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Abstract

Forkhead box transcription factors of the O subclass: FOXO1,
FOXO03, FOXO4 and FOXO6 impact diverse cellular processes
in cell type specific manners. FOXO factors serve redundantly as
tumor suppressors within the context of numerous cancers by
hindering cell cycle progression and inducing apoptosis. However
FOXO -1, -3,-4 and -6 homologs also possess distinct cellular roles
as each knockout mouse has a unique phenotype. This review
focuses on recent ground breaking discoveries that reveal FOXO1
has specific cellular roles in B cell development, T cell homeostasis
as well as surprising, positive contributions to a number of
immunological malignancies. These findings challenge conventional
models that describe FOXO1 activities not only in the immune
system, but in all cellular environments.
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Introduction

Forkhead box transcription factors are characterized by a 100
amino acid winged helix DNA binding domain [1]. There are
over 100 Forkhead box transcription factors found in organisms
ranging from yeast to mammals [1,2]. Forkhead factors are
subdivided into subclasses based in phylogeny [1]. The Forkhead box
subclass O in mammals includes ubiquitously expressed homologs
FOXO1, FOX03, and FOXO4 as well as the FOXO6 homolog whose
expression is predominantly in the brain [2,3]. Over expression
in vitro studies with the FOXO -1, -3 and -4 homologs have shown that
these factors have important, redundant roles in tumor suppression
and stress response [2,4]. Triple Knock Out (TKO) murine models
for these factors showed that they have partially redundant roles in
tumor suppression [5,6]. However, additional murine loss of function
models for these factors revealed that loss of each factor individually
leads to distinct phenotypes [7-9]. The most strikingly loss of function
phenotype was observed in Foxol-/- mice, which are embryonic,
lethal at day E10.5 with severe vascular defects [9]. Surprisingly, the
loss of Foxo3 or Foxo4 produced progeny that were on a gross level
similar to littermate controls. Foxo3-/- mice undergo premature
ovarian failure and for many years Foxo4-/- mice lacked a
discernible phenotype [9]. Tissue specific conditional knock out
studies with Foxol have revealed very specific, novel roles for this
factor in immunological processes [10]. This review will highlight
how recent discoveries regarding Foxol in the field of immunology
drastically revise conventional models for this factor.

Domain Structure and Regulation of FOXO1

The overall domain structure of FOXO1 includes an N-terminal
Forkhead box DNA binding domain and a C-terminal region that
promotes transcriptional activation, (Figure 1) [11]. Even though
FOXO1 is primarily described as a transcriptional activator, its
appreciated cellular roles are evolving [2]. There are instances when
FOXOL1 represses transcription such as the CCND2 gene encoding
cyclinD2 [12]. Recently, FOXO1 has also been implicated in affecting
the splicing of at least one gene, Ikaros in B cells [13]. ChIP seq.
analysis of FOXO1 in B cells strikingly revealed that most of its binding
sites are intragenic or intronic suggesting roles for FOXO1 that remain
to be discovered [14]. FOXO1 impacts far reaching cellular processes
in a cell type specific manner [5]. FOXO1 promotes gluconeogenesis,
longevity and apoptosis in a manner that is directed by the integration
of intracellular and extracellular cues in a highly context dependent
manner [7]. Thus, FOXO1 has many cellular roles, but the structural
determinants and responsible mechanisms that enable this molecule
to perform these diverse roles remain to be delineated. The activity of
FOXOL1 (as well as related FOXO homologs) is heavily regulated at the
post-transcriptional level. The most canonical regulatory mechanism
for FOXOL1 (and FOXOs -3 and -4), is phosphorylation on conserved
residues by the AKT protein kinase [15,16]. This phosphorylation
leads to the interaction of FOXO with the 14-3-3 scaffolding protein,
leading to cytosolic localization/inactivation [15]. Therefore, elevated
AKT activity leads to a diminishment in FOXO activity. SGK is also
able to phosphorylate FOXO on these residues to hinder activity [17].
A host of other kinases also phosphorylate FOXO1 to modulate its
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activity including cyclin dependent kinase 1, which phosphorylates
S249 and the Ste20-like kinase MST1 which phosphorylates
FOXO1 on S207 leading to nuclear localization [18-20]. FOXO1
post-translational regulation is not restricted to phosphorylation
events. This factor is also regulated by acetylation, arginylation,
methylation and ubiquitination [21-26]. Much remains to be learned
about how these regulatory events impact the ability of FOXO1 to
perform its impressive array of cellular activities including those in
the immune system.
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Figure 1: Foxo1 Domain Structure and Regulation. Foxo1 is a member of
the Forkhead box transcription factor family. The DNA binding domain spans
amino acids 159-235. Residues that are phosphorylated by AKT/SGK, CDK1
and MST1 are indicated. Also shown are the Nuclear Localization Sequence
(NLS) and Nuclear Export Sequence (NES).

FOXO1: A Redundant Tumor Suppressor in Immune
Cells

One of the most commonly studied functions of FOXO1 (and
FOXOs -3 and -4) is its ability to act as a tumor suppressor [5,27].
Initially, gain of function analyses led to the finding that FOXO1
induces the expression of genes that either hinder cell cycle
progression or induce apoptosis in order to counter oncogenesis [28].
Exogenous FOXOI induces the expression of CDKNIB (encodes
p27) in primary mouse T cells and in CTLL-2 T-cells and cyclin G2
(CCNG2) as well as Rb p130 in primary mouse B cells to halt cell cycle
progression [29-31]. To activate apoptosis, over-expression of FOXOI
induces the expression of Bim in CTLL-2 T cells and primary human
T cells [30,32]. Exogenous FOXOI also impacts proliferation in Jurkat
T cells and primary human T cells [31,33]. FOXO1 is commonly
expressed in Non-Hodgkin’s lymphoma, but is frequently not
expressed in classical Hodgkin’s Lymphoma (cHL) [34]. In one study,
FOXO1 expression was lost in 31 out of 32 primary classical Hodgkin’s
lymphomas (assessed by immuno-histochemistry), but was retained
on other B cell lymphomas including follicular lymphoma, Diffuse
Large B Cell Lymphoma (DLBCL) and MALTnon-Hodgkin’s
lymphoma [34]. Of note, classic Hodgkin’s lymphoma has lost many B
cell characteristics whereas other B cell lymphomas that retain FOXO1
expression also possess B cell characteristics. In line with this, FOXO1
has very specific, essential roles in B cell fate specification. [34,10].
Introduction of FOXOI into 5 cHL cell lines induced cell cycle arrest
and apoptosis supporting the idea that it is a tumor suppressor in this
setting [34]. In addition to hematologic malignancies, an extensive
body of research shows that FOXO1 acts as a tumor suppressor in a
host of solid tumors such as breast cancer, prostate cancer, lung cancer
and brain cancer in which it regulates an extensive array of genes to
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impact cellular processes including cell cycle progression and
apoptosis [4,18,35-63]. Frequently, solid tumors and hematological
malignancies have elevated PI3K and AKT, which leads to
phosphorylation of FOXO inducing interaction with 14-3-3
scaffolding proteins and cytoplasmic localization [4,15]. Therefore,
even if FOXO expression is retained in a cancer, elevated AKT activity
is thought to inactivate its output.

A number of loss-of-function analyses corroborate the ability
of FOXO factors to act as redundant tumor suppressors in immune
cells.One murine model utilized MxI-Cre which can be induced by
polyinosine-polycytidylic acid (pI-pC) to obtain widespread somatic
loss of Foxol, Foxo3 and Foxo4 in mice at age 4-5 weeks [5]. Loss
of all three FOXO factors led to the development of CD4* CD8*
lymphoblastic lymphomas that spread to the spleen, liver and lymph
nodes [5]. All six alleles of the FOXO factors needed to be lost in
order for lymphoma to develop [5]. Even one FOXO allele could block
lymphoma development highlighting the redundancy of these factors
as tumor suppressors. The Cre+ mice also developed age-progressive
hemangiomas that led to premature death [5]. In a similar study
(using MxI-Cre to knock out Foxol, Foxo3 and Foxo4) it was found
that loss of all three Foxos led to an increase in myeloid lineages
including a two fold increase in white blood cells (attributable to an
increase in neutrophils) as well as a 5.8 fold increase in reticulocytes
[6]. Long term loss of Foxo led to a non-fatal myeloproliferative
phenotype [6]. These mice also had aberrant B and T differentiation
showing a significant decrease in mature B cells in the bone marrow
and a slight block in T cell maturation at the DN1 to DN2 stage
transition [6]. Strikingly, Foxo deficient HSCs showed abnormal cell
cycle regulation, with an increase in cycling cells including a two fold
increase in cells that were in S, G2 and M phases [6]. Concomitantly,
Foxo target genes such as those encoding Cyclin G2, p130 Rb, p27 and
p21 were down regulated with the loss of these factors whereas Cyclin
D2 was increased. There were also significant increases in apoptosis
and ROS in these cells [6]. Of note, the HSC restricted phenotypes
(cell cycle alterations, apoptosis and ROS) could be suppressed by
treatment of the Foxo deficient cells with the antioxidant
N-acetyl-L-cysteine (NAC) [6]. This rescue implicates ROS as the
mitigating factor that leads to cell cycle and apoptotic defects in
HSCs upon Foxo loss and intriguingly hints that such mechanisms
may explain Foxo phenotypes elsewhere. In addition to employing
Foxodeletion mutants in murine cancer models, expression of
dominant negative Foxo (contains the DNA biding domain of Foxol,
but lacks the transactivation domain) promotes lymphogenesis in an
Ep-Myc driven model [64]. In this study, hematopoetic stem cells that
expressed Ep-Myc developed lymphoma. Expression of dominant
negative Foxoin this model greatly decreased the latency in lymphoma
development by preventing the induction of 53-dependent apoptosis
[64]. In sum, loss of all three Foxo factors in mice leads to a loss in the
regulation of tumor suppressive outputs (such as proper induction of
Cyclin G2 or p27) and lymphoma [5,6]. Additionally, these studies
reveal that Foxo outputs reach beyond tumor suppression impacting
immunological development and HSC maintenance [5,6].

FOXOL1 in B Cell Specification and Homeostasis

In contrast to the tumor suppressive role of FOXO1, which is
redundant with the other Foxo transcription factors, its ability to
impact B cell fate and maturation is highly specialized. Loss of Foxol
during various stages during B cell development leads to a host of
developmental and homeostatic deficiencies [10]. One of the major
activities for Foxol in B-cells is to induce the expression of Ragl and
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Rag2 [65,10]. Ragl and Rag2 encode for recombinases that facilitate
DNA rearrangements including heavy and light chain rearrangements
during B cell development. Initial work in transformed AMuLV pro B
cells showed that RNA interference targeting of Foxol (and not Foxo3
or Foxo4) led to a dramatic reduction in Ragl and Rag2 expression
[65]. Ectopic expression of Foxol (and not Foxo3 or Foxo4) promoted
Ragl and Rag2 expression in this setting. This study also found that
PI3K inhibition increased Ragl and Rag2 gene expression [65].
Interestingly loss of Foxol in thymocytes had no effect on Ragl or
Rag2 gene expression underscoring the cell type specific role of Foxol
in regulating B cell gene expression [65].

Cell based studies strongly implied an important role for Foxol
in B cell development. To examine this further, experiments were
done in which Foxol was conditionally deleted during various stages
of mouse development; see Table 1 [10]. Foxol was deleted using Cre
driven by the Mbll promoter which targets expression during the
early pro B cell stage of development. This led to a host of defects in
B cell development and homeostasis. The spleen, lymph nodes and
peripheral blood had 10% of the total number of B cells that
were found in wild-type mice [10]. It was found that there was an
increase in CD19BP1" pre pro B cells, but decreases in early pro B
cells (CD19*BP1) and late pre B cells (CD19*BP1%), suggesting that
B cell development was partially blocked at the pre pro B cell to pro
B cell transition [10]. Subsequent analysis of this model revealed that
there was a marked reduction in the expression of IL-7Ra, Ragl and
Rag2  expression. It was also found by chromatin
immuno-precipitation analysis that Foxol associated with the
ERAGenhancer [10]. Concomitantly, defects in DNA rearrangements
were observed in this Rag deficient setting [10]. The Dengler study
also employed additional conditional models to interrogate how
Foxol impacts B cell development at later stages. CD19 promoter
driven Cre led to partial loss of Foxol at the early pre B cell and
immature B cell stages as well as nearly complete loss of Foxol at the
mature B cell stage [10]. Loss of Foxol at this later stage led to defects
in CD62L expression, which is critical for B cell homing to peripheral
tissues. In line with this, there was a 30% reduction in lymph node B
cells in this setting [10]. To examine Foxol loss during a later time
point during B cell development the CD21 promoter driven Cre was
utilized [10]. This allowed for the loss of Foxol after B cells had gone
through IL7 dependent differentiation, IgG rearrangement and Rag
mediated receptor editing [10]. This model revealed a number of
intriguing phenotypes including lower expression of Aicda (encoding
AID) leading to a reduction in class switch recombination [10].
Interestingly, there was also a reduction in phosphoAkt and
phosphoErk upon BCR crosslinking in this model suggesting a
positive role for Foxol in PI3K signaling within this context. Of
note this study found that Foxo3 was not required for early B cell
development, formation of IgG positive B cells and peripheral B cell
differentiation, demonstrating that these roles are largely specific to
Foxol [10].

Once Foxol was established as being centrally important to B
cell development subsequent investigations focused on delineating
regulatory mechanisms for this factor and determining the stages
during B cell development that are impacted by this factor. To
investigate earlier stages of hematopoiesis, Cre placed under the
regulation of the Vavl promoter was utilized to deplete Foxol from
the hematopoietic compartment. Foxol depleted mice had grossly
normal BM cellularity with a two-fold reduction in splenic cells [66].
The number of BM CD19'B220" cells was reduced by 50 fold with

J Clin Immunol Immunother ISSN: 2378-8844, Open Access Journal

DOI: 10.24966/CIIT-8844 /100001

few CD19* cells detected in the spleen [66]. The few CD19* BM cells
lacked expression of IgM or IgD suggesting that development was
blocked at the pro B cell stage [66]. The CLP compartment (common
lymphoid progenitor compartment) can be divided into LY6D" and
LY6D* forms. The LY6D- cells retain full in vivo lymphoid potential
whereas LY6D* have up-regulated B cell specifying factors such as
EBF1 and Pax5 and act as B cell biased lymphoid progenitors [66]. Of
note, Foxol depleted cells had a two fold increase in LY6D* cells in the
CLP compartment and remained arrested at this stage of development
[66]. These cells showed an increase in cycling during the cell cycle and
a decrease in apoptosis, consistent with previously ascribed functions
for Foxol [67]. Mechanistically, Foxol was found to increase levels of
EBF]I expression during early B cell development leading to a positive
feedback loop in which both factors activated the expression of the
other to specify B cell fate [66]. This work demonstrates that Foxol is
needed in LY6D* CLP cells to ensure proper B cell development [66].
Foxol is essential for proper B cell development from the early B
cell biased lymphoid stage (LY6D*) through pro B cell, pre B cell,
immature B cell and mature B cell stages. Foxol has also been recently
identified as being essential in directing the proper balance between
mature B cell lineages [68]. A lack of Foxol directed by CDI9 Cre
led to a loss in follicular B cells and a gain in marginal zone B cells
[68]. CD62L and KLF2 mRNAs were reduced in Foxol-/- B cells.
Interestingly, CD19 deficient mice, which have lower PI3K activity,
have greatly reduced marginal zone B cells [69]. Loss of the tumor
suppressor Pten (performs the converse reaction to PI3K), suppresses
the marginal zone defect that is found in the CDI9 deficient
background [70]. Likewise, the loss of FoxolIrestores marginal zone
B cellsto CD19 deficient mice [68]. In summary, true to conventional
models of the PI3K pathway, high CD19/PI3K activity is required for
marginal zone B cell development, whereas Pten and Foxol activity
favor follicular B cell formation.

Over the last few years key regulatory events have been
delineated that direct Foxol expression during B cell development.
Based on mouse models, the earliest point that requires Foxol is in
the LY6D* CLP stage [66]. E2A and HEB act in concert to orchestrate
the transition from CLP LY6D" to LY6D* [71]. Mice that are E2A+/-
and HEB -/- (utilizing Cre driven by the Tie2 promoter, deleting these
factors from the entire hematopoietic system) are blocked as
LY6D" CLP cells and fail to activate Foxol among other genes that
have roles in B cell fate specification [71]. Additional mechanisms
are employed to regulate FOXOI expression during later stages
of B cell development. For example, during the pro B cell stage of
development E2A and EBF1 associate with the Foxol locus to
induce expression [72]. This leads to the activation of an interlocked
cis regulatory network that regulates B cell fate. Chromatin
immuno-precipitation analyses with pro B cells (Ragl deficient),
showed that E2A, EBF1 and Foxol all predominantly associated
with intronic and intragenic sequences [72]. Of the genes that were
co-regulated by E2A and EBFI1, a significant number was also
enriched for Foxol association (p=9.88 x 10-***) [72]. EBF1 might
not induce all genes that are co-regulated with Foxol, as it appears
that EBF1 represses the expression of an important Foxol target Ragl
[73]. EBF1 hinders Foxol recruitment to the Ragl locus [73]. Of note,
EBF1 also represses Foxol gene expression in large cycling pre B cells
to allow for a brief period of proliferation [73]. Overall, numerous
mechanisms are utilized to regulate Foxol gene expression during B
cell development.

In addition to the regulation of Foxol at the transcriptional
level during B cell development, Foxol is also regulated on the

Volume 1 ¢ Issue 1+ 100001


http://dx.doi.org/10.24966/CIIT-8844/100001

Citation: Keniry M, Materon L (2014) Distinctive Roles for the FOXO1 Transcription Factor in Immunological Development, Homeostasis and Malignancy. ]

Clin Immunol Immunother 1: 001.

e Page 4 of 8

Murine model

Developmental stage

Phenotype

Study

Cre-Vavi1Foxo1 -/-

Delete from hematopoetic compartment

Cells arrested at CLP LY6D+ stage, earlier B cell progenitor

Mansson et al. [66]

Cre-Mbl1Foxo1 -/-

Early lymphoid progenitor stage-earliest
pro-B stage of development

Increased CD19-BP1- (pre pro B)
Decreased CD19+BP1- (early pro B)
Decreased CD19+BP1+ (late pre B)

Blocked at pre pro B to early pro B

Dengler et al. [10]

Cre-Mbl1 Foxo1 -/-

Early lymphoid progenitor stage-earliest
pro-B stage of development

Failed to up-regulate IL-7Ra; cells were prone to apoptosis

Dengler et al. [10]

Cre-Mbl1 Foxo1 -/-

Early lymphoid progenitor stage-earliest
pro-B stage of development

Decreased transcription of Rag1 and Rag2 with impaired Vu to
(D)Jw rearrangement

Dengler et al. [10]

Cre-CD19 Foxo1 -/-

Partial deletion in pre B cells and
immature B cells, nearly complete
deletion by mature B cell stage

Decrease in VkJxk rearrangement

Dengler et al. [10]

Cre-CD19 Foxo1 -/-

Partial deletion in pre B cells and
immature B cells, nearly complete
deletion by mature B cell stage

Increase in marginal zone B cells and decrease in follicular B
cells

Can suppress CD19- B cell deficiency

Chen et al. [68]

Cre-CD21 Foxo1 -/-

Transitional stage of B ell development
(after IL7 dependent differentiation,
IgG rearrangement and RAG mediated

30% reduction in lymph node B cells

Reduced CD62L expression

Dengler et al. [10]

receptor editing)

Cre-CD21 Foxo1 -/- Transitional stage of B cell development
(after IL7 dependent differentiation,
IgG rearrangement and RAG mediated

receptor editing)

Survival defect specific to BCR crosslinking (not stimulation
with IL4 or LPS)

Decrease in IgM dependent Phospho-Akt and Phospho-Erk

Dengler et al. [10]

Cre-CD21 Foxo1 -/- Transitional B cell stage

Impaired class switch recombination (CSR) and Aicda (AID)
expression

Dengler et al. [10]

Table 1: FOXO1 in B cell Development.

Foxo1 was deleted using Crerecombinase at numerous stages of B cells development. Loss of Foxo1 led to severe defects in B cell development.

post-translational level by phosphorylation and protein-protein
interactions. Chief among these events is the phosphorylation
of Foxol by Akt on conserved residues leading to cytoplasmic
sequestration/inactivation [31]. During periods of B cell proliferation,
Foxo transcription factors must be inactivated to alleviate cell cycle
arrest [31]. Using retroviral transduction vectors, exogenous
expression of mutant Foxol and Foxo3 (have mutated residues to
prevent Akt phosphorylation) led to increased cell cycle arrest and
apoptosis [31]. These results are corroborated using Irf4-/-, Irf8-/- pre
B cells as a model for large cycling B cells to study dynamics between
Foxol and PI3K signaling [14]. It was found that IL7 kept pre B cells
in a cycling proliferative state similar to what is observed during the
limited clonal expansion of pre B cells during development [14]. Small
and large B cells were isolated from the Irf4-/-Irf8-/- mice. It was
found that the small cells had elevated levels of Rag gene expression
[14]. Removal of IL7 from the media led to Foxol nuclear
localization and recruitment to target genes such as ERAGI and
ERAG2 [14]. This work showed that IL7 activated PI3K to promote
a brief period of clonal expansion followed by cell cycle arrest and
differentiation [14]. Within an organismal context it was postulated
that B cells may receive IL7 from the stroma and as cells
asymmetrically divide away, the IL7 signal becomes less thereby
triggering the activation of Foxol and cell cycle arrest. ChIP seq.
analysis was performed to identify direct Foxol target genes in pre B
cells from Irf4-/-Irf8-/- mice. Interestingly, 88% of the Foxol binding
sites were either intergenic or intronic [14]. Foxol binding peaks were
found near Ragl, Rag2, Bink, and Syk. Syk is a tyrosine kinase that
phosphorylates Blnk, which then interacts with BCR signaling
molecules such as Grb2, Vav and Nck via their SH2 domains to
promote downstream signal transduction. Subsequent work showed
that Foxol and Pax5 physically associated with each other by
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co-immuno-precipitation analysis and that they co-regulated the Blnk
gene upon IL7 removal [14]. The Foxol and Pax5 cistromes shared a
51% overlap suggesting that these factors commonly co-regulate genes
[14]. The induction of Blnk by Foxol and Pax5 initiates a feedback
loop as Blnk leads to lower Akt activity and therefore higher Foxol
activity leading to sustained Blnk expression [14]. In this manner
Foxol initiates positive feedback loops to maintain B cell specific
programs.

Murine models have also investigated the regulation of FOXO1 by
14-3-3 scaffolding proteins. FOXOL1 is phosphorylated on conserved
residues by AKT, which greatly facilitates interaction with 14-3-3
scaffolding proteins and cytoplasmic sequestration [15]. The impact of
14-3-3 interaction on Foxol was interrogated using 14-3-3 knock-out
mice obtained by conventional gene targeting [74]. The 14-3-3
deficient mice had only 1/3 of the wild-type number of splenic B cells
[74]. Both marginal zone and follicular B cells were decreased in the
14-3-3 deficient model [74]. Interestingly, loss of 14-3-3 increased
apoptosis and proliferation in B220* B cells, suggesting an increase in
Foxo function. Increased expression of numerous Foxol target genes
was found in 14-3-3 deficient B cells (BIM and p27) along with a
severe decrease in Foxol protein expression [74]. Therefore, loss of
14-3-3 leads to activated Foxol, which may be less stable. Foxol is
known to induce AKT S473 phosphorylation by up regulating the
expression of Rictor, a key component of the mTORC2 complex
that phosphorylates AKT on S473 [74]. However, in the 14-3-3 KO
B cell setting there was a striking decrease in phospho AKT S473
suggesting that even though Foxol may be active, it fails to induce
Rictor in this context [74]. Of note, there was a concomitant induction
in mTORCI activity in 14-3-3 KO cells as evidenced by an increase
in phospho-S6 phosphorylation on $240/244 [74]. These data implied
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that 14-3-3 may be required for Foxol to properly regulate AKT
activity via mTORCR2. It was proposed that 14-3-3 may be required to
maintain an elevated level of Foxol protein, which may be necessary
for mTORC?2 activation via Rictor induction. This appears to be the
case as treatment of B cells with the proteasomal inhibitor MG132
stabilized Foxol protein expression and suppressed the induction
of P-S6 S240/244 [74]. Thus, interaction between Foxol and 14-3-3
regulates Foxol activity and stability.

Foxol canonically regulates gene expression. However, a recent
study indicates that Foxol also regulates Ikaros mRNA splicing to
allow for Ig gene rearrangements [13]. Ikaros encodes for a
Kruppel-like zinc finger transcription factor that facilitates the
induction of Rag genes and accessibility of the IgH locus for
recombination [75]. Foxol was found to be essential for Ikaros
expression in primary B cells [13]. Mechanistically, Foxol was needed
for proper splicing of Ikaros transcripts in pro B cells [13]. Instead
of normal transcripts, pro B cells deficient for Foxol produced Ikaros
transcripts that lacked exons 5 and 6 and had a 378 nucleotide
insertion in exon 7 [13]. The mechanism for this aberrant splicing
remains to be elucidated. It may be possible that Foxol directly
regulates splicing by binding to intronic regions. It will be
illuminating to examine whether Foxol impacts the splicing of other
genes.

In summary a host of studies indicate that Foxol is essential in
B cell development from the earliest stages of B cell lineage to the
circulation of mature B cells [10]. Unlike tumor suppressive roles for
Foxol, which are largely redundant with other Foxo transcription
factors, loss of Foxol alone during B cell development leads to severe
defects including a block at the pre pro B cell to pro B cell stage and
impaired class switch recombination [5,6,10].

FOXO1 in T Cell Activation and Homeostasis

In comparison to B cell development, Foxol has a minor impact
on T cell development [76,77]. Foxol is required for naive T cell
homeostasis and T cell homing [78]. Initially the role of Foxol in
regulating T cells was examined using exogenous expression of this
factor in Jurkat cells (leukemic T lymphocytes) [79]. It was found that
FOXO1 could strongly induce T cell homing genes such as CD62L,
EDG6, EDGI, KLF2 and CCR7 [79]. Of note, the FOXO1 mutant
H215R, which lacks histidine 215 that makes a key DNA contact led to
decreased CD62L expression, suggesting that different forms of Foxol
can induce different subsets of its genes in T cells [79]. FOXO1 was
also found to repress the expression of CD69, known to be involved in
early T cell activation [79]. Subsequent mouse models deleted Foxol
from T cells using either Cre driven by the CD4 promoter or the Lck
promoter. Mice obtained using CD4 Cre demonstrated that Foxol was
nearly dispensable for T cell development [78,80]. Foxol deletion from
T cells using Cre driven by the Lck promoter (induced at a slightly
earlier stage double negative, CD4 CD8;, stage of T cell development)
led to modest defects in T cell development [78]. These mice had
slightly lower double positive thymocytes with concomitant increases
in CD4* and CD8" single positive thymocytes [78]. The spleens and
lymph nodes of the Foxol KO mice were smaller and contained half of
the T cells that were found in WT controls [81]. The Foxol KO T cells
had low CD62L and CCR?7 [78,80]. The KIf2 gene was also reduced in
Foxol KO T cells [81,82]. Purified Foxol KO lymph node T cells were
defective in homing to lymph nodes when transplanted into lethally
irradiated CD45.2* mice demonstrating a homing defect [80]. Of note,
the Foxol KO T cells were preferentially found in the spleen compared
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to wild type controls. There was no difference in the number of T cells
found in the blood between Foxol KO mice and controls. Foxol was
also found to be critical for the expression of Bcl2 in CD44" CD4*
CD8* T cells highlighting a potential role for Foxol in regulating
survival of these cells [80]. Consistent with this notion, Foxo1 was also
shown to bind to and activate IL7R-a gene expression in T cells [78].
Similar to B cells IL7, induces growth and survival programs via PI3K
and can down regulate Foxo activity via phosphorylation by AKT in
T cells as well [78].

Foxol is also a key regulator of T cell activation. Naive T cells
have already differentiated in bone marrow and have gone through
positive and negative processes in the thymus, but have not come into
contact with antigen in the periphery [82]. Naive T cells lack markers
of activation such as CD44 or CD69 [82]. Foxol KO mice generated
with CD4 promoter regulated Cre had a higher percentage of CD44"
CD62L" or CD69*cells in double positive T cells isolated from spleens
[82]. The elevation in CD44 and CD69 positivity indicated that there
may be a defect in maintaining naive T cells in Foxo KO T cells.
Consistent with these results, genes that are positive regulators of T
cell activation Gadd45g, Tnfrsf9 and Rora were increased in Foxo KO
T cells [83]. The mechanism by which Foxo1 hinders the expression of
these genes remains to be determined.

Effector T cells can eventually differentiate into memory T cells
[83]. The loss of Foxol using CD4 Cre in T cells leads to defects in
memory T cell maintenance and function [83]. CD8* memory T cells
with Foxo KO develop in normal amounts, but over a period of time
(30-95 days post infection) the Foxo KO memory T cells are reduced
in number by an order of magnitude [83]. When mice are challenged
with the Armstrong strain of LCMV following acute infection (45-60
days post-initial infection), the Foxol mutants were highly deficient
in mounting a secondary response showing a defect in protective
immunity post infection [83]. Effector T cells undergo a transition
to form long lasting memory T cells. Part of this transition involves
the down regulation of genes that enable effector cell function such
as TBX2I, encoding a transcription factor that induces INF-y
expression, whereas other genes are required for the long term
survival of memory T cells such as Eomes [84]. Foxol KO CD8*
memory T cells fail to fully transition to the memory T cell phenotype
[84]. For example, Foxol KO CD8* T cells maintained elevated levels
of the effector specific factor TBX21 and failed to maintain high levels
of Eomes [84]. CD4* memory T cells also showed a defect with Foxol
KO. These cells develop relatively normally, but fail to produce high
levels of the cytokines TNF-a, IL2 and INF-y post infection. These
results show that Foxol is important to memory T cell maintenance
and function.

T cell responses can be suppressed by regulatory T cells called
Tregs [85]. Regulatory T cells come in many forms including the
commonly studied CD4'CD25'Foxp3*set [86]. Tregs serve an
important immunological role by suppressing responses following
the resolution of an infection and by suppressing autoimmune disease
[86]. Foxol has been shown to activate the expression of Foxp3 to
facilitate the development of Tregs upon hydrogen peroxide treatment
as well as activation by Mstl [19]. Future work in Foxo KO models
with regard to Treg development and function will shed light on the
specific role of this factor in Treg cell biology.

Overall, the impact of Foxol on T cell development is relatively
minor compared to its central role in B cell development, (Table 2). In
T cells, Foxol has important roles in homing and in maintenance of
memory T cells [78,83].

Volume 1 ¢ Issue 1+ 100001


http://dx.doi.org/10.24966/CIIT-8844/100001

Citation: Keniry M, Materon L (2014) Distinctive Roles for the FOXO1 Transcription Factor in Immunological Development, Homeostasis and Malignancy. ]

Clin Immunol Immunother 1: 001.

e Page 6 of 8

FOXO1 Mutant Phenotype

Source

T cell homeostasis defect in Foxo1 deletion mutant (CD4 or Lck driven Cre)

Ouyang et al. [78]; Kerdiles et al. [80]

T cell homing defect in Foxo1 deletion mutant (CD4 or Lck driven Cre)

Ouyang et al. [78]; Kerdiles et al. [80]

Aberrant T cell activation in Foxo1 deletion mutant (CD4 driven Cre)

Kerdiles et al. [80]

Memory T cell maintenance and function defect in Foxo1 deletion (CD4 driven Cre)

Tejera et al. [83]; Hess Michelini et al. [84]

Hinders AML development (MLL-AF9 transgenic model with conditional triple deletion of Foxo1, Foxo3 and Foxo4)

Sykes et al. [87]

DLBCL N-terminal FOXO1 mutants lead to increased nuclear localization

Trinh et al. [88]

Table 2: Foxo1 in T cells and as a Putative Oncogene.

Foxo1 impacts T cell development and homeostasis in murine models. Surprisingly, FOXO1 may also contribute to the development of AML and DLBCL.

FOXO1: The Surprising Putative Oncogene

The role of FOXO transcription factors in cancer is constantly
evolving. Recent discoveries highlight pro-oncogenic roles for these
factors in a number of hematological malignancies [87,88]. First using
a murine model for Acute Myeloid Leukemia (AML) that was driven
by the MLL-AF9 fusion gene, the role of Foxo factors was tested [87].
All of the control mice succumbed to AML within 60 days, whereas
20% of Foxo triple knock-out mice (lacking Foxol, Foxo3 and Foxo4)
were disease free for up to 5 months post excision [87], (Table 2).
Examination of leukemia development in this system revealed that
the control mice had 16 fold more Leukemia Initiating Cells (LIC)
compared to Foxo triple knock out models [87]. LICs are a small
population of AML cells that can establish leukemia in recipient mice
[87]. The biology that allows Foxo to promote leukemia remains to
be completely delineated, but will likely identify novel roles for these
factors in immune cells.

Given its central role in B cell development perhaps it is not too
surprising that Foxol appears to be a proto-oncogene in Diffuse Large
B Cell Lymphoma (DLBCL) [88]. Foxol is mutated to a presumably
active state in 8.6% of DLBCL [88]. These mutations are highly
associated with poor prognosis based on Kaplan Meier Survival
analysis [88]. The Foxol mutations encode for changes that cluster
to an N-terminal region near one of the amino acids that is
phosphorylated by AKT (Threonine 28). These mutations abrogate
T28 phosphorylation leading to increased nuclear localization of this
factor [88], (Table 2). Additional mutants were found near the DNA
binding domain of Foxol, but do not alter amino acids that make
direct contact with the DNA [11,88]. More rigorous analyses are
needed to investigate exactly how Foxol mutations impact the
development of DLBCL and whether this mechanism is found in
other cancers.

Conclusions and Future Directions

Traditionally Foxol was thought to be largely redundant with
homologs Foxo3 and Foxo4 [2]. However, conventional and
conditional mouse models indicate that Foxol specifically impacts
many developmental processes from the vasculature to the immune
system [9,10]. Foxol is essential for B cell development from the CLP
LY6D+ stage (early B cell biased lymphoid stage) to the development
of and maintenance of mature B cells [10,66]. One of the key Foxol
regulated events during B cell development is the induction of Ragl
and 2 recombinases that are required for DNA rearrangements during
development [10,65]. Foxol also serves to home peripheral T cells
in part through its induction of CD62L [68]. Finally, Foxol may
have oncogenic roles in hematological malignancies. The targets for
mutated Foxol in DLBCL remain to be identified, but these targets
will likely have some overlap with identified targets for Foxol during
B cell development. Another intriguing area for future research is
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delineating the functional consequences of Foxol binding to intronic
and intergenic sequences. Does this binding facilitate the regulation of
chromatin structure and/or splicing? The precise role of Foxol in Treg
cells remains an open area of investigation. In sum, recent studies have
completely changed our view Foxol as a redundant tumor suppressor.
Groundbreaking work revealed that Foxol has a very specific impact
on immunological development and maintenance and surprising
roles as aputative oncogene in DLBCL.
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