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A B S T R A C T

The innate immune system of insects deploys both cellular and humoral reactions in immunocompetent tissues
for protection of insects against a variety of infections, including bacteria, fungi, and viruses. Transcriptional
regulation of genes encoding antimicrobial peptides (AMPs), cytokines, and other immune effectors plays a
pivotal role in maintenance of immune homeostasis both prior to and after infections. The POU/Oct tran-
scription factor family is a subclass of the homeodomain proteins present in all metazoans. POU factors are
involved in regulation of development, metabolism and immunity. Their role in regulation of immune functions
has recently become evident, and involves control of tissue-specific, constitutive expression of immune effectors
in barrier epithelia as well as positive and negative control of immune responses in gut and fat body. In addition,
they have been shown to affect the composition of gut microbiota and play a role in regulation of intestinal stem
cell activities. In this review, we summarize the current knowledge of how POU transcription factors control
Drosophila immune homeostasis in healthy and infected insects. The role of POU factor isoform specific reg-
ulation of stem cell activities in Drosophila and mammals is also discussed.

1. Characteristics of the POU transcription factor family

The nomenclature of the POU family was derived from three family
members: the mammalian Pituitary-specific transcription factor 1 (Pit-
1) (Ingraham et al., 1988), the Octamer-binding protein 1 (Oct-1)
(Sturm et al., 1988) and Oct-2 (Clerc et al., 1988), and the C. elegans
gene Unc-86 (Finney et al., 1988). All three members share a highly
conserved DNA-binding domain called the POU domain consisting of a
region of approximately 150–160 amino acids (reviewed in (Herr et al.,
1988)). The POU domain encompasses two subdomains termed the
POU-specific (POUS) domain and the POU-homeodomain (POUH), both
of which are capable of binding to an 8-bp canonical Octamer sequence
motif (5′-ATGCAAAT-3′) in a base-specific manner (Fig. 1). Structural
and biochemical analyses show that these two POU subdomains are in
direct contact with the major groove of DNA and that the contact sites
lie on opposite sides of the DNA backbone (Assamunt et al., 1993; Cox
et al., 1995; Dekker et al., 1993; Klemm et al., 1994). The POUS domain
(∼75 amino acid residues) comprises four alpha-helices, while the
POUH domain (∼60 amino acid residues) consists of three alpha-he-
lices. Helices 2 and 3 of both POUS and POUH domains are folded so
that they each form a Helix-turn-Helix (HTH) unit and bind to each half
sites of the Octamer sequence independently (Fig. 1). The POUS domain
binds to the 5′-ATGC-3′ half site while the POUH domain associates with
another 5′-AAAT-3′ half site (Klemm et al., 1994; Verrijzer et al., 1992).

The POUS and POUH subdomains bind to the Octamer sequence co-
operatively and the entire POUS domain is required for efficient affinity
DNA binding (Ingraham et al., 1990; Klemm and Pabo, 1996; Verrijzer
et al., 1990). Particularly, the bipartite POU domain is connected by a
variable and non-conserved linker region (∼15–30 residues) that holds
the two POU subdomains in a structurally flexible status, allowing the
POU proteins bind to the Octamer consensus sequence in different
configurations (Herr and Cleary, 1995; Herr et al., 1988).

In addition to monomeric binding to the canonical Octamer se-
quence, POU proteins have the ability to assemble as homodimers and
heterodimers that recognize additional sequence motifs. The More pa-
lindromic Oct factor Recognition Element (MORE) (Tomilin et al.,
2000) and Palindromic Octamer Recognition Element (PORE) (Botquin
et al., 1998; Tomilin et al., 2000) have been identified as dimeric
binding sites by POU proteins (Fig. 1). Homo- and heterodimerisation of
POU proteins (eg. Oct-1, Oct-2, Oct-4, Oct-6) on both consensus MORE (
5′-ATGCATATGCAT-3′) and imperfect PORE (5′-ATTTGAAATGCA
AAT-3′) DNA enhance transactivation activity of some target genes
(Botquin et al., 1998; Tomilin et al., 2000). Moreover, PORE-mediated
dimerization of POU proteins has the potential to recruit co-activators
for synergistic transcriptional activation (Tomilin et al., 2000). In ad-
dition, the configuration of POU subdomains to the DNA backbone
differs in the MORE and PORE dimer models. In the MORE dimer
model, the POU subdomains bind to the same half site derived from two
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different protein molecules, leading to the binding of POUS and POUH

subdomains on the same side of the DNA backbone. On the contrary,
POU subdomains that bind to the same half site in the PORE dimer
complex come from the same protein molecule, resulting in binding of
POUS and POUH subdomains to the opposite sides of the DNA (Remenyi
et al., 2001; Tomilin et al., 2000). Thus, the bipartite and versatile POU
domain endows POU transcription factor family large diversity and
complexity in target gene binding and regulation.

2. POU proteins in Drosophila melanogaster

The POU transcription factor family is typically classified into six
different classes (from class I to class VI) based on the hypervariable
linker length and similar amino acid sequence over the entire POU
domain. Class II, III and V subfamilies belong to the group of Octamer
binding proteins (POU/Oct), with high affinity DNA binding to the
canonical Octamer sequence, while the class I, IV and VI subfamilies
lack Octamer binding ability (reviewed in (Tantin, 2013)). Five dif-
ferent POU protein genes, belonging to four of the POU family classes,
have been identified in the Drosophila melanogaster genome (Burglin
and Affolter, 2016). The Drosophila POU domain protein 1 (Pdm1), also
known as Nubbin (Nub) and dPOU-19, and Pdm2, also known as gene
Miti-mere (Miti) and dPOU-28, are two Oct binding proteins belonging
to the class II subfamily. Pdm1 and Pdm2 are paralogs, homologous to
mammalian Oct1 and Oct2 (Burglin and Ruvkun, 2001). A putative role
of Nub and Miti in development of the Drosophila embryonic central
nervous system (CNS) was initially suggested based on their high ex-
pression levels in the embryonic CNS, and the phenotypes of the loss-of-
function mutations nub1 and miti during embryogenesis (Billin et al.,
1991; Dick et al., 1991; Lloyd and Sakonju, 1991). Subsequently, Pdm1
and Pdm2 have been implicated in regulating CNS development, neu-
ronal precursor cell division, specification of neuroblast temporal
identity, and cell fate lineage (Bahrampour et al., 2017; Bhat and Apsel,
2004; Isshiki et al., 2001; Yeo et al., 1995). In addition, Pdm1 plays a
critical role in patterning and proximal-distal growth of the wing disc
during larval development (Cifuentes and GarciaBellido, 1997;
Neumann and Cohen, 1998; Ng et al., 1995). Pdm1 also acts as a
downstream target gene of the Notch signaling pathway in leg joint
formation (Rauskolb and Irvine, 1999), and work together with a subset
of other transcription factors to control leg segmentation (Natori et al.,
2012).

The POU/Oct factor Drifter (Dfr) or ventral veins lacking (Vvl) be-
longs to the class III subfamily and has been shown to participate in
correct operation of wing vein patterning (Diazbenjumea and
Garciabellido, 1990), tracheal cell differentiation and migration
(Anderson et al., 1995), and steroid biosynthesis in the larval pro-
thoracic gland (Danielsen et al., 2014). The two non-Oct binding POU
factors, Abnormal chemosensory jump6 (Acj6) and POU domain pro-
tein 3 (Pdm3) belong to the class IV and VI subfamilies respectively.
Both Acj6 and Pdm3 are important regulators of odor responses in the
Drosophila olfactory sensory neurons (Ayer and Carlson, 1991; Tichy
et al., 2008). Despite the numerous studies of the biological roles of

POU proteins in Drosophila in the past decades, the immune function of
POU proteins has just recently been uncovered.

3. Immune function of POU proteins in Drosophila

With the aim of isolating additional regulators of Drosophila innate
immune defense gene expression, Engström's lab employed a double-
interaction screen in yeast cells (Junell et al., 2007). In this approach,
both DNA and protein baits are utilized simultaneously to isolate factors
that either directly bind to the DNA bait sequence or are interacting
with bait protein. A cis-regulatory region of one of the Drosophila an-
timicrobial peptide (AMP) genes, CecA1, was used as the DNA bait,
together with a well-known NF-κB type immune activator, the Dorsal-
related immunity factor (Dif) (Ip et al., 1993) as the second protein bait.
Dif directly binds to κB sites in the regulatory region of the CecA1 gene
(Fig. 2) and regulates its expression (Petersen et al., 1995). This lethal
yeast screen led to the re-isolation of cDNAs for the other NF-κB type
immune activator, Relish (Dushay et al., 1996), serving as a proof-of-
principle of the yeast screen, and of cDNAs for three Drosophila POU
factors: Pdm1, Pdm2, and Dfr/Vvl (Junell et al., 2007). Further char-
acterization demonstrated that all three factors were able to trans-ac-
tivate CecA1 expression in cell culture experiments. Moreover, the ac-
tivation of CecA1 expression in cells, mediated by these three POU
proteins could be both Dif-dependent and independent, and exhibited
much higher activation capacity than that by Relish or Dif (Dushay
et al., 1996; Junell et al., 2007; Petersen et al., 1995). These primary
findings indicated a potent role of POU proteins in regulating Drosophila
immune defense gene expression. There have been no reports, however,
suggesting an immune-regulatory role of the other two POU proteins,
Acj6 and Pdm3, and we will focus the rest of this review on regulation
of innate immune responses by Dfr/Vvl (hereafter referred to as Dfr)
and Pdm1/Nubbin (hereafter referred to as Nub). Both constitutive
epithelial immune reactions, as well as the intensity and duration of
inducible immune reactions have now been shown to be regulated by
members of the Drosophila POU transcription factor family, which will
be further described below.

3.1. The role of POU proteins in protective immune function of barrier
epithelia

The barrier epithelia provide the first line of immune defense in
multicellular organisms by the action of both cellular and humoral
immune responses that prevents further damage, invasion and growth
of microorganisms. A group of small, immune-inducible and cationic
AMPs has been found to be constitutively expressed in different epi-
thelial tissues, like the epidermis and cuticular linings, the respiratory
system, the digestive, renal and reproductive ducts, all which regularly
come in direct contact with a variety of microorganisms (Tzou et al.,
2000).

The POU factor Dfr (Table 1) has been shown to be highly expressed
in adult immune-responsive tissues like fat body, epidermis, the epi-
thelia of trachea, male reproductive organs, and of the digestive tract

Fig. 1. Binding models of POU protein on dif-
ferent DNA sequence motifs.
Arrangement of monomeric POU protein on the ca-
nonical octamer recognition element (CORE) (left),
dimeric POU proteins on the MORE (middle) and
PORE (right). Generally, the POUS subdomain (red)
binds to the ATGC sequence, while the POUH sub-
domain (blue) associates with the A/T-rich sequence.
The POU subdomains derived from the same poly-
peptide chain have the same numbering and are se-
parated by a hypervariable linker (purple). (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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(Junell et al., 2010). In particular, constitutive CecA1 expression in the
male ejaculatory duct was found to require direct binding of Dfr to a
consensus sequence 5′-CANTAAA-3′, of which five copies are located in
a distal enhancer region of the CecA1 gene called the ejaculatory duct
enhancer (Fig. 2A). This sequence motif is also present in the regulatory
region of most characterized Drosophila AMP genes, but not overlapping
with the canonical Oct motif sites, which typically are located adjacent
to infection-induced regulatory elements (IRE) carrying κB and GATA
sites (Fig. 2A). These latter motifs have been shown to be necessary for
AMP gene expression in fat body and hemocytes in response to infec-
tion, via the IMD and Toll pathways. (Dantoft et al., 2013; Junell et al.,
2010; Lindberg et al., 2018). However, neither the IRE, nor the Oct
sequence cluster, was necessary or sufficient for CecA1 expression in the
ejaculatory duct, indicating that Dfr do not interact with the consensus
Octamer sequence for regulation of immune genes (Fig. 2B–D) and
(Junell et al., 2010). Dfr over-expression activates several of these AMP
genes in healthy flies, in an IMD and Toll pathway-independent
manner, supporting that Dfr is not primarily a regulator of immune
responses, but rather controls basal immune gene expression in barrier
epithelia (Junell et al., 2010). Constitutive expression of CecA1 in the
male ejaculatory duct has also been found to involve the homeodomain
transcription factor Caudal (Cad), binding to another motif called the
Cad protein DNA recognition element (CDRE) (Ryu et al., 2004). Co-

expression of Dfr and Cad in a cell transfection system showed strong
synergistic activity that required intact Dfr and Cad target sequences
(Junell et al., 2010), highlighting the existence of functional interac-
tions between POU domain proteins and homeodomain proteins in the
control of immune gene expression (Junell et al., 2010). Cad was also
found to control constitutive expression of Drosomycin (Drs) and CecA1
in adult salivary glands (Ryu et al., 2004), a tissue where Dfr also is
highly expressed. However, the possible co-activation of these and
other AMPs by Dfr and Cad in salivary glands and other tissues where
their expression overlaps, awaits experimental validation. In summary,
the POU transcription factor Dfr plays an important role in modulating
Drosophila immune gene expression, especially for tissue-specific, con-
stitutive AMP gene expression in barrier epithelia.

3.2. The role of POU protein isoforms in controlling immune gene
homeostasis

The nub gene belongs to the class II POU/Oct subfamily. It has re-
cently been shown to possess two functional promoters, separated by
more than 30 kilo bases. Transcripts from these two promoters are
subject to promoter-specific alternative splicing, and subsequent
translation give rise to two independent transcriptional regulators, Nub-
PB and Nub-PD (Dantoft et al., 2013; Lindberg et al., 2018) (Table 1).
These two protein isoforms exhibit both overlapping and independent
expression patterns in immunocompetent tissues, such as fat body,
hemocytes, midgut epithelium and reproductive tracts (Dantoft et al.,
2013; Lindberg et al., 2018). Despite the fact that Nub-PB and Nub-PD
share the same POU/homeo DNA binding domain, the outcome of
target gene regulation by the two isoforms differs, most likely due to
differences in their N-termini and protein-protein interactions with
other regulatory factors. Global transcriptional profiles of Nub-PD
mutant flies and of Nub-PB overexpressing flies revealed that Nub-PD
acts as a general repressor of immune gene expression, while Nub-PB
acts as a general activator of the same genes in healthy flies (Dantoft
et al., 2013; Lindberg et al., 2018). The short isoform Nub-PD, directly
binds to the conserved Oct sites located in the regulatory regions of
several AMP genes and represses their expression (Fig. 2). Moreover,
Nub-PD-mediated negative regulation of AMP genes is NF-κB/Relish-
dependent and it was suggested that the role of this negative regulation
is to prevent aberrant and excessive immune activation (Dantoft et al.,

Fig. 2. Different modes of CecA1 regulation and its cis-
regulatory elements.
A. Schematic representation of the CecA1 upstream reg-
ulatory region. In the proximal promoter region, an
Infection-Inducible Regulatory Element (IRE) is located,
which is composed of an R1 sequence motif, a κB site
(binding site for NF-κB/Rel proteins Relish and Dif) and a
GATA binding site, which is targeted by GATA factors like
Serpent and dGATAe. The IRE is acting as an IMD and Toll
pathway signal-dependent regulatory element in response to
infection (reviewed in (Uvell and Engstrom, 2007)). Up-
stream of the IRE, an Oct cluster is the target of both ne-
gative regulation by Nub-PD and of positive regulation by
Nub-PB (Dantoft et al., 2013; Lindberg et al., 2018). The
distal ejaculatory duct enhancer contains five copies of the
Dfr protein target sequence (CANTAAA) and also Cad
binding motifs (CDREs), both of which are required for
constitutive CecA1 expression in the adult male ejaculatory
duct (ej.duct) (Junell et al., 2010; Ryu et al., 2004). b-d:
Outline of the CecA1 upstream regions present in the CecA1-
lacZ constructs used in (B–D). B-D. Dissected male re-
productive organs stained for β-gal reporter activity,
showing that the ej.duct enhancer (B), but not the Oct
cluster (C), is necessary for constitutive CecA1 expression.
D. The IRE, which is required for infection-induced CecA1
expression via the Toll or IMD pathways, is not sufficient for
constitutive expression in the ej. duct.

Table 1
POU/Oct factors in Drosophila.

Gene Transcripts Length (nt) Proteins Molecular weight (kDa)

nub nub-RB 4497 Nub-PB 103.9
nub-RD 3267 Nub-PD 65.2

pdm2 pdm2-RA 2171 Pdm2-PA 55.5
pdm2-RB 3627 Pdm2-PB 98.5

dfr/vvla dfr/vvl 4380 Dfr/Vvl 45.9
pdm3 pdm3-RA 4066 Pdm3-PA 106.3

pdm3-RC 5153 Pdm3-PC 136.1
acj6b acj6 2690 Acj6 44

a The dfr/vvl gene has been predicated to undergo stop codon readthrough,
generating larger protein isoforms (Jungreis et al., 2011), which are not in-
cluded in the table.

b The acj6 gene undergoes multiple alternative splicing events, which give
rise to up to 13 annotated transcripts and proteins, which are not listed here.
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2013, 2016). In contrast, the long isoform Nub-PB, is a novel tran-
scriptional activator that controls a large number of immune genes in
immunoresponsive tissues. In the adult midgut, RNAi of Nub-PB led to
loss of AMP gene expression, while overexpression of Nub-PB in fat
body promoted very high expression levels of numerous immune genes.
Interestingly, Nub-PB activated many of these target genes in an NF-κB/
Relish-independent manner, while other genes required both Nub-PB
and NF-κB/Relish for full activation, and the presence of both factors
promoted synergistic activation of CecA1 (Lindberg et al., 2018). It is
likely that the different number and positions of Oct and κB sites in the
regulatory regions of the target genes determine the Nub-PB/Relish-
mediated activation patterns. Strikingly though, Nub-PB exhibits con-
siderably stronger transcriptional activation of a larger set of Drosophila
immune-regulated genes in overexpression bioassays compared with
the core immune regulatory NF-κB factors Relish and Dif (Han and Ip,
1999; Lindberg et al., 2018). In addition, many JNK/JAK-STAT-de-
pendent genes were found to be highly responsive to Nub-PB trans-ac-
tivation both in a global transcriptome analysis and in targeted RT-
qPCR experiments, the latter carried out both prior to and after infec-
tion (Lindberg et al., 2018). Thus, Nub-PB is a very potent activator of
both immune- and stress-related gene expression. Additionally, over-
expression of Nub-PB in gut enterocytes mimicked infection-induced
pro-inflammatory responses, accompanied by a disorganized gut cel-
lular epithelium arrangement, increased apoptotic and mitotic activ-
ities, and induction of down-stream stress signaling pathways (Lindberg
et al., 2018).

Based on these studies it was hypothesized that the activator, Nub-
PB, and the repressor, Nub-PD, act together to form a molecular rheo-
stat, which controls the same immune target genes in an antagonistic
manner, thereby maintaining immune homeostasis (Lindberg et al.,
2018). Thus, the well-balanced expression levels of Nub isoforms seem
to play a crucial role in immunocompetent tissues to retain immune
homeostasis prior to infection and to regain immune homeostasis after
an infection has been eradicated.

3.3. The role of POU proteins in control of host-microbe interaction in the
gut

The Drosophila gut manifests a major function in food digestion and
nutrient absorption, and also harbors a large number of commensal
microbes. Early studies of the microbial gut flora, based on culture or
cloning strategies, identified a low number of species and a narrow
taxonomic diversity. Despite this, it was clear that the microbes have a
broad impact on host physiological traits (reviewed in (Broderick and
Lemaitre, 2012)). A fundamental question in the field of host-microbe
interaction in the gut is how the host gut epithelium discriminates the
potentially pathogenic bacteria and innocuous commensal flora. Given
the fact that pathogenic bacteria and commensal flora exhibit different
abilities to activate AMP gene expression, reactive oxygen species
(ROS) generation, and intestinal stem cell (ISC) activities (reviewed in
(Buchon et al., 2013)), the host genotype has been considered as one of
the potential cues that influence gut microbial community. Thus,
transcriptional regulation of immune gene expression, mediated by
transcription factor families in the gut epithelium has gained a large
interest in studying local host-microbe interaction both prior to and
after infection.

As describe above, the POU transcription factor Nub regulates AMP
gene expression in the gut epithelium in an isoform-specific manner. In
nub1 mutants, which specifically lack the repressive Nub-PD isoform but
still expresses the activating form Nub-PB, transcriptional de-repression
of AMP genes reduced the number of colony forming units (CFU) of
cultivatable bacteria in the selected growth medium (Dantoft et al.,
2013), suggesting that AMP expression led to a decrease in the growth
rate of the microbial flora. However, deep bacterial 16S rDNA se-
quencing of the gut flora revealed that both the bacterial load and the
taxonomic composition of gut bacteria was instead significantly

increased in the nub1 fly strain compared to control flies (Dantoft et al.,
2016). Importantly, the nub1 mutant had a very reduced life span,
which appeared to be more linked to the bacterial load than to the
immune gene activation, as rearing the flies in the presence of anti-
biotics prolonged life-span by more than 100%, while immune gene
expression continued to be high in the presence of antibiotics. Many
studies have shown that the fly gut is dominated by Acetobacter spp and
Lactobacillus spp, especially in laboratory conditions (Adair et al., 2018;
Broderick and Lemaitre, 2012; Staubach et al., 2013). This was also the
case for the control flies in the study by Dantoft et al. (2016), although
the microbial diversity as a whole was larger in the control flies than in
many earlier studies, with typically 150 to 200 operational taxonomic
units (OTUs) in each replicate. This difference most likely reflects the
use of a deep sequencing strategy, as supported by other recent reports
(Mistry et al., 2017; Wong et al., 2015). The comparative analysis of
taxonomic bacterial distribution between Nub-PD mutant (nub1) and
control fly guts revealed that the microbial composition in nub1 flies
shifted during adult life, with an increase in many “new” Acetobacter
spp, in several Leuconostoc spp, and other bacterial species that were
not present in the control fly guts. This strongly indicates that host
genotype and the ratio of Nub isoforms is important in controlling the
composition of the gut microbial flora (Dantoft et al., 2016).

A recent study has shown that the expression level of Nub-PB in
enterocytes (ECs), the major cell type in the gut epithelium, is nega-
tively correlated with commensal bacterial load and host lifespan
(Lindberg et al., 2018). Depletion of Nub-PB by RNAi in ECs increased
the concentration of bacterial 16S rDNA in the gut and prolonged host
longevity, indicating that higher bacterial loads in this genetic back-
ground is beneficial. It may be worth mentioning, that Nub-PB-depleted
flies in the study by Lindberg et al. (2018) had low levels of immune
gene activation and that this may be beneficial, at least in the short
perspective. In line with this, overexpression of Nub-PB in ECs led to a
decline in the number of gut bacteria and in fact shortened host life-
span, suggesting a negative effect on beneficial microbes by upregula-
tion of AMPs and other immune effectors in the gut (Lindberg et al.,
2018). In addition to these effects on the commensal flora, Nub-PB
expression seemed to confer host resistance to pathogenic bacterial
infection. Overexpression of Nub-PB promoted high expression levels of
AMP genes and enhanced clearance of Erwinia carotovora carotovara 15
(Ecc15) infection, while Nub-PB depletion caused low levels of AMP
gene expression and reduced Ecc15 clearance (Lindberg et al., 2018).
Thus, Nub-PB-mediated activation of AMP genes is associated with
pathogenic bacterial clearance capacity after infection (Lindberg et al.,
2018).

It may seem somewhat contradictory that the de-repressed AMP
expression levels in the Nub-PD mutant (nub1) fly gut correlates with
increased bacterial growth, as described above and in Dantoft et al.
(2016). A possible explanation is that in the nub1 mutant flies, which
lacks the repressing Nub-PD form, the constantly over-active immune
effector repertoire causes a selective pressure, driving the microbial gut
flora to a composition of bacterial species that are resistant to the ac-
tivity of AMPs and other immune effectors. The fact that nub1 guts had a
significantly shifted bacterial community and a short life span corre-
lates with such a model. This may resemble the growth of antibiotic-
resistant bacteria, which will escape further antibiotic treatment and
grow in an uncontrolled fashion. Another possibility is that the strongly
activated immune gene expression in the nub1 mutant gut promotes
inflammatory responses including aberrant ROS generation, which as a
result leads to a shift in the microbial gut flora community. Taken to-
gether, the distinct host genotypes created by different expression levels
of Nub transcription factor isoforms shows that host genotype has a
strong effect on the growth and composition of both commensal and
pathogenic microbes, and contributes to both host tolerance and re-
sistance to the gut microbial flora.
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3.4. Isoform-specific regulation of gut epithelium regeneration

The Drosophila intestinal immune responses consist of two major
processes: regulation of AMP gene expression and generation of ROS.
Excessive production of AMPs and ROS causes gut epithelium damage
and trigger epithelium renewal mechanisms for tissue repair (Buchon
et al., 2013). The multipotent ISCs located at the basal side of the adult
midgut epithelium undergo both symmetric and asymmetric cell divi-
sion to ensure both self-renewal and generation of differentiated cells
that replace damaged or dying ECs. Both intrinsic and extrinsic signals
are capable of triggering ISC activities for proper proliferation and
differentiation (reviewed in (Jiang et al., 2016)). Notably, a series of
well-characterized genetic markers for labeling Drosophila intestinal
progenitor cells (ISC + enteroblasts (EBs)) and differentiated cells
(ECs + enteroendocrine cells) enable studies of the mechanisms un-
derlying how transcription factors regulate ISC activities to maintain
gut epithelium homeostasis. The POU transcription factor Nub is highly
expressed in differentiated ECs and has been utilized as a maker for
mature ECs (Dantoft et al., 2013; Lee et al., 2009). However, the pu-
tative roles of Nub isoforms in regulation of ISC activities and of gut
epithelium regeneration have only recently been investigated.

A recent report has shown that both Nub-PB and Nub-PD are highly
expressed in differentiated ECs, using two independent promoter-spe-
cific report lines (Tang et al., 2018). Strikingly, these two Nub protein
isoforms are also expressed in some EBs and regulate ISC proliferation
in an antagonistic manner (Fig. 3). Depletion of Nub-PB in gut pro-
genitor cells caused ISC hyperproliferation and loss of EB differentia-
tion, at least in part by direct or indirect repression of escargot (esg)
encoding a snail family transcription factor (Korzelius et al., 2014; Tang
et al., 2018). In contrast, enforcement of Nub-PB expression in gut
progenitor cells blocks ISC proliferation and promotes rapid EC differ-
entiation (Tang et al., 2018). Thus, Nub-PB seems to repress ISC pro-
liferation and simultaneously drive EB differentiation. On the contrary,
loss of Nub-PD decreased ISC proliferation rate both prior to and after
Ecc15 infection. Thus, Nub-PD is required for ISC proliferation and
maintenance in the contexts of both basal and immune-challenged
conditions. Surprisingly, concomitant loss of Nub-PB and Nub-PD have
no obvious effect on ISC proliferation and maintains normal epithelium
regeneration (Tang et al., 2018). A likely explanation for this result can
be redundant activity by the paralogous gene pdm2 (Table 1). Such
redundant activity between nub and pdm2 has been deciphered in
regulation of Drosophila embryonic neuroblast proliferation and cell
fate specification (Bhat et al., 1995).

4. Isoform-specific activities of mammalian POU factors

The isoform-specific regulation of Drosophila ISC activities by Nub
protein isoforms is in fact reminiscent of similar roles of mammalian
POU protein variants, derived by alternative splicing, in regulation of
embryonic stem cell (ESC) activities. The mouse Oct2 and human
OCT4/POU5F1 have been shown to produce several isoforms that have
different roles in regulating ESC functions. The Oct2 isoforms control
mouse embryonic neuronal differentiation in opposite manners, as the
short Oct-2.4 blocks neuronal differentiation, while the long Oct-2.2
activates the same (Theodorou et al., 2009). The OCT4 variants OCT4A
and OCT4B share the same DNA binding domain but exhibit different
abilities to control human ESCs self-renewal. The large OCT4A variant
is specifically expressed in ESCs and is required for maintaining ESC
pluripotency, while the short OCT4B variant is expressed in both
pluripotent and somatic cells, and is unable in retaining ESCs in an
undifferentiated, pluripotent state (Atlasi et al., 2008; Lee et al., 2006).
In addition, the human OCT1/POU2F1 gene also generates several
protein isoforms in human cell lines with different expression levels and
with different capacity of regulating cell proliferation (Pankratova
et al., 2016). Oct1 and Oct4 both target the same and different sets of
genes in ESCs and their daughter cells for programming early devel-
opmental fate specification (Shen et al., 2017). Thus, POU protein
isoform-specific regulatory mechanisms involved in stem cell identity
seem to be prevalent in both Drosophila and mammals, possibly in-
dicating the existence of an evolutionarily relationship, or of repeated
evolvement of such regulatory modules.

5. Perspectives

A recent study showed that POU/Oct transcription factor DNA
binding specificity is highly conserved between mammals and
Drosophila (Nitta et al., 2015). This suggests that the POU/Oct tran-
scription factor family may share evolutionarily conserved regulatory
mechanisms between insects and mammals. In fact, the Octamer con-
sensus sequence was initially identified in the regulatory regions of
immunoglobulin genes, and mammalian POU/Oct factors have been
shown to regulate immune-modulatory targets like immunoglobulin
genes, cytokines and pro-inflammatory mediators. In addition, POU/
Oct factors have been identified as core transcription factors in reg-
ulatory complexes that participate in both maintaining and inducing
stem cell pluripotency, and programming of stem cell lineages (re-
viewed in (Malik et al., 2018; Tantin, 2013)). The roles of POU/Oct
factors in regulating both immune gene expression and stem cell ac-
tivities in Drosophila described in this review (Fig. 3), and their similar
roles in mammals support the notion that such a dual mode of

Fig. 3. Overview of the functions of Drosophila POU/Oct
transcription factors in immune and tissue homeostasis.
Well-tuned expression and activity of Nub isoforms are re-
quired to maintain immune homeostasis and intestinal epi-
thelium regeneration. For normal gut epithelium regenera-
tion, Nub-PB specifically acts in EBs to repress ISC
proliferation, and drives EB differentiation into mature ECs.
Simultaneously, Nub-PD represses Nub-PB activity to ensure
proper ISC proliferation and ISC maintenance. In the case of
immune homeostasis, Nub-PB acts as an activator, while
Nub-PD serves as a repressor of the same immune genes to
balance immune reactions. In basal, tissue-specific AMP
expression, Dfr is required for constitutive CecA1 expression
in the male ejaculatory duct (ej.duct). ISC: intestinal stem
cell; EB: enteroblast; EC: enterocyte; AMPs: antimicrobial
peptides.
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regulation might be evolutionarily ancient. This also raises the inter-
esting question whether there is a functional link between POU/Oct
regulation of immune responses and stem cell activities, i.e. between
immune and tissue homeostasis? This seems rather likely, as the rate of
ISC proliferation and maturation is increased upon infection and in-
flammation both in flies and in mammals. This is especially intriguing
as the antagonistic action of Drosophila POU/Oct isoforms appears to be
involved in tuning both the strength of immune responses and of the
dynamic processes leading to epithelium re-generation. This further
relates to that tissue inflammation is a risk factor for tumorigenesis in
humans, and that mutations in human genes for POU/Oct factors have
been linked to development of many types of cancer (Vazquez-Arreguin
and Tantin, 2016).

Although transcriptional regulation of Drosophila immunity has
been studied for long, the regulation of immune gene expression by
POU factors has only recently become evident. One may ask why the
POU factors/genes were not identified in the numerous transcriptional
profiling and genetic screens carried out on Drosophila immune re-
sponses? One fact is that the POU factors are prominent regulators of
developmental processes, and mutations in these genes are usually
embryo lethal. This is in contrast with the NF-κB/Rel factors Relish and
Dif, for which the corresponding mutants are viable and thereby prone
to genetic analysis in a simple manner. Another reason can be that most
transcription factors are not prominently upregulated upon infection,
again with Relish as an exception, as the regulators should be present
already at the time of infection to control their target genes. Thus,
transcriptional profiling would often not identity transcription factors
as differentially expressed genes upon infection even if they are crucial
for the immune responses to occur. In addition, RNAi screens have
typically been carried out so that the interfering dsRNA is directed to
parts of the gene that are in common for several transcripts. As ex-
emplified by the nub gene, such RNAi will downregulate both the Nub-
PB activator and the Nub-PD repressor isoforms equally, and the effect
on the immune target genes will be minor. It may be mentioned, that
the miti/pdm2 and pdm3 genes have a similar organization producing a
small and a large isoform (Table 1). This shows that it is not completely
straightforward to identify all regulators of immune processes and we
may still lack knowledge of additional ones, which will be needed to
gain a fully comprehensive picture of immune gene regulation.

Transcriptional regulation of immune gene expression is also subject
to regulation at the chromatin level, involving chromatin modeling
complexes and histone modifications. There have been surprisingly few
studies on chromatin regulation of Drosophila immunity. However, in
both insects and mammals, members of the conserved Akirin family
links NF-κB/Rel factors with the SWI/SNF chromatin-remodeling
complex (Bonnay et al., 2014; Goto et al., 2014; Tartey and Takeuchi,
2015). Most interestingly for the scope of this review, is the finding that
in C. elegans, which lacks NF-κB/Rel transcription factors, the Akirin
homolog Akir-1, instead forms a complex with the POU transcription
factor CEH-18. Together with the NuRD and MEC chromatin re-
modeling complexes, Akir-1 and CEH-18 upregulate AMP gene ex-
pression in the nematode following fungal infection (Polanowska et al.,
2018). Future studies should shed more light on how the interaction of
DNA-binding transcription factors of the POU family with different type
of chromatin remodeling complexes may contribute to the opposite
regulatory activities of POU factor isoforms identified in Drosophila and
mammals.
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