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Abstract

Introduction: GATA1, the founding member of a family of transcription factors, plays important 

roles in the development of hematopoietic cells of several lineages. Although loss of GATA1 has 

been known to impair hematopoiesis in animal models for nearly 25 years, the link between 

GATA1 defects and human blood diseases has only recently been realized.

Areas covered: Here the current understanding of the functions of GATA1 in normal 

hematopoiesis and how it is altered in disease is reviewed. GATA1 is indispensable mainly for 

erythroid and megakaryocyte differentiation. In erythroid cells, GATA1 regulates early stages of 

differentiation, and its deficiency results in apoptosis. In megakaryocytes, GATA1 controls 

terminal maturation and its deficiency induces proliferation. GATA1 alterations are often found in 

diseases involving these two lineages, such as congenital erythroid and/or megakaryocyte 

deficiencies, including Diamond Blackfan Anemia (DBA), and acquired neoplasms, such as acute 

megakaryocytic leukemia (AMKL) and the myeloproliferative neoplasms (MPNs).

Expert Commentary: Since the first discovery of GATA1 mutations in AMKL, the number of 

diseases that are associated with impaired GATA1 function has increased to include DBA and 

MPNs. With respect to the latter, we are only just now appreciating the link between enhanced 

JAK/STAT signaling, GATA1 deficiency and disease pathogenesis.
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1. Introduction

GATA1 is the founding member of a family of transcription factors which bind the 

consensus sequence GATA (hence their name) present in the regulatory regions of all the 

erythroid-specific genes including the erythropoietin (EPO) receptor (EPO-R) and Gata1 

itself [1,2]. The members of this family are characterized by a highly conserved tertiary 

structure which include an NH- terminal domain, that may establish association with the 

retinoblastoma protein [3], two DNA-binding zinc finger domains, the NH-terminal zinc 

finger which binds DNA with the transcription factor friend of GATA1 (FOG-1) as 

obligatory partner, and the COOH-terminal zinc finger which binds DNA directly and whose 

binding activity is inhibited by association with the myeloid-specific purine-rich binding box 

1 (PU-1) transcription factor. This last observation has suggested that the relative 

concentration of GATA1 and PU-1 may represent the switch which commits multilineage 

progenitor cells toward the erythro-megakaryocyte (high GATA1) or granulo-monocyte 

(high PU-1) lineage. GATA1 has also a COOH-terminal domain whose functions have not 

been fully established. In addition to recruiting other transcription factor complexes that 

directly activate gene expression, GATA1 may also recruit epigenetic regulator complexes 

that regulate chromatin conformation.

GATA1 is expressed within hematopoietic cells at multiple levels. First, it is already 

expressed, although at very low levels, in hematopoietic stem cells [4,5]. Its expression then 

increases during the transition from stem cells to the common myeloid progenitor cells 

(CMP). Lineage restriction is associated with a further increase in GATA1 expression in 

megakaryocyte-erythroid progenitor cells (MEP) and by a decrease in expression in granulo-

monocytic progenitor cells (GMP). Among differentiated cells, high levels of GATA1 

expression are detected in erythroblasts and megakaryocytes while the expression of this 

mRNA is low in eosinophils, mast cells [6–8] and dendritic cells [9,10]. Of note, T and B 

cells do not express GATA1 mRNA. Among non-hematopoietic cells, GATA1 expression is 

restricted to the Sertoli cells of the testis [10–12].

Loss and gain of function studies in mice have demonstrated that expression of GATA1 is 

absolutely required only for the development of erythroid cells [13]. In fact, in mice, 

embryos lacking this gene die between day 10.5 and 11.5 (E10.5-E11.5) from severe 

anemia. Erythroid cells within these embryos are arrested at an early proerythroblast-like 

stage [14] and die of apoptosis. By contrast, unlike erythroid cells, GATA1 deficiency does 

not blocks megakaryocyte production but instead induces increased proliferation while 

delaying maturation [12,14]. Parallel experiments have demonstrated that forced expression 

of GATA1 in mice activates the expression both of erythroid and megakaryocytic genes [15–

17].

The hypothesis that GATA1 specifically regulates the differentiation of erythroid and 

megakaryocytic cells is also supported by numerous clinical observations indicating that 

mutations which impair the DNA binding affinity of either the NH-terminal or the COOH-

terminal zinc finger of GATA1 are associated with X-linked hereditary disorders expressing 

an erythroid and/or megakaryocyte phenotype (both in mice and men GATA1 is localized on 
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the X chromosome) [18]. These mutations affect the binding of the essential cofactor Friend 

of GATA1 (FOG-1), impair binding to DNA and/or interfere with the recruitment of the 

stem cell leukemia (SCL) cofactor [19].

Distinct GATA1 mutations are seen in two seemingly unrelated disorders, Diamond 

Blackfan Anemia (DBA) and Acute Megakaryoblastic Leukemia in children with Down 

syndrome (DS-AMKL) [1]. This class of mutations results in exclusive production of a NH-

terminally deleted isoform of GATA1 known as GATA1s [20]. With respect to the DBA 

phenotype, studies have shown that Gata1s fails to occupy chromatin of erythroid target 

genes to the same extent as the full-length protein, likely explaining the erythroid defect 

[21,22]. By contrast, the mechanism by which GATA1s causing mutations contribute to DS-

AMKL is unknown.

Recent studies have found an association between the ribosome and GATA1. For example, 

Sankaran and colleagues demonstrated that the protein, but not mRNA, levels of GATA1 are 

vastly and selectively reduced in erythroblasts of patients with DBA with ribosomal gene 

mutations [23]. This reduction appears to be due to the unique 5’ cap structure of the 

GATA1 mRNA, which makes its translation very sensitive to the levels of functional 

ribosomes. Another study has shown that the reduced levels of GATA1 observed in 

megakaryocytes from patients with the MPN subtype primary myelofibrosis (PMF) is likely 

due to a ribosomal deficiency induced by activated Janus kinase (JAK)/Signal transducer and 

activator of transcription (STAT) signaling [24]. Bodine and colleagues reported the failure 

to upregulate components of translational apparatus in DBA with GATA1 mutations based 

on RNA sequencing data analysis [25]. Together analysis of patients with defects in 

erythroid cells and/or megakaryocytes has taught us that mutations or impaired expression of 

GATA1 is a contributing factor to a subset of these diseases. In this review, we summarize 

the current state of understanding of the contributions of GATA1 to normal and defective 

hematopoiesis.

2. GATA1 regulates transcription in conjunction with multiple cofactors

Many elegant studies have demonstrated that GATA1 exerts classical transcription factor 

activity, i.e. it binds specific cis-elements in the enhancer and promoter regions of erythroid 

and megakaryocyte genes and promotes recruitment of the polymerase complex [18]. 

Subsequent studies however have demonstrated that GATA1 exerts these functions in 

combinations with other proteins in complexes which may either promote or inhibit gene 

transcription depending on the context [26]. It has also been reported that the effects exerted 

by GATA1 on gene transcription depend on its concentration relative to another member of 

the GATA family, GATA2 [27]. For example, in the case of stem and progenitor cells, the 

level of GATA2 is far greater than that of GATA1, which tips the balance towards 

proliferation. Meanwhile, progression from the MEP to erythroid and megakaryocyte 

precursor cells is associated with a reduction in GATA2 expression and a concomitant 

increase in GATA1, which in turn promotes maturation. These relative changes in protein 

concentrations are controlled in large part by the “GATA switch,” which plays a critical role 

in determining the cellular output of the differentiation process [28]. This switch was 

hypothesized for the first time by Bresnick and colleagues who showed that GATA1 
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displaces GATA2 at an upstream region of the ~70 kb element of the Gata2 locus, leading to 

repression of the gene in erythroid precursors [29].

Since high levels of GATA2 maintain the proliferation of progenitor cells, it is not surprising 

that alterations in the GATA switch are observed in hematopoietic disorders associated with 

aplasia (e.g. an accelerated switch in myelodysplastic syndromes) [30] and disorders with 

increased proliferation (e.g. a delayed switch in Philadelphia-negative MPN). It is important 

to note that GATA1s, the only GATA1 isoform found in DS-AMKL and some cases of DBA, 

is less able to repress GATA2 expression [31,32]. Therefore, a defect in the GATA switch 

may be a major component of these disorders.

3. GATA1 associates with several epigenetic regulators

Elegant studies by the Blobel laboratory demonstrated that during cytokinesis, erythroid 

cells shed the majority of chromatin bound transcription factors [33,34]. One of the few 

exceptions is GATA1, which remains bound to chromatin from one cell generation to the 

next. This observation, referred to as “bookmarking”, suggests that GATA1 is poised to 

recruit essential cofactors in the G1 phase of the cell cycle and rapidly reactivate key genes. 

This phenomenon also likely facilitates recruitment of functional epigenetic complexes: A 

number of studies have identified GATA1 as a partner of multiple epigenetic modifiers such 

as NuRD (nucleosome remodeling and deacetylase) and PRC2 (polycomb repressive 

complex 2)[35–37].

Several lines of evidence show that GATA1 promotes changes in chromatin configuration. 

First, there is a strong association between sites occupied by GATA1 and those subjected to 

epigenetic changes: Hardison and colleagues found that, during erythroid development, 

GATA1 occupied chromatin regions with high level of H3K4me1 (a marker for active 

enhancers) and low level of H3K27me3 (a marker of repressed promoters) around the 

canonical GATA binding motif [38]. In addition, Strouboulis and colleagues found that 

sequences enriched in H3K27ac (another marker of active enhancers) were predominantly 

bound by GATA1 in fetal liver cells [39]. These results suggested that in addition to binding 

transcription start sites, GATA1 promotes the transcription of its target genes also by binding 

and activating their enhancers.

Similar to other transcription factors that lack catalytic activity, GATA1 collaborates with 

many epigenetic complexes to fulfill its duties as a transcriptional regulator. One way it does 

this is through its partner FOG-1. FOG-1 binds to the histone deacetylase containing 

nucleosome remodeling and histone deacetylase (NuRD) complex via its NH-terminal motif 

[40]. NuRD is generally considered as a corepressor of GATA1-mediated gene regulation. 

However, the tripartite complex GATA1/FOG-1/NuRD has been shown to activate and 

repress GATA1/FOG- 1 target genes. What makes NuRD have opposite functions on 

different gene contexts? In one study, Qiu and colleagues showed that the deacetylase 

activity of GATA1-associated NuRD complex decreases, committing the complex to become 

an activator, during erythroid differentiation [41].
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PRC2 contains multiple subunits i.e., suppressor of zest 12 homolog (SUZ12), empty 

envelop deposit (EED), enhancer of zest homolog 1 (EZH1) and EZH2, and is involved in 

various biological processes. PRC2 has H3K27 methyltransferase activity through its 

enzymatic components EZH1 and EZH2 [42]. GATA1 has been found to physically interact 

with PRC2 (SUZ12 and EZH2), and via this complex, H3K27me3 was enriched around the 

transcriptional start sites of genes with low or no gene expression in the G1E-ER4 erythroid 

cell line [36,38]. Furthermore, disruption of PRC2 function through EED knock out blocked 

erythroid maturation in mice [43,44].

Orkin and colleagues recently reported that the GATA switch regulates a switch between 

EZH1 and EZH2 during erythropoiesis. This latter switch appears to be mediated by 

occupancy of GATA1 and TAL1 with the +46 (kb) erythroid-selective enhancer of EZH1 in 

proerythroblasts. Of note, this occupancy is not detected in hematopoietic stem cells (HSC). 

Interestingly, another genomic region of EZH1, +38 (kb), is strongly occupied by GATA2 in 

HSC [37], and deletion of this element leads to upregulation of EZH1 mRNA in erythroid 

cells. By contrast, disruption of the +46 enhancer failed to activate EZH1 expression in 

erythroid cells upon differentiation. It is interesting to speculate that alterations in the 

GATA1 switch contribute to leukemic transformation of HSC (see later) by altering the EZH 

switch.

4. Cytoplasmic functions of GATA1

In addition to nuclear complexes, GATA1 may be associated with cytoplasmic complexes 

which fine tune the concentration of active proteins, as well as the concentrations of other 

transcription factors, in response to external stimuli. As an example, stem cell factor (SCF) 

induces ERK (extracellular signal-related kinase) phosphorylation which results in the 

formation of the NuRSERY (nuclear remodeling shuttle erythroid), complex that is 

responsible to shuttle phosphorylated ERK, HDAC5 (histone deacetylase 5), GATA1 and 

KLF1 (kruppel- like factor 1) to the nucleus [45]. We hypothesized that this complex might 

favor erythroid maturation by balancing the levels of GATA1 and KLF1, another erythroid-

specific transcription factor required for terminal maturation, in the nucleus. This hypothesis 

was recently confirmed by Han et al. who demonstrated that loss of function of cyclin p19, 

an element downstream of c-KIT, the receptor for SCF, reduces the number and maturation 

state of erythroblasts genera by CD34+ cells. The effects of Cyclin p19 on erythroid 

expansion are exerted through a phospho-ERK dependent mechanism and are mediated by 

reductions in GATA1 content and increased apoptotic rates [46].

5. Human GATA1: one gene but two isoforms partially different functions

The human GATA1 gene encodes two protein isoforms: GATA1 full-length and GATA1-

short (GATA1s). GATA1s lacks the first 83 amino acids that contains the transactivation 

domain of this transcription factor and may result from both alternative splicing and 

alternative translation [20,47,48].

Although it has become clear that the absence of full length GATA1, or just the 

overexpression of GATA1s provides a proliferative advantage to megakaryocyte progenitors 
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[31], the requirement for GATA1s in normal hematopoiesis is unknown. Comparison of 

chromatin binding signatures of GATA1 and GATA1s revealed that while GATA1s bound 

megakaryocytic genes normally, it bound many of its erythroid targets less efficiently than 

full-length GATA1 [21,22].

GATA1 truncating mutations have been detected in the vast majority of individuals with DS-

AMKL. However, the GATA1s mutation was not found in leukemic cells of patients with DS 

who had other types of leukemia or in patients with AMKL without DS [49]. GATA1 

mutations are also associated with transient myeloproliferative disorder (TDM), a self-

limiting preleukemia that is prevalent in newborns with DS [50]. To better understand 

GATA1s and its relationship with DS-AMKL and TMD, Orkin and colleagues generated 

mice expressing GATA1s in place of the full-length protein [31]. Although GATA1s perturbs 

fetal hematopoiesis and leads to hyperproliferation of yolk sac and fetal liver progenitors, 

the adult mice were not found to have overt hematopoietic defects. Of note, expression of 

GATA1s in fetal liver or ES cells resulted in hyperproliferation of megakaryocytic 

progenitors [31]. Expression of GATA1s in GATA1-deficient hematopoietic cells also led to 

megakaryocyte expansion with impaired differentiation [51,52]. GATA1s was also observed 

to enhance megakaryopoiesis in the context of human induced pluripotent stem cells (iPSCs) 

with a GATA1 truncating mutation [22,51]. Germ line Gata1s truncating mutations have 

been found in some individuals without DS [48,53]. In these cases, the GATA1 mutations do 

not result in TMD or AMKL, but rather impaired erythropoiesis. With respect to DBA, 

Sankaran and colleagues discovered GATA1 mutations at the first translation initiation 

codon or at the site of splicing of exons 2 and 3 which block production of the full-length 

protein [23,48]. Hollanda and colleagues had previously reported a family with GATA1s 

mutations that present with macrocytic anemia [53]. Together these observations indicate 

that expression of full length GATA1 is necessary for proper development of 

megakaryocytes and erythroid cells.

6. The mechanism(s) underlying erythroid-megakaryocyte specific GATA1 

functions: when concentration matters

The strong structural similarity among proteins of the GATA family makes the strict 

requirement for GATA1 in erythroid and megakaryocyte lineage development surprising. To 

explain this paradox, it was hypothesized that, by contrast with other transcription factors, 

the lineage specific functions of the GATA family members depend on a tight regulation of 

their expression rather than on their protein structure. This hypothesis was first tested by the 

Philipsen laboratory, which demonstrated that the embryonically lethal phenotype induced 

by the Gata1null mutation in mice is rescued by forced expression of either Gata1, 2 or 3 

provided that they are expressed in the appropriate spatiotemporal pattern [54]. This 

hypothesis was further tested by additional studies that aimed to identify the lineage-specific 

enhancers of Gata1. Proof for the existence of these regions was first provided by Nicolis et 

al. [55] The regions were then refined by additional studies by the Yamamoto and Orkin 

laboratories which pioneered the use of knock-down mutations, i.e. deletion of regulatory 

regions which reduce mRNA translation, to identify lineage specific enhancers. These 

studies revealed that Gata1 contains three main hypersensitive sites which were marked as 
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hypersensitive site (HS) HS1, 2 and 3, with HS1 being the enhancer that primarily drives 

erythroid and megakaryocytic-specific expression [56–58].

By contrast to a complete loss of Gata1 (Gata1nu11), which is embryonic lethal [14], 

hypomorphic mutations induce a less severe phenotype that allows for the investigation of 

the effects exerted by alterations in GATA1 levels in adult hematopoiesis. The two most 

studied hypomorphic mutations are represented by an extensive deletion of the regulatory 

regions which reduce the Gata1 mRNA level down to 5% in most cells, the Gata1.05 

mutation [59], and deletion of HS1 only, also known as Gata1low mutation, which was 

originally reported to reduce gene transcription down to 20% [60]. However, more detailed 

analyses of the levels of Gata1 expression in cell populations prospectively isolated from 

Gatl1low mice indicated that this mutation reduces the levels of Gata1 mRNA in a cell-type 

specific fashion: the levels of Gata1 mRNA were reduced by 10-fold in CMP, 60% in MEP/

pro-erythroblasts and 100-fold in orthochromatic erythroblasts (Table 1).

Both Gata1.05 and Gata1low males die of profound anemia at birth. By contrast, 

heterozygote.females survive to adulthood, but eventually develop hematopoietic neoplasms. 

Gata1.05/+ females develop a fatal transplantable leukemia with expansion of the erythroid 

committed progenitor cell population with the phenotype c-KIT+/CD71+ [61]. Gata1low/+ 

females instead develop a phenotype very similar to that of the myeloproliferative neoplasm 

myelofibrosis at 10 months of age [62]. This disorder is associated with expansion of an 

abnormal MEP population capable at the single cell level to undergo spontaneous 

immortalization in culture [63]. Of interest, although CMP and MEP from Gata1low mice 

also express reduced levels of Gata2, overall the Gata1/Gata2 mRNA ratio in CMP and MEP 

from these mutant mice is lower than in their wild-type littermates (0.1 and 0.6 vs. 0.75 and 

1.3, Table 1). This observation was the first indication that delays in the GATA switch may 

predispose to neoplastic transformations. This was independently tested by the Weiss 

laboratory, who then demonstrated that hypomorphic Gata1 mutations induce murine ESC to 

generate growth-factor dependent erythroid cell lines [64].

Both the Gataf0.5 and Gata1low mutations induce neoplastic transformation in the C57BL/6 

but not in the DBA strain [61,65,66]. Of note, hemizygous Gata1low mice carrying the 

mutation in the CD1 background do not die at birth but recover from their anemia at 1 month 

of age by developing extramedullary hematopoiesis in spleen. The great erythropoietic 

activity of the spleen from these mutants was confirmed by the observations that removal of 

the spleen resulted in death of the animals by anemia within 15 days [67].

7. Different mechanisms regulate recovery from acute and chronic 

erythroid stress in mice

The fact that in the CD1 background Gata1low mice have an apparently normal life span and 

survive until 20–22 months of age [66] allows for investigations on the effects exerted by 

long-term reduction of Gata1 expression on hematopoiesis. The blood values of Gata1low 

and wildtype littermates at 5–6 months of age are described in Table 2. Although non-

anemic, the mutant mice express reduced levels of many erythroid values (erythrocyte 

numbers, hemoglobin and hematocrit) while the mean corpuscular volume of the red blood 
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cells is greater than normal and their distribution width lower than normal. Only the levels of 

mean cell hemoglobin are within normal ranges. These alterations in red blood cell values 

and the presence of reticulocytes in the circulation (Table 2) suggest that Gata1low mice are 

subjected to stress erythropoiesis for all their life. Further support for this hypothesis is 

provided by the detailed comparison of the size of the erythroid compartments in the blood, 

bone marrow and spleen from Gata1low mice and their wild-type littermates presented in 

Table 4. This comparison confirmed that in spite of the massive recruitment of the spleen as 

erythropoietic site, the Gata1low mutation specifically reduces the size of the erythroid cells 

at their early stage of maturation (pro-erythroblasts, basophilic erythroblasts and 

polychromatic erythroblasts) which undergo high rate of apoptosis even in the spleen, as 

further indicated by the high numbers of apoptotic cells (by TUNEL staining) present in this 

organ [7].

There are two types of erythroid stress: acute (such as exposure to rapid changes in altitude 

or bleeding) and chronic (such as that posed by congenic anemia). Changes in the levels of 

erythropoietin (EPO) in the circulation occur in response to both stresses, as indicated by a 

pivotal paper that correlated EPO plasma concentrations and numbers of red blood cells in 

vivo [68], but effectively normalize the Hct only under acute conditions. In addition to EPO, 

the response to acute stress requires activation of the glucocorticoid receptor (GR) [69], the 

soluble form of SCF generated by proteolytic cleavage of the membrane-bound form of this 

growth factor [70], and the bone morphogenic protein (BMP) pathway [71]. Activation of 

these pathways cooperates in the generation of stress-specific erythroid progenitors 

expressing high levels of transforming growth factor β (TGF-β) receptor 3 [72,73]. The 

clinical patients with gain (Cushing’s syndrome) or loss (Addison’s disease) of GR function 

develop erythrocytosis or anemia, respectively [74,75] indicated that GR regulates stress 

erythropoiesis also in man.

By contrast to the numerous studies on the mechanisms that regulate recovery from acute 

stress, the signaling activated by chronic erythroid stress is poorly defined. Using as a model 

of chronic stress thalassemia, the Rivella laboratory demonstrated that chronic stress 

activates a pathway partially different from that induced by acute stress which relays on 

JAK2/STAT5 signaling both in mice and men [76].

We took advantage of the fact that Gata1low mice are subjected to chronic stress for all their 

life to test the hypothesis that these mice compensate for inefficient erythropoiesis through a 

pathway different from that activated during the recover from acute stress. To reach this 

goal, we first demonstrated that Gata1low mice retain the ability to recover from acute stress 

induced by red blood cell hemolysis following phenylhydrazine treatment or by exogenous 

administration of recombinant EPO [77](see Figure 1). The observation that Gata1low mice 

respond to acute stress, indicate that in these animals the response to chronic stress involves 

a signaling that does not saturate that activated by the acute response. We then demonstrated 

that the bone marrow and spleen from Gata1low mice do not contain stress-specific 

progenitor cells but a “unique erythroid” precursor with the morphology of erythroblasts but 

still capable to mature within 24 hours into megakaryocytes in response to thrombopoietin 

(TPO) [78,79]. The phenotype of this precursor is similar to that of a bipotent erythroid-

megakaryocyte precursors specifically generated in vitro by human CD34+ cells in response 
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to a hyperstimulator of MPL, the receptor for TPO [80], suggesting that chronic stress may 

activate the TPO/MPL axis. In agreement with this hypothesis, numerous attempts to 

generate Gata1low mice lacking Mpl were consistently unsuccessful (ARM, unpublished 

observations). This hypothesis was tested by determining that Gata1low mice contained 2-

times more Tpo mRNA in liver and TPO in plasma than wild-type littermates (Table 3) [81]. 

Furthermore, Gata1low stem/progenitor cells expressed levels of Mpl mRNA (5-times greater 

than normal) and protein (2-times lower than normal) similar to those expressed by cells 

from TPO-treated wild-type mice and Gata1low marrow and spleen contained more JAK2/

STAT5 than wild-type tissues, an indication that these organs were reach of TPO-responsive 

cells.

8. Megakaryocytes from Gata1low mice and patients with PMF harbor 

similar abnormalities

In all backgrounds analyzed so far, Gata1low mice remain thrombocytopenic all their life 

(Table 2). In addition, the platelets in the circulation are on average 50% larger (Mean 

platelet volume 10.70 vs. 7.75 × 10−15 L) and are more homogeneous is size (platelet 

distribution width 15.12 us. 32.04) than normal cells (Table 2) [82]. The a-granules of the 

Gata1low platelets are reduced in number and electron density, an indication of poor protein 

content (Figure 2) [83] and contain low levels of both von Willebrand factor and P-selectin 

[84]. These abnormalities indicate that the Gata1low mutation impairs terminal 

megakaryocyte maturation into platelets.

The hypothesis that reduced levels of GATA1 impair megakaryocyte maturation is provided 

by the observation that the bone marrow and spleen from Gata1low mice contain twice as 

many viable megakaryocytes than tissues from normal mice (Table 4). The number of 

megakaryocytes contained in these organs became more than 10-fold greater than normal if 

para-apoptotic cells (i.e. cells which die by an immune-mediated process which compact the 

chromatin instead than degrading the DNA as observed in apoptosis) [83]. These 

megakaryocytes are localized in clusters and have prevalently an immature morphology 

(Figure 2). Few mature Gata1low megakaryocytes are detectable in these tissues but those 

which are present retain an altered morphology with a poorly developed demarcation 

membrane system (DMS) and few platelet territories (Figure 2) [12,83]. The block in 

maturation includes failure to properly organize α-granules, since von Willebrand factor is 

detectable at low levels in mutant cells and P-selectin is found associated with the DMS 

instead than within α-granules.

An important step in megakaryocyte maturation is assembly of P-selectin and von 

Willebrand factor in the α-granules where they act as the receptors which trigger the release 

of their content into the microenvironment when engaged with the P-selectin glycoprotein 

ligand presented by neutrophils and collagen present in the subendothelial matrix, 

respectively [85,86]. Electron microscopy studies revealed that TPO stimulates the assembly 

of von Willebrand factor and P- selectin in separate subsets of α-granules in megakaryocytes 

from wild-type mice, suggesting that these two receptors may regulate the differential 

release of pro- and anti-angiogenic platelet factors in response to specific microenvironment 
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cues, as hypothesized by Italiano et al. [84,87] By contrast, TPO did not alter the 

localization of the two receptors in Gata1low megakaryocytes which remained co-localized 

in the cytoplasm, suggesting that the mutation deregulate the release of pro- and anti-

angiogenic factors for the platelets.

In addition to increased levels of P-selectin expression on the cell surface, other 

abnormalities displayed by Gata1low megakaryocytes include frequent and abnormal 

emperipoletic interactions with neutrophils and the presence of high levels of TGF-ß in the 

cytoplasm. Hematology textbooks describe that emperipolesis of neutrophils is observed in 

0.8% of the megakaryocytes present in the bone marrow and is used by neutrophils to 

quickly move from one site to another of the microenvironment using as short cut the DMS 

of the megakaryocytes. This transient interaction does not alter either the neutrophil or the 

megakaryocyte involved. In the case of Gata1low mice, instead, the process involves up to 

30% of the megakaryocytes present both in the bone marrow and in the spleen and is 

abnormal because the neutrophils remain trapped within the megakaryocytes, fuse their 

plasma membrane with the DMS releasing the proteolytic content of their α-granules (such 

as metalloproteinase 9, MPP9) within the megakaryocyte cytoplasm and leading to the death 

of both cells by papa-apoptosis, an immune-mediated process of cell death which, by 

contrast with apoptosis, involves high level of chromatin condensation within the nuclei, that 

became heavily electron dense, and proteolytic leases of the cytoplasm (Centurione et al., 

2014). Of note, all of these abnormalities have been observed in megakaryocytes from 

patients with primary myelofibrosis (PMF), the most severe form of the MPNs, and are 

considered cellular hallmarks for this disease [88–91].

Surprisingly, in contrast to megakaryocytes purified from the fetal liver [12]. 

megakaryocytes from adult Gata1low mice express apparently normal levels of GATA1 

mRNA (Table 1). This result is consistent with the observation that Gata1low mice that 

survive until adulthood activate in the spleen alternative regulatory regions of the gene [67]. 

However, by immunohistochemistry, megakaryocytes from Gata1low mice express barely 

detectable lezels of GATAI protein [62]. The recognition that hyperactivation of TPO 

signaling induces a ribosome deficiency that de-regulates GATA1 in megakaryocytes by 

hampering its translation led us to recognize that Gata1low mice also show a ribosomal 

deficiency and a discordant microarray ribosome signature (reduced ribosomal protein small 

(RPS) 24, RPS26 and Shwachman-Bodian-Diamond syndrome protein (SBDS, a protein 

involved in ribosome maturation) expression) which results in megakaryocytes containing a 

poorly developed endoplasmic reticulum with rare polysomes [81].

Given the already high levels of TPO present in the Gata1low mice, it was surprising that 

pharmacological doses of TPO (25 or 100 μg/kg of body weight) significantly increased 

platelet counts while reducing hematocrit (Hct) levels (Figure 1 [92]). In the mutant mice, 

however, maximal responses were observed three days earlier for the erythroid lineage and 3 

or 7 days later for platelets than in wild-type mice, suggesting that the response in mutants 

involved recruitment of more immature progenitor cell compartments. Changes in platelets 

counts and hematocrit levels are also induced by treatment with IL-6, the major stimulator of 

TPO production in vivo [93].
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9. Gata1low mice develop over time a myelofibrotic phenotype that 

recapitulates traits of PMF patient

The molecular (reduced GATA1 content) and biological (increased proliferation with 

reduced maturation) similarities between megakaryocytes from Gata1low mice and PMF 

patients led us to investigate almost 15 years ago whether Gata1low mice would develop 

myelofibrosis with age [62]. These studies established Gata1low mice one of the first animal 

models for the human disease. In contrast to mice overexpressing TPO by a way of retroviral 

induced expression of the gene in HSCs, TPOhigh mice (Table 4) which experience an 

accelerated form of the disease and in a timely fashion. For the first 1–8 months, Gata1low 

mice display traits associated with premyelofibrosis such as splenomegaly, increased rates of 

thrombosis and osteosclerosis. Of note, osteosclerosis in Gata1low mice had already been 

described by Kacena et al. and may be related to the high levels of pro-osteogenic factors 

expressed by Gata1low megakaryocytes [94]. From 8–12-months, they show myelofibrotic 

traits including fibrosis and neovascularization, and from 12-months until their natural death 

they express a late- myelofibrotic phenotype which includes increased stem/progenitor cell 

trafficking and extramedullary hematopoiesis in liver [62]. This progression is similarly 

observed in hemizygous males and by homozygous/heterozygous females of the CD1 and 

C57Bl/6 backgrounds [66]. This progression clearly mimics the evolution from a pre-fibrotic 

(PrePMF) phase to an overt primary myelofibrosis (PMF), which was recognized in this 

disease by the World Health Organization classification of myeloid neoplasms in 2016 [95].

The discovery that Gata1low mice develop myelofibrosis, prompted us to investigate the state 

of GATA1 in the megakaryocytes from PMF patients. This study identified that 

megakaryocytes from PMF patients contain levels of GATA1 protein clearly lower than 

normal [96], indicating that they are indeed hypomorphic for GATA1. GATA1 mutations, 

however, were not detected in the numerous patients investigated at that time (Vannucchi 

and Crispino, unpublished observations), leaving the mechanism which linked the driver 

mutations in PMF and GATA1 deficiency in megakaryocytes unclear. Other studies revealed 

that PMF is caused by genetic abnormalities that lead to hyperactive JAK/STAT signaling, 

such as mutations in JAK2, MPL, or calreticulin (CALR) [97]. The relationship between 

PMF and GATA1 deficiency became clear only when it was found that these driver 

mutations also impair the activity of the ribosome leading to inefficient GATA1 translation 

in megakaryocytes both in the patients and in animal models [24] (Figure 3). Conversely, as 

mentioned before, more recent observation from our group indicate that the low content of 

GATAI in the megakaryocytes from adult Gata1low mice are likely due to a ribosomal 

deficiency as a result of activation of JAK/STAT signaling downstream to TPO rather than to 

the deletion of the HS1 enhancer [24]. Last but not least, mice expressing driver JAK2 

mutations under the control of megakaryocyte-specific enhancer develop myelofibrosis 

although their HSC are genetically normal, establishing the final causative link in the 

relationship between driver mutations, hypomorphic GATA1 in megakaryocytes, 

megakaryocyte abnormalities and development of myelofibrosis.

During the 15 years in which we have used Gata1low mice to study the pathogenesis of PMF, 

we have generated the unifying pathobiological model for the development of the disease 
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depicted in Figure 3. In this model, driver mutations in the patients and chronic stress in 

Gata1low mice activate the TPO/MPL axis that results in RSP14 deficiency, which reduces 

GATA1 mRNA translation impairing the maturation of megakaryocytes. Abnormal 

megakaryocytes in turn express high levels of P-selectin on their surface which triggers 

neuthrophil emperipolesis leading to increase bioavailability of TGF-β in the 

microenvironment with consequent fibrocyte activation. Activated fibrocytes are then 

responsible for fibrosis and hematopoietic failure in the bone marrow and generation of 

disease-specific HSC niches and amplification of myelofibrotic HSC in the spleen. In fact, 

as in Gata1low mice [67]. the spleen is the major reservoir of myelofibrotic stem cells also in 

PMF patients [98].

10. Role played by hypomorphic Gata1low mice models to identify novel 

therapeutic targets for PMF

Hypomorphic Gata1low mice models, obtained either by directly by deleting the regulatory 

regions of the gene or indirectly by generating mice carrying driver mutations that induce a 

ribosomopathy that impairs Gata1 mRNA translation, are playing an important role in 

identifying possible molecular targets to cure human PMF. The observation that Gata1low 

mice express an activated TPO/JAK2 pathway led us to investigate the effects of ruxolitinib, 

a JAK inhibitor approved by the Food and Drug Administration for clinical use in PMF in 

this model. Similar to those used in Jak2V617F animal models [100] greatly reduced spleen 

size but had modest effects on bone marrow hematopoiesis, suggesting that this drug may be 

more efficacious when used in combination with other drugs targeting the malignant HSC or 

their microenvironment.

In the studies published until now, mouse models have provided little evidence for drugs that 

may specifically target the malignant HSC. The observation that Gata1low HSC express 

reduced levels of p27 (Kipl) a protein downstream to the Rac signaling lead to the discovery 

that the Rac activator Aplidin, a natural compound isolated from a marine tunica also known 

as plitidepsin, cured myelofibrosis in this mouse model [101]. Unfortunately, the following 

clinical trial in PMF patients was ineffective [102].

Gata1low mice and PMF patients express two major micro-environmental abnormalities: 

They express an abnormal CXCL12/CXCR4 axis that may be responsible for increased 

stem/progenitor cell trafficking observed in myelofibrosis [103,104] and increased TGF-β 
bioavailability [88,105–107]. By contrast with the abnormalities in the CXCL12/CXCR4 

axis which appear dispensable for the development of the disease [101], TGF-ß has a great 

pathobiology role in the development of myelofibrosis in animal models [108,109] and two 

independent studies have demonstrated that TGF-β receptor 1 inhibitors are efficacious in 

treating myelofibrosis in Gata1low [105] and Jak2V617F [110] mouse models. Encouraging 

results were also observed in a limited clinical trial with GC1008 (Fresolimumab, Sanofi 

Aventis), a human monoclonal antibody that neutralizes the mammalian isoforms of TGF-β 
[111] that provided evidence of reduced bone marrow fibrosis and sustained improvements 

in hemoglobin level in at least two of the three patients treated. Unfortunately, the trial was 

interrupted prematurely due to pharmaceutical company decision to discontinue antibody 
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production and distribution for clinical investigation. However, new generation TGF-β 
inhibitors are currently under development and represent interesting therapeutic options, 

alone or in combination with JAK inhibitors, for PMF [112].

The bone marrow and spleen from Gata1low and PMF patients express a similarly abnormal 

activation of the non-canonical TGF-ß signaling which include high levels of expression of 

c- JUN [113]. TGF-β activation and altered c-JUN signaling were also recently confirmed in 

PMF patients and in animal models by the Weissman Laboratory [114]. Since activation of 

c-JUN may represent one of the signaling which may result in activation of macrophages, 

which are present in higher frequency in the blood of Gata1low mice (Table 2), into 

myelofibrotic-specific niches [115]. drugs targeting c-JUN and macrophages have been 

proposed as therapeutic strategies for PMF because they may be more specific and have less 

toxic effects than TGF-β inhibitor [114].

In addition to TGF-β, most of the other pathobiology elements identified by mouse models 

in the disease discussed in Figure 3 have been investigated as a potential therapeutic target 

for myelofibrosis and some of them are presently in clinical trials in PMF. Below we discuss 

some of the results obtained up to now.

10.1. P-selectin.

High levels of P-selectin expression have been demonstrated to increase the risk of 

thrombosis and to contribute to the development of myelofibrosis in the Gata1low mouse 

model. In fact, deletion of the P-selectin gene reduced the risk for thrombosis [116] and 

prevented development of myelofibrosis [117] in this model. These results are interesting 

because suggest that the P-selectin inhibitor developed by Novartis which effectively 

prevents pain crisis in Sickle Cell Disease [118] may also an interesting candidate for 

treatment of PMF patients.

10.2. Neutrophils.

Activation of non-canonical TGF-β signaling similar to that obser Gata1low mice and PMF 

patients is often observed in animal models of fibrosis related to autoimmunity [119,120]. 

Conversely patients with autoimmune diseases have increased risk to develop PMF [121], 

and the plasma from PMF patients contains levels of mitochondrial DNA and 

antimitochondrial antibodies greater than normal [113]. These results suggest that an 

autoimmune process may contribute to the development of marrow fibrosis in PMF. 

However, this hypothesis is counterintuitive in view of the fact that the dendritic cells in the 

blood from Gata1low mice are unable to present antigens and, therefore to activate T cells 

[10], while blood from PMF patients contain levels 2-fold lower than normal of regulatory T 

cells with the phenotype CD41+CD25brightCD127lowFOXP3+ which are needed to initiate 

autoimmune reactions [122]. Therefore, if autoimmunity is involved in PMF, then T cells 

must be activated by an alternative pathway.

Not surprisingly given the inhibitory effects exerted by GATA1 on the development of cells 

of the myelomonocytic lineages, blood from Gata1low mice contain levels greater than 

normal, not only of monocytes, but also of neutrophils while the number of T cells in these 
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mice is within the normal range (Table 2). We hypothesized that in myelofibrosis these 

abnormally high numbers of neutrophils during their interaction with para-apoptotic 

megakaryocytes would interact with mitochondrial DNA and generate neutrophil presenting 

extracellular trap (NET) of autologous DNA which would be responsible for antigen 

presentation and activation of T cells triggering the auto-immune-reactions. Indeed evidence 

for neutrophil extracellular trap formation in patients with MPN has been recently identified 

by Oyarzun et al. [123]

11. Conclusions

GATA1 is an essential regulator of hematopoiesis that participates in development of a 

number of blood lineages. Alterations in GATA1 in the erythroid lineage typically result in a 

reduction in the number of erythroid progenitors and anemia. By contrast, although loss of 

GATA1 in megakaryocytes results in thrombocytopenia, there is a marked increase in the 

abundance of immature megakaryocytes. This latter feature is prominently displayed in 

patients with myelofibrosis. Given the strikingly similar disease course in Gata1low mice and 

MF, the hypothesis that a reduction in GATA1 may underlie myelofibrosis was reasonable. 

Indeed, a number of studies have now shown that GATA1 protein, but not mRNA, is reduced 

in the megakaryocytes of patients [24,96]. More recent work has established that there exists 

a link between GATA1 downregulation and the ribosome [81]. These insights may lead the 

way to development of new strategies to increase GATA1 expression as a means to correct 

the megakaryocyte defect. Such methods may, in combination with existing and 

investigational agents, improve outcomes for patients with MF.

12. Expert Commentary

The discovery of JAK2 mutations led many to suspect that JAK kinase inhibitors would 

provide substantial, durable anti-tumor activity in the MPNs, similar to the success with 

imatinib in CML. However, several limitations have been observed. First, to date only one 

inhibitor, ruxolitinib, has been approved for PMF. Second, ruxolitinib does not consistently 

reduce the mutant allele burden, despite clear genetic data indicating that JAK2 is required 

for the mutant hematopoietic cells. Third, there is a dose limiting toxicity owning to an on-

target effect on hematopoietic cells, which require JAK2 for red blood cell and platelet 

production. Fourth, the benefit for the majority of patients wanes in the second and third 

year. Taken together, new therapies, such as mutant specific inhibitors, immunotherapy or 

novel combinatorial treatments are needed.

There are several challenges that need to be addressed in order to improve the outcom 

patients. One major challenge to the field is understanding how one mutation, such as 

JAK2V617F, causes three different, albeit closely related, diseases. It is possible that the 

mutation occurs in different types of progenitors in different patients. An example of that 

could be the acquisition of a JAK2, MPL or CALR mutation selectively in megakaryocyte-

biased hematopoietic stem cells. This event might lead to PMF or essential thrombocythemia 

(ET), but not polycythemia vera (PV). Alternatively, the disease difference might be due to 

hitherto uncharacterized secondary genetic events or epigenetic differences among 

individuals. Another significant challenge in the management of the MPNs is the sudden 
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progression to a acute myeloid leukemia, which occurs in as many as 20% of MF patients. 

Unfortunately, there are few ways to treat these patients and even fewer ways to predict who 

will progress and when. The focus of preventing this transition should be the aggressive 

pursuit of targeting the JAK2 mutant malignant stem cell population, which is currently not 

accomplished by current therapies. On the other hand, one must keep in mind that many 

cases of post-MPN AML in patients with JAK2 mutations present without a JAK2 mutation. 

These findings suggest that MPN patients may present with a pro-leukemic milieu or that the 

AML arises from a pre-JAK2V617F malignant clone.

With regard to the major focus of this review, the role of megakaryocytes and GATA1 in 

PMF, we anticipate a number of advances in the coming years. First, novel agents that act at 

least in part by targeting this lineage, such as the Aurora A kinase inhibitor alisertib, are 

being tested in Phase 1 studies of PMF patients. Additional studies to target TGF-β, which is 

secreted by PMF megakaryocytes at relatively high levels, are well underway. The results of 

these studies may provide significant insights into the role of megakaryocytes in this 

malignancy.

Finally, DBA is a rare inherited disorder that is primarily associated with ribosomal 

mutations, but in some cases harbors a GATA1 mutation that, like the ones in AMKL, result 

in unique expression of the GATA1 s isoform. Notable studies by Sankaran and colleagues 

have shown that a key effect of ribosomal deficiency in DBA is the impaired translation of 

GATA1, providing a link between these two classes of mutations. It is interesting to note that 

the GATA1 deficiency in MF is also associated with ribosomal defects. Further studies to 

characterize the link between JAK/STAT activation, ribosomes and GATA1 are needed to 

better define the mechanism of impaired megakaryopoiesis in the MPNs.

13. Five-year view

Over the next five years, we expect to see the advent of new therapies for the MPNs. The 

most likely scenario is success in one of the relatively large number of studies to combine 

novel agents with ruxolitinib. We may also finally witness the approval of a second line of 

JAK inhibitors, which will hopefully provide benefit to patients who progress despite 

ruxolitinib treatment. It is safe to say that there will be many new biological insights into the 

disease in the near future. This may include insights into what drives progression of ET and 

PV into PMF, and what promotes the evolution of the MPNs to AML. Also, we anticipate a 

better understanding of the cell lineages that promote fibrosis, which should provide ideas 

on how to suppress or even reverse the process. The number of researchers in the field is 

growing, so the pace of biological discoveries should accelerate in parallel.

14. Key Issues
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• GATA1 expression is both necessary and sufficient for terminal maturation of 

erythroid cells and megakaryocytes.

• The expression of GATA1 in hematopoietic cells is regulated both at the 

transcription and mRNA translation level.

• GATA1 deficiency is a driving cause for numerous inherited and acquired 

diseases.

• GATA1 deficiency is the result not only of genetic mutations, but also of 

hypomorphic alterations of the efficiency of GATA1 mRNA translation

• A reduction in GATA1 protein expression is likely a key driver of the fibrotic 

process in PMF.

• Drugs targeting GATA1 mRNA translation may represent a new frontier for 

the treatment of inherited and acquired human disorders such as Diamond 

Blackfan Anemia and PMF.
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Figure 1. Gata1low mice respond to treatment with growth factors which increase platelet counts 
and the hematocrit in the blood although the response occurs with a kinetics partially different 
from that observed with wild-type littermates.

The panels on the left present changes in platelet counts and hematocrit occurring over the 

course of 21 days in wild- type (black squares) and Gata1low littermates treated with 25 (top) 

or 100 (bottom μg/Kg of body weight for the duration indicated by the horizontal bars while 

the panels on the right indicate changes occurring in response to EPO (10 U/mouse/Day, 

top) or IL-6 (2 μg/Kg, bottom). Results with 100 μg/Kg of TPO and with EPO are published 

by permission from Vannucchi et al., 2001 and 2005a [77,92]. Results with 25 μg/Kg of 

TPO and with IL-6 are instead not published and were obtained in collaboration with Dr. 

Vannucchi at the same time than the published observations.
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Figure 2. Electron microscopy analyses of representative platelets (A) and immature (stage 1) 
and mature (stage 3) megakaryocytes (MK) (B) from the bone marrow of wild-type and Gata1low 

littermates.

A) Platelets from Gata1low are larger than normal and their cytoplasm contains rudiments of 

the endoplasmic reticulum and fewer smaller and less electron dense granules (compare the 

electron density of the representative granules indicated by the red arrows in the left and 

right panels). B) Immature megakaryocytes from Gata1low are not morphologically different 

from the corresponding wild type cells (upper panels). However, megakaryocytes with the 

typical morphology of mature cells (cytoplasm with well developed demarcation membrane 

system and well delineated platelet territories, the arrow on the bottom panel on the left) are 

never detected in the bone marrow or spleen from Gata1low mice. The most mature 

megakaryocytes detected in organs from the mutants contain a rudimental demarcation 

membrane system and platelet territories with reduced electron density (the arrow on the 

bottom panel on the right). N=nucleus; C=cytoplasm. B Original magnifications 30000× in 

A and 3000× in B. Reproduced by permission from Centurioni et al., 2004 [83].
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Figure 3. A model for the pathogenesis of primary myelofibrosis based on results obtained in 
animal models.

All the driver mutations associated with MPN, increased TPO, MPL, JAK2V617F, CALR or 

LNK activate the JAK/STAT pathway. Calreticulin (CALR) binds to MPL and induces 

constitutive activation of JAK/STAT. Lymphocyte linker (LNK) protein, a member of an 

adaptor protein family, is required to express MPL on the cell surface [124]. Only in PMF 

patients, however, activation of JAK/STAT signaling results, by a mechanism stillvpoorly 

understood, in a RPS14 deficiency which leads to reduced GATA1 mRNA translation in 

megakaryocytes. Insufficient GATAI content retards megakaryocyte maturation increasing 

expression of p-selectin on their cell surface and triggering a process of pathological 

emperipolesis of neutrophils which lead to death of megakaryocytes by para-apoptosis. Dead 

megakaryocytes release TGF-ß in the microenvironment increasing the bioavailability of this 

growth factor. TGF-ß is then responsible to activate fibrocytes inducing bone marrow 

fibrosis.
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Table 1.

Comparison of the changes in Gata1 and Gata2 mRNA occurring during the progression of erythroid and 

megakaryocyte differentiation and how these changes are affected by deletion of the HS1 enhancer in adult 

Gata1low mice.

Mouse Gene CMP MEP Pro-E/Poly-E Ortho-E MK

Wild Type

Gata1
2-ΔCt

(Fold Change)
*

0.03
(1)

0.13
(4.3)

1.64
(54.7)

0.56
(18.7)

0.015
(0.5)

Gata2
2-ΔCt

(Fold Change)
*

0.04
(1)

0.1
(2.5)

0.001
(0.025)

0.011
(0.28)

0.038
(0.95)

Gata1/Gata2
0.75

# 1.3 1640 51 0.39

Gata1low

Gata1
2-ΔCt

(Fold Change)
*

[Fold Change]
**

0.003
(1)

[0.11]

0.05
(16.7)
[0.38]

0.64
(213)
[0.39]

0.19
(63)

[0.01]

0.02
(0.66)
[1.3]

Gata2
2-ΔCt

(Fold Change)
*

[Fold Change]
**

0.03
(1)

[0.75]

0.08
(2.6)
[0.8]

0.003
(0.03)

[3]

0.017
(3.3)
[1.5]

0.06
(2)

[1.6]

Gata1/Gata2 0.1 0.6 21.3 11.3 0.33

*
with respect to the corresponding CMP.

**
with respect to the corresponding wild-type populations.

#
positive and negative fold changes are indicated in red and green fonts respectively. These results have been elaborated from primary data 

published previously [63,67,105].
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Table 2.
Blood cell counts in littermates wild-type and hypomorphic at the Gata1 locus.

Differences statistically different (P<0.05 by Anova) are in bold. Values observed in Gata1low mice greater and 

lower than those observed in wild-type mice are in red and green fonts respectively. These results were 

partially published before [62,66].

Blood Cells Counts

Wild-type Gata1low

Erythrocytes(×106/mL) 8.78 ± 0.38
7.17 ± 0.43

#

Hemoglobin (gr/dL) 14.5 ± 0.7 12.13 ± 0.70

Hematocrit (%) 39.77 ± 1.80 34.77 ± 2.07

Mean corpuscolate volume (MCV) (10−15 L/RBC) 45.28 ± 0.58 48.49 ± 043

Mean cell hemoglobin (MCH) (10−12 g/RBC) 16.5 ± 0.26 16.98 ± 0.35

RDW (Red blood cell distribution width) (%) 16.59 ± 0.27 15.80 ± 0.21

Reticulocytes (%) ND 0.38 ± 0.11

Platelets (}103/pL) 788.1 ± 69.27 510.5 ± 25.6

Mean platelet volume (MPV)(10−15 L/Platelet) 7.75 ± 0.08 10.70 ± 0.18

Platelet distribustion width (PDW) (%) 32.0 ± 4.2 15.12 ± 0.35

White blood cells (x103/pL) 5.63 ± 0.61 6.12 ± 0.71

White Blood Cells Composition (%)

Myelocytes 0 0

Metamyelocytes 0 0

Immature neuthrophils 0 0.2 ± 0.2

Mature neutrophils 11.2 ± 1.5 17.7 ± 2.69

Lymphocytes 88.8 ± 1.5 81.7 ± 2.90

Monocytes 0 0.40 ± 0.22

Eosinophils 0 0

Basophils 0 0

White Blood Cells Composition (x103/µL)

Myelocytes 0 0

Metamyelocytes 0 0

Immature neutrophils 0 0.0136 ± 0.0136

Mature neutrophils 0.56 ± 0.10 1.0609 ± 0.1918

Lymphocytes 4.98±0.54 5.0171 ± 0.6149

Monocytes 0 0.0288 ± 0.01631

Eosinophils 0 0

Basophils 0 0 0

#
positive and negative fold changes are indicated in red and green fonts respectively. Results are expressed as Mean (±SD) of values observed with 

10 mice (5 males and 5 females) per group. The mice were all 5–6-months old.
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Table 3.
Total Plasma Levels (in ng) of selected growth factors in littermates wild-type and 

hypomorphic at the Gata1 locus.

Results represent the average concentrations detected in the blood from >8 mice per experimental group. Mice 

were 6–8 months old. Values statistically significant between wild-type and Gata1low mice are in bold. Values 

greater and lower than controls are in red and green fonts respectively. The total levels of growth factors were 

obtained by multiplying their plasma concentrations [81,103,105] by the total blood volumes reported in Table 

4

Growth Factor Wild-Type Gata1LOW

TPO 1.05
2.10

#

Soluble SDF-1 (CXCL12) 23.4 55.89

Platelet-associated SDF-1 72.0 8.37

Bioactive TGF-β 4.50 6.5

Total TGF-β 31.50 47.79

#
positive and negative fold changes are indicated in red and green fonts respectively.
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Table 4.

Total number of nucleated cells, stem/progenitor cells (Lin”Sca1+Kit+, LSK), common 

myeloid progenitors (CMP) and megakaryocyte erythroid progenitors (MEP) in 

hematopoietic organs of wild-type or hypomorphic (Gata1low at the Gata1 locus) 

littermates.

The number of erythroid cells at different stages of maturation (pro- /basophilic, Pro-E/Baso-E, 

polychromatophilic, Poly-E and orthochromatic, Ortho-E erythroblasts) and of megakaryocytes (MK) are also 

reported. All cell numbers are provided per 106.

Organ Nucleated
Cells

LSK CMP MEP Pro/Baso-E Poly-E Ortho-E MK

Blood

Wild-type (3 mL) 35.2 <0.01 − − − − − −

Gata1low (2.7 mL) 14.9 0.3

Fold Change
0.42

# >30

Bone Marrow

Wild-type 762 14.5 13.8 8.1 71.6 118.9 56.4 45.7

Gata1low 297 4.5 4.6 1.7 13.1 5.5 22.9 68.3

Fold Change 0.39 0.31 0.33 0.21 0.18 0.05 0.41 1.50

Spleen

Wild-type 114 2.9 bd bd 7.3 5.5 11.7 21.7

Gata1low 623 8.7 2.6 2.4 15.6 8.1 63.5 39.2

Fold Change 5.47 3.0
>100

* >100 2.14 1.47 5.42 1.81

Total

Wild-type 911.2 17.3 13.8 8.1 78.9 124.4 68.1 67.4

Gata1low 934.9 13.5 7.2 4.1 28.7 13.6 86.4 107.5

Fold Change 1.03 0.78 0.80 0.51 0.36 0.11 1.27 1.6

#
positive and negative fold changes are indicated in red and green fonts respectively.

*
fold change was calculated assuming a limit of detection of 0.01. Similar data were reported previously [63,67,105].
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Table 5.

Summary of currently available mouse models for myelofibrosis generated by introducing driver mutations 

found in patients in the mouse genome (JAK2V617F indicates the human mutation whie Jak2V617F is used for 

the mouse models).

Model Time Main features References

Jak2V617F/+Ezh2−/− mice

(Conditional Jak2V617F knock- in, 

Ezh2 floxed (Ezh2fl/fl) and MxCre)

16, 24
weeks

Deletion of EZH2 inhibited erythropoiesis and promoted 

megakaryopoiesis in Jak2V617F knock-in mice. Extensive 
fibrosis was found in the bone marrow and spleens of 

Jak2VF/+Ezh2−/− mice at 24 weeks after pI-pC induction, 

whereas Jak2VF/+ mice exhibited very little or no fibrosis at this 
stage.

[125,126]

Bone marrow transplantation: 
CALRdel52 expressing bone marrow 
cells (By retroviruses carrying 
CALRdel52 cDNA)

6
months

CALRdel52 transplants showed a rapid and remarkably 
increased platelet counts. After 6 months, CALRdel52 
expressing mice developed marked thrombocytosis and then 
progressed to a condition similar to myelofibrosis.

[127] ASH abstract

Jak2V617F mice (Conditional Jak2V6l7F 

knock-in and MxCre)
24

weeks

Mild fibrosis can be detected in the bone marrow of older 

heterozygous Jak2V617F mice (24 weeks after induction). 
Pronounced fibrosis of the white pulp can be found in the 

spleens of both heterozygous and homozygous Jak2V617F mice. 

Spleens of homozygous Jak2V6l7F mice showed increased 
reticulin fibrosis in the red pulp compared with that of 
heterozygous mice.

[128,129]

Bone marrow transplantation: 
JAKV617F expressing bone marrow 
cells (By retroviral vector carrying 
murine

Jak2V6l7F cDNA)

1.
2, >4

months

Striking elevation in hematocrit, leukocytosis, megakaryocyte 
hyperplasia, extramedullary hematopoiesis resulting in 
splenomegaly, and reticulin fibrosis in the bone marrow.

[130–132]

Bone marrow transplantation: 
MPLW515L expressing bone marrow 
cells (By MSCV retroviral vector 

carrying human MPLW515 cDNA)

2–3
weeks

MPLW515L-transplants developed lethal myeloproliferative 
disorders with marked thrombocytosis and leukocytosis. Those 
mice also showed splenomegaly, hepatomegaly and reticulin 
fibrosis in bone marrow.

[133]

TPOhigh (By adenoviral vectors 
carrying human TPO cDNA,

109 PFU in a volume of 100 μl, single 
i.p. administration on day 0)

12
weeks

SCID (severe combined immunodeficient; T and B cell defect, 
diminished CTL, low to absent Ab production) mice developed 
thrombocytosis, leukocytosis, and marked megakaryocyte 
hyperplasia in the spleen and bone marrow with a progressive 
myelofibrosis and osteosclerosis.

[108,134]

TPOhigh mice (By expressing full-
length murine TPO under the control 
of the mouse H chain enhancer/
promoter)

9–12
months

Mild leukocytosis (~2-fold), anemia (~10% decrease in 
hematocrit), thrombocytosis (3-fold), and increase of plasma 
TPO level (3.5 ±1.5 ng/ml) were associated with bone marrow 
fibrosis starting at 9 months.

[135]

Gata1low or Gata1neoᐃHS mice (Delete 
DNase I-hypersensitive region by 
replacing ~8 kb of upstream 
sequences, including the IT and FIS 
regions, with a PGK-NeoR cassette 
flanked by loxP sites)

11
months

Mutant mice got selective loss of megakaryocyte GATAI 
expression. They had markedly reduced platelet numbers 
(~15% of normal), associated with the number of 
megakaryocytes in hematopoietic tissues was greatly increased. 
Anemia was associated with myelofibrosis in the marrow and 
in the spleen.

[62]

Bone marrow transplantation: TPO 
expressing bone marrow cells (By 
retroviral vectors carrying murine Tpo 
cDNA) 2–3 months

7–9 weeks post-transplant, features were a massive hyperplasia 
of megakaryocytes and granulocytes in the spleen and bone 
marrow and a hypoplasia of erythroblasts in bone marrow. 
From 10 weeks post-transplant, WBC, platelets, and red blood 
cell numbers declined dramatically. Deposits of reticulin fibers 
were observed 3 months after transplantation. [136]

TPOhigh (Administration of PEG-rh-
MDGF)

2
weeks

Immunocompetent BALB/c mice were injected daily for 14 
days with increasing doses of PEG-rh-MDGF from 10 to 500 
μg/kg. All animals developed dose-dependent thrombocytosis, 
moderate leukocytosis, anemia, splenomegaly, and 
extramedullary hematopoiesis. Bone marrow fibrosis was 
observed at the highest dose injected, which reversed rapidly 
when the injections were stopped.

[108,137]
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