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Abstract The NFE2 transcription factor was identified

over 25 years ago. The NFE2 protein forms heterodimers

with small MAF proteins, and the resulting complex binds

to regulatory elements in a large number of target genes. In

contrast to other CNC transcription family members in-

cluding NFE2L1 (NRF1), NFE2L2 (NRF2) and NFE2L3

(NRF3), which are widely expressed, earlier studies had

suggested that the major sites of NFE2 expression are he-

matopoietic cells. Based on cell culture studies it was

proposed that this protein acts as a critical regulator of

globin gene expression. However, the knockout mouse

model displayed only mild erythroid abnormalities, while

the major phenotype was a defect in megakaryocyte bio-

genesis. Indeed, absence of NFE2 led to severely impaired

platelet production. A series of recent data, also summa-

rized here, shed new light on the various functional roles of

NFE2 and the regulation of its activity. NFE2 is part of

a complex regulatory network, including transcription

factors such as GATA1 and RUNX1, controlling

megakaryocytic and/or erythroid cell function. Surpris-

ingly, it was recently found that NFE2 also has a role in

non-hematopoietic tissues, such as the trophoblast, in

which it is also expressed, as well as the bone, opening the

door to new research areas for this transcription factor.

Additional data showed that NFE2 function is controlled

by a series of posttranslational modifications. Important

strides have been made with respect to the clinical sig-

nificance of NFE2, linking this transcription factor to

hematological disorders such as polycythemias.
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Introduction

History and nomenclature

The NFE2 transcription factor was first identified in the late

1980s as one of two DNA binding activities in extracts of

erythroid cells [1]. The first protein was named NF-E1 for

nuclear factor-erythroid 1, and this protein is now known as

the GATA1 transcription factor [2]. The second protein

called NF-E2 for nuclear factor-erythroid 2 was charac-

terized as a protein recognizing a sequence comprising an

activator protein 1 (AP-1) core motif, but was clearly dif-

ferent from AP-1 factors, as it needed residues outside of

the core sequence for efficient binding [1, 3, 4]. The NF-E2

binding activity originally referred to the heterodimer of

the large p45 NFE2 (*45 kD) and the small MAF

(*18 kD) subunits [5]. In accordance with the current

HUGO and MGI nomenclatures, we use in this review the

terms NFE2 and Nfe2, the official human and mouse gene

names respectively, to refer to the gene coding for the

larger p45 kD subunit only.
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The transcription factor NFE2

The NFE2 protein (Fig. 1), comprising 373 amino acids, is

a member of the Cap’n’Collar (CNC) family of transcrip-

tion factors [3], a classification that arose due to their

homology to the Drosophila CNC1 [6] and C. elegans Skn-

1 [7], implicated in development. In vertebrates, other

members include NFE2L1 (nuclear factor, erythroid 2-like

1), also called NRF1, NFE2L2/NRF2 (nuclear factor, ery-

throid 2-like 2), NFE2L3/NRF3 (nuclear factor, erythroid

2-like 3), BACH1 (BTB and CNC homolog 1) and BACH2

(BTB and CNC homolog 2) [8]. The gene encoding the

transcription factor NFE2 localizes to chromosome 12 in

human [4] and to chromosome 15 in mice [9] and its

cloning was reported over 20 years ago [3, 4]. Two tran-

scripts are present with differences in the 50 non-coding
region, one of them being more abundant in adult he-

matopoietic sites, while the other one dominates in the fetal

liver [10]. The binding partners of NFE2 have been iden-

tified as small MAF proteins [11, 12], members of a family

of proto-oncogenes ubiquitously expressed related to the

viral v-maf [13], coding for the MAFF, MAFG and MAFK

(formerly also called p18) proteins, all approximately

18 kD in size [14–21] (Fig. 1). The basic leucine zipper

bZIP domains of NFE2 and small MAFs mediate DNA

binding and dimerization. DNA binding occurs through

hydrogen bonds and hydrophobic interactions between the

basic residues and the bases in the major groove. The re-

gion comprising the leucines consists of a coiled-coil

domain with two parallel a-helices mediating protein–

protein interactions by providing a hydrophobic interface

[4, 11, 12, 22, 23]. The sequence recognized by the NFE2/

small MAF heterodimer is an extended AP-1 motif, which

is (T/C)GCTGA(C/G)TCA(T/C) [11]. The small MAF

proteins are devoid of an obvious transactivation domain,

but can act as repressors when homodimerizing between

themselves or as activators when heterodimerizing with

members of the CNC transcription factors [12, 14, 15, 24].

NFE2 has been found to interact with all three of the small

MAFs [11, 12]. Evidence suggests the major interaction in

megakaryocytes occurs primarily with MAFG and MAFF

[16] while in erythroid cells NFE2 interacts with MAFG

[15] and MAFK [18]. The small MAFs are ubiquitous

proteins, which are expressed in many different cell types

and tissues, although at different levels [19, 20]. In contrast

to small MAFs and the other members of the CNC tran-

scription factor family, NFE2 exhibits tissue restriction.

The major sites of NFE2 expression are hematopoietic

cells, such as erythroid cells, megakaryocytes and mast

cells [3, 4, 25]. Expression of NFE2 transcripts in human

peripheral granulocytes, consisting primarily of neu-

trophils, was also reported [26]. In mice it has been shown

that NFE2 expression is restricted to hematopoietic tissues,

including fetal liver and adult bone marrow or spleen [11].

Intriguingly, more recently NFE2 has been detected in

trophoblast cells, challenging the notion that it is a he-

matopoietic-restricted factor [27].

Control of NFE2 activity

Localization

To exert its transcriptional activity NFE2 needs to be

transported into the nucleus. This has been shown to be an

active process necessitating an intact monopartite nuclear

localization signal (NLS) and importin-7. Mutations in the

NLS reduced its nuclear translocation and transcriptional

activity, leading to impaired platelet production in

megakaryocytes [28]. Within the nucleus NFE2 is located

within euchromatin, while its dimerization partner MAFK

is present in heterochromatin regions in mouse ery-

throleukemia MEL cells. Upon differentiation the small

MAF subunit relocalizes to euchromatin, allowing its

binding to NFE2 to exert its transactivation function

[29]. The molecular mechanisms of this subnuclear

NFE2

small MAF

transactivation domain 

Sumoylation 
(lysine 368) 

NLS  
(aa 271-273) 

JNK 
Phosphorylation 

(serine 157) 

cnc domain basic 
domain 

leucine 
zipper 

PPXY-1 & 2 
(aa 61-65 & 79-83)

(WW domain  
binding motifs)  

leucine 
zipper 

basic 
domain 

extended 
homology 
domain 

Fig. 1 Structure of human

NFE2 and small MAF. The

main domains and

posttranslational modification

sites of NFE2. The domains of

its dimerization partners, the

small MAFs are also shown.

PPXY WW domain binding

motif, JNK c-JUN N-terminal

kinase, NLS nuclear localization

signal, cnc cap’n’collar

2324 J. J. Gasiorek, V. Blank

123



compartmentalization have yet to be defined. Also, it is not

known, whether nuclear export of NFE2 is regulated as

well, as has been shown for example for the CNC family

member NFE2L2 [30].

Posttranslational modifications

In recent years, posttranslational modifications have

emerged as important aspects in the function of transcrip-

tion factors, since they can influence such aspects as their

subcellular localization and their stability, interactions with

other proteins or their binding to DNA. NFE2 is subject to

various posttranslational modifications that modulate its

transcriptional activity (Fig. 1). In human erythroleukemia

K562 cells NFE2 has been shown to be SUMOylated at

lysine 368, a modification that enhanced its DNA binding

affinity as well as transactivation and was essential for the

transcription of the b-globin gene [31]. In contrast, ubiq-

uitination of NFE2 by the itchy E3 ubiquitin protein ligase

(ITCH) diminishes its transactivating capacity by retaining

it in the cytoplasm and not by targeting it for degradation

[32]. The latter result was obtained by overexpressing

ITCH, hence it would be of interest to determine whether

knockdown of the E3 ubiquitin ligase would result in in-

creased nuclear localization of NFE2. NFE2 is also

phosphorylated on serine 157 by activated c-JUN N-ter-

minal kinase (phospho-JNK) in uninduced MEL cells, a

modification that induces its ubiquitination and targeted

degradation. This process was reversed in MEL cells in-

duced to differentiate with DMSO when JNK was inactive

[33]. It has been reported that NFE2/small MAF DNA

binding complex formation was impaired in cAMP-de-

pendent protein kinase A (PKA)-deficient MEL cells [34].

Although PKA was shown to phosphorylate NFE2 and

MAFK in vitro this did not alter the binding of the NFE2/

small MAF complex nor transactivation activity, suggest-

ing an indirect mode of regulation. Possibly PKA regulates

the interaction of NFE2 with downstream effectors [34,

35]. More recently, it has been demonstrated in vitro using

purified proteins that SUMOylation of NFE2/small MAF

heterodimer was enhanced by PKA and ERK1. It was

proposed that heterodimerization may serve as a physical

switch for posttranslational modification and thus control

the transcriptional activity of the complex [36]. In addition,

the transcriptional activity of NFE2 was increased by the

acetylation of its binding partner MAFG mediated by

CREB-binding protein [37]. From these data, it is clear that

posttranslational modifications play a crucial role in the

control of NFE2 activity, but the detailed molecular

mechanisms, the interplay between signaling pathways and

their importance in vivo still need to be elucidated.

Moreover, the posttranslational modifications of NFE2

represent an interesting avenue as potential targets for

treatments that would modulate NFE2 levels in hemato-

logical disorders, which are presented in a later section.

Regulatory motifs

The NFE2 protein contains within its transactivation do-

main motifs termed PPXY that bind to WW domains of

proteins, one of them being necessary for transactivation

[38, 39]. More precisely, this PPXY motif in NFE2 is re-

quired for the protein to induce hyperacetylation at histone

H3, methylation of K4 at histone H3 and recruitment of

RNA polymerase II at the site of the b-globin genes [40].

NFE2 comprises also two potential heme regulatory motifs

(HRMs), which have been shown to be dispensable for

globin gene induction in MEL cells. Nevertheless, induc-

tion of b-globin gene expression by hemin requires the

presence of NFE2 in these cells. These data suggested that

heme controls NFE2 activity indirectly through other pro-

teins [41]. Indeed, the CNC protein BACH1 possesses six

HRMs and heme is negatively regulating its DNA binding,

by displacing it from its DNA bound complexes with small

MAFs. This leads to dynamic interactions, as for instance,

it has been shown, that at the b-globin locus in MEL cells,

MAFK forms a repressive complex with BACH1, but

switches partners, by interacting with NFE2 upon induction

of differentiation to form a complex that drives globin

activation [18, 42, 43]. This heme-dependent regulation has

also been shown for the a-globin locus in K562 cells [44].

With respect to the molecular mechanism involved, it was

found that heme triggers CRM1-dependent nuclear export

of BACH1 [45]. Hence, these cell culture based studies

provide a framework of how heme and globin synthesis are

coordinately regulated.

Regulation of NFE2 expression

Early studies revealed the presence of two alternative

promoters of the NFE2 gene resulting in the expression of

two mRNA isoforms [10, 26, 46]. Expression and activity

of NFE2 are controlled by a variety of reagents and pro-

teins. Induction of differentiation in MEL cells following

dimethylsulfoxide (DMSO) treatment leads to the increase

of NFE2 transcript as well as protein levels [33, 47, 48]. On

the other side, nuclear overexpression of phospholipase C

(PLC) b1 in MEL cells, has been associated with inhibition

of DMSO-induced differentiation, one of the postulated

mechanisms being diminished levels of the NFE2 [49].

Expression levels of NFE2 are also regulated by cytokines

or growth factors. In the myelogenous leukemia cell line

K562 induced to differentiate with activin A, NFE2 ex-

pression and activity were shown to be downregulated by

interferon-c, a negative regulator of erythroid differen-

tiation [50]. In megakaryocytes, interleukin-4 has been
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shown to downregulate NFE2 mRNA and protein expres-

sion [51], while interleukin-1b was shown to upregulate its

transcript and protein levels in those cells [52, 53]. In ad-

dition, platelet-derived growth factor (PDGF) induced

NFE2 transcripts and protein in megakaryocytic cells [54].

NFE2 expression is also controlled by other transcription

factors. A major contributor to the transcriptional activity

and function of NFE2 in megakaryocytes is GATA1, which

has been shown in an elegant hierarchical model to act

upstream. Using transgenic mouse models, it was demon-

strated that GATA-1-dependent control of the Nfe2 gene

significantly contributes to the function of NFE2 in

megakaryocyte biogenesis [55]. Human erythroleukemia

cells transfected with NF-jB display a decrease in NFE2,

indicating that this transcription factor exerts a negative

regulation on NFE2, consistent with the high levels of NF-

jB in early erythroid progenitors, which display low levels

of NFE2 [56]. Another transcription factor that negatively

affects NFE2 activity in erythroid cells is c-Jun, which

forms a heterocomplex with the small MAF subunit of

NFE2 that is inactive and inhibits globin genes transcrip-

tion [57]. In megakaryocytes, NFE2 was shown to be a

target of the transcription factor RUNX1, a key regulator of

this cell type [58]. Clearly, NFE2 is embedded in a com-

plex network of signaling proteins and transcription

factors, allowing the fine-tuning of its activity in a cell

type- and exogenous signal-specific manner.

Role of NFE2 in megakaryocytes

NFE2 is a crucial regulator of megakaryocyte

biogenesis and function

The generation of knockout mice has been highly valuable

in determining the function of the NFE2 transcription

factor in vivo. The various phenotypes of Nfe2-/- mice are

summarized (Table 1). When mice deficient in NFE2 were

generated, their most striking phenotype was the absence of

platelets, which lead to the death of over 90 % of pups by

hemorrhage shortly after birth. It resulted from an arrest in

maturation in the late-stages of megakaryocyte develop-

ment, including reduced formation of cytoplasmic

granules, but the cells still proliferated normally in re-

sponse to thrombopoietin [59]. Interestingly surviving

adults do not die of hemorrhage or display signs of

bleeding in spite of an almost complete lack of platelets,

indicating that other elements of the coagulation system

play crucial roles. Those mice were also shown to lack

production of proplatelets, which are filamentous exten-

sions of mature megakaryocytes, identified as a mechanism

of release of platelets [60]. It has also been reported that the

proportion of colony forming units-megakaryocytes (CFU-

Mks) versus total cells was lower in fetal livers and adult

spleens of knockout mice [61]. Despite the presence of

thrombocytopenia in Nfe2-/- mice, the animals did not

show an increase in serum thrombopoietin (TPO) levels.

Experiments using labeled 125I-TPO showed that the cy-

tokine is bound to hematopoietic tissues, in particular bone

marrow and spleen, associated with megakaryocytes (bone

marrow) and platelet-like particles (spleen), thus possibly

explaining its absence in the circulation [62]. On the con-

trary, overexpression of NFE2 in murine bone marrow

cells, gave rise to increased number of CFU-Mks, enhanced

megakaryocyte maturation and resulted in a higher release

of platelets, suggesting a role for this transcription factor

not only in terminal megakaryocyte development, but also

in its initial steps [63]. In primary murine megakaryocytes,

the small MAF protein MAFG is a critical binding partner

of NFE2 [16]. MAFG not only mediates DNA binding

through its bZIP domain, but also targets the NFE2/MAFG

heterodimer to a specific subnuclear localization, since

deletion of the C-terminal domain of the small MAF factor

does not prevent DNA binding, but recapitulates the pla-

telet phenotype observed in Nfe2-/- mice. This data

suggest that the MAFG C-terminus is essential for pro-

platelet formation and platelet gene activation [64].

Overexpression of NFE2 and small MAF protein in mouse

Table 1 Phenotype of Nfe2-/- mice

Tissue type Phenotype References

Hematopoietic Neonatal death of 90 % of the mice due to hemorrhage, severe thrombocytopenia [59]

Lack of proplatelets [60]

Reduced colony-forming units megakaryocytes [61]

Severe anemia in neonates, mild anemia in surviving adults, splenomegaly, extensive reticulocytosis [109]

Increased sensitivity of red blood cells to phenylhydrazine treatment [107]

Increased serum EPO, altered erythroid precursor distribution in the spleen and bone marrow [110]

Non-hematopoietic Increased bone mass and bone formation [125, 126]

Intrauterine growth restriction, increased syncytiotrophoblast formation, impaired placental vascularization [27, 128]
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and human fibroblast cells resulted in the generation of

megakaryocytes that were able to release platelets [65].

Recently, it was shown that blocking Rho kinase (ROCK)

results in increased polyploidization, promotion of de-

marcation membrane and proplatelet formation as well as

in the release of platelets in umbilical cord blood-derived

megakaryocytes. ROCK inhibitor treatments in mature

megakaryocytes lead also to the downregulation of MYC,

NFE2, MAFG and MAFK transcript levels, suggesting that

lowering the levels of these transcription factors is a pre-

requisite to drive the late stages of megakaryocyte

maturation [66]. In addition to a well-established role in

platelet biogenesis a more recent report suggests that ab-

sence of NFE2 results in impaired platelet function. This

study showed that transgenic mice expressing a hypomor-

phic NFE2 mutant exhibit a hypofunction of platelets. This

leads to an inhibition of lung metastasis following injection

of melanoma cells in this mouse model, since platelet ac-

tivation is required for the metastatic process. This data

opens an interesting new chapter for NFE2 with regards to

a possible role in cancer progression [67].

Targets in megakaryocytes

The major role of NFE2 in megakaryocytes is transcrip-

tional regulation of genes involved in their maturation and

in the biogenesis of platelets. The first direct target of

NFE2 in megakaryocytes to be identified has been the gene

coding for thromboxane synthase [68]. The NFE2 protein

is also recruited to the promoter of RAB27B, a small

GTPase localized in granules and implicated in platelet

synthesis [69]. The megakaryocyte-specific b1-tubulin
(TUBB1) has also been identified as a target of NFE2, as its

expression was recovered upon restoration of this tran-

scription factor [70, 71]. In addition, it has been shown that

activation of integrin alpha2b/integrin beta 3 (ITGA2B/

ITGB3), also called alphaIIbbeta3, an integrin complex

found on the surface of platelets, is defective in NFE2-/-

megakaryocytes [72]. Screening for genes regulated by

NFE2 that control ITGA2B/ITGB3 activation led to the

identification of Caspase-12 as a gene to be downregulated

in NFE2 deficient megakaryocytes [73].

A key enzyme for the synthesis of estrogen, 3beta-hy-

droxysteroid dehydrogenase (HSD3B1) is also a target of

NFE2. Of interest, 3beta-HSD has been shown to rescue

proplatelet formation in NFE2 null megakaryocytes [74].

Furthermore, the adaptor protein LIM and senescent cell

antigen-like domains 1 (LIMS1), implicated in integrin

signaling and cell motility is another target of NFE2, as

demonstrated by chromatin immunoprecipitation (ChIP)

and transactivation experiments [75]. A more recent study

combined whole genome-wide analysis by chromatin im-

munoprecipitation-sequencing (ChIP-seq) and microarrays

in primary megakaryocytes [67]. This approach showed a

typical NFE2 binding site, A/G TGA C/G TCA GC, to be

overrepresented at the occupancy sites. Among 844 genes

comprising ChIP-seq peaks for NFE2, they identified 49

candidate genes that can be activated by NFE2 directly, but

also 10 candidate genes that can be repressed. Of note, 15

of the genes that are candidates for direct activation have

established roles in platelet function during thromboge-

nesis. The gene encoding P-selectin (Selp), which plays a

crucial role in platelet function, and Myosin, light

polypeptide 9 (Myl9), which is important for proplatelet

formation, have been identified as direct targets of NFE2

[67]. In addition to transcriptional regulation of platelet

genes, NFE2 contributes to megakaryocyte maturation by

promoting the accumulation of intracellular reactive oxy-

gen species (ROS). The elimination of ROS is largely

accomplished by induction of NFE2L2 (NRF2) targets and

since NFE2 shows very similar binding specificity, it can

compete with NFE2L2 for induction of proteins that

eliminate ROS. There is an increase in ROS during

megakaryocyte maturation, suggesting that they play an

important role in signaling [76]. Definitely, NFE2 plays a

crucial role in the generation of platelets as well as in

platelet function. Although a series of its targets in this

lineage are now known, the coordination between NFE2

controlled pathways and the regulation of megakary-

opoiesis by other transcription factors, including EVI1,

GATA1, FLI1, RUNX1, SRF and TAL1, as well as miR-

NAs, epigenetic and posttranslational mechanisms [77],

still needs to be elucidated.

Function of NFE2 in the erythroid lineage

A role for NFE2 as a factor promoting erythroid maturation

has been suggested by experiments where enforced over-

expression of this transcription factor in the monoblastoid

M1 cell line yields erythroid and megakaryocytic colonies,

while its overexpression in hematopoietic progenitors from

fetal liver increases erythroid colonies [78]. As illustrated

in the following paragraphs, binding sites for NFE2 have

been identified in the regulatory sequences of multiple

erythroid genes.

NFE2 and heme biosynthesis

The NFE2 transcription factor has been initially identified

as a protein binding to the promoter region of the por-

phobilinogen deaminase (PBGD) gene, coding for the third

enzyme of the heme biosynthesis pathway [1]. Subsequent

analysis showed that mutation in the NFE2 binding site

abolishes inducibility of the PBDG gene, suggesting that

NFE2 is required for proper regulation of this promoter in

Regulation and function of the NFE2 transcription factor 2327
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erythroid cells [79]. The gene of another enzyme, fer-

rochelatase, catalyzing the last step of heme synthesis,

possesses a NFE2 recognition site in its promoter [80], and

DNase I footprinting analysis suggested binding of NFE2

to its cognate element in K562 cells [81]. The gene coding

for erythroid aminolevulinate synthase 2 (ALAS2) also

contains a potential NFE2 element [82], but later studies

showed that this site is not essential for expression of the

gene, and overexpression of NFE2 and MAFF failed to

increase transcriptional activity as assessed by a luciferase

reporter assay [83]. A recent study using ChIP has shown

that NFE2 binds to regulatory regions of other heme

biosynthesis genes, including the ones coding for uropor-

phyrinogen III synthase (UROS), uroporphyrinogen III

decarboxylase (UROD), coproporphyrinogen oxidase

(CPOX), but not aminolevulinic acid dehydratase (ALAD).

Additional loss-of-function experiments in human ery-

throleukemia (HEL) cells showed that NFE2 contributes to

UROS, CPOX and UROD expression. Furthermore,

transfection of NFE2 and MAFG in HEK293 cells resulted

in the induction of a luciferase reporter comprising UROS

regulatory sequences [84]. The gene coding for the enzyme

heme oxygenase 1 (HO1) responsible for the catabolism of

heme also has a potential binding sequence for NFE2 [85].

Of interest, heme, the end product of the heme biosynthesis

pathway, is able to induce the activity of the NFE2/small

MAF heterodimer in K562 cells, as shown by reporter

studies [86]. Earlier data have also shown that down-

regulation of ALAS2 using antisense technology leads to a

decrease of NFE2 transcript levels, but does not affect the

expression of MAFK, its binding partner [87]. Thus, NFE2

plays an important role at different steps of heme synthesis,

but given its tissue restriction and the fact that virtually all

cells synthesize heme, it would be of interest to identify the

proteins that can replace its function in cell types that are

devoid of it.

Regulation of globin chain synthesis and other

erythroid targets

NFE2 is required for the production of globin proteins in

erythroleukemia cell lines. An erythroleukemia cell line,

termed CB3, which is devoid of NFE2, due to the inte-

gration of Friend virus in one allele and the loss of the

other allele, has served as a valuable model. These cells fail

to express high levels of a- and b-globin upon induction of

differentiation, while reintroduction of NFE2 or a tethered

NFE2/small MAF dimer rescues globin expression [14, 15,

88]. In addition to adult globin chains, NFE2 has been

shown to be necessary for the induction of the fetal

c-globin [89]. Transcript and protein levels as well as

transactivation and DNA-binding of NFE2 are induced

following differentiation of MEL cells with DMSO [48].

Furthermore, hemin (iron protoporphyrin IX) induces glo-

bin expression in human erythroleukemia K562 cells and

induces the transcription of a reporter containing NFE2

binding sites [90]. The regions necessary for NFE2 trans-

activation consist of two proline rich sequences within its

transactivation and CNC domains [91]. It has been

demonstrated that NFE2 in addition to GATA1 is necessary

for the formation of DNAse I hypersensitive site 4 present

in the enhancer region of b-globin, which allows the

chromatin to assume a more ‘‘open’’ conformation [92].

Similarly, NFE2 sites are also necessary for transactivation

mediated by DNAse I hypersensitive sites 2 and 3 in the

b-globin locus control region [93]. In fact, NFE2 exerts a

chromatin remodelling action on the DNAse I hypersen-

sitive site 2 (HS2) of b-globin, by disrupting nucleosomes

in an ATP-dependent fashion and allowing subsequent

binding of GATA1 [94]. There is evidence that the en-

hancer HS2 interacts with the promoter at the b-globin
locus, since NFE2 binds to the HS2 and is also interacting

through its N-terminal domain with a protein present at the

promoter site, namely TAFII130, which is associated with

TATA binding protein [95]. A confirmation of in vivo

binding of NFE2 to the HS2 site came from a study

analyzing erythroleukemia cells and cells from mouse fetal

liver using ChIP [96]. It has also been reported that NFE2

binds to the DNAse I HS2 site of b-globin, when the

chromatin is still in the repressive state, before remodelling

occurs [97]. However, in MEL cells the recruitment of

NFE2 to the locus control region (LCR) and promoter of

b-globin as shown by ChIP is greatly increased upon in-

duction of differentiation. Interestingly, the promoter does

not contain NFE2 binding sites, so its presence could be

explained through binding to proteins associated with the

promoter, or through DNA looping of regions of the LCR

to the promoter [98]. In the human K562 cell line NFE2

has been shown to bind to all four HS sites of the b-globin
LCR [99]. In human multipotent progenitors NFE2 is re-

cruited to the LCR and promoter regions, in a fashion that

is dependent on the erythroid krüppel-like factor (EKLF)

and that includes also the recruitment of cofactors TATA-

binding protein (TBP), CREB-binding protein (CBP) and

Brahma-related gene-1 (BRG1) [100]. However, in con-

trast to GATA1 and EKLF, NFE2 appears to be

dispensable for the formation of the active chromatin hub

(ACH), a structure in which the distant LCR loops towards

regions where globin genes are present. In Nfe2 knockout

mice there is increased binding of NFE2L2 (NRF2) at the

LCR, but not to the promoter, suggesting a possible com-

pensation through this transcription factor [101]. The

transcription factor NFE2 also binds to and recruits the

methyltransferase G9a at the b-globin locus, which plays

an activating role for adult b-major chains, while repress-

ing embryonic chains [102]. The recruitment of polymerase

2328 J. J. Gasiorek, V. Blank

123



II to the promoter of the adult b-globin gene has been

demonstrated to necessitate NFE2 and upstream stimula-

tory factor (USF), a ubiquitous transcription factor shown

to interact with NFE2 [103]. There has also been a

demonstration of binding of NFE2 to the promoter of al-

pha-spectrin, a protein that is found in the membrane of

erythrocytes, as shown by reporter assays [104]. In addi-

tion, NFE2 has been found to positively regulate the

expression of the alpha-hemoglobin stabilizing protein

(AHSP), a chaperone for a-globin [105]. With respect to

erythroid-specific gene transcription, a recent ChIP based

study supports the notion that NFE2L2 (NRF2), which is

able to bind to NFE2 recognition sites, may also play a role

in heme metabolism and erythropoiesis, in particular in

response to cellular stress [106]. A potential role for NFE2

in erythroid cells in the protection against oxidative stress

has been proposed. At such, red blood cells from Nfe2-/-

mice have been shown to express higher levels of ROS at

baseline, as well as markedly increased ROS when treated

with H2O2 compared with those from wild-type mice.

Those results translated in vivo into a higher sensitivity to

the oxidative stress inducer phenylhydrazine, which caused

a more severe drop in hematocrit and increased reticulo-

cytosis in Nfe2 knockout mice compared to wild-type

animals. One postulated mechanism is the reduced levels of

catalase in red blood cells in Nfe2 knockout mice [107].

Recent data have identified the miR-199b-5p as a key

regulator of erythropoiesis in humans. The expression of

this microRNA is induced during the erythroid differen-

tiation of K562 cells. The upregulation was controlled by

the binding of GATA-1 and NFE2 to the miR-199b-5p

locus in hemin-treated K562 cells [108].

Erythroid phenotype of Nfe2-/- mice

In vivo, the importance of NFE2 in erythroid cells is il-

lustrated by the fact that mice generated with a deficiency

in NFE2 display erythroid abnormalities and anemia,

although milder than expected. Erythroid abnormalities are

more pronounced in neonates, of which more than 90 %

die of hemorrhage due to the lack of platelets. However,

surviving adult mice still display hypochromia and pres-

ence of target cells, as well as slightly lower hematocrit and

hemoglobin. It has been speculated that increased bleeding

due to the lack of platelets is causing this phenotype. These

mice also display extensive reticulocytosis and

splenomegaly, possibly signs of increased compensatory

erythropoiesis [59, 109]. More recently compensatory

splenic erythropoiesis was confirmed by the observation of

an increase in earlier erythroid precursors and enhanced

EPO levels in the serum. This can be attributed to a partial

block in the differentiation of erythroid precursors in the

bone marrow between the basophilic and late basophilic/

polychromatic erythroblast stage in Nfe2-/- mice [110].

The relatively mild erythroid effect cannot be attributed to

functional compensation by the related factor NFE2L2,

since mice deficient in both of these transcription factors do

not display more severe erythroid abnormalities than those

deficient in NFE2 alone [111, 112]. Also, transcript levels

of neither NFE2L1 nor NFE2L2 are altered in Nfe2-/-

mice, and gel shift assays did not reveal a new binding

activity in erythroid nuclear extracts from Nfe2-/- animals

[109]. Hence, the molecular basis for the discrepancy be-

tween cell culture based studies, showing a role for NFE2

in globin gene regulation and the absence of an obvious

role in vivo in the erythroid compartment in the knockout

mouse model still needs to be elucidated. In addition, the

absence of NFE2 is an important step in the progression of

Friend virus induced erythroleukemia in mice, since

heterozygous mice infected with the virus present higher

tumor incidence and increased tumor size compared to

their wild-type counterparts [113].

Linking NFE2 to hematological disorders

In a clinical setting, overexpression of NFE2 has been

identified in polycythemia vera (PV) patients, a disorder

characterized by overproduction of erythroid cells and

sometimes megakaryocytes and platelets. The severity of

the symptoms correlated with the degree of upregulation of

NFE2 [114]. Overexpression of NFE2 in CD34? cells also

results in a delay in early erythroid maturation leading to

erythroid progenitor expansion and consequently an in-

creased number of erythrocytes derived from one CD34?

cell [115]. In addition, overexpression of NFE2 in CD34?

cells from healthy donors recapitulated the PV phenotype of

increased EPO-independent erythroid differentiation and

expansion of HSCs/CMPs, while silencing of NFE2 in cells

from PV patients had the opposite effect [116]. In addition

to PV, increased expression of NFE2 has also been observed

in patients with other myeloproliferative neoplasms

(MPNs), such as essential thrombocythemia and primary

myelofibrosis, through a mechanism that may involve the

transcriptional upregulation of NFE2 mediated by Runt-

related transcription factor-1 (RUNX1) [117]. Although a

large majority of MPN patients harbors the JAK2 (V617F)

mutation, there was no correlation between the JAK2 mu-

tational status and the overexpression of both RUNX1 and

NFE2 [117]. Furthermore, insertion and deletion mutations

in NFE2 in MPN patients were identified. The truncated

versions, although not able to bind to DNA nor to transac-

tivate on their own, enhanced the activity of wild-type

NFE2 in transfection studies and resulted in erythrocytosis,

thrombocytosis and neutrophilia in a mouse model [118].

As NFE2 is mislocalized in primary myelofibrosis (PMF), it
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was also shown that immunohistochemical staining of

NFE2 reliably allows a differential diagnosis between PMF

and essential thrombocytopenia [119]. A novel transgenic

mouse model generated by overexpressing NFE2 in he-

matopoietic cells recapitulates many features of MPN,

including thrombocytosis, leukocytosis, formation of colo-

nies independent of EPO, typical bone marrow histology, as

well as the increase of stem and progenitor cell compart-

ments and spontaneous transformation to acute myeloid

leukemia. This in vivo model should help investigating the

role of NFE2 in MPNs and identifying new targets for

therapeutic intervention [120]. Based on this model, it was

hypothesized that NFE2 may have a crucial role in main-

taining chronic inflammation and driving clonal evolution

and mutagenesis in MPNs [121]. Of interest, treatment of

JAK2V617F cells with the histone deacetylase (HDAC) in-

hibitor Givinostat (GVS) results in the downregulation of

NFE2 and C-MYB mRNA and protein levels. Although

GVS also blocked JAK2 signal transducer and activator

5-extracellular signal-regulated kinase 1/2 phosphorylation,

the control of NFE2 and C-MYB occurred independently of

JAK2. GVS acts directly on the NFE2 promoter and the

downregulation of NFE2 in CD34? cells derived fromMPN

patients lead to inhibition of cell proliferation and erythroid

differentiation [122]. Treatment with the HDAC inhibitor

Vorinostat also results in the decrease of NFE2 transcript

levels in JAK2V617F HEL cells. In a Jak2V617F knock-in

mouse model, treatment with Vorinostat leads to an im-

provement of peripheral blood counts and a reduction of

splenomegaly, underlining its therapeutic potential [123].

Recently, it was shown that upregulation of RUNX1 and

its target NFE2 is not specific for PV and other MPNs, as

their transcript levels were also substantially increased in

polycythemias with higher hypoxia-inducible factor ac-

tivity, whose progenitors exhibited increased

erythropoietin (EPO) sensitivity. In contrast, RUNX1 and

NFE2 overexpression was not observed in patients har-

boring EPO receptor gain-of-function mutations. It was

concluded that elevated levels of RUNX1 and NFE2 are

not typically present in all primary polycythemias such as

primary familial and congenital polycythemia (PFCP), but

are rather a characteristic of primary polycythemias with

increased HIF signaling [124]. Collectively, these

clinically relevant studies suggest that modulation of NFE2

and associated pathways may have therapeutic potential for

myeloproliferative disorders.

NFE2 and non-hematopoietic cells

Nfe2-/- mice also exhibit an increase in trabecular bone

volume and in the rate of bone formation, accompanied by

augmented serum osteocalcin levels. Intriguingly, cells of

the osteoblast lineage do not express Nfe2 transcripts [125].

It was shown that the increased bone phenotype could be

transferred to irradiated wild-type animals by using spleen

cells derived from Nfe2-/- animals, suggesting the in-

volvement of hematopoietic cells with respect to the bone

phenotype. Experiments of co-culturing osteoblasts with

megakaryocytes from NFE2-deficient mice revealed that

increased osteoblast proliferation required cell-to-cell

contact. It was suggested that the increased bone mass in

Nfe2-/- mice might be due to a megakaryocyte-osteoblast

interaction that is anabolic for bone [125, 126]. NFE2-

deficient mice also display a substantial increase in cortical

bone area and cortical thickness, as well as higher bone

mineral density [127]. Hence, elucidation of the molecular

mechanisms involved in this regulation by NFE2 may be of

interest to identify therapeutic targets for bone disease

characterized by a decrease in bone mass and density, such

as osteoporosis.

The absence of NFE2 in mice also leads to intrauterine

growth restriction (IUGR) and a clue with respect to this

phenotype has been recently revealed by the finding that

this transcription factor is expressed in cells of the tro-

phoblast. NFE2 has been found to be essential for normal

syncytiotrophoblast formation, vascularisation of the pla-

centa as well as embryonic growth. Loss of NFE2 leads to

increased expression of the transcription factor glial cells

missing homolog 1 (GCM1) and its target genes, resulting

in increased syncytiotrophoblast formation. It was found

that absence of NFE2 augments acetylation of the GCM1

protein, and in addition enhances acetylation of histone H4

within the GCM1 promoter. Promoting acetylation with

HDAC inhibitors in wild-type embryos phenocopies the

alterations detected in Nfe2-/- embryos, whereas blocking

of acetylation with the histone acetyltransferase inhibitor

curcumin corrects the changes in NFE2 deficient embryos

[27]. An additional study showed that the mechanism in-

volves repression by NFE2 of the binding of the JUND

transcription factor to the promoter of GCM1 [128].

Although previous thinking confined NFE2 expression

exclusively to blood cells, these recent studies underline

the importance of NFE2 in non-hematopoietic lineages,

opening up new interesting avenues of investigation for

this transcription factor.

Conclusions and outlook

The NFE2 transcription factor functions as an important

regulator of megakaryocyte maturation. Its vital role in the

biogenesis of platelets has been well characterized, espe-

cially using the knockout mouse model, which presents

severe thrombocytopenia. In contrast, many aspects of its

role in the erythroid lineage remain elusive. One of the
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major issues is the divergence between its vital function in

globin expression in mouse erythroleukemia cells and its

relatively mild erythroid phenotype in Nfe2-/- mice. It has

been suggested that other members of the CNC transcrip-

tion factors could be compensating for the role of NFE2 in

mice erythroid cells. However, the analysis of Nfe2 and

Nfe2l2 compound knockout mice did not reveal any obvi-

ous additional anomalies when compared to Nfe2 single

knock out animals [111], and we obtained similar results

with respect to compound Nfe2-/- and Nfe2l3-/- mice

(unpublished data). Nfe2l1-/- mice are embryonic lethal

and display anemia [129], making this CNC member a

likely factor to compensate. Hence, study of the role of

NFE2L1 in the compensation would require a conditional

targeting approach. In addition, future studies should ad-

dress the function of NFE2 in mast cells, as these

hematopoietic cells also express this transcription factor

[3]. An earlier study suggested that NFE2 is involved in the

control of the gene coding for L-histidine decarboxylase

(HDC), an important player in the differentiation of mast

cells [130]. However, further studies are lacking on the role

of NFE2 in this lineage. Based on data linking NFE2 to

polycythemias, the transcription factor and/or associated

pathways may be valuable therapeutic targets to decrease

the number of circulating red blood cells in patients with

myeloproliferative disorders. In the future, in-depth ana-

lyses of its roles in hematopoietic cells will provide further

intriguing insights into the network of NFE2 dependent

gene regulation. For a long time considered to be a protein

restricted to hematopoietic lineages, and studied in par-

ticular in erythroid and megakaryocytic cells, more recent

data have shown a function for NFE2 in non-hematopoietic

tissues. These initial studies, revealing a role for this

transcription factor in trophoblast cells, in bone formation

and cancer metastasis, have opened a door to new fasci-

nating studies on the NFE2 transcription factor in a variety

of fields.
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