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Abstract

A screen for increased longevity in Caenorhabditis elegans has identified a transcription factor
that programs cells for resistance to oxidative stress, DNA repair and cell cycle control. The
mammalian orthologs of this factor are referred to as ‘Foxo’ for ‘Forkhead box’, with the second
0’ in the name denoting a subfamily of four members related by sequence. This family of factors
is regulated by growth factors, oxidative stress or nutrient deprivation. Thus, it might readily
control the inflammatory conflagration associated with infection-driven lymphocyte proliferation.
Surprisingly, the first insights into Foxo-mediated immune regulation have instead revealed direct
control of highly specialized genes of the adaptive immune system.
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Foxo transcription factors regulate disparate transcriptional programs that affect cellular
differentiation, survival, cell-cycle arrest, metabolism, stress resistance and tumor
suppression. How do one, two or three widely expressed and highly similar transcription
factors simultaneously regulate such diverse and fundamental functions of the cell? Before
we begin to understand that, there is yet another level of complexity: Foxo factors also
control specialized functions of differentiated tissues.

Cells of the immune system constitute the most dynamic populations found in metazoans.
For example, after infection, a few hundred antigen-specific, quiescent T cells can
proliferate more than 10,000-fold in a few days. As this population expansion proceeds, the
rate of cell death progressively increases, eventually causing an equally dramatic die-off as
the population finds a new equilibrium. All the while, the T cells in this rapidly fluctuating
population differentiate into the various effector populations of the immune system, and
surviving cells take on a memory phenotype. These are precisely the types of events that
Foxo factors have been shown to regulate in many cell types, yet recent studies have shown
that Foxo factors regulate homeostasis of the immune system in unpredictable ways.
Although the Foxo signal-transduction pathways are conserved evolutionarily, they seem to
have been co-opted in differentiated tissues for a variety of specialized functions.

This review first summarizes the many modes of regulation used by Foxo transcription
factors and the present state of knowledge pertaining to cofactor associations. From this
perspective, the presently known functions for Foxo factors in life and death associated with
immune homeostasis are then covered.

Post-translational mechanisms of Foxo regulation

Three of the four known Foxo orthologs are widely expressed and similarly regulated and
have overlapping targets of transcriptional regulation!. Foxol (FKHR), Foxo3 (FKHRL1)
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and Foxo4 (AFX or MIIt7) are all related to the Caenorhabditis elegans ortholog Daf16 and
the Drosophila melanogaster ortholog dFoxo. A fourth factor identified by homology,
Foxo06, is expressed only in the brain, and its cellular localization is alternatively regulated?.
Two characteristics make Foxol, Foxo3 and Foxo4 highly versatile in gene regulation. First,
Foxo transcriptional activities are modified by phosphorylation, acetylation, methylation and
O-linked glycosylation. These post-translational modifications alter Foxo intracellular
localization, turnover, transactivation and transcriptional specificity and constitute a Foxo
‘code’3. Second, Foxo factors can associate with many different cofactor complexes to
regulate context-dependent programs of gene expression®. Depending on their binding
partners, they can act as direct or indirect transcriptional activators or repressors.

The simplest level of Foxo regulation, or at least the first to be described, depends on
nuclear export controlled by the phosphatidyl- inositol-3-OH kinase (PI(3)K) pathway (Fig.
1). Activation of PI(3)K by the insulin receptor, among many others, results in the
production of phosphatidylinositol-(3,4,5)-trisphosphate®, and this in turn causes localization
of the kinase Akt to the plasma membrane®7. Activation of Akt requires Thr308
phosphorylation induced by the phosphoinositide-dependent kinase PDK1 (refs. 8:9). Ser473
phosphorylation induced by mTORC2 (consisting of the kinase mTOR, Rictor, Sinl and
mLST8 complex) is required in vivo for Akt-mediated phosphorylation of a subset of
targets, including the Foxo factors!®:11, Foxo1, Foxo3 and Foxo4, like Daf16, have three
conserved amino acids that are targets for phosphorylation by Akt or SGK (serum- and
glucocorticoid-inducible kinase)!2. The result of Foxo phosphorylation at these sites is
nuclear exclusion. Phosphorylated Foxo factors have been shown to interact with the adaptor
14-3-3, which promotes relocalization to the cytoplasm, possibly through a conformational
change that exposes the nuclear-export signal and masks the nuclear-localization signall3—
15 In addition, there are two sites phosphorylated by caseine kinase 1 that may enhance
interactions with nuclear-export molecules such as Crm1, Ran and exportinl®. A second
potentially important trigger of Foxo3 nuclear exclusion is the kinase IKK, which
phosphorylates Foxo3 in humans and mice at Ser644 and is active in tumors that lack
activated Aktl7. Another signaling pathway able to induce Foxo inactivation involves a
DNA-damage checkpoint induced by cyclin-dependent kinase 2-mediated phosphorylation
of Foxol; DNA damage-induced cell death is Foxol dependent!8.

Phosphorylation can also induce the proteosomal degradation of Foxo factors. Treatment of
fibroblasts with epidermal growth factor or anisomycin increases phosphorylation of Foxol,
and this phosphorylation is diminished by the addition of inhibitors of the kinases p38 or
Erk1® (Fig. 1). More recently, studies have shown that Erk-mediated phosphorylation of
Foxo3 results in polyubiquitination of Foxo3 carried out by the E3 ligase MDMZ2, and this
results in proteosomal degradation?0. In fact, reestablishment of Foxo activity reverts cell
growth control in tumors transformed by the GTPase Ras; the implication is that along with
inactivation of the kinase GSK3p2L, much of the oncogenic activity of the Ras-Erk pathway
depends on inactivation of Foxo. In accord with that, the Foxo factors are important
redundant tumor-suppressor molecules. Deletion of up to five alleles of the three genes
results in remarkably modest neoplasia, whereas broad homozygous deletion of the three
genes results in spontaneous hemangiomas and thymic lymphomas?2.

Balancing the multiple avenues of Foxo inactivation described above are several opposing
signaling pathways that stabilize nuclear Foxo localization. Protein arginine
methyltransferases (PRMTS) catalyze methylation of the terminal nitrogens on the
guanidinium side chains of arginine. There are 11 PRMT isoforms in all eukaryotes
examined; they are involved in transcriptional regulation, DNA repair, protein interactions
and signal transduction?3. Studies have shown that oxidative stress causes induction of
PRMTZ, resulting in the methylation of two arginine residues present in Foxol. This has the
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effect of directly inhibiting Akt-mediated phosphorylation and thus enhancing nuclear
localization of Foxol and apoptosis?4.

Oxidative stress or nutrient deprivation can also oppose nuclear export by alternative
phosphorylation. Phosphorylation mediated by the kinase Jnk opposes Akt-mediated nuclear
export of Foxo4, although the phosphorylation occurs in the transactivation domain2%:26, In
addition, oxidative stress in the form of hydrogen peroxide induces phosphorylation of
Foxo3 mediated by the kinase MST1 on a site that is conserved in mammals and
nematodes?’ (Fig. 1). This phosphorylation disrupts interactions with 14-3-3 and promotes
translocation to the nucleus. Whether Jnk and MST1 phosphorylate other Foxo isoforms is
unknown at present. The result of Foxo nuclear localization is the induction of a program of
gene expression whose purpose seems to be detoxification of reactive oxygen species?8:29,
This is clearly illustrated by the deletion of Foxol, Foxo3 and Foxo4 in hematopoietic stem
cells, which causes more production of reactive oxygen species and lower stem cell
longevity30. In conditions of starvation, AMP-activated protein kinase phosphorylates Foxo
factors at two or more sites, which results in the selective induction of genes important for
metabolism and stress resistance31.

Foxo factors are further regulated by acetylation. Histone acetylation by calcium response
element-binding-binding protein p300 or both may be necessary for Foxo transcriptional
activity, yet acetylation of Foxo attenuates Foxo-DNA interactions32. The mammalian
homologs of the yeast silent information regulator Sir2, including the longevity factor
SIRT1, deacetylate Foxo factors and modify their transcriptional activity33. Binding of
SIRT1 to Foxo3 results in the ‘preferential” activation of genes involved in cell cycle arrest
and resistance to oxidative stress but it causes less activation of proapoptotic genes3*. The
transcriptional specificity of Foxo genes can thus be regulated in different ways to promote
life or death depending on the context—in this case, activation of SIRT1 (ref. 35; Fig. 1).

Another important post-translational modification is O-linked glycosylation in the form of
modification of serine and threonine side chains by O-linked B-N-acetylglucosamine. All
such glycosylations are catalyzed by O-linked -N-acetylglucosamine transferase, whereas
the substrate specificity of this transferase derives from its association with many adaptor
proteins. It functions as a nutrient sensor, as its substrate, UDP-N-acetylglucosamine, rapidly
responds to multiple metabolic pathways. Foxol is glycosylated as a result of
hyperglycemia, with the result being more Foxo1 transcriptional activity36.

Thus, several pathways dominantly promote the nuclear, active form of Foxol instead of
insulin- or growth factor—induced inactivation of Foxol. This complex interplay of
modifications seems to integrate the amount of growth factor receptor stimulation with the
amount of oxidative stress and nutrient availability to determine the intracellular localization
and transcriptional activity of Foxo factors (Fig. 1). Acetylation further alters Foxo
transcriptional specificity. In addition to this intricate regulation, the specificity of Foxo-
mediated transcriptional activity is determined by the association of Foxo factors with many
different coactivator or corepressor complexes.

Transcriptional cofactors and targets

Foxo factors, like most transcription factors, mediate their activity as part of protein
complexes able to influence sequence-specific chromatin interactions and transcriptional
activity. In fact, Foxol is able to carry out chromatin opening as a ‘gateway’ transcription
factor3’. The association of Foxo factors with other transcription factors has been
highlighted by experiments showing that Foxo3 regulates gene expression in three ways:
sequence-specific gene activation; DNA binding—independent gene activation; and
sequence-independent gene repression38. Gene array analyses of Foxo3 mutants unable to
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bind to canonical Foxo DNA-binding sequences have shown that regulation is maintained, at
least in part, for certain classes of genes. This has been interpreted to show that Foxo factors
bind to other DNA-binding factors and promote or suppress transcriptional activity. Such
protein complexes may be mimicked by chromosomal translocations that result in transcripts
that encode a transcriptional-activation domain from Foxo fused to a different DNA-binding
domain. For example, one such translocation associated with rhab-domyosarcomas results in
fusion of the genes encoding the transcription factors Pax3 and Foxol, which produces
transcripts containing the intact Pax3 DNA-binding domain and the Foxol transcriptional-
activation domain3®,

So far, at least 24 transcription factors have been shown to bind to Foxo factors?. These
include nuclear hormone receptors, p-catenin, C/EBP, factors involved in the development
of smooth and skeletal muscle, PPAR and the PPARYy coactivator PGC-1a, as well as Smad3
and Smad4 ‘downstream’ of transforming growth factor-p (TGF-B) signaling. The last is
discussed in more detail below; a previously published review was also devoted to the topic
of Foxo cofactor associations®. The target genes regulated by Foxo factors, whether by
direct DNA binding or indirectly through other means, include a number of genes encoding
molecules with demonstrated functions in the regulation of immunity (Table 1). Among the
most prominent targets are genes encoding regulators of cell cycle, apoptosis, DNA repair,
oxidative stress and, surprisingly, specialized functions of the immune system. A microarray
analysis of genes affected by a Foxol deletion has shown that 187 genes are altered by
twofold or more in both CD4* T cells and CD8* T cells, so there are many other potential
targets®0. Foxo factors also control the expression of genes involved in other physiological
processes, such as metabolism#L. Here 1 will focus on the possibility that one of the
important ways Foxo factors function in the immune system is to coregulate many of the
differentiation and survival pathways ascribed to TGF-p and its signaling network?2.

TGF-B cytokines are the most potent cytostatic factors known, and they have dramatic
effects on immune regulation and T cell differentiation. After complex processing and
secretion, mature TGF- cytokines signal through the TGF-p type | receptor kinase (TGF-
BRI) and TGF- type |1 receptor kinase (TGF-BRII), which results in the phosphorylation of
Smad2 and Smad3 (ref. 43). Phosphorylated nuclear Smad proteins associate with Smad4 to
form a transcriptional activation complex#. Smad-mediated regulation of many
transcriptional targets is mediated by association with Foxo factors; these targets include
genes encoding the cell cycle inhibitors p15'"k40 and p21CiPL (ref. 45). For example, the
induction of p15/"k4b and the repression of c-Myc depend on Foxo, Smad4 and C/EBPpA46.

Mice with targeted mutation of the gene encoding TGF-B1 developed a florid autoimmune
disease characterized by multiorgan inflammatory cell infiltration*’+48, The mode of TGF-p
action in the immune system has been worked out more clearly by the specific deletion of
TGF-BRIN in T cells. The phenotypic changes found in these mice include a rapidly
progressive wasting disease, with death occurring by 5 weeks of age. Studies show that
these mice have a defect in the survival of regulatory T cells (Tyeg cells), but this is not
sufficient to explain the autoimmune infiltration. Instead, the absence of TGF-pRII signaling
results in dysregulated, proliferating T cells regardless of the presence of wild-type Tieq
cells®. If Foxo factors are necessary for TGF-p signaling in the immune system, then mice
with loss of Foxo function might be expected to develop a similar riotous cellular
proliferation, ultimately leading to death.

As will become apparent, Foxol and Foxo3 have markedly distinct but possibly overlapping
functions in the immune system. They affect not only homeostasis but also specialized
functions in lymphocytes and myeloid cells that would not be predicted from the studies
cited above. There is no evidence thus far to support the idea of a special function for Foxo4
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in the immune system, and the lack of phenotypic changes associated with a Foxo4 genetic
defect indicate that if one exists, it will be subtle or only manifest in the presence of other
Foxo deletions.

Foxo3 in immune homeostasis

The tissue specificity of Foxo3 does not provide clues to its function, as it is consistently
expressed in all cells of the body (http://biogps.gnf.org/#goto=genereport&id=2309). Nor
can its function in immune homeostasis be inferred from observations of fibroblasts.
Nonetheless, studies have shown that Foxo3 is able to mediate cell death in many cell types,
including T cells and B cells. For example, expression of Foxo3, especially a mutant version
confined to the nucleus, causes apoptosis in the tumor suppressor PTEN—deficient T
lymphoma Jurkat2%:50, One study has shown death to be dependent on expression of the
ligand for the cell surface receptor Fas®9, whereas another has shown G1 arrest to result
from p27KiPL expression?®. A second mechanism affecting T cell apoptosis is the induction
of the proapoptotic molecule Bim. The culture-adapted CTLL-2 cell line requires interleukin
2 (IL-2) to exclude Foxo3 from the nucleus and prevent Bim-induced cell death; a similar
result occurs in Ba/F3 B cells grown in I1L-3 (refs. °1:52). Subsequent studies of PTEN-
deficient primary T cells have shown that IL-2 withdrawal induces the expression of Bim
and Puma, two death-effector molecules, in a Foxo3-dependent manner®3, In addition,
memory T cells have higher expression of phosphorylated Foxo3 and consequently lower
expression of Bim®4. In addition, “elite controller’ human immunodeficiency virus—positive
people (that is, people who despite being infected do not progress to AIDS) have persistent
memory T cells as a direct consequence of Foxo3 inactivation®®. From these and other
studies®6=58  a conclusion would be that Foxo3 mediates the death of T cells and B cells,
possibly in response to the limiting growth factor availability during the contraction phase of
an immune response®.

Consistent with that idea, the first characterization of Foxo3- deficient mice revealed
autoimmunity characterized by spontaneous lymphoproliferation, hyperactivated T cells,
constitutive activity of the transcription factor NF-kB, and lymphocyte organ infiltration?,
These mice were created by retroviral gene-trap techniques and were made using embryonic
stem cells from mice of strain 129 (Foxo3'"@ mice). A difficulty with this tidy story is that
it has not held up to further experimentation. Mice generated separately from another
retroviral gene- trap project (Foxo3K¢@ mice), along with a third strain generated by targeted
recombination (Foxo3~ mice), have also been analyzed®1:62, The original histological
analysis of 36 tissues from Foxo3K¢@ mice found no changes relative to wild-type mice, with
the exception of abnormal ovary development®L. B cell development and function in these
mice are no different from those of wild-type littermates®3, although a subsequent analysis
of Foxo3™ mice has shown some decrease in the number of in pre-B cells and circulating B
cells®. Confounding the initial expectations, T cells from Foxo3K¢2 and Foxo3™ mice are
not different from those of their wild-type littermates in the rate of proliferation or survival
after mitogen stimulation. In addition, there is no evidence of constitutive NF-xB activation
or lymphocyte organ infiltration8®. In fact, the mice are remarkably normal. Despite the
work showing involvement of Foxo3 in lymphocyte death, and the phenotype of Foxo3TraP
mice, the preponderance of evidence suggests that loss of Foxo3 itself does not result in
lymphoproliferative disease, and hence it may not have a unique function in the natural
survival of lymphocytes. A speculation is that a genetic polymorphism found in 129 mice
acts together with the loss of Foxo3 to dysregulate T cell homeostasis and cause
autoimmune disease®6—68. still, deletion of Foxo3 has been shown to have other important
effects on immune regulation.
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Infection of Foxo3-deficient mice with lymphocytic choriomeningitis virus results in an
increase of two- to threefold in the total number of splenic virus-specific T cells, whereas
adoptive-transfer and bone marrow-reconstitution experiments have shown that this increase
isnot T cell intrinsic but is of hematopoietic origin. Dendritic cells and granulocytes are
more abundant in Foxo3-deficient mice, and Foxo3-deficient dendritic cells overproduce
IL-6, which results in enhanced survival of T cells in vivo and in tissue culture. Experiments
have shown that signaling through CD80 and CD86 (B7) causes nuclear localization of
Foxo3 in dendritic cells from nonobese diabetic mice, which results in the production of
manganese-containing superoxide dismutase8?. Consistent with that finding, B7 signaling
mediated by ligation with a fusion of the immunomodulatory receptor CTLA-4 and
immunoglobulin causes nuclear localization of Foxo3 and inhibition of Toll-like receptor 7—
mediated production of 1L-6 and tumor necrosis factor. In the absence of Foxo3, CTLA-4—
immunoglobulin has little, if any, effect. The conclusion is that one of the functions of
CTLA-4 is to resolve inflammatory responses by signaling through B7 and overriding the
nuclear exclusion of Foxo factors mediated by IKKp and/or Aktl’. The origin of this signal
override is unknown, but a conjecture is that IKKa and the noncanonical NF-xB pathway
could be involved’%:71, These experiments show that the only nonredundant function for
Foxo3 in a primary immune response is to suppress inflammatory cytokine production by
dendritic cells. As discussed below, Foxo3 may also have overlapping functions with Foxol.

Foxol is also widely expressed, but its expression is highly variable in different tissues. In
humans and mice, Foxol is most highly expressed in T cells, B cells and ovaries
(http://biogps.gnf.org/t#goto=genereport&id=2308), but until very recently there have been
few studies on Foxol in the immune system. The first study showed that Foxol is expressed
in thymocyte subsets, but expression of an inducible dominant negative Foxol mutant did
not have an effect on thymocyte development’2. In mature T cells, an active form of Akt has
been shown to inactivate Foxo1, and this correlates with enhanced cell cycle progression’s.
One natural pathway for activation of PI(3)K and Akt is mediated by IL-7, which causes
higher expression of the antiapoptotic molecule Bcl-2 and lower expression of p27iP1, as
well as hyperphosphorylation of the transcription factor Rb’4. Another pathway is through
ligation of the T cell antigen receptor, which mediates sustained PI(3)K activation and
localization to the immunological synapse’® . Illustrating the potential for Foxo1 and
Foxo3 redundancy, another study has demonstrated that enforced expression of either Foxol
or Foxo3 in B cells results in partial cell cycle arrest in G1 and more apoptosis’”.

None of the studies discussed above anticipated the specialized function for Foxol in T cells
and B cells. Studies of PTEN-deficient Jurkat cells have shown that the introduction of a
constitutively nuclear mutant of Foxol causes the induction of L-selectin, two sphingosine
1-phosphate receptors, and KLF2, a transcription factor that controls lymphocyte homing.
Chromatin immunoprecipitation has further demonstrated that Foxo1l binds to the promoter
of the gene encoding KLF2 (ref. ’8). Those results have been confirmed and extended in
mice with T cell-specific deletion of Foxol. Such T cells have lower expression of KLF2
and the homing molecules L-selectin and CCR7 (ref. 79). Expression of the egress receptor
S1P, is also diminished in these T cells (Y. Kerdiles, unpublished data). In accord with
those results, acute knockout of Foxo1l results in highly defective T cell homing to the
lymph nodes’®. Further analysis of Foxol-deficient T cells has revealed a survival defect
and lower expression of Bcl-2; these defects are caused by a complete loss of expression of
the IL-7 receptor a-chain (IL-7Ra; CD127)40:79, Consistent with those results, mice with T
cell-specific Foxol deletion have few naive T cells but excess cells with an activated or
memory phenotype. In addition, chromatin-immunoprecipitation experiments have shown
that Foxo1 binds to an enhancer 3.5 kilobases upstream of the I17r transcription start site’®.
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An important point is that Foxol is essential in the previously described IL-7-regulated
negative-feedback control of IL-7Ra expression’2:80, The addition of IL-7 to T cells
decreases the occupancy of Foxol on the 117r enhancer and, as described above, Foxol is
essential for IL-7Ra expression. This is analogous to the insulin-regulated negative-
feedback control of the insulin receptor8! and, as discussed below, it may be a common
unifying theme of Foxo transcriptional control (Fig. 2).

The PI(3)K pathway controls T cell homing through the regulation of KLF2 (ref. 82), and
this would seem to be consistent with the function of PI(3)K in the inactivation of Foxol. As
KLF2 is apparently a direct target of Foxol, the simple model is that PI(3)K signaling
inactivates Foxol, which in turn causes a decrease in KLF2 transcription. The difficulty is
that KLF2 downregulation has also been shown to be sensitive to rapamycin, a specific
inhibitor of mMTORC1, whereas Foxo1l inactivation is dependent on mTORC2 and is thus
thought to be insensitive to the effects of rapamycin®3. This apparent contradiction has not
yet been resolved.

Mice with T cell-specific Foxol deficiency also show aspects of autoimmunity. Radiation
chimeras generated with bone marrow from a donor with T cell-specific Foxol deletion
develop spontaneous colitis associated with a lack of Foxp3* Teg cells. This pathology is
‘rescued’ in chimeras reconstituted with a mixture of wild-type and Foxol-deficient bone
marrow and correlates with the presence of Tyeq cells contributed by the wild-type bone
marrow?. Why radiation chimeras develop colitis when mice with T cell-specific Foxol
deficiency themselves do not was not determined; however, the loss of Tyeq cells in Foxol-
deficient bone marrow-radiation chimeras might be explained if Treq cell development
requires TGF-B signaling and thus Foxo1 (ref. 42). As for autoimmunity and
complementation in mixed—bone marrow chimeras, this has been confirmed separately (Y.
Kerdiles, unpublished observations). In addition, mice with T cell-specific loss of Foxol
show an increase in germinal center B cells and memory B cells that is consistent with the
observed increases in antibodies to DNA (Y. Kerdiles, unpublished observations).

Contemporaneous studies have shown that Foxol has equally specialized functions in B
cells. It directly regulates expression of the recombination-activating genes Ragl and Rag?
throughout early B cell development, and transcription of these genes is repressed by Akt
activation®, Further studies of mice lacking Foxo1 at various stages of B cell development
have shown that early deletion (mediated by Cre recombinase expressed under the control of
Cd79a) causes a partial block at the transition from pre-pro—B cell to early pro-B cell and
that very few B cells progress beyond the cycling pre-B cell stage. This has been found to
be due to a lack of IL-7Ra expression necessary for the survival and proliferation of early B
cells and accessibility of the variable heavy-chain region to RAG-mediated
rearrangements®3. Later deletion (mediated by Cre recombinase expressed under the control
of Cd19) causes a block at the pre—B cell stage due to diminished expression of Ragl and
Rag2. This results in an excess of small resting pre-B cells negative for immunoglobulin M
and immunoglobulin D in peripheral lymphoid organs. Late deletion of Foxol (mediated by
Cre recombinase expressed under the control of Cr2) results in a deficiency of lymph node
B cells due to homing defects resulting from loss of L-selectin expression. Interestingly,
activated B cells also lack activation-induced cytidine deaminase and are thus unable to
undergo class-switch recombination®3. The implication here is that the PI(3)K pathway must
be attenuated and Foxol must be expressed for B cells to transition through multiple
checkpoints all the way to class-switch recombination. Either B cell antigen receptor or
IL-7Ra signaling occurring during B cell development can modulate expression of Ragl and
Rag2, possibly as a means of coordinating gene rearrangements with developmental stage or
productive rearrangements of B cell antigen receptor heavy- and light-chain genes.
Likewise, class-switch recombination would not take place as long as B cells experience

Nat Immunol. Author manuscript; available in PMC 2010 April 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

activation of the PI(3)K pathway, as would be expected to occur in the presence of strong
CD19-CD21 costimulation®®.

Foxo redundant functions

A question is whether the role of Foxol in T and B cells is limited to control of cell type—
specific, highly specialized functions or whether Foxo1l also regulates cell cycle control,
apoptosis and response to oxidative stress. In experiments designed to address the
requirement for Foxol in T cell quiescence and differentiation, Rag1 ™~ mice expressing the
OT-1I T cell antigen receptor transgene were bred to mice with T cell-specific deletion of
Foxol. In this case, T cells numbers were diminshed to 10% of wild-type and all had a naive
phenotype?:79. Thus, loss of Foxo1 by itself is not sufficient to allow uncontrolled T cell
population expansion in the absence of signals from the T cell antigen receptor; perhaps
other Foxo factors are involved in maintaining T cell quiescence. However, in other
experiments, Foxol, Foxo3 and Foxo4 were deleted in hematopoietic progenitors of 4-week-
old mice with Cre recombinase expressed under the control of Mx1. After a further 4-5
weeks, there was moderate expansion of some myeloid and lymphoid subsets but no
uncontrolled growth30. In accord with those results, mice deficient in Foxo-targeted cell
cycle inhibitors have various phenotypes, although none show uncontrolled cellular
proliferation8. These results are therefore consistent with the idea that the mild autoimmune
or lymphoproliferative disease caused by the deletion of Foxol in T cells is not cell intrinsic
but is due to the loss of specific immunological control mechanisms, including but not
limited to induced Tgq cells. A guess is that the mechanism underlying this deficiency is a
defect in TGF-p signaling.

A question is how the dynamics of T cell or B cell population expansion might be altered
after acute deletion of Foxol, Foxo3 and Foxo4 in mature lymphocytes. One possibility is
that deletion of Foxol in T cells and Foxo3 in dendritic cells could act in synergy to produce
spontaneous autoreactivity or at least altered kinetics of lymphocyte population expansion.
Alternatively, whereas genetic ablation of Foxo3 or Foxo4 may not result in a notable
phenotype in T cells, they may nonetheless serve a function in quiescence that can only be
revealed by the loss of Foxol. Clearly there is a need to further analyze lymphocyte
dynamics in the absence of multiple Foxo genes.

Common characteristics of Foxo regulation

What are the common characteristics of genes regulated by Foxo? Although the PI(3)K
pathway causes the induction of a wide variety of genes, it programs an equally profound
loss of gene expression8’, and | surmise that in many examples of receptor-mediated
signaling that cause a PI(3)K-dependent loss of gene expression, Foxo factors may have
been evolutionarily recruited to provide the necessary transcriptional regulation (Fig. 2). In
mammals, genes as diverse as those encoding RAG-1, RAG-2, activation-induced cytidine
deaminase, IL-7Ro and KLF2 are limited in expression by Foxol, probably in conjunction
with varying transcriptional coregulators and with context-specific post-translational
modifications. In contrast, with tumor regression as an extreme example of the loss of cell
cycle control, there seems to be a great deal of redundancy in Foxo function?2. By this logic,
one proposal is that specialized tasks may be controlled by individual factors, whereas genes
involved in basic cellular functions such as cell cycle progression, oxidative stress reduction
or survival may be controlled redundantly by two or three Foxo factors. In this way,
specialized functions can be controlled independently from generalized functions, and only
when all Foxo molecules are inactivated will there occur a loss of cell cycle inhibitors or
reactive oxygen intermediate detoxifying enzymes. The implication is that individual Foxo
factors may be inactivated in different ways in different contexts. Of course, this idea would
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apply only to vertebrates with multiple Foxo genes, because in nematodes and flies, only a
single Foxo ortholog is present. In any event, the studies so far show clearly that Foxo
molecules serve important functions in immune homeostasis, and future work will determine
how these functions integrate with other physiological processes that alter Foxo activity,
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Figure 1.

Opposing influences on Foxo cellular localization and transcriptional activity. A major
pathway of Foxo regulation consists of growth factor—-mediated nuclear exclusion and
inactivation (top right). Many tumors have been found to contain phosphorylated Akt or
inflammation-driven phosphorylated IKKf as a mechanism of inactivating Foxo tumor-
suppressive activity. In addition, a major pathway of Ras-mediated transformation is the
Erk-mediated phosphorylation of Foxo (bottom right), which results in its MDM2-mediated
ubiquitination and degradation. Opposing these inactivating pathways is oxidative stress (top
left), which results in either Jnk- or MST1-mediated Foxo phosphorylation. Nuclear Foxo
transcriptional specificity can be altered by SIRT1-mediated deacetylation, which results in
a prosurvival program of gene expression. OGT, O-linked B-N-acetylglucosamine
transferase; PIP,, phosphatidylinositol-4, 5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-
trisphosphate.
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Figure 2.

A typical negative feedback loop controlled by Foxo-regulated transcription. Genes
encoding growth factor receptors controlled by Foxo will be subject to downregulation in
conditions of abundant growth factors. The net effect is a self-limited growth factor—
mediated signaling. Examples include the insulin receptor and the IL-7 receptor.
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Foxo targets

Table 1

Target

Ref.

Immune system specialized

IL-7R (CD127)
KLF4
KLF2
S1P1 receptors EDG1 & EDG6
RAG-1 & RAG-2
Bcl-6
Apoptosis
Bim
Fas ligand
TRAIL

Oxidative stress & DNA repair

Catalase
Mn-SOD
GADD45
ATM

Cell cycle
Cyclin G2

Cyclin B

p15inke

plginkad

p21WAF1/CipL

p27KIPL

Rb family member p130

PIk

63,79
88
78

84
89

89
90
91

92
28
93
94

29
95
96
96
45
29
97
95

Far left column indicates molecule encoded by target gene. S1P, sphingosine 1-phosphate; TRAIL, tumor necrosis factor receptor—related,
apoptosis-inducing ligand; Mn-SOD, manganese-containing superoxide dismutase; Gadd45, growth arrest and DNA damage; ATM, ataxia

telangiectasia mutated; PIk, polo-like kinase.
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