”,

“uncertain significance”
respectively. Newly identified variants in the TMM project are indicated by purple letters. Note that information about R317W is not

, "conflicting interpretations”, and “pathogenic/likely

provided in ClinVar. (C, D) Two major types of GATAI gene variants causing exclusive production of GATAls. GATAI gene variants that cause
exclusive production of GATALs are divided into two groups in accordance with the level of GATALs produced. (C) Frameshift mutations. If the in-
frame stop codon marks the termination of translation upstream of the alternative initiation codon (upper panel), posttermination ribosomes can
reinitiate translation at codon 84 of the canonical transcript and produce GATAIs utilizing the alternative initiation codon in exon 3. In contrast,
neither GATALfl nor GATALs is produced from the canonical transcript if the premature stop codon does not appear upstream of the alternative

initiation codon (lower pane
noncanonical transcript.
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environmental influences in addition to the characteristics of the
substituted amino acid residues produce complexly diversified
phenotypes in human.

Of note, several substitutions in the C-finger and downstream
region have also been identified (Figure 2A) and have intriguing
pathological impacts (38, 56, 58-62). Affected males carrying either
L268M, H289Y or T296P mutations suffer from bleeding disorders
caused by platelet dysfunction, while platelet numbers indicate
borderline or mild-to-moderate thrombocytopenia. Red blood cell
parameters are only marginally influenced (56, 58, 59). The clinical
characteristics of the H289R mutation are not significant in either
males or females. However, coinheritance of this mutation with a
heterozygous PKLR gene mutation causes overt congenital
dyserythropoietic anemia (CDA) (60). PKLR encodes pyruvate
kinase and is the most common causative gene for congenital
hemolytic anemia. Heterozygous PKLR mutation is considered to
modify clinical symptoms in other red blood cell diseases (63). In
contrast, R307H and R307C mutations cause severe anemia in
males (61, 62). Heterozygous females carrying the T263M mutation
appear to suffer from anemia and thrombocytopenia, but no
hemizygous males were identified in this family (38). These
diverse observations indicate that the phenotypes of the
substitution mutations in the C-finger and related regions vary by
case, reflecting the importance of the contributions of the
substituted amino acid residues. Further structure—function
analyses are required to clarify the pathologic basis of
these mutations.

GATA1 mutations with large structure
changes and diseases

Large structural changes in the GATA1 protein are the second
type of structural mutation that has been identified. We identified
mutations/variants categorized in this group through searches in
ClinVar and jMorp and a literature search. These structural changes
are generated mostly by frameshift, nonsense, and splicing
mutations. These mutations, excluding splicing mutations in exon
2, are summarized in Figure 2B and the Supplemental Table.
Although observed at low frequency, mutations in start/stop
codons (MIT, M1, and X414R) result in similar changes. One
insertion of five amino acid residues is also included in this group.

We identified many frameshift and terminating mutations,
which are shown by fs and asterisks (*) in the figure, respectively.
These mutations appear to accumulate specifically in the region
encoding the N-terminal transactivation domain of GATA1, which
corresponds to the upstream region of the second ATG codon on
exon 3 (see Figure 1). These mutations strongly influence the
production of GATAIf]l from the canonical transcript, while the
production of GATAIls from the noncanonical transcript is
predicted to be unaffected. Rather, many of these frameshift and
termination mutations reside in the N-terminal transactivation
domain, leading to the exclusive expression of GATAIs.

The pathological significance of the exclusive expression of
GATAIls was first reported as a causative mutation of acute
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megakaryocytic leukemia (AMKL) in patients with trisomy 21, also
known as Down syndrome (64). Subsequently, Hollanda, L.M. et al.
(65) identified the first family carrying germline mutations causing
exclusive GATAL expression. Affected patients suffered from severe
anemia accompanied by dyserythropoiesis, while the megakaryocytic
lineage phenotype was subtle, as were the abnormalities in the platelet
aggregation test. Accumulating lines of evidence support the notion
that mutations causing GATAILs provoke severe erythroid dysplasia
resembling Diamond-Blackfan anemia (DBA), an infant-onset disease
involving red cell hypoplasia or aplasia (66, 67). Both hemizygous male
and heterozygous female patients who express GATAls exclusively
also have a high potential for developing AMKL by somatic acquisition
of trisomy 21, in addition to DBA-like symptoms (68, 69). The
phenotypes in erythroid and megakaryocyte lineages are probably
diversified due to the characteristic feature of GATALls that inhibits
an erythroid transcriptional program and induces a megakaryocytic
program (70).

According to the DBA International Clinical Care Consensus
Document in 2008 (71), the diagnosis of classical DBA is made
when all four criteria are met, i.e., “age less than 1 year”, “macrocytic

» o«

anemia with no other significant cytopenia”, “reticulocytopenia”,
and “normal marrow cellularity with a paucity of erythroid
precursors”. To date, a diverse set of causative genes for DBA has
been identified, and almost half of DBA patients have a single
mutation in a gene encoding ribosomal protein or a coupling factor
with a ribosomal protein (72), suggesting that ribosome dysfunction
is involved in the pathogenesis of DBA. Mutations in the causative
genes are used as supporting criteria for the diagnosis of DBA (71).
In addition to ribosomal genes, genes encoding GATAI,
erythropoietin, and adenosine deaminase 2 have also been
implicated in DBA-like diseases (69). However, DBA caused by
the GATA1 mutation shows distinct characteristics from those
caused by ribosomal gene mutations (69).

If in-frame stop codons mark the translation termination
upstream of the alternative initiation codon on exon 3 (Figure 2C
upper panel), posttermination ribosomes can reinitiate translation
at codon 84 (the second ATG) of the canonical transcript and
produce GATAIs utilizing the alternative initiation codon in exon
3. Concomitantly, GATALs is also translated from the noncanonical
transcript, albeit at low levels. Consequently, substantial levels of
GATA1ls are translated from the canonical and noncanonical
transcripts and accumulate.

In contrast, if a premature stop codon does not appear upstream
of the alternative initiation codon, the frameshift is maintained, and
neither GATA1fl nor GATA1ls is produced from the canonical
transcript (Figure 2C lower panel). In this case, only a small amount
of GATAIs is produced from the noncanonical transcript. These
results thus indicate that the level of GATAls produced varies by
case depending on the mutation type, and the quantitative
difference in GATAIls levels modifies the characteristics of the
erythroid progenitors carrying the GATAls mutation. Splicing
mutations that result in exon 2 skipping produce high levels of
GATATIs (Figure 2D).

In addition to the frameshift and splicing mutations producing
GATA1ls, germline variants that are predicted to produce neither
GATAI1fl nor GATALls have been identified (Figure 2B). Two studies
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demonstrated that a 5-amino acid insertion following Q290 caused
severe CDA in boys (73, 74). It has been reported that adding 42 extra
amino acids to the C-terminus of the GATAIfl protein by removing
the terminal codon leads to the rare blood group Lu(a-b-) rather than
disease accompanying the mild platelet disorder in boys (75). It is
predicted that the reduction of EKLF, a target gene of GATAL, causes
the Lu(a-b-) phenotype, since haploinsufficiency for EKLF gene is
causative in a family with the rare blood group Lu(a-b-) (76). Finally,
although the S251fs, N272fs and Y364* variants are predicted to change
the structure of GATA1, no reports in the literature have described the
pathological significance of these variants. Further studies are expected
to deepen our understanding of the molecular pathogenesis related to
GATA1 dysfunction.

Conclusions

Accumulating lines of evidence support the notion that multiple
transcription factors and their modifiers contribute to homeostasis
of the hematopoietic system. GATA1 is a representative
transcription factor that plays central roles in erythropoiesis and
megakaryopoiesis. Since GATAL1 is an X-chromosome gene, and
since GATALI has two functional isoforms that may exert different
consequences on hematopoietic homeostasis, the impacts of
GATAI gene mutations vary in different situations. However, the
mechanisms by which GATA1 mutations contribute to
pathogenesis are not yet fully understood. More comprehensive
analyses of GATA1 function are awaited to clarify the pathogenesis
of GATA1-related hematopoietic diseases.
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