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Abstract 

Early growth response (EGR) proteins are transcription factors that govern expression of 
genes essential for cell development, growth and function. EGR-mediated gene 
transcription is controlled by the coregulator NGFI-A binding protein 2 (NAB2). Our 
previous studies have shown that NAB2 regulates the expression of the apoptosis-
inducing molecule TNF-related apoptosis inducing ligand (TRAIL) in plasmacytoid 
dendritic cells (pDCs), natural killer (NK) cells and T cells. These studies revealed that 
NAB2 enhances TRAIL expression in pDC and NK cells, while it inhibits the expression 
of this effector molecule in CD8+ T lymphocytes. Here we discuss the mechanisms 
through which NAB2 may differentially control TRAIL expression in the different cell 
types. We dissect some features of the NAB2/EGR axis that are distinct between pDCs, 
NK and T cells. Specifically, we discuss how NAB2 and EGR expression levels, kinetics 
of induction, function and auto-regulation may contribute to NAB2’s opposite role in the 
regulation of TRAIL expression between these cell types. This information contributes to 
the understanding of the NAB2/EGR role in the control of distinct effector molecules. 
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1. Introduction 

Early growth response (EGR) proteins constitute a class of transcription factors that are 
rapidly induced in numerous cell types upon activation of multiple signal cascades (1,2). 
EGRs control a wide range of biological processes including neuronal and hematopoietic 
cell differentiation and survival (3-5), cardiac and vascular stress responses (6), oncogenic 
processes (7,8), and innate and adaptive immune cell development and responses (2,4,9-
12). 
EGR transcriptional activity is primarily regulated by a family of transcriptional 
coregulators, the NGFI-A binding (NAB) proteins, which includes NAB2 (13). By virtue 
of the ability to interact with the actual EGR transcription factors, the NAB2 
transcriptional co-regulator is responsible for the modulation of EGR transcriptional 
activity. Interestingly, numerous studies have shown that NAB2 can act either as co-
activator or co-repressors of EGR transcriptional activity (11,14-16). This opposite role of 
NAB2 to co-activate or co-repress EGR-mediated gene transcription has been described to 
be highly dependent on cell intrinsic and extrinsic factors, but the actual reasons for this 
dual mechanism of regulation are not completely understood. By discussing the 
involvement of NAB2/EGR expression levels, kinetics and interactions in the regulation 
of the target gene TRAIL in different immune cell types (i.e. pDCs, NK and T cells), we 
aim in this chapter to define which mechanisms possibly contribute to the opposite role of 
NAB2/EGR in controlling gene transcription.  
 

2. The NAB2/EGR transcriptional network 

2.1. EGR proteins: quick responders to external triggers 

The EGR family of proteins is constituted by four members: EGR-1 (also named NGFI-
A/Krox24/zif268), EGR-2 (Krox-20), EGR-3 and EGR-4. These proteins are members of 
the C2H2 family of zinc finger transcription factors, which is characterized by conserved 
cysteines, histidines, and hydrophobic residues that stabilize the three-dimensional protein 

structure consisting of two antiparallel -sheets and -helix that surround the central zinc 

ion (17,18). 
The most abundant EGR transcription factors, EGR-1, -2 and -3, have a broad function in 
gene regulation during multiple cellular processes. Target genes of EGRs include genes 
involved in development of neuronal and immune cells (i.e. genes that contribute to 
Schwann cell myelination and macrophages, neutrophil, and NKT cell development (3-
5,9)) and genes involved in the effector function of immune and non-immune cells, such 

as growth factors (i.e. transforming growth factor beta 1 (TGF-1) (19), vascular 
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endothelial growth factor A (VEGF-A) (8)), cytokines (i.e. IL-2 (12)), and cell death-
inducing molecules (i.e. TNF-a, FasL, TRAIL (20)). 
The EGR proteins are expressed at low levels in resting conditions and are rapidly 
induced upon stimulation with numerous extracellular stimuli that include cytokines, 
growth factors, pathogen components and toxic substances (11-13,20,21). EGR induction 
is classically characterized by rapid and transient kinetics. Upon stimulation, the EGR 
expression peaks within 1 to 4 h and rapidly returns to basal levels. These fast kinetics of 
EGRs have been ascribed to the constitutively open chromatin status of EGR- and the 
other primary response genes -, which allows rapid binding of transcription factors and 
transcription of these genes (1). 
EGRs are critical regulators of immune cell function. In T cells, EGR-1, EGR-2 and EGR-
3 are induced upon T cell receptor (TCR) engagement (11). EGR-1 is associated with T 
cell activation and proliferation, mainly by upregulating the transcription of its target 

genes IL-2 and IL-2 receptor (12,22,23). In contrast, EGR-2 and EGR-3 contribute to 

TCR-mediated T cell anergy, possibly by the induction of the E3 ligase cbl-b and the 
inhibition of IL-2 transcription (10,11). Additionally, a novel target of EGR-3, the gene 
Spry1, has been described to contribute to the anergy status of CD4+ and CD8+ T cells 
upon TCR engagement by specifically downregulating both the Ca++ and Ras-MAP-
kinase pathways downstream of TCR signaling (24). That EGR molecules regulate cell 
death-inducing molecules in immune cells has also become apparent. Our studies and that 
of Secchiero et al. have provided evidence that EGR-1 regulates the expression of the 
apoptosis-inducing molecule TRAIL in immune cells. EGR-1 blocks the expression of 
TRAIL  in human NK cells and monocytes, and acts as positive regulator of TRAIL in 
human pDCs ((25,26) and further in this chapter). These studies are in line with additional 
observations that enforced expression of EGR-2 and EGR-3 in intestinal epithelial cells 
was sufficient to enhance the mRNA levels of TRAIL and of other apoptosis inducing 

molecules; TNF- and FasL (20).  
 

2.2. NAB2 controls the transcriptional activity of EGR proteins 

The NGFI-A binding proteins NAB1 and NAB2 are critical regulators of the 
transcriptional activity of EGR proteins. NAB1 and NAB2 are two highly homologous 
transcriptional regulators (13,27,28). Structurally, they are characterized by two main 
protein domains, the NAB conserved domain 1 (NCD1) and NCD2, which are conserved 
among the NAB proteins and between species (13). NAB1 and NAB2 control EGR-1, -2 
and -3 proteins by physical interaction between their NCD1 domain and a conserved R1 
domain of EGR proteins, while they do not control EGR-4, which lacks this domain 
(16,27). 
NAB1 is widely expressed at low levels in most mouse tissues and is not regulated by 
EGR inducible stimuli (27). In contrast, NAB2 expression is more tissue-specific, mainly 
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expressed in mouse brain, thymus and heart (13). Its expression can be rapidly induced by 
the same stimuli that induce EGRs (13), indicating that NAB2 is a crucial inducible 
regulator of gene expression mediated by EGRs. 
Depending on the target gene and the cell type, NAB2 can act as co-activator or as co-
repressor of gene transcription. For instance, NAB2 promotes the EGR-1 dependent 

transcription of luteinizing hormone beta (LH) and IL-2 transcription in human T cells 

(12,16), while it inhibits EGR-1 mediated vascular endothelial growth factor (VEGF) 

transcription in endothelial cells (14) and tumor growth factor beta (TGF-), MMP-3 and 

p21 in the neuronal cell line PC12 (15).  
Strikingly, NAB2 can also exert a dual function in EGR-mediated gene transcription for 
one specific gene in different cell types, as illustrated by our own studies regarding NAB2 
control of TRAIL expression in pDCs, NK and T cells (18, 27, 28). TRAIL is expressed at 
low levels under resting conditions, and it is rapidly upregulated in B cells, monocytes, 
macrophages and DCs upon stimulation with viral infection such as Influenza, or with the 
Toll-like receptor (TLR) ligands LPS and CpG (29). Stimulation with IL-2, IL-15, type I 

Interferons (IFNs), and IFN- are also potent inducers of TRAIL expression in natural 

killer (NK) cells, pDCs and T lymphocytes (29). Upon expression, TRAIL induces 
programmed cell death upon binding with its receptors TRAIL-R1 and TRAIL-R2 on 
tumor cells and infected cells (30). 
The divergent function of NAB2 to control TRAIL expression in different immune cells 
has been uncovered by our own studies. While NAB2 induces TRAIL expression in TLR-
activated pDCs and IL-2 and IL-15 activated NK cells (25,31), it inhibits TRAIL 
expression in activated T cells (32). This finding prompted us to assess the possible 
underlying mechanisms that contribute to the dual function of NAB2 in regulating 
TRAIL, which are discussed in the following paragraphs. 
 

2.3. pDCs, NK and T cells express different basal levels of NAB2 

To dissect the possible reasons why NAB2 exerts different functions for TRAIL 
expression in NK and pDCs than it does in T cells, we first determined the basal levels of 
NAB2 expression in unstimulated cells. To this end, we compared the NAB2 protein 
levels in the pDC-like cell line CAL-1, the NK-like cell line NKL, and the T-like cell line 
Jurkat. We found that in resting conditions, NAB2 is expressed in all three cell lines, but 
its protein levels are considerably different. In fact, NAB2 protein levels are substantially 
higher in CAL-1 cells when compared to NKL and Jurkat cells (Fig. 1A). The lower 
levels of NAB2 in Jurkat cells as compared to CAL-1 cells could explain why NAB2 
induces TRAIL in pDCs but blocks it in T cells. However, this explanation is not 
supported by the findings in NK cells. In fact, despite NKL cells contain equally low 
levels of NAB2 as Jurkat cells, NAB2 behaves as a co-activator of TRAIL in NK cells, 
comparable to its function in pDCs (25,31). 
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Figure 1. (A) NAB2  is differentially expressed  in resting NK, pDCs and T cells. NAB2 protein  levels 
were measured  in  the  CAL‐1, NKL  and  Jurkat  cell  lines  that were manteined  for  48  h  in  RPMI 
supplemented with 2 mM L‐glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 8% (CAL‐
1 and Jurkat) or 10% FCS (NKL). 500.000 cells were harvested, washed  in PBS, resuspended  in 5x 
sample  buffer,  and  sonicated  prior  to  western  blot  analysis  for  NAB2  (1C4;  Santa  Cruz 
Biotechnologies).  The  housekeeping  gene  RhoGDI  (BD  Transduction  Laboratories) was  used  as 
control. (B‐C) EGR‐1, ‐2 and ‐3 are induced in stimulated pDCs and NK cells. EGR‐1, EGR‐2 and EGR‐
3 mRNA levels were measured in (B) the CAL‐1 cell line and (C) primary NK cells upon stimulation 
for indicated time points with 20 ng/ml CpG B (Invivogen) or 300 U/ml IL‐2 (National Institutes of 
Health  cytokine  repository),  respectively.  Data  are  analysed  by  RT‐PCR  and  normalized  to  the 
housekeeping genes (B) actin or (C) 18s. EGR‐1 mRNA kinetic in (C) is adapted from (25). 
 
 

NAB2 levels are increased upon external stimuli such as TLR triggering, stimulation with 
cytokines and TCR triggering (25,31,32). It is therefore conceivable that different levels 
in increase of NAB2 expression in stimulated pDCs, NK and T cells could result in the 
divergent role of NAB2. However, we found that NAB2 mRNA induction in all three cell 
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types was comparable and was between two- and four-fold (25,31,32). Taken together, 
these observations indicate that the co-stimulatory versus co-repressive function of NAB2 
for TRAIL expression cannot be explained by its basal levels in resting cells or its 
induction upon stimulation.  
Interestingly, NAB2 can regulate gene transcription not only by regulating EGR function, 
but also by direct binding to the chromatin nucleosome remodelling and deacetylase 
(NuRD) transcriptional complex (33). NAB2 can thereby facilitate the assembly of the 
transcription complexes promoter regions independently of EGR proteins (33). NuRD 
binding can however only be exerted by the full NAB2 protein. A splicing variant of 
NAB2 that lacks exon 6 and has been found in T cells and in the thymus, fails to bind 
NuRD (33,34). To date, is it not known whether pDCs and NK cells can also express this 
NAB2 splice variant, which could interfere with the ability of NAB2 to exert its EGR-
independent function through NuRD. A thorough analysis of the expression levels of this 
splice variant and its ratio with the NAB2 full protein should provide additional 
information to uncover the dual function of NAB2 on transcription of TRAIL.  
Finally, it cannot be excluded that, in addition to NAB2, NAB1 participates in the 
regulation of TRAIL transcription. NAB1 and NAB2 functions are partially redundant, as 
shown by the absence of visible defects in single NAB1-/- or NAB2-/- mice, in contrast to 
early mouse postnatal death when NAB1 and NAB2 are simultaneously knocked out (3). 
That NAB1 might be involved in TRAIL regulation is also supported by the observation 
that its enforced expression in intestinal epithelial cells inhibits EGR-2 and EGR-3-
mediated TRAIL induction (20).  
 

2.4. Role of EGRs in NAB2 mediated regulation of gene transcription 

Because NAB2 cannot bind to DNA itself, but rather functions as the key regulator of 
EGR-mediated gene transcription, the expression and role of EGR transcription factors is 
pivotal for understanding the regulatory function of NAB2 on TRAIL expression. We 
therefore compared the kinetics of EGR at the mRNA level, since reliable assessment of 
EGR protein levels was not feasible. 
We found that EGR-1, -2 and -3 mRNA levels are increased in all three stimulated cell 
types, i.e. pDC, NK and T cells (Fig. 1B-C and (11,12)). Strikingly, the kinetics of the 
three EGR transcripts are conserved in pDCs and NK cells, irrespective of cell type and 
stimulus used. EGR-1 mRNA peaks at one hour post stimulation with TLR in pDCs and 
IL-2 and IL-15 stimulation in NK cells, while EGR-2 and EGR-3 displays a slight delay, 
peaking at one to two hours post activation before decreasing to basal levels (Fig. 1B-C). 
The expression of EGRs in pDCs and NK cells are similar with that of TCR-triggered T 
cells that also expressed maximal mRNA levels of EGR-1 at one hour post-stimulation, 
and induction of EGR-2 and EGR-3 between one to two hours post stimulation (11). 
Therefore, the comparable kinetics of EGR-1, -2, and -3 expression in pDCs, NK and T 
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cells do not provide conclusive evidence that the induction of EGR  is interrelated with 
the role of NAB2 as a co-activator of TRAIL in pDCs and NK cells, while a co-repressor 
of TRAIL in T cells.  
Strikingly, we found that EGR-1 had an opposite role in mediating TRAIL expression in 
pDCs and NK cells. Knock-down of EGR-1 in pDCs resulted in inhibited TRAIL 
expression, in concordance with enhanced TRAIL expression upon forced expression of a 
dominant negative form of NAB2, NAB2E51K (Fig. 2 and (31)). In contrast, 
downregulation of EGR-1 in NK cells resulted in the enhancement of TRAIL expression 
(25). Although we did not test the effect of EGR-1 knock-down on TRAIL expression in 
T cells, the different role of EGR-1 on TRAIL, combined with different NAB2 expression 
levels could dictate the effect that NAB2 has on TRAIL expression in pDC, NK and T 
cells. 

 
Figure  2.  EGR‐1  enhances  TRAIL  expression  in  activated  pDCs.  The  pDC  cell  line  CAL‐1  was 
transduced with shRNA targeting EGR‐1 (CloneID: NM_001964.2‐1135s1c1; Sigma MISSION shRNA 
library; Sigma‐Aldrich) or Luciferase (SHC007; Sigma‐Aldrich), in which the puromycin selection was 
replaced with  the GFP  reporter  gene.  (A)  EGR‐1  knock‐down was measured  at mRNA  levels  in 
unstimulated or 2 h stimulated CAL‐1 cells. (B) Transduced GFP+ cells were sorted, stimulated for 4 
h with CpG B, and TRAIL expression was measured by flow cytometry analysis (clone 2E5; Enzo Life 
Sciences).  Numbers  in  the  upper  right  corner  represent  TRAIL  GeoMFI  of  shLuc/shEGR‐1 
populations.  
 
 

2.5. Feedback loop of regulation 

EGR proteins not only modulate the expression of effector molecules like TRAIL, but can 
also directly regulate NAB2 and their own expression. This process triggers a feedback 
loop of regulation that allows EGRs and NAB2 to regulate their own expression levels. 
The NAB2 promoter contains several EGR responsive elements (21,34). Downregulation 
of EGR-1 in melanoma cells leads to reduction of NAB2 levels, suggesting that EGR-1 is 
an important regulator of NAB2 in this cell type. Also EGR-2 and EGR-3 can induce 
NAB2 transcription (34). This is illustrated in epithelial and neuroectodermal cells, where 
all three EGR proteins are able to enhance NAB2 transcription (21). In T cells, a different 
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feedback loop by EGR proteins has been suggested: EGR-2 and EGR-3 overexpression 
diminished rather than enhanced NAB2 and EGR-1 levels (11). Furthermore, EGRs are 
also able to regulate each other’s expression, as suggested by reduced EGR-2 levels when 
EGR-3 is knocked down in epithelial and neuroectodermal cells (21). It is feasible that 
this regulatory feedback loop also contributes to the different roles of NAB2 in TRAIL 
expression in immune cells, as also supported by our preliminary observations that NAB2 
levels are reduced when EGR-1 is knocked down in pDCs (data not shown). 
 

2.6. Different stimuli and TRAIL promoter gene 

The activation of pDCs, NK cells and T cells required different stimuli for the induction 
of TRAIL (i.e. CpG stimulation for pDCs, IL-2 and IL-15 for NK cells and TCR 
triggering for T cells). The activation of different signaling pathways could be responsible 
for the different regulatory features of EGR1 and NAB2 we observed. Because we could 
not identify a common trigger for TRAIL induction that involved also NAB2/EGR-1 
induction, we could not assess this possibility. We also cannot exclude that the different 
stimulations we used result in activation of different signaling molecules, in addition to 
the NAB2/EGRs. In this regard, it should be noted that TRAIL gene is tightly controlled, 
as indicated by the numerous transcription factors that bind to its promoter region and 
regulate its expression; AP-1, NFAT, GATA and Nf-KB (35,36). Therefore, the different 
stimulations we employed could result in the induction of different signaling pathways 
that, by altering the levels between these transcription factors, result in the formation of 
differential transcription complexes that bind to the TRAIL promoter. This has been 
suggested for T cells, where differential activation with anti-CD3 or costimulation with 
anti-CD28 antibodies results in different activation programs, which are mediated by 
NFAT, EGR-2 and EGR-3, or AP-1, EGR-1 and NAB2, respectively (11,12). 
Finally, EGR-dependent gene expression can involve functional cooperativity between 
EGRs and other transcriptional factors. This has been for instance shown for EGR-1, 
which cooperates or competes with the transcription factors NFAT and SF-1 for the 

transcription of IL-2 and LH, respectively (22,37). The accessibility of the TRAIL 

promoter to NFAT and SF-1 may therefore also have an impact on the regulatory activity 
of EGRs and NAB2. Consequently, it is likely that the effect of NAB2 and EGRs on gene 
transcription does not only result from their unique interaction, but is also a consequence 
of a more extended network of transcriptional regulators.  
 

3. Conclusion 

Our data suggest that the regulation of TRAIL by NAB2/EGR is a highly complex 
process, which is influenced by extrinsic and cell-specific dynamics. We dissected some 
of the reasons that could underly the differential impact of NAB2 on TRAIL expression in 
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pDCs, NK cells and T cells. NAB2 expression levels and EGR function appears to play a 
pivotal role to determine the behaviour of NAB2 in controlling TRAIL expression. 
Furthermore, the feedback loops of auto-regulation and the interactions that NAB2 and 
EGRs establish with the transcriptional complex and other transcriptional factors also 
possibly contribute on the function of NAB2 on the expression of TRAIL. It is therefore 
likely that NAB2 and EGRs are part of a sophisticated mechanism which results in highly 
controlled expression of TRAIL and possibly other effector molecules.  
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