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Abstract: The nematode Caenorhabditis elegans possesses a unique (with various isoforms) FOXO
transcription factor DAF-16, which is notorious for its role in aging and its regulation by the
insulin-PIBK-AKT pathway. In humans, five genes (including a protein-coding pseudogene)
encode for FOXO transcription factors that are targeted by the PI3K-AKT axis, such as in C. elegans.
This common regulation and highly conserved DNA-binding domain are the pillars of this family.
In this review, I will discuss the possible meaning of possessing a group of very similar proteins
and how it can generate additional functionality to more complex organisms. I frame this
discussion in relation to the much larger super family of Forkhead proteins to which they belong.
FOXO members are very often co-expressed in the same cell type. The overlap of function and
expression creates a certain redundancy that might be a safeguard against the accidental loss of
FOXO function, which could otherwise lead to disease, particularly, cancer. This is one of the
points that will be examined in this “family affair” report.
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1. Introduction

Gene duplication is one of the mechanisms that generate functional novelty in evolution. One of
the two paralogs created by genomic duplication escapes the pressure of having to maintain its
functionality (which is covered by its sibling paralog) and can therefore evolve and diversify toward
a new functionality. This concept was initially formulated by Ohno in 1970 [1,2], is largely accepted
and has been shown to be a fundamental mechanism for the generation of gene and functional
diversity. Progress in sequencing has allowed the evolutionary outcome of duplication to be
examined in more detail. Emerging contradictions have helped to reveal the difficulties inherent in
understanding the evolutionary forces involved [3].

It would be intuitive to think that the degree to which the two paralogs differ will determine the
degree of novelty of the new functionality and that the more important the variations are, the more
functional novelty will be created. However, it could be that the creation of functional novelty is
dependent on the fact that paralogs remain very similar and this because of the peculiar mode of
action of the gene product involved in duplication. This assumption, which, at first may sound
paradoxical, may be one of the reasons for the existence, in a given genome, of gene families that
encode for very similar proteins. The FOXO family of transcription factors that is present in humans
is one such family. In this review, I will discuss the functional implications of the existence of a
restricted family of very similar proteins like the FOXOs, but also part of a more extended family of
related FOX factors that most probably evolved from a common ancestor.

Cells 2020, 9, 787; d0i:10.3390/cells9030787 www.mdpi.com/journal/cells



Cells 2020, 9, 787 2 of 20

2. FOX Super Family

Figure 1 shows a schematic representation of the 19 families (FOXA-FOXS) that make up the
FOX super family [4,5]. Each family is composed of 1 to 5 members, and, with a total of about 50
proteins in humans, the FOX super family is the fourth largest transcription factor super family after
the homeodomain, bHLH and bZIP families [6]. All FOX members share their very similar forkhead
DNA-binding domains, named after the forkhead phenotype that was observed in Drosophila and
caused by the mutation in one of the precursors of this family [7]. This domain is about 100
amino-acids long and is also called “winged helix” because of the structure it adopts (three
alpha-helices, three beta sheets, the last of which is flanked by two loops or wings) [8,9].

Subfamilies are characterized by additional similarities in the forkhead domain but mainly
outside of the forkhead domain [10].
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Figure 1. A schematic representation of the human FOX family of transcription factors. The members
involved in genetic diseases and cancer are indicated. The arrangement of the families is

independent from functional or evolution considerations.

FOX members belong to the functional group of transcription factors that are able to bind DNA
in a sequence-specific way, on promoters and enhancers, to regulate gene expression. The standard
view of a transcription factor binding to a specific DNA sequence and, via this process, recruiting
co-factors to influence transcription is by no way wrong, but it represents only part of how
transcription factors actually work. Recent studies that used new genome-wide technologies have
enlarged our view about sequence-specific DNA recognition in the context of chromatin and about
additional mechanisms involved [6,11,12].

FOX proteins participate in the most diverse range of biological functions [10,13-15] and are
often found to be involved in human diseases, making their study even more interesting. A number
of families whose members are responsible for genetic diseases or cancers in humans are indicated in
Figure 1. FOXO genes are rearranged in various cancers [16,17]; FOXA1 is mutated in prostate and
breast tumors [18-21], while FOXM1 has been shown to be a potent outcome predictor in various
cancer types [22].

3. FOXO Family

In humans, five genes encode for FOXO transcription factors: FOXO1, FOX03, FOXO3B,
FOX0O4 and FOXO6. These are all regular genes, with the exception of the pseudogene FOXO3B,
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which has recently been shown to encode for a functional protein as well [23]. Bioinformatic
analyses of DNA sequences have suggested that vertebrate FOXO genes originate from successive
gene duplications [24]: the first leading to the FOX0O3/6 and FOXO1/4 lineages, and two additional
duplications leading to the four current genes. Figure 2A also shows the most important common
features in the human paralogs, C. elegans DAF-16 and the Drosophila dFOXO proteins. Besides the
very structured forkhead domain, most of FOXOs consist of intrinsically disordered regions [25].
These regions are characterized by an elevated functional versatility that is caused by a capacity to
adopt different conformations and therefore interact with a number of different proteins [26,27]. One
important interactor for FOXOs is the AKT Ser/Thr kinase [28-31]. The negative regulation of FOXO
nuclear function by the INS/PI3K/AKT pathway is a hallmark of the FOXO family. Three AKT
phosphorylation sites are highly conserved in evolution and are found in all six of the proteins
represented in Figure 2A, with the exception of one phosphorylation site missing in FOXO6. The
AKT phosphorylation site that is closest to the N-terminus lies in a short conserved region that is
found in all of the proteins, the middle AKT site lies at the C-terminal extremity of the DNA-binding
domain in a conserved nuclear localization signal sequence (NLS) and the third AKT site lies in a
relatively short conserved sequence that serves as a nuclear export signal that is not found in
FOXO6. Upon phosphorylation by AKT, FOXOs translocate to the cytoplasm with the exception of
FOXO6, which, in most cases, does not follow this rule, as it lacks a nuclear export signal [32]. Many
other post-translational modifications, such as non-AKT phosphorylation, acetylation,
ubiquitination, methylation and cysteine oxidation, influence the cellular localization of FOXOs, as
well as their DNA-binding, their transactivation and their binding to other proteins. These
characteristics are differently conserved in FOXOs and have often not been functionally tested in all
members.

3.1. Sequence Homology

After gene duplication, one of the paralogs is thought to mutate rapidly in order to obtain new
functionality and be maintained (if unchanged, there would not be pressure to keep it, as its loss
would not give a phenotype). This process is discussed at the end of this review. I decided to
examine the proteins one by one, at the level of amino-acid identity, which is the most stringent way
to compare conservation. The table in Figure 2B shows the number of identical amino acids and the
percentage of identity (the percentage relative to each of the compared paralogs is shown to correct
for differences in length). It appears that FOXO3 and FOXO1 share the most identity in terms of
amino acid numbers (representing about 50% of their relative size). However, relative to its size, 50%
of the FOXO4 sequence is identical to those of all three of the other FOXOs. FOXO6, which is
considered to be the most divergent and quickly evolving [24] of the FOXOs, shares the most
identity with FOXO3, substantially more so than with FOXO1 and FOXO4. When comparing human
FOXOs with C. elegans and Drosophila FOXOs, we see that FOXO3 is the closest, while comparisons
between Daf16 and dFOXO reveal that they have a lower identity rate, which may partly be due to
differences in the generation numbers of the organisms. When all human FOXOs are compared
(Clustal Omega 1.2.4 alignment [33]), the numbers fall: 137 identical amino acids and 78 similar
amino acids (representation in Figure 2C). A possible explanation for this is that the FOXOs evolved
in a way that kept specific areas closer to being identical in two or three paralogs, while other
regions kept identity with the remaining paralog, so that overall identity between the four paralogs
drops to a low level. I therefore decided to align the four human FOXO protein sequences in
different manners, either using the entire protein sequences or specific parts of them. The outcome
was evaluated by using the phylogeny tree provided by (Clustal Omega 1.2.4 alignment [33]). Figure
2D shows that phylogeny is not homogeneous along the protein sequence, meaning that some
functionalities of a given FOXO are more shared with one paralog and others functionalities with
another.
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Figure 2. (A) Schematic representation of the four human FOXO members and their most important
shared features; (B) identity in terms of amino acid number and percentage (related to each protein
in the comparison) and number of similar amino acids. FOXOs are compared one to one (EMBOSS
Needle, Matrix: EBLOSUMS62, GAP penalty: 10.0, Extend penalty: 0.5 [33]). (C) Sequences that are
identical in the two most similar proteins, FOXO1 and FOXO3 (top), and in all four human FOXOs
(bottom) are depicted in red. (D) Phylogeny tree obtained with Clustal Omega when the indicated
segments of the four human FOXO proteins are compared (the range of amino acid indicated below
the boxes is relative to FOXO3 sequence).

In conclusion, the average identity in human FOXOs is very high (around 50% relative to the
shorter paralog). The forkhead domain is an important part of total identity, implying that average
identity is lower in the rest of the protein. Furthermore, FOXOs contain high percentages of
intrinsically disordered regions that are usually less conserved [25]. More detailed studies on
sequence comparison are required in association with protein-structure analyses and
protein-structure-based predictions of protein—protein interactions to explore these ideas. The
determination of FOXO functional similarities and divergences may be useful when developing
drugs to target FOXOs in cancer or other disease and to aid the understanding of the effect of
polymorphism found in the population. The FOXO3B protein [23], which the product of a FOXO
pseudogene, will not be treated in this review, because it is structurally quite different, with an
85-amino-acid extension at the N-terminus and a truncated non-functional forkhead domain with a
stop codon in the mid-forkhead domain. The protein is permanently located in the cytoplasm.

3.2. FOXO Function

FOXO function is often described as and considered to be a collective family function. This is
because they are often co-expressed, show co-regulation of their PMTs, have similar effects on
reporter expression in vitro and have been shown, in some instances, to have additive, redundant or
even synergistic effects in vivo. However, studies have often looked at one particular paralog,
without studying the others in the same context. Furthermore, in some cases, double or triple
conditional knockouts were compared to wild types, so that the effect of a single knockout in the
exact same context remains unknown [34,35].

FOXOs control tissue homeostasis and are particularly involved in metabolic adaptation to
nutrient intake (glucose and lipid metabolism), autophagy, protection from oxidative stress, aging,
cell growth, apoptosis and cell-differentiation (reviewed in [36—42]).
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FOXOs play a role in cancer [43], diabetes [44,45] and longevity [46,47], as well as other
disease-related processes.

If FOXOs have a lot in common, there is no doubt that they have specific function as revealed by
the difference in the outcomes of their respective knockouts in mice [48-50]. However, we must keep
in mind that the phenotype of knockout mice for a single FOXO member may be milder than
expected, because remaining FOXO family members may compensate for the missing knocked-out
member. Furthermore, the different phenotype observed among different single FOXO member
knockout may be due to the deletion of a common function shared by the FOXOs but that is
expressed differently in the organism (specific paralog expression, see below). Finally, FOXOs
regulate each other’s expression, as described below. All of these factors make it difficult to draw
simple conclusions about the precise role of one specific FOXO paralog.

Figure 3 schematically displays the different theoretical FOXO functions characterized in
relation to their uniqueness among FOXO members: common functions that are shared by all
members (left column), restricted functions shared by two or three members (central column) and
paralog-specific function when present in only one of the paralogs (right column). When at least two
FOXOs are expressed in the same cell, then the common function is then present at least twice and
can be defined as functionally redundant.

The representation in Figure 3 is an oversimplification, but it helps in the reasoning that I will
do later in the review. The notion of function in the table is relative to the protein, and it may be
difficult, if not impossible, to ever test with precision what common, restricted or specific functions
are. One could take the example of FOXO1’s role in the endothelium. The function that FOXO1
exerts in coupling metabolic activities and growth activities [51] could be classified as a specific
function because a strong phenotype is seen after the deletion of FOXO1. However, it is possible,
that another FOXO paralog could be able to rescue the absence of FOXOL1 in this experimental
setting and that the paralog-specific importance of FOXOL1 is not due to its protein characteristics but
to its expression. It is therefore difficult to give concrete examples of the different categories of
functions of the FOXOs at the moment.
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Figure 3. Possible family-related functional characteristics that could coexist in each of the paralog
proteins. The space and location dedicated to the different functions in the table are not proportional
to their importance or related to their location in the proteins.
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3.2.1. Redundancy in Cell Growth, Apoptosis and Metabolism

FOXOs have long been suspected of being tumor suppressors for two main reasons: because
they are negatively regulated by a growth-inducing pathway (the PI3K/AKT pathway often
activated in cancer) and because FOXOs have a pro-apoptotic and cell-growth inhibitory role. This
expectation was confirmed in the seminal publication by Paik et al., which showed that the
simultaneous deletion of FOXO1, FOXO3 and FOXO4 in mice gave rise to tissue-specific tumors [52].
The fact that tumors were not obtained after single or double FOXO-member knockout indicated the
redundant functions of FOXOs as tumor suppressors, a view that was indirectly confirmed by the
lack of mutations found in FOXOs in human cancer. Independent mutations in three FOXO genes,
with no positive selection in terms of growth or survival after one or two hits (no driver effect), has
very little probability to occur. On the other hand, rearrangements of FOXOs have been found:
MLL-FOXO3 in leukemia [17] and PAX3-FOXOI1 in rhabdomyosarcoma [16]. In both cases, the
fusion proteins were shown to interfere with FOXO function, and were thus able to affect several
FOXOs at once [53,54].

Another way to collectively inactivate the nuclear function of the FOXOs is by inducing the
PIBK-AKT pathway [55,56]. This pathway is very often permanently activated in cancer by
mutations that inactivate PTEN [57] or mutations that activate PI3K [58]. The pathway targets many
effector proteins besides FOXOs, so it is therefore difficult to assess the exact contribution of FOXO
in tumorigenesis. The view that FOXOs are general tumor suppressors has recently been challenged,
and a more context-dependent view of the role FOXO in cancer has emerged [43].

FOXOs also have redundant functions in glucose metabolism and, more generally, in diet
response. The simultaneous deletion of FOXO1 and FOXO3 in the liver is required to observe
hypoglycemia and hyperlipidemia in mice [59-61]. Increased autophagy and muscle mass loss has
been observed after the deletion of either the muscle insulin-receptor or IGF1-receptor, and is
rescued by the loss of FOXO1, FOXO3 and FOXO4, but not if single FOXOs are deleted [62], which
indicates a redundant role in autophagy. It has been described that FOXO1 and FOXO3 have
overlapping roles in chondrocytes [63], and in the inhibition of myoblast differentiation [64]. For
historical reasons, there has been a delay in the study of FOXO6 [65]. Furthermore, deleting FOXO6
in the cancer and metabolism models described above may prove to be interesting.

3.3. FOXO Expression

Human FOXO genes lie on different chromosomes, and therefore have autonomous expression
and expression regulation due to their individual chromatin environments, gene promoters,
enhancers and regulatory regions (regulated by miRNAs, for example) [66]. This means that, if we
consider the different functionalities indicated in Figure 3, the expression and the regulation of the
expression of the “common function” has broadened significantly. At the same time, the fact that
there are several genes allows the separation in terms of expression of functionalities that are distinct
between paralogs. This would not be possible if these were all carried by one gene (Figure 4).

FOXOs have a rather broad expression in the organism, especially FOXO1 and FOXO3, which
are often co-expressed, leading to functional redundancy for a common function.

If FOXOs have autonomous expression, as seen above, then they are not independent, because
of this. FOXOs regulate the expression of their paralogs and also their own expression [67-71]. This
is another characteristic of functional family cooperation and is certainly required for their
synchronized action as a group of proteins.
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Figure 4. Possibility to express common functions in all cell types and specific functions in diverse
cell types (left side) that would not be possible with the existence of a single FOXO gene (right side).

3.4. Mechanism of Action

Many signaling pathways regulate the subcellular localization of FOXOs. In this review, I

principally consider the role that FOXOs exert in the nucleus, but FOXOs have also been found to act
in the cytoplasm, where they regulate, for example, autophagy [72,73] and ERK activity [74]. FOXOs
were also found in the mitochondria [75-77].

The mode of action determines how similarity in a protein family is exploited functionally.

FOXO can regulate transcription in a number of ways in regard to DNA binding, as shown in Figure

5:
1.

Binding to DNA in an autonomous way. The DNA-binding capacity can be regulated by post
transcriptional modification, such as phosphorylation (reviewed in [78]) or acetylation [79,80].
Acetylation via KDMS5 interaction may have promoter-specific effects, so that not all
FOXO-dependent promoters are affected [81];

Binding to another DNA-binding protein without FOXO DNA-binding [82-86];

Pairwise binding to DNA in which the binding of FOXO to DNA is dependent on the
interaction with another protein that itself binds a nearby DNA sequence, such as for FOXO and
SMAD [87]. This mode of action establishes a certain degree of cooperation that can result in a
synergistic effect on transcription [88]. Changes in protein or DNA conformation after the first
interaction can increase the binding affinity of the second interactor so that pairwise binding
has more than an additive effect on transcription. These conformational changes may explain
why the pairwise binding mode often alters the DNA binding specificity of the transcription
factors involved [11]. Finally, the fact that two binding sites need to be nearby and at a precise
spacing creates the basis for the establishment of elevated selectivity (because the random
presence of single transcription factor binding site in the genome is relatively high). Pairing
partners could belong to the same family or subfamily. This is discussed in the DNA-binding
section below.
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Figure 5. (A) Left side: simplified view of the major different modes of action of FOXOs: 1. Direct
DNA-contact, 2. Indirect binding, through another protein making DNA-contact, 3. Pairwise
binding, with both proteins making DNA-contact. Right side: Family effect for the different mode of
action. (B) Left side: different pathways can influence activity of FOXOs whatever mode of action it
uses. Right side: possible family effects that greatly enhance the possibilities of regulation. All the
examples are arbitrary and do not reflect real situations.

Transcription factors only bind a subset of their recognition motifs that are present in the
genome. One of the reasons for this is the local chromatin structure, which may or may not permit
easy access to DNA. Accessibility is epigenetically regulated through histone modification, DNA
methylation and chromatin remodulation. Chromatin immunoprecipitation coupled with
high-throughput DNA sequencing (ChIP-seq) allows the genome-wide occupancy of a given factor
on chromatin to be determined. ChIP-seq analyses have revealed that occupancy does not
necessarily indicate the presence of high-affinity binding sites for a giving transcription factor. It is
often low-affinity binding sites that are occupied, suggesting that cooperation in binding with
additional factors is common. To make things even more complicated, the binding of a given
transcription factor on regulatory sequences does not guarantee an effect on transcription [89].

4. Family Effect

The Family effect can be exerted in two ways: (1) same cell effect, due mainly to the common
DNA-recognition specificity, among family members, that creates functional overlap. The benefit of
this effect is that a single DNA element increases its regulatory potential by being hit by more
pathways and effector proteins (Figure 5, right column). (2) A transversal effect across cell types or
tissues, which enables the extension of the repertoire of cells that express a common function while
expressing different paralog-specific functions (Figure 6). This may be one of the mechanisms by
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which more complexity in organisms is achieved by creating new functionality that is expressed in
new cell types, while common essential functions are preserved. These two families effect
mechanisms will be discussed below.

4.1. The Family Effect Enhances Functionality within a Cell

This effect is mainly caused by the DNA-recognition specificity that is shared by FOXOs family
members, but also by other FOX proteins.

The crystal and solution NMR structures of several FOX protein-DNA complexes have revealed
that the highly conserved residues of helix H3 bind the major groove of DNA and make the majority
of the base contacts. In different FOX members, wing residues can make additional specific DNA
contacts. An additional alpha-helix is present in some FOX proteins (including all FOXOs), and the
FOXOs subgroup share a common 5 amino-acid insertion that changes the length of the loop
between helix H2 and H3 [90]. These few examples of common and divergent characteristics explain
why FOX proteins can recognize similar sequences, the core being RYAAAYA (R=G/A and Y =
C/T), but show variability in recognition at the extremity of the core.

Within each subgroup, DNA-sequence recognition is very similar if not identical. Differences in
specificity can vary between subfamilies.

Besides the fact that different FOX family members can recognize very similar sequences [91],
the idea has emerged that FOX members from different family can possess shared functions, as well
as restricted function: FOXA1, FOXG1 and FOXD3 can each recognize specific sequences that are not
recognized by the other two members. Some variant DNA sequences can, however, be recognized
by two or even all three FOX proteins [92]. This concept of “individual and shared” that emerged
from this early in vitro-binding study has been confirmed by more recent ChIP-seq and functional
studies.

In muscles, FOXK1 and FOXK2 repress a set of genes involved in autophagy that overlap with
the one induced by FOXO3, so that, in starved conditions, FOXO3 is found on promoters were FOXK
was found in non-starved conditions [93]. In cardiomyocytes, FOXM1 and FOXO1 show antagonist
effects on cell growth and IGF1 expression that depend on an identical binding element [94].

In hepatocytes, 58% of DNA sites occupied by FOXOL1 are also occupied by FOXA2, with
carboxylic acids, lipids, steroids and vitamin A metabolism being shared functions, while FOXO1
has a specific function in DNA metabolism and FOXAZ2 in hepatic development [95]. A similar study
compared the chromatin binding of FOXK2, FOXO3 and FOX]3 [96] and identified several pools of
genomic regulatory fragments that were able to bind more than one of the three factors: different
pools recognized FOXK2 and FOXO3; FOXK2 and FOX]J3; FOXO3 and FOX]3; and FOXK2, FOXO3
and FOX]J3.

The mechanisms at play when several proteins regulate transcription through identical
cis-acting elements are not known with precision. The interplay of factors may follow different rules,
depending on the binding site and the proteins involved: direct competition, exclusion and partial
site occupancy, but also cooperation. A great deal must still be learned about binding kinetics,
especially in the context of chromatin. Protein-DNA association is concentration-dependent, and
when more than one factor is recognizing the sequence, the different affinities for the particular
sequence, the diverse concentrations of the factors, their capacity to adapt to the local chromatin
state and the presence of co-factors will decide the outcome. Moreover, the dissociation of the
DNA-protein complex is relevant. Dissociation was long thought to be spontaneous and
independent of concentration. However, recent data have contradicted this view. Higher
concentrations of a given transcription factor increase its own off rate, which is a so-called
“facilitated dissociation”, shown to occur with dimeric and also with monomeric DNA-binding
proteins [97,98]. The exact molecular mechanism of facilitated dissociation is not known. It would be
interesting to discover whether such induced dissociation can occur between FOXO family members
or even between FOXO and other FOX superfamily members. A partial occupancy mechanism has
been shown to occur with FOXK2, FOXO3 and FOX]3 [96]: The addition of one factor increases its
own binding without a decrease in the binding of the other. It is possible that the facilitated
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dissociation, described above, plays a role in such a mechanism: One factor is able to dissociate itself
from DNA but is less effective to dissociate the other co-expressed factor binding to the same site (or
vice versa). It would be interesting to check these possibilities.

Cooperation between two family members is another possible contribution to the family effect.
As mentioned previously, many binding sites are not accessible to transcription factors, because the
chromosomal region in which they lie in is in an unfavorable chromatin state.

The peculiar characteristics of certain transcription factors enable them to bind
DNA/nucleosomes that are located in unfavorable chromatin regions and to initiate a process of
chromatin activation. These phenomena are often linked with changes in cell-differentiation stages.
A closed chromatin state is part of a mechanism of gene silencing and needs to be relieved to permit
the expression of genes that are important for the process of differentiation itself and/or for the
function of the differentiated cell. The transcription factors that can perform these tasks have been
therefore been called pioneer factors [99].

A FOX member is one of the prototypes for pioneer factors. FOXA1 (HNEF3) is able to bind
histones and to open compacted chromatin [100].

Transcription factors that possess pioneer factor ability start the process of chromatin
remodeling, enabling further binding of transcription factors that do not have this characteristic.
This collaboration may happen between FOXA members and FOXO members. FOXA members are
essential for the embryonic initiation of hepatic differentiation, but not for the maintenance of
nucleosome organization later on. FOXOs, and in particular, FOXO1 are important in many hepatic
functions and metabolism. The abovementioned results [95], which describe the co-binding of FOXA
and FOXOY], are significant in this sense, although they were obtained in differentiated hepatocytes.
Another type of cooperation can be found between FOXD3 and FOXOA1 on the Alb promoter.
FOXD3 is expressed in ES cells and binds to the Alb enhancer, marking it for further binding and
action by FOXOA1 and FOXA2 during gastrulation [101,102]. Much must still be learned, and new
technologies will prove useful in understanding the mechanisms involved [103]. FOXOs have the
capacity to interact with chromatin and this was the subject of a review [104].

Besides the recognition of the core FOX recognition sequence by many FOX proteins, other
types of sequence recognitions have been reported within FOX proteins. I will mention some here
(Section 4.1.1), because some reports are recent and show that our knowledge about DNA-binding is
far from definitive. One of the reasons for alternative binding specificity is the pairwise mode of
binding of the FOX protein, referred to below, in Section 4.1.2. This mode could be another way in
which the “family effect” is exerted. Finally, the conservation, during evolution, of binding
specificity is addressed in the Section 4.1.3.

4.1.1. Non-Canonical Binding

FOXN1 and FOXN4 recognize the 5bp (GACGC), which is very different from the
FOX-consensus sequence [105-109]. FOXN2, FOXN3 and FOXM1 possess bi-specificity: They
recognize both the FOX core sequence and the (GACGC) sequence for FOXN3 and FOXN4 and an
inverted repeat for FOXM1 [106]. A non-canonical functional binding site has also been reported for
FOXO1 [110].

When transcription factors bind to nucleosome, their DN A-binding specificity can change. This
has been shown for the pioneer factor FOXA1 [103].

4.1.2. Pairwise Binding

Fox proteins bind DNA as monomers, unlike the b-ZIP or the bHLH transcription factors that
require homo- or hetero-dimerization to function. However, site selection experiments have shown
evidence of a dimeric mode of binding, even for proteins acting as monomers [111], including FOX
family members [106,112]. These experiments performed with a high concentration of purified and
tagged proteins could carry artifacts, but the very precise spacing and orientation of the binding
sequences selected (overlapping and inverted for FOXM) support the fact that very ordered
complexes are formed and might be functional. A decisive recent publication supports this view:
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Functional DNA-mediated FOXA1 homodimer formation was identified on a palindromic DNA
element in the context of chromatin [113].

Do other FOX form DNA-mediated homodimers or even FOX hetero-dimers? Some evidence
that these kinds of interactions exist come from proteomic analysis, using affinity selection and mass
spectrometry [114]. Furthermore, synergy has been shown to occur between FOXOs [59], although
the mechanism is unknown.

4.1.3. Conservation of DNA-Binding Specificity during Evolution

During evolution, the conservation of binding specificity is very strong, and C. elegans DAF-16
and mouse FOXOs give identical core binding sequence (TTGTTTAC) [115]. More generally, Nitta et
al. [116] have compared the binding specificity of over 200 TF in Drosophila, mice and humans. They
found remarkable conservation between orthologs (over 600 million years), and changes were often
linked to the appearance of new functions in new cell types that were not found in Drosophila.
Remarkably, human FOXO3 can functionally substitute DAF16 in C. elegans, although only partially
[117]. The conservation of binding specificity of the DNA binding domain contrasts the poor
conservation of their targets, namely the motifs to which they bind in promoters and enhancers of
target genes [6] and the poor conservation of the protein sequences outside of the DN A-binding
domain which serve as a functional regulator of it. It is intuitive to think that it is easier to create new
functionality during evolution by moving small DNA motifs around in the genome or by modifying
the regulatory sequences of a DNA binding domain, rather than by changing the DNA-binding
domain, which is a quite complex structure, of around 100 amino-acids, that is required for specific
DNA-recognition. In addition, and this is one of the topics of this review, the conservation of
DNA-recognition specificity in a group of proteins can have functional advantages.

4.2. The Family Effect Facilitates the Creation of Functionality in New Cell Types during Evolution

The principle is shown in Figure 6. For simplification, I use the following theoretical example:
FOXO is regulating a fundamental process that is common to many cell types and is symbolized
here by Function F. If one FOXO gene is present in the genome, there will be two possible kinds of
cells (I use the term “kind”, because one kind could include a number of different cell types), in
regard to Function F: kind 1, which is negative for it, and kind 2, which expresses it. If two FOXO
genes (both with Function F) are present, then we will have four situations, as shown in Figure 6,
with the number of cell kinds (that can include different cell types) expressing Function F rising from
one (with one FOXO gene) to three (with two FOXO genes). When the FOXO gene number rises to
three or four, then the number of cell kinds that are positive for Function F rises to 7 and 11,
respectively.

ceikin: (1) 2O @D CAHGSHEED 7HED

Number of i - FOXOA ‘
FOXO genes _ ' FOXOA
inthe E FOXOA | FOXOB FOXOB
genome = | FOXOA FOXOA | FOXOB | FOxo
i Foxon Foxos EGXBR Foxoc (0% OGP BRQ
Function F: - + + b + + + +
Redundancy: = - - + - + + T

Figure 6. Increase in FOXO gene numbers increases the number of cell kinds (that can include several
cell types) that express Function F and the number of cell kinds redundant for it.

Figure 6 also provides somewhat of an idea of the timely expansion of new cell kinds (or the cell
types within).

More complex organisms mean more specialized tissues and organs with many more cell types
being required. In our example, the broadening of the expression of Function F, due to increase in
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FOXO genes (each having individual chromosome localizations, gene promoters, enhancers and
additional regulatory regions), enables and participates in the creation of new cell types. In Figure 6,
we see that having three FOXO genes, creates seven different situations with Function F expression.
With seven situations of expression (compared to one with one gene), there are many more chances
for Function F expression to adapt and coevolve with the change in global expression pattern
required for the establishment of new cell type phenotypes in more complex organisms.

Furthermore, apart from Function F that remains, new functions can be added or lost on the
different FOXO paralog genes. An example of this is the evolutionary acquisition of functional
cysteines [118]. These new gene functions (paralog-specific) can actively participate in the creation of
new cell types, while the common function remains. We have already seen, in Figure 3, the
advantage of having specific functions spread on several genes. Another consequence of having two
or more FOXO genes (as in Figure 6), with both common and paralog-specific functional parts, is
that some cell kinds will be redundant for Function F. With two FOXO genes, one cell kind (number
4) will be redundant for Function F. With three FOXO genes, four cell kinds (numbers 4, 6, 7 and 8)
will be redundant for Function F. Redundancy is discussed later, in the evolution section.

5. Back to C. elegans

I started this review with a comparison between the five genes present in humans and the
single FOXO ortolog DAF-16 gene in C. elegans, which is famous for being required for lifespan
extension in insulin receptor (DAF2) mutants [119-121]. More recent studies have proven that the
newest discovered isoform d/f of the DAF16 protein can cooperate and synergize [122] with the
older identified isoform a [117] in influencing lifespan. This very much resembles what I have
described, herein, for the human proteins, although the precise mechanisms are still unknown.

Isoform d/f [122] is expressed from a different promoter. It possesses a different N-terminus
responsible for its different nucleo-cytoplasmic distribution compared to isoform a (due to
differential phosphorylation by AKT1 and AKT2). The cooperation between the two DAF16
isoforms in life-span extension is dependent on both the different expression pattern and the
different sensitivity levels displayed by the two isoforms toward AKT kinases [122]. The remarkable
structural and functional conservation of the Insulin receptor-FOXO pathway, between human and
C. elegans, was confirmed by the finding that, in humans, like in C. elegans and Drosophila, FOXO
might be involved in age regulation. An FOXO3 genetic variant correlated with increased longevity
in humans [123,124]. The analogy between cooperation of splicing variants of FOXO in C. elegans and
gene variants of FOXO in humans is striking and may deserve more attention. Could it be that
besides an impressive conservation in function and structure, the FOXOs from humans and DAF-16
from C. elegans also share the functional family effect described herein?

6. Evolutionary Considerations

As discussed above, FOXOs are partly redundant in their function, with many of the
characteristics of this redundancy still to be defined.

Maintenance of genetic redundancy is not rare, and for some genes, it has been shown to extend
over a period of billions of years of natural selection [125]. However, the mechanisms of this
maintenance are difficult to explain, as its loss would, in theory, not show a phenotype.

After gene duplication, one of the two genes retains the initial function, meaning that there is no
immediate selective pressure on the second one to be kept. Preservation theories include rapid
mutations leading to new functions and changes in expression, so that gene dosage renders the
expression of the two paralogs necessary [126]. It is also possible that excess initial expression, or
differential expression due to newly acquired cis-acting regulatory sequences in the new paralog,
initially represents a selective advantage so that both genes are maintained.

Once the paralog is established in its new function, what are the forces maintaining
redundancy? Redundancy is expected to be transparent to selection pressure, and therefore, it is not
maintained. The FOXOs are interesting in this regard and highlight the fact that the question of
genetic redundancy should be addressed one gene or protein at a time, because the reasons for it and
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advantages that it represents are very much linked to the function and mechanism of action of the
individual protein.

One of the theories developed to explain genetic redundancy could be applied to the FOXO
family: the piggyback model [125], which refers to older theoretical work [127]. In this model, the
redundant function overlaps (structurally in the protein) with the specific function. Germline
mutations that alter the redundant function (no phenotype) would also affect the non-redundant
function and therefore affect the phenotype. Natural selection would not permit such mutations and
the common function would therefore be preserved. I have assumed that each FOXO contains a
functional part that is shared with other paralogs and a part that is specific to itself (Figure 3). It is
possible that these two kinds of functions are dependent on common parts of the protein and cannot
be separated physically one from the other. They would therefore depend on each other for their
preservation. This model is satisfactory for unicellular organisms or multicellular organisms in
which the paralogs that are responsible for redundancy are always expressed together and never
individually.

For multicellular organisms an additional mechanism applies. As seen in Figure 6, some cell
kinds express only one of the FOXOs. Therefore, the germline loss of common function of this
precise FOXO would have a negative effect for this cell kind and be selected against. It is the
expression of the paralog as only paralog in some cells that actively selects for redundancy
maintenance, and it is the need for the expression of several paralogs (due to the need for several
paralog-specific function) in the same cell that makes redundancy revealed. It is therefore the
alternation between single and multiple FOXO paralog expression that retains redundancy in
association with a piggyback mechanism. This alternation, if occurring, during development would
have an even greater selective effect.

Concerning the tumor-suppressive role of FOXOs, an audacious idea comes to mind when
associating Figure 6 with the tumors that are obtained only if three FOXOs were simultaneously
deleted [52]: deleting FOXOA, B and C would give tumors that originate from cells that express
FOXO A, B and C, because other cells that only express one FOXO would have kept or enriched their
tumor suppressive potential by other mechanism during evolution (and therefore single FOXO
deletion would not give tumors). On the other hand, cells that are well covered by
tumor-suppressive activity, because they express several FOXOs, would be subject to tumors (and in
a cell specific way) after experimentally deleting three FOXOs (as observed in [52], an event that has
almost no chance of occurring naturally.

The points discussed above weaken the theory that the establishment of redundancy, by
co-expressing several FOXOs with a common function, was selected during evolution, to protect the
organism from somatic mutations in the FOXO genes. It rather strengthens the possibility that
redundancy is the result of other selective needs and is a by-product of it.

More experimental data are required to answer some questions about the entangled
functionality of FOXO paralog proteins, and new technologies will greatly help to resolve these
questions in the future [128].

The fate of duplication has been tested in models, such as yeast [129-131], and progress to
understand the forces of billions of years of natural selection induces stimulating debate [132].

7. Conclusions

Although FOX proteins members, and even more, FOXO family members within their
subfamily, have acquired new functions compared to their paralogs over the course of evolution,
they have kept strong relations that enable mechanisms of collaboration, interference, exclusion and
redundancy that enhance functionality and regulation potential. Most of these effects are conveyed
through the common forkhead domain, exploiting in the paralogs the coexistence of shared and
restricted DNA-binding recognition, and the coexistence of both similar and different activity
regulation. The existence of several FOXO genes provides the possibility of the extended expression
of their common functions and the segregated expression of the paralog-specific functionalities that
would otherwise be expressed together if present on a single gene (under the condition that this
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would be possible at all). The FOXOs may represent an excellent model for the study of the
maintenance of functional redundancy in evolution, a phenomenon that is not easy to explain,
because of an apparent lack of selection for it. One possible mechanism is that the common function
is preserved on paralogs (at least two to have redundancy) during evolution because required in
cells where one FOXO is expressed. When now two or more FOXOs are expressed (because of the
need for several paralog-specific functions), the redundancy is created. What are the common
functions shared by FOXOs? Regulation of cell growth and apoptosis, protection from particular
stresses, and cell metabolism regulation perhaps all of these ultimately influence the aging process.

For the moment, too little is known about specific and common functions within the FOXO
family. Paralogs are mostly studied individually. For example, precise protein expression and
localization information, as well as the sensitivity to diverse post-translational modifications is
rarely studied for all the paralogs in an identical given situation. Functional comparisons between
paralogs coupled with sequence comparisons might provide a tool that can address mechanistic
questions but also understand the forces that molded, through evolution, the FOXOs as we know
them now.

Acknowledgments: I specially thank one of the reviewers. His comments have helped to improve this
manuscript.

Conflicts of Interest: The author declare no conflict of interest.

References

1. Ohno, S. Evolution by gene duplication; Springer, Berlin, Heidelberg, 1970; p. 160.

Ohno, S. Gene duplication and the uniqueness of vertebrate genomes circa 1970-1999. Semin. Cell Dewv.
Biol. 1999, 10, 517-522.

3. Koonin, E.V. Orthologs, paralogs, and evolutionary genomics. Annu. Rev. Genet. 2005, 39, 309-338.

4. Jackson, B.C.; Carpenter, C.; Nebert, D.W.; Vasiliou, V. Update of human and mouse forkhead box (FOX)
gene families. Hum. Genomics 2010, 4, 345-352.

5. Kaestner, K.H.; Knochel, W.; Martinez, D.E. Unified nomenclature for the winged helix/forkhead
transcription factors. Genes Dev. 2000, 14, 142-146.

6. Lambert, S.A; Jolma, A.; Campitelli, L.F.; Das, P.K; Yin, Y.; Albu, M.; Chen, X,; Taipale, J.; Hughes, T.R.;
Weirauch, M.T. The Human Transcription Factors. Cell 2018, 172, 650-665.

7. Weigel, D,; Jiirgens, G.; Kiittner, F.; Seifert, E.; Jickle, H. The homeotic gene fork head encodes a nuclear
protein and is expressed in the terminal regions of the Drosophila embryo. Cell 1989, 57, 645-658.

8. Clark, KL, Halay, E.D., Lai, E; Burley, SK. Co-crystal structure of the HNF-3/fork head
DNA-recognition motif resembles histone H5. Nature 1993, 364, 412-420.

9. Gajiwala, K.S.; Burley, S.K. Winged helix proteins. Curr. Opin. Struct. Biol. 2000, 10, 110-116.

10. Lam, E.W.; Brosens, J.J.; Gomes, A.R.; Koo, C.Y. Forkhead box proteins: tuning forks for transcriptional
harmony. Nat. Rev. Cancer 2013, 13, 482-495.

11. Jolma, A, Yin, Y.; Nitta, K.R.; Dave, K.; Popov, A.; Taipale, M.; Enge, M.; Kivioja, T.; Morgunova, E,;
Taipale, J. DNA-dependent formation of transcription factor pairs alters their binding specificity. Nature
2015, 527, 384-388.

12. Spitz, F.; Furlong, E.E. Transcription factors: From enhancer binding to developmental control. Nat. Rev.
Genet. 2012, 13, 613-626.

13. Benayoun, B.A.; Caburet, S.; Veitia, R.A. Forkhead transcription factors: Key players in health and
disease. Trends Genet. 2011, 27, 224-232.

14. Golson, M.L.; Kaestner, K.H. Fox transcription factors: from development to disease. Development 2016,
143, 4558-4570.

15. Katoh, M.; Igarashi, M.; Fukuda, H.; Nakagama, H.; Katoh, M. Cancer genetics and genomics of human
FOX family genes. Cancer Lett. 2013, 328, 198-206.

16. Galili, N.; Davis, R.J.; Fredericks, W.]J.; Mukhopadhyay, S.; Rauscher, F.].3rd.; Emanuel, B.S.; Rovera, G.;
Barr, F.G. Fusion of a fork head domain gene to PAX3 in the solid tumour alveolar rhabdomyosarcoma.
Nat. Genet. 1993, 5, 230-235.

17.  Corral, J.; Forster, A.; Thompson, S.; Lampert, F.; Kaneko, Y.; Slater, R.; Kroes, W.G.; van der Schoot, C.E.;
Ludwig, W.D.; Karpas, A.; et al. Acute leukemias of different lineages have similar MLL gene fusions



Cells 2020, 9, 787 15 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

encoding related chimeric proteins resulting from chromosomal translocation. Proc. Natl. Acad. Sci. USA
1993, 90, 8538-8542.

Barbieri, C.E.; Baca, S.C.; Lawrence, M.S.; Demichelis, F.; Blattner, M.; Theurillat, J.P.; White, T.A,;
Stojanov, P.; Van Allen, E.; Stransky, N.; et al. Exome sequencing identifies recurrent SPOP, FOXA1 and
MED12 mutations in prostate cancer. Nat. Genet. 2012, 44, 685-689.

Grasso, C.S.; Wu, Y.M,; Robinson, D.R.; Cao, X.; Dhanasekaran, S.M.; Khan, A.P.; Quist, M.].; Jing, X,;
Lonigro, R.J.; Brenner, J.C.; et al. The mutational landscape of lethal castration-resistant prostate cancer.
Nature 2012, 487, 239-243.

Koboldt, D.C.; Fulton, R.S.; McLellan, M.D.; Schmidt, H.; Kalicki-Veizer, J.; McMichael, J.F.; Fulton, L.L.;
Dooling, D.J.; Ding, L.; Mardis, E.R.; et al. Comprehensive molecular portraits of human breast tumours.
Nature 2012, 490, 61-70.

Adams, EJ.; Karthaus, W.R,; Hoover, E.; Liu, D.; Gruet, A.; Zhang, Z; Cho, H. DilLoreto, R;
Chhangawala, S.; Liu, Y.; et al. FOXA1 mutations alter pioneering activity, differentiation and prostate
cancer phenotypes. Nature 2019, 571, 408-412.

Gentles, A.].; Newman, A.M,; Liu, C.L.; Bratman, S.V.; Feng, W.; Kim, D.; Nair, V.S.; Xu, Y.; Khuong, A,;
Hoang, C.D.; et al. The prognostic landscape of genes and infiltrating immune cells across human
cancers. Nat. Med. 2015, 21, 938-945.

Santo, E.E.; Paik, J. A splice junction-targeted CRISPR approach (spJCRISPR) reveals human FOXO3B to
be a protein-coding gene. Gene 2018, 673, 95-101.

Wang, M.; Zhang, X.; Zhao, H.; Wang, Q.; Pan, Y. FoxO gene family evolution in vertebrates. BMC Evol.
Biol. 2009, 9, 222.

Wang, F.; Marshall, C.B.; Ikura, M. Forkhead followed by disordered tail: The intrinsically disordered
regions of FOXO3a. Intrinsically Disord. Proteins 2015, 3, €1056906.

Tompa, P. Intrinsically disordered proteins: A 10-year recap. Trends Biochem. Sci. 2012, 37, 509-516.
Wright, P.E.; Dyson, H.J. Intrinsically disordered proteins in cellular signalling and regulation. Nat. Rev.
Mol. Cell Biol. 2015, 16, 18-29.

Brunet, A.; Bonni, A.; Zigmond, M.].; Lin, M.Z,; Juo, P.; Hu, L.S.; Anderson, M.].; Arden, K.C.; Blenis, ],
Greenberg, M.E. Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription
factor. Cell 1999, 96, 857-868.

Kops, G.J.; de Ruiter, N.D.; De Vries-Smits, A.M.; Powell, D.R.; Bos, ]J.L.; Burgering, B.M. Direct control of
the Forkhead transcription factor AFX by protein kinase B. Nature 1999, 398, 630-634.

Biggs, W.H.3rd.; Meisenhelder, J.; Hunter, T.; Cavenee, W.K.; Arden, K.C. Protein kinase B/Akt-mediated
phosphorylation promotes nuclear exclusion of the winged helix transcription factor FKHR1. Proc. Natl.
Acad. Sci. USA 1999, 96, 7421-7426.

Tang, E.D.; Nunez, G.; Barr, F.G.; Guan, K.L. Negative regulation of the forkhead transcription factor
FKHR by Akt. J. Biol. Chem. 1999, 274, 16741-16746.

Jacobs, F.M.; van der Heide, L.P.; Wijchers, P.J.; Burbach, J.P.; Hoekman, M.F.; Smidt, M.P. FoxO6, a novel
member of the FoxO class of transcription factors with distinct shuttling dynamics. J. Biol. Chem. 2003, 278,
35959-35967.

Madeira, F.; Park, Y.M.; Lee, ].; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter,
S.C,; Finn, R.D.; et al. The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res.
2019, 47, W636-W641.

Bartell, S.M.; Kim, H.N.; Ambrogini, E.; Han, L.; Iyer, S.; Serra Ucer, S.; Rabinovitch, P.; Jilka, R.L;
Weinstein, R.S.; Zhao, H.; et al. FoxO proteins restrain osteoclastogenesis and bone resorption by
attenuating H202 accumulation. Nat. Commun. 2014, 5, 3773.

O'Neill, B.T.; Bhardwaj, G.; Penniman, C.M.; Krumpoch, M.T.; Suarez Beltran, P.A.; Klaus, K.; Poro, K.; Li,
M.; Pan, H; Dreyfuss, ].M.; et al. FoxO Transcription Factors Are Critical Regulators of Diabetes-Related
Muscle Atrophy. Diabetes 2019, 68, 556-570.

Eijkelenboom, A.; Burgering, B.M. FOXOs: Signalling integrators for homeostasis maintenance. Nat. Rev.
Mol. Cell Biol. 2013, 14, 83-97.

Hedrick, S.M.; Hess Michelini, R.; Doedens, A.L.; Goldrath, A.W.; Stone, E.L. FOXO transcription factors
throughout T cell biology. Nat. Rev. Immunol. 2012, 12, 649-661.

Klotz, L.O.; Sanchez-Ramos, C.; Prieto-Arroyo, I.; Urbanek, P.; Steinbrenner, H.; Monsalve, M. Redox
regulation of FoxO transcription factors. Redox Biol. 2015, 6, 51-72.



Cells 2020, 9, 787 16 of 20

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Webb, A.E.; Brunet, A. FOXO transcription factors: Key regulators of cellular quality control. Trends
Biochem. Sci. 2014, 39, 159-169.

Calnan, D.R; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276-2288.

Haeusler, R.A.; McGraw, T.E.; Accili, D. Biochemical and cellular properties of insulin receptor signalling.
Nat. Rev. Mol. Cell Biol. 2018, 19, 31-44.

Nakae, J.; Oki, M.; Cao, Y. The FoxO transcription factors and metabolic regulation. FEBS Lett. 2008, 582,
54-67.

Hornsveld, M.; Dansen, T.B.; Derksen, P.W.; Burgering, B.M.T. Re-evaluating the role of FOXOs in cancer.
Semin. Cancer Biol. 2018, 50, 90-100.

Pajvani, U.B.; Accili, D. The new biology of diabetes. Diabetologia 2015, 58, 2459-2468.

Nakae, J.; Biggs, W.H.3rd.; Kitamura, T.; Cavenee, W.K,; Wright, C.V.; Arden, K.C.; Accili, D. Regulation
of insulin action and pancreatic beta-cell function by mutated alleles of the gene encoding forkhead
transcription factor Foxol. Nat. Genet. 2002, 32, 245-253.

Singh, P.P.; Demmitt, B.A.; Nath, R.D.; Brunet, A. The Genetics of Aging: A Vertebrate Perspective. Cell
2019, 177, 200-220.

Martins, R.; Lithgow, G.J.; Link, W. Long live FOXO: unraveling the role of FOXO proteins in aging and
longevity. Aging Cell 2016, 15, 196-207.

Calabuig-Navarro, V.; Yamauchi, J.; Lee, S.; Zhang, T.; Liu, Y.Z.; Sadlek, K.; Coudriet, G.M.; Piganelli,
J.D.; Jiang, CL.; Miller, R; et al. Forkhead Box O6 (FoxO6) Depletion Attenuates Hepatic
Gluconeogenesis and Protects against Fat-induced Glucose Disorder in Mice. J. Biol. Chem. 2015, 290,
15581-15594.

Hosaka, T.; Biggs, W.H.3rd.; Tieu, D.; Boyer, A.D.; Varki, N.M.; Cavenee, W.K.; Arden, K.C. Disruption of
forkhead transcription factor (FOXO) family members in mice reveals their functional diversification.
Proc. Natl. Acad. Sci. USA 2004, 101, 2975-2980.

Salih, D.A.; Rashid, A.J.; Colas, D.; de la Torre-Ubieta, L.; Zhu, R.P.; Morgan, A.A.; Santo, E.E.; Ucar, D,;
Devarajan, K.; Cole, C.J.; et al. FoxO6 regulates memory consolidation and synaptic function. Genes Dev.
2012, 26, 2780-2801.

Wilhelm, K.; Happel, K.; Eelen, G.; Schoors, S.; Oellerich, M.F.; Lim, R.; Zimmermann, B.; Aspalter, LM.;
Franco, C.A.; Boettger, T.; et al. FOXO1 couples metabolic activity and growth state in the vascular
endothelium. Nature 2016, 529, 216-220.

Paik, J.H.; Kollipara, R.; Chu, G; Ji, H.; Xiao, Y.; Ding, Z.; Miao, L.; Tothova, Z.; Horner, ].W.; Carrasco,
D.R.; et al. FoxOs are lineage-restricted redundant tumor suppressors and regulate endothelial cell
homeostasis. Cell 2007, 128, 309-323.

Schmitt-Ney, M.; Camussi, G. The PAX3-FOXO1 fusion protein present in rhabdomyosarcoma interferes
with normal FOXO activity and the TGF-beta pathway. PLoS ONE 2015, 10, e0121474.

So, CW.; Cleary, M.L. MLL-AFX requires the transcriptional effector domains of AFX to transform
myeloid progenitors and transdominantly interfere with forkhead protein function. Mol. Cell. Biol. 2002,
22, 6542-6552.

Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, ].J. Targeting the phosphoinositide 3-kinase pathway in cancer.
Nat. Rev. Drug Discov. 2009, 8, 627-644.

Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381-405.

Li J; Yen, C,; Liaw, D.; Podsypanina, K.; Bose, S.; Wang, S.I; Puc, J.; Miliaresis, C.; Rodgers, L.;
McCombie, R;; et al. PTEN, a putative protein tyrosine phosphatase gene mutated in human brain, breast,
and prostate cancer. Science 1997, 275, 1943-1947.

Samuels, Y.; Wang, Z.; Bardelli, A.; Silliman, N.; Ptak, J.; Szabo, S.; Yan, H.; Gazdar, A.; Powell, SM,;
Riggins, G.J.; et al. High frequency of mutations of the PIK3CA gene in human cancers. Science 2004, 304,
554,

Zhang, K,; Li, L.; Qi, Y.; Zhu, X,; Gan, B.; DePinho, R.A.; Averitt, T.; Guo, S. Hepatic suppression of Foxol
and Foxo3 causes hypoglycemia and hyperlipidemia in mice. Endocrinology 2012, 153, 631-646.

Haeusler, R.A.; Hartil, K,; Vaitheesvaran, B.; Arrieta-Cruz, I.; Knight, C.M.; Cook, J.R.; Kammoun, H.L,;
Febbraio, M.A.; Gutierrez-Juarez, R.; Kurland, 1].; et al. Integrated control of hepatic lipogenesis versus
glucose production requires FoxO transcription factors. Nat. Commun. 2014, 5, 5190.

Haeusler, R.A.; Kaestner, K.H.; Accili, D. FoxOs function synergistically to promote glucose production. J.
Biol. Chem. 2010, 285, 35245-35248.



Cells 2020, 9, 787 17 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

O'Neill, B.T.; Lee, K.Y.; Klaus, K.; Softic, S.; Krumpoch, M.T.; Fentz, J.; Stanford, K.I.; Robinson, M.M.; Cai,
W.; Kleinridders, A.; et al. Insulin and IGF-1 receptors regulate FoxO-mediated signaling in muscle
proteostasis. J. Clin. Invest. 2016, 126, 3433-3446.

Akasaki, Y.; Alvarez-Garcia, O.; Saito, M.; Carames, B.; Iwamoto, Y.; Lotz, M.K. FoxO transcription
factors support oxidative stress resistance in human chondrocytes. Arthritis Rheumatol. 2014, 66,
3349-3358.

Hribal, M.L.; Nakae, ]J.; Kitamura, T.; Shutter, J.R,; Accili D. Regulation of insulin-like growth
factor-dependent myoblast differentiation by Foxo forkhead transcription factors. J. Cell Biol. 2003, 162,
535-541.

Lee, S.; Dong, H.H. FoxO integration of insulin signaling with glucose and lipid metabolism. J. Endocrinol.
2017, 233, R67-R79.

Xie, T.; Liang, J.; Geng, Y.; Liu, N.; Kurkciyan, A.; Kulur, V.; Leng, D.; Deng, N.; Liu, Z.; Song, J.; et al.
MicroRNA-29c Prevents Pulmonary Fibrosis by Regulating Epithelial Cell Renewal and Apoptosis. Am. ].
Respir. Cell Mol. Biol. 2017, 57, 721-732.

Deng, L.; Huang, L.; Sun, Y.; Heath, ].M.; Wu, H.; Chen, Y. Inhibition of FOXO1/3 promotes vascular
calcification. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 175-183.

Essaghir, A.; Dif, N.; Marbehant, C.Y.; Coffer, P.].; Demoulin, J.B. The transcription of FOXO genes is
stimulated by FOXO3 and repressed by growth factors. J. Biol. Chem. 2009, 284, 10334-10342.

Kannike, K.; Sepp, M.; Zuccato, C.; Cattaneo, E.; Timmusk, T. Forkhead transcription factor FOXO3a
levels are increased in Huntington disease because of overactivated positive autofeedback loop. J. Biol.
Chem. 2014, 289, 32845-32857.

Lutzner, N.; Kalbacher, H.; Krones-Herzig, A.; Rosl, F. FOXO3 is a glucocorticoid receptor target and
regulates LKB1 and its own expression based on cellular AMP levels via a positive autoregulatory loop.
PLoS ONE 2012, 7, e42166.

Al-Mubarak, B.; Soriano, F.X.; Hardingham, G.E. Synaptic NMDAR activity suppresses FOXO1
expression via a cis-acting FOXO binding site: FOXOL1 is a FOXO target gene. Channels (Austin). 2009, 3,
233-238.

Zhao, Y.; Yang, J.; Liao, W.; Liu, X,; Zhang, H.; Wang, S.; Wang, D.; Feng, J.; Yu, L.; Zhu, W.G. Cytosolic
FoxOl1 is essential for the induction of autophagy and tumour suppressor activity. Nat. Cell Biol. 2010, 12,
665—675.

Zhou, J; Liao, W.; Yang, J.; Ma, K; Li, X;; Wang, Y.; Wang, D.; Wang, L.; Zhang, Y.; Yin, Y.; et al. FOXO3
induces FOXO1-dependent autophagy by activating the AKT1 signaling pathway. Autophagy 2012, 8,
1712-1723.

Pan, CW,; Jin, X; Zhao, Y., Pan, Y, Yang, ]J; Karnes, RJ.; Zhang, ], Wang, L., Huang, H.
AKT-phosphorylated FOXO1 suppresses ERK activation and chemoresistance by disrupting
IQGAP1-MAPK interaction. EMBO ]. 2017, 36, 995-1010.

Jacobs, K.M.; Pennington, ]J.D.; Bisht, K.S.; Aykin-Burns, N.; Kim, H.S.; Mishra, M.; Sun, L.; Nguyen, P,;
Ahn, B.H.; Leclerg, ].; et al. SIRT3 interacts with the daf-16 homolog FOXO3a in the mitochondria, as well
as increases FOXO3a dependent gene expression. Int. J. Biol. Sci. 2008, 4, 291-299.

Fasano, C.; Disciglio, V.; Bertora, S.; Lepore Signorile, M.; Simone, C. FOXO3a from the Nucleus to the
Mitochondria: A Round Trip in Cellular Stress Response. Cells 2019, 8, E1110.

Lettieri-Barbato, D.; Ioannilli, L.; Aquilano, K.; Ciccarone, F.; Rosina, M.; Ciriolo, M.R. FoxO1 localizes to
mitochondria of adipose tissue and is affected by nutrient stress. Metabolism. 2019, 95, 84-92.

Obsil, T.; Obsilova, V. Structure/function relationships underlying regulation of FOXO transcription
factors. Oncogene 2008, 27, 2263-2275.

Daitoku, H.; Sakamaki, J.; Fukamizu, A. Regulation of FoxO transcription factors by acetylation and
protein-protein interactions. Biochim. Biophys. Acta 2011, 1813, 1954-1960.

Matsuzaki, H.; Ichino, A.; Hayashi, T.; Yamamoto, T.; Kikkawa, U. Regulation of intracellular localization
and transcriptional activity of FOXO4 by protein kinase B through phosphorylation at the motif sites
conserved among the FOXO family. J. Biochem. 2005, 138, 485-491.

Liu, X.; Greer, C.; Secombe, ]J. KDM5 interacts with Foxo to modulate cellular levels of oxidative stress.
PLo0S Genet. 2014, 10, e1004676.



Cells 2020, 9, 787 18 of 20

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Cook, J.R.; Matsumoto, M.; Banks, A.S.; Kitamura, T.; Tsuchiya, K.; Accili, D. A mutant allele encoding
DNA binding-deficient FoxO1 differentially regulates hepatic glucose and lipid metabolism. Diabetes
2015, 64, 1951-1965.

Czymai, T.; Viemann, D.; Sticht, C.; Molema, G.; Goebeler, M.; Schmidt, M. FOXO3 modulates endothelial
gene expression and function by classical and alternative mechanisms. |. Biol. Chem. 2010, 285,
10163-10178.

Jensen, K.S.; Binderup, T.; Jensen, K.T.; Therkelsen, I.; Borup, R.; Nilsson, E.; Multhaupt, H.; Bouchard, C.;
Quistorff, B.; Kjaer, A.; et al. FoxO3A promotes metabolic adaptation to hypoxia by antagonizing Myc
function. EMBO J. 2011, 30, 4554-4570.

Langlet, F.; Haeusler, R.A.; Linden, D.; Ericson, E.; Norris, T.; Johansson, A.; Cook, J.R.; Aizawa, K,;
Wang, L.; Buettner, C.; et al. Selective Inhibition of FOXO1 Activator/Repressor Balance Modulates
Hepatic Glucose Handling. Cell 2017, 171, 824.e818-835.e818.

Ramaswamy, S.; Nakamura, N.; Sansal, I.; Bergeron, L.; Sellers, W.R. A novel mechanism of gene
regulation and tumor suppression by the transcription factor FKHR. Cancer Cell 2002, 2, 81-91.

Seoane, J.; Le, H.V,; Shen, L.; Anderson, S.A.; Massague, J. Integration of Smad and forkhead pathways in
the control of neuroepithelial and glioblastoma cell proliferation. Cell 2004, 117, 211-223.

Georges, A.B.; Benayoun, B.A.; Caburet, S.; Veitia, R.A. Generic binding sites, generic DNA-binding
domains: Where does specific promoter recognition come from? FASEB J. 2010, 24, 346-356.

Cusanovich, D.A.; Pavlovic, B.; Pritchard, J.K.; Gilad, Y. The functional consequences of variation in
transcription factor binding. PLoS Genet. 2014, 10, e1004226.

Hannenhalli, S.; Kaestner, K.H. The evolution of Fox genes and their role in development and disease.
Nat. Rev. Genet. 2009, 10, 233-240.

Pierrou, S.; Hellqvist, M.; Samuelsson, L.; Enerback, S.; Carlsson, P. Cloning and characterization of seven
human forkhead proteins: binding site specificity and DNA bending. EMBO J. 1994, 13, 5002-5012.
Overdier, D.G.; Porcella, A.; Costa, RH. The DNA-binding specificity of the hepatocyte nuclear factor
3/forkhead domain is influenced by amino-acid residues adjacent to the recognition helix. Mol. Cell. Biol.
1994, 14, 2755-2766.

Bowman, CJ.; Ayer, D.E,; Dynlacht, B.D. Foxk proteins repress the initiation of starvation-induced
atrophy and autophagy programs. Nat. Cell Biol. 2014, 16, 1202-1214.

Sengupta, A.; Kalinichenko, V.V.; Yutzey, K.E. FoxO1 and FoxM1 transcription factors have antagonistic
functions in neonatal cardiomyocyte cell-cycle withdrawal and IGF1 gene regulation. Circ. Res. 2013, 112,
267-277.

Shin, D.J.; Joshi, P.; Hong, S.H.; Mosure, K.; Shin, D.G.; Osborne, T.F. Genome-wide analysis of FoxO1
binding in hepatic chromatin: potential involvement of FoxO1 in linking retinoid signaling to hepatic
gluconeogenesis. Nucleic Acids Res. 2012, 40, 11499-11509.

Chen, X.; Ji, Z.; Webber, A.; Sharrocks, A.D. Genome-wide binding studies reveal DNA binding
specificity mechanisms and functional interplay amongst Forkhead transcription factors. Nucleic Acids
Res. 2016, 44, 1566-1578.

Graham, ].S.; Johnson, R.C.; Marko, J.F. Concentration-dependent exchange accelerates turnover of
proteins bound to double-stranded DNA. Nucleic Acids Res. 2011, 39, 2249-2259.

Kamar, R.I; Banigan, E.J.; Erbas, A.; Giuntoli, R.D.; Olvera de la Cruz, M.; Johnson, R.C.; Marko, J.F.
Facilitated dissociation of transcription factors from single DNA binding sites. Proc. Natl. Acad. Sci. USA
2017, 114, E3251-E3257.

Mayran, A.; Drouin, J. Pioneer transcription factors shape the epigenetic landscape. |. Biol. Chem. 2018,
293, 13795-13804.

Cirillo, L.A,; Lin, F.R,; Cuesta, I; Friedman, D.; Jarnik, M.; Zaret, K.S. Opening of compacted chromatin
by early developmental transcription factors HNF3 (FoxA) and GATA-4. Mol. Cell 2002, 9, 279-289.
Smale, S.T. Pioneer factors in embryonic stem cells and differentiation. Curr. Opin. Genet. Dev. 2010, 20,
519-526.

Zaret, K.S.; Carroll, ].S. Pioneer transcription factors: establishing competence for gene expression. Genes
Dev. 2011, 25, 2227-2241.

Meers, M.P.; Janssens, D.H.; Henikoff, S. Pioneer Factor-Nucleosome Binding Events during
Differentiation Are Motif Encoded. Mol. Cell 2019, 75, 562.€565-575.e565.



Cells 2020, 9, 787 19 of 20

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Lalmansingh, A.S.; Karmakar, S.; Jin, Y.; Nagaich, A.K. Multiple modes of chromatin remodeling by
Forkhead box proteins. Biochim. Biophys. Acta 2012, 1819, 707-715.

Luo, H,; Jin, K,; Xie, Z,; Qiu, F,; Li, S.; Zou, M,; Cai, L.; Hozumi, K.; Shima, D.T.; Xiang, M. Forkhead box
N4 (Foxn4) activates DII4-Notch signaling to suppress photoreceptor cell fates of early retinal
progenitors. Proc. Natl. Acad. Sci. USA 2012, 109, E553-E562.

Nakagawa, S.; Gisselbrecht, S.S.; Rogers, ].M.; Hartl, D.L.; Bulyk, M.L. DNA-binding specificity changes
in the evolution of forkhead transcription factors. Proc. Natl. Acad. Sci. USA 2013, 110, 12349-12354.
Newman, J.A.; Aitkenhead, H.; Gravard, A.; Rota, l.LA.; Handel, A.E.; Hollander, G.A.; Gileadi, O. The
structural basis for forkhead box family specificity revealed by the crystal structure of human FOXN1 in
complex with DNA. bioRxiv 2018, doi:10.1101/428011.

Schlake, T.; Schorpp, M.; Nehls, M.; Boehm, T. The nude gene encodes a sequence-specific DNA binding
protein with homologs in organisms that lack an anticipatory immune system. Proc. Natl. Acad. Sci. USA
1997, 94, 3842-3847.

Zuklys, S.; Handel, A.; Zhanybekova, S.; Govani, F.; Keller, M.; Maio, S.; Mayer, C.E.; Teh, H.Y.; Hafen,
K.; Gallone, G.; et al. Foxnl regulates key target genes essential for T cell development in postnatal
thymic epithelial cells. Nat. Immunol. 2016, 17, 1206-1215.

Singh, P.; Han, E.H.; Endrizzi, ].A.; O'Brien, RM.; Chi, Y.I. Crystal structures reveal a new and novel
FoxO1 binding site within the human glucose-6-phosphatase catalytic subunit 1 gene promoter. . Struct.
Biol. 2017, 198, 54-64.

Jolma, A.; Kivioja, T.; Toivonen, J.; Cheng, L.; Wei, G.; Enge, M.; Taipale, M.; Vaquerizas, ].M.; Yan, J.;
Sillanpaa, M.].; et al. Multiplexed massively parallel SELEX for characterization of human transcription
factor binding specificities. Genome Res. 2010, 20, 861-873.

Jolma, A.; Yan, J.; Whitington, T.; Toivonen, J.; Nitta, K.R; Rastas, P.; Morgunova, E.; Enge, M.; Taipale,
M.; Wei, G,; et al. DNA-binding specificities of human transcription factors. Cell 2013, 152, 327-339.
Wang, X,; Srivastava, Y.; Jankowski, A.; Malik, V.; Wei, Y.; Del Rosario, R.C.; Cojocaru, V.; Prabhakar, S.;
Jauch, R. DNA-mediated dimerization on a compact sequence signature controls enhancer engagement
and regulation by FOXA1. Nucleic Acids Res. 2018, 46, 5470-5486.

Li, X.; Wang, W.; Wang, J.; Malovannaya, A.; Xi, Y.; Li, W.; Guerra, R.; Hawke, D.H.; Qin, J.; Chen, J.
Proteomic analyses reveal distinct chromatin-associated and soluble transcription factor complexes. Mol.
Syst. Biol. 2015, 11, 775.

Furuyama, T.; Nakazawa, T.; Nakano, I.; Mori, N. Identification of the differential distribution patterns of
mRNAs and consensus binding sequences for mouse DAF-16 homologues. Biochem. J. 2000, 349, 629-634.
Nitta, K.R; Jolma, A.; Yin, Y.; Morgunova, E.; Kivioja, T.; Akhtar, J.; Hens, K.; Toivonen, ].; Deplancke, B.;
Furlong, E.E.; et al. Conservation of transcription factor binding specificities across 600 million years of
bilateria evolution. Elife 2015, 4, doi:10.7554/eLife.04837.

Lee, R.Y.; Hench, J.; Ruvkun, G. Regulation of C. elegans DAF-16 and its human ortholog FKHRL1 by the
daf-2 insulin-like signaling pathway. Curr. Biol. 2001, 11, 1950-1957.

Putker, M.; Vos, HR.; van Dorenmalen, K.; de Ruiter, H.; Duran, A.G.; Snel, B.; Burgering, B.M,;
Vermeulen, M.; Dansen, T.B. Evolutionary acquisition of cysteines determines FOXO paralog-specific
redox signaling. Antioxid. Redox Signal. 2015, 22, 15-28.

Kenyon, C.; Chang, J.; Gensch, E.; Rudner, A; Tabtiang, R. A C. elegans mutant that lives twice as long as
wild type. Nature 1993, 366, 461-464.

Lin, K,; Dorman, J.B.; Rodan, A.; Kenyon, C. daf-16: An HNF-3/forkhead family member that can function
to double the life-span of Caenorhabditis elegans. Science 1997, 278, 1319-1322.

Ogg, S.; Paradis, S.; Gottlieb, S.; Patterson, G.I.; Lee, L.; Tissenbaum, H.A.; Ruvkun, G. The Fork head
transcription factor DAF-16 transduces insulin-like metabolic and longevity signals in C. elegans. Nature
1997, 389, 994-999.

Kwon, E.S.; Narasimhan, S.D.; Yen, K,; Tissenbaum, H.A. A new DAF-16 isoform regulates longevity.
Nature 2010, 466, 498-502.

Broer, L.; Buchman, A.S.; Deelen, ].; Evans, D.S.; Faul, ].D.; Lunetta, K.L.; Sebastiani, P.; Smith, J.A.; Smith,
A.V.; Tanaka, T. et al. GWAS of longevity in CHARGE consortium confirms APOE and FOXO3
candidacy. J. Gerontol. A. Biol. Sci. Med. Sci. 2015, 70, 110-118.



Cells 2020, 9, 787 20 of 20

124.

125.

126.

127.

128.

129.

130.

131.

132.

Willcox, B.J.; Donlon, T.A; He, Q.; Chen, R.; Grove, ].S.; Yano, K.; Masaki, K.H.; Willcox, D.C.; Rodriguez,
B.; Curb, J.D. FOXO3A genotype is strongly associated with human longevity. Proc. Natl. Acad. Sci. USA
2008, 105, 13987-13992.

Vavouri, T.; Semple, J.I; Lehner, B. Widespread conservation of genetic redundancy during a billion
years of eukaryotic evolution. Trends Genet. 2008, 24, 485-488.

Qian, W.; Liao, B.Y.,; Chang, AY. Zhang, ]. Maintenance of duplicate genes and their functional
redundancy by reduced expression. Trends Genet. 2010, 26, 425-430.

Nowak, M.A.; Boerlijst, M.C.; Cooke, J.; Smith, J.M. Evolution of genetic redundancy. Nature 1997, 388,
167-171.

Ewen-Campen, B.; Mohr, S.E.; Hu, Y.; Perrimon, N. Accessing the Phenotype Gap: Enabling Systematic
Investigation of Paralog Functional Complexity with CRISPR. Dev. Cell 2017, 43, 6-9.

Diss, G.; Gagnon-Arsenault, I.; Dion-Cote, A.M.; Vignaud, H.; Ascencio, D.I,; Berger, C.M.; Landry, C.R.
Gene duplication can impart fragility, not robustness, in the yeast protein interaction network. Science
2017, 355, 630-634.

Kafri, R,; Dahan, O.; Levy, J.; Pilpel, Y. Preferential protection of protein interaction network hubs in
yeast: evolved functionality of genetic redundancy. Proc. Natl. Acad. Sci. USA 2008, 105, 1243-1248.
Wagner, A. The yeast protein interaction network evolves rapidly and contains few redundant duplicate
genes. Mol. Biol. Evol. 2001, 18, 1283-1292.

Veitia, R.A. Gene Duplicates: Agents of Robustness or Fragility? Trends Genet. 2017, 33, 377-379.

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).



